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Heartwood Formation in Living Stumps of Douglas-Fir

By R. W. HEMINGWAY and W. E. HrLLIs*

Physiology and Microstructure Section, Division of Forest Products, C.S.I.R.0. Melbourne,
Australia

Summary

An anatomical and chemical examination was made of living stumps of Douglas-fir.
Changes in heartwood and extractives formation are not significant under the conditions
of severe physiological stress that existed unless ccll morphology was also altered. It is
proposed that the factors controlling the amount and composition of heartwood extractives
are incorporated in the ray cells during the early stages of their development.

Introduction

The width of sapwood and the extractives content of heartwood generally
varies throughout a tree and between different trees of the same species. Factors
reputedly responsible for these variations include hormonal influence, water stress
and other environmental and genetic effects. BORMANN [1962] demonstrated
that exchange of metabolites between trees through root grafts is a common
occurrence. These grafts enabled the stumps of trees to continue to live after the
loss of their green tops. It appeared to us that such stumps provided a combination
of factors related to heartwood formation. It might be expected that living stumps
would receive only the excess nutrients of the host tree and the living stump may
be comparable to an intact tree under severe physiological stress. LANNER [1961]
reported the formation of heartwood in stump tissues of Douglas-fir, true firs and
pines. There are at least four zones in such stumps; the heartwood of the tree
{normal heartwood and normal cell development), the tree sapwood which can be
changed to heartwood after the tree is felled (normal cell development but ab-
normal heartwood) and the surrounding stump tissue the interior of which is
sometimes converted to heartwood (abnormal heartwood and abnormal cell
development). This paper reports an examination of living stumps of Douglas-fir
( Pseudotsuga menziesis (Mirb.) Franco) with reference to hcartwood formation.
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Results

Description of Living Stumps

Callus tissue completely or partly covered the top of the stumps which were
collected from sheltered positions in the Haney Forest of the University of British
Columbia. Removal of the top 1 to 2 inches of the stumps revealed that most of the
stumps had some decay and that the wood which formed after the trees were
felled (stump wood) completely surrounded the tree wéod. Growth ring counts
showed that the trees were aged 45 to 73 years at time of felling with diameters
of 33 to 42 cm. The growth rings in the stump wood were less distinct than those
‘n the tree wood but corresponded within 3 years of the 20 years that had elapsed
since felling. The width of the most recently formed growth rings became in-
creasingly narrow (Fig. 1). The width of the stump wood varied from 3 to 25 mm
in different parts of the stumps. Wide stumpwood zones were presumably associat-
>d with proximity to the root grafts. There were some zones of resin soaking in
<he region corresponding to the cambium at the time of felling, but in spite of
this, the stump grew over these zones.

The stump wood usually contained both sapwood and heartwood, the latter
being readily detected by having a redder colour than normal heartwood. The
‘¥idth of stump heartwood was variable. In locations where stumpwood was thin,
stump sapwood and the outer tree sapwood were sometimes not transformed to
heartwood. The zone which was sapwood (about 20 growth rings) when the tree
was felled (tree sapwood) was sometimes blue stained and resin soaked. In some
cases there were blue stained-resin soaked patches in the inner portions and normal
transformation to pink colored heartwood in the outer layers of the tree sapwood.
Resin soaked patches were algo observed in the tree heartwood. The color of these
patches was similar to that of the surrounding heartwood indicating that resin
soaking took place after polyphenol formation in contrast to the tree sapwood
where apparently resin soaking occurred first. It was difficult to obtain a radial
strip containing all four zones but without blue staining and resin soaking in
some portion.

Anatomiecal Comparison of Stump VWood with Tree Wood

Early and late wood bands were evident in the growth rings of Douglas-fir
stump wood although LANNER [1961] reported lack of contrast in Pinus laeda.
Examination of Douglas-fir cross sections indicated less latewood and a less abrupt
transition from early to latewood in the stump wood when compared with tree
wood. Most of the tangential sections of Douglas-fir stump wood showed severe
disorientation of tracheid direction (Fig. 2). ScivLTz and Woops [1967) reported
that the xylem tissue in the living stumps of P. taeda also showed orientation in
more than one direction and the tracheids appeared to be very short and irregular
in shape. In P.taeds the stump wood tracheids were one-fifth that of normal
tracheids. We found a large proportion of long tracheids after maceration of
Douglas-fir stump wood. The tracheids obtained from severely disorientated
samples assumed a normal straight shape after suspension in water but a high
proportion of broken fibres was observed. The average unbroken fibre length
of Douglus-fir stump wood was 2.8 mm compared to 3.3 mm in adjacent tree wood.

2 Wood Ecicnee and Technology, Vol. 4



It-[ll ‘ ]Jlﬂ' ]{] il : lﬁﬁﬂ IHHH[ “l|
J H

]ﬂﬁhlfl

e
1#Hn m
il

h%&@:ﬁ?ﬁﬂ) Fldll lhl

Fig. 1. - Cross scction of living stump of Douglas-fir shov wing various zones of heartwood formation
a—Db is stump sapwood, b —c is stump heartwood, ¢ —d is tree sapwoo: od, d to pith is t.reehartwod
Magnitication 25 X
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Fig. 2. Tangential scctions of tree wood (a) and stump wood (b) s showing distortion of fiber direction
and unusual ray structure in stump wood. Magaification 25 X
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The average specific gravity of stump wood was essentially the same as tree wood
(ca. 0.41 g/cm?). However, microscopic examination of stump wood revealed more
thin walled cells than was observed in tree wood. There was a decrease in specific
gravity from inner stump wood to the bark. The ray volume of stump wood was
significantly greater than in tree wood (13.3 compared to 9.9%,) and this was
associated with a higher proportion of maulti-seriate rays, although there appeared
to be a slight increase in the number of individual rays por unit area (Table 1).

Table Ray distribution of stump wood and  Table 2. Amounis of extractives in stump
tree wood wood compared with adjacent tree wood

Stump |  Tree Petrolenum | Alcohol
Wood! Wood* solubles! | solubles!
% %
Ray volume 9, 133 9.9 ]
Number of cells/ray 6.8 5.9 ."x.l ump spwaoacd :’.3 HJ
Number of rays/area 416 |. 383 Skump !----:I-I--r---l ;: !:.|_>
[T S PWON +. il
! Average of 12 samples. Tree heartwaod | 27 3.0
1 Average of 4 samples.
Extraetives
General

A comparison of the amounts of petroleum and the subsequent alcohol-soluble
material in the stump sap- and heartwood and trec sap- and heartwood indicated
that the stump heartwood contained significantly larger amounts of both classes
of extractives than the other zones (Table 2). The amount of petroleum soluble
materials in different samples of the stump sapwood and heartwood were close
to other reported values. Figures between 2 and 5° of alcohol-bezene solubles
have been previously recorded for sapwood and heartwood respectively [Cadrp-
BELL, SWAN, WILSON 1965). There was considerable variation in the amount of
these extractives in both tree sapwood and heartwood. Patches of resin soaked
tree wood contained up to 309, petroleum soluble extracts whereas the amount
of them in the tree sapwood that was not obviously resin soaked varied between
1 and 1095,

The amount of alcohol soluble extracts in individual samples was similar to
the average values (Table 2), except for the tree sapwood zone which was highly
variable. In areas where there was little resin soaking the alcohol solubility was
high (about 49,) while in resin soaked areas the alcohol solubility was low (1 to 2°/).
There appeared to be an inverse relationship between resin content and alcohol
solubility. The alcohol solubility of both stump sapwood and heartwood was
higher than that of tree wood.

Polyphenols

Paper chromatography of alcohol extracts from the various zones is summarized
in Table 3. There was no significant qualitative difference between stump heart.-
wood, tree sapwood or tree heartwood. Dihydroquercetin was by far the major
compound in all samples except where compound “A” predominated. SqQUIRE,
SwaN and WILSON [1967] observed significant amounts of dihydrokaempferol
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(0.3%), pinobanksin (0.1°;) and quercetin (0.1%) along with dihydroquercetin
(1.0%). Inour work, dihydrokaempferol was observed in more than trace amounts
only in inner tree heartwood. Significant spots for pinobanksin and quercetin
were not observed despite considerable overloading of the dihydroquercetin spot.

T Q v ’ : o Jim ot PP ) 7 pro
lable 3. Composition of polyphenolic extractives in Dou plas-fir tissues

Compoand? Stmp wood

Hap | Heart

Trta Wi lesoriptiont
“apr | Flenrt

Ry | Flnoreseinien | Jis A

A 1 — b4k - tan-vellow
I : - 0.470.5 - pink
& — ‘ 1 ‘ i 0,704 bloe-green nil

] |

TYH ) | = b J ‘ <4 | 0.803 | | tan

04 1,5 kan

= e e

0.7,0.0 blue-green nil

1
T (= i= 1 <+

‘ 0.7/0.3 - vellow

stranl

! DHQ = dihydroquercetin; A is probably a DHQ glycoside.
* R, in butanol-acetic acid-water (8: 1: 2) in one direction then 20 acetic acid followed
by butanol-ammonia-water (20: 3: 10). pNA = diazotised p-nitroaniline.

It is significant that compound “A”, possibly dihydroquercetin-3’'-glucoside,
and compound “B", probably another glycoside, were not found in tree sapwood
even though all this zone had not changed to heartwood as judged by its coloration.
HERGERT and GoLDSCHMID [1938] have reported the disappearance of dihydro-
quercetin-3’-glucoside when Douglas-fir heartwood is formed. The alcohol soluble
extract from stump heartwood was a darker red color than the other extracts. This
color was removed by passing the extract over a short polyamide column and
observation of paper chromatograms indicated that this column largely removed
the polymer streak. Stump heartwood appears to contain considerably more of a
highly colored polymer than normal Douglas-fir heartwood.

Quantitative Aspects

The amount of dihydroquercetin in a radial strip from a stump was determined
by gas liquid chromatography of the trimethylsilyl ether. Although the amount of
alcohol solubles in the stump heartwood was significantly higher than that of
normal heartwood, the amount of dihydroquercetin in the two zones was essentially
the same (Table 4). The amounts are within the range 0.90 to 1.89) previously
reported [GARDNER, BARTON 1960; SQUIRE, SwaAN, WILsoN 1967; HaNcCocK
1957; KENXXEDY, WILsON 1936).

Stump sapwood contained a comparatively high concentration of dihydro-
quercetin {(ca. 0.37%). but other workers [GARDNER, BARTOXN 1960; KEXNEDY,
WiLsoxX 1956; HaNXcocK 1937) have found that the sapwood in normal trees
contains between 0.15 to 0.56°,. The amount of dihydroquercetin in the outer
tree sapwood of the stump was lower than that expected as this region has essen-
tially the same color as normal tree heartwood. It appears that the pink color is
not necessarily related to the amount of dihydroquercetin present. The amount of
dihydroquercetin found in the middle and inner tree sapwood was very low and
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corresponds with normal sapwood concentrations. The inner tree sapwood also
contained large amounts of resin and some blue stain. The results indicated that
resin soaking, which was associated with development of blue stain, inhibited the
formation of polyphenols in some zones of the tree sapwood.

Table 4. The dihydroguercetin and petroleum sol- Table 5. Radial distribution of
uble contents in a radial strip from a living stump dihkydroquercetin across a tree sap-
5 TR ! wood zone
Tig=ne i solubles | |'|-|§rl:| Growth ring 7% Dihydro
L Number | Colour | quercctin!
Stump sapwood 28 0.37 3 white 0.27
Stump heartwood 59 1.13 8 white 0.22
13 pink 1.47
Outer Tree Sapwood 14 0.35 14 pink 1.23
Middle Tree Sapwood 1.5 0.11 18 pink 2.09
Inner Tree Sapwood 10.6 0.14 19 pink 0.53
Outer Tree Heartwood 8.1 1.07 Average of 4 determinations.
Middle Tree Heartwood 8.4 1.25
Inner Tree Heartwood | 133 0.68

1 Average of 2 determinations.
2 Average of 4 determinations.

Because of the low dihydroquercetin content in the above sample of the tree
sapwood zone, another radiel strip, that appeared to be free from resin soaking, was
analysed. No stump heartwood was evident in this sample. The growth rings
number 3, 6, 13, 14, 18 and 19 were selected from the tree sapwood zone with
growth ring number 1 corresponding to the last growth ring produced before fell-
ing. The amount of dihydroquercetin from these growth rings is given in Table 5.
Low values obtained for growth rings number 3 and 6 suggest that heartwood
formation had not occurred even though resin soaking had not taken place. The
dihydroquercetin concentration in the other growth rings shows that dihydro-
quercetin formation takes place in amounts similar to or greater than its concen-
tration in normal tree heartwood.

Resins

Resin acids in petroleum ether extracts were analysed by gas-liquid chromato-
graphy of their methyl esters. There was little difference in the resin acid composi-
tion of the various zones except for isomerization of levopimaric to dechydroabictic
in the inner tree heartwood zones. The resin acid composition agreed with the
results of ERDTMAN, K1MLAND, Nor1~ and DANIELS [1968] with the levopimaric-
palustric peak being the largest with lesser amounts of dehydroabietic, abietic,
neoabietic and isopimaric acids present. Small amounts of pimaric acid were also
evident.

Discussion

At the present time, there is no decisive proof of the location of synthesis of
extractives, or of the factors controlling the amounts of extractives deposited in
heartwood. HERGERT and GoLpscHMID [1958] have proposed that flavonoid
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glycosides are synthesized in the leaves of Douglas-fir and that they are then trans-
ported down the phloem and radiate to the bark and heartwood boundary through
the rays. ERDTMAN [1958] however has shown that, in pines, the bark polyphenols
are primarily hydroxylated flavonoids while those in the heartwood are mainly
stilbenes and flavonoids with fewer hydroxyls. Based on these constitutional
differences ERDTMAN proposed synthesis of the bark polyphenols in the cork
cambium and heartwood polyphenols in the xylem cambium. HirLLis [1968], on
the other hand, after examination of the data from a number of trees, came to the
conclusion that heartwood phenolic compounds are synthesized at the sapwood-
heartwood boundary.

There are many factors possibly related to amounts of heartwood constituents
formed. Availability of carbohydrate at the zone of synthesis would be expected
to be an important parameter [HiLLis, HUMPHREYS, BAMBER, CARLE 1962].
Growth rate is another associated parameter which would be expected to reflect
available carbohydrate at the xylem cambium. Hrrris [1968] has also suggested
that the auxin-carbohydrate balance may be important to amounts of polyphenols
formed.

The results of this study indicate that there was little difference between the
polyphenol contents of tree heartwood and tree sapwood where resin soaking did
not occur. When blue stain formation and resin soaking occurred they probably
developed soon after wounding and prevented the synthesis of polyphenols in, or
translocation to, some tree sapwood regions. It is possible however that resin
soaking appeared because a lack of polyphenols allowed blue stain to develop
which in turn facilitated resin soaking. The patchy distribution of resin soaking
tree sapwood suggests that the first possibility is the most likely.

The slow growth rate of the stump wood which was of similar specific gravity
to tree wood suggests that the amount of carbohydrate reaching the stump cam-
bium was significantly reduced after crown removal. However in regions where
resin soaking did not appear, tree sapwood contained normal amounts of dihydro-
quercetin. No direct evidence was obtained from the stumps regarding HERGERT
and GOLDSCHMID’s [1958] proposal that the extractives originate in the leaves
and are translocated to the heartwood and bark. However, it is difficult to re-
concile this view with the existence of 6-C-methyl flavonoids found in the Douglas-
fir root bark [BARTON, 1967, 1969] but not elsewhere in the tree. There was no
evidence of this compound or its derivatives in any xylem tissues of the stump
showing that translocation of phenolic materials through the root grafts is unlikely.
It would appear then that the formation of heartwood extractives was insensitive
to changes in the amount of carbohydrate (as mentioned above) or flavonoid
glycoside available at the cambium.

SQUIRE, SwAY and WiLsoxX [1967] found most of the dihydroquercetin in the
rays, but the increase in ray volume of the stump tissues has not resulted in a
significant increase of dihydroquercetin. A significant difference observed in the
cross sections of the living stumps was the high alcohol solubility of stump heart-
wood due largely to proportionately high levels of the colored polymer. This change
did not occur until after crown removal when there were significant changes in cell
morphology. It could be concluded from these results that the factors controlling
the subsequent amount and composition of heartwood polyphenols formed are
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incorporated in ray cells during the early stages of their development. Some sup-
port for this view is found in the observation that small amounts of dihydro-
kaempferol were found only in the inner tree heartwood. SQUIRE, SWAN and
WILsON [1967] have demonstrated a strong seasonal variation of dihydroquercetin
concentration within a growth increment that cannot be explained by variations
in specific gravity. Since the heartwood-sapwood boundary does not follow annual
rings, a consistent within-ring variation in dihydroquercetin should not be related
to seasonal variation in translocation of flavonoid glycosides from leaves or the
cambial zone. It would appear that within-ring variations of dihydroquercetin
concentration may indicate differences in the ray cells across the growth ring
rather than variations in flavonoid glycoside translocation to the sapwood-heart-
wood boundary. An earlier observation [KRAHMER, HEMINGWAY, HILLIS 1970]
that different lignans can be found in cells that exist close together in heartwood
also points to different metabolic pathways in individual ray cells.

The time period between development of the cells and formation of heartwood
was little influenced by crownremoval. WELLW00D [1955] found that there was a
gradualincrease in the width of sapwood from the top of the stem to the bottom. This
gradation may reflect greater auxin or carbohydrate depletion at increasingdistance
from the crown. The tree sapwood-heartwood boundary of the living stumps occur-
red at about 20 growth rings from the cambium at the time of crown removal and
was fairly regular. The stump sapwood-heartwood boundary was more irregular
both in terms of distance and growth increments from the cambium. In some loca-
tions the sapwood-heartwood boundary was still in the tree sapwood region (Table 5)
while in other regions, heartwood was found in the inner 5 to 7 growth rings of the
stumpwood. On an average our results indicated that heartwood development
occurred close to the twenty year period found in the tree wood. Because of the
slow and steadily decreasing growth rate of stump wood a sapwood zone 20 years
wide represented proportionately much less wood than appeared in normal tree
growth.

Experimental

Paper chromatograms were prepared using Whatman No. 2 papers developed
in the first direction with butanol: acetic acid: water (6: 1: 2), and in the second
with 295 acetic acid, after which the sheet was dried and again developed in the
second direction with butanol-ammonia-water (20: 3: 10). The dried sheets were
observed under ultraviolet light and sprayed with diazotised p-nitroaniline or a
mixture of ferric chloride-potassium ferricyanide.

Dihydroquercetin was measured by gas-liquid chromatography of its trimethyl-
silyl ether prepared from pyridine extracts. TMS-dihydroquercetin was sepa-
rated on 29 SE 30 on acid washed DMCS treated Chromosorb WV (80 to 100 mesh)
and peak areas compared to the internal standard TMS-phloretin. Oven tempera-
ture was programmed from 195° C to 215° C at 1° C/min. Carrier gas flow rate
was 40 ml/min. The coefficient of variation for this method has been from 4 to 6.

The petroleum extracts were separated on chromatoplates of Silica Gel GF 254
with thickness of 0.75 mm and developed with hexane-dicthyl ether (85 : 30). The
appropriate zone was scraped from the plates, the free acids extracted with acetone,
the extract evaporated and methylated with diazomethane. The methylated resin
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acids were separated by GLC ona 6 ft 3mm glass column packed with 69/, Lac 728
on 80 to 100 mesh DMCS Chromosorb W. The oven temperature was 190° C and
the helium carrier gas flow rate was 50 ml/min.

Specific gravity of alcohol-benzene extracted wood was determined by water
immersion and tracheid lengths were measured after maceration. The ray volume,
number of rays per unit area and the number of cells per ray were measured by

preparing enlarged prints of tangential sections exposed through graft paper and
counting the proportion of squares occupied by rays, the number of ray cells per
print and number of cells per ray.
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