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SPIRAL GRAIN FORMATION BY INDUCED REORIENTATION OF THE CONIFER CAMBIUM

ABSTRACT

Processes irvolved in the recrientation of fusifor:: cembial initials
related to spirel grain formation were investigated. Spiral grain was
induced to form in & vigorous, nursery-growing sapling of Pinus strobus L.
by constructing narrow diagonal bridges of phloem and camtium across ring
girdles of stem internodes in the early.spring.. .After 5 months, the bridges
were prepared for light microscopyr of transverse, radaial and serial tengen-
tial sections, and the reorientation process investigated. As a result of
this first investigation, further investigations to determine the time
required for the cerbiu:z to reorient and the effect of wounding upon the
reorientation process were begun: in late summer, 18 vigorous, field-
growing saplings of Pinus contorta Dougl. were each given two phloem-cerbiur
bridges across ring girdles of two internodes on the sare day; the upper of
each bridge was oriented diagonally and the lower parallel to the long axis
of the tree ster in each case, the lower bridge to serve as a control to
the wound response. Periodically, the two bridges of one of each of these
18 trees were then harvested; serial tangential sections of xylem and trans-
verse, radial, and serjal tangential sections of the cambial zone were then
prepared and investigated.

By tracing radial files of mature xylem tracheids in serial tangential
sections through the zone of reorientation, the step-by-steo changes which
occurred in the cewbium as it changed its alignment were deduced for each
species and have been illustrated diagrammatically. Relatively smell, local-
ized regions of the vascular cembium, termed "microdomains," were found <o
form the vanguard to the reorientation process, followed by similar reorien-
tation of the invervening regions subsequently. Microdomains were found to
begin by one, or sometimes two or more, adjacent fusiform cells successively
subdividing to result in a number of shorter fusiform cambial cells. The
subdividing divisions were oblique and parallel anticlinsal divisions. Accen-
tvation of the reorientation occurred when some of the short fusiform cambial
initials failed, permitting adjacent ones tc elongate into and occupy the
vacated space. In the elongation process, the numerous paralle. oblique
dividing walls formed a template which guided the extending cells into. the new
alignment. )

Following late-summer girdling, after 50 days reorientation was still in
the microdomain stage within the diagonal bridge cambium of Pinus contorta;
vertical bridges showed no change in the axial alignmen: of tlzir fusiZorm
cambial cells throughout the duration of the experiment. Wounc responses
found to be common to both the diagonal and vertical bridges, as well as to
both species, included: swelling of ray rarenchyma, true transverse divisions
in xylem mother cells, formation of xylary axial parenchyma and traumatic
longitudinal resin canels and callus tissue.

It has been concluded that a number of activities are equally necessary
within the vascular cambium of Pinus before a group of adjacent fusifor:
cambial initials become realigned. These include subdivision by anticlinal
division of each of the initisals iito a number of shorter initialis; formnation
of oblique anticlinal dividing walls which are parallel and in the direction
of the orientation to be adcpted; failure of some of the shortened fusiform
initials following division; and occcupation of the vacated space by the
surviving initials as they are guided by the parazllel dividing walls into
the new alignment.
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SPIRAL GRAIN FORMATION BY INDUCED REORIENTATION
OF THE COHIFER CAMBIUM

INTRODUCTION

General

Spiral grain in conifers comsists of fusiform xylary elements which
have become inclired relative to the long axis of the tree in the zame generasl
direction (Fig. 53). Spiral graim is not only & curious phencmenon; it also
often constitutss a serious defect of high economic importance; and as well
spiral grain is widespread both in conifers ard hardwoods and has been de-
scribed as the normal growth pattern of the tree (Panshin and de Zeeuw 1970,
p- 277)-

That spiral grain can be brought about artificially, i.e. induced to
form using various spiral girdling techniques, has long been known !Bﬁsg&n and
Mineh 1929, Collins 1930, Fzhn 1973, Kirschner et al, 1971, MacDaniels and
Curtis 1930, Teodoresco and Boprsco 1915, Tupper-Carey 1930, end Sinnott 1960--
section on Symmetry). Fahn (1673} and Kirschper et al. (1971) have described

experiments on diegonal bridges of phloem and ccohium crossing ring-girdled

stems of Robinis pzeudscacia L. which have shown thet auxin brings about this

change in polarity of cell crientatian. In conifers, Herris (10AT. 1969
1973) elso credits awuxin with the induced reorientation process of the
vascular cambiur. Howuver, no one has yet shown that disgonal auxin transport
corgtituies the inducimg stimulus in natursl spiral grain formation. Indeed,
the mechanisms invelved in the coordinated chenge in alignment of fusiZorm
cambial cells remains controversial (Bapnsn 1964, 1966, Harris 1967, 1960, 1973,
and Heinowicz 1961, 1963, 1967, 1968, 1971) in conifers. Thus this Thesis
reports on the mechanism of reorientation of fusiform cembial cells.

Herein the ccrncept of a single leyer of initisting cells within the
vascular canbial zone is advocated. The cells which comprise that single layer

are referred to as "initiels" throughout; and the layer which they comprise
as the "cembium" (Wilson 1966, Schmid 1976). The other cells within the



vascular cambisl zone (i.e. the meristematic zone) are referred to as

"phloem mother cells" or "xylem mother cells,"

both being derived in reiial
files from the initials. Thus the "cambial zone" is constituted of phloem
mother cells, the iritials, and xylem rother cells, all of which may divide
to produce xylery or phleoic derivetives.

Cambial initials originate from the procenmbium and from interfascicular
parenchyma, which themselves are derived from the apical meristems as somewhot
elongate and isodiemetric cells, respectively (Zsau 1960). The apical meri-
stems are "pushed" further fronm their original points of comrencement through
& process of division of cells within the apical meristems accompanied by
elongation of adjacent; proximal camblal initials. This process of elengaticn
of the vascular cambium initials is in the direction of the shoot or root's
long axis. It is later, as the vascular cambium begins forming concentric
sheaths of fhlaem and xylem by perieclinal divisions, that the original axial
orientation of the cambial initials begins to reorient to form spiral grain.
Therefore the approach to explairing the reorientation process in the cambium
can be restricted to studies o vascular cambium activity.

Spira’-grein investigators, but few others, have appreciated that the
spatial arrangement and configurations of mature xylary derivetives, when
serially traced, can be used.to.deduce the temporal activity and appearsance
of the vascular cambium at the time it produced those derivatives. Much of
the research whicn has given us the present-day model of the conifer combium

(e.g. see Philipscn et al. 1971) rests upon the basic integrity of this fact

that any tracheid in the xylem constitutcs a record of the appearance of ﬁoth
the fusiform initiel and its derivative xylem mother cells at the time that
that tracheid was formed (excepting changes in radisl fimension, slight
elongation of the tips, and secondary-wall formation followed by death).

This ability to deduce cambiel activity from the x)lem will be discussed later.



Concepts which are fundamental to this Thesls include the following:

1. The carbial zone is made up of conly four types of potentially

meristematic cells:

a. fusiform initials

b. ray initials

¢. fusiform phloem mother cells

d. fusiform xylem mcther cells.

2. Fusiform initials give rise to fusiform mother cells within a
radial file; and these fusiform mother cells give rise to xylary or phloic
vascular tissues, also within the same radial file. Thus, all mature
vascular tissues within a radial file have a common, and sequentially
traceable, ancestry.

3. Vascular cambiw: initial cells'are sef-perpetuating; i.e. for
every periclinal division in an initial there results two cells: a new
initial and another cell (mother cell) destined ©o becoms or produce a
number of xylary or phloic elements.

4. The length of the periclinal division cycle, including division,
synthesis, and enlargement, for any meristematic fusiform cell of the
vascular cambial zone averageé approximately 10 days (Wi 19

5. During the growing seasén, approximately one xylem tracheid matures
each day (Kennedy and Farrar 19065).

6. Mitosis and cell plete formation occupy approximately one day for
periclinal divisions and probably much less for anticlinal divisions, since
phragmoplast movement following mitosis in an anticlinal division is con-
siderab_y less in distance then 1s the case for fully longitudinal peri-
¢linal divisions.

7. Although the periclinal division cycle averages 10 days in time,

it is assumed that the multiplicative, cr anticlinal, division cycle may
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occupy as little as one day and need not be intervened by periclinal

divisions (Philirson et al. 1971; Bannan 1950, 1951, 1$65a, 1965b, 1968a;

Bannan and Bayly 1956). However, no reported rescarch is known which
ha; prover this assumption.

8. Temporary lapses in the 10~day periclinal division cycle of a
fusiform cambial initial frequently occur (Bailev 1920; Bannan 1968},

9. There is an upper limit to the‘length a fusiform initial can
achieve; and once an initial reaches that limit, it divides pseuvdotransversely
The sister initials which result from the pseudotransverse division
either elongate again to the maximum size, or they fail (Philipson et al.
1971).

10. PFailure of an initial most commonly occurs by gradual shortening
threough successive periclinal divisions, or through rapid shortening
by nearly transverse anticlinal dividing walls multiplying a single fus-
iform initial into two or more shorter initials Hejnowicz 1961). Short-
ened initials commonly fail by giving up the initial role and differentiating
into either xylem or phnloem elerents; freguently fusiform initials

also reduce in size to become ray initials (2annan and Bayly 1956). Adjacent

fusifort initieals quickliy occupy the spece vacatéd by failing initials.
This occupation occurs through two prccesses: intrusive elongation
and tangential expansion.

Until 1966, the opinion of most spiral grain researchers (3raun 185k,

Hartie 1895, Seifriz 1933, Kohl 1933, uew-an 1955, Eejnowicz 1¢561, 1364,

Bannan 1964, Jones 1963) was that spiral grzin in conifers resulted by
the majority of the pseudotransverse (or "oblique") anticlinal divisions
occurring in vascular ceambium initials all being oriented in the same

direction. Reorientation was said to occur as a result of oriented overlap


Savidge
Typewritten Text
h

Savidge
Typewritten Text
m


of the cell tips during intrusive elongation of the sister initials
following the oblique anticlinal divisions. But ncne of thess researchers
have ever provided step-by-step evidence of the mechanics of cambial
reorientation.

Having done such a step-by-step study, in this Thesis it will be
argued that reorientation of conifer cambial initials occurs through tne
following processes:

1. Long fusiform initials shorten; and this shortening occurs
by repetitive unidirectional pseudotransverse anticlinal divisions.

2. The shortened sister initials and their mother cell derivatives
then elongate in the direction of their long axis as neighboring initials
decline or fail. In the process of elongating, the path of least resis-
tanée is taken.

3. In spite of failure of many initials, the numerous parallel
obligue dividing walls which precede intrusive elongetion act es an overall

template to guide the elongation process such that recrientsation occurs.

Anticliral divisions

Very litile work has been done on the control of plane of division

vhen a cell divides. Harris (2973) "ound ir radiata pine (Pinus radiata D.

Don) thet it was impossible to distinguish beiween a periclinal and an
enticlinal division in the early stages of mitosis. But by early metaphase,
a distinction usuzlly could be made; chromosomes were observed to either
come into line with the longitudinal axis of the cell (prior to anticlinal
division), or to lie at right angles to the cell (prior to periclinal
divisicr). From his study, Harris concluded that it is the skewing of the
poles of the mitotic spindle in the cytoplasm, and the formation of the

cell plate between those poles at telophase, that determines the direction

of pseudotransverse anticlinal division.
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But these findings contrast sharply with the findings of Palevitz and

Hepler (1974), who studied the control of the plane of division during

" storatal differentiation in Allium. Their observations revealed that the
final plane of division is not determined by the orientation of the spindle,
but réther is established during late Bnaphase-telophase as a result of
directed reorientation movements of the phragroplast and associzted
daughter nuclei. Movement of the phragmoplast was found to be highly
directional and to never overshoot the correct alignment. At the ultra-

structural level, Baleviiz and Hepler (1974) found the position of the

preprophase band of microdiiubules, encircling the nucleus, to always be
oriented in the ssme plsfc as the final orientation of the cell plate.
Thus it was their conciusion that it is the preprophase band, and not the
spindle, which correlates with cell plaﬁe orientvation. Ii is therefore
believed that cells exert a more complcx aciive role in cell plate orien-
tation than simply relying on physical factors.

Two types of antieclinal divisions occur in the carbium of conifers:

1. Pseudotransverse (cr "oblique", or "multiplicative") divisions,
by which multiplication of fusiform initials occurs or new rgys are formed
(Banﬁag 1953, 1957, Hejnowicz.196l).

2. Divisions off the side, which usually also give rise to rays
(nggan'lgﬁﬁ, 1957, Heinowicz 1961).
Bannan (1951) found both types of anticlinal divisions to occur usually
near the center of the dividing fusiform initials.

The newly formed partition in pseudotransverse anticlinal division
may be short and almost transverse, or it may be as much as one-2alf the

length of the dividing cell (Bannan 19A5:. Heinowicz 1961), Hejnowicz (1961)

shows clearly that the divisions are in fact oblique, and not transverse,

when they first occur in initials. Bannzn (1965a) has reported on many
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thousands of measuremepts on dividing cells; and he states that the
length of the partition is generally related to the length of the divid-
ing cell.

Bannan (1957) states that the cambium is made up of a single "tier"
(or sheath) of initials, a single tier of phloem mother cells toward the
outside of the initiating layer, and one to several tiers of xylem
mother cells on the inside. Heinowicz (1961, p. T39) states that the
fusiform initials are in the middle of the cambial zone. Both of these
investigators are agreed that all cells within the cambial zone undergo
periclinal divisions; and both are agreed that pseudotransverse divisions
are largely confined to the initials.

Pseudotransverse divisions sometimes also occur in the derived
mother cells, especially on the xXylemward side. The frequency of these
extra-inttial divisions tends to rise with the growth rate (Banpan 1950,
1957, 1667, 1968a). Lateral anticlinal divisions, which yield segments
off the side, are infrequent and seem generally to involve only the
fusiform initials.

Fewer than 2% of the pseudotransverse divisions were found to be
temporary by Bannzn (1957) and to involve xylem mother cells rather than
initials. The primary criteria used by Bannan was the observation that
fhe pseuﬁotransverse partition eppeared in a variable number of successive
cells ard then disappeared. As well, the pseudotransverse division could
be found in the xylem with no counterpart in the phloem; thus it must
not have occurred i an initial.

Bannan (1957, p. 883) states: '"Despite the fact that the effects
of factors such as éressure which influence the frequency of anticlinal
division in the cambium must be felt throughout the entire zone of growth,

it is usually only the fusiform initials that are responsive." The nature
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of the stimulus which causes anticlinal divisions in the cambium is
undetermined, but it is clear that the rate of division is not geared

" solely to an increase in girth (Bannan and Bayly 1956}, Although the
pseu@otransverse anticlinal divisions of fusiform initials do result

in accommodation for the increasing girth, they occur at a frequency such
that there is an extensive overproduction of new initials. Accordingly,
there is also extensive cell loss. Whether a fusiform initial continues

or fails after amticlinal division is thought to be related to cell

length and extent of ray contacts (Bannan and Bavly 1956),
Bannan (1950, 1957, 1967, 1968a) has shown considerable evidence for

the general aestival occurrence of anticlinal divisions within conifer
cambia. However, he has also noted many exceptions. Fast-growing trees
were often found to show anticlinal divisions occurring throughout the
growing season. Under conditions of rapid growth, the proportion of
anticlinal divisions occurring outside the initiating layer was also
found to increase. Nevertheless, even under conditiocns of rapid growth,

the proportion of anticlinal divisions occurring in xylem mother cells

is relatively low (Bannan 1957).

Intrusive growthh ard failure of fusifory initisls

Bannan (1968b) reported both the continuation of the initial function
after multiplicative division and the subsequent cell elongation to be

under polar influence. He found some species, such as Pinus strobus L.,

to show a predominant tendency to elongate upwards after multiplicative
division. Other species show a downward tendency. However, within a tree,
at different heights and at different cardinal directions, acropetal or
basipetal elongation may predominate. And reversals in this.type of
polarity were found to occur after intervals of a few years.

Continuation of an initial's function following its creation by
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multiplicative division through a lineal succession (or radial file) of

cells also is under polar influence. In both Pinus strebus L. and Pinus

" contorta Dougl., Bannan (1968b) found that the upper sister series was
more prone to survive than the lower, in a ratio of aprroximately 5:4,
following obligue anticlinal division.

Bannan (1968B) notes that there is a correlation here between.
cell survival and direction (bas;petal VS. acropetal) of cell elongation:
"In Pineceae the ﬁpper of the two sister fusiform initials formed in
pseudotransverse division is more apt to be the forerunner of a contin-
uing cell series than the lower'sister, and throughout the cambium
acropetazl cell elongation surpasses basipetal growth." Bannan considers
that certain substances concerned with viability and growth are unequally
distributed throughout fusiform initialé, with greater concentrstions
occurring either toward the upper or the lower cell tips. However, there
is no direct supporting evidence for this latter statement.

Bannan and Bavly (1956) also found that the longest fusiform initials
were mosi prone to survive and repeat the cycle of elorgation and muiti-
plicaticn by pseudotransverse division. In contrast, short fusiform initials
were found to decline, passiné off into maturation or undergoirng further
divisions to become ray initials.

Thé rate of failure of initials tends to increase with increasing
frequency of anticlinal division. Bannan (1956) and Heinowicz (1961) agree
that elimination of one or more initials results in strong intrusive
growth of neighboring initials into the vacated space. However, Bannan
(1956) states that intrusive growth also occurs without failure in the
form of early rapid extension, with gradualiy decreasing rate of growth
as initial length increases. Heinowicz (1961), who studied serial

transverse sections of the cambial zone (whereas Bannan studied serial
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tangential sections of xylem) disagrees. Hejnowicz found intrusive growth
not to be rapid following oblique anticliinal division unless there is also
concomitant failure of neighboring cells. However, the age of the stenm

was found to be important in this respect. Hejnowicz (1961) reports that

in older stems, intrusive growth is concentrated at sites of failure of
other initials, whereas in young stems the intrusive growth of initials is
relatively strcong regardless of whether neighboring initials are or are
not failing. This difference is apparently associated with the difference
in relative rates of girth increase between the different sizes of stems.

Bannan and Bayly (1956) state that a selective mschanism probably

operates in cell survival, i.e. the longest starting cells are selected

for survival. They argue that otherwise, in instances where the rate

of anticlinal division becomes accelerated in the cambium, a continued high
level of anticlinal division would result in very short vascular elements.
Bannan axd Bayly (1956) believe tnat rays are the source of substances,

e.g. carbohydrates, which are required for the sustenance, growth, and
division of fusiform initials. They believe theat food from rays is
specificelly involved in processes sucm as wall construction and mairntenance

of turgor pressire.

However, Hejnowicz (1961) counters with "selecticn is not the only

' His results indicate that

motive for elirination of fusiform initials.'
failure plays a part in accelerating the rate of intrusive growth and

of anticlinal divisions! Hejnowicz (1961) concluded that "... the elimination

of the fusiform initiels constitutes the mechanism accelerating the rates

of the changes taking place in the cambium." And, in 1968, Hejnowicz noted

that in instances of fast progressing changes in slope of grain, the
failing cells occurred in "groups", while other groups of cells were

dividing and elongating.
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Most failing cambial cells become reduced both in length and in

tangentiel width (Whalley 1950, Zannan and Bayly 1956, Heincwicz 1961),

accompanicd by pseudotransverse divisions to the first or forther orders.
i i RIS reported that shorter pseudotrearnsverse anticlinal
divisions wvere fcound to occur in groups of fusiform initials undergoing
elimination, wherecas longer pseudotransverse anticlinal divisions were
found to occur in single initials which would, presumebly, survive and
repeat the cycle. Bapnan (1951) has speculated that failing cells are

stimulated to divide because of an altered physiological condition.

Reorientation of the cambium

It is noteworthy that in 1961, Heinowicz made the following statement
(p. T46) based upon a serial transverse sectional study of the vascular
cambium of a species of Larix:

The following hypotheses have been advancad: 1) the
one-directional character oI pseudotransverse divisions
is an important factor of the mechanism controlling

the formation of the spiral arrangement of cambium

cells and thus also of the spiral grain in wood; and

2) the rate cof the structural transformetions of the
cambium, e.g. the rate at which the spiral arrangement

of the cells is formed, is controlled by the intensity

of the processes in which the fusiform initials are elim-
inated.

Later work by Hejinowicz (1964) resulted in the introduction of the

ferm "démain" into the vascular cembium literature. This term was used
to designate & region of the cambium where anticlinel divisions, but not
necesscrily cambial initials (Heinowicz 1971), were tilted in the same
direction. It was shown that the cambial domains differ in areal extent
and that the domain pattern changes with time. Limitations on domain
size (areal extent) have not been defined, but the implication from the
literature is that they are macroscopic regions (Bannan 196€, Heinowicc
1964, 1971).
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In 1966, Bannan suzmarized existing knowledge on spiral grain for-

mation in conifers, as well as reporting on his own research. 3annan
(1966) found there to be a general conformity in the orientation of the
partitions in the pseudotransverse division of fusiform initials throughout

"sectors" (inferred to mean "domains" of Hejncwicz, 196%) of varying size.

The proportion of divisions deviating from the preferred orientation
within a sector was usually less than 10%, but this value varied with the

tree, the locality, and the species. Bannan (1966) also found that periodic

reversals occurred in the orientation of anticlinal divisions, in terms
of radial accretion, and that the spacing between reversels, again in
terms of radial accretion, was related to the frequency of anticlinal
division. These reversals, if balanced, kept the cambium oriented
axially, and thus the grain also was axially oriented. If one direction
of orientation of anticlinal divisions predominated over the ctler,

spiral grain resulted. Bannan (1966) stated that both orientation of

obligue anticlinal divisions and the direction of cell elongation must
be under a general polar control, and went on to state the following
B, 153171

It may be deduced that the anticipated positive

effect of high rates of pseudotransverse division

on spirality is partially offset by the associated
increase in cambizl cell loss. As noted earlier,

many of the cell configurations initiated in pseudo-
transverse division are not maintained. This applies
particularly tc the overlap between newly formed

sister initials. On the otier hand, the heightenad

rate of additvion of new initials anc loss of others,
which accompany high rates of multiplicative division,
result in more nwuerous rearrangements between lineal
series which have no recent familial relationship. In
these rearrangements the new positions of cell tips

tend to conform to the orientation of pseudotransverse
divisions in the same sector. Thus counteracting circum-
stances are operating with reference to the effect on
cell elignment. The net result of high rates of pseudo-
transverse division on slope of grain remains to be
determined.



Bannan stated further (1966, p. 1532):

In the shifting of positions and altering of contacts
which accompeny the introduction of new cells and
loss of others, there is often no perceptible change
in basic cell slant with reference to the axis. How-
ever, if a substantial net gazin of initials were to
develop in a cambial sector, with aggravation of
space compétition, then under such circumstances a
general deflection from the vertical might occur.

From the above statements, it is clear that Bannan {(31966) dia

not agree with the second part of the hypothesis of Hejnowicz (1961)

as

quoted previously (page 11 herein).

Bannan (1966) noted occasions where the rate of unidirectional

anticlinal division did not match the daflection in grain.
(1966, p. 1535) therefore stated:

Not only is there often a lack of agreement between
the rate of anticlinal division and alteration in
slope of grain, but sometimes the corientation of
division anz alteration in spirality are not in
accord. Such seexing incongruities lead one to
believe that the role of multiplicative division and
subsequent cell elongaticn in the development of
spiral grain, as proposed by various authcrs during
the past several decades, has been oversimplified.
Spiral grain dces not appear to be due to a simple
cause. Conformity in orientation of anticlinal
divisions and direction of cell elongation over a
major part of the cambium wcuvld doubtless induce the
forration of a slanted alignment of vascular elements.
A substantial net gain of fusiform initials in

cambial sectors, with conseguent intensification of
spetial ccmpetiticn, might increase the deflecticn
fron the verticeal. The deflecticn ir such cases would
presumably be in the directicn of orientation of

the partition in peseudotransverse divisicn arnd
resulting cell overlap. However, ectirg against the
develcrment of an excessive spirality are pericdéic
reversals in the corientation of enticlinal division.
Another check is provided by the extensive cambial
cell loss which is an acccompaniment of circumferential
expansion. Eecause of this loss, the cell configur-
ations, including cell overlaps, which are instituted
in anticlinal division, are not necessarily maintained.

Bannan

13
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Polerity appears to be an important element in cell

alignment, having influence on both the orientation

of pseudotransverse division and the directiion of

growth of the cell tips. In most trees a celicate

balance apparently exists beiween events lavoring the

development of spirality, and controls which serve to

restrict the deflection to a low degree. Excessive

spirality presumably arises when these controls are

rendered inoperative over a major part of the cambium.

Bannan's research was followed by that of Harris (1967, 1969, 1973)
and Hejnowicz (1967, 1968, 1971). Harris (1967, 1969) has reported on
the results obtained by inducing spiral grain formation in radiata pine.

The method used by Harris had been used by numerous other researchers
(Blisgen and Mlinch 1929, Collins 1930, Kirschner et al. 1971, Fzahn 1973,
MacDaniels and Curtis 1930, Tgpper—Cargx 1930, Teodoresco and Popesco 1915),
Harris removed narrow spiral, or helical, strips of bark and cambium from
stem internodes of young radiata pine trees, thereby forcing a spiralling
downward movement of photosynthetic products through the phloem tissue.

The trees were then left to grow for 8 montns witnout further disturbance
other than the occasional removal of callus tissue to prevent the grooves
from closing. After 8 nonths, the vark and cazbium between the grooves

was peeled away; and it was observed that the grain, or xXyliem, produced
adjacent to and immediately above the grooves had reoriented itself parallel
to the spiral grooves. Thus, a marked degree of localized spiral grain had
been induced ir a very short time.

A microscopic examination of tangential sectiones of this xylem left
Harris (1967, 1969) unconvinced that spiral grain results from unidirectional
pseudotransverse anticlinal divisions followed by oriented overlap of the tips
during intrusive elongation. Harris reported the occurrence of a nearly
1:1 ratio of divisions slanted to left and slanted to right. {However,

Harris (3973, p. 375) states that these results were likely incorrect since

the ratio of left to right anticlinal divisions was determined from a
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wider radial region than that in which the reorientation occurred).

Harris (1967, 1969) concluded that pseudotransverse divisions were of

' secondary importance in cambial reorientation, and that they may contribute
at mo;t only to the overall pattern of spiral grain formation. The
magnitude of grain-angle change, and the small conccmmitant anatomical
changes which Harris observed, led him to state that the cambial layer
as a whole must be capable of "radical plastic deformation.”

In a preliminary report on spiral grain development in conifers,

Hejnowicz (1967) stated that the direction of overlap in elongating cells

following pseudotransverse divisions had been found to be non-preferential
for either side; nevertheless, the pseudotransverse divisions had been
found to be mostly unidirectionally slanted. In 1968, Hejnowicz corrected
this statement (p. 363) and stated that‘both pseudotransverse divisions
and overlap were oriented during spiral grain formation in a manner to
facilitate the change.

In his 1968 study, Hejnowicz used spiral-grained material (apparently

naturally produced) from Pinus silvestris L, trees. One of his samples

changed from the axial orientation to more than 50O slanted upward to the
left in a radizl distance of épproximately 3 millimeters (this specimen also
changed from zero to 250 during the production of 1 millimeter of xylem).

A second sample of Scotch pine changed approximately 200, to be slanted
upward to the right, in approximately 3 millimeters of radial distance.

Hejnowicz (1968) has shown clearly that immediately preceding and during

the change in grain angle, the pseudotransverse anticlinal divisions show
g large increase ir frequency; and that all of these divisions are
oriented in the direction of the final alignment.

As a result of this research, Hejnowicz (1968, p. 351) stated:
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The events in the cambium underlying the change in

the slope of grain in the investigated specimens were:
pseudotransverse divisions, intrusive elongation, cell
loss and changes of mean cell length. The fusiform rays
rotated during the change of grain about their centres,
however, the relative position of their centres remained
constant. The narrow rays rotated as well keeping relative
positions, however;.during more abrupt changes of grain
or between more distant sections they were split Dby
intrusively growing tips of fusiform irnitials, or were
joined together.

Hejnowicz (1968, p. 354) continues:

The alteration rate was not .linearly proportional to the
rate of unidirectionel divisions, but increased faster

than the latter. Apperently the effect of unidirectionai
division was esugmented by intrusive elongation and cell loss.

On page 356, Heinowicz (13€8) states:

The rate of elongation varied widely frcom cell to cell
during the formation of a thin layer of woed. Some cells
elongated very much while others remained unaffected.
Very often the fast-growing cells occurred in clusters.

Finally, Hejnowicz (1968, p. 360) considered the role of failure

of fusiform initials:

Usually the failure of fusifgrm initial started with a short-
ening of the initial from one or from both ends. It was oocserved
that in the instances of fast progressing change in the slope

of grain the failing cells occurred in groups while other groups
of cells were dividing and elongating. ... the total length of
~cells lost during the production of a mm of xylem was about 200%
of the total length of the cells in the given sector of cambium
during the fastest changes in the cambium. This made poscible a
considerable rebuilding of this tissue. No wonder that the

grain could then change by about 20°.

Hejnowicz (1971) went on to report on Picea excelsa Link. cambium

producing wavy grain. He found that during the production of a partic-
ular layer of xylem there were adjacent areas in which cell orientation
was changing at a given moment and others in which at the sare time no
change was noticeable. His studies of serial tangential sections of the
xylem showed the anatomical basis for the changing of cell orierntation

to involve three processes:
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1. Oblique anticlinel divisions in fusiform initials;

2. Overlepping of oprositely directed tips of initiels, larpirg
of the tips over the reys, and splitting of the rays, all by intrusive
growth of initial tips; and

3. Eliminatiorr of certain initisls from the cambium following
divisions, with intrusive growth of persisting initials.

An importent finding of Hejnowicz (1971, p. 509) was stated as

follows:

The similerity of the domain pattern and the pattern of
areas of reorientation indicates a causal relationship
between the two patterns. However, the domain pattern

is known to occur zlso in cambium which produces straight
Xylem, i.e. which does not show any reorientation of its
cells. The domain structure occurred in the neutral areas
of the wavy cambium alsc but the cambium did not reorient
its cells,

To explain the lazk of reorientation in such neutral, or axially

oriented, regions, Hejnowicz (1971) exszmined freguency of anticlinal

divisions, rates of intrusive growth, and the mean lengths of fusiform
cells. The wavy cambium was found to aiffer from the nearby neutral
cambium in having Iower mean length of fusiform initials and in showing
both a high frequency of anticlinal divisions and a high rate of intrus-
ive growth. But though in previous publications (1961, 1968)

Hejnowiez has emphasized the role that failure plays in intrusive elon-
gation eand reoriegtdsticn, he rerorts nothing on the failure rate between
the wavy and neuttak’ camibla. [t is inferred that his findings of high
frequency of articlmalnz. divisions and high rates of intrusive growth
irply that the fail.ure rst.e was also high.

Harris {1973) has reported on & second spiral-girdling investigation

into young radiata pine. This investigation was similar to his previous
studies (Harris 1967, 1969) except that trees were sampled three, six

and nine weeks after girdling, and finally toward the end of the growing
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season. Following these periodic harvests, the cambium was examined
under the light and electron microscopes; and serial tangential sectiorns
of xylem were prevared to examine the directions and frequency of
pseudotransverse anticlinal divisions.

.Three weeas after girdling, Harris (1973) found that the grain had
changed from So upward to the left to 4° upward to the right (girdle
orientation was 350 upward to the right) in xyler adjacent to the upper
edge of the girdle. Six weeks after girdling, the grain angle in the
region immediately above the girdle was 180 to the right. By week 9,
the newly-formed xylem immediately above the girdle had oriented 380
to the right. Over the nine-week period, the xylem formed axially immed-
iately below the girdle had changed its orientation very little. Reorien-
tation occurred for the most part only over a distance of 20 millimeters
axially above and adjacent to the upper side of the spiral girdle;

i.8. of the lewer gide 2f the wide phloem~cambiwi bridge.

Harris (1973, p.376) states that the grain angle was found to be
changing most rapidly about 6 weeks after girdling; therefore all of the
observations of pseudotransverse divisions and most of the electron
microscopy were concentrated.on tissue taken frcm this time of harvesting.
It is not clear how he determined this period to be the time when the
grain aﬁgle was changing most rapidly.

Harris noted that the fusiform initials changed their orientation
more quickly then the rays; fusiform rays lagging behird biseriate and
uniseriate rays in rate of reorientation. Herris (1973, p. 368-369) there-
fore states:

The fact that the two major components of cambium--ray

initials and fusiform initials--respond "independently"

when grain angle changes is striking evidence of the

plasticity of cambium and of its capacity to adapt to

major changes without total disruption. Closer exami-
nation of the manner in which this adaptation occurs
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provides evidence that fusiform initials are the dynamic
component of reorientating cambium, and that they have

to overcome considerable inertia on the pari of the larger
groups of ray initials. ... the complexities of cell
shape and orientation made it difficult to assess rate

of realignment visually or to obtain clear evidence as

to how it came about.

Harris (1973) found that, particulariy at week six, there was a
tendency for tips of fusiform initials to assume a greater angle to
the stem axis than the main body of the initial. He therefore stated
(p. 370):

During the most active period of reorientation a picture is

built up of a cell with distinctly sigmeid curvature, caused

by cell tips adjusting more rapidly to the new alignment than

the central region of the cell. But in week 9, as soon as reor-

ientation is completed and the fusiform initials lie parallel

to the girdle, this distinction is lost.

Harris (1973, p. 3T4) coneluded:

Reorientation is, therefcre, envisaged as occurring through

differential growth of the cell tips of fusiform initials,

with partial edjustments of the cell axis after each periclinal

division.

Although Harris (1973) found that pseudotiransverse divisions favering
the new orientation predaminatea over %hose which did not in a ratio of
4:1, and that anticlinal divisions occurred at the rate of 5.9 per
centimeter of radial xylem growth, he states that the observed rate of
anticlinal division in the girdled stems could account for a change in
grain angle of no more than 0.2o per millimeter of radial growth. (How-

ever, Harris overlooks the fact that the initials have shortened in length

as a result of the anticlinal} divisions in his calculation of the rate

of change.) Harris (1973) observed changes as high as 10° per millimeter
of radial growth of xylem. As a result, Harris (1973) believes that,

though the orientation of pseudotransverse divisions must be in favor
of a develcping spirality, they ere symptomatic of stresses arising

within the cell during ¢ifferential growth of the cell tips, rather
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than being a primary czuse of reaiignment.

Although numerous resesrchers have emplcoyed the technique of stulying
serial tangential sections of xylary elerments to deduce cambigl activity
in spirel zrain formation, none of them has presented a diagrammatic
series of successive xylary elerents within the seme radial file to

show the reorientation process as they see it under the microscope.

The wound response

Harris (1967, 1969, 1973) has given no report of the effect, if any,

that wounding during spiral gird_ing hed upon tre reorientation of cambial

initials. His control was unwounded campial tissue.
Wilson (19€8) investigated the effect of ring girdling on cambial

activity in Pinus strobus L. Hcowever, none of the samples which Wilson

investigated were closer than 2 centimeters to the wound edge. Nine trees
vere sampled throughout an extended period; and the effects cf girdling
at different times of the season were found tc be essentially the same.
At 2 centireters above girdles, cell length was found to decrease to
about half the original length by pseudotransverse and lateral divisions.
At 2 centimeters below tze girdle, cell length remained fairly constan
(cell division and cell enlargement stopped within a few weeks). Number
of cells within the cambial zone, across a radial file, remained nesrly
constant both 2 centimeters above and below the girdle. However, the rate
of mitosis increased sharply 2 centimeters above the girdle and stcpped
entirely 2 centimeters below the girdie. In the phloem produced after
girdling, the tannin-filled parenchyma that normally form bands were
found to be scattered thrcughout the tissue.

Very little further detailed anatorical infcrmaticn on the response
of conifers to wounding appears to be in the recert litereture. Bannan

(1933, 1934) reported two studies on wounding in Tsuge, & genus which
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norally does not form resin canals (Panshin and de Zceuw, 1970).

Bannzn (1933) states that the tissue in the imrediszte vicinity of ‘lhe

{

wound in Tsuga canadensis {7..) Carr was agbrormslly hyperirophied. Further

above and below the wound, the response to woundirg was seen as a tangen-
tial sheet of parcnchymatcus tissue within which were traumatic resin
"eysts" {or traumatic resin "canals" of Panshin end de Zeeuw, 1970).

In a further study on the ssme species, Bannan (1934} found that

few cysts formed if wounding was done in April or May; and that the
greatest response occurred when wounding to stems was done in June and
August. IWOunding in Auvgust was also found to stimulate the cambium to
further activity, whereas in unwounded tissue the cambium had ceased
activity at that time.

Bannan (1957) states that vertical resin ducts (or cenals) apparently

origirnate among the periclinally-dividing xylem mother cells. This was
deduced by 3annan from his observation that some of the cross walls in the
"septate tracheids ensheathing the ducts" ‘p. 878) were at the same level
in successive elements, whoreas other cross walls were at different levels
in successive elements.

In ceoneluding this Introduction, it is emphasized that neither of past
investigations on natural or induced spiral-grain formation has clearly
elucidated the cambial reorientation process. Although the technigue
of spiral girdling rakes possible a rapid and controllable approach to the
study of the rechanism of cearbial reorientation in conifers, the use of this
techrique to date has resulted in nothing more than controversial findings
when contrasted with other studies of the mechanism of cambial cell
realigrment in natural spiral-grain formation. The results of the
investigations repcrted on herein provide further insight into the

reorientation process.
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METHODS AND MATERIALS

Investigation 1 -- Pinus strobus L.

A 9-yeer-oid, l2-foot-high, vigorously growing and regularly
watered and fertilized white pine tree was selected for spiral girdling
on April 26, 1975. Thg location of the tree was atv the Glendcn Hall
Research lursery of the Faculty of Forestry, University of Toronto,
within Metropo.itan Torontc. This tree is referred to as white pine
number one, or tree WP-1. |

Tree WP-1 was spirally girdled as shown in Fizure 1 on April 26.
All the bridges crossing the girdles on tree WP-1 are Sermed "spiral
bridges." The upper spiral bridge, in the third internode from the zpex,
is termed UWP-1. Two shorter spirel bridges were established in the
fourth internode from the aspex at the szme height in the stem, i.e. 180°
to one ancther; these two spiral bridges are referred to as LWP-1A ana
IWP-1B. Only LWP-iB, c¢f these two, will be reporied on hereir.

No further treetmert was given tree WP-1 throughcut the growing
season following the spirsl girdling. ileasurements were made of the
dimensions of the bridges at the time of girdling.

On September 29, 1975, the three spiral bridges of tree WP-1 were
remeasured for dimensional changes. Following this, the two internodes
containing the bridges were removed from the tree with a handsaw. The
upper ends of these internodes were labellied with indelible percil, and
the tissues were immediately fixed in FAA (10% formalin, 50% etharol,

5% acetic acid, 35% water).

Eollowing two weeks fixation in FAA, the fourth internode, containirg

spiral bridges LWP-1A and LWP-1E, was split into median longitudiral

halves, thus separating the two bridges, and these labelled approprisztely.
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A smzall bandsaw was used to subdivide each of the three spiral bridges
into pieces suitable for microtecrzing. The locations of these pieces relative
to the overall spiral bridges from which they came are shown in Figures
2 and 3.

The pieces from each bridge which were selected for microtoming were
put through a dehydration and inJiltration procedure following the schedule
set out in Qable 1, and then were embedded into high-purity paraffin
(Paraplaéé@). After embedding, softening of the tissues was done with
Mollifeég for a minimum period of two weeks.

Sectioning was done ¢n a rotary microtome using steel knives. Material
designed to show radial or transverse faces was sectioned without regard
to order; but material designed tc show tangential faces was serially
sectioned. A section thickness of 20 micrometers was used for all
sections, for all investigations.

Sectioned material was transferred to a few arops of 3% formalin in
water on labelled, precleaned glass slides; and the glass slides were then
warmed on a variable temperature slide warmer to expand the wax and affix
the section to the slide. Glass slides with sections were then drained
of excess liguid and placed in racks to dry.

As an added precaution, to ensure that the correct sequence was
maintained in the serial tangential sections during the staining process,
every tangential section on every slide was tied on with cotton sewing
thread. Once tied, the slides were returned to their racks and allowed to
air dry for 2 days before staining.

When drying was complete, the tied sections were stained with
safranin O and fast green FCF, following the schedule of Table 2. Stained
sections were immediately mounted, using Permounég, to meke permanent

slides. The mounting procedure involved slicing across the thread on
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TABLE 1

DEHYSRATION AND INFILTRATION SChDULE PRECEDING PARAFFIN EMBEDDING

SOLUTION TIME (hours)

1. 30% water and S0% absolute ezhanol

and 20% tert-butyl alcohol 12
2. 15% water and 50% ethranol (absolute)

and 35% tert-butyl alcohol 1
3. L5% absolute ethanol and 55% tert-butyl alcohol 1
4, 25% absolute ethanol and 75% tert-butyl alcohol 1
5. 100% tert-butyl aicohol 1, 1%, 12%
6. 50% tert-butyl alcohol and 50% paraffin oil 1
7. 12.5% tert-butyl alcohol and 12.5% paraffin oil

and 75% parowax (60°C) 1
8. 100% parowax (60°C) ol
9. 100% ewbedding paraffin (60°C) o, oL#

¥ Replicate times
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11.

12.

TABLE 2
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SAFRANTIN C - FAST GREEN FCF STAINING SCHEDULE

SOLUTION

Xylene

50% ethanol and 50% xylene

Ethanol (absolute)

85% ethanol and 15% water

Safranin (1%) and 70% ethanol

85% ethanol and
85% ethanol and

0.5% fast green

Ethanol {absolute)

Ethanol (absolute)

50% ethanol and
Xylene

Ready to mount

50%

water
water

95% ethanol

Xylene

TIME
5 min.
5 min.
5 min.
5 min.
1 h.
dip
dip

5 sec.
dip
dip

5 min.

S min.
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the slide with an industrial razor blade, pulling ihe cut thread away with
the aid of a teasing needle, epplying a couple drops of mounting mediunm,
followed by the coverslip. Mounted slides were allowed to dry for a few

days under lamplight, and then were ready for-microscopic exenination.

Investigation 2 -- Ring-girdled Pinus strobus L.

On June 20, 1975, - T-year-old, 8-foot-tall, vigorously growing and
regularly watered and fertilized white pine tree which was growing at the
same Toronto site as that described in Investigation 1l was ring girdled in
the third internode from the spex, as shown in Figure 4. Nothing further
was done to the tree until it was harvested and fixed ip FAA on October
3, 1975.

Transverse sections were prepared frcm a region 1 to 2 em sbove the
girdle's upper edge, &s chown in Figure 4. Preparaticn of the sections wes
done ty Mr. L. Mosseler (FOR 351, Tree Physiolcgy Report, April 1976; Faculty
of Forestry, University of Teronto) and was identical to that described in

Investigation 1.

Investigation 3 -- Pinus contorta Dougl.

The author spent the summer of 1976 at Quesnel, British Columbia, and
did work on ancther species of Pinus at thet location. On July 8, 1976, at
a location 4 miles gouthwest of the town of Quesnel, 18 open-growing, vigorous,
naturally-regencra.eé lofszepoie pine saplings, ranging in zge between 10 to
20 years and in height betwecrn U to 7 meters, were girdled as shown in
Figures 5, 6 and J. 'ne elevation of the site was approximately 760 nmeters
above sea level; soll was moist clay overlying approximately 200 feet of
glacial £ill.

Severteen of the lodgepole pine trees were girdled in two internocdes.
The upper interncic in every case was given a hic disgonzl bridge iraversing

the girdle from lover left to uprer right. In the next lower interncces,
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an axially oriented (i.e. vertical) bridge was established as a control for
the wound response (Fig. 7). The eighteenth tree was only diegonally girdled;
d.e. no vertical bridge wes established in the next lower internode.

(Previous studies on spirally-girdled white pine by the author had indi-
cated that the reorientation process in the cambium was complete after three
weeks; bui .some doubl remained as to the exact time reguired for reorien-
tation to occur, As well, the white-pine study poin.ed ocut the need to sep-
arate the wound response from the reorientation response (Savidge 1976--
unpublished data). Thus it was decided to do & time study of the reorien-
tation process with controls for the wou:d response.)

At the time of girdling, the carbisl zone of all trees was still molst,
but resin secretion in response to the wounding was very slight. The girdling
of all 18 trees was completed in two hours' time. Nothing further was done
except to harvest the trees.

The first tree was harvested after 2 days, using & handsaw. The girdled
disgonal bridge and the vertical bridge were approprictely labelled with indel-
ible pencil on the upper cut surfece end then immediately immersed in FAA.

The same technique was used to harvest the bridges of all successive trees.

Harvesting and fixing dates are set out in Table 4 (p. 35).

Tables 3 anq_y set out the characteristics o the girdled lodgepole pine
trees, including !Table 3) the number of days which passed between girdling
and harvestirz of the girdled irterncdes, the posiiion and age of the
internodes, the lensth and width of the oridges, and (Table 4) the diameter
of the internodes (inside bark) after girdlirz, the average nutber of tracheids
formed the summer previous to girdling (i.e. during 1975), the average number
of cells formed during 1976 up to the time of girdling, and the date and time
of harvesting end fixing.

Cell counts per radial file, as shown in Table 4 (see also Table 6, p. 52)

represent means of 10 selected files. 6 Deshed areas represent material on
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CHARACTERISTICS OF THE GIRDLED LODGEPOLE PINE TREES

No. of Average Number of Cells Date and Time of
Days Diameter of Internodes Average Number of Cells per 1976 Radial File Harvesting and
Between Inside Bark (cm) : in 1975 Radisgl Files Formed Previous to Fixing (Date of
Girdling Girdling . Girdling was July
and 45° Diagonal Vertical Ls5° Diagonal Vertical 45 Diagonal Vertical 8, 1976, from 4 to
Harvesting Bridge Bridge Bridge Bridge Bridge Bridge 6 p.m.)
2 5.0 5 117 122 _— ——— July 10, 7:00 p.m.
i 5.0 56 79 165 —— _— July 12, 8:00 p.m.
6 4.5 L.8 125 120 — - July 14, 6:00 p.m.
8 6.2 6.7 158 = i S July 16, 8:00 p.m,
10 7.8 7.6 121 o, e e July 18, T7:00 p.m.
12 3.9 4.8 148 114 81 -— July 20, 7:00 p.m.
14 3.6 h.2 111 134 67 80 July 22, 7:00 p.m.
16 L,v 5.6 177, —_—— 138 133 July &b, T:00 pems
18 3.1 3.9 18} 148 104 123 July 26, 9:00 p.m.
20 .2 £45 e s 183 221 July 28, T:00 p.m.
22 b0 4.8 - 160 158 129 July 30, 6:00 p.m.
24 5.1 6.3 178 —_— 130 137 Aug. 1, 7:00 p.m,
26 4.8 ST 127 —— 100 08 Aug. 3, 8:00 p.m.
2 3.2 3.9 166 141 103 91 Aug. 5, 7:00 p.m.
30 3.3 3.9 200 178 130 128 Aug. 7, 6:00 p.m.
32 3.2 .0 189 175 99 117 Aug. 9, 6:00 p.m.
38 .1 543 155 —— 106 123 Aug. 15, 6:00 p.m.
50 8.3 184 170 Aug. 29, 7:00 p.m,
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which counts could not be made. In the case of Yable L, some counts were

not possitle beczuse the 19TL-75 growth boundary was not present in the

‘transversc section. In Table £, the wound zone (see Resuits, p. 42)

could not be recognized until 12 days after girdling; therefore the rnumber
Ef tracheids forred after girdling during the first 10 days could not be
established. Values which are missing in Table 4, i.e. the average nucber
of cells formed previous to girdling, represent the same thing, since these
values were deter:iined by counting up to the beginning of the wound zone.

It will be noted from Tables 3 and E_that a tree was harvested every
second day until 32 days had elapsed and 16 of each of diagonal and vertical
btridges had been harvested. During these first 32 days, hand sections were
prepared a=d exexined with the mie¢roscope in the field. After 32 days, no
evidence for recrientation could be found. Therefore the time of the eiper-
iment was extended by harvesting the 1Tt: tree on the 38th day after girdling,
and the 18th tree on the 50th dey after girdling.

All harvested material remained in FAA until September 1976. Samr es
from each bridge were then prepared for microscopic examinztion. The

identical microtechnique was employed as h=zs been described for Investigation 1.

Transverse, radial, and serial tangential sections were prepared from
the diagonal bridges. Only transverse and serial tangential sections were
prepared from the vertical bridges (see Figures 5 and 6).

Other Methods =214 latericls

Figure 52 is a transverse section prepared as described in the micro-

technigue of Investigation 1 from a spirally-girdled stem of Ulmus americana L.

growing at the seze site as the white pine of Investigation 1. Figures_iﬂ,_ﬁi

and 56 are sections of xylem prepared using the same microtechnique fro: the
tree (natural spiral grain) shown in Fig. 53.

Specimens from the white-pine spiral bridges described in Investigation

1 herein, and from branch and stem specimens of naturally-formed
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spiral-grained wood of Picea glauca (Moench.) Voss from the tree shown

in Figure 53 were prepared and examined under the scanning electron
microscope. Transverse and radial surfaces were examined in the region
where xylem showed rapid change in grain angle.

Preparation entailed air drying, followed by coating with a thin
leyer of gold transported to the xylem with argen gas (10-minute coating
time). Xylem was the only tissue examined.

Transverse surfaces were prepared by slicing them smooth with a
sharp razor tlade before coating with gold. Slivers of reoriented
bridgewood xylem were also partially submerged in 10% and higher con-
centrations of peracetic acid solution Zor variable periods of time,
up to two weeks. The slivers were then pulled apart by tension using
forceps, such that an irregular transverse surface was exposed. After
drying, these transverse surfaces were gold coszied and examined under
the scanning e.ectron microscope.

Radial surfaces were prepared simply by applying pressure with
a dull scalpel wo & transverse surface until the specimen split along
natural radial planes of weakness.  The vadial surfaces were then
gold coated and examined.

The primary objective of the SEM examinations was to determine whether
tracheids were interdigitated and interwoven during the reorientation

process. NO substantial evidence for this was found in any of the samples.

Photogrzths

Photographs of the microscopic rmaterial exanined in these invest-
igations are shown in Figures 8 tc 57. All photomicrographs shown were
taken using Kodak 35 mm Panetomice §3 black and white film. A yellow filter

was used on a Reichert Zeté® Research Light 'croscope. The same film

was used on the Model SMSM "Super Mini—SEMAB scanning electron microscope.
(=1
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Tracing radial files and deducing cambial activity

In Investizations 1 and 3, the activity of the cambial zone during

the reorientation process was deduced using serial tangential sections

of xylem. These serial tangential sections were followed, section by
section, and the elements of interest traced onto paper with the aid of

a camere lucida. Cells of interest were carefully centered ir the

image field in each case. Following completicn of the tracing of a series,
each tracing was carefully examined and'compared once again.with the
ocular image of the section under high magnification.

The radial files, or series, which were treced are shown in the
Appendix. In selecting each series, a xylary tracheid was selected in
a section of tissue which had been formed spatially and temporally
previous to girdling (i.e. bridge construction). All subsequent cells
of each series were then followed from one tangential section to the
next., Criteria governing the initial selection of a tracheid for a
radial file study included the following:

1. Iase of identification, usually by the menner of association be-
tween tracheids and rays; and

2. continuity through all the seriel tengential sections.

Lack of continuity of a file occurred fregquently in regions of
1ongitudinal travratic resin canels, primarily as sectioning artifact.

In such instances, the radial file being “raced was abandoned and a
new one selected.

As reorientation of the xylem progressed in the radial file studies
of serisl tangential sections, more and more tracheids were encountered
within a unit area. The single starting tracheid, or tracheids, commonly
multiplied to result in numerous shorter derivative tracheids. That is,

the cambiel cells producing the tracheids freguently multiplied by
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lateral or oblique anticlinal divisions; thus, the derivatives of all of
these cells had to be traced orce encountered in the serial tangential
sections.

The criteria used to determine that any one of the shorter tracheids
had or had not derived from the same cambial cell derivative as that which
had formed the original starting tracheid. were purely, but rigorously, of
an observational nature. For example, within a single radial file, true
transverse divisions were frequently found at different levels in
radially successive tracheids. Such activity was deduced to be xylem
mother cell activity for two reasons:

1. If a transverse division had occurred in a fusiform initial,
all derivatives from the two daughter initials should show the transverse
dividing plate between them at the same level, or a gradual transition
from that state; but neither of these were observed.

2. Transverse walls between 2 tracheids were found to abruptly cease
in serial tangerntial sections, such that in a single fusiform tracheid
similar or identical in all dimensions as one observed in the radial trace
prior to encountering the transverse divisions was found.

In general, if in one section of a radial-file series the tracheid
of interest was seen as a single, fusiform tracheid, and in the following
tangential section there were found two tracheids in the same position,
with the same rey contacts, and with the same, or similar, general cell
wall outline as that in the previous single tracheid, and also with
similar neighborirg cells as in the previous tangential section, it would
be deduced that a single cell in the cambial zone had divided anticlinally
to form two cambizal cells. This type of analysis was used for all series

traced.
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Although considerable time was devoted to accurate tracing and
interpretation, admittedly there was an element of subjectivity associatea
" with the tracings. This is true particularly in terms of ancestry
decisions for a radial file. However, it will be seen by careful
examination of the Series ( ndix) that the changes which occur are
rarely so abrupt that there can be any doubt as to the correctness of
the ancestry interpretation.

A section thickness of 20 microns was helpful in the interpretive
respect; using this thickness, rermnants of no more than three tracheids
were ever observed in the tangential section width. By focussing up and
down under high magnification, it was a fairly simple matter to decide
which tracheid had already been seen in the previous tangential serial
section, and thus to distinguish any chénges which had occurred from
one section to the next.

Two feaiures were used to determine the extent oI grain angle
change from serial tangential section te¢ section:

1. Relative position of ray centers (kncwn from other investigatcers
and from previous research to stay relatively ccnstant); and

2. Ocular protractor measurements, using the section edge as a
reference line.

Anéle measurements, shown in Table 5, on serial tangential sections
were made using ar ocular protractor. The section edge was used as the axial
reference line for the measurersnts. Possitle measurements range from
zero to 360o in the usual clockwise directiorn. Ray and tracheid angles
represent tip to tip measurements. Error involved withrthe measurements

. — o}
is estimated at 2 .
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RESULTS

vestigati —— Spire_ly-girdied and ring-~girdled Pinus strctus L.

At the end of the summer, at time of harvesting, the spirel bridges
had their elements clearly oriented parallel to the direction of the
spiral bridze from one side of the bridge to the other. Those xylary
elements on the two edges of the bridge which had derived from callus
tissue were also oriented parallel to the long axis of the bridges.

All of the spiral bridges of tree WP-1 (Figures 1, 2_and 3) grew
rapidly and withocut any apparent infection or other problem. Callus
tissue quickly healed the wounds along both edges of each spirel bridge.
At the time of harvesting, the spiral bridges showed substantialily more
growth and more callus tissue formation on their lower sides, relative
to their upper sides. In the ungirdled interncde tissue above the entrance

' refers to the downward moverent of thotosynthetic products

("entrance'
entering into the acropetal region of the bridge) to each bridge, there

was a localized swelling of increased xylem and phloem FTormation. This
localized swelling extended axially up the stem interncde until the next
branch whorl was intersected, then ceassd. In the internocde tissue

below the exit of each bridge of tree WP-1, there was a lesser ridge of
increased growth which extended axially down the tree to the next lower
whorl of branches.

Like tree WP-1, the ring-girdled white pine tree (Figure E) also showed
rapid growth abtove the girdle, but this growth occurred around the entire
periphery. There was no apparent infection. As expected, very little
growth occurred below the ring gircle.

In microscopic examinations of transverse sections, the time of
wounding (i.e. the location of the cambial zone at that time) in the ring-

girdled white pine tree (Figure U4) was found to be clearly demarcated by

a zone of cells which were heavily lignified, but of narrow radial dimensions
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Following formation of this "wound zone" (this term will be maintained
throughout this rerport), during the remainder of the season's growth,
numerous traumatic resin canals were diflerentiated into the xylem
Figure 8).

In contrast, microscopic examinations of transverse sections of
. Xylem in tree WP-1 which had formed 2 certimeters above the entrance
into the spiral bridge showed no wound zone; and traumatic resin canals
did not differentiate throughout the season's growth (Figure 9).
However, abnormally heavy lignification occurrea continually throughout
most of the season's growth in this region. It should be remembered in
this contrast thrhet tree WP-1 was spirally girdled almost two months before
the ring-girdled white pine tree; and that the cambium of the spirally-
girdled tree, though moist, had likely nct begun producing any xylary
elements on their way to maturation at that time. The cambium of the
ring-girdled tree was actively producing vascular tissue at the time it
was girdled.

Examination of transverse seciions of spiral-bridge xylem showed
the results observable in Figures 10-12. Within the spiral bridge, the
first-formed ray cells, and the ray cells initiated for a considerable
period of time thereafter, were found to be swollen and bulging through
pits into tracheid lumens. Transverse end walls containing bordered pits
were found in the first formed tracheicds of the spiral bridge, adjacent to
the 1974 latewocod, and as far out into the earlywood as 20 tracheids from
the 1974 growth boundary. These border-pitted end walls were not continuous
within radial files; and they were determined to certainly denote xylem
mother cell divisions, as opposed to divisions in fusiform initials.

It is noteworthy that transversely oriented, border-pitted end wealls

also occurred in response to ring girdling (Figure 8), but that these

transverse divisions were much less abundant than in the spirally-girdleqd
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trees. Scanning electron microscopy permitted observation into tracheld
lumens_and verified that the border-pitted transverse end walls seen in
the light microscope were in fact at different levels in adjacent cells
within the same radial file (Figure 10),

A second wound response which was common to both ring-girdled
and spirally-girdled irees was the presence of swollen and distorted

parenchyma cells of rays (Figures 8 and 11).

In the central part of the LWP-1B spiral bridge {(Fisure 3), reorientat-
ion of the xylem was seen to be a gradual process which was not yet
complete after approximately 90 tracheids had been cut off (Figure 114
and Series 1 in Appendix). In contrast, near the edges of the bridge,
reorientatioﬁ happened much more quickly. Approximately 25 tracheids were
cut off the unwounied spiral-bridge cambial zone of‘LWP—lB before sige
walls becers evident irn iransverse section (Figure 12). And in tracheids
derived from wound callus, on the edges of the ILWP-1B spiral bridge,
the first tracheids to differentiate were oriented para’lel to the long
axis of the spiral bridge (Figures 12, 13 and 1.L).

Transverse sections of UWP-1 spiral bridge xylem (Figure 2-6X, and
Figure 9) showed a marked contrasi to transverse sections of LWP-1B spiral
bridge xylem (Figure 3-X, Figures 10, 11, 12 and 16; and cfﬁ also Series |
1 and Series 6 in Apperdix). Reorientation in the UWP-1 spiral bridge
occurred very quickly (after production of approximately 20 tracheids),
‘whereas in LWP-1B spiral bridge xylem reorientation took much longer.

The Ukw?-1 spiral bridge xylerm (Figure 2) displayed this rapid
reorientation erntirely ccross the bridge (in a horizontal plane, from the
left edge to the right eige of the bridge) as well as in the regions of
wounding and sutseguent callus tissue formation. Reorientation of the

cambium in the Uw?-1 spiral bridge appeared highly coordinated, i.e. most
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cambial cells changed their alignment et the same time, and quite
abruptly. (However, some localized,~three to four tracheid-cell wide
regions were reoriented in the first formed xylem of the spiral bridge;
i.e. immediately adjacent to the growth boundary of the previous yesar.)
Reorientation of the cambium in the LWP-1B spiral bridge was not highly
coordinated--some regions, or "microdomains' of tracheids showed marked
change i alignment muclk socner (i.e. radially much closer to the
growth boundary of the previous year) than in other regions.

The same results were found in the serial tangential traces of
xylem (Appendix). Series 1, frocm the LWP-1B spiral bridge xylem, shows
a gradual reorientation. In contrast, Series 6 of the UWP-1 spiral bridge
xylem, shows a rapid change in orientation.

Many dark cells, as seen in Figure:12, were found in the 19Tk
latewcod and in the 1975 earlywood near the bridge's edge in both of
the spiral bridges of tree WP-1l. Detailed examinations showed these cells
to be axially oriented parenchymatous cells, which will hereafter be

referred to as "tylosites."

The mode of formation of tylosites will be
discussed later, .

A study of serial tangential sections of LWP-1 spiral bridge xylem
(refer to Figure 3) on the acropetal edge of the spiral bridge showed
tracheils to differentiate from callus tissue and to elongate parallel
to the long axis of the spiral bridge (Ts@le 5 and Figures 12, 13 and 1L4).
Although the tracheids became partially distcrted, apperently as a result
of overcrowding, their final orisntation was parallel to the spiral bridge
(Figure 14). Overcrowding was csused by elonzsation of many more cells
than was needed to fill tie space beside the wound.

Witnin the LWP-1: spirel briage, dorsal to the acropetal eidge of

the spiral bridie, tho reorientziion process within tne spiral bridge
X 58, P
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cambium occurred more slowly (Figure 13B); and different directiorns
ol reorientation were found. That is, some fusiform cambial initials
“were curved such that all or part of them was perpendicular to the

long axis of the spiral bridge while others showed a tendency to be
curved parallel to the long axis of the spiral bridge.

It should be noted, as is evident in Eipures 13A and 13B, that cambial
zone cells differentiated into callius after wcunding, that the callus
cells spread into the unwounded cenbial zone in a non-uniform manner, and
that the arrangement of the callus tissue showed polarity in tat there
were found zones of cells, oriented perpendicular to the long axis of the
spiral bridge, which stained darker than adjacent zones (Figure 134).

Although the events which occurred in the formation of wound healing
tissues are indicative of strong polarity in the reorientation process,
it was found that elongetion following transverse, or slightly oblique,
divisions in xylem mother cells could not be described as pelar (Eigure
15).

The great number of transverse, or nearly transverse, divisions which -
forred in the xylem mother cells of tree WP-1 spiral bridge-xylem during
the formation of. the first .earlywood contrasted sharply with the scarcity
of these types of divisions found in the ring-girdled xylem (Figure 4, 8
and 11).

Tylocite foriziation in the xylem of white pine.is exhibited in Figures
16 to 19. Tylosites formed in the 197! latewocod and were a result of
dedifferentistion of existing xylery ray parenchyma. +“he 1974 latewood
xylem (formed thé year previous to spiral girdling) epparently formed the
tylosites in response to wounding. Figures 18B and 19 show how the process
occurred. Ray parenchyma bulged through the radial wall pits of adjacent

tracheids and then expanded within the tracheid lumens. Mitotic division
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followed expansion through the pits, the nucleus having migrated into the
tracheid lumen, until the lumen was fully occupied with parenchymatous

" cells. Tae tiwe of formation of these axial parenchyma tylosites, with
respegt to the time of spiral girdling, was not determined.

Tracheids with highly irregular walls, as seen in radial section,
were found in the first-formed xylem within the WP-1 spiral bridges
(Figure 17).

One of the most sigrnificant features of the reorientation process which
was found was that of microdomains, as shown in Figure 20, Some regions
of the cambial zone reoriented more quickly than did others. Although
this frequently involved only fusiform initials, xylem mother cells
were also found to participate in micrcdcmain formation. Usually these
microdomains were fairly sharply delimiﬁed with adjacent cells of the
xylem showing strongly contrasting orientation.

Microdomains should not be interpreted to ve related to the "domains"
of cambiur which, by definition, all have their pseudotransverse dividing
walls oriented in the same direction (Hejnowicz 1964). Althouzh the two
may well be related, microdomain refers to fusiform-shaped tracheids
which are aligned at a differént angle than adjacent, axially oriented
tracheids at the samé radial distance from the pith.

Anofher significant feature of the induced reorientation of the
WP-1 spiral bridge cambiur is that shown in Figure 21. The number of
cambial initials within & unit surface area was muitiplied to approximately
double its normal number. This multiplication was made possible by each
initial expanding little if any tangentially after pseudotransverse
enticlinal division.

Without reference to the swelling and distcrtion of the ray parenchyme

cells, which appeared-to be strictly a wound resconse, the nurber of rays
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and the number of parenchyra cells per ray within a unit tangential
surface vere both found to be increased (Figures 21 and_22, and see Series
1). Quantitative studies were not done on either of these latter two
topics; however, the serial tangential traces shoﬁed that these increases
occurred primarily as a result of the decline of fusiform initials.

Fusiform initials were found to be actively involved in the reorien-
tation process; however, ray initials were passively reoriented and
maintained their relative positions (Ei;#:a 22},

Both - phloem and xylem reoriented in the direction of the long
axis of the WP-1 spiral bridges (Figure 23).

Two tangent.al series of tree WP-1 spiral-bridge .xylem (Series 1
and Series 6 in the Appendix) were traced using serial tangential sections.
Figure 22 shows the start (closer to the pith) and end of Series 1.
_Figure 24 illustrates the start and end of Series 6.

The locatiocn of Series 1 in respect to the spiral bridge of LWFP-ib
is shown in Figure 3. Section numbers are to be found at the bottom of
each tangential trace of Serjes 1, in the Appendix.

The reader will note that Figure 22, Series 1 and Table 5 show the

reorientation to be upward to the left, wherzas the spiral bridge of LWP-1B
shown in Figure 3 is oriented upward to the right. However, this is
simply 5ecausc the serial tangential sections were mounted and analyzed
proceeding from the pith toward the bark (all other Series reported on
herein proceed inward irom the bark toward the pith and are therefore in
agreerent with the oriertation of the spiral or diagonal bridges shown
in the first six Figures).

Anzlysis o Series 1 showed the first pseudotransverse divisions
which resulted ir multiriication of fusiform initials to have occurred

at Section 89. Following this first eniiclinal ¢ivision in a fusiforn
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initial, many more occurred, and each had its dividing wall oriented
perallel to the first; i.e. in the direction of alignment which would
later be assumed by the initials. In terms of acropetal to basipetal tip
orientation relative to the stem axis, these many parallel pseudotransverse
divisions were responsible for the first reoriexntation observed: no
other factor was necessary. Elongation of initials following oblique
multiplicative division was slow in terrs of scrial tangential sections.
Where elongation did occur (Sections 100-103, Series 1), the tip overlap
was usually in the direction needaed to facilitate reorientation. Intrus-
ive elongation occasionally occurred extremely rapidly associated with
failure of neighboring initials (Sections 101-103, green cells, Series 1),

The first fifty tangential sections of xylem (nearest the 1974
latewood boundary) of the LWP-1B spiral bridge showed little change
in orientation. Within the region of Section 100 to Section 112, an
abrupt change in alignient occurred {also see Tzble 5). The primary
activities, as deduced from the xylem tracheids, which were associated
with that abrupt change included abrupt failure cf some fusiform initials
and rapid elonzation of neighboring fusiform initials into the vacated
space. The numerous parallel, oblique dividing walls guided that
elongation and thus changed the alignment of the short fusiform initials.

The reorientation of Series 1 was found to be explainable by four
processes:

1. Shortening and nerrowing of cambial initials by:

2., Parallel obligue anticlinal divisions, followed by:

3, Failure of scze initials, and

4. Spurts of intrusive growth in the new direction at the sites
of failure.

Accorpanyirg processes included splitting of rays by intrusively



49

growing fusiform initials, creation of new rays by failing initials,
and the passive change in alignment of the rays.

Reorientation of Series 1 is expressed in Table 5 in terms of
angle measurements. Reorientation of rays and callus-derived tracheids
are included for contrast.

The second Series in tree WP-1 which was traced to show the mechanics
of the reorientation process is shown in Series 6. The location of this
Series, traced from serial tangential sections of UWP-1 (5T), is shown in
Figure 2. Note that it is quite near the bridge's edge. Within this
Series, sections 62T1 through 59T1 show alterations (e.g. transverse
divisicns) which occurred in xylem mother cells following their initiation
by the fusiform initials. The first oblique anticlinal division within
a fusiform initial occurred in section 58TL4., Other parallel pseudo-
transverse divisions quickly followed to facilitate the reorientation.

A feature of interest, not seen in any of the other Series which were
traced, is that shown in section S58T1--the cell on the left appears to have
divided to permit the cell on the right to intrude through.

Although there was found to be a marked contrast between rates (per
radial millimeter of xylem) of induced cambial reorientation within the
long spiral bridge (UWP-1) and the shorter spiral bridge (LWP-1B); i.e.
between Series 6 and Series 1, respectively, the cambial activity assoc-

iated with the reorientation process was found to be the same.
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TABLE 5

50

ANGLE MEASUREMENTS, IN D=ZGRZXS, FOR TREE WP-1, SPIRAL BRICGE LWP-1B

SERTAL TANGENTIAL SECTIONS OF REORIENTATION¥

Serial ;
Tangential _SERIES 1 WOUNDED EDGE OF BRIDGE
Section RAYS Callus+ or Tracheids
Number Fusiform Uniseriate Tracheids Tracheids Below Edge
59 1 0 0 0+ 0
64 0 0 0 o+ 0
69 0 0 0 O+ 0
Th 0 0 0 o+ 0
T9 ¢} 0 0 0+ 0
84 0 0 0 0+ 0
89 0 0 0 320 358
9k 0 358 359 320 351
99 0 357 358 315 356
10k 356 335 355 310 353
109 353 351 352 310 353
114 350 350 350 / 350
119 350 350 349 / 350
124 348 350 348 / 350
129 344 345 344 / 348
134 345 3L5 34k / 348
139 33 345 3k 315 3L6
“16h 343 340 340 315 34k
189 340 335 336 315 341
214 334 331 330 320 337
239 334 330 330 320 330

/ =Extreme varigbility in orientation as a result of overcgowding of
elongating fusiform cells; orientaticns ranged from 270 to 360 .

¥ See page L0, final paragraph, for further explanation.

Refers to orientation of files of uniformly stained, iscodiametric

callus cells (e.g. see Fig. 13, p. 81) above the edge of the bridge;

tracheids derived from this callus (Sections 89 to 239).
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RESULTS

Investigation 3 -~ Periodic harvesting of vertical and diagonal bridges

in Pinus contorta Dougl.

Anelysis of transverse sections of diagonal and vertical bridges
of lodgepole pine, such as those bridges shown in Figure T, allowed
ca’culation of the mean number of tracheids formed by the vascular cambium
during 1976 before harvesting (Table 6) and the mean number of tracheids

formed up to the time of wounding (bridge construction) (Table 4, p. 35).

f the cambizl zone at fixation (harvesting)

o]

And, accordingly, the widtkh
time, and the numﬁer oI tracheids formed by the cambium since the July

8, 1976, girdling date were determined (Table 6).

w25 rzuch slcwzr than expected. At two

deys folliowing girdilr-z there wis no eviZernce of any abnormal activity

in either of the diazcnzl bridge (Figure 25) or the vertical bridge
(Figure 26). At 8 deys after gird'ing, numerous radial files were found
to be declining towerd failure, ard anticlinal divisions were corraon
(Figure 27). Similer events were found at 10 days (Figures 28 and 29);
although resin canzl formation was apparent at 10 days, it was infrequent
and appeared to be normal precedirz latewood formation. Anfgclinal
divisions were easily found scattered abundantly throughout the cambial
zone, and xylem mother cell anticlinal divisions were also often found
(Figure 29).

Anticlinal divisions, resulting in doubling of the number of radial files,
were frequently fournd to first occur cone cell proximal to mature phloem
(Figure 30B)., good evidence that this is the location of the fusiform initial.

At 12 days following girdling, the wound zone (see page 42)
first became evident (Figure A as was also previously noted in white

pine which was ring girdled. However, rays did not show the irreszular



CHARACTERISTICS OF THE GIRDLED LODGEPOLE PINE TREES AT TIME OF HARVESTING

g:;rSOf Mean Number of cells Width of cambial zone Number of tracheids per
Between per 1976 radial file of at time of harvesting radial file formed since
Girdling xylem up to cambial zone the time of girdling
and 45° Diagonal Vertical  45° Diagonal Vertical 45~ Diagonal Vertical
Harvesting Bridge Bridge Brid;re Bridge Bridge Bridge
2 90 92 K 12 —— =
I 123 126 14 13 . _—
6 80 85 10 11 - —
8 120 132 20 18 - --
10 91 92 15 1k i 5
12 92 T6 12 10 11 --
1k 76 87 K | 13 9 T
16 149 150 17 17 -l g
18 119 143 37 17 15 20
20 203 28 17 il 20 2T
22 181 152 23 1k 23 23
2k 152 183 13 14 22 26
26 117 116 13 11 17 18
28 121 118 15 11 18 27
30 155 158 16 16 25 36
32 131 143 i5 12 32 26
38 1hh 143 18 12 38 20
50 2kL8 22 78

9 ZIEVL

44
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bulging which they did in white pine; rather some were greatly swollen
and had become filled with dark-staining ergastic substances (presumably
tannin). Other nearby rays were unchanged to all appearances.

An analysis, by transverse sections, of vertical bridge xylem showed
the following events to have occurred by 38 days after girdling:

1. Wound zone formation;

2. Callus tissue formation on the bridge edge;

3. Traumatic resin canals were restricted to the region near
the bridge edge.

Border-pitted transverse end walls in tracheids formed after wounding,
and xylary axial parenchyma were both very scarce; however both were
occasionally noted to be present near the wound. Figure 31 illustrates
these features.

In transverse sections of diagonal bridges, border-pitted transverse end
walls in tracheids were more common, but were not as abundant as in
white pine, and they were almost entirely restricted to the wound zone.

Traumatic resin canals and axial parenchyma were common entirely across

the diagonal bridges (in the horizontal plane) (Figures 32 and 33).

Figure 33 shows an exarple of a transverse section from the regior. of
growth that occurred within the diagonal bridge during a 50-day periocd.
Figure 3£_shows a close up of the cambial zone at 50 days after girdling.
Microdomains of reorientation were gquite evident within the cambial zone at
this stage (see also Figure U4T).

Swelling of ray cells was first ncted in the cambisl zone of tissue
fixed six days after girdling (Figure 35). True transverse divisions
within-xylem mother cells were found in the cambial zone at 8 days after
girdling, and thereafier; but none were found in specimens harvested two
to six days after girdling. These true transverse divisions appeared

scattered irregularly throughout all xylem mother cells of a radial
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file at the same time, indicating that there was no ancestral relatioi-
ship between the transverse divisions. (Occasionally a periclinal
division within & xylem rother cell followed the true transverse
division; as a result 2 tracheids of a radial file would be found to
have transverse, border-pitted end walls at the same level--see Figure
36).

Traumatic resin canals were found to be differentiating within
the xylsm mother cell zone between 18 and 20 days after girdling
(July 8, 1976), as shown in Figure 37.

Pour of the 18 girdled tress were found to show atypical wound
responses such as that shown in Figures 38 and 39. The primary
feature of these atypical wound responses was the presence of many cells:
primary-walled, axially oriented, and usually with unstained cytoplasm.
These aprarently parenchymatous cells were interspersed sporadically
between secondary-walled and heavily lignified tracheids within radial
files.

The typical wound responses found are shown in Figures L0 and 41,
whereas Figure 39 is a radial section of an atypical wound response to
contrast with that of the typical in Figure U4l. The.compoq?nts of
the typical wound response included the following in lodgepgle pine
girdled in late summer:

1. Temporary cessation of radial esnlargement within the xylem
rother cell zone and concomitant increased lignin deposition, resulting
ir wound zone formation, which became visible in the xylem after 12 days;

2. Swelling of some, but not all, ray parenchyma,--visible in
the cambial zone after 6 days;

3. irue transverse divisions, which occurred in two or more xylez

mother ce’ls (also in phlocm mother cells) of the same radial file

al approxinately tne sare time (8 days after wounding, and thereafter),
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resulting in mature, secondary-walled tracheids with border-piited
transverse end walls.

L, Traumatic resin canals differentiated from xylem mother cells
of adjacent radial files at 18 to 20 days after wounding.

5. Axial parenchyra differentiated into the xylex from xylem
mother cells. Axial parenchyma within the xylemn mother cell zone of
the cambial zone were first detected at 10 days after wounding.

It should be borne in mind that the control (vertical bridges)
did not show the.Ireguency or accentuation of responses 2 to 5 as were
found in the diagonal bridges.

Examination of tangential sections of the camrbial zone at different
times after girdling showed the responses related to reorientation to
be relatively slow (Figures 42 and 43). It was cnly after 30 days that
the first hint of microdomain formation was found in serial tangential
sections (Figure L3B). (However, evidence for microdomains in the
cambiurn were found in transverse sections of material harvestea 16 days
after girdling). Figure UL shows serial tangential sections, spaced
80 micrometers apart, in the cambial zone of a diagonal bridge harvested
50 days after girdling. At this time, as could also be seen in Figure 34,
changes are occurring very rapidly in the cambium.

Axial parenchyma formation into the xylem of lodgepole pine was
via differentiation of xylem mother cells (Figures 45 and 46). No
distinction could be made between these xylary axial parenchyma (which

according to Panshin and de Zeeuw QQIdeo not normally occur in

lodgepole pine) and the usually-formed axial parenchyma of the phloem.
At 50 days after girdling, microdomains of reorientation of short
cambial fusiform initials were everywhere evident. Although the ceambium

had shortened its average fusiform initial length by a factor of 3 or &
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through oblique anticlinal divisions, and accordingly multiplied the
number of fusiform initials by a factor cf approximately 2 (failure was
also occurring abundantly), only certain regions became the vanguards
of the recrierntatiocon process—-~other adjacent microregions remained
axially oriented.

In the vertical bridge harvested after 38 days, shortening of
fusiforrz initials was found to have occurred by a series of parallel
oblique antielinal divisions irmediately adjacent to the wound, but
no such event was observed in the central region of the vertical
bridge (Figure L47).

Four series were traced fram the serial tangential sections of
diagonal and vertical bridges of lodgepole pine. Three were traced
from the disgonal bridge harvested at 50 days after girdling (locations
of series are shown in Figure 5), and one was traced from the vertical
bridge harvested at 38 days after girdling (location shown in Figure 6).
These Series (Series 2, 3, 4 and 5) are in the Appendix, but see also

Figures 48, 49, 50 and 51,

Series 2 and Series 3 were adjacent to one another in the xylem which
had formed previous to diegonal girdling. After tracing more than 100
serial tangential sections, Series 2 was stopped with a single tracheid,
about one third the length of the starting tracheid, remaining as the
sole ancestor of that radial file. The first 50 tangential sections
of xylem (Sections 1Lk to 94) showed frequent xylem mother cell divisions
to be occurring--either transverse or slightly oblique; however the
fusiform initiel producing these xylem mother cells remained unchanged
other than . to shorten slightly and to develop a strong curveture in

its basiretal region. The first oblique antielinal division to occur In
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the fusiform initial is seen in section 93 of Series 2. This division

was oriented upward to tihe left, whereas the induiced reorientation was
to be upward to the right. A second articlinal division occurred in

the fusiform initial at section 85; and this one was oriented to
facilitate reorientation. However, the lower sister initial of this
second division quickly failed, and this was followed by failure of the
upper initial of the first anticliinsl initiel division and elongation of
the middle initial into its place. The final result was little, if

any, reorientation (Figure 48).

Series 3, adjacent to Series 2, showed xylem mother cell activity
via an intact fusiform initial up until section 109, when the first
oblique anticlinal division of the initial occurred. As in Series 2,
this first oblique division was oriented in the "wrong" direction.
However, by section 93, the overlapping tips of this anticlinal division
had rearranged themselves, apparently by slightly off-center periclinal
divisions, to be overlapping in such a way as to facilitate reorientsation.
A second pseudciransverse anticlinal division occurred in the fusiform
initial in section 91, this time oriented in the direction necessary
to facilitate reorientation. Thus there were at that stage three adjacent
fusiform initials. At section 82, two of these three short fusiform
initialé had produced xylem mother cells which underwent short, obligque
anticlinal divisions which were also oriented in the direction to facilitate
reorientation. Following this, periclinal divisions of these xjlem
mother cells resuited Zn a number of sections (82 to 73) being observed
to havg more than three derivative tracheids. This was guite a signif-
icant finding: the four perallel divisions alone, which resultecd in
the formation of five related radial files of firacheids in the xylen,

had given rise to the first hint of reorientation. This reorientation

occurred as a result of the combined action of fusifdrm initials and
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xylem mother cells. Elengation of the resulting five fusiform cells
within the xyler mother cell zone {sections 80 to 76) con*ributed even
further to the reorients-ion. However, this was a short-lived reorien-
tation of xylem mother cells, and to a lesser extent of fusiform
initials. By section 72, there were once again only three fusiform
initials showing no more change in alignment than when they had first
been formed.

One of these three fusiform intials failed (section S56--uppermost).
The lower of the three divided obliquely again (sectior. 55) such that
there were again three initials; however, the division was opposed to
the direction of eventual recorientation of the'bridge. The central
initial of the original trio then divided obliquely (section 52) in
the expected direction. Following this latter division, the lower of

the resulting sister initials quickly failed (sections 51 and 50) by

moving into line for mailuration and being replaced by an adjacent

initial (not shown). The upper of the resulting sister initials divided
yet again to result in two very short initials {section 50). <Cne of

the daughter initials of this latter division was able to elongate
intrusively in.the direction of its long axis, and thus became reoriented;
the other daughter initial failed via maturation. Figure gg_shows the
beginniﬁg tangertial section and a tangential section near the end of
Series 3,

Series 4 was traced from xylem adjacent to the left edge of a vertical
bridge (see Figure 6) which had been harvested 38 days after girdling.
This Series is quite short since very little fracheid production occurred
within this verticel bridge (see Table 6, p. 52). Figure 50 shows the
start and stop of Series 4. No confident interpretations of initial

activity, versus mother cell activity, can be mzde from such a short
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series. However, a number of long oblique divisions (sections 26 to 23)
occurred somewhere in the cambial zone, likely in the fusiform initials,
and these were oriented parallel to one another, conveying the impression
that the intrusive elongetion to follow would tend to curve the
fusiform cells in a direction approaching perpendicular to the edge of
the bridge, such as was found near the edges of spiral bridges in white
pine.

Section 23 of Series L4 terminates the series within the cambial zone.
Two features of interest in Series L were the secondarily thickened,

unfinished dividirg walls (sections 33, 32, 31, 30 and 29) within the

lumens of the tracheids, and the prcliferation of parenchymatous cells
from existing ray cells (Sections 30 to 23). Although neither of these
observations can be given a functional explanation, the unfinished
dividing walls would appear to indicate a mitotic phragmoplastic, or
nuclear impalance; and the proliferation of parenchymatous cells appeared
related to callus tissue formation.

Series 5, fromr the same lodgepole pine diagonal bridge serial
tangential sections as were Series 2 and 3 (see Figure 5), involves
seven starting cells. Because of the obvious complexity in discussing
the multiplicative divisions, failures, and interactions between derivatives
and initials of those seven, the events will only be presented in
general terms here.

Oblique anticlinal divisions did not occur everywhere at the
same time; however, when they did occur they were generally oriented
in the direction necessary to facilitate overlapping of elongating tips
and resulting reorientation. Short oblique anticlinal divisions were
found to be commonly occurring in xylem mother cells. And oblique

anticlinal divisions in fusiform initials were ofien found to be oriented
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such as to oppose reorientation.

Elongation of sister initials feollowing nmultiplicative division was
at a very slow rate in terms of serial tengential sections of xylem,
but occurred quickly where adjacent cells failed. Distortion of some
initials occurred as a result of others effectively placing extreme
pressure on their flanks.

By section 70 of Series 5, the seven starting initials had multiplied
to 14 shorter fusiform initials. However, between sections 92 and 70
many fusiform initials had formed by multiplicative division and had then
failed by maturation. The rate of multiplicative division was very
rapid, and eventually became coordinated such that all divisions were
obliguely sloping in the same direction. As a result, a template was
formed, and when one initial began to fall, the neighboring cell
immediately elongated and had no alternative but to elongate in the
new direction. The controlling factor in the directional realignument
of the cells was the template of numerous parallel oblique dividing walls.

Rays were shoved one way ani the other, pushed together and pulled
apert, and sometimes split. Each.ray seemed to maintain its individuality
even when pushed egainst another ray: i.e. it frequently occurred that .
two rays which had been shoved against one another later separated, and
the separation cccurred at the same contact point as where they had been
forced together.

The beginning and end of Series 5 and shown in Figure 53,

Scanning electron microscopy

No satisfactory evidence was found to indicate that reorientation
has as one of its components the interdigitaeting, or interweaving, of the
fusiform cells within the cambial zone. Serial radial photographs from

two specimens of WP-1 xXylem which showed a narrow raaial zone of rapid
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reorientation gave no irdication, either in the region where alignment
first changed, or in following xylem, that cells of one radiel file
within the cambial zcne scmehow forced their way belween cells of an
adjacent radial file other than by the commonly documented and observed

process of failure ty =—aturation.
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DISCUSSION

From a step-by-step analysis of serial tangential sections of xylem,
" it has been found that fusiform cambial initials within a2 spiral bridge
effectively change their orientation by undergoing successive parsllel
oblique anticlinal divisions. It is significant that no other cambial
action--e.g. elcrzaticn of the tips of the resulting sister initials
following anticlinzgl division, or failure of scrue of these sister
initials~~is necessary in order for the first rmicrodomains of reorien-
tation to occur.

Greater changes in alignment follow when neighboring cambial cells,
including cells within mother-cell zones, also divide obliquely in the
same direction as the oblique divisions which preceded in the fusiform
initials. Because the fusiform cambizl cells become greatly shortened,
very little subsequenrt intrusive elongation acts to rapidly change the
tip-to-tip angle of the fusiform cells relative to the stem axis. The
intrusive elongation occurs primarily as a result of failure of adjecent
fusiform cells; as fusiform initials elongate into vacated positions
very rapid microdcmains of reorientation result. In spite of cell failure,
the nur.erous parallel obliquebdividing.walls function as a template
to guide the elongating cells into new alignment. Thus the polar
coordinéuion of formation of numerous .parallel oblique dividing walls
by fusiform cambial cells is seczn to be the most essential element
in the reorientation process. Nevertheless, following multiplicative
division to cresate sﬁorter fusiform initials, the rate, or rapidity,
of reorientation is dependent upon how many and how quickly scue
fusiform initials give up the space they occuny so that the survivors
can use the dividing-wall template to effect the reorie:niation.

Reorientation is opposed, or resisted, in at least three ways:
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1. Sometires long fusiform initials do not divide into si:orter
initials (nor do they elongate further). As a result, even though
neighboring cells may have divided multinplicatively and may be exerting
considerable pressure on the long fusiform cell to change its align-
ment, it does not cooperate. Such uncooperative individuals often are
supported by adjacent fusiform initials, and particularly by numerous
ray contacts. Ray cglls, by thelr very presence, act to maiﬁtain
the original alignment of long fusiform cells., It is only when a fusiform
cell shortens that it can rotate past a ray. not one instance was
ever noteé where the radial continuity of a ray was broken. Instances
were noted where intrusive tip growth cf fusiform cells separated the
association of one or more ray cells from its companions; nevertheless
the radial continuity of the ray was still maintained. Instances were
also noted where rays were temporarily, cor less often permanently, shoved
sideways by the force exerted by elongating fusiform cells; however
radial convinuity of the rays was always maintained.

2. 1wnven if long fusiform cells do divide into shorter initials,
if the obligue dividirz walls are slanted ezainst the direction of
obilique dividing walls in neighboring cells, the reorientation process
will be qpposed. That is, the subsequent intrusive elongation which
occurs wiil be guided by the dividing walls. Mary examples of this were
" observea. Very frecuerntly the first oblique anticlinal divisions which
occurred in fusiforr initials within spiral bridges were slanted in a
direction such as to oppose the alignment which would finally be induced.
That such al'ignment of the cell plate folicwing ritosis was a chance
accident seerws highly unlikely; rather it appears that such action
was an expressionby sore menbers cf tle cazbial population to neaintain

their alignment. It is ccnceivabie that the non-dividing fusiferm
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canbial cell is merely resisting in a cifferent way.

3. Given the situaticon where rumercus fusiform initials become
cocrdinated to all divide with rarellel cbligue énticlinal divisions,
e third mechaniesm to cppose the reorientaticn prccess still exists.
If cells refuse to fail, changes in alignment occur very slowly.

Because some cambial cells actively resist changing their alignment,
or having their alignment changed for them, while others quickly give
in to the stimulus to reorient, microdomeins of reorientation precede the
overall change in aligmcent which finally results.

Bannan (1957) has shown that failure can occur in xylem mother cells

as well as within initials; ana this is in agreement with the finding
that microdomains occasionally were formed as a result of xylem mother

cell activity. Hejnowicz (1961) has shown that failing cells have

shorter oblique anticlinal walls, indicaiing perhaps a predisposition
toward failure. The results of the present investigation agree with

that finding. Hejnowicz (1961) also found that failing cells occurred

in groups while other groups were dividing ard elcngation (see also

Hejnowicz 1968). Presumably these groups of elongating cells are

equivalent to the cells involved in microdomain formation as found in
this investigation. It is conceivable that a region of the cambium
will not become more or less uniformly aligned in a new direction until
microdomains of reorientation overbalance adjacent areas which resist
reorientation. That is, microdomains of reorientation may act an an
aggressive vanguard to tne overall reorientation process.

Whether or not they are aggressive, they certainly constitute a
vanguard to reorientation. This applies not only to conifer stems which
have been induced to reorient, but also to spirally-girdled herdwood

stems (Figure 52) and to natural spiral grain formation in conifers

(Figures 53 to 55).
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Rather than being aggressors, fusiform cells which results in miero-
domain formation may represent cells which are unable to offer as much
resistance to reorientation as can their neighbors. It is also possible
that micrcdoreains represent cambial regions where mitosis followed by
antieclinal division occurs more frequently than in neighboring regions
due to a higher concentraziion or a greater sensitivity to some agent
which triggers cell division. On the other hand, it mey be that although
numerous parallel obligue anticlinal divisions do occur in neighboring
fusiform initiels to form a reorientation templéte, a more important
purpose of the divisions is to initiate failing cells which would then
allow actuation of the template mechanism by perritting intrusive elongation.

The results on reorientation by inducement agree strongly with
the.findings of Hejnowicz (1961, 1964, 1968, 1971) on studies of natural
spiral grain formation. Hejnowicz' 1961 statement that "... the elimi-
nation of the fusiform initicls constituies the mechanism accelerating
the rates of the changes takiﬁg place in the cambium" is in complete
agreement with the findings of this investigation; and it follows that
the hypotheses of Hejinowicz (1961; page 11 herein) have been reinforced
by this study.

Although Bannan (1966) seems to have misinterpreted the significance
of failﬁre in the reorientation process, the results strongly agree with
his 1966 statement that "... the role of multiplicative division and
subsequent cell elongation in the development of spiral grain"...'has been
oversimplified." No evidence was found that failure of initials acts |
to prevent fusiform initials from changing their alignment; rather failure
seemed to be the rate-determining step which controlled changes in
alignment of fusiform intials.

Bannan and Bayly (1956) reported that failing cells undergo tangential
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contraction as well as longitudinal shortening. They state that this
indicates a reduction in internal pressure and éraw a hypothetical cor-
relation between this idea and their belief that the rays are involved

in the maintenance of turgor pressure. However, it was commonly found

in this study, after successive pseudotransverse anticlinel divisions hac
occurred, but before some of the resulting initials had declined to give
rise to new ray initials, that fusiform initials without any ray cortacts
whatsoever could rapidly elongate into vacated spaces and seemed to hold
their own anongst fusiform initials with numerous ray contacts. Series

5 best shows this feature, but see also Series 3.

Whether fusiform cambial initials in fact compete with one another
as Bannan and Bayly (195€) have suggested remains to be shown. Perhaps
a bétter hypothesis would be that cells cooperate with one another and
that our concept of "failure" of fusiform initials deserves a less
emotional term. That a fusiform initial becomes smaller and eventually
either converts into a ray céll initial or matures into functicnal
vascular tissue need not have any competitive connotation.

Sigmoid curvature of fusiform initials, which Harris (1973) has
suggested to represent the first stage in fusiform cell realignment,
was rarely seen. However, it is plausible, and would appear agreeable
with thé ideas of Bannan (1968b) that within fhe individual fusiform
initial the cellular compenents can be unequally distributed. Further-
more, it scems conceiveblie that the individual fusiform initial may
contribute to the reorientation process by expanding tangentially
in one of its longitudinal halves while it nerrows up in the other
half. At the same time adjacent fusiform initials could be doing the
reverse {i.e. reverse the halves which expand or narrow). Such a

"giving and taking" or "compensatory" contribution to the reorientation



67

process was not observed, since only mature, dead cells were exsrined.
However, two commonly observed phenomena make this suszestion seen
" plausible:

1. Tangential expansion of a fusiform initial can be frequently
observed as it occupies the speace vacatea by a failing initial; such
expansion can be seen best in transverse section, but as well in
serial tangential sections .(e.g. see l'ig. 27, 3rd and U4th files from left);

2. Multipliicative divisions shorten initials; as a result the length-
to-bangentialewidth ratio of & short initial is much nearer unity than
that of a normal-sized fusiform initial. 1In order for pressure, or
growth compensations between adjacent cells to be geometrically conducive
to a change in cell alignment, that ratio would have to become nearer
unity as is observed in the shortening of cells.

Such an idea seems to be suppcrted by the finding, in the spiral and
diégonal bridges examined, that the first-formed xylem after spiral
girdling became curved (Figure 56) and distorted (Figure 17) to some
extent. However, it is Jjust as plausible that such curvatures and
distortions result from many sister xylem mother cells all attempting to
elongate after transverse or short oblique anticlinal divisions.

As Figure 21 shows, following reorientation, the short fusiform

initials elongate. As a result of the multiplicative divisions which

initials than normal within a unit tangential surface area of cambium.
The realigned and elongating fusiform initials maintain their very

narrow tangential diameters from inception of the cells iy multiplicative
division. It can therefore be deduced that fusiform cell elongation
tekes priority over tangential expansion and therefore also over failure,

since failure of one cell results in tangential expansion of its neighbor.
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As callus cells begin to differentiate into xylem tracheids,
the cells elongate in the direction of the forced photesynthate move-
ment within a spiral or diagonal bridge. Such polar elongation indicates
the inherent tendency of vascular elements to be aligned in the
directicn of phloem, and perhaps also xylem, transport. It is believed
that the diagonal transport of auxin is responsible for the reorientation
which occurs within a spiral bridge (Fahn 1973), and Fzhn reports good
evidence for this. But it is hypothesiz;d thet in natural spiral-
grain formation, cambial reorientation does not occur as a result of
diagonal auxin transport within an otherwise axial vascular system;
rather cawbial reorientation must-occur to bring about diagonal transport
of auxin and other leaf products. Thus it is further hypothesized
that polarity resides within the cell and that substances such as
auxins merely act to stimulate expression of that polarity. Palevitz

and Hepler's (1974) correlation of the preprophase band of microtubules

with the plane of cell plate formation lends support to this hypothesis
in view of the often observed polar nature of the parallel obligue
anticline? dividing walls which occur in neighboring fusiform iritials of
the vascular cambium.

It may be argued that because callus tissue, as it elongates and
differeﬁtiates to form tracheids, shows directional growth, cambial
initials are also capatle of "growing" in the new direction. Although
this may well be the case, the reseesrch reported on herein has not con-
clusively shown that; rather, it has shown that the pseudotransverse
anticl;nal division take; priority over any form of directed elongation
in the reorientation process.

Short pseudotransverse anticliral divisions, as well as transverse

divisions, were found to cccur frequently in xylem mother cells; however
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the subsecucnt limited tip elorngation which followed was not convinecingly
polar in nzture. In the intrusive elongation which followed anticlinal
“division in the fusiform initials, occasionally, but certainly not

slways, elongating cells appeared to be under some influence to elongate
in a specific direction--that direction being the one which the reoriented
cambial cells would finally assume.

Rearrangezents of fusiform initial tips so that elongation would
proceed in the direction of incduced recrientation, rather than in the
opposing direction, were occasionally noted as a type of polar response.
Such rearrangement seemed to occur by successive periclinal divisions
terminating short of the tip such that the length of the cell was shortened.
After sufficient shortening, the fusiform tip would then elcongate in fhe
correct direction. In Series 6, a transverse division in a fusiform cell
which was otherwise impenetrable to an adjacent rapidly elongating fusiform
initial, permitted the latter's basipetal tip to elongate throuzh the
new "opening" in the correct direction. Although these ray be interpreted
as polar responses, evidence was also just as cTten found which indicated
that direcied tip growth does not occur. Section 103 of Serics 1 shows
an initial tip {lower orange) which elongated up and around another initial
(adjacent to the fusiform ray). In doing so, the tip elongated in the
”wrong”‘direction to facilitate reorientation. A similar example is
seen in the lower portions of sections 111 and 112 .of Series 1, where the
lower tips of two initials (green, and adjacent for most of their lengths)
were also elonjzaeting in the wrong direction.

The primary factor influencing the direction of fusiform initial
elongation, follcwing axticlingl multipllicative aivision, appeared to be
the static oriertation of the cell itself. Tre tips of an initial grew

in the same direction as the lorgitudinel orienvaition of the initial. TWip
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growth of an initial continued in the direction dictated by its
longitucinal orierntetion until a barrier was encountered. Then

" elongation either ceased or it was diverted around the barrier, in

all gppearances taking the path of least resistance. As a result, tip
growth was frequently seen to be in the wrong direction. In spite

of this, in domains (Hejnowicz 196L4) where all oblique anticlinzl divisions

are parallel, the conformity of dividing wall cirection acted as an
overall template for the reorientation process.

Hejnowicz (1963) and hejnowicz and Zagorska-Marek (197L) have

stated that intrusive growthof cells - is strictly limited to the edge
of the growing cell end, "at least in the case of ends originating
from transverse divisions which had been induced by wounding the stem"

(Hejnowicz and Zagorska-Marek, p. 392, 1974). 1In this study, transverse

divisions such as Hejnowicz and Zagorska-Marek (1974, p. 393) show in

- P

Larizx sp. were found to occur only in xy.em mother cells, and not in

the fusiform initials. Harris (1973) attempted .to show at the ultra-

structural level that the tip of the fusiform initial was somehow different
than the cytoplasm in the otherwise vacuolate parts of it; however he

found no differences. It reméins to be shown that tip growth, such as
occurs in pollen tubes and fungal hyphae, actually occurs in the cells

of the vascular cambium.

The rate of reorientation found in lodgepole pine after late summer

girdling contrasts sharply with that found by Harris (1973) on radiata

pine girdled in early summer, and by myself on white pine girdled in early
surmer. Therefore it can be hypothesized that the stimulus which triggers
reorientation of the cambium is more abundant in early summer than in

late summer. Certainly we know this to be the case for auxin. However,

approximately 80 tracheids matured in the 50 days following spiral
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girdling in the lodgepole pine; thus it appeared that cell production
was increased as a result of wounding in this particular tree. Ieverthe-
less, reorientation was still in the microdorzin stage &t 50 days.

J

After U2 days, Harris (1973) found strongly reoriented xylem in the

radiata pine. Although differences in auxin production are expected

to be the causal factor, other factors wuich deserve concideration are
the species difference and the slightly different spiral girdles which
were used. Whereas Harris (1973) removed & narrow strip of bark spirally
from the tree, the. procedure.in this investigation was Lo remove a

" ring of berk and leave only a narrow strip of bark (phloem and active
cambiunm) runnirg élagonally across the ring girdle.

The localized swellings of increased growth which occurred axially
above the entrance into the spirel bridge of white pine tree WP-1, and
axially below the exit of the spiral bridge, represent phenomena which
deserve further study. Did the swelling which extended in & localized
manner vertically upward from the bridge entrance to the next whorl of
branc’ zs come about by acropetal movement of some substance through the
phloem, or is there some sort of communicatory system which informed
cells acrcpetal to the oridse entrance to concentrate photosynthetic
products only or one side of the unwounded portion of the bridge internode?
Or was ﬁater scmehow restricted in its upward movement such that it
wvas forcea to parallel the spiral bridge in that region, and upon reaching
the apex ¢ the bridge commenced to move vertically again? Certainly
further work is rmerited in this regard.

Although there was considerable variability in the productivity
of fusiform initials within the same region of the tree, and between
internodes of the same tree, and of course between trees of lodgepole

pine (see Tables 3, 4 and 6), certain trends in the reorientation and
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wound reactions were evident in terms of time.

Although wounding is known to stimulate the cambium to becoring
more productive, it appears that woundinz of the cambium when it is
active initially brings the surrounding cambial zone virtually to
a standstill for a brief period. The affected cells are seen in the
xylem later as radially narrow, heavily lignfied cells; thus it appears
that wall synthesis in redial enlargement was interrupted and lignification
was intensified. The formation of the wouwnd zone is believed to be
the first physiological response which occurred in the carbium.

Following this, ray parenchyma swelling was evident 6 days after
wounding. Sporadic transverse divisions began occurring throughout the
xylem mother cell zone at 8 days after wounding. Axial parenchyma
began differentiating frcz xylem mothers cells at 10 days. Between 8 and
10 days, the frequency of anticliral divisions increased in both initials
and in rother cells. Tne wound zone becarme visible in the xylem at 12 days.
The first microdomains of reorisrtation were seen in transverse section
at 16 days. A wave of trauratic resin canals began differentiating out
of the xylerm mother cell zone at 18 to 20 days. Strong microdomains

of reorientation were evident at 30 days. (The July 8 girdling date

3

should be borne in rind with respect to the usefulness of tﬁﬁs data;
girdling‘earlier in the éummer may produce much different responses.)

The lack of a wound zone in white pine trees girdled in early spring
is not coniradictory to the findings in lodgepole pine, since white pine
which was ring girdled in mid-summer also showed reaction to the wound
by formation of a wound zone. Wounding of the white pine in early spring
occurred when the cambial zone was Just in the process of increasing its
wiath, before any radial enlargement or vasculsr tissue maturation processes

had begun, in all probability. Since the processes related to wound zone
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formation (raiial enlargement z2nd lignification) had not yet been
activated, they could not be interrupted by the wounding.

Figure 57 shows what has bzen deduced to be natural wounding;
the response as seen in the photograph is in lodgepole pine latewood
xylem. It can be seen that the heavily lignified wound zone stands
out in spite of the heavy lignificatior asscciated with latewood
formaticon. Bwelling of ray parenchyma and numerous anticlinal divisions
also seem to be generally correlated with wounding; and axizl parenchyma
also appear to be present.

Swelling of ray parenchyra at, or shortly after wounding, would seem
to be correlated with an internal pressure relcase, or perhaps with
increased osmotic pressure. Axial parenchyma formation in pine species,
which commonly form bands of phloem axial parenchyma but do not normally
form xylary axial parenchyma, indicates that the fine balance which
causes carbial zone cells to discriminate in their differentiation to
become either xylem or phloem may have been disrupted (however, sieve
cells were not found in the xylem). therwise, axial parenchyma must
have differentiated into the xylem to perform scre function yet unknown
to us. '“he fact tnat mature xylem ray cells, which had formed the year
previous to girdling, dedifferertiated into axial parenchynma-like
tylosités, which frequently avreared idertical to those xylary axial
parenchyma procucec by the caitirz, seems to indicate that their presence
could be functioraZz,

In swmmery . microsccpic investigations into induced cambial reorien-
tation within spiral bridges in two pine species have resulted in the
following findings:

1. PFusiform initials actively change their alignment, while ray

initials are passively reoriented;
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2. Reorientation begins in microscopic regions of the carbial
zone, terrmed microdomains, and later spreads to enccmpass cells between the
vanguard of reoriented nicrodomains;

3. Reorientation occurs by fusiform initials subdividing themselves
by successive parallel oblique anticlinal divisions into a number of
shorter initials. Some of the shorter fusiform initials fail and permit others
to elongate into their vacated space. The numerous parallel coblique
dividing walls form the template for reorientation.

Recrientaticn of the cambium has been observed to occur quickly eand
uniformly, and slowly and non-uniformly, within two spiral bridges created
at the same time within the same tree. Reorientation occurs more rapidly
within spiral bridges constructed in early spring than within those
constructed in late summer. It is believed that the diagonal transport of
auxin is responsible for the reorientation of the bridge cambium; and it is
well known that auxin is also more abundari in early spring than in late

surmer.
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Figure T

Diagonal end vertical phloem-cambium bridges secross girdles
in lodgepole pine. Eighteen trees such as this one were all
similarly girdled on the same day (July 8B, 1976) at this

site. Tables 2 and L (pages 34 and 35) present pertinent
characteristics of these eighteen trees.



Transverse section of ring-girdlea wvhite pine
Girdling was done on June 20,
1975. Time and position of wounding is marked
by reiatively heavy lignification in radially

(see Figure k).

narrov cells.

The phloem is at top.

x82

B.

7] 2anATd

Higher magniTication of ring-girdled wnite

pine xylem. Note the border-pitted trans-
verse end walls in tracheids, the swollen and
distorted rey parenchyma, and the zone of
radially narrow, heavily lignified cells which
mark the position of the xylem mother cells
within the cambial zone at the time of wounding.
Partially separated secondary wvalls are prob-
abtly a sectioning artifect. X325

9L



Transverse section of UWP-1 white pine xylem B.
(see Figure 2), This is 1975 growth which

occurred 2 cm sbove the entrance into the

spiral bridge; 197L4 latewood is at the

bottom. Heote the distribution of the

traumatic resin canals (cf. Fig, 8). X51

Transverse section of UWP-1 white pine
xylem formed within the spiral bridge
(see Figure 2). The 1974 latewood is
below, 1975 bridgewood above. Note the
traumastic resin canals and the rapid
realignment of the tracheids which has
occurred (top of photo). The light area
at top was causcd by & cumera leak., X130

& sandtg

LL



Secanning electron miCrograpn OI Transverse
surface of LWP-1B (see Figure 3). 1975
spiral bridge wood at topj 19Tk latewood
ut bottom. Callus tissue at left denotes
the bridge edge. X162

Ecanning electron micrograph of extreme
right portion shown in Fig. 10A. BHote
border-pitted tranaverse end walls at
different levels within the same radial
files. X325
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Transverse section of white pine LWP-1B spiral B
bridge earlywood (top) and 1974 latewood (bot-

tom) (refer to Figure 3). Note the maintcnance

of the amlignment of the radial files over the

full distence of 1975 bridge growth shown in

this photo without marked evidence of reorien-

tation (cf. Firure 9B). X82

‘A closer look at Fig. 11A. 1974 late-

wood is at bottom; 1975 spiral-bridge
earlywood at top. Note the bulging ray
parenchyma and border-pitted end walls
of true transverse divisions. X205
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Figure 12

Transverse section of white pine spiral bridge LWP-1B (see Figure 3).
1974 latewood is at the bottom; 1975 spiral-bridge wood is at top.
The edge of the spiral bridge is just to the left of the V/-shaped
open area. The dark nass in lower center is callus tissue. liote
latewood tylosites (dark spots) which formed inside of mature
tracheids of the previous year. Aiso note earlywood axiasl parenchyma
at the extreme left. Very sudden reorientaticn is evident in the
tracheids which differentiated from the callus “issue (side walls

are evident), but much slower reorientation occurred in the bridge
proper. X82
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Tangential section of white pine LWP-1B spiral
bridge xylem (see Fig. 3). The edge of the
spiral bridge at approximately 20 days after
wournding is evident; the callus tissue which
feried over the edge is in upper left. X51

Seme as Figure 13A, but approximately 40
deys after wounding. Callus is differ-
entiating into tracheids which are
elongated parallel to the spiral bridge
edge. X82
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Same as Figures 13A end B, but approximately B.
85 days after wounding. Overcrowded and there-

fore contorted tracheids have been formed by

canbium derived from the callus tissue (upper

left) and show a general tendency to be

aligned parallel to the long axis of the

spiral bridge. X130

Same as in previous three Figures, but
epproximetely 140 days after wounding.

Tracheids derived from czllus (upper

left half) have elongated greatly and

are mostly parallel to the bridge.

The

location of the bridge edge can only be

guessed at.

X51
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Figure 15

Tangential section of white pine LWP-1B (see Figure 3) showing
xylem formed within the spiral bridge which was cut off the cambium
at approximately 27 days after wounding. HNote that the elongation
of tips following transverse, or short cblique, anticlinal divisions
in xylem mother cells shows no definite tendency to be polar (final
reorientation of the cambium will be upward to the right). X130
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Figure 16

Trarnsverse section of white pine LWP-1B spiral-bridge xylem showing the
growth boundary between 1974 and 1975. The tannin-filled tracheids of
the 1974 xylem (beottom) contain axiel parenchyma cells which formed in
1975 by dedifferentiation of adjacent ray parenchyma. Following pene-
tration into tracheid lumens through cross-wall pits of cytoplasm and
nucleus, mitotiec divisions occurred to create new parenchyma cells
{tylosites) axially criented within the tracheid lumens. Axial parenchyra
also fermed in the first part of the 1975 spiral bridge growth, but
these were derived direci.y frcm the cawbium via differentiation of
xyle- mother cells. The edge of the spiral bridge is at right. X82



85

Figure 17

Redial section of white pine xylem. Earlywood formed within the spiral
bricge is at left—-note the irregular walls and curved ne.ure of the
mature tracheids, and the lack of radial elongation of the first Tormed
rey cells. Tannin-Tilled and more or less empty tylosites are in the
197h latewocod (right). X205



Tangential section of latewcod axial parenchyme B.
(tylosites) wvhich formed in response to spiral
girdling during the next year. ZXote the

nucleus, and the thin walls of the exially-

oriented tylosites within the thicker secon-

dary wells of the tracheid. X820

Transverse section of 1974-1975 xylem
boundary in vhite pine; latevood is at

bottom, earlywood at top.

On the left

is the nucleus and cytoplasm of a pri-
mary-walled parenchyma cell which has
bulged into the final latewood tracheid
lumen from the adjacent ray. On the right
is a raoy parenchyra bulring into an

earlywood tracheid lumen.

X3250
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Figure 19

Tangential section of 19T4 white pine latewood xylem showing axially
oriented tylosite parenchyma formed in the lumens of dead, secondary-
walled tracheids as a result of spiral girdling in the spring of
1975.

The ray parenchyma expanded through its half-bordered pit into
the tracheid lumen, and then divided. Two nuclei are visible. X820
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Figure 20

Hote the extreme

formed early in a spiral bridge showing

the beginnings of a microdomain of

Tangential section of white pine xylem
recrientation (center).

B.

Micro-
resin
The side walls

ic
cate that their

earlywood xylem (pith toward bottom).

domains of reorientation began to form at
gbout the same time that traumat
canals were differentiated.

of the microdomains ind

A. Transverse section of vhite pine spiral-briage
aligmuent Is different

shortness of the strongly reoriented
tracheids as a result of successive

2

parallel oblique antielinal divisions.
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om that of adjacent

-
=]

-



Tangential section of white pine 1974 latewood
xylem of UWP-1 (see Figure 2) which was formed
previous to girdling to construect the spiral
bridge in the spring of 1975. X82

tame magnification, and tangentially

in the same location, as Figure 214,

Note the very narrow tangential dimen-
sions of the tracheids which have derived
from the reoriented cambium. Portions

of a traumetic resin canal are also
evident (lower left mnd center). X2

T2 I3ty
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A.

Tangential section of white pine LWP-1B xylem
(see Figure 3) showing the beginning (most
pithvard cells) of Series 1 (Appendix).

The fusiform rey in the center matches that

of the Series tracings. Note the latewood
tylosites. XB82

Tangential section of vhite pine LWP-1B
xylem at the end of Beries l: i.e. section
118. HNote that the three fusiform rays

of Figure 22A have been reoriented but

have maintained their relative positions.
Xx82
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Figure 23

Radial section of white pine spirsl-bridge xyler (right), cambial
zone (Just to the right of center) and phloem (left nzl”). Axially
oriented rhleoem on the extreme left gives an iiea of how much the
cambium and its derivatives have reorientei. X82



A.

Tengential section of 19Tk latewood in white
pine spiral bridge UWP-1, showing the start
(most pithward cells) of Series 6 (Appendix).
See Figure 2. X205

Tangential section of 1975 spiral-bridge
early wood of white pine UWP-1, showing
section S8T1, 1.e. the end of Series 6.

A traumatiec resin canal is beginning to .

appear in upper center. X205
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Transverse section of the cambial zone (phloem
at top) within a lodgepole pine diagonal bridge
at 2 days after its construction. Recent
intrusive growth and antieclinal divisions are
evident as doubling of radial files. X205.

B.

l,q-

Close up of Figure 25A, A

pseudotrans-

verse antieclinal division has resulted in
2 files of cells (left) where before there
was only one; and intrusive growth is also
evident (right) as doubling of files by

tangentially narrow tips.

A differentiating

rhloem axial parenchyma is evident in upper

right.

x820.

G2 |andtg

£6



gl

Figure 26
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Transverse section of the cambial zone within a lodgepole pine

vertical bridge which was harvested and fixed 2 days after the

bricze was constructed. The phleoem tissue is at top. The edge
of the vertical bridze is Just off the left side of the photo.

The curvature seen is probably a sectioning artifact. X205.
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Figure 27
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Transverse section of the cambial zone of lodgepole pire within

a diegonal bridge which was harvested and fixed at 8 days after

bridge construction. Note the decline of L4 files of cells on the

left side of the photo, and how adjacent fusiform cells in the

cambial zone have expanded tangentially to occupy the vacated

space. Three radial files to the right of the center ray within

the photograph (this ray is evident in the phloem at top, but noct in
the mature xylem at bottom), a single anticlinal division in the cambial
zone is thought to denote the position of the fusiform initial. X205
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Transverse section of the cambial zone within

a lodgepole pine diagonal bridge at 10 days
after girdling. MNote the differentisting

resin canal. In the cambial zone on the extreme
right side of the photograph, cne file has
declined and the initial to the left has

divided anticlinally, followed by periclinal
divisions in both sister initials. X205

L&)

Transverse section of the cambial zone
within a lodgepole pine vertical bridge

at 10 days after girdling. HNormal variebil-
ity in the size of muture tracheids is
evident. Note the numerous anticlinal
divisions which have recently occurred
(doubling of radisl files). A sectioning
artifact extends across the photograph

on the xylem side (lower) adjacent to

the cambial zone. X205
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Transverse section of the cambium of a lodgepole pine diagonal

bridge which was harvested and fixed 10 days after bridge construction.
Note the four anticlinal walls within the single radial file. The
phloem is &at top. The lower anticlinal division has-occurred in a
Xylem mother cell; whereas the three upper anticlinal walls represent
periclinal divisions following an anticlinal division in a fusiform
initial. X1300
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Transverse section of the phloem (top), cambial
zone, and xylem of a lodgepole pine diagonal
bridge which was harvested and fixed at 16 days
following bridge construction. Note the swollen,
tannin-filled xylem rays; and note also that not
all rays are swollen. The cells of narrow radial
dimensions which have begun to lignify mark the
position of the xylem mother cells within the
cambial zone at the time of wounding. X205

Transverse section of the cambial zone
shown in Figure 30A. The position of
four fusiform initials is evident by the
four anticlinal divisions. Note that
three of them are separated from phlcem
axial parenchyma by & single phloem
mother cell. X820
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Transverse section of the cambial zone (phloem
at top) of lodgepole pine at the edge (left side)
of a vertical bridge harvested and fixed 38 days
after bridge construction. Callus tissue has
formed at the left edge. The position of the
xylem mother cells at the time of wounding is
evident in the radially narrow band of tracheids.
Note that transverse end walls in the xylem are
very scarce. X130
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Same as Figure 31A, but near the center
of the vertical bridge. The position of
xylem mother cells of the cambial zone
at the time of wounding is clearly marked
in the mature xylem immediately below the
resin canal. The radial file to the left of
and adjacent to the ray which begins at
the resin canal shows an anticlinal division
which occurred in a phloem mother cell.

205
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Figure 32
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Transverse section of the cambial zone within a lodgepole pine
diagonal bridge which was harvested and fixed at 26 days after bridge
constructicon. Note the heavily lignified and radislly narrow zone

of nature tracheids which mark the position of the xylem mother cells
within the ceambial zone at the time of wounding. Oneé torder-pitted
transverse end wall is barely discernible within this zone. Two
traumatic resin canals are differentiating within xylem mother cells
of the cambisl zone (phl~em at top). Note the swollen rays with ab-
normal ergastic contents, and the anticlinal division wnich cccurred
in a ray cell. X205
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Figure 33
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Transverse section of xylem, cembium and phlcem (top) of lodgepole pine
diggonal bridge which was harvested at 50 days efter bridge construction.
The position of the xylem mother cells of the cambial zone at the time

of girdling is evident near the boltom of the photograph. Hote that the
radia®l files ere continucus on the xylem side up teo the cambial zone;

and that they decline or double by the usual events of failure, intrusive
-growth and entielinel divisions. The blurred regions in the present
cambial zone which extend from the phloem downward across the cambial
zone to the xylem are microdcomains of. reorientaticon. lote that ad’acent
regions show no definite reorientation. Hote that there is no similar
wound zone in the phloem as oeocurs in the xylem. The slight curvature
of the files in the region of the cambium is thought to be & sectioning

ertifact. X882



Transverse section of the cambial zone (phloem &t top) showing a higher magnification of the
microdomains of reorientation, as shown in Figure 33. Fote that the radial files are coantimuous
across the cambial zorne from xylem to phloem except in regions vhere microdomains have formed.
Reorientation within the central microdomnin occurred as a result of failure of st least three
adjacent fusiform initials, as is evident in the interruption of the radial files in thet regiom.
All fusiform cambial cells have relatively small tangential dimensions as a result of numerous
long obligue anticlinal divisions multiplying long fusiform initials into many shorter ones. Kote
the abundance of nuclei within the cambial zone--an indication of much activity. Toc right of
center there appears tc be a microdomain within the phloem but not in the camblum or xylem. Other

microdomains appear to Just be forming in the cembial zone. X325
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Figure 35

Transverse section of the cambial zone (phloem at top) within a leodgepole
pine disgonal bridge which was constructed 6 days previous to harvesting.
The first wound resaction was apparent in the swelling of some, but not
all, ray parenchyma near the cambial zone (cf. Figures 8 and 11B). X205
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Figure 36

Radial section of the cambium within a lodgepole pine diagonal bridge
which was constructed 10 days previcus to harvesting endéd fixing. The
cambial initial is one of the cells on the left side of the photograph;
xylem mother cells are on the right side. The trensverse divisions as seen
here occurred more or less simultenecusly in glresdy existing xylem and
phloen mcther cells; and were first detected in msterial harvested and
fixed 8 days after girdling, scatiered throughout thcse tissues in each
radiel file. Note that periclinel divisions occasionally follow the
trensverse divisions; thus the productivity of & xylem mother cell in
terms of periclinal divisions cen be determined. As a result of this
observation, it was determined thet most xylem mother c¢ells differentiate
directly inte trecheids; occasicnelly they divide rericlinally to result
in two tracheids; arnd wvery rarely three or four tracheids result from a
single xylem mcther cell. X820
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Figure 37

Transverse section of the cambiux within a lodgepole pine vertical
bridge which was harvested and fixed 10 deys after bricdge cconstructicn.
(ef. Figure 28). The phlcer at top is distirguishable by its axial
parenchyma. A traumatic resin canal is differentiating out of the xylem
mother cells of the cambial zcne at bottom. The center of the large

resin ceanal is characterized by the four relatively large central cells
(on the left side of the ray). X820
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Figure 38
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Transverse section of the cambia’ zone (phloem at top) within a lodge-
pole pine diagonal bridge constructed 24 days before harvesting and
fixing. Mature, heavily lignified tracheids are interrupted within the
radial files by cells which appear to have only primery walls and no
lignification. This type of wound response was atypical, and occurred

in only four of the 18 trees examined. Some of the cells are filled with
dark-staining ergastic contents interpreted to be tannins. X205
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Figure 39
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Radial section of phloem (left), cambial zone (center) and xylem (right)
of a lodgepole pine diagonal bridge which was constructed 30 days
previous to fixation. The nuclei of the cambial zone distinguish it.
The large resin cyst in the phloem is normal; Chafe (1969) states that
these are responsible for the xylem dimples which are commonly found

in lodgepole pine wood. DNote the scattered transverse divisions in
tracheids and the numerous tannin-filled axial parenchyma in the xylem.
x82.
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Figure L0

Transverse section of phloem (top), cambium and xylem of lodgepole pine
diegonal bridge that was constructed 28 days previous to harvesting and
fixetion. The position of the xylem mother cells within the cambial

zone at the time of wounding is demarcated by the zone of cells which show
very slight radial enlargement but relatively heavy lignification. Note
the swollen ray perenchyma, the two axial parenchyma adjacent to the

cambial zone within the xylem, and the three traumatic resin canals.
X205.



Radial section of phloem (left), cambial zone B.
and xylem of a lodgepole pine diagonal bridge

which was constructed 32 days previous to
harvesting and fixation. The positicn of the
cambial zone at the time of girdling is demarcated
by the narrow diameter, heavily lignified cells;
and by the first transverse divisions. A trau-
matic resin canal extends from top to bottom across
the photo. MNote the variability in size and
position of the dividing walls (transverse) of

the parenchyma of the resin canal. X130

Transverse section of same materlal as
that shown in Figure L1A. showing the
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rosition of the cambial zone at the
time of girdling, and border-pitted

transverse end walls, swollen rays, and
primary-walled axial parenchyma which
differentiated from xylem mothur cells.

X820
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Tangential section of lodgepole pine phloem
mother cells within a diagonal bridge which
vas constructed 6 days previous to harvesting
and fixation. X82

Tangential section of lodgepole pine
xylem mother cells within & diagonal
bridge which was constructed 12 days
previous to harvesting and fixation.

Tip elongation of the xylem mother cells
following tranaverse, or slightly oblique
division is evident. X203
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Tangential section showing lodgepole pine
phloen mother cells (bottom), initials,
and xylem mother cells (top) within =
bridge constructed 18 days priocr to
harvesting and fixstion. The bridge

wvas oriented at 45 upward to the

right. x82

LN |
Tangential section showing lodgepole
pine cambium within a diagonal bridge
vhich was constructed 30 days before
it vas harvested and fixed. The first
loecalized reorientation is evident in
the upper left corner. X205
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A. -T!nsantiul section of B;' Seme as Figure LhA, C. Same as Figures 44A and B

lodgepole pine phloem but B0 micrometers but 160 micrometers closer
mother cells in a disg- closer to the pith to the pith into the cambial
onal bridre havested irto the cambial zone; zone than Figure LbA; showing
and fixed at S0 days showing the same fusi- the same fusiform resin canal
after bridpe construc- form resin canal at at 50 days after bridge con-
tion. X204 50 days after bridge struction. X205

censtruction. X205
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Figure 45
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Hote the similarity of the

ma in the xylem to those in the phloem.

in cen
X205

At least three axizl perenchyma are at the

f the xylem mother cell zene (derk-stained cells

many more have moved into the mature xylem.

axial parenc

lodgepole pine disgonal bridge which was girdled 24 days previous to
edge ©

Transverse section of phloem (top), cambial zone and mature xylem of
harvesting and fixing.
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Tangential section of xylem formed from B.

the cambium after a lodgepole pine tree was
diagonally girdled showing four axial parenchyma.
Serial! tangential sections showed this to be a
single, isolated strand of axial parenchymatous cells
formed in the central region of the spiral bridge.
X205

Tangential section of xylem formed
from the cambium after a lodgepole pine
tree was diagonally girdled, showing
axial parenchyma and calcium oxalate
erystals (bottom) normally found only
in the phleoem. X820
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A.

Tangential section of the cambial region
within a diagonal bridge of lodgepole
pine at 50 days after girdling. HNote
the proncunced microdomain of reorien-
tation (ef. Figure 34). X325

Tangential section of the cambial
region within a vertical bridge of
lodgepole pine at 38 days after
girdling and bridge coastruction.
X205
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Tangential section showing the beginning of
lodgepole pine diagonal-bridge Series 2

(see Figure 5 and the Appendix). Counting
rightward from the bottom of the fusiform ray,
the file which was traced is represented

by the 8th tracheid. X130

Tangentliel section showing the
end of Series 2 (i.e. closest to

the cambium; Figure LBA is closest
to the pith). Very slight local
reorientation has occcurred. X130
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A. Tangential section showing the beginning { eeeee t B. Tangentiesl section showing the end
the Pith) of lodgepole pine diagonal-bridge (furthest from the pith) of Series 3.
Series 3 (see Figure 5 and Appendix). Counting X130

rightward from the lower tip of the fusiform
ray, the file which was traced is represented
by the Tth tracheid. X130
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Tangential section showing the beginning (closest
to the pith) of lodgepole pine vertical-bridge
Series U (see Figure 6 and the Appendix) adjacent
to the bridge edge. Counting leftward from the
center of the photograph's right side, the file
traced 1s represented by the 21st tracheid
encountered. X130

B.

Tangential section showing the end
{eclosest to the cambium) of Series

L, at a slightly lower magnification.

X82
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A. Tangential section showing the beginning
(closest to the pith) of lodgepole pine diagonal-
bridge Beries 5, in the center of the photograph.
X130
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B. Tangential section showing the end
(closest to the cambium) of Series
5. MNote that the fusiform ray in the
center of this photograph has arisen
from an uniseriate ruy, as shown in

Ficure 514, See Figure 5 and the Appendix.

X130.
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Figure 52

Transverse section of white ash (Fraxinus americana L.) xylem
which formed within a spiral bridge similar to those shown for
tree WP-1 (Figure 1). Latewood of the previcus yeer is at the
bottom; girdling was done in early spring before the cazbiunm
had activated. Note the distinct mierodomains of reorientation
in upper left. X205
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Figure 53

An example of extreme natural spiral grain Jormation. This tree,
a white spruce (Picea glauces (Moench.) Voss) in the central Yukon
Territory, lived for more than 000 years and began spiral grain for-

mation at approximately 100 years of age. The tree is T meters high.
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Figure Sk

Transverse section of xylem from the stem of the white spruce tree
shovn in Figure 53 in the region where recrientation first began.
Note that only a few tracheids were produced each growing season.
Note the very distinct microdomains of reorientation. X205
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Figure 55

A tangentiali section of xylem from the white spruce shown in Figure 53,
Note the distinet microdeorain of reorientation. X205
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Figure 56
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A tangential section of xylem forred within & lodgepole pine

the tracheids formed

-
Be

diagonal bridge to show the sinuous nature o

shortly after diascnal girdling (ef.

This sinuous

Figure LEA).

X205

feature is best secn by looking at the photograph such that the

eye is almost in the plane of the photograph.



Figure 57

Transverse section of latewood of ledgepole pine which was formed in

197k (bottem). Earlywood of 1975 is at the top. Both growth layers

were formed long befores girdling in 1976. The distorted region was highly
locelized end is believed to be the site of a pinpoint wound. Pressure was
likely epplied in the central region of the distortion, as shown in this
photograph, upon the cambial zone. The response was similar to that seen
in the girdled bridsges: cessation of radisl enlargement of xylem mother
cells with accompanying heavy lignification; swollen ray parenchymé;

and narrcowing of the tangential dimensions of the cells, preswiably by
obligue anticlinsl divisions. Note that there are no traumatic resin
canels, possibly due to the fact that the cambial zore was well on its way
into winter rest. X205
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APPENDIX

TRACES OF SERTAL TANGENTIAL SECTIONS OF XYLEM




SERIES 1

White Pine

Section 59 is nearest the pith; Section 118 is furthest from the
pith. This Series should be viewed as if the cobservor were looking
from the pith toward the bark. That is, the spiral bridge (Figure 3)
was oriented upward to the right whereas the reorientation occurs
upward to the left in this series.

Serial tangential section numbers are at the bottom of each sheet.
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SERIES 2

Lodgepole Pine

Disgonal Bridge

Section 144 is closest to the pith. Section 38 is furthest from
the pith (closest to the cambium). This series should be viewed as if
the observor were close to the pith and moving backwards toward the
bark. Figure 5 shows ths location of Series 2 relative to the diagonal
bridge. This Series was traced from xylem which had formed over a

period of 50 days following the construction of the diagonal bridge.
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SERIES 3

Lodgepole Pine

Diagonal Bridge

Section 1bkhk is closest to the pith. Section 36 is furthest from the
pith (closest to the cambium). This series should be viewed as if the
observor were close to the pith and moving backwards toward the bark.
Figure 5 shows the location of Series 3 relative to the diagonal bridge.
This series was traced from Xylem which had formed over a period of

50 days following the construction of the diagonal bridge.






























SERIES L

Lodgepole Pine

Vertical Bridge

Section 54 is closest to the pith. Section 23 is in the cambial
zope. Thls serles showld be viewed as if the observor were close to
the pith and moving backwards toward the bark. Figure 6 shows the
location of Series 4 relative to the verticel bridge. This series

was traced from xylem which had formed over a period of 38 days following

construction of the vertical bridge.
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SERIES 5

Lodgepole Pine

Diagonal Bridge

Section 1Lk is closest to the pith. Section 41 is furthest from
the pith (closest to the cambium). This Series should be viewed as
if the observor were close to the pith and moving backwards toward
the bark. Figure 5 shows the location of the series relative to the
diagonal bridge. This series was traced from xylem which had formed over

a period of 50 days following the construction of the diagonal bridge.
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SERIES 6

SERIAL TANGENTIAL SECTIONS, REPRODUCED BY f ‘
TRACING OF PHOTOMICROGRAPHS, OF Pinus strobus
SHOWING A 1-mm IN-LENGTH VI1EW OF XYLARY }
ELEMENTS AT SEQUENTIAL STAGES WHICH RESULT g
iN ACHANGE IN ORIENTATION FROM THE VERTICAL | Ip
TO THE BEGINNING OF AN UPWARD-TO-THE-RIGHT L
SLANT IN THE EARLYWOOD OF A PHLOEM BRIDGE
ORIENTED 45° UPWARD TO THE RIGHT

> WA % G e

DISK NO 5(T)

SECTION THICKNESS 20 p
p - AZIAL PARENCHYMA
- - BORDER-PITTED END WALL \
~ - SIMPLE-PITTED END WALL

— ~UNPITTED ENDWALL 6274 6273 5272

e‘:;(’ -~ EARLYWOOD-LATEWOOD BOUNDARY.
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