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Notes to the reader: 
 
The citation for this thesis is as follows: 
 
Savidge, Rodney Arthur. 1977. Spiral grain formation by induced reorientation of the 
conifer cambium. MScF thesis, University of Toronto, Toronto, Canada. 
 

The original thesis document was prepared using a typewriter and was copyright 
Rodney Arthur Savidge 1977.  On the library authorization form (not included with this 
pdf file) the thesis was indicated to be available for public reading without restriction. 
 
Here, the author’s copy of the original thesis document was scanned and converted into 
portable document format (pdf).  Inserted links aid access to figures, tables and camera 
lucida series drawings. The document was subjected to optical character recognition 
(OCR); however, it should be noted that copying followed by pasting of text may yield 
unreliable spelling of words. 
 
The metafile entitled Series 1 Animation.pdf was not in the thesis. Using the camera 
lucida drawings in the thesis, it provides a slide-show example of successive changes in 
serial tangential sections.  The animation illustrates abrupt microdomain initiation as it 
occurred within a singular fusiform cambial cell (compare sections 88 and 89).  
 
On page 1 of the thesis, the following statement occurs: 
 
“Herein the concept of a single layer of initiating cells within the vascular cambial zone is advocated. The 
cells which comprise that single layer are referred to as "initials" throughout; and the layer which they 
comprise as the "cambium".” 

 
The author was constrained by precedent (i.e., by speculation of earlier scientists that 
through promulgation had become dogma) to accept this concept of the cambial initial 
and cambium when preparing his thesis document.  The dogma continues to be 
promulgated today, although solid scientific evidence in support of it remains to be 
presented.  The author questioned the validity of the concept in a post-thesis publication 
(Can. J. Bot. 62: 2872-2879), and as an outcome of his doctoral research he 
subsequently rejected the concept, as follows: 
 
“An alternative to the cambial initial concept is that any cell of the cambial zone receiving the necessary 
balance of physical and chemical factors will develop and function in the manner traditionally ascribed to 
the hypothetical initial. Whether a cambial cell divides anticlinally or periclinally, becomes incorporated 
into xylem or phloem, or remains as a cambial cell may be regulated by factors that shift radially across 
cells of the cambial zone.”  (Savidge, RA. 1985. Prospects for manipulating vascular-cambium 
productivity and xylem-cell differentiation. In Attributes of Trees as Crop Plants, edited by M.G. R. Cannell 
& J.E. Jackson, Institute of Terrestrial Ecology, Abbots Ripton, Huntingdon, U.K., p. 212) 
 
 
 

         Rodney Arthur Savidge 
               January 2017 
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SPIRAL Gf<..AIN FO:r;:i'/_ATION BY nDUCSD REORIElI'l'ATION OF THE CONIFER CAMBIUM 

ABSTRACT 

Processes ir.volved in the reorj ent2.tion of fusifor::: cambial initials 
related to spiral grain formation were investigated. Spiral grain was 
induced to form in a vigorous, nursery-growing sapling of Pinus strobus L. 
by constructing narro~ diagonal bridges of phloem and camt~um across ring 
girdles of stem internodes in the early _spring ...After 5 months, the bridges 
were prepared for light microscopy of transverse, raciia.l. and serial tangen­
tial sections, and the reorientation process investigated. As a result of 
this first investigation, further investigations to determine the time 
required for the car:.biu:.:. to reorient and the effect of wounding ·.lpon the 
reorientation process were begun: in late s~~er, 18 vigJrous, fielci­
growing saplings of Pinus contorta Dougl. were each given two phloem-c~~biurr_ 

bridges across ring girdles ofe-wo internodes on the sa.:..::.e day; the upper of 
each bridge was oriented diagonally and the lower parallel to the long axis 
of the tree ster. ~n each case, the lower bridge to serve as a control to 
the wound response. Periodically, the two bridges of one of each of t~ese 

18 trees were then harvested; serial tangential sections of XJ'lem and trans­
verse, radial, and serial 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-step cha~ges which 
occurred in the cambium as it changed its aligr~ent were deduced for eac~, 

species and have been illustrated diagr~~ati~ally. Relatively s~all, local­
ized regions of the vascular cambium, ter::!ed "microdomains," were found~o 

form the vanguard to the reorientation process, followed by similar reorien­
tation of the in~ervening regions subsequently. Microdoflains were found to 
begi~ by one, or sometimes tvro or more, adjacent fusiform cells successively 
subdividing to result in a number of shorter fusiform cambia~ ce:ls. ~he 

subdividing divisions vrere oblique and parallel anticlinal divisions. Accen­
tuation of the reorientation occurred when some of the short fusiform cambial 
initials failed, permitting adjacent ones to elongate into and occupy th~ 

vacated space. In the elongation process, the n~erous paralle~ obliq~e 

dividing Walls formed a template which guided the extending cells into. the new 
alignment. 

Following late-s~~er 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 tLeir fusi:orm 
cambial cells throughout the duration of the experiment. Haunt:. responses 
found to be cornnon to both the diagonal and vertical bridges, as well as to 
both species, included: swelling of r~y r~renchyma, true transverse divisions 
in xylerr mother cells, formation of xylary axial parenchyma and traumatic 
longitudinal resin canals and callus tissue. 

It has been concluded that a nwnber of activities are equa=_ly necessary 
within the vascular cambium of Pinus before a group of adjacent fusifor::t 
cambial initials become realigneci. These include subdivision by anticlinal 
division of each of the initials L.to a :.;.;.unber of shorter initia::"s; for:.Jation 
of oblique anticlinal dividing walls which are parallel and in the direction 
of the orientation to be adopted; ~ailure of some of the shortened fusiform 
initials following division; and occupation of the vacated space by the 
surviving initials as they are guided by the parallel dividinG walls into 
the new alignment. 
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SPIRAL GRAIII FOR:-!ATIC!I BY I!lDUCED REORII::?ITATION

OF Tn:: CO;UFER C;\N!lIU:~

I1/TRODUCTIO,1

General

Spiral grain in conifers consists of fusiform xy1ary ele~ents vhich

have becoae inc1ir.~d relative to :he 1008 axis ot the tree in the s~e genere1

direction (Fig. 53). Spiral gra1'" is not only a curious phenc::Ienon; it also

o:ten ccnstitUtC5 a serious de~ect of high econODic i~ortance; and as ~el1

spiral traln is vide~pread both i5 conifers a~d hardwoods and has been de­

scribed as the nonr.al grolltb pattern of the tree (Panshin an<l de Zeeuv 1970,

p. 277).

That spiral grain c ...~ be broU&ht about artificially, i.e, induced to

for.. using various spira.1 girUil.b: techniques, haa 10na: been known (BU.agen and

MUnch 1929, Collins 1.930. Fe.hn In3. Kirschner et 81. 1971., fl'.acDanie1.s and

Curtlll 1930, Teodor..sco and Pop~sco 191.5. Tupper-Carey 1930, and Sinnott 1960-­

section On SYlWf!tr~-), Fahn (1973) an': Kirachner et al. (1971) have de8cribed

experi~ents On diagonal bridges of ph1oeo and c~.bium c-ossing rina:-girdled

sterns of Robinia "eseudaeacia L. which heve sho\ln that auxin brings sbout this

ch~~e in ?Ol~ity of cell orientation. In conifers. Harris (1961; 1969

1973) Il1&O cre(iitn awci:l with thc induced reorientation process of the

vascular earnbi"",,_, I/o-o'cver, no 0:'10 hes yet ShO\Hl that diaoonal auxin transport

COr.llt:!.t"",,e~ tt;", i,;:'"c1l:l.s ~ti!:l.u.1u.a in naturllJ. spiral gl'a1n forl'\Stion. Indeed,

the ..echllllis"", involved in the coordinated change in aliSlI"Ient of fusi:"or",

cll:lbial cclls r=a.1ns controvers1a.1 (iJ.&.nnar; 196~, 1966. Harris 1961, 1969, 1973,

and HeJnowic~ 1961, 1963, 1967. 1968, 1911) in conifers. Thus this ~hesis

reports on the ~echanis'" of reorie~tation of tusifora c~bia1 cells,

Herein the ccncept of a single l~"r of initiating cells Within the

vascular cambial zone is advocated, The cells which co=prise that sin~le layer

are reterred to a.s "initials" throughout; and the 1a.ycr which they cOlllpr1se

as t.he "cambium" (W11&on 1966. Sc~.::>i<l 191'6>. The other cells within the
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vascular cambial zone (i,e. the ~eriste~stic zone) are referred to as

"phloem lOOther cells" or "~1",.. =>:>th," c('lls," both being deriv~ 11'1 .."lial

files fro", the initials. Thus the "cllJ:llblsl zone" is constituted of phloem

mother cells, the ir.iti~s. and xylem ~other cells, allot yhich may divide

to produce xyl~y Or phloic derivatives.

C/IIIIbia1 initials orls1:"I.\." fro", the proca:,biur:: and !'rom interfascicular

parenc~a, Yhich themselves are deriv('~ from the apical meristems as somey~~t

elongate and lsodie~etric ('ells. respectively (~8au 1960). The upica~ meri­

stems are "pushe!!:" further fro" their origInal points of cOi/l."::"ncement through

a process of division of cells vith!n ~ apical ....ristems ac~mpanied by

elcnG8tio~ or adjacent, prOXimal c~blal initials. This process of elcngaticn

of the vascular cambi~ initials is in the ~iTection of the shoot or Toot's

long axis. It is later, as the vascular cambiuc begins foming concentric

sheaths or phloem and xyleQ by ~ric11nal divisions, that the original axi&1

orientation of the c~~bi&l initials begins to reorient to forro 8yirftl grain.

Therefore tr.<! ap;:roach to explal.r.inl; the reorientation process in the cubiu::t

C&ll be r~strict~d to st~~1es o~ .alcullJ· ca~bi~ activity.

Spira.:_gl'll.in investigators, but fe" others, have appreciated that the

spatial lirrllllge::::ent and configurations of mature xylary derivatives, "hen

serially traced. can be use~.to.deduce the teopor&1 activity and appearance

of the vascular cambiuc at tbe ti=e it produced those derivatives. Much of

the resea.rch "bi~r: has given us the present_day •.'xlel of th" conifer c~-.bium

(e.g. see Philipson et al. 1911) rests upon the basic integrity of this fact

that any tTs.cheid in the x,yle" cons"tltul~S a record of' the appea.rMce of' both

the fusiform init1BJ. and its derivative >::,-le... !>Othcr cells at the U"'e that

that tracheid ~&s fo~cd (excepting ch~~ges in radial ~im"n"to~. slight

elongation of the tips. Rnd secondary_wall for::::ation follo.cd by denth).

This ability to d~duce c~bial activity rroa the XJle~ .ill be ~iscussed later.
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Concepts which are fundamental to this ~nesis include the following:

1. The c8.Lbial zor.'2 is made up of only four types of potentially

meristematic cells:

8.. fusiform initials

b. ray'initials

c. fusiform phloem mother cells

d. fusiform xylem mether 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 sa~e radial file. Thus, all muture

vascular tissues within a radial file have a cowmon, and seque~~ially

traceable, ancestry.

3. Vascular camLi~ initial cells are se~~-pcrpetl)atine; i.e. for

every periclinal division in an initial there results ti',O cel2.s; a new

initial and another cell (mother cell) destined GO beco~e or produce a

number of xylary or pbloic elements.

4. The length of the periclinal division cycle, including division,

synthesis, and enlargement, for any meristema~ic fusiform cell of the

vascular ca":1bial zone averages approximately 10 days (Wilson 1964).

5. During the growing season, approximately one xylem tracheid matures

ea~h day (Kennedy and Farrar 1965).

6. Mitosis and cell plate formation occupy approximately one day for

periclinal divisions and probably much less for anticlinal divisions, since

pt~agmoplast movement following mitosis in a~ anticlinal division is con­

sidera1.>='-y less in distance t:'lcn is the case :'or fully longitudinal peri­

clinal divisions.

[. Although the periclinal division cycle averages 10 days in ti~~,

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

divisions (Philif50n et al. 1971; Bannen 1950) 1951) 1965a) 1965b, 1968a ;

Bannan anl Bayly 1956). However) no re~orted rese~rch is kno;.~ which

has proven this assrunption.

8. Temporary lapses in the lO-day periclinal division cycle of a

fusiform cambial initial frequently occur (Bailey 1920; Bannb.L 196&.).

9. There is an Upper limit to the length a fusiform initial cnn

achieve; and onCe an initial reaches that limit, it divides pse~dotransversely

The sister initials which result from t:le pseudotransverse div::'sion

either elongate again to the maximum size, or they fail (Phili~son et al.

1971) .

10. Failure of an initial most commonly occurs by gradual shortening

through successive periclinal divisions) or through rapid shortening

by nearly transverse anticlinal dividing walls multiplying a single fus­

iform initia2. into tva or more shorter initials (JIej:1owicz 1961). Short­

ened initials commonly fail by giving up the initial role and differentiating

into eit:~er x:rlem or fhloem ele::~ents; frequently fusiform initials

also reduce in size to become ray initials (3annan ffi:d Bayly 1956). Adjacent

fusifor;:~ initials quick::i.y occupy the space vacated by failing initials.

This occupation occurs throU;h two processes: intrusive elongation

and tangential expansion.

Until 1966) the opinion of most spiral brain researchers (3raw1 1854,

Hartig 1895) Seifriz 1933) .1\phl 1933, ~;ew:~-an 1955, f~ej no-.dcz 1961, 1964,

Bannan 1964) Jones 1963) was that spiral grein in c0nifers resu~ted by

the majority of the pseudotransverse (or "Oblique") anticlinal divisions

occurring in vascular cambium initials all being oriented in the same

direction. Reorientation was said to occur as a result of oriented overlap
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of the cell tips during intrusive elongation of the sist2~ initials

following the oblique anticlinal divisions. :3ut none of thCS2 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 cBLibial initials occurs through tile

following processes:

1. Long fusiform initials shorten; and t~is shortening occurs

by repetitive unidirectional pseudotransverse anticlinal divisions.

2. The shortened sister initials and t~cir mot~e~ cell derivatives

then elongate in the direction of their ~ong ~~is as neighborinG initials

decline or fail. In the process of elongating, the path of least resis­

tance is taken.

3. In spite of failure of many initials, the numerous parallel

oblique dividing walls which precede intrusive elongation act as an overal:

template "va gdde the elongation process such that recr-iente.tion occurs.

Anticlir21 divisions

Very lit::'le work has been done on the control of plane of division

when a cell divides. Harris (2-973) ~(11":_:ld in rad~ata pine (Pinus radiata D.

Don) thE.t it was impossible to distin;;uish be-: ',·,een a periclinal and an

anticlinal division in the early stages of ffiitosis. But by early metaphase,

a distinction ~su8.11y could be made; chromosomes were observed to either

come into lil;e with the longitudinal axis of the cell (prior to anticlinal

division), or to lie at right angles to the cell (prior to periclinal

divisic~. From his study, Harris concluded that it is the skewing of th~'

poles of the mitotic spindle in the cytoplasm, and the formation of the

cell plate between tbose 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 e~d

Hepler (1914). who studied the control of the plane of division during

sto~atal diffe~entiation in Allium. Their observations revealed that the

final plane of division is not determined by the orientation of the spindle,

but rather is established during late ~naphase-telophase as a result of

directed reorientation movements of the ),!hTag::-:oplast and associc.ted

daughter nuclei. ~ovement of the phragmoplast was found to be highly

directio~al and to never overshoot the correct alignment. At the ultra­

structural level, Palevi~z and Hepler (1974) found the position of the

preprophase bana of microtubules. encircling the nucleus, to always be

oriented in the ScJ::e plac:c as the final orientat~.on of the cell I,late.

Thus it was their conclu~ion t~at it is the preprophase band, aTId not the

spindle, which correlates with cell plate orieD~ation. It is therefore

believed that cells exert a more complex aCGive role in cell plate orien­

tation than simply relying on physical factors.

Two types of anticlinal divisions occur in the cru~bium of conifers:

1. Pseudo~:ransverse (or "oblique", or "multiplicativel') di':isions,

by whic~ multiplication of fusiform initials occurs or new rays are formed

(Bannan 1953, 1951, Hejnowicz 1961).

2. Divisions off the side, which usually also give rise to rays

(Bannan 1953. 1957, Hejnowicz 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 pseudQtransverse anticlinal d::vision

may be short and almost transverse, or it may be as much as one-:lalf the

length of the dividing cell (Bannan 1965~, Hejnowicz 1961). Hejnowicz (1961)

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

when they first occur in initials. Bann:c.n (1965a) has reported on many
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thousands of measurements 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 cambitml is made up of a single "tier"

(or sheath) of initials, a single tier of phloem mother cells tovard the

outside of the initiating layer, and one to several tiers of xylem

mother ce:ls on the inside. Hejnowicz (1961, p. 739) states that the

fusiform initials are in the middle of the cambial zone. Both of these

investiga~ors 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 ce:ls, especially on the xylemward side. The frequency of these

extra-iLitial divisions tends to rise with the growth rate (Bannan 1950,

1957, 1967, 1968a). Latel"al anticlinal divisiuIls, which :yleld segments

off the side, are infrequent and seem generally to involve only the

fusifor:::, initib.ls.

Fewer than 2% of the pseuQotransverse divisions W2re found to be

temporary by Bannan (1957) and to involve xylem mother cells rather than

initials. ~he prilliary criteria used by Bannan was the observation that

the pseudotransverse partition appeared in a variable n~ber of successive

cells aLd 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 iQ an initial.

Bannan (1957, p. 883) states: "Despite the fact that the effects

of factors such as pressure which influence the frequency of anticlinal

division in the cambium must be felt throughout the entire zone of gro~~h,

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

pseudotransverse anticlinal divisions of fusiform initials do result

in acco~odation 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 anticlinal division is thought to be related to cell

length and extent of ray contacts (Bannan and Bayly 1956).

Bannan (1950, 1957, 1967, 1968a) has sho~~ considerable evidence for

the general aestival occurrence of anticlinal divisions withi~ 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 initia~ing layer was also

found to increase. Nevertheless, even under conditions of rapid growth,

the proportion of anticlinal divisions occurring in xylem mother cells

is relatively low (Bannan 1957).

Intrusive gro'Jt:: a~d fa~~ure of f~sifo~~ initia's

Bannan (1968b) reported both the continuation of the initial function

after mu~tiplicative division and the subseQuent cell elongation to be

under polar inf:uence. He found some species, such as PiDus st~obus L.,

to show a predominant tendency ~o elongate upwards after multirlicative

division. Other species show a downward tendency. However, within a tree,

at different heigr-ts and at different cardinal directions, ac~opetal or

basipetal elongation may predominate. ~nd 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 ~nfluence. In both Pinus s~rct~s L. and Pir.~s

contorta Dougl., Bannan (1968b) found that the upper sister series was

more prone to survive than the lower, in a ratio of approximately 5:4,

following oblique anticlinal division.

Bannan (196co) notes that there is a correlation ::e~e between

cell survival and direction (basipetal vs .. acropetal) of cell elongation:

trIn Pincceae the upper of the two sister fusiform initials for=ed in

pseudotransverse division is more apt to be the forerunner of a contin­

uing cell series than the lower sister, and throughout the cambium

acropetal cell elongation surpasses basipetal growth," Bannan considers

that certain substances concerned with viability and gro~~h are ~~equally

distributed throughout fusiform initials, with greater concentrations

occurring either toward the upper or the lower cell tips. However, there

is no direct supporting evidence for this latter statemen~.

Bannan and Bayly (1956) also found that the longest fusifo~ initials

were most prone to survive and repeat the cycle of elongation and mul~i­

plicaticn by pseudotransverse division. In contrast, short fusiform initials

were found to decline, passing off into maturation or undergoi~g further

divisions to become ray initials.

The rate of failure of initials tends to increase with increasing

frequency of anticlinal division. Bannan (1956) and Hejnowicz (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 gradually decreasill& rate of growth

as initial length increases. Hejnowicz (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 ob1i~ue antic~inal division unless there is also

concomitant failure of neighboring cells. However, the age of the stem

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

in older st~~s, intrusive growth is concentrated at sites of failure of

other initials, whereas in young stems the intrusive growth of initials is

relatively strong 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 Eechanism probably

operates in cell survival, i.e. the longest startir.S 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 elenents.

Bannan &c.d Bayly (19)6) believe tnat rays are tne ?~urce of substances,

e.g. carbohydrates, which are reQuired for the sustenance, growth, and

division of fusiform initials. T~ey be~ieve that food from rays is

specifically involved in processes suc~ as wal~ construction and maintenance

of turgor press':,,:,.

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

motive for eli~ination of fusiform initials." His results indicate that

failure p~ays a part in accelerating the rate of intrusive growth and

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

of the fusiform initials 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

tangential width (~n1alley 1950, ~annan and Bayly 1956, Hejnowicz 1961),

accompanici by pseudotransverse divisions to the first or f~ther orders.

Hejnowicz (1961) reported that shorter pseudotrahsverse anticlinal

divisions Here f01.1.."d to occur in groups of fusiform initials underboir:g

elimination, whereas lOLger pseudotransverse anticlinal divisions were

found to occur in single initials which would, presumably, survive and

repeat the cycle. Bannan (1951) nas speculated that failing cells are

stimulated to divide because of an altered physiological condition.

Reorientation of the cambium

It is notewortny that in 1961, Hejnowicz made the following statement

(p. 746) based up~n a serial transverse sectional study of the vascular

cambium of a species of Larix;

The following hypotheses have been advanced: 1) the
one-directional cnax'acter of pseudotransverse a.~Vls~ons

is an important factor of the mechanism controlling
the formation o~ the spiral arrangement of cambium
cells and thus also of the spiral grain in WOOd; and
2) the rate of the structural transforme.tions of the
cambium, e.g. the rate at which the spira_ 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 Hejnowicz (1964) resulted in the introduction of the

term lIdomain ll iLto the vascular cambium literature. This term was used

to designate a region of the cambiQm where anticlinal divisions, but not

necesscrily cambia2- initials (Hejnm.Jicz 1971), .rere 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 donaiG

size (areal extent) have not been defined, but the inplication from the

literature is that they are macroscopic reg~ons (Bannan 1966, hejnowic~

1964. 1971).
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In 1966, Bannan s~arized existing knowlenge on spiral grain for-

mation in conifers, as well as reporting on his own research. 3annan

(1966) fOQ.d there to be a general conformity in the orientation of the

partitions in the pseudotransverse division of f~siform initials throU6~out

"sectors" (inferred to mean "domains" of Hejnolicz, 19Efr) 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 reversals, again in

terms of radial accretion, was related to the frequen~y of anticlinal

division. These reversals, if balanced, kept the cambium oriented

axially, and thus the grain also Nas axially oriented. If one direction

of orientation of anticlinal divisions predominated over the ot~er,

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

oblique anticlinal divisions and the direction of ce~l elongation must

be under a general polar contro~) and wen~ o~ to state the following

(p. 1531):

It may be deduced that the anticipated positive
effect of high rates of pseudotra~sverse division
on spirality is partially offset by the associated
increase in cambial cell loss. As noted earlier,
many of the cell configurations initiated in pseudo­
transverse division are not naintained. This applies
particularly to the overlap between newly formed
sister initials. On the ot~er ha~d, the hei0htened
rate of addi~ion o~ new initials ~~~ loss of others,
which accoill_any high rates of multiplicative division,
result in more nQ~erous rearrangements between lineal
series 1-lhIch ha'le no recent faJuilial relationship. In
these rearrangements the nev positions of cell tips
tend to conform to the orientation of pseudotransverse
divisions in the saoe sector. Thus counteracting circum­
stances are operatin6 with reference to the effect on
cell alignment. The net result of 1 igh 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 accompany 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 gain of initials were to
develop in a cambial sector, with aggravation of
space competition, then under such circumstances a
general deflection from the vertical. might occur.

FroE the above statements, it is clear that Bannan (1966) did

13.

not agree with the second part of the h~~othesis of Hejnowicz (1961) as

quoted previously (page 11 herein).

Bannan (1966) noted occasions where the rate of unidirectional

anticlinal division did not ~atch the d~flection in grain. Bannan

(1966, p. 1535) therefore stated:

Not only is there often a lack of agreement between
the rate of ~~ticli~al division and alteration in
slope of grain, but sometimes the orientation of
division a~i alteration in spirality are not in
accord. Such seeDing incongruities lead one to
believe that the role of mul~iplicative division a~d

su~sequent cell elongation in the development of
spiral grain, as proposed by various authors durir.g
the past several decades, has been oversiffiplified.
Spiral grain does 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 wovld doubtless induce tr.e
formation of a s:anted alig~ent of vascular elements.
A substantial net gain of fusiforo initials in
cam~ial sectors, with conseQuent intensification of
spatial competition, ~~ght incre~se the deflection
fro~ the vertical. The deflection in such cases would
presllmablJ' be in the direction of orientation of
the partjtion in pEeudotransverse division and
resulting cell overlap. Howeyer, e.ctir.g aga.inst the
development of an excessive spirality are periodic
revers~ls iu the orientation vf anticlinal division.
Another check is provided by the extensive cam~ial

cell loss which is an acconpaniment of circumferential
expansion. Because of this loss, the cell configur­
ations, including cell overlaps, which are instituted
in anticlinal division, are not necessarily maintained.
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Polarity appears to be an importa~t element in cell
alignment, having influence on both the orientation
of pseudotransverse division and the direction of
growth of the cell tips. In most trees a uelic~te

balance apparently exists be~ween events favoring 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 ir.o~erative over a major part of the caffibiQ~.

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 ootained by inducing spiral grain formation in radiata pine.

The method used by Harris had been used by nUflerous other researchers

(BUsgen and MUnch 1929, Collins 1930, Kirschner et al. 1971, Fahn 1973,

MacDaniels and Curtis 1930, Tupper-Carey 1930, Teodoresco and Popesco 1915).

Harris removed narrow spiral, or helical, strips of bark and cambium from

stem internodes of young radiata pine ~Yees, thereby forcing a spiralling

downward movement of photosynthetic products through the phloem tissue.

ThE: trees were then l~ft to grow for 8 months witnout fLlr-cher <iisturbance

other than the occasional removal of callus tissue to prevent t~e grooveE

from closing. After 8 ::.:::mths, the bark and ca..::.bium between the grooves

was peeled away; and it was observed that the grain, or xylem, 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 i~ a very short ti~e.

A microscopic exa..rnination of tanger..tial sections of this xylem left

Harris (1967, 1969) unconvinced that spiral gruin results from unidirectional

pseudotrar.sverse anticlinal divisions followed by oriented overlap of tlle tips

during intrusive elonga~ion. Harris reported the occurrence of a nearly

1:1 ratio of divisions slanted to left and slanted to right. (However,

Harris (1973, p. 375) states that these results were li~ely incorrect since

the ratio of left to right antic:inal divisions ~as determined from a
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wider radial reg~on than that in which the reorientation occurred).

Harris (1967, 1969) concluded that pseudotransverse divis~ons were of

secondary i~portance in cambial reorientation, and that they may contribute

at most only to the overall pattern of spiral grain for~ation. The

magnitude of grain-angle change, and the small concommitant anatowQcal

changes which Harris Observed, led him to state that the cambial layer

as a whole must be capable of "radical plastic deforrr.ation."

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 materia~ (apparently

naturally produced) from Pinus silves~ris L. trees. One of his samples

changed from the axial orientation to more than 500 slanted upward to the

left in a radial distance of approxinately 3 millimeters (this specimen also

changed from zero to 250 during the prod~2tion of 1 millimeter of xylem).

A second sample of Scotch pine changed approximately 20°, to be slanted

upward to the right, in approximately 3 millimeters of radial distance.

Hejnowicz (1968) has sho~~ clearly that immediately preceding and during

the change in grain angle, the pseudotransverse anticlinal divisions show

a large increase i~ 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 '\-rere:
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. Tl e narrow rays rotated as well keeping relative
positions, however;. during more abrupt changes of grain
or between more uistant sections they were split by
intrusively growing tips of fusiform initials, or were
joined together.

Hejnowicz (1968, p. 354) continues:

The alteration rate was not.linearly proportional to the
rate of unidirectional divisions, but increased faster
than the latter. Apparently t~e effect of unidi~ectional

division was augmented by intrusive elongation and cell ~oss.

O 356 '"'· (l_9c"'S)n pa.ge ,:.eJr:.OIncz _ states:

The rate of elongation varied widely from cell to cell
during the formation of a thin layer of wood. 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 fail·~'e

of fusiform iGitials:

Usually the failure of fusiform initial started with a short­
ening of the initial from one or from both ends. It was oeserved
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 rom 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 possible a
considerable rebuilding of this tissue.. 0 wonder that the
grain could then char.ge 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 SaKe ~ime no

change was noticea leo His studies of serial tangential sections of the

xylem showed the anatomical basis for the changing of cell orie~~2tj_o~

to involve three processes:

Savidge
Typewritten Text
H



1. Oblique anticlinal divisions in fusifor::l initials;

2. Overlapping of op?osi~ely directed tips of initials) larpir:.g

of the tips over the rays) and splitting of the rays, all by intrusive

growth of initial tips; and

3. EliminatioE of certain initials from the canbium following

divisions, with iLtrusive growth of persisting initials.

An important finding of Hejnowicz (1971) p. 509) ~as stated as

follows:

The similarity of the domain pattern and the pattern of
areas of reorientation indicates a causal relationship
between the two patterns. However, tbe domain pattern
is known to occur also in cambium ',.,rhich 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 also but the cambium did not reorient
its cells,

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

oriented) regions, Rejno~ricz (1971) exa=ined freQuency of anticlinal

divisions, rates of intrusive ~rowth, and the mean lengths of fusiform

cells. The wa'7 cambium vas found to aiffer from the nearby neutral

cambium in having ~ower mean length of fusiform initials and in showin;

both a high frequency of anticlinal divisions and a high rate of intr'~s-

ive growth. But though in previous publications (1961, 1968)

Hejnowicz has emphasized the role that failure plays in intrusive elon-

gation a:::l reor:' e:::-.aticCl, he rer:orts nothing on the failure rate between

the wary 3.nd neu-':;rcJ C2.T:_~~=_a. It is ic.ferred that his findings of high

freg,uer.;;y of an'c,ic':'i.ll::l.:'" divisic:.s and high rates of intrusive growth

i~ply tt::.t tIle fa:i:"'UYe ra.·~e ,,<..s also high.

Harris (1973) has reporteu. on a second spiral-girdling investigation

into young radiata pine. This investigation was similar to his previous

studies (Harris 1967, 1969) except that trees were sampled thrc~', six

and nine weeks after girdling, and finally toward the end of tLe gro'"ir:.g
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season. Following these periodic harvests, the cambium was exa~ined

under the light and electron microscopes; and serial tangential sectio~s

of xylem were prepared to examine the directions and frequency of

pseudotransverse anticlinal divisions.

Three wee~s after girdling, Harris (1913) found that the grain had

changed from 50 upward to the left to 40 upward to the right (girdle

orientation was 35
0

upward to the right) in xyle~ adjacent to the upper

edge of the girdle. Six weeks after girdling, the grain angle in the

o
region immediately above the girdle was 18 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 immcd-

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.e. on the si~e ~! the ~i~2 phlocm-caw~i~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 pseudotr.anQverse divisions and most of the elec~ron

microscopy were concentrated on tissue taken frc~ this time of harvesting.

It is not clear how he determined this period to be the time when the

grain angle was changing most rapidly.

Harris noted that the fusiform initials cb~nged their orientation

more quickly than the rays; fusiform rays lagging behin1 biseriate and

uniseriate rays in rate of reorientation. Harris (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 evider-ce that fusiform initials are the dynamic
component of reorientating cambium, and that they have
to overcome considerable inertia on the pac~ of the larger
groups of ray initials. . .. the complexities of cell
shape and orientation made it difficult ~o assess rate
of realignment visually or to obtain clear evidence as
to how it came about.

Harris '(1973) found that, particularly 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 theYcfore stated

(p. 370):

During the most active period of reorientat~on a picture is
built up of a cell with distinctly sigmoid 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 ccmpleted and the fusiform initials lie parallel
to the girdle, this distinction is lost.

Harris (1973, p. 374) concluded:

Reorientation is, therefore, envisaged as occurring through
differential grow~h of the cell tips of fusiform initials,
with partial adjust~ents of the cell axis after each periclinal
division.

Although Harris (1973) found that pseuQotranS'ferse divisio~s favoYing

the new orientation predominateu over ~hose whic~ did not in a ratio of

4:1, and that anticlinal divisions occ~rred 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 fo~ a change in

grain angle of no more than 0.20 per millimeter of radial gro~~h. (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 100 per millimeter

of radial growth of ~rlen. As a result, Harris (1973) believes that,

though the orientation of pseudotransverse divisions must be in favor

of a developir~ spirality, they are symptomatic of stYesses arising

~ithin the cell during cifferential groh~h of the cell tips, rather
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than being a primary c&~se of rea~ibnment.

Although numerous rese&rchers have effi9loyed the techniQue of st~iying

serial tangential sections of xylary ele~ents to deduce cambial activity

in spiral grain form~tion, none of them has presented a diagrammatic

series of successive xylary el~ents within the same radial file to

show the reorientation process as they see it Q~der the microscope.

The ",·ound resuonse

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

that wounding during spiral gir~~ng had ~pon t~e reorientation of cam~ial

initials. His control .T"'-5 um.Ol:Ilded carr.-oial tissue.

Wilson (1968) investigated the effect of ring girdling on cambial

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

investigated were closer than 2 centimeters to the wound edge. Nine trees

were sampled throughout an extended period; a~d tbe effects Df girdling

at different tL~es of the season were found to be essentially the same.

At 2 centi~eters above girdles, cell length was found to decrease to

about half the original length by pseudotransverse and lateral divisions.

At 2 centimeters below t~e girdle, cell length remained fairly constant

(cell division and cell enlarge~ent stopped witbin a few weeks). Number

of cells· within ~he ca~bial zone, across a radial file, remained nearly

constant both 2 centi~eters above and below the girdle. However, the rate

of mitosis increase~ s~~ply 2 centimeters above the girdle and stopped

entirely 2 cent~eters below the girdle. In the phloem produced after

girdling, the tannin-filled parenchyma that no~ally form bands were

found to be scattered trxcuGhout the tissue.

Very little furt~er detailed anato~cal i~fc~ati~n on the response

of conifers to wO'..aldir.g appears to be in the rece:.t Iiterat~e. Bannan

(1933, 1934) reported t~o studies on wounding in Tsuga, a genus which
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nOl'~:;al1y does not form resin canals (Panshi_n and de Zceuw, 1970).

Bannan (1933) states that the tissue in the i:~~ediate vicinity of ~he

wound in Tsuga ca~adensis (~.) Carr was abnoYnally hypertrophiea. Further

above and below the wound, the response to woundi~g was seen as a tangen-

tial sheet of parenchymatcus tissue within which were traumatic resin

l1 C;ysts" (or tra'LllJ':atic res:'n l1canalsll of Panshin and de Zeeml, 1970).

In a further study on the s&~e species, Bannan (1934) found that

few cysts formed if wounding was done in April or May, and that the

greates~ response occurred when wounding to ste~s was done in June and
r

August. Wounding in August was also found to sti~~llate the cambium to

fur~her activity, whereas in unwounded tissue the cambium had ceased

activity at that time.

nannan (1957) states that vertical resin d~cts (or canals) apparently

origj~ate among the pericli:lally-dividing xylem mother cells. This was

deGuc~d by 3annan from his observation that some of the cross walls in the

" scp":ate tracheids ensheath::ng the ducts" (p. 878) were a~ the same level

in successive elements, who~eas other cross walls were at different levels

in successive elements.

In concl~ding this In~roiuction, it is emphasized that neither of past

investigations on natural or induced spiral-grain formation has clearly

elucidated the cambial reorientation process. Although the techni~ue

of spiral girdl:ng Eakes possible a rapid and controllable approach to the

study of the Eechanism of ca::;bial reorientation in conifers, the use of t"his

techn:_que to date has resuJ_ted in nothing more than controversial findings

when contrasted with other studies of the mectanism of cambial cell

realigr~ent in natural spiral-grain formation. ~he results of the

investigations reported on herein provide further insight into the

reorientation process.



22

METHODS AND 1.....TERIP.LS

Investigation 1 -- Pinus strobus L.

A 9-year-old, 12-foot-high, vigorously growing and regularly

watered ana ferti~ized white pine tree was selectea for spi~al girdli"g

on April 26, 1915. The location of the tree was at the Glendcn Hall

Research 2iursery of the Faculty of Forestr-y, University of Toronto,

within Hetropo~itan Toronto. This tree is refe~red to as white pine

number one, or tree Y~-l.

Tree WP-l was spirally girdled as shown in Figure 1 on Apr~l 26.

All the bridges crossing the girdles on tree iVP-l are:er!lled H spiral

bridges." The upper spiral bridge, in the third internode frow. "<.:he apex,

is termed LI'W-l. Two shorter spi~al bridges w~re establishea in the

fourth i~ternode from the apex at the s~e height in the stem, i.e. 1800

to one another; these ~wo spiral bridges are referred to as L~~-lA a~Q

L;';P-lB. Only Ul?-lB, 0.1 tIlese two, will be repol''.;eu on hereiL.

No further treatment was given tree WP-l throughc~t the growing

season followin6 the spiral girdling. Meas~e~ents were made of the

dimensions of tje bridges at the time of girdling.

On Sept~cer 29. 1915, the three spiral bridges of tree vW-l were

remeasured for diwensional changes. Following this, the two internodes

containing the bridges were removed from the tree with a handsaw. The

upper ends of these internodes were labelled with indelible pe~cil, and

the tissues were imoediately fixed in FAA (10% formalin, 50% etl:aQol,

5% acetic acid, 35% water).

Following two weeks fixation in FAA, the fourth internode, contai~~Lg

spiral bridges LHP-lA and Lv~-lB, was split into median longitudi~al

hal~es, thus separating the two bridges, and these labelled appropriately.
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A small bandsaw was used to subdivide each of the three spiral bridges

into pieces suitable for micro~o~ing. 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 microtominb were

put through a dehydration and in:iltration procedure following the schedule

set out in ~able 1, and then were embedded into high-purity paraffin

(parapla~~). Afte= embedding, softening of the tissues was done with

Mollife~ for a minimum period of two weeks.

Sectioning was done on a rotary microtome using steel knives. ~1aterial

designed to show radial or transverse faces was sectiop.ed witnout regard

to order; but ~aterial designed to show tangential faces was serially

sectionec. A section thickness of 20 micrometers was used for all

sections, for all investigations.

Sectioned material was transferred to a few drops 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 li~uid and placed in racks to dry.

As an added preca~tion, to ensure that the correct se~uence 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 0 and fast green FCF. following the schedule of Table 2. Stained

sections were i~Lediately mounted, using Permount®, to wake permanent

slides. The mOULting procedure ~nvolved slicing across the thread on
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TABLE 1

DEHT.cRATION f\..i'ID INFILTRl\TIO 1 SClL2DULE PRECEDING PPRlI.FFIN 1BEDDING

1.

2.

3.

4.

6.

7.

8.

9.

SOLUTION

30% water and 50% absolute e~hanol

and 20% tert-butyl alcohol

15% water and 50% et~anol (aosolute)
and 35% tert-butyl alcohol

45% absolute ethanol and 55% tert-butyl alcohol

25% absolute ethanol and 75% tert-butyl alcohol

100% tert-butyl alcofiol

50% tert-butyl alcohol and 50% paraffin oil

12.5% tert-butyl alcohol and 12.5% paraffin oil
and 75% parowax (60°C)

100% parowax (60°C)

100% embedding paraffin (60°C)

TIME (hours)

12

1

1

1

1

1

24

24, 24*

* Replicate times



TABLE 2

SAFRANIN 0 - FAST GREEN FCF STAINING SCHEDULE

SOLUTION

1. Xylene

2. 50% ethanol and 50% xylene

3. Ethanol (absolute)

4. 85% ethanol and 15% water

5. Safranin (1%) and 70% ethanol

6. 85% ethanol and 15% water

7. 85% ethanol and l5% water

8. 0.5% fast green and 95% ethanol

9. Ethanol (a-bsolute)

10. Ethanol (absolute)

11. 50% ethanol and 50% xylene

12. Xylene

Ready to mount

TIME

5 min.

S min.

5 min.

5 min.

1 h.

dip

dip

5 sec.

dip

dip

5 min.

5 min.
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the sHde IOith an industrial razor blade. pul1.ing \-he cut thread .nlllJ \liti,

the aid o~ a teasing needle, applying a couple drops of mounting ~I!di~,

.talloved by the coverslip. Mounted slides vere allowed to dry for a fev

days under lampli"ht. and then lIerC ready for_RJcroscopic e~~natlon.

Investi~ation 2 -- Ring-BirdIed Pinus strobus L.

On June 20, 1975. 1-yeu-old, 8-foot-tall, vigorously gro',"1,,& ".Ild

regularly watered and fertilized "hite pine tre!! "hieh lisa grew1rog at the

same Toronto site as that described in Invl!s~lga~ion 1 lias ring girdled in

the third internode from the apex, as shown in Figure 4. NothlnE further

was done to the tree until it lias harvested and fixed ie FAA on October

5. 1975·

Transverse sections wer!! prepared frc~ a region 1 to 2 em ..bovl! th~

girdle's upp~r ~dge, ~5 ~hcwn in Figure~" Pr~yaration of the 6ectionB wes

done t:y :-Jr. A, Mo"..e,jer (FOR 351, Tree Ph)"siolcgy Report. April 1976; Facul'ty

of Forestry, Unheuity of To,"or:.to) 1>l1~ W>L~ illentioal to thet descl-ibed jn

Investigation 1.

Investigation 3 -- Pinus contort" DOugl"

The author spent the a=er of 1976 at Qu<>snel, B>-iUsh Colu::lbia, and

did work on another species of Pi~us &t that loc&tio~_ On July 8, 1916. at

II. location ~ =iles,~Juthwest_of the town of Quesnel, 18 open-growing, vlgorouB,

nBturally-re~en~~~~~clo{~epo:e pine saplings, ranging In age bet~een lO to

20 years &Ilu in ~deht 'beh""c>: ~ to 1 ",eters, "er.. girdled as shovn in

FiGures 5, 6 ...~d 1_ ~ne elevation of the site ,,&s Bppro~I~&tely 160 ~eters

above SC1 level; soil \/"S ~oict clay overlying approxicately 200 feet or

glacial tilL

Severteen of the ~odgepole pin~ trees w~re girdl~d in t.o in~ernoC~s_

The uppt',~ intar:lJl" in every C,,"Be was G1"<<:>" a ~5° di&;:;o~:l.:i. 'l".rid(:c trc.versing

tbe c1rd~e from lo-.'er 1.~H to '-'l::;:er ri5l.t. III the next lower internO<'.~.



\1 I I
I

, 1 I ,

I ,

I I I
. { I

I \ I I
I

LIVE
TOP

1CM ~-.--r-o'

T
5.6
CM

l

3rd
INTERNODE
8~LOW

APICAL BUD

RING
GIRDLE.

30

LIVE·
BRANCHES

BELOW

LOCATIO N OF TRANSVERSE
SEC TION S (X) EXAMIN EJ IN

Rl NG -GI RDLED WH ITE PINE

Figure 4.



3l

TREE
ChOW,

,
,i " I I I '

/" -+--XYLE~1
a...-.........! '" I' '- 1" I

/',' I 1
"f-..~ ..

I
Diaaram (Xl) of tyoical lodgeoole ui~e iagonal
rid~e, sh~wln~ ectl1Rl size and locqtio~ of
sq~ples tq~e~ froM th~ br10~e for ~lcr0sc pic
pxqninqtion. X=tra~svp.rse sect10rs; T=seri~l

tqr~~~tlQl sectt,rsi R=r~rllnl spctions.
"', "r, q.,n c reDresp~t locq tio~s 'Jf Series 5 ,
2, 8.!10 3, resnectlvely (thpse Series I'uc in
thp A~pendix ~f this Thesis), of q cringe
harvested 50 Qays fJllowln~ ~irdlin~.

F'i ure 5.



32

VE:~TICATLY BRIDGED LODGEPOLE ~I\JE CI:=1.rL':::

TREE
CROW;'

_--+'-+ VEh'rrCAl BhIDGE

0.== Location of
Series 4

t I

II

J
I I

I

I I
-t XYLEi"i

I I

I I

D
I I I

1
I

I,
I

1
I

I
I T

I II

f
I Ix

11 I

Diap::rarr, (Xl) of tYDlc~ll long:eDole nine
vprtic'll brinp:e, showi:la; "'lctu.al size
ancl IOcA_tion of samlJlps tal,{en from the
hrlrlge for tr~nsverse (X) and serial
tange~tial (T) ~icroscopic examination.
Series 4 WRS tracorl throuqh a tan entiAl
series of A. 1-rirlq:p harvesten 38 (lavs
followln~ ~irdli~~.

Fl..;ure 6

Savidge
Typewritten Text
R

Savidge
Typewritten Text

Savidge
Typewritten Text
L

Savidge
Typewritten Text
p

Savidge
Typewritten Text
a

Savidge
Typewritten Text
d

Savidge
Typewritten Text
p

Savidge
Typewritten Text
p

Savidge
Typewritten Text
e

Savidge
Typewritten Text

Savidge
Typewritten Text
a

Savidge
Typewritten Text
d

Savidge
Typewritten Text
a

Savidge
Typewritten Text
k

Savidge
Typewritten Text
ed

Savidge
Typewritten Text
b



33

an axially oriented {i.e. vertical} bridge ~~ established as II control for

thl< vOlle,d response (Fig. 7). The ell;!'lt.ee:.';,!> tree \/&8 only die..::;ona.lly girdled;

.Le. no vertical bridge "as ellt&blishecl io the neX'!; lower internode.

(Prevlo\ls studies on spirally-girdled "hite pine by the aut.J,or ha.d indi­

cated that the reorientation process in the camblun V&S complete ..ft"r three

\leeks; but..$ome doubt recained as to the cx~t t1 .." :c~\lired for reorien­

tation to Occur. As vell, the \lhite-pi~e study point.ed out the need to sep­

arate the \lnund response from the reorientation response (Savic~e 1976-­

unpublished data). Thus it was decided to do .. time study of the reorien_

tation p:oees8 vlth controls for the \lo~.d response.)

At the tl~e of girdline. the c~bial zone of all trees was still no~st,

but reain aecretion in response to the ~ounding waS very slight. The girdlir.~

o~ all 18 trees \las cOl:lpleted in t\l'" hours' ti",e. Nothing further '-'as c!.one

except to harvest the trees.

The first tree ,-,as barvested after 2 d~s, using a handsa\l. The giraled

diagonal bridge and the vertical bridge \lere appropriately labelled \lith indel­

ible penci: On the upper cut sU1·fe~e end tben i~diBtely ~ersen in FAA.

Tbe sarne technique \las used to harvest the br~dges of all successive t'ees.

Harvesting and fiXing dates are set out in Tsble 4 (p. 35).

Tables 3 and h set out the characteristics o~ the girdled lodgepole pine

trees, including (Table 3) the n~ber of days \lhich passed hetveen girdling

and barvestir~ of tbe gi,dled ir.terncdcs, the pozition and see of tbe

internOdes, tbe lcn.;th and "in;;h of thc "rld~es, and (Table h) the di&:leter

of the i~ternodes (insine bark) &fter «!rdlltil, the averaee nl.,,~er of trachelds

forced the summer previous to girdling (i.e. during 1915), the aversee nueber

of cella Co~d during 1916 up to the ti~ of girdling, and the date and ti",e

of harvesting and fiXing.

Cell counts per radial file, 8S aho~ in Table 4 (see allO Table 6, p. 52)

represent means of 10 selected files. Dashed aress represent ",nterial on



CHP~ACTERISTICS OF THE GIRDLED LODGEPOLE PINE TREES

No. of
Days Number of Internodes Age of Bridge Inter- Length of Bridges Width of Bridges
Between From Top node (cm) (em)
Girdling

45° Diagonal Vertical 45° Diagonal Vertical 45° Diagonal 45° Diagonal Verticalund Vertical
Harvesting Bridge Bridge Bridge Bridge Bridge Bridge Bridge Bridge

2 , 8 7 8 6.0 4.'7 1.9 1.9
4 6 7 6 7 8.5 4.2 2.0 1.8
6 5 6 5 6 8.0 6., 2.0 2.1
8 6 '7 6 '7 9·0 6.0 2.0 2.1

10 5' 6 5 6 8.5 4.5 2.2 2.2
12 4 5 4 5 6.5 5.8 1.9 1.8
ILl 3 4 3 4 6.0 4.5 2.1 1.9 8
16 4 5 4 5 7·5 5·0 2.3 2.0 ~

["
18 3 4 3 4 8.0 4.0 2.2 1.8 t-'

t"l~

20 4 5 4 5 9·0 8.0 2.1 2.1 w
22 3 4 3 4 7.0 5·0 2.3 2.0
24 4 5 4 5 8.0 4.5 2.3 2.3
26 4 5 4 5 8.0 5.0 2.0 2.1
28 3 4 3 4 11.0 4.5 2.5 2.0
30 3 4 3 4 7.0 5.0 2.0 2.0
32 3 11 3 4 7.0 5.0 2.0 2.4
38 4 5 4 5 7.0 4.0 2.3 2.3
50 8 8 13.0 2.0



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 ( em) in 1975 I\auial Files Fo~med Previous to Fixing (Date of
Girdling

45 0 Diagonal 450
Diagonal Vertical

Girdling Girulinc was July
and Vertical 45° Diagonal Vertical 8, 197G, from 4 to
Harvesting Bridge Bridge Bridge Bridge Bridge Bridge 6 p.m.)

2 5.0 5.8 J.17 122 July 10, 7:00 p.m.
4 5.0 5.6 179 165 July 12, 8:00 p.m.
6 4.5 4.8 125 120 July 14, 6:00 p.m.
8 6.2 6.7 158 July 16. 8:00 p.m.

10 7.2 '{.6 121 July 18, 7:00 p.m.
12 3.9 If.8 148 114 81 July 20, 7:00 p.m.
14 3.6 4.2 111 134 67 80 July 22, 7:00 p.m.

81G 4.7 5.6 171 138 133 July ~4, 7:00 p.m. 5;
18 3.1 3·9 18)1 148 104 123 July ?6, 9:00 p.m. ~
20 4.2 5.5 183 221 July 28, 7:00 p.m.

.to-
22 4.0 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 5.7 127 100 98 Aug. 3, 8:00 p.m.
28 3.2 3.9 166 141 103 91 Aug. 5, 7:00 p.m.
30 ::L 3 3.9 200 178 130 122 Aue· 7, 6:00 p.m.
32 3.2 3.8 189 175 99 117 Aug. 9, 6:00 p.m.
38 4.1 5.3 175 106 123 Aug. 15, 6:00 p.m.
50 8.3 184 170 Aug. 29, 7:00 p.m.

w
V1



~hich coac.t~ could not be ..ade. In the case of ~ab1e 4, some enunts ~er~

not possi~le be~~~se the 1914-75 urowth bo~ndary ~as ~ot present in the

trMsversc section. In Table 6, the ~ound zone (se", Res\1.Z.ts, p, ~2)

could not be recogniz<!d until 12 days art",r girdling; therefore the ~amber

of traehelds for~ed after girdlinR during the first 10 days could not be

eBtablishe~, Values ~hich are ~issing in Table 4, i.a. tbe average n~ber

of cells fo~d previous to girdling, represen~ the same thing, since these

valuea vere deter~ned by counting up to the beginning of the vound zone,

It ~ill be noted from Tables 3 and 4 that a tree ~as harvested every

second day until 32 days had elapsed and 16 of each of diagonal and vertical

bridges had been ha:vcstcd. Ouriot these first 32 days, hand sections ~ere

prepared a.~d uB::l~ncd ... ith the ::licrosco"e in the field. After 32 days, nO

evidencc for rec::-iem. ..tion eouJ.d be fOWld. Thel'C:'Ore thc till'C of the e;:per­

l~ent ~as extended by harvesting the 17t~ trec On the 38th day after gi::-dling,

and the 18th tree on the 50th day after girdling.

All harvested ~ateria1 recained in :AA until September 1976. S~r:cs

from each bridge ~ere then prepared for microscopic exarnin~tion. The

identical tlicrotecbniQue ~&S el:ljlloyed as h::s bee" described for Investigation 1.

Transverse, radial, and serial tangential sections vere prepared froc

the diagonal bridges. Only transverse and serial tangential lectionl ~ere

prepared rrom the vertical bridges (see Figures 5 and 6).

other 1'!ethoos e~~ ~:ateri"ls

Figure 52 is a trn~~verse section prepared as described in the micro_

techni<;.ue of Investigation 1 f"rom a spirally-girdled "telS of Ul!:>us ar:ericl1na L.

grovinb at the s~e si~c as the ~hite p~n~ of" InvestiGation 1, Fibure" 5~, 55

a>:d 56 are Icctio"" of" xylem pr~par8'd using the some mierotechni'lue f"ro;.: the

tree (natural spiral grain) shovn in Fig. 53.

Speciccns f"r~ the vh1te-pinc spiral bridges described in Investigation

1 hcrein, nr.d frO':: branch and stel:l spec1l::cns of naturally-formed



37

spiral-grained wood of Picea glauca (Moench.) Voss from the tree shovn

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 chacge in grain angle.

Preparation enta~led air drying, followed by coating with a thin

layer of gold transported to the xylem with argon gas (la-minute coating

time). Xylem was the o~y tissue examiLed.

Transverse surfaces were prepared by slicing them smooth with a

sharp razor blade before coating with gold. Slivers of reoriented

bridgewood xylerr were also partially sUbEerged in 10% and higher con-

centrations of peracetic acid solution ~or variable periods of time,

up to two wee~s. 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 coated and ex&~ined under

the scanning e::l.ectl'on microscope.

Radial surfaces were prepared simp:y by applying pressure with

a dull scalpel ~o a tra~sverse surface until t~e speci~en split along

natural radial planes of w~akness.. The 1:adial surfaees 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. Uo substantial evidence for this was found in any of the samples.

Photogre;p::s

Photographs of the nicros2opic Katerial ex~ined in these invest-

igations are shown in Figures 8 to 57. All photomicrographs shown were

taken using Kodak 35 mill Panetomic ~ black and white film. A yellow filter

was used on a Reichert Zeto® Research Light :.:~croscope. The same film

was used on the Model Sl'> S·1 "Super .fini-SEM'® sCEmnint; electron microscope.

Savidge
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Tracing radial files an~ deducing cambial activity

In Investig~~ions 1 and 3, the activity of the c~~bial zone during

the reorientation process was deduced using serial tangential sections

of xylem. These serial tangential sections were followed, sec~ion by

section, and the elements of interest traced onto paper with the aid of

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

image field in each case. Following co~~leticn 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 traced are shown in the

Appendix. In selectin[ each series, a xylary tracheid was selected in

a section of tissue which had been formed spatially and t~aporally

previous to girdling (i.e. bridge construction). All subsequent cells

of each series were then followed from one tangential section to the

next. C~it€ria goveY~ing the initial selection of a ~racheid ~or a

radial file study included the following:

1. Ease of identification, usually by the manner of association be­

tween tracheids and rays; and

2. continuity through all the serial tangential sections.

Lack of continuity of a file occurred frequently in regions of

longitudin~ tra~atic resin canals~ 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 serial tangential sections, more and more tracheids were encounte~ed

within a unit area. The single startinb tracheid, or tracheids, commonly

multiplied to result in numerous shor~e~ deriva~ive tracheids. That is,

the cambial cells producing the tracheids frequently multiplied by
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lateral or oblique anticlinal divisions; thus, the derivatives of all of

these cells had to be traced op-ce 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 canbial cell derivative as that wtich

had formed the original starting tracheidwere purely, but rigorously, of

an observational nature. For example, within a single radial file, true

transverse divisions were frequently fou~d 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. Trausverse walls between 2 tracheids were found to abruptly cease

in serial tangeLtial 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 ray contacts, and with the same, or similar, general cell

wall outline as tbat in the previous single trac~eid, and also with

similar neighboring cells as in the preVious tangential section, it would

be deduced that a single cell in the c~bial zone had divided anticlinally

to form two c~bial cells. This type of analysis was used for all series

traced.
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Although considerable ti=e was devoted to accurate tracing and

interpretation, adnittedly there was an element·of subjectivity associatea

with the tracings. This is true particularly in terms of ancestry

decisio~s for a radial file. However, it will be seen by careful

examination of t~e Series (Appendix) that the changes w~ich 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, re~nants 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 changes which had occurred from

one section to the next.

Two feaGures were used to determine the extent of grain angle

change from serial tangential section to sect~on:

1. Relative position of ray centers (~"c~~ from other investigators

and froID previous research to stay relatively ccnstant); and

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

reference line.

Angle measurements, shown in Table 5, on serial tangential sections

were rrade using an ocular protractor. The section edge was used as the axial

reference line for the measure~e~ts. Possi~le TIeasurements range from

zero to 3600 in the usual clockwise direction. Ray and tracheid angles

represent tip to tip measurements. Error involved with the measurereents

is esti~a~ed at ±2°.
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IESUL'l'S

Investigations land 2 -- S'Dirc.~ly-girdled and ring-,-sirdled P::'n:J.S strcc:ls L.

At the end of the sULmer, at time of harvesting, the spiral bridges

had thei~ ele~ents clearly oriented parallel to the direction of the

spiral brid;e fro~ one side of the bridge to the other. Those xylary

elements on the two cdGes 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 v~-l (Figures 1, 2 and 3) grew

rapidly and without any apparent infection or other problem. Callus

tissue quickly healed the wounds along ooth edges of each spirc.l brid6e.

At the time of harvestinb' the spiral bridges s~~wed s~bstantia~ly more

growth and more callus tissue formation on their lower sides, relative

to their upper sides. In the ~~Girdled internode tissue above the entrance

(" entrance ll refers to the downward mover::ent of photosynthetic :p"c"oducts

entering into the acropetal region of the bridge) to each bridge, there

was a localized swelling of increased xylem and phloea :orma~ion. This

localized swelling extended axially up the stem internode until the next

branch whorl was intersected, then ceased. In the internode tissue

below the exit of each bridge of tree WP-l, there was a lesser ridge of

increased growth which extended axially down the tree to the next lower

whorl of branches.

Like tree WP-l, the ring-girdled white pine tree (Figure 4) also showed

rapid growth above the girdle, but this growth occurred around the entire

periphery. There was no apparent infection. As expected, very little

growth" occurred below the ring girdle.

In microscopic ex&~inations of trar.sverse sections, the ti~e of

wounding (i.e. the location of the c~bial zone at that time) in the ring­

girdled white pine tree (Figure 4) was found to be clearly demarcated by

a zone of cells which were heavily lignified, but of narrow radial dimension~
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Followir..g forr.:a.tion of this "wound zone" (this ten:: will be maintained

throughout this re?ort), during the remainder of the season's growth,

numerous traumatic resin canals were di:~erentiated into the xylem

(Figure 8).

In contrast, microscopic examinations of transverse sections of

_xylem in tree ~~-l which had formed 2 cer-timeters 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 t~~t tree Wr-l 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

riug-gir~led tree ~a3 ac~ively p~od~cing vascular tiss~e a~ ~he tiwc it

was girdled.

Examination of transverse sections of spiral-:-bridge xylem s:1owed

the results observable in Figures 10-12. Within the spiral bridge, ~he

first-formed ray cells, and the ray cells initiated for a considerable

period of time thereafter, were found to be swollen and bulgir..g through

pits into tracheid lumens. Transverse end walls containing bordered pits

were fo~~d in tte first formed tr~cbeias of the spiral bridge, adjacent to

the 1974 latewood, and as far out into the earlywood as 20 tracheids from

the 1974 growth bo~~dary. These border-pitted end wal:s were not continuous

within radial files; and they were determined to certain~ denote xylem

mother cell di.visions, as opposed to divisions in fusiform initials.

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

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

transverse divisions were much less ab~~dant than in the spirally-girdled
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trees. Scanning electron microscopy permitted observation into tracheid

lumens and verified that the border-pitted transverse end walls seen in

the light microscope were in fact at different levels in adjacent ceJ~s

within the same radial file (Figure 10).

A second wound response which was common to both ring-girdled

and spirally-girdled trees was the presence of swollen and distorted

parenchyma cells of rays (Figures 8 and 11).

In the central part of the LWP-lB spiral bridge (Figure 3), reorie~tat-

ion of the xylem was seen to be a gradual process which was not yet

complete after approximately 90 tracheids had been cu~ off (Figure 1lA

~~a Series 1 in Appendix). Ir. contrast, near the edges of the bridge,

reorientation happened much more quickly. Approximately 25 tracheids were

cut off the un-',loUT":l.ea. spiral-bridge cambial zone of LH?-lB before si6.e

walls bec2~8 evident i1. transverse section (Figure 12). And in tracheids

derived from wound callus, on the edges of the ::.,~\TP-IB spiral bridge.

t~e first tracbe~ds to differentiate were oriented para:lel to the lon~

axis of the spiral bridge (Figures 12. 13 and 11;).

Transverse sections of UHP-l spiral bridge xylem (Figure 2-6x. and

Figure 9) showed a marked contras~ to transverse sections qf LWP-lB spiral
_01

",
bridge xylem (Figure 3-X. Figures 10, 11, 12 and 16; and cf. also Series

1 and Series 6 in Appendix). Reorientation in the ~W-1 spiral bridge

occl~re~ very quickly (after prod~ction of approximately 20 tracheids),

'wh~reas in ~~?-lB spiral bridge xylem reorienta~ion took much longer.

The U1,?-1 spiral bridge xyleE (Figure 2) displayed this rapid

reorientation e~~irely ccross the bridge (in a horizontal plane. from the

left edge to the right eiE;e of the bridge) as well as in the regions of

wounding and suc3e;~ent callus tissue formation. Reorientation of the

cambium in the U~,::.:J-l spi.cal bric.ge appeared highly coordinated. 1. e. most
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cambial cells changed their alignnent at the same time, and quite

abrupt::.y. (However, some locaL.:.ed, three to four tracteid-ccl~_ .;:Ide

regions were reoriented in ~~e first forlied xylem of the spiral bridge;

i.e. immediately adjacent to the growth boundary of the previo~s year.)

Reorientation of the cambium in the LWP-lB spiral bridge was not highly

coordinated--some regions, or "microdomains" of tracheids showed marked

chane;e iL aligD..rr:.ent much soonel' (i. e. radially much closer to the

growth bo~dary of the previous year) than in other r~gions.

The sa~e results were found in the serial tangential traces of

xylem (Appendix). Series 1, frc~ the L\~-lB spiral bridge xyle~, shows

a gradual reorientatiol'. In contrast, Series 6 of the UWP-l spiral bridge

xylem, shows a rapid change in orientation.

Many dark cells, as seen in Figure: 12, were found in the 1974

latewood and in the 1975 earlywood near the bridge's edge in both of

the spiral bridges of tree ~~-l. Detailed examinations showed these cells

to be axially oriented parenchyDatous cells, which will hereafter be

referred to as "tylosites.1l The mode of formation of tylosites will be

di s eus sed later ..

A stu~, of serial tangential sections of LliP-l spiral bridge xylem

(refer to Figure 3) on the acropetal edge of the spiral bridge showed

tracheiis to differentiate from callus tissue and to elor~ate parallel

to the long axis of the spiral bridge (Ta~le 5 and Figures 12, 13 and 14).

Although the tracheids became partially distorted, app<:rently as a result

of overcro,,:c.:.ng, their final ori2ntation was parallel to the spiral bridge

(FibUTe 1),). Overcro·..·a.i.ng was cs-used by elonGa.tion of ;~_arw more cells

than w&.s needed to fill t;~e space beside the wOULd.

Wi tili:1 the LWP-E spiral bricige, dorsal to the acropetal e6.ge of

the spL-al bricGe, th,.) Teorient3..~ion process within trJe spiral bridge
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carobimn occurred more slo~.,ly (Figure
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l3B); and different directioG3

of 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

eurved parallel to the long axis of tLe spiral bridge.

It should be noted, as is evident ~n Fig~es 13A and 13B, that cambial

zone cells differentiated into callus after wou~ding, that the callus

cells spread into the unwounded c&.~ial zone in a non-Q~iform ~anner, and

that the arrange ent of the callus tissue showed polarity in t~at there

were found zones of cells, oriented perpendiculal- to the 10n6 axis of the

spiral bridge, wilich stained darker than adjacent zones (Figure 13A).

Although the events which oecurren in the formation of' 'wound healing

tissues are indicative of strong polari":,y in the reorientation process,

it was found that elongation following transverse, or slightly obliQue,

divisions in xylem ~other cells could not be described as p01ar (Figure

rEhe .;reo.t Dllmber of transverse, or nearly transverse, divisions which

forli:ed in the xylem mother cells of tree WP-l spiJ.-al bridge-xylem during

the for~~tion of. the first .earlywood contrastea. sharply with the scarcity

of these ty-pcs of divisions found in the ring-girdled xylem (Figure 4, 8

and 11)"

Tylosite fO:C::'~:ltion in the x;ylem of' '•.-l:i te pille. is exhibited in Figures

16 to 19. Ty10si -:es fOrL'1.~d in the 197), 1C;.tewood and ..'ere a result of

dedifferenti~tion of existing xylary ray parencr~a. ~he 1974 latewood

xylem (formed the year previous to spiral girdling) apparently formed the

tylosites in response to wounding. Figures 18B E~l1d 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, t~e nucleus having migrated into the

tracheid lumen, until the lumen was fully occupied with parenchymatous

cells. T~e ti~e of formation of these axial parenchyma tylosites, with

respect to the ti~e 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 vW-l spiral bridges

(Figure 17).

One of the most significant features of the reorientation process which

was found was that of microdomains, as sho~~ 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 micrcdc~ain formation. Usually these

microdomains were fairly sharply delimited with adjacent cells of the

xylem showing strongly contrasting orientation.

filicrodom8.ins shoul<i not be interprete<i to -oe related to the ·!<ioma::"ns"

of cambi~ which, by definition, all have their pseudotransverse dividing

Malls oriented in the same direction (Hejno~icz 1964). Altho~gh the two

may well be related, micro~omain refers to fusiform-shaped tracheids

which are alignea at a different anble than adjacent, axially oriented

tracheids at the same radial distance from the pith.

Another significant feature of the induced reorientation of the

WP-I spiral bridge cambiun is that shoHn in Figure '21. The number of

cambial initials within a unit surface area was multiplied to approxinately

double its nor=al number. This multi~lication was made possible by each

initial expandinG little if any tangentially after pseudotransverse

anticlinal division.

Without re:erence to the swelling a~d distortion of the ray parenchyma

cells, which appeared to be strictly a wound res;onse, the nur.ber of rays
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ar.d the n~ber of parenchyr:a cells per ray within a unit tangential

sur~ace were both found to be increased (Figures 21 and 22, and see Series

1) . Quantitative studies ~"ere not done on either of these latter two

topics; however, the serial tangential traces sho~ed that these increases

occurred pri~arily as a result of the decline of fusiform initials.

Fusiform initials were found to be actively involved in the reorien­

tation process; hm,ever, ray initials were passively reoriented and

maintained their relative positions (Fi;'~e 22).

Both· phloem and xylem reoriented in the direction of the long

axis of the WP-l spiral bridges (Figure' 23).

Two tangent.:.al series of tre~ ~;P-l spiral-bridge ,JC.ylem (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 location of Series 1 in respect to the spiral bridge of L~{?-lD

is shown in FiGure 3. Section numbers are to be found at the bottom of

each tangential trace of Series 1, in the Appendix.

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

reorientation to be up,rard to the left, whe~'eas the spiral bridge of LHP-IB

shown in Figure 3 is oriented upward to the right. However, this is

simply bec~us~ the serial tangential sections were mounted and analyzed

proceeding from the pith toward the bark (all other Series reported on

herein proceed inward ;ro~ tbe bark toward the pith and are therefore in

agree7::.e:1t wi til -::he orie~:t::,tion of the spiral or diagonal bridges shown

in the first six Figures).

Analysis c: Series 1 Silowed the first pseudotransverse divisions

which resul~ed :n ~~ltirlication of fusiform initials to have occurred

at Section 89. Following this fir~,t c.n·,,~cl:inal clvision in a fusiforr,
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initial, many more occurred, and each had its dividing wall oriented

parallel to the first; i.e. in the direction of alignment which would

later be ass~ed by the initials. In terms of acropetal to basipetal tip

orientation relative to the stem axis, these ~any parallel pseudotransverse

divisions were responsible for the first reorie~Gation observed: no

other factor was necessary. Elongation of initials following oblique

multiplicative division was slow in teres of serial tangential sections.

Where elongation did occur (Sections 100-103, Series I), the tip overlap

was usually in the direction neeaed to facilitate reorie~tation. Intrus­

ive elongation occasionally occurred extremely rapi~r associated with

failure of neighboring initials (Eections 101-103, green cells, Series 1).

The first fifty tangential sections of xylem (nearest the 1974

latewood boundary) of the LWP-lB spiral bridge showed little change

in orientation. Within the region of Section 100 to Section 112, an

abrupt cnange in alignLent occurred (also see ~aDle 5). The primary

activities, as deduced from the xylem tracheids, which were associated

with that abrupt change included abrupt failu~e of some fusiform initials

and rapid elon;aLion of neighboring fusiform initials into the vacated

space. ~he numerous parallel, oblique dividing walls guided that

elongation and thus chansed the alignment of the short fusiform initials.

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

processes:

1. Shortening and narro~ing of cambial initials by:

2. Parallel oblique anticlinal divisions, followed by:

3~ Failure of sc=e initials, and

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

of failure.

Acco~panyinJ processes inc:uded splitting of rays by intrusively
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and the passive change in aligrr;..ent 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-l 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 0: m'W-l (5T), is shown in

Figure 2. Note that it is Quite near the bridge's edge. Within this

Series, sections 62Tl through 59TI show alterations (e.g. transverse

divisions) 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 58T4. Other parallel pseudo­

transverse divisions Quickly followed to facilitate the reorientation.

A feature of interest, not seen in any of the other oeries which were

traced, is that shown in section 58TI--the cell on the left appears to have

divided to permit the cellon 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 briuge (~W-l) and the shorter spiral bridge (LWP-IB); 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

ANGLE MEASUREMENTS, IN D~GR::::~S, FOR TREE \,?-l, SPIRAL BRIDGE g;P-IB

SERIAL TAlG TIAL SECTIONS OF REORIE

Serial
Tangential SERIES 1 \OlOUNDED EDGE OF BRIDGE
Section RAYS Callus+ or Tracheids
Number Fusiform Uniseriate Tracheids Tracheids BeIO\·! Edge

59 1 0 0 0+ 0

64 0 0 0 0+ 0

69 0 0 0 0+ 0

74 0 0 0 0+ 0

79 0 0 0 0+ 0

84 0 0 0 0+ 0

89 0 0 0 320 358

94 0 358 359 320 357

99 0 357 358 315 356

104 356 355 355 310 353

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

134 345 345 344 / 348

139 343 345 344 315 346

164 343 340 340 315 344

189 340 335 336 315 341

214 334 331 330 320 337

239 334 330 330 320 330

/ =Extreme variability in orientation as a resu.=-t of ove::·~rOWc.lnG of
o 0elongating fusiform cells; orientations ranged from 270 to 360 .

* See page 40, final paragraph, for further explanation.

+ Refers to orientation of files of uniformly stained, isodiametric
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 vert; cal and diagonal bridGes

in Pinus contorta Dougl.

An~lysis of transverse sections of diagona: and vertical bridges

of lodgepole pine, such as those brid~es shoym i~ Figure (, allowed

ca:culation of the lliean n;~ber of tracheids formed by the vascular cambium

du?ing 1976 before harvesting (Table 6) and the mean number of tracheids

formed up to the tiwe of woundi_~ (bridge construction) (Table 4, p. 35).

And, accordingly, the width of the cambial zone at fixation (harvesting)

time, and the number 0: tracheics fOrmed by the cambium since the July

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

Reaction to -:o.e gi:::-G.=-~=g ·,...2.S ::.:.uch slc~,,-er tban expected. At two

days follo~.;ing 8ird.:~=g -c:--:e:::-e ;,,-2.S no evi:"er-::e of any abnormal &ctivity

in either of the diagc~al bridge (Figure 25) or the vertical bridge

(Figure 26). At 8 days after giTCL.ing, numerous radial files were found

to be declining toward failure, ari anticlinal divisions "rere cocaon

(Figure 27). Similar events were found at 10 days (Figures 28 and 29);

although resin cana_ formation was apparent at 10 days, it vas infrequent

and appeared to be normal prececir.s latevood formation. Anticlinal

divisions were easily fo~~d scattered ab~_dantly throug::out 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,

vere frequ~ntly found to first occur one cell proximal to mature phloem

(Figure 30B), good evidence that this is the location of the fusiform initial.

At 12 days following girdling, the- vound zone (see page 42)

first became evident (Figure 30A), as was also p:·'eviously noted in vhite

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



CHARACTERISTICS OF THE GIRDLED LODGEPOLE PINE TREES AT TIME OF HARVESTING

No. of
Days 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

45 0 Diagonal
the time of girdling

and 45° Diagonal Vertical Vertical 45° Diagonal Vertical
Ha.rvesting Brid[~e Bridge Brid.;,;e Bridge Brid/.;e Bridge

2 90 92 11 12

4 123 126 III 13

6 80 85 10 11

8 120 132 20 18

10 91 92 15 14

12 92 76 12 10 11

14 76 87 11 13 9 7
1-3
~

1"6
trJ

149 150 17 17 11 17
t<
trl

:).8 119 143 17 17 15 20 0\

20 203 2118 17 15 20 27

22 181 152 23 14 23 23

24 152 183 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 15 12 32 26

38 144 143 18 12 38 20 V1
f\)

50 248 22 78



53

bUlging which they did in white pine; rather some were greatly swollen

and had become filled with dark-stainir.g 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 parenchYL,a 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 tracneids 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 brid5 es (in the horizontal plane) (Figures 32 and 33).

Figure 33 shows an e~~ple of a transverse section from the regioL of

growth that occurred within the diagonal bridge during a 50-day period.

Figure 34 shows a close up of the cambial zone at 50 days after girdling.

Microdomains of reorientation were quite evident within the cambial zone at

this stage (see also Figure 47).

Swelling of ray cells was first noted in the cambial 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 thereafter; but none were found in specimens harvested two

to six days after girdling. These true transverse divisions appeared

scattered irregularly througl1out all xylem mother cells of a radial



file at the same time, indicating that there ""as no ancestral relatioi~-

ship between the transverse divisions. (Occasionally a periclinal

division within a xylem Eother 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 xylem Jother ce~l zone between 18 ~~d 20 days after girdling

(July 8, 1976), as shown in Figure 37.

Four of the 18 girdled trees were found to show atypical ~ound

responses such as that shown in Figures 38 and 39. __The .pr.imary

feature of these at~oical waunQ responses was the presence of many cells:

primary-walled, axially oriented, and usually with unstained cytoplasm.

These ap~arently parenchymatous cells were interspersed sporadically

between secondary-walled and heavily lignified tracheids within radial

files.

The typical wound responses ~ound are shown in Figures 40 and 41,

whereas Figure 39 is a radial section of an atypical wound response to
,

contrast y:i.':.h that of the typical in Fig'J.re 41. The compon~nts of
.~

the typical wound response included the following in lodgepole pine

girdled in late summer:

1. Temporary cessation of radial e~:arge~ent within the xylem

cather cell zone and concomitant increased lignin deposition, resulting

-~ wound zone formation, which became visible in the xylem after 12 days;

2. Swelling of some, but not all, ray p~enchyma,--visible in

the cambia] zone after 6 days;

3. '.Lrue transverse divisions, which Occ'-l:::rcd in two or more xyle::

mother ce~_Js (also in pr-Iloc:m mott.':C:r cells) of tne same radial file

a-:' approxL;ately tile sa::e time (8 days after wourding, and thereafter),
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resulting in mature, secondary-walled tracheids with border-pi~ted

transverse end walls.

4. Traumatic resin canals dif~erentiated from xylem mother cells

of adjacent radial files at 18 to 20 days after wounding.

5. Axial parenchyr;:a differentiated. into the A")'len: from xylem

mother cells. Axial parenchyma wi thin the xyle::l mother cell ZOlle of

the cambial zone were first detected at 10 days after wounding.

It should be borne in mind that the control (verticrrl bridges)

did not show the. frequency or accentuation of responses 2 to 5 as were

found in the diagonal bridges.

Examination of tangential sections of the carc.bial zone at different

times after girdling showed the responses related to reorientation to

be relatively slow (Figures ~2 and 43). It was only after 30 days that

the first hint of microdomain formation was found in serial tangential

sections (Figure 1~3B). (Hm.....ever, evU.ence f:)?: :::licroQor:J.ains in the

cambiu::: were found in transverse sections of material harvesteQ 16 days

after girdling). Figure 44 shows seria::' tangential sections, spaced

80 micrometers apart, in the cambial zone of a diagonal bridge harvested

50 days after girdling. At thi.s time, as could also be seen in Figure 34,

char"ges are occurring very rapidly in the ca.:;rbium.

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 ~971 do not normally occur in

lodgepole pine) and. the usually-formed axial pare:1chyma of the phloem.

At 50 days after girdling, microdomains of reorientation of short

cambial fusiform initials were everywhere evident. Although the cambium

had shortened its average fusiform initial length by a factor of 3 or i,.
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through obliQue anticlin~l divisions, and accordingly multiplied the

n~ber of fusi~or~ initials by a factor o~ approximately 2 (failure was

also occurring ~bundantly), only certain regions became the vanguards

of the reorieLtation process--other adjacent nicroregions reD~ined

axially oriented.

In the vertical bridge harvested after 38 days, shortening of

fusifor~ initials was found to have occurred by a series of parallel

obliQue anticlinal divisions i~ediately adjacent to the wound, but

no such event was observed in the central region of the vertical

bridge (Figure 47).

Four series were traced from the serial tangential sections of

diagonal and vertical bridges of lodgepole pine. Three were traced

from the diagonal 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 36 days after girdling (location shown in ligure 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 diagonal girdling. After trueing more than 100

serial tangential sections, Series 2 was stopped with a single tracheid,

about one third the length of the star<;ing tracheid, remaining as the

sole ancestor of that radial file. The first 50 tangential sections

of xylem (Sections 144 to 94) showed freQuent xylem mother cell divisions

to be occurring--either transverse or slightly obliQue; however the

fusiform initial producing these xylem mother cells re=ained ~nchanged

other than" to shorten slightly and to develop a strong CUrVE,"c;".u-e in

its basiretal region. The first obliQue anticlinal division to occur ~n
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the fusiforn initial is seen in section 93 of Series 2. This division

was oriented uD~ard to t~e left, whereas the ind~2ed reorientation was

to be upward to ~he right. A second acticlinal division occurred in

the fUsiforn 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 anticlinal initial division and elongation of

the ~ddle 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 the~selves, a~~arent~- by slightly off-center ptriclinal

divisions, to be overlapping in such a way as to facilitate reorientation.

A second pseudctransverse anticlinal division occ~red in the fusifor~

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

initials had produced xylem mother cells which underwent short, oblique

anticlinal divisions which were also oriented in the direction to facilitate

reorientation. Following this, periclinal divisions of these ~'lem

mother cells resu:ted ~n a nucber of sections (82 to 73) being observed

to have more than three deriVative tracheids. This wa~ quite a signif­

icant finding: the four parallel divisions alone, which resulted in

the formation of five related radial files of ~racheids in the xyle~,

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

occurred as a result of the combined action of fusiform initials and
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xylem mother cells. Elo'-Gation of the resulting five fusiform cells

within the xyleL mother cell zone (sections 80 to 16) co~tributed even

further to the reorienta~ion. However, this was a short-lived reorien­

tation of xyle~ 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 fusiforn intials ~ailed (section 56--uppermost).

The lower of the three divided obliquely again (sectioh 55) such that

there were again three initials; however, the division was opposed to

the direction of eventual reorientation 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 mat~ation and being replaced by an adjacent

initial (not sbown). The upper of the resulting sister initials divided

yet again to result in two very short initials (section 50). One 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 naturation. Figure 49 shows the

beginning tangeLtial 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 tracheid production occurred

within this vertiCal bridge (see ~able 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~ade from such a short
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series. However, a nl~ber of long oblique divisions (sections 26 to 23)

occurred somewhere in the cm~bial zone, likely in the fusiform initials,

and these were oriented parallel to one another, conveying the impression

that the intrusive elongation 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 e~ges of spiral bridges in white

pine.

Section 23 of Series 4 terminates the series within the cambial zone.

Two features of interest in Series 4 were the secondarily thickened,

unfinished dividi~g walls (sec~ions 33, 32, 31, 30 and 29) wittin the

lumens of the tracheids, and the proliferation 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 imbalance; and the proliferation of parenchymatous cells appeered

related to callus tissue formation.

Series 5, frorr. the seme lodgepole p~ne diagonal bridge serial

tangential sections as were Series 2 and 3 (see Figure 5), involves

seven starting ce:ls. 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 corr.:::!only occurring in xylem r:lOther cells. And oblique

anticlinal divis~ons in fusiforrr. initia:s were often found to be oriented
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such as to oppose reorientation.

Elongation of sister initials follo'~ing nUltiplicative division was

at a very slow rate in terms of serial tangential 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

obliquely sloping in the same direction. As a result, a template was

formed, and when one initial began to fail, the neighboring cell

immediately elongated and had no alternative but to elongate in the

new direction. The controlling factor in the directional realignnent

of the cells was the template of numerous parallel oblique dividing walls.

Rays were shoved one way ani the other, pushed together and pulled

apart, and sometimes split. Each xay seemed to maintain its individuality

even when pushed against another ray~ i.e. it frequently occurred that.

two rays which had been shoved against one another later separated, and

the separation occurred at the sane contact point as where they had been

forced together.

The beginning and e~d of Series 5 and shown in Figure 51.

Scanning electron microscopy

No satisfactory evidence was found to indicate that reorientation

has as one of its conponents the interdigitatinb' or interweavin8, of the

fusifor~ cells within the cambial zone. Serial radial photographs from

t~o specimens of WP-l xylem ~hich showed a narrow raQial zone of rapid
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reorienta~ion gave no i~dication, either in the region where alignment

first changed, or in following xylem, that cells of or-e radial ~ile

within the cambial zone so~ehow forced their way between cells of an

adjacent radial file other than by the co~~only documented and observed

process of failure cy ~aturation.
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DISCUSSIOI

From a ste_-by-step analysis of serial tangential sections of xylem,

it has been found that fusiform cambial initials within a spiral bridge

effectively change their orientation by undergoing successive parallel

oblique anticlinal divisions. It is significant that no other c&mbial

action--e.g. elo~sation of the tips of the resulting sister initials

following antic::"il~al division, or failure of so::~e of these sister

initials--is necessary in order for the first ~crodomains of reorien­

tation to occur.

Greater changes in alignment follmT 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 fusifor~ cambial cells become greatly shortened,

very little subsequent intrusive elongation acts to rariQly change the

tip-to-tip angle of thE: fusifor::-, cel2.s rel~tiVi:: to tlLe stem axis. The

intrusive elongation occurs prioarily as a result of failure of adjacent

fusifor~ cellS; as fusifo~ initials elongate into vacated positions

very rapid microdc~ains of reorientation result. In spite of cell failure,

the nw:.erous parallel oblique dividing :walls function as a template

to guide the elongating cells into new alignrrrent. Thus the polar

coordina~.i.on of formation of numerous.parallel oblique dividing walls

by fusifor~ ca~uial cells is se~n to be the most essential element

in the reorientation process. Nevertheless, following multiplicative

division to create shorter fusiform initials, the rate, or rapidity,

of reorientation is dependent upon how r..Ciny and how Cluickly SC::le

fusiform initials give up the space they occu~y so that the surv~vors

can use the dividing-wall template to effect the reor::'e:itation.

Reorientation is opposed, or resisted, in at least three ways:
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l. Sometices long fusiform initials do not divide into s~,orter

initials (nor do they eloLgate further). As a result, even though

neighboring cells ~ay have divided multiplicatively and may be exertinc

considerable pressure on the long fusiform cell to change its align-

ment, it does not cooperate. Such uncooperative individuals often a~e

supported by adjacent fusiform initials, and particularly by nUTIe~ous

ray contacts. Ray ceils, by their very presence, act to maintain

the original alignment of long fusiform cells. It is only when a fusiform

cell shortens that it can rotate past a ray. ::ot o:~e installce was

ever noted where the radial continuitJ of a ray was broken. Instances

were noted where intrusive tip growth of fusifo~. 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, or less often permanently, shoved

sideways by the force exerted by elongating fusiform cells; however

radial con~inuity of the ~ays was always :1ainta~.ned.

2. bven if long fusiform cel~s do divide into shorter initials,

if the oblique diviiic_G walls are sla.nted csainst the direction of

ob~ique di-viding walls in neighboring cel'="s, the reorientat~pn process
.~

will be opposed. That is, the subSequent intrusive elongation which

occurs wL_l be guided by the diViding walls. Mar:y examples of this were

ooservea. Very fre~ueLtly the first oblique anticlinal divisions which

occurred in fusifoTE initials wi~hin spiral bridges were slanted in a

direction s~ch as to oppose the alignment which would finally be induced.

That such a:'.ignllient of t-:-:.c cell p2-3.te fo~..l.mring L_"ctosi s was a che."~ce

accident seC:T:S h'Lgtly un2.ikely; rf.",;her it appears that such acV_oE

was an express:: 0::' by sen; :.:'.emters of tLe ca::.:;.oial ropula"-:ion to l.1c..l.D.t<.:.in

their a.lignment. It i.G c:cnceivablc that ttc non-c..i viciing fusifcrm
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carub5.al cell is merely resistir.,; in a C:.3f'fercr~t vay.

3. Given the sitti.aticn .:l,c:Te lCuruerC1,;.S fu.sifcr~ il.itials beccme

cocrdinated to all divide with fare-l1el cbliqti.E.: anticlinal divisions,

a third mechar..ism to oppoBe thE reorient&tion precess still exists.

If cells refuse to fail, changes in aliGnment occur very slowly.

Because some cambial cells actively resist changir.g 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 aligl~ent which finally results.

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

as well as within initials; and 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, indic·o.ting 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 a~J elongation (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

microdo ains of reorientation overbalance aejacent areas which resist

reorientation. That is, microdomains of reorientation may act an an

aggressive vanguard to the overall.reorientation process.

Whether or not they are aggressive, they certain~y constitute a

vanguard to reorientation. This applies not onl.:,r to conifer steLs which

have been induced to reorient, but also to spira::"':y-girdled h[;.r:iwood

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 micro­

domain formation may represent cells which are un~ble to offer as much

resistance to reorientation as can their neighbors. It is also possible

that microdoLQins represent cambial regions where mitosis followed by

anticlinal division occurs more freQuently than in neighboring regions

due to a higher concentr~~ion or a greater sensitivity to some agent

which triggers cell Qi\'is~on. On the other hand, it nay be that although

numerous parallel oblique anticlinal divisions do occur in neighboring

fusiform initiuls to for~ a reorientation template, a more important

purpose of the divisioris is to initiate failing cells ",~hich would then

allow actuation of the template mechanism by per~itting 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 initic.ls consti ti..L-;"es the r::echanisffi accelerating

the rates of the changes taking place in the cambium ll is in co!:.plete

agreement with the findings of this investigation; and it follows that

the hypotheses of Hejnowicz (1961; page 11 herein) have been reinforced

by this study.

Although Bannan (1966) seems to have misinterpreted the significance

of failure in the reorientation process, the results strongly agree with

his 1966 statereent that " ... the role of multiplicative division and

subseQuent cell elongation in the development of spiral grain" ... "has been

oversimplified. II No evidence was found that failure of initials acts

to prevent fusiform initials fron 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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contract~on ~s well as 18ngitudinal shortening. They state that this

ir:dicatcs a reduction in j.nternal pressure and draw 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 anticlinal 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 contacts

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 (1956) have suggested remains to be shown. Perhaps

a better 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 ever.t~ally

either converts into a ray cell initial or matures into functional

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 1-lOuld appear agreeable

with the ideas of Bannan (1968b) that within the individual fusiform

initial the celJ.ular cr.:-:-::pcnents can be unequally di stributed. Further­

more , it S('2n:5 conceive'-ule that the individual :'usifor::: initial may

contribute to the reorientation process by expanding tangentially

in one of its longitudinal halves while it n~rows up in the other

balf. At the SIDne 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 reorientatic1il
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process was not observed, since only mature, dead cells were exe::.:-.ined.

However, two commonly observed phenomena m2j~e this sUG~estion seen

plausible:

1. Tangential expansion of a fusiforlli initial can be frequently

observed as it occupies the space vacateQ by a failing initial; such

expansion can be seen best in transverse section, but as well in

serial tangential sections _(e.g. see Fig. 27, 3rd and 4th files from left);

2. Multiplicative divisions shorten initials; as a result t~e lengtb­

to-tange~tial-w~dthratio of a start initial is much nearer unity than

that of a normal-sized fusiform initial. In order for pressure, or

growth compensations between adjacent cells to be geometrically conducive

to a change in ce~l alignment, that ratio would have to become nearer

unity as is observed in the shortening of cells.

Such an idea seems to be supported by the finding, in the spiral and

diagona:L bridges examined, that the firs"t-fol-med xylem after sflral

girdling became curved (Figure 56) and distortec (Figure 11) to some

extent. However, it is just 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 sho"s, folloving reorientation, the short fusifoITl

initials elongate. As a result of the multiplicative divisions which

formed the reorientation template, there arose ~~~y more fusiform (and ray)

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 ~y multiplicative

division. It can therefore be deduced that fusiform cell elongation

takes priority o,er tangential expansion and therefore also over failure,

since failure of one cell results in tangential expansion of its nei~hbor.
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As callus cells begin to differentiate into xylem tracheids,

the cells elonbate in the direction of the forced photosynthate move­

ment within a spiral or diagonal bridge. Such polar elongation indicates

the inherent tendency of vascular elements to be aligned in the

direction 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 1913), and F~nn reports good

evidence for this. But it is hypothesized that in natural spiral-

grain formation, cambial reorientation does not occur as a result of

diagonal auxin transport within an otherwise axial vascular system;

rather cambial 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 nepler's (l9i4) correlation of the preprop~ase band of micro~ubules

with the plane of cell plate formation lends support to this hypothesis

in view of the often observed polar nature of the parallel oblique

anticlinal dividing walls which occur in neighboring fusiform initials of

the vascular cambium.

It may be argued that because callus tissue, as it elongates and

differentiates to form tracheids, shows directional gro~~h, cambial

initials are also cap<:.cle of "growing" in the new direction. Although

this may well be the case, the research reported on herein has not con­

clusively shown that; rather, it has shown that the pseudotransverse

anticlinal division ta~es priority over any form of di~ected e~or.gation

in the reorientation process.

Short pseudotransverse anticlinal divisions, as well as transverse

divisions, were found to occur frequently in xylem mother, cells; however
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the subse~'J.cnt limited tip elo!:.gation which followed was not convincir;g2.y

polar in n&ture. In tl:.e intrusive elonGation vrhich followed anticliual

division in the fusiform initials, occasionally, but certainly not

always, elongating cells appeare~ to be under some influence to elonGate

in a specific direction--that direction being the one which the reoriented

cambial cells would finally assume.

Rearranbe:.~en-;;s of fusiforrr! initial tips so that elongation would

proceeQ in the direction of induced reorientation, 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 elongate in the

correct direction. In ~eries 6, a transverse ciivision in a fusiform cell

which was otherwise impenetrable to an adjacent rapidly elongating fusiform

initial, permitted the latter's basipetal tip to elongate thro'J.Gh the

new tr opening tr in the correct direction . Although these r.~ay be interpreted

as polar responses, evidence was also just as c~ten found whic:: indicated

that direc'.:.ed tip growth does not occur. Section 103 of Series 1 shO'..,rs

an initial tip (lo~er orange) which elongated up and around another initial

(aijacent to the fusiform ray). In doing so, the tip elongated in the

''\,:rong lT c.::'rection 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 (greeL, and adjaccn~ for most of their lengths)

were also elon~ating in the wrong direction.

The prir.lary factor i:;fluencing the direction of_ fusiform initial

elongatio:" follc<iing a:lti clina: :::~ultipllcative ciivision, appeared to be

the static orie~~ation of the c~ll itself. ~Le tips of an initial grew

in the sar.-:c ciirection as the lOL£~i ti..l.dir:21 orier;:.:.ation of the initial. '..::'ip
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gro~~h o~ an initial continued in the direction dictated by its

loncitucir-al orier.tation until a ba~rie~ was encountered. Then

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

all appearances taking the path of least resistance. As a result, tip

growth vias frequently seen to be in the ..,rong direction. In spite

of this, in domains (Hejnowicz 1964) where all oblique anticlinal divisions

are parallel, the conformity of dividing wall ~irection acted as an

overall template lor the reorientation process.

Hejnowicz (1963) and hejnowicz and Zagorska-Marek (1974) 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, 19(4). In this study, transverse

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

Lari~ sp. were fOwld to occur or~y in xyleili mother cells, ffi1d net in

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

structur~l level that the tip of t~e fusiform initi~ was somehow different

than the cytoplasm in the otherwise vacuolate parts of it; however he

found no differences. It remains 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 narris (1973) on radiata

pine girdled in early summer, ~Dd by myself on white pine girdled in early

sunmer. Therefore it can be hypothesized that ~he stimulus which triggers

reorientation of the cambium is more abunQant iD 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



r{l

girdling in the lodgepole pine; thus it appeared that cell production

was increased as a result of wOlh'1ding in his particular tree. ~;everthe­

less, reorientation was still in the microdOl:~ain stage [..t 50 days.

After 42 days, Harris (1973) found s~rong.ly reoriented xylem in the

radiata pine. Altr.ough differe~ces in auxin production are expected

to be the causal. factor, other factors wliich deserve cO!lsideration are

the species difference and the slightly different spira~ girdles which

were used. Whereas Harris (1973) rellioved a narrow strip of bark spirally

from the tree, the·.;Jrocedure.in this investigation was to remove a

ring of bET~: and leave only a narro.. stri? of bark (phloem and active

cambiw~) runnir.g ciagonally across the ri~g girdle.

The localized swellings of increased growth which occurred axially

above the entrance into the spiral bridge of white pine tree WP-l, and

axially below the exit of the spiral bridge, represent phenomena which

deserve fu:cther study. Did the s;.,elling "I-lhich extended. in a 10calizeJ.

manner 'rertically upward from the bridge entrance to the next whorl of

branc:-?s come about by acropetal movement of some substance through the

phloem, or is there so~e sort of communicatory system which informed

cells acrcpet2.l to the -~ridse entrance to concentrate photos;ynthetic

products o:~::"y or. one side of the umrounded portion of the bridge internode?

Or was water scmehow restricted in its upward movement such that it

was forced to parallel the spiral bridge in that region. and upon reaching

the apex c~ the bridge cor.~enced to move vertically again? Certain~'

further wor};: is r::eritec. in this re[ard.

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 sti~ulate the cambium to beco~ing

more productive, it appears that wounding of the cambium when it is

active initially brings the surrounding canbial 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 radial enlargement was interrupted and lignification

was intensified. The foreation of the wOlli:d zone is believed to be

the first pr~siological response ~hich occurred in the cacbium.

Following this, ray pe..re::,c'::y::'la 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

bee;an differentiat.ins :rc::. xy1e:1 mothers cells at 10 days. Between 8 and

10 days, the freq~ency of a::.ticlical divisions increased in both initials

and in ~other cells. ~Qe wound zone becace visible in the xylem at 12 days.

The first microdo~ains of reo~ieL~ation were seen in transverse section

at 16 days. A wave of tra-~atic resin canals began differentiating out

of the xylen mother cell zone at 18 to 20 days. Strong microdomains

of reorientation were evident at 30 days. (The July 8 gir~ling date
-'";;

should be borne in Lind ~..-ith respect to the usefulness of this data;

girdling earlier in the summer may produce much different responses.)

The lack of a wound zone in white pine trees girdled in early spring

is not co~tradictory to the findings in lodgepole pine, since white pine

which was ring girdled in mid-summer also showed reaction to the "round

by formation of a wound zone. Wounding of the white pi~e in early spring

occurred when the cambial zone was just in the process of increasing its

width, before any radial enlargement or vascul~r tissue maturation processes

had begun, in all probability. Since the processes related to wound zone
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formation (raiial er.largement a,"d. lignification) had not yet been

activa~ed, they could not be interrupted by the wounding.

Figure 5'7 shows what has been de1uced to be natural wounding;

the response as seen in the photograph is in lodgepole pine latewood

xylem. It can be seen that the heavily libnified ,mund zone stands

out in spite of the heavy lignificatioL associat~d with latewood

formation. Swelling of ray pare~chyma and numerous anticlir.al divisions

also seem to be generally correlated with wounaing; and axial parenchyma

also appear to be present.

Swelling of ray parenchy~a at, or shortly after wounding, would seem

to be correlateQ with an internal pressure release, or perhaps with

increased osmO"Lic pressure. Axial parenchyma f'orr.lation in pine species,

which commonly form bands of phloem axial parench~a but do not normally

form xylary axial parenchyma, indicates that the fine balance which

causes c~~bial zone cells to discrimina~e in their differentiation to

become either xyle~ or phloe~ ~ay have been disrupted (however, sieve

cells we::-e not found in the xylem). Ot:lerwise, axial parenchpa must

have differentiated into the :>;ylern to perfor::: so::e function yet unknown

to us. 'i.·he fact ti1at Lature x:,'::"e::l ray ..::ells, whic~l had formed the year

previous to girdJi:-:g, dediffere:.....;iatei in-uo axi::tl parenc!"1y1:l.a-l:"ke

tylosites, which freq~ently a~~~ared ide~tical to those xylary axial

parenchyma proc·'lCec. by the cc.::,:::"'L"":"" see::s to indicate -chat their prese!lce

could be funct~oLa~.

In summary. microscopic investigations in~o induced cambial reorien­

tation \.fi thin spiral bridges in two pine species have resulted ::'n the

~ollowing findings:

1. Fusiform initials actively change their alignment, while ray

initials are passively reoriented;
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2. Reorientation begins in microscopic regions of the caLbial

zone, terccd microdomains, and later spreads to enco~pass cells between the

vanguard of reoriented r::icrodomains;

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 oblique

dividing walls form the te::.lplate for reorientation.

Reorientation of the cambium has been observed to occur quickly and

w1iforroly, and slowly ~id non-unifor~ly, within ~wo spiral briuges created

at the same time within the same tree. Reorientation occurs more rapidly

within spiral briQges constructed in eaYly 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 cambiwu; and it is

well known that auxin is also more abunda:--L in early spring than in late

sw::.rner .
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figure 7

Diagonal and vertical phloe::l-c&::I'bi1l:l br1dB;ea aerosa girdles
in lodgepole pine. E1,shteen trees such lUI this One "ere all
811DUarl.¥ G1rllled Oil tbe S&:::e !leo- (July B. :1976) at t.his
site. Tables 3 and b (paael 34 and 35) present pertinent
cbaraeteristicI of these el&hteeo trees.



A. 'l'ranlvtnt ..ction of r1ng-g1r<1l1ld Yhite p1ne
(lee Figure Ii). G1rdl1nc vo done on Ju.ne 20,
1975. TI_ l1l'i11 potI1tion Of vow:ul1.cg is Clarke<!
by reJ.&t!'O'ely lle&V)' 116l11t1c&tion 1n r&d1&1ly
narTOV ceU.. The phloe= 11 at top. x82

B. H1gher aagn1rteat1oa Of r1ng_girdled v~te
p1ne l!J'1n. Jot. the border-p1tted tran._
'O'erSe end valle 1n trachelde, the .vollen and
411torted n;y paTltnchJ1:l&. and the zone of
rad1aUr n&l"T<N. hll'O'11.)' l1gnlt1ed cell. vh1ch
II&I'k the pos1tion of the lQ'1_ ""'tiler celle
vithin the emblal zone at th. time ot vou:::dlng.
P...tlaUr .ep....t..d eecQf>d...y valle are prob­
~lJly & ..ct1:m1ng artifact. 025



A. Tran$ve~se se~tion of ~JP-~ vhite pine xyle=
(see Figure 2). This is 1975 gro~h vhi~h

occurred 2 cm above the entrance into the
spiral bridge; 1974 1atevood is at the
botto."', Note the distribution of the
traumllt1c r<:sin canals (~f. Fig. B). :<51

B. Traoaverse section of UWP-l white p1ne
xylem formed within the spiral b~idge

(llee Figure 2). The 1974 latewood ia
below, 1975 bridgevood above. Notc the
traumatic reain canals and the rapid
rea11gl~ent of the tracheida which has
occurred (~op of photo). The light &rei!.

at top v&s caused by a c~era leak. X130



A. ScL'llllll& eJ.eCt;roD II1crograpll or t.Ta:lsnrse
llU'faee of LWP-llI (lee Fig=e 3). 1975
splral brIdGe vood st top. 1911;, latevood
at botto-. Callul tl,sue at; left denotes
the br14e edj;:e. n62

B. Se&lLll.1::l6 electron I:.1UO&l'aill:l or extreze
ript portlotl sbllv::l 111 nil;. lOA. Bote
border-pltte4 transver,a end va~ et
difterent level, within the s... radial
t11ea. ll3~



A. Transverse se~tion ot vhite pine LWP-LR spiral
bridge euly-.ood (top) aoo 197~ late"ood (bot­
tcm) (refer to Figure 3). Note the lOaintc,r.anc"
o~ the alignmer.t of the radial files over the
full d1s~ence of 1975 bridge grovth lHIO>:Il :11
this p~oto vithout ~arked eviuence of reorien-
t ..&lon (cf. ncure 911). X82

B. 'A closer look lit Fig. llA. 1974 late­
"cod ia lit bottom; 1975 apiral-bridge
early\;'ood lit top. Note the bulging ray
parenchyma nnd bo~der-pitted end valls
or true ~ransverse divisions. X205



Figure 12

Transverse section of ~hite pine spiral bridae LWP-LB (see Figure 3).
191b 1ate~ood is at the bottoc; 1915 spiral-bridge .cod is at top.
The edge of the spiral bridbe is Just to the left of the I-shaped
open area. The dark "ass in lo"er cen;er is call_s ti6sue. I;ote
late"ood tylosites (dark spots) .hich fo~ insid" of ~ature

tracheids of the previous year. tU.so note earlyvood =i1l.1 parenc!lyJta
st the extr,,:e left. Very sued"" ..eorie"tation is eVid""t in the
tracheids .hich differentiated froe the callus :issue (side ~alls

are evident). but ouch slo.er r"orientation occurred in the bridge
proper. X82
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A. Tangential section of white pine LWP-lB spiral
bridge xylem {see Fig. 3). The edge of the
spiral bridGe at approxi~ately 20 days after
~o~~~ing is eviaent; the callus tissue ~hich

fcrued over the edge is in upper left. X51

B. S/lllle as Figure 13A. bl.lt approxiwltely 40
days after wounding. Call1.ls is differ_
entiating into tracbeids which are
elongated parallel to the spiral bridge
edge. X82



A. Sue .. l'iSW'eI 131. And II, but. approxill&tely
85 d~. a~:.er woundinc. OYuc:rovded and there­
fore contorted tracheid. haTe b_" fo.-.ed by
c=1>1I. derived ~:'_ the c&lll,l" t~""\lC (uppe:,
left) and "how a &etIeaJ. teno!eney ~o be
aUgned parallel to the lone Llth or the
"piral brid£e. X130

B. S- aa ill prrrious three T1SIU'ea, tlIIt
apprQrlJu,te1¥ 111.0 dql arter vou:1dlr-&.
Tracheidl derived fr_ CallUi (upper
lett. hal1') have doneated areatly ~nd

are ..ntlJ' p&Ta1.ld to the brldi;;e. The
lo<::atiOl1 or the bridee MIlle Ull 0lllJ' be
eueued at. X51

Savidge
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}'jgure 15

Tangential section of ~hite pine L~~_lB {see Figure 3) showing
xylem fonr:ed llith!:> th.. spiral bridge "hleh vas cut off the ca.':lbiw:
"t ...pproxilO....tely 27 df\O's after vo=ding. :Iote that tl\e elongation
of tips follo\ling transverse. or short oblique, anticlinal divisions
in xylem ~~ther celli shovs nO definite tendency to be polar (final
reorientation of the camblW: viII be up"ard to the right). X130



Figure 16

Tra~s~erse section of ~hite pine LwP-lB spiral-bridse xy1e~ shoving the
gro·~h bou~dary bet~een 191L an~ 1915. The tannin-fi11e~ trachei~s of
t~c 1914 xyle~ (bott~) contain axial parenchyr.a cells ~hich to~ed in
1975 by ~edlfferentiation of adJacent r~ p8renc~~8" Following pene­
tration into tracheid l~ens through cr08s-~a1l pits of cytoplas= and
nucleus, citotin civisians occurred to create ne~ parench)"'. cells
(t"losites) 8."d811)" oriented "lthin the t,.acheid 1=cn5. Axial pare"chyc.a
also fe~ed in tbe first part of the 1975 spiral bridge grovth, but
these ~e"e de,.lved dlrec~~ ~r~ the e~biuc via dlff~rent18tion of
xylc~ cother cells. The edge of the spiTa: bridge is at r1ghz. XB2
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Figure 11

RRdial section ot 'o'hite pine xyle:::. &lrly'Jood for.::ed vith1n the spiral
b~lc6e is at left--notc the irregular valls and curved ll&~are of the
m&t~e tracheids, and the lack of radial elongation of tl~ first for~ed

ray cells. Tannin-tilled and core or less e:::pty tylosites arc in the
197~ latevood (right). X205



A. TllDient1al .eeUOll o~ latevoo:t a.x1al pll:enc!l3':a
(tyIo.ite.) vh1eb to~ in res~se to .piral
SinUing dl,lTing tl:e r.ext year. <\'ote the
nucleu•• and the thin vall. ot t~~ .xl~lY­

oriented trlo.ite. vi~t:in the thieker secon­
dary v.ll. ot the tr.eheid. X620

B. rr""vene aeetioa ot 19111-1915 ><;yl_
boundary in Vhlte pin.; 1.tevcod i. at
bott_. ea:r~ at top. On the lett
i. the nue1ela and cytllill(lCl ot a pri­
_ry_vaUed. puenc}lylla eell vhieh ha.a
blllged into the tin&! l.tevood traeheld
l_en tre. the adjacent r~. On the d&ht
1a .. rtq pueneh,.,....::r. blll/:'ing lnto an
earlyvcod trlleheid lunen. X3250

••
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Figure 19

I

Tangential section of 197~ ~hite pine latevood xyleM shoving axially
oriented tylosite parenchy--a fo~ed 1n the lumens of dead, secondary­
valled trachcids as a result or spiral girdling in the spring of
191~. The ray parench~n expanded through its half-bordered pit into
the trscheld lUQcn, and then divided. Tva nuclei are visible. X820



A. Tr&n8verl. lection or vb.1te pine Ipir&1_lJrl<>&e
earlTvOOd :ql_ (pith tQ'olard bott.<8). Micro­
dc=ains or reorientation began to rol' at
about the lame time that trauaatic r.lin
canall YeTe dirrerentiated. The lide vallI
or the microdow'lnl indicate that their
aliglll';Cnt 1& dirrerent rrow that or a.c1Ja.cent
c"ll'..

B. 'l'angent.ia1. ..cUon or vhite pine :q1=
rOl"lllK earlJ' in a Ipiral brid,ge IhovillA
tbe b<lginniQf;1 or a -.1crodau.1n or
reorientation (cent.r). Note the extreme
shortnesl or the strongly reoriented
tracheids .. a relUlt or luccellive
par&l.1d obUque anticlln.al 0:I1v1l10nl.
I 130



A. Tangential section of white pine 1914 1atewood
xyle~ of UWP-l (see Figure 2) vh1ch vas forme~

previous to gir~lir.g to construct the spir&l
br1dgc in the spring of 1915. X82

B. ::i""e IDqniUcII,t10n, M~ tangenth.lly
in the same location, &8 Figure 2lA.
Note the very nll,rrow tangential dtmenR
sions of the tracheids ~hich have derived
fr~ the reoriente~ c.,.bium. Portions
of a traumatic reain can&l are also
evident (lo~er lett and center). xB2



A. T&::l>enth.l lIeetlon or vhite pine LIIP-lB x;rlnt
(lee Plsure 3) shovifl& the begin."l.ins (aOllt
pltlrvaN celb) Or Serh. 1 (Appendb).
The !\alto"" rfJ in ~!le eenter =t"he. thllt
or the Serle. trae:tnsll. Mote the 1atevood
t)'101:1 tel. X82

~
~,
•

B. T&n&en~i&1 aection ot villt. pine LIIP_lB ~

JQ'1nt at the eDd or Serle. 1; I.e. sel:tlOll
118. "oUt thst -:'he three t:\idtorll rl:/.
or PiauTe 22A have heen reoriented but
hsve =aintsined their re1stive polltlon~.,.,



Figure 23

Radial seetion of ~hlte pine spiral-bridge xy~,~ (r~ght), cambial
~one (Just to the right ot eenter) ar~ phloe~ (le~t hal~). Axla:ly
oriented phloe::l en the enr"",,, le!'t gives an !:!.ea of ho~ !Cuell ... ,:"
eambiuc and ita derivative.. hsve reQrient.!. X82



A. T&Il&e:tUal Ileetiou or 19711 11ltevood in "bite
pine spiral bridse lJ\/P-1. sbO'fi.l\i tbe start
(IlIOn pithvsrd eells) ot Serles 6 (Appelldix).
~ F~e 2. %205

B. Teneentia! seetlon ot 1975 spiral-bridAl
eu1¥ wood or whit.e pine l1IIP-l. Ihovlll&
seetloa 58Tl. i.e. the end ot Series 6.
A traUlUtie ruin eanal 11 be61Ml1l& to
ap;>eu 111 \Ipper eenter. 1:205
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Transverse section of the cambial zone (phloem
at top) within 8 lodgepole pi..e diagonal bridge
at 2 days after its constr~ction. Recent
1ntrusive Sr,owth and anticlinal d1vis1ons are
eV1dent I'S doubling of radial fHes. X205.

,. Close up of F1gure 25A. A pseudotrana_
verse ant1c11nal divis10n has resulted in
2 files of cells (left) where before there
\las only one; 8.:,d 1ntrusive growth is also
evident (right) as doubling of files by
tangentially narrow tips. A t1f~~rcnti&ting

phloe~ axisl parenchyma is evident 1n upper
right. X82Q.



Figurc 26

Transverse scction Of the cambIal ZOne within ~ lodGepole pine
vertical bridGe which was harvested and fixed 2 days after the
brj~~e vas constructed. Thc phloe~ tiss~c Is at tOp. Thc edge
of the'vertl~al br,c~e is Just orf the le~ side Of the photo.
The curvature scen is probably a section1r./i artifact. X205.

"
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Figure 27

Transve~se section of the cambial zone of lodgepole piL~ within
a diagonal bridge '''hich was harvested and fixed at 8 days after
bridge construction. Note the decline of 4 files of "cells on the
left side of the photo, and how adjacent fusiform cells in the
cambial zone have expand~d tangentially to occupy the vacated
space. Three radial files to the right of the center ray within
the photggraph (this ray is evident in the phloem at top, but net in
the mature xylem at bottom), a single anticlinal division in the cambial
zone is thought to denote the position 0: t~e fusiform initial. X205



Transverse section of the cambial tOne
within a lodgepole pine vertical bridge
at 10 dftys after girdling. Nor~al variabil_
ity in the slzc of ~ture trachcIds is
evident. Note the numerous anticlinal
divisions which have recently occurred
(doublir.g of rad1al files). A scctioning
artifact extends across the photograph
on the xylem side (l~er) adjacent to
the cambial tone. X205

B·Transverse section of the cambial sOne within
a lodgepole pine diagonal bridge at 10 dftyS
after girdling. Note the differc~tiating

resin canal. In the cambial zone on the extreme
right Bide of the photogrsph, one file has
declined and the initial to the left has
divided anticlinally. followed by p~rielln&1

divisions in both sister initials. X205

A.
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Figure 29

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



A. Transverse section of the phloem (top), camb~al
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
dimension:..; .,hieh have begun to lignify mark the
position of the xylem mother cells within the
caniliial zone at the time of wounding. X205

B. 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 phloem
axial parenchyma by a single phloem
mother cdl. X820



A. 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 trachcids.
Note th~t transverse end walls in the xylem are
very scarce. X130

B.
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Same as Figure 3lA, 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 anti~linul division
which occurred in a phloem mother cell.
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Figure 32

Transverse section of the cambial zone wit~in a loegepole pine
diagonal bridge which was harvested and fixed at 26 days after bridge
construction. Note the heavily lignified and radially na~row zone
of ~ature tracheids which mark the position of the xylem mother cells
within tbe cambial zone at the tine of wounding. One border-pitted
transverse end wall is barely discernible within this zone. Two
tra~atic resin c~~als are differe~tiatingwithin xy en mother cells
of the cambial zone (ph1~~~ at.top). Note the swollen rays with ab­
normal ergastic contents, and the anticlinal division vinich occurred
in a ray cell. X205



Figure 33

Transverse section of xy.1""'. c"""bi"", and phloec (top) of lodgepole pine
diagonal bridse ~nich ~as harYes~ed at 50 days after bridbe construction.
The position of the xyle= =otner cells of the ca:bial zOne at the ti~e

of girdling is evide!:t near the botto:l of the photosraph. Ilote that the
radia: files are conti!:uo~s on the xyleQ side up to the caebial zone;
and thst t~ey decline or dOUble by the usual events of failure, intrusive
gro6th and anticlinal divisions. The blurred resions in the prese!:t
cambial zone ~hich extend fr~ the phloeQ do~n~ard across the ca:bial
zone to the xyle~ are ~crodc:air~ of. reorientation. :ote that ad:acent
regions sho~ no definite reorientation. ~ote that there is no similar
liound zone in the phloem as cccurs in the xylem. !;le slisht curvature
of the files in the region of the ca::lbi= is thouc;ht to be a sectioning
artifact. X82
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Tr&mlTUn net-loa or t.he cubla.l lone (ph1oelD M. top) 1harlllC a blgbu II;lIgllir1catiOll of the
aicrodc.a11l1 ot reorient-atioo, as Ihcvn in figu.~ 33. _ate that the rlld!&! rUea ue co,,-tl:l\lOW1
across the c...,bl&1 101:" r .... lQ'1e:a to phloeJl except in rc&IOI1ll "here :Il1cr04--.in. h...." fo=e4.
IIt:or:ent.at1on vithin tile eentral ale ,,",:.in oeearred, u • rnult or reUure or at leut t~
adjacent ru.iro~ initiall, as i, evident in the interruption of the radial filel ill tt.at region.
A:.l tu.lrora "...btu I;:I!U, haye relative4' SEal.: tang"ntlal <Si_nston. al II. rCIIl.lt or n..-erous
long oblique IUItlcl1nlLl din,lons au.1tlplyill6 lo"l; CU:l1!o.... flllthJ.• into • ..", II.orter on"". Wote
the abuDdlUlCI or lI\lIelei "ithin the caz:bhl ZQIlC_1IJ1 IndicauOIl of "\1C!l lLC:t1v1t,y. To rls:bt of
eeoter thera appears to be • aiCTOdooo.Ull vithll1 the pbl_ but not in the cao:.bi:.ul Or ;<J'l"",. Other
I:lcrodo=alr.ll Il!'">eal' to J\I8t be (Qno1ng 1.11 the ct-=hhJ. 10m:. X325
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Fisure 35

I\:I-Ju;

."
Transverse section of the cnmb1al ~one (phloe~ at top) within a lodgepole
pine dlasonal bridge vhich vas constl~eted 6 days previous to harvesting.
The first wound reaction was apparent !n the swelling of 800C, but not
all. ray par",nchy-..a near the "'",,"billl zone (cr. figures 8 and lIB). X205
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Figure )6

NadiaJ. sec'Ucn ot the ca&;b1um .,ithic a lodgepole pine diagonal bridge
which "ss constructed 10 C&78 pre,leus to harvesti~~ and rlxir~. The
cambial initial is One of the cells on the left 81~e of the photograph;
xyle~ ~other cells are On the ,.ibnt side. T"ne transverse divisions as Secn
here occurred <::ore or less slculte.::ecusly i~ aJ.rea~s existing xyle::> a.-leI
phlocc =cther cells; and vere first detected 10 =ster!el harvested a.~d

fiXed 8 dl'j"s after sirllinb, scat.eree throughout those dssues in each
radial file. Note that ~ericllnal divisions occasionally folIo" the
t,.....,sverse divisions; thus ..he Frc:iuctlvit.' ot a xyle'" c:cther cell in
te~s of pericllnal divisions cen be deterolned. ris a result of this
obser.stion, it ,,~s deter~ned .!lnt =08t X;'le= =other cel~s dirfer~n~i.te

directly intc ~r.cheids, o~eaBic~ally tr-ey divid~ ~erie:i~sl1y to result
in t~o tracr-eids; a~d very rar~);;' t~~e~ or ~o~ treene~cs r~sult rro~ a
sinble xyle~ cctr.~r cell. X820
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Figure 37

Transverse section of the c~bi~ within a lodgepole pine vertical
bridge ~tich was harvested and fixed 10 days after bridge construction.
(cf. Figure ~9). The phlcEL- at tup is distir:guisha"tle by its axial
parenchy~a. A traumatic resin caLal is differentiating out of the xylem
mother cells of the caffibial zene at botten. The CEnter of the large
resin canal is characterized by the four relatively large central cells
(on the left side of the ray). X820
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Figure 38

Transverse section 0: the cambi~ zone (phloem at top) within a lodge­
pole pine diagonal bridge const~ucteQ 24 days before harvesting and
fixing. Mature, heavily li~nified tracheids are inter~upted within ~he

radial files by cells which appear to have only prinary walls and no
lignification. This type of wound response was at~~ical, and occurred
in only four of the 18 trees exanined. Some of the cells are filled with
dark-staining ergastic contents interpreted to be tannins. X205



107

Figure 39

Radial section of phloem (left), cambial zone (center) and xylem (right)
of a lodgepo~e pine diagonal bridbe which was constructed 30 days
previous to fixation. The nuclei of the cambial zone distinguish it.
The larbe resin cyst in the phloem is nornal; Chafe (1969) states that
these are responsible for the xylem dimples which are co~only found
in lodgepole pine wood. rote the scattered transverse divisions in
tracheids and the numerous tannin-filled ~~ial parenchjna in the xylem.
X82.
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Figure 40

'l"rllllsverse sect.ion ot pilla"", (top), cambl\lll1 and xyleOl of lodgepole pine
diagonal b~idse that vas constructed 28 d&ys previous to harvesting and
tixatlon. The position of the xyle:n .cother cells "ithin the cambial
tone at the ti~e of \lounding is de~arc&ted by the zOne of cells "hleb shOll
very sllg.~t radial enlargecent but relatively heavy lignification. Note
the s~~llen ray parenchy=a, the tva axial parenchyca adjacent to the
c~btal zOoe vithin the xyle~. and the three traumatic resin canals.
X205.



,. Radial section or phloem (lett), c8l:Iblal zone B.
and xylem of a lodgepole pine diagonal bridge
~hleh ~nB constructed 32 dBys previous to
h~v~sting and fixa~lon. The position of the
c~bial zore at the time of girdling is denareated
by the narrow dianeter, heavily lignified cells;
and by th~ first transverse divisions. A tr..,,-
I:lstlc resin ca"al extends frOlll top to bottOJll scross
the photo. Note the variability 1n size and
position of the dividing w~lls (transverse) of
the parenchyma ot' the resin canal. X130

rransverse section ot same material 88
that shown in Figure ~LA, showing the
positIon of the cambial zone at the

time of girdling, and border_pitted
transverse end walls, swollen rays. and
primary-walled axial p~renc~ which
differentiated fr()lll xylt';& I\oth~r cel18.

"'"



A. Tan,genti&1 ."ction ot lodg"poh pine phloelO
.ather cell. vitbin • diagonal bridl" vhich
vas constructed 6 ~& pr"vious to harvestir.g
and fIxation. x82

B. Tancenti&1 aect10n of lodgepole pine
xylea ~he~ cells vithln a diaeonal

bridle vhich vas constructed 12 d&1&
previous to harvestln,g and fhation.
Tip elon,gatlOll o~ tile oq."" &Other cdl.s
tol1ovin,g transverse, O~ s11shtlJ oblique
division Is evider.t. X~)
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B. Tangential ",ction ,bovine; lodgepole
pine c..billa "ithin • di~onal bri4e
\lbich " .. conatrtlcted. 30 d.~. before
it. v.. h..,-eated. and. fixed.. The tir"t
loc:.11t~ r~1..nt.tion 1. evld.ent in
the upper left corner. X205

A. T.......nt.ial .ect.ion .bovi.ll& lodsepole pine
phlOftl _t.her cell. (boUe=). ~::.i-:'hJ.••
..,.,<1 lQ'1.... _tiler cell. (top) vithin ..
bridge con.t.TUcted 18 ~. prior to
harvenir-& and fb3tion. The bri4e
v.. oriented at ~5 upvU"11 to the
ri(;ht. X82
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Sae ... Flaw-ci loU &ncl B
bIlt 160 alcre-eters e10••T
to the pith into the c~bl.1

tone than Fl6UTe ~IoA; Ihovllll
the lane ru'l tora resin c:&lIll1
It 50 dll¥1 .tter bridge COn­
struction. X205

•
c.sa..e as F'ipu'1! 101lA..

but 80 ~lc:oceter.

cloler to the pith
tllt.o the <'-....bl&! o;Ofte;
.hovlr~ the l=e fus1­
tore resir. c&:l&l at
50 d&7s .rter bridge
construction. X205
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A. Ta:lgential leeUOII or
lodaepole pine phloelll
aoth~r ee111 In & 41..­
Qr~ bridee have.ted
and nx~ at. 50 dql
arter brld(.e eon!tr~_

ticn. X2O>
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Figure ~S

Transverse section of phlO<!l:l (top). ellI:1bial zOne and ::lI1t=e xyl"::l of
lodgepole pl~e diagonal brids" ~hieh ~as girdled 24 days previous to
harvesting and fixing. At le~st th~ee axial parene~~a are at the
ed6e of the xyl~ ::lother cell ten" (dark-stalne~ cells in center) and
maQY mere have cOYed into the oature xyle=. Note the sl=11arlty of the
axial parenchy=a in the xyl~ to those in the phlo~. X20S



A. Tangential section of xylec formed trom B.
the clllllbi= after a lodgepole pine tree vas
diagonally girdled showing folU" uial p....encbyDa.
Serial tangential sections shoved this to be a
single, isolated strand of axial parenchycatous cells
tor~ed in the central region of the spiral bridge.
X205

Tangential section ot xylem forced
from the cambi"", after a lodgepole pine
tree 'ISS diagonally girdled, shoving
axial p....enchyca ...~d calciuo oxalate
crystals (hottom) norDally found only
in the phloem. x820



A. 'l'an&enU&1 _KUOO ot the c8I:Ibial region
vithio a di..onal bridge ot lodgepole
pine at 50 d~. arter 1I1rdHna. Note
the proeouneed aicrodazain or reorIen­
tation (ct. rlllUTe )k). X325
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B. TancenUal netion ot the co::lbld
regl0D vlthln a ye:tieal bridse ot
lodgepole pine at 38 d~. arter
girdling L~ hrldge eo~.truetio~.
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A. Ta.ngentia.l ueetlon uhovins the beginnins of
lodgepole pine diagona.l-bridge Serieu 2
(uee Figure 5 and the Appendix). Counting
rightvard from the battCl::l of the [usUom r!I.,Y.
the file which wss truced is represented
by the 8th trache1d. Xl30

B. Tansentia.l section shoving the
end of Series 2 {i.e. closest to
the cambium; Figure 48A i8 closest
to the pith). Very alight local
reorientation has occurr~. X130



A. Tangential llection llholling the beginning (neare!lt
the Pith) or lodgepole pine diagonal-bridge
SeriCll 3 (llee Figure 5 and Appendi~), Counting
rightllard trom the lover tip ot the ru~lrorm

ray, the tile which vall traced 15 repreaented
by the 7th tracheid. X130

B. Tangential section llhoving the end
("fUrtllest trom the pith) or Seriea 3.
Xl30 E



A. Tangential section shoving the begi~~ing (closest
to the pith) of lodgepole pine vertical-bridge
Series 4 (see Figure 6 and the AppendiX) adjacent
to the bridge edGe. Counting leftvard from the
center of the photOGraph's right side, the file
traced is represented by the 21st tracheid
encountered. Xl)O

B. Tangential section shoving the end
(closest to the cambium) or Series
4, at a slightly lover magnification.
'8'



A. Tangential section shoving the beginning
(closest to the pith) of lodgepole pine dlagon&1­
bridge Series 5. 1n the center of the photograph.
Xl)O

5. Tangential section shoving the end
(cloaeat to the cambium) of Series
5. Note that the fusiform r~ in the
center of this photocraph has ariscn
from an knlseriate r~, as shown in
FiGure 5LA. See Figu.e 5 and the Appendix.
X130.



Figure 52

Transversa section o~ white ash (Fraxinus ~ericn~a L.) xyle~

which rcr:ed vithin a spiral bridge si:dla: to those sh~.~ tor
tree .~-1 (Figure 1). Late.ood ot the previous year is a~ the
bott~; girdlifi8 .as done in early spring before the ca=~i~

had activated. ~ote the disti~ct ~icr06~ns of reorientation
in upper left. X205

""



Figure 53

An exa:pJ..e of extre.::e r.atural spiral gr!l.1n ~or:::atio". This tree,
a "hite spruce (fiees ,;:laues (Eoene!!.) ',oss) in the central ylti<on
Territory, livea for r-ore than 600 years sr.i be&an sp1r~1 b!'a1r. for­
mation at approxi:::ately 100 years of S6e. The tree is 7 =etera hiGh.
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Transverse section of ~lc: fT~ t~e stem of the vhite spruce tree
shovn in Figure 53 in the region ~here reorientation first hegan.
Note that only a rev trachelc& vera produced each 6ro~lnb seasOn.
Note the very distinct ~crodomalns of reorientation. X205
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Figure 55

A tangential section of xylem fro~ the ~hlte spruce shown in Figure 53.
Note the distinct Qlcrodo~sin of reorientation. X205
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Figure 56

A tangential section of xylec forr..ed vithln a lodgepole pine
diagonal bridge to shov the sin~ous nature of the trachelds ro~ed

shortly after din;onal girdling (cf. Figure 46A). This sinuous
feature 1s best scon by looking at the photogrsph such that the
eye 1s almost in the plane of the photograph. X205



Pigu,.e 57

Transve,.se seetioD of latewoo~ of lodgepole pine whieh Nas for~ed in
197~ (bottoc). Earlyvood o! 1975 is at tr.e top. Both gro~h l&ye,.s
we"e fo~ed long befo~e girdli~ i~ 1976. The distorted region was highly
locali~ed and is believed to be the site of a pinpoint vound. Pressure was
likely applied in ~he eentral region of the distortion, as shovn in this
photograph. upon ~he e~bial ~one. The response was si=ilar to tha~ sCen
in the girdled bridges' cessation of radial cnlB:ge~ent o! ~le~ mother
cells with nec~p~1¥ing heavy lignifieaticn; swollen rBJ parenchy~a,

and n.,.rc·"il'.g of thc tar.gcn~i&1 di:oensions or the cells. prcsu:..ably by
oblique ~~ticllr.al divisions. Note that there are r.o tre.Ul"a.t!c rcsln
canals, pcssi~ly due to the f&at that the c~bial ~o~~ vas veIL on its vsy
into winter rest. 1:205
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APPENDIX

TRACES OF SERIAL TANGENTIAL SECTIONS OF XYL~1



SERIES 1

White Pine

Section 59 is nearest the pith; Sectior 1~8 is furthest from the

pith. This Series should be viewed as if the observor 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.



SERlr;;s 1

59 60 61 62 63 64 65 66 67



SERIES 1

69 70 71 72 73 75 76



77

SERIES 1

78 79 DO 81 82 83 84 85



86

SERIES 1

87

\

88 89 90 91 92 93 94



SERIES 1

95 96 97 98 99 100 101 102 103



SERIES 1

104 105 106 107 108 109 110 111 112



• 'T.

SERIES 1

.. --r, 'f" 1

"

11) 114 115 116 117 118



SERIES 2

Lodgepole Pine

Diagonal 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 observo~ we~e close to the pith and moving backwards toward the

bark. Figure 5 shows the location of Series 2 relative to the diagonal

bridge. This Series was traced from ~Jlem which tad formed over a

period of 50 days following the construction of tne diagJnal bridge.



SERIES 2

1441 U ) 142141 11.1.01)9 1)8 137 136 135 1:4 13 132 1)1 130129 128

Section TO.

127 126



•

S~RIES 2

125 124 12) 122 121 ~?O 119 118 117 116 11.5 114 11) 112 111 110

S('ction l\O.



"

SERI.cS 2

9J949598'~9100105 104 10J 102 101109 108 107

Section No.



SERIES 2

9C 89 87 86 85 84 [)

Section o.

82 81 80 79 73 77



SERIES 2

75 74 73 72 71 70 69 68 67

Section :'Jo.

66 65 64 63 62 61 60



SERIES 2
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Section La.
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44 4 J 42 41 40 JQ 38

Section ~"o.



SERIES 3

Lodgepole Pine

Diagonal Bridge

Section 144 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.
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SE:tIES 3

40 39 33 37 36

Section :,:0.
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SERIES 4

Lodgepole Pine

Vertical Bridge

Section 54 is closest to the pith. Section 23 is in the cambial

zone. ?his ser~es should be viewed as if the obse~vor we~e close to

the pith and moving backwards toward the bark. Figure 6 shows the

location of Series 4 relative to the vertical bri~ge. This series

was traced from xylem which had for~ed over a period of 38 days following

construction of the vertical bridbe.
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SERIES 5

Lodgepole Pine

Diagonal Bridge

Section 144 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

SERI AL TM;GENTIAL SECTIONS, REFRODUCE BY
TRACiNG OF PHOTOMICROGRAPHS, JF Pjnus strobus
SHOWr rJG A 1- mm IN-LENGTH V] FW or- XYLARY

ELEMENTS AT SEQUENl1.A,L STAGES WHICH RESULT

;N ,t.,Cf~ANGEIN ORIENTATION FROf\.1 THE VERTICAL

TO THE BEGINNING OF.A.N UPWARD-TO-THE-RIGHT
SLANT IN THE EARLYWOOD OF A PHLOEM BRIDGE
ORIENTED 4So UPWARD TO THE RiGHT /

SPECIMEN UWP 1) (SEE F1GURE 2)
DISK NO 50l

SECTION THICKNESS 20 fJ

p - .t-/IAL PARENCHYMA

- - BORDER-PITTED END WALL
- - SIrV:PLE-PITTED END WALL
- - UNPITTED END WALL

~/ - EARLYWOOD-LATEWOOD BOUNDARY.e, ~\
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