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‘L“'k T INpvibuaL RooT and shoot axes grow by
additive processes. New cells are added to make them thicker or
longer so the total size is the sum of all the additions. The growih
in total number of axes each yearis multiplicative because the rate
is determined by the number of parent axes mubtiplied by the
branching rate per axis. Later in the book we willlook at how tree
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' axes are connected together in a structure with regular patterns;
this chapter will describe how additive and multiplicative growth
of the population of root and shoot axes occurs in the tree.

Both additive and multiplicative growth in trees is from meri-
s stems. Meristems are localized areas of axes that act as celi-
pi‘oducing factories. They cause clongation, thickening, and
branching. Meristems produce new cells by division, the cells
i then enlarge and subseq uently dilferentiale into one of the many
cell types that make up a tree. Apical meristems at the tip of cach

growing root and shoot produce cells for clongation of axes, and
they also produce the cells that form new meristems. There are
lateral meristems—the cambium between the wood and bark and
the cork cambium within the bark—that produce cells for the
thickening of axes and also produce more meristem cells to in-
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crease the size of the lateral meristem, which is a paralle] to
branching in apical meristems,

Elongation and thickening occur through the production of
files of cells—longitudinal files in apical meristems and radial
files in cambia (fig. ). As the files getlonger through the addition
of new cells by the meristem, the axis elongates or thickens. The
increase in length of files of cells to produce elongation and thick-

ening is a result of both cell division to produce new cells in a tile
and the subsequent enlargement of each new cell, Although cell
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mersistem

- ’ N . ':/:,- ,\‘- Leat primordiygn Lateral size may vary throughout o year in a file of cells, there is sar-
. ) D primordum :;‘:('y;.m’ ' prisingly little difference between cell size in a fast- or slow-
A . Pk primodlivn ' prowing lile. The major differences in the amount ot clongation
) ‘ k Sulopical merisen, . or thickening are due to the number of cells in a file. The number
b i of cells is determined by the number of cell divisions that create
) the new cells. Therefore, differences in amounts of prowth are
Leal stak due primarily to differences in the numbers of celt divisions in

Lateral bud ; meristems.
' Koot : Because of the additive nature of tree growth the youngest cells
Apical cap ; in a file are in the meristems where cell divisions occur. There-

]

fore, distance from a meristem is related to the time since a cell, or
tissue, was formed. The youngest leaves are nearest the apical
meristem that formed them and the oldest the furthest awvay,

Root tip

Wood is youngest at the outside of the tree near the cambial meri-
stem and oldest on the inside. A sequence of cells, tissues, or
organs at increasing distances from the meristem that formed

Perideryy —

.' them also represents a developmental sequence in time. Scien-
f tists studying development in trees, or in any plants that grow
Wood from meristems, often use the technique of substituting space for
bk " Cambium : time. For example, it is easier to study a sequence of branches
gem { from the top to the boltom of a tree, cach branch a year older, than
4 FILES FroM Mlilzlsn;M; 3 to wait while a p'nrticulla‘r bfnnch gm.ws over the years. chusg
Diagrrams of sample mdl_‘”"‘“vq . ' : a record of cm'nlbml.acuvuy is stored in the wood .ul\d..\ record of
sones of cell division O), t‘"ldr;;cﬁw,:(l;;:)d b_Y nwrns(u'ns, Each file has | a'nnu.\l elongation in the shoot and root syfslcll\s, it is also pos-
entiation (M) Shoot an] mnm,;ic.,l mwi;l,‘.mfl[mntummm orwall differ- f S.lblc to work backward through space and time to see how a par-
Mhe cambium forms new fles o sage “ms lorm lateral buds or roots, | ticular shoot or root has developed over the years. One problem
- : with this technique is that it is nat possible to reconstruct the
j whole history of a tree because many shoots and rools, and of

b course the leaves, have died and disappeared over the voars,

Meristems also produce new meristems. The shoot apicalmweri-
stem produces lateral leaves that grow by short-lived meristeims.
The shoot or root apical meristems also produce lateral shoot
or root meristems that grow into lateral branches cach with its
own apical meristem. New cambial meristem, to accommodate
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o ..;\;-nmlllg Kith ot the combium as an axis thickens, is pro
dteed fro g i i . fivi -
v existing cambial meristem by special cell divisions

New cambi is i
ambial meristem 18 also formed in axes created by shoot

dnd rool ¢ i i
clongation, 1t arises from undifferentiated cells pro-

duced b apice i
by the apical menstems, Later the cambial meristeny ex
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Divisia ell ¢
y f‘ nand cell enlargement are localized near the meriste
wiefore ¢ ceurs i ‘ ‘
growth only occurs immediately adjacent to meri-

Tevminal
bud |

S Lateral bud

Leaf scar
Bud-scale scars

Lateral branch

stems, The tissue . A ,
the bulk of lxl::?:t“z;:],:: f(l::&::::'::: o past s stored as Harduwaod branch o |t yesrold
are lost, Most of the tree e fore o other parts that die and : /

fence naled to ‘ ree, once formed, stays the same. A wire @, ™ _—~2years old
emati a tree is an example of the stability of nonmeri- § >

snmc‘ hci:;‘l:rt ::):ftll:t:c?r.c/c\stigswycirs pass. .”w fence stays at the , e eld
ypical meristonne » Dec use elongation occurs only necar :

aF meristems at the tip of the tree and at the end of cach ; Lt yeassold
branch. As the tree grows in diameter, wood srows over the r‘\L‘l ’ %
and .lhu wire. The wire does not move and new wood is ad 1“; :

nulsulic the old wood. Therefore, the wire is buried in tl:f:L \

marking the height and year it was first put up. Once bt ‘rLL ;

cambial activity and radial enlargement occur on.lhe outslijc;:ec::} i pine e
g g,

‘ Aato rent growth and storing up of previ- ; Divisions are marked on the outside of shoots by bud-scale scars or
ous ;?r()wlh permits some detective work tomeasure growth fro ‘ groups of long branches and in the wood by the number of annual rings.
::rcvii’tlls yca;'s. [tis casiest to measure Previous growth in l’L‘(n:j l ;

crate trees that have ay CASONS
In many of these trccs]:;\TL ’;\Lr:‘::;tlﬂ)f g,roleh and mmgrowtl}. ; growing in the tropics produce no rings in the wood at all. Some
v elongation of each shoot is ! trees may produce more than one ring each vear, either because

marked by successive sroups of bud-seale scars on the surface of
the bark and the annual thickening of the wood is nnrk"d b

annual rings (fig. s). Detective work on previous g~row‘th? f
always casy. Not all trees have bud-scale scars and some pr 151 ‘“’f
more than one set of bud-scale scars per year, but‘in llw}sc()c::c‘L
there may be other clues to the amount of elongation Forh'ts
stanee, the pattern of branching often is annua]. Ma;1y trcllle:

of injury or because of distinet flushes of growth, In general, it is
difficult to work out previous growth rates in the root system.
There are no bud scales, there is usually no annual pattern of
branching, and growth rings in the wood are difficult to see and
frequently do not go all the way around the roat.

The files of cells that meristems produce arise because cells
divide and redivide in the same plane, perpendicular to the axis
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6 CAMBIAL DIVISIONS

Type

s of divisions producin,
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+ transverse
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3 new fusiform and ray cambial cells,
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parallel to the radial axis and a new meristematic cellis produced.
This new meristematic cell can then produce a new radial file.
This mechanismy increases the number of both fusitorny and ray
files as the cambium increases in girth.

There are a number of types of divisions thal produce new
cambial cells from parent fusiform cambial cells. The parent cell
may be divided by a straight wall from end-to-end of the cell o
produce two daughter cells the same length as the pacent. The
new dividing wall is, however, frequently not straight. It may be
S-shaped and not run the length of the cell (a pseudotransverse
division);! it may cut out one side of the cell (a lateral division); it
may just cut off the tip of the cell. Divisions that produce daugh-
ter cells of about equal size usually produce new fusiform cells.
Where divisions produce daughter cells markedly unequalin size
the smaller cell either becomes directly a ray cell or becomes,
through subsequent redivisions, a series of ray cells.? Thus, fusi-
form parent cells can produce cither new fusiform or new ray
cells in the cambium,

Cork cambium produces most of the hard part of the bark in
trees. [t produces cork to the outside of the tree and, in most
cases, justa few cells to the inside. The general operation of a cork
cambium is similar o the cambium, bul there are no ray cells.
Cork cells are in radial files produced by oriented divisions in the
meristem, just like wood cells. There is a tremendous variation in
the extent and longevity of cork cambia in different tree species.
Trees with thin, smooth bark, like beech, have a long-lived cork
cambium thatl forms a sheath around the tree stem just as the
cambium does and expands as the stemy thickens, Trees with
rough bark, however, have many cork cambia, each of small area
and relatively short-lived. New cork cambia keep forming under
the old ones in these trees.

Cork cambia fornu in a process analogous to the formation ot
cambium in new root and shoot axes. The first cambia form in tis-
sue produced by the apical meristem. Adjacent cells just under
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4 : Pattern and Jorm

. X

ikt wmianed BRANCIES IN THE shoot or root system develop
in patterns with different levels of organization. The simplest
tevel is determined by the nature of lateral formation in apical
meristems. Branches grow from the sides of a parent axis. There-
fore, it is convenient to classify branches by order, with orders
being comparable to generations in populations. The main axis is
called the first order, all branches off the first order are called the
second order, all branches off the second order are called the
third order, and so on (fig. 7).

Branches are not formed randomly. In the shoot system they
are in successive pairs (opposite), or in a spiral (alternate), in
a regular pattern called plhiyllotaxy that is determined in the api-
cal meristem. In the root systemy, laterals are usually in rows
along the parent root, with successive laterals somewhat evenly
sspaced, but not as completely regular as they are in the shoot

system. .

Another level of complexity is that each higher order usually
elongates more slowly than the parent order. Root systems have
a relatively simple basic pattern resulting from the fairly regular
spacing of laterals and the stower growth of each higher onder
(fig. 8). The pattern becomes more complex because successive
branches may nol clongate at the same rate. Many shoot systems
have annually repeating patterns where the uppermost, youn-
gest lateral branches on each annual shoot increment are the
longest, with a decrease in length of laterals down to the lower-
most, oldest lateral of that year, which is the shortest (fig. 9).
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8 : Thickening from cambial aclivity

CAMBIAL ACTIVITY THICKENS the framework
produced by clongation and lateral formation. The products of
cambial activity—wood and phloem—are most of the tree’s bulk.
The products of apical meristems are only a millimeter or two in
diameter, but the trunk of a large tree may be several melers
thick. Most of the biomass in a forest is wood that accumulates
from cambial activity. The phloem is just as necessary as wood in
the function of a tree, bul because there is not nearly so much of
it and because its cell walls are relatively thin and unlignified,
phioem does not accumulate a tremendous amount of biomass,

Wood is added to the framework of the tree in sheaths just
underneath the bark. The sheaths are added as if the tree were
putting on successive pairs of long underwear—adding cach lay-
er on top of the last and getting fatter and fatter as each new
sheath is produced. Usually we sce these sheaths in a tree only
from cross sections of branches, stem, or roots. In cross section
each layer looks like a ring, In temperate areas, rings are usually
annual, but in other arcas there may be more than one growth
ring in a year or, in many tropical trees, there may be no distin-
guishable rings at all.

There are three common types of wood: coniferous wood (soft-
wood), ring-porous wood, and diffuse-porous wood (both hard-
woods) (fig. 23). All wood is made mostly of vertically oriented
cells for strength, water conduction, and, perhaps, some storage.
There are also horizontally oriented cells, the ray cells, that con-
duct materials radially into the wood from the outer parts of the
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24 DIFFERENTIATION OF CAMUBIAL CELLS

Sieve cells and sieve tube members are specialized for phlocny transport;
vessels are spedialized for water transport, as tibers are for streagth; tra-
cheids combine specialization for both strength and water ansport
parenchyma often store materials; ray cells ransport materials radially

(¢.g., [rom the phloemvinto the wood).

tree (fig. 24). Ray cells are aggregated into the rays that are piten
visible as lines on the surface ol finished wood, particularly vak.
Individual ray cells are somewhat simitar in different wood types,
but rays are smaller in softwoods than in hardwoods. Cenerally
rays constitute 10-20 percent of the wood volume. The verli-
cal cells of ditferent wood types are quite different, one from
another. Coniferous wood is made almost entirely of tracheids,
small needle-shaped (fusiforns) cells a few millimeters long, and
twenty to forty microns wide (1,000 microns equal 1 millimeter).
Tracheids serve both to strengthen the wood with their thick

walls and to conduct water through their hollow interiors. Water
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small vessels in the rest of the ring. These large vessels may be
over joo microns wide and just visible to the unaided eve. Ring-
porous wood represents the ullimate in specialization o coll
types. The large vessels are very efficient in water transport, but
there are relatively few of these vessels so the system s risky if the
large vessels become nonfunctional.

The ring width ol the annual sheath of cambial activity varies
from the top to the bottom of the tree.’ The ring width changes
according to the position of the ring in relation to the crown of
the tree. The most-recent annual ring in a tree, the ring at the
outside just under the bark, is smallest near the top of the tree,
largest toward the base of the crown where the most productive
branches are, and gradually smaller going dowa the tree below
the live crown (fig. 25). Usually the ring width increases right at
the base of the tree where the najor laleral roots are attached to
the stem, There are differences in distribution of ring width ac-
cording to the size and distribution of the live crown, Very sup-
pressed trees with very short crowns may not even grow near the
base of the tree, although they cannot survive loag if they grow
that slowly. Open-grown trees with live crowns nearly to the bot-
tom may have increasing ring width right to the base of the stem.

The inherent pattern of ring width within any annual sheathvis
determined by the position and vigor of the crown. This pallern
of cambial aclivity is reflected in an inherent pattern of ring
widths inany given cross section going from the pith inthe center
to the bark on the outside. The ring next to the pith was formed at
the top of the tree, the part of the tree that is only one year old.
The next ring was formed in the two-year-old portion of the top
of the tree, the third ring from the pith in the three-year-old por-

tion of the top, and so forth. Any one cross section stays in the
same place relative to the ground, but every year as the terminal
shoots elongate, the section gets further and further away from
the top of the tree. Eventually it will be where the most produc-
tive branches are and then later it will be below the crown. Thas,
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a species in a sland whether they are fast- or slow-growing. The
stimulus is the combination of the longer days and warmer tem-
peratures of spring. All indications are that cambial activity is
controlled primarily by growth regulators coming from leaves
and growing buds. The initiation of cambial activity starts below
newly active buds in diffuse-porous and coniferous trees. Cam-
bial activity then spreads down the trunk at five to len am per
hour, which is approximately the rate of polar auxin transport. i
the stem is girdled by removing a band of bark and phloem below
the expanding buds then the wave of initiation is stopped and
there is no cambial activity below the girdle. Experiments with
isolated stem segments from which the buds were removed show
that adding auxin and gibberellin to the top end of the section ini-
liates almost normal cambial activity.* Auxin alone causes a few
cells to differentiate and gibberellin alone causes the production
of cells which do not differentiate. Together the two regulators
stimulate both division and differentiation.
Ring-porous trees start cambial activity before the buds grow
and activity starts all over the tree at about the same time. It
is important for cambial activity to proceed belore the leaves
grow out in ring-porous trees because the netv leaves depend on
the new vessels for water. Apparently cambial activity starts in
ring-porous trees because an auxin precursor from the feaves was
stored in the cambial zone the previous autumn.* In the spring,
according to the theory, the precursor is converted to auxin and
the auxin initiates cambial activity, but thére is no wave ol initi-
ation because the precursor is distributed throughout the tree
and is converted at about the same time throughout the tree.
Once cambial activity has been initiated itstill needs regulators
from above to continue. The rate of activity may vary and the rate
can be measured by the rate of cell production. The rate of cell
production is determined by the number of dividing cells incach
file and the rate at which they divide. In white spruce the rate is
determined primarily by the number of dividing cells and the rate
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bium to the most active Ieaves, the wider the annual ring. The
swaying of the stem in the wind is another important factor in
regulating ring width. If a tree sways back and forth so that the
stem is bent frequently, then wood is added to the stem to keep
the actual bending at the surface of the cambium the same along
the whole length of the stem.® If a pasticular part of the stem
bends more, then it will have more cambial activity and, as a re-
sult, the amount of bending will be reduced because the stem
becomes stronger. This sort of feedback between bending and
cambial activity occurs constantly along the whole stem as il
sways. If a stem is stopped from swaving by guying it with wires,
cambial activity is reduced even though photosynthesis is unat-
fected in the short term by the guying.” There are some practical
effects of the stimulation of cambial activity by stem sway. It
newly planted street trees are supported by guy wives fur touo
long, the stem below the wires will not thicken enough to support
the tree when the wires are finally removed and it will break in
the wind. Trees in dense plantations are restricted from swaying
because the crowns are in such close contact. As a result thelower
stems are relatively thin. When the stand is thinned the trees are
suddenly exposed to the wind. Many of them break if there is
a wind storm before the stems have had time to respond to the
increased amount of sway by thickening the lower purtion of the
stem. l .
. Growth rings in the wood are marked by differences incell size
and cell-wall thickness. In conilers the first-formed tracheids (the
carlyiond) have relatively large diameters and thin walls, and the
last-Tormed tracheids (the lateweond) have relatively small diam-
eters and thick walls. In Douglas-tir the actual amount of wall
produced in cach cellis the same inboth carly and late woud, but,
because the cells are smaller in tale wood, the walls are thicker.®
Most conifers have rings that are easily seen and counted, pri-
marily because the dense latewood is darker brown asa result of
its high lignin content. It can be shown experimentally in pines
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il:d’l]ccll. s.r/.c (mdii\l diameter) and cell-wall thickness are under
| du[.c‘vr:jlu iji]lmls,‘ Frees grown under artificial long days can pro-
! ong-day latewood,” large-diameter cells with thick walls
‘ nder d.rnughtcondilinns trees may produce drought rings x:vnh
:lm.xll—dn‘nnwlcr, thin-walled cells in the latewood.? One l:u'or is
c::l‘;\:::wn qmcsntration regulates tracheid diameter, Auxin a):n.-
mrgc‘ bl::;\ﬁxs l.ugh‘[n ll?c sprin;‘; and summer so diameters are
ATke, but: uxin decreases later in the year and thus the cells are
:lm.\llcr l’n diameter. Recent careful measurements have sh;)‘w:
| at auxn.\ concentration is higher in the spring in the cnnb':l
zone of'pmc, ' but other regulators are probably also inv‘)l 'hi
\"V'.lll thickness largely reflects the amount of available ;::h\::t:):
;»\ n tlh‘atu. Tre.cs grown under high night temperatures have high
}:I.\:i{.:‘of :T.«fplrati[(;n atnight, high use of photosynthate, and ll\:s
ce thin-walled cells. Trees grown under low nigh't tem
per-

atures ! irati
have lower respiration rates, more available photosyn- "

:halu, and thicker walls.'* Another factor in wall thickness ma
e that latewood cells stay alive longer and therefore h "k -
time to synthesize new walls, e
DIHL.ISC-pOl‘OuS wood has rings that are hard to sce. The late-
;.\'uod is m.\ly marked by a few small fibers that are x;()t hi :h‘l.
.'}w'“’"“d- 'H youare trying to determine the age of trees by C():nt):
u?g rings, avoid dilfuse-porous species like maple, cherr 1
bu:ch .bccausc therings are so hard to count. lnslcadl sulectyu:ilaln'L
a Lum('cr (hemlock is easy to count) or a rin;,-pornu's‘truc “k(.‘]:l:
oak. Ring-porous trees have very obvious rings because of l; )
large vessels in the first-formed carlywood. These va~;qclq 1]L‘
presumably so large because they form during the inililwi cr r:
\\'.hcn lhcr.e is a high level of auxin present following co:wier
(,,I the auxin precursor. After this first band of wood with l‘m'rj
cells tl'\c rest of the carlywood has very few vessels and the ldwrﬁL
wof)d is no more distinguishable than in diffuse-porous tree .
.Lull t,\"pcs in diffuse-porous and ring-porous woodss 1rcs.1"
tributed in a regular pattern for each species. The paﬂcln i: l:(;
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characteristic that it is a major feature in identifying wood. Ves-
sels, or groups of vessels, are spaced fairly regularly within the
matrix of fibers. Parenchyma are usually in some predictable po-
sition relative Lo the vessels, often just around them. Not only
are the cell types in a regular pattern in cross sections, but there
also is vertical continuity of development sa that vessel elements
are lined up to make the vertical, continuous files that form the
vessels.

These complex geometric patterns of cell distribution are prob-

ably determined by growth regulators. The pattern of cell forma-
tion can be totally changed by applying, growth regulators. High
auxin concentrations can produce wood thatis almost all vessels,
high gibberellin can produce wood that is mostly parenchyma.
In experiments with ash, a ring-porous wood, the number of
sites that form the large vessels in the spring can be modified by
changing the gibberellin concentration, but the number of vessels
(ormed at cach site is controlled by auxin. ** The vertical control ol
vessel development seems to be from auxin moving down from
the leaves. Once a vessel has started to differentiate it appears to
interact with the adjoining cells to maintain spacing between ves-
sels and o cause parenchyma to developin predictable positions
relative to the vessels, The enlarging vesselyeither could be pro-
ducing substances that regulate differentiation of the other cells
or could be using up some factor required (or vessel diflerenti-
ation. The whole process of regulation of woad dcvclnpnwnil is
complex because it occurs in jour dimensions, the three spatial
dimensions and the time dimension. Al this takes placeinanar-
row layer just outside the cambial zone.

Dead trees, where the bark has fallen off, often show spiral
grain, The cells, and the cracks that form between the cells as
wood dries or is split, actually runatan angle to the stem and spi-
ral around it. The grain angle often changes over lime and even
may change from spiraling to the feft to spiraling to the right. An
elegant way to demonstrate these changes in grain angic is with
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26 DYE ASCENT
The dyeis puti
{ ';l dyeis putinacollar around the stem and the leaves pullitinto a hole
drilled §
Hled in the wood. As the dye moves up the stem it follows the path of

spi i
piral prain and the movement to the side is shown in cross sections
taken at different heights, -

adveascent. " in this process, a hole is drilled deepinto the wood
f" the base of a transpiring tree and dye from a reservoir is pulled
into the wood and up the tree. At each point along the lc"nlr'th (:f
lh%' hole the dye moves up in the direction of the grain. [f thehvnin
spirals to the right the dye will be displaced to the right an:v‘io
versa for a left-handed spiral. The path of movement (;F the d t
Fan be followed by cutting the tree down and taking out dis‘ksy:t
intervals up the stem (fig. 26). The history of the changes i;1 ;)r‘i-
entation of the grain from the inside, the pasl, to the (‘)u‘tsidc
the present, is revealed by the relative displacement aroum; thq;

rmaen S T s e

cem s

oy

——a e

RSN

stem. In trees with interlocked grain where the wood is hard to
split, like elm, the grainmay change from a right- o a left-handed
spiral cach year. In many trees the grain angle reverses after afew
years and gradually increases over the years so that spiral grain
angle is greater in older than younger trees. One of the best ways
to become interested in grain angle and to study it first hand is ta
split firewood. Working with firewood makes one really appreci-
ate straight-grained wood that splits with a touch of an axe as
oppuscd to interfocked grain, as in clm, where it is possible to
bury a wedge in the wood and hardly splititat all. Another sub-
ject of practical study is the distorlions of grainaround knots oral
branches, which makes splitting difficult.

Spiral grain originates in the cambial zone. 1t has to be formed
there because wood cells cannot change orientation once they
have developed thick walls. The probable cause is that when
fusiform initial cells divide perpendicalarly to form new files of
cells (a p::a'mln!mnsm’rsvAliz'isinu) the new cell wallis slanted across
the parent fusiform initial. Whole areas of cambium may have
the new slanted walls predominantly in one direction. ' After
the pseudotransverse divisions the daughter cambial cells slowly
clongate at the tips. If the direction of the new walls is random
then the direction of the grain stays the same, but if the direction
of the new walls is predominantly one way, the grain angle will
gradually change. In some trees the arcas where divisions are
predominantly in one direction stowly move over the surface of
the cambium so that the grain changes ivregulardy; in others the
change is more regular. Changes in grain angle are not clearly
related to structural demands ol the stem.

Once wood is formed, the water-transporting, cells die guite
rapidly, but parenchyma cells and ray celts may live for decades,
Younger wood toward the outside of the tree is functional in
waler transport. This light-colored wood is called sapreood. Older
wood, the ieartiwood, becomes nonfunctional in water transport.
The vessels are filled with air and may then be blocked by in-
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. fc,‘l’o‘?\'lhs (fyloses) from parenchyma cells, As the vessels and tra-
~theids become nonfunctional, materials are transported down
) U.\L‘ rays and stored in the heartwood. These materials often com-

bgnu ta form the dark-colored substances that make it casy to dif-
I_crenli.\luAhcm'lwond. It seems likely that the heartwood ls being
used as a chemical dump for the excretion of unwanted sub-
slances. One of the results is our finest cabinot woods, which in

tact are the attractively colored heartwoods from the tree’s waste

disposal system,
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9 : Orientation and movemeitt fron
apical growth

o vy by v
Ml THE PRECEDING CHAPTERS have discussed how

the framework of the tree is built by apical meristems producing
new axes in regular patterns and how the framework is then
thickened by cambial activity. This information, along with the
information on how the different axes are attached to each other,
is almost sufficient to describe the structure of a tree. What is
needed to complete the description is information about the ori-
entation of each axis and how that orientation changes over lime
if an axis moves. The orientation of apical growth determines the

“initial position of axes. There may be later movements due to

bending from sell-weight or bending from special wood called
reaction woed.

Orientation of an axis can be described in relation to the verti-
cal, using angles and a three-dimensional coordinate system, or
in relation to the parentaxis from which it was derived, using an-
gles alone. Both methods have some virtue. Axes oriented with
respect to gravity (vertical) are best described in a coordinate sys-
tem because to some extent the axes orient independently of cach
other. On the other hand, many aspects of axis orientation are not
independent. For instance, if a tree is tipped over or swayed in
the wind, the same basic orientation is kept between axes, but
every axis changes orientation within a coordinate system.

The first axes of a tree are the primary root and shoot growing
out of the seed. The root grows down and the shoot grows up. All
the rest of the axes of a tree originate laterally as lateral meri-
stems. The initial orientation of each lateral is determined by its
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10 : Orientation and movement from
cambial activity

M
AN

v O
' "‘“A THE INITIAL ORIENTATION of a shoot is estab-
lished by primary growth, but the orientation can be changed
later. Although the emphasis of this chapter will be on reorienta-
tion of a woody stem or branch from active bending, it is -
portant to realize that when a woody shoot bends, all the higher
order branches off the shoot are passively reoriented. The same
thing happens if a shoot is tipped or broken. The most dramatic
example is when a tree is lipped over by a storm. Then the stem
and each branch in the crown is reoriented. Another example is
when a branch bends up at the base. The outer parts of the
branch, and all higher order branches along withiit, rotate around
the branch base. The further a shoot is from the bending base the
more it is moved, even though the shoot itself does not bend

I3

atall.

A shoot can be bent by external forces like wind, snow, wain,
and self-weight or by internal forces generated by differentiating
wood cells. The amount of bending of an axis is determined by
the amountof force actingon itand by its resistance to bending,. i
a shoot bends too far, it breaks. 1f a bending main stem puts too
much stress on the roots that hold the stemiin the ground then the
roots break and the sltem tips over.

Resislance to bending is a function of the stiffness of the wouod
and the cross-sectional radius of the shoot axis (fig. 29). Stiffness
varies between species. Generally hardwoods like oak are stiffer
than softwoods like pine. If an oak and a pine branch of the same
size are bent with the samwe force, the pine bends more than the
oak. For each species, a thicker branch bends less with a given
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The actual foree acling to bend a shool at
seclion is called the bending moment. The bending moment is the
force acting multiplied by the distance from its plane of action
(see fig. 29). To appreciate the effect of distance, hold a mod-
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The stiffness of wood within an indi- :

bending moment increases and it is harder and harder to hold the
weight. For bending by self-weight the distance is measured to
the center of gravity of the weight beyond the cross section. For
bending by wind the distance is measured to the center of where
the force is applied, essentially to the center of the sail-like struc-
ture created by the crown or branch.

Bending moments can also be generated by internal growth
stresses. Growlh stresses develop when fusiform wood cells tend
to lengthen or shorten as the thick secondary walls differentiate.
These stresses are normal by-products of cell-wall differentia-
tion. Most cells tend to shrink as they differentiate (fig. 30), su
they develop tensile stresses. ! Each sheath of new wood that is
added to the tree tends to shrink longitudinally. This tendeney to
shrink, and the resulting tensile stress, is resisted by the older
core of wood. As more and more sheaths of wood are added in
tensile stress the central core is actually compressed. In extreme
cases Lhe core is compressed so much that there are many com-
pression failures in the wood. Fucalypts in Australia develop
brittle heart in the center where the wood has so many compres-
sion failures that large beams can break under light loads because
of the internal failures. Many tropical trees develop such high
growth stresses that when the tree is cut the trunk splits apart.
Loggers cutting such trees are in danger because if a tall tree splits
up the trunk as it is being cut, the split half may suddenly movg
out a meter or more and kill anyone in the way.

If growth stresses are evenly distributed around the trunk then
no bending force develops, but if there is an uneven distribu-
tion of stresses then there is o bending force. The bending mo-
ment is the difference in force between the opposite sides of
the stem multiplied by the distance of the sheath from the cen-
ter of the stem. More precisely, the distance is from the neatral
planc of bending. When a branch bends, one side getslonger and
the other side gets shorter. Near the center is a plane where no
change in length occurs, called the neatral plane of bending.
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30 WOOD GROWTIH STRAINS

Diagrams of the change in lenpth of wood cells when the growth stresses
are released by taking the cells out of the wood. The orientation of the
microfibrils is shown in the “in” drawing,

After atree stemyis tilted over by the wind, new wood cells
change their secondary wall differentiation to produce different
levels of growth stresses. The upper side produces wood with
higher tensile stress (it tries to shrink) and the lower side pro-
duces wood with lower tensile stress or even with compressive
stress (it tries to expand). The result is an uneven distribution of
growth stresses that tend to bend the stem toward vertical.

This tendency to produce differential growth stresses reaches
its maximum expression when reaction wood is formed. In soft-
woods, like pines, the undcrside of aleaning stem develops com-

pression wood, Compression wood cells have extra thick walls
and are dark because they have a high lignin content. These
compression wood cells actually develop compressive growth
stresses. Because they are on the underside of the sten they act
to bend it up by pushing. In hardwoods, like oak or maple, the
upper side of a leaning stem develops tension wood. The tension
wood cells have an extra cell wall layer and they develop very
high tensile stresses, much greater than in cells with normal
walls. Therefore, in hardwoods the tension wood tends to pull
the branch up. The action is opposite to compression wood action
in softwoods, but they both tend to bend leaning stems upward
because the tension wood forms on the top and pulls, while the
compression woud forms on the bottom and pushes, (Compres-
sion wood forms only in softwoods and tension wood only in
hardwoods. Normal cells of both types develop teasile growth
stresses.)

Reaction wood, to a large extent, is just a specialized version of
normal wood that produces unusual levels of stress.? The excep-
tion to that conclusion is the special layer of cell wall that de-
velops in tension wood and which is limited to tension wood
cells. There seem o be two types of mechanisms responsible for
growth stresses. The first mechanism is responsible for develop-
ment of stresses in most cell walls (see fig. 30). Cell wnllé'ol'
wood are formed by cellulose strands, called wicrofibirils, that
form a framework on which lignin is deposited. As the lignin is
deposited it swells and pushes the microfibrils apart. The micro-
fibrils are oriented in regular helices around the celland the angle
of the helix to the axis of the cell is critical to the amount and type
of stress that develops. In normal cell walls, the angle of the mi-
crofibrils to the axis of the cells is small. As the lignin forces the
microfibrils apart the cell tends to shrink and therefore develops
tensile stress. The microfibril angle of cells is smallest on the up-
per side of leaning trees so the tensile stress is greatest. On the
sides of a leaning tree the microfibril angle is almost unchanged




¢ «

v sd he tensile stress is about the same as in normal wood. On the

underside, the angle is even greater and the tension is reduced

“even further. In coniflers, the microfibril angle can increase so
much thatas the lignin pushes the microfibrils apart the cell actu-
Mly tends to increase in length and a compressive stress devel-
ops. Compression wood is in this sense just an extension of
normal wood with a larger microfibril angle and more lignin. The
high lignin content in compression wood presumably increases
the tendency to push the microfibrils apart and produces even
higher compressive stresses, The second mechanism appears lo
be peculiar 1o the special layer of tension wood cells. This layer
does not have much lignin, although other compounds are de-
posited on the cellulose framework. The cellulose microfibrils are
oricnted nearly parallel to the axis of the cells, It scems likely that
in this layer the tension is generated because the cellulose micro-
fibrils actually shrink as they are fotmed. The outer layers of ten-
sion wood cells behave like normal wood cell walls and the stress
they develop is determined by the microfibril angle; only the
extra inside layer is special.

Reaction wood forms under several different circumstances.
Each stem and branch has an angle, the preferred angle, at which
it does not form reaction wood. If the stem or branch is moved
out of this angle it forms reaction wood to bend the axis back to
the preferred angle. For example, if a vertical stem is tipped over
by a wind storm it develops reaction wood to bend it back to verli-
cal. Soltwoods develop compression wood on the underside and
hardwoods develop tension wood on the upperside. Horizontal
branches tend to sag under their own weight so they form reac-
tion wood to bend them back toward the horizontal. If branches
are arlificially bent up and lied in position they form reaction
wood to force them back down to horizontal. In this example the
“normal” positions are reversed, hardwoods make tension wood
on the underside and sofltwoods make compression wood on the
upperside. This induction of reaction wood because of changed
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orientation presumably is a response to gravitational stimulus.
Somehow each axis can detect when it is out of its preferred
orientation to gravity.

Reaction wood can also be induced in branches without any
change in orientation, or gravitational stimulus, by removing api-
cal control. Injuring the terminal causes reaction wood to form
that will bend the branch to the orientation of the parent axis so
that the branch becomes a replacement shoot. * Apical control can
be removed by cutting off the stem above the branch or by ye-
moving a strip of bark and phloem all the way around the stem
above the branch. Many branches do form some reaction wood
even though they are under apical control. Generally they do
not form enough reaction wood to counterbalance the down-
ward-bending moment from the self-weight of the branch. These
branches form more reaction wood when apical control is re-
moved and the branch bends up. A few species, like ash, do
not normally form reaction wood in branches, bul when apical
control is removed ash does form tension wood and the branch
bends up. Essentiaily, when apical control is removed, the pre-
ferred angle of the branch changes to the angle of the parent axis
and it forms reaction wood to bend to its new préfcrrcd angie.

Reaction wood formation scems to be repulated by aunin,
When a stemis tipped over there is a higher auxin concentration
on the underside than on the upperside. Moving the stem out.of
its preferred angle stimulates some mechanism, perhaps lateral
auxin transport from one side of the stem to the other, that leads
to differential auxin distribution. In softwoods the high concen-
tration on the underside stimulates compression wood formation
and in hardwoods the low concentration on the upperside stinw-
lates tension wood formation. This difference in response to aux-
in concentration can also be shown in vertical stems that do not
normally form reaction wood. If auxin is added to such a soit-
wood stem it forms compression wood below the point of appli-
cation. If auxin is reduced in a hardwood stem by adding triiodo-
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31 REACTION WOOD
Location and action of the two types of reaction wood in tilted stems.

benzoic acid, which stops auxin movement down the stem from
the leaves, then the stem below forms tension wood.

Thus, if a vertical stem is tipped, auxin concentration is ro-
duced on the upperside and increased on the underside, As a re-
sult, the microfibril angle of the wood produced after tipping
changes and reaction wood is formed. Compression wood forms
on the underside in softwoods and tension wood forms on the
upperside in hardwoods (fig. 31). Compression wood tends (o
expand and tension wood tends to contract so both of them act to

bend the stem up toward vertical. Compression wood pushes it
up and tension wood pulls it up.

Reaction wood formation is usually associated with increased
ring width. In a tipped stem the widest part of the ring is usually
on the side where the reaction wood forms so that if it forms for
some time the stem becomes eccentric with growth mostly on the
top in hardwoods and on the bottom in softwoods. This cor-
relation of increased ring width with reaction-wood formation
is characteristic, but it does nol always happen. The fact that
reaction-wood formation and increased ring width can be sepa-
rated shows that they are not controlled by the same regulators.
In any case, it seems unlikely that high auxin would increase
growth in sofltwoods and decrease itin hardwoods. Itis probable
that some other regulator is responsible for increasing ring width,
perhaps gibberellin, but it is not clear why the regulator concen-
tration might be higher on the top of tipped hardwood stems and
on the bottom of tipped softwood stems. '

When apical control is removed, a branch responds by growing,
faster all around, but the growth increase is greatest on the side
where reaction wood forms. The location of the major increase in
growth is presumably due to the same mechanism responsible
for increased ring width where reaction wood forms in tipped
stems. The explanation for the gencral increase seems to be that
when the branch is under apical control most of the photosyn-
thate it produces moves out of the branch and is used in stem
growth. Essentially the branch and the stem compete for the
branch photosynthate and-the success of the stem in the competi-
tion depends on regulators moving down the stem from abuve.
The most important regulator seems (0 be auxin because ausin
can replace apical control and keep the branch from prowing
faster. When apical control is removed by cutting off the stem
above the branch, then the branch can retain more of its phato-
synthate and grow more because the stem cannot compeie suc-
cessfully with the branch.
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The angles of old branches reflect the balance between bend-
ing down by self-weight and bending up by reaction wood.
Many softwoods that have a central stem much larger than the
branchus, like pines, show a clear sequence of branch angles from
the vouny, branches atthe top o the older branches at the bottom.
Youny branches grow at about a forty-five-degree angle. As the
branches elongate, most of the photosynthate cither goes into
making more needles and elongating the branch oris transported
out of the branch to the stem. There is some cambial activity to
thicken the branch, but not enotigh to keep it from sagging from
the increased bending moment of its own weight. Toward the tip
the branch usually bends up slightly because the tip clongates
somewhat upward and il takes several years of loading from in-
creased branch weight before the old tip portion is bent down.
Therefore, at the bottom of a pine tree the branches are near
horizontal except toward the tip. In a maple grown in the open,
however, the main stem is quite short and there are many large
branches. The lower branches grow rapidly and sweep up until
the tips are nearly vertical. Enough photosynthate is retained by
the branches so that they thicken and are not bent down very
much by the increasing self-weight,

11 ¢ Survival in hard times

TREES IN MOST regions need to survive occasion;
al hard times. For a large part of the world, the hard times are the
cold winters. In other parts there are droughts (although trees do
not grow atall in the driest parts of the world) and floods. Most of
these hard times occur annually at fairly regular seasons. Trees
usually start preparations before the hard times actually arrive. It
a tree were still growing when there was a freeze it might be
killed, so there is a tremendous advantage for it to be dormant
and frost-hardy well before the dangers of winter arrive. To pre-
pare ahead of time trees have to use environmental cues. Trees,
like most organisms, are sensitive to day length. They can essen-
tially tell what time of year it is by the length of the day. Many ot
the preparations for winter startas the days begin to get shorterin
the summer. If days are extended with artiticial light, the trees
just keep on growing as if it were carly summer. ot
Along rivers, trees are flooded regularly, usually in the spring
before the leaves grow out and when the trees are most resistant
to floading,. Trees thatare regularly flooded for long periods have
special mechanisms to survive the problem of insutficient root
acration. ! Other trees are killed by extended fooding when they
are in leaf. '
Droughts that are not scasonal cannot be cued by day tlength,
but they develop slowly as the soil dries out, so the decreased
water availability is another kind ol eavironmental v, Whewthe
water potential in the leaf drops, the leaf begins to form abstisic
acid. The abscisic acid stimulates the stomata to close. Abscisic



