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Abstract

Two studies were undertaken to examine the response of white spruce to
changes in wind exposure. Dendrochronological methods were used to compare
trunk growth with root growth, while mechanical testing methods were used to
compare wood strength in the trunk with that in the root.

In the dendrochronology study, ten trees from the edge of a road, cleared
16 years earlier, and ten trees from the interior of a 120 year-old, mixed-wood
stand were sampled. Ring widths were compared between the roots and trunks
of these trees. Following the road clearing, the rate of trunk diameter growth
initially remained unchanged, while root diameter growth increased. These
observations suggest that trunk growth may be suppressed for some years
following release as a result of increased root growth. The increase in root growth
may help stabilize trees after exposure to increased wind stress by increasing the
amount of root wood anchoring and supporting them.

In the second study, five trees from the edges of roads, cleared 20 years
earlier, and five trees from the interior of a 40 year-old mixed-wood forest were
sampled. | compared the strengths of wood produced in response to release and
wood produced before release in the roots, stumps and boles of these released
and control trees. The response wood and non-response wood were found to be
equal in radial bending and parallel compression strength. However, following
release, stumps had the highest radial bending strengths and the lowest parallel
compression strengths, while the opposite was true in roots. Previous research
has shown that wind stress maximizes radial bending strain in the stumps and
parallel compression strain in the roots. Wood characteristics that influence
strength seem to be correlated with wind-induced strain. This distribution may help
stabilize trees by increasing wood resistance to movement.

White spruce appear to stabilize themselves in high winds by changing their
pattern of growth and distribution of wood strength after wind stress increases.
Movement of the center of gravity may explain these changes as well as the
direction of reaction wood formation. Initial partial release may provide transitional
conditions for the spruce to safely become windfirm in.
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Chapter 1

General Discussion
1.1. Mixed-wood Management and Understory Windthrow

In the first 50 to 75 years of stand development, aspen-white spruce mixed-
woods consist of a dominant aspen (Populus tremuloides Michx.) overstory and
a subordinate white spruce (Picea glauca (Moench) Voss) understory (Lees,
1966). In these stands, the aspen are fast-growing and shade-tolerant. They
usually overtop young white spruce to form the upper canopy. The white spruce
are shade-tolerant and, in the juvenile stage, grow slower than the overstory
aspen. They typically remain in the understory until the aspen slow in growth and
begin to die.

Commercial thinning of these mixed-woods involves harvesting the aspen
for immediate use while retaining the understory white spruce for future
commercial gain (Brace and Bella, 1988). By retaining the understory, instead of
removing it while harvesting the aspen, forest managers 1) take advantage of the
growth to date of the existing understory crop, 2) improve the growth potential of
this crop and 3) postpone the need to prepare and replant the site (Brace and
Bella, 1988).

Once the overstory is removed, the understory white spruce are released
from competitive suppression induced by aspen (Yang, 1988). Trunk growth of the
understory white spruce usually increases in response to release (Steneker, 1967).
When they reach harvestable size, the white spruce can be harvested by a
shelterwood regeneration system (Smith, 1986). This harvesting system releases
white spruce seed trees from existing intraspecific competitive suppression (Smith,
1986). It also enables the establishment of a new understory crop before the old
crop is completely harvested.

The mortality rate of understory white spruce increases following release
from overstory aspen (Yang, 1988). Although logging practices also take their toll
(Froning, 1980), this increase in mortality is largely due to windthrow (Brace and
Bella, 1958). Growth of the white spruce is severely suppressed by overstory
competitior: in unreleased stands (Steneker, 1967), resulting in relatively under-
developed trees (Fraser and Gardiner, 1967; Smith, 1986). Since these trees are
under-developed, they are vulnerable and susceptible to wind damage and
windthrow. Similar problems may be faced by seed trees in a shelterwood system
and by trees in an undisturbed forest as they grow into the canopy. These
situations expose the trees to an environment more open than the one they were
in before (Larson, 1963).



1.2. Wind Forces and Tree Sway

Wind sways the white spruce trunk, starting at the top, and indirectly
vibrates the trunk’s unswayed portion and the roots (King, 1986). As the wind
intensifies, more of the trunk sways and the attached root system rocks in the soil
(Fayle, 1978). The soil around the rocking roots is pushed away, losing its fortifying
grip on the tree (Anderson et al, 1990). This loss undermines the tree’s stability.

With increasing wind severity and failing soil hold, the root system lifts. This
liting starts on the windward side of the trunk beneath the stump (Figure 1-1)
(Helliwell, 1989). More of the root system tilts as wind severity increases (Coutts,
1983). Meanwhile, the trunk leans leeward.

The outer portions of the root system tilt last since the soil holds them more
tightly in place than it holds the inner portion (Coutts, 1 983). This tightly held
perimeter restricts root movement in the inner portion of the root system, thereby
contributing to the buckling of the roots on the leeward side of the trunk (Mergen,
1954). This buckling decreases around the trunk toward the windward side where
the root system lifts. Therefore, on the two sides of the trunk which are
perpendicular to the wind direction, the root system lifts and buckles
simultaneously.

As the root system continues to tilt, the roots eventually break, starting from
the windward side and continuing to the leeward side (Coutts, 1983). As more
roots break, the tree becomes less stable, since the soil loses its grip on the tree.
The leaning tree eventually uproots unless the trunk snaps or the root tears

(Mattheck and Bethge, 1990).

1.3. Physical Basis for the Effects of Sway on Spruce

A spruce tree’s above ground weight is typically balanced at its center of
gravity, which is usually located at the base of the crown (Larson, 1963) and on
the trunk's vertical central axis (Johnson, 1987). All parts of the spruce are
balanced at this point, which is supported in turn by the trunk. When the center
of gravity lies on the central axis, the tree is stable, since its weight is supported
by the trunk (Joseph et al, 1978). As the center of gravity is displaced from the
central axis by a shift caused by wind or leaning, the tree loses balance, since the
trunk supports the tree’s weight less effectively. The greater the displacement of
the center of gravity, the more precarious the tree becomes. Grace (1977) and
others argue that this displacement brings about windthrow.



1.4. Root and Trunk Response to Sway

Radial growth of the trunks of understory white spruce usually increases in
response to removal of the aspen overstory (Yang, 1988). However, this response
growth is often delayed for some years after release (Brace and Bella, 1988). The
trunk growth rate may even decline immediately following release, though it
eventually improves.

White spruce mortality also increases following release (Yang, 1988), largely
due to windthrow (Brace and Bella, 1988) as described above. The delay in trunk
response growth may, therefore, be a symptom of wind stress. Nee! and Harris
(1971) reported a reduction in trunk height and diameter growth in deciduous
hazelwood trees (Liquidambar styraciflua L.) which they swayed manually. They
also reported an increase in stump diameter after manual swaying. Similar stump
swell occurs in white spruce after release (Larson, 1963), suggesting that
increased diameter growth in the stump and perhaps in the roots occurs at the
same time increases in trunk diameter and height growth are delayed. Since there
is no initial change in trunk growth after release, one can argue that trunk growth
is still suppressed, as it was before release (Steneker, 1967), for some period
immediately following the removal of the overstory aspen.

Competition for limited growth resources between the trunk and root
(Kienholz, 1934; Coutts, 1987; Deans and Ford, 1985) may explain this
hypothetical relationship between high root growth and low trunk growth.
Aliocation of resources between sinks (regions of the tree which consume growth
resources) is affected by the conditions of the tree’s environment (Salisbury and
Ross, 1985). The mechanism of this environmental influence is not known (Fayle,
1968; Fritts, 1976).

Understory white spruce are likely sensitive to two types of trunk growth
suppression (in this context): competitive and wind induced. In unreleased mixed-
woods, the spruce are competitively suppressed by aspen (Steneker, 1967). This
competition results in relatively under-developed roots and trunks in the spruce
(Smith, 1986). After release, white spruce are free from aspen competition;
however, they are exposed to relatively stronger winds. To stabilize themselves in
severe winds, they might allocate more resources to stump and root growth
(Mergen, 1954), resulting in continued or even greater trunk growth suppression.

1.5. Description of Response Growth

Response growth is a change in the growth habit of a tree after it
encounters an environment which is relatively more open than the one it grew in
previously. The stump and root system are entirely reorganized following release
(Figure 1-2) (Wagg, 1967). Stump and root swell increases, especially on the
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leeward side of the tree, where buckling and bending strains are more
pronounced (Coutts, 1983). The stump swaells least on the two sides perpendicular
to the wind (Mergen, 1954), where bending is least pronounced, while the root
swells least on the windward side (Coutts, 1983), where buckling is least
pronounced. Swelling results in thicker, and therefore more rigid, stumps and roots
(Coutts, 1983). This rigidity reduces the risk and intensity of root plate rocking and
tilting.
Increased root branching and adventitious rooting also occur (Figure 1-2),
especially on the windward side of the tree (Coutts, 1983; Helliwell, 1989). They
both result in more soil being bound to the roots, extending and solidifying the
root-soil plate outward and trunkward. The union with the surrounding soil and the
increased weight result in greater resistance to root plate liting. Further,
adventitious roots are positioned strategically around the spruce, improving root
plate anchorage and tilting resistance (Wagg, 1967). Wagg (1967) also noted that
roots which no longer contribute to spruce stability deteriorate following release.

Following release, trunk growth may be delayed or suppressed further by
an increase in crown and root growth. Root to shoot biomass does not change
following release (Fraser and Gardiner, 1867; Honer, 1971; Johnstone, 1971);
however, crown to trunk, root to trunk and crown to root biomass ratios generally
increase. This pattern suggests that crown biomass increases most, root biomass
increases less and trunk biomass increases least.

The increase in crown biomass might be a response to increases in space
and light around the crown following release (Greis and Kellomaki, 1981); however,
some response to wind stress may also occur (Milne, 1991; Fayle, 1978). Changes
in crown growth (Putz et al/, 1983; Mergen, 1954, Mitchell, 1969), such as the loss
and addition of branches, are beyond the scope of this study.

1.6. Strength and Stiffness of Response Wood

Strength and stifiness are measures of wood resistance to strain' (Figure
1-3) (Haygreen and Bowyer, 1989). These properties are determined by: 1) the
sizes and shapes of the root and trunk as described in the previous section, 2) the
density of wood and 3) the microfibril frame of the wood cell wall® (Haygreen and

1Strain is the amount an object is altered (relative to its original state) by stress,
which is the amount of force per unit area acting on the object (Haygreen and
Bowyer, 1989).

The cell wall is analogous to a cement foundation, which has a metal frame

stitched by wires and embedded in a binding matrix, since the wall has a cellulose-
(continued...)
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Bowyer, 1989; Commandeur and Pyles, 1991). Generally, as wood density
increases, wood strength and stiffness increase, since the molecuies comprising
wood are packed closer together and there is less free space for the molecules:
to deform or slip into (Larson, 1963). Therefore, a section of root or trunk of certain
form and certain wood density is likely to be stiffer and stronger than a similar
section with lower wood density (Haygreen and Bowyer, 1989).

It is possible to have weak, high density tissue and strong, low density
tissue (L.arson, 1963). Ultimately, wood strength and stiffness are determined by
the microfibril frame of the wood cell walls. Like the coils of a spring, microfibrils
deform and rupture most easily perpendicular to their lengths, since 1) in this
dimension long gaps occur between them and 2) they bend diametrically more
easily than they compress longitudinally (Panshin and Zeeuw, 1980).

Response wood is the wood tissue produced during response growth. It
may be like reactior; wood, which is the wood tissue commonly believed to arise
in strained or displaced parts of the tree (Haygreen and Bowyer, 1989). Both wood
types occur when and where bending and compression strains increase. Both also
have the same eccentric distribution of ring width; in transverse view, narrow rings
occur opposite to wide rings. It follows that their stiffness and strength properties
might also be similar.

Reaction wood microfibrils are 30 to 50 degrees more perpendicular to the
wood cell's long axis than those of non-reaction wood (Figure 1-4a) (Parham and
Gray, 1984). Therefore, against a force applied parallel to the cell's long axis,
reaction wood is weaker than non-reaction wood, while, against one applied
perpendicular to this axis, it is stronger (Figure 1-4b). The advantage of reaction
wood is increased perpendicular-strain resistance. However, the price for this
advantage is reduced parallel-strain resistance.

Based on the hypothesis that response wood and reaction wood are similar,
response wood in the stump probably resists bending caused by sway more than
non-response wood. However, the hypothesis also predicts that, in the roots,
response wood likely resists parallel compression caused by buckling less than
non-response wood. The latter prediction seems unlikely, since, during tree sway,
the roots are severely compressed (Coutts, 1983) and resistance to parallel
compression is expected since it may be important for avoiding root damage.

%(...continued)
microfibril frame flexibly stitched by hemicelluloses and solidly embedded in lignins

(Barnett, 1981).
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1.7. Physlological Basis for Response Growth and Change in Wood
Strength

Different parts and tissues of the spruce probably experience different types
and degrees of mechanical stimuli or strains when the center of gravity of the tree
moves from the central axis of the trunk (Figure 1-1) (Salisbury and Ross, 1985).
These different strains influence the types and proportions of growth regulators in
the strained regions (Coutts, 1987; Hale and Orcutt, 1987).

The mechanism by which mechanical stimuli might influence hormone
balances is unknown (Fayle, 1968; Fritts, 1976; Salisbury and Ross, 1985).
However, Salisbury and Ross (1985) suggest that mechanical stimuli might change
cellular electrical resistance and the amount of potassium ion leakage into the
apoplast of strained cambial cells. The changed electrical polarity may affect the
availability of hormones, and hormone precursors (Fayle, 1968; Salisbury and
Ross, 1985).

Auxin and ethylene are believed to induce growth responses to mechanical
strains (Larson, 1962; Salisbury et al, 1982; Yamamota and Kozlowski, 1987,
Wilson and Archer, 1977). These hormones increase diameter increment, decrease
height growth, influence xylem differentiation and stimulate reaction wood
formation. The resulting response may be a qualitative and quantitative change of
wood structure, affecting wood strength, and wood production (Larson, 1963).

1.8. Thesis Objectives

In this thesis, | explore the effects of environmental change on tree growth
and wood properties to increase basic understanding about the effects of abiotic
factors on trees and the reactions of trees to these effects. | hope to alsc make
practical recommendations which might improve some forest harvesting practices.
Specifically, | address the relationship of root and trunk wood production and
wood quality in white spruce following release.

| first compare (Chapter 2) diameter growth in the roots and trunks of
released and unreleased white spruce before and after a known release event to
determine if an increase in diameter growth in the root offsets the observed
decrease or lag (Yang, 1988) in diameter growth in the trunk following release. |
apply dendrochronological techniques (Fritts, 1976) to roots and trunks to
compare their diameter growths.

in Chapter 3, | compared the strength and density of response and non-
response tissue in the roots and trunks of released and unreleased white spruce
to determine if wood strength increases after release, thereby increasing the
windfirmness of the spruce. | measure the radial bending strength, paraliel
compression strength, green specific gravity and moisture content of these tissues
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to compare their wood qualities. | also relate outside-bark radius and ring width
of these tissues to compare the amount of wood produced.

The delay in white spruce trunk growth and the increase in spruce mortality
following release are practical concerns for the forest industry. The delay directly
influences the amount of time needed for the white spruce to grow to harvestable
size (Brace and Bella, 1988), while the increased mortality influences how many
white spruce survive to be harvested (Brace and Bella, 1988). An employable
explanation about the underlying cause of the delay in trunk growth and the
duration of stand windthrow susceptibility may assist forest managers in
developing silvicultural systems which maximize the commercial productivity of
stands.
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FIGURE 1-1. Trunk bending and root buckling induced by sway. These strains are
focussed in the basal portions of the trunk (stump) and root system (structural
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FIGURE 1-2. Response growth in the stump and root plate. Extensive branching
occurs on the windward side of the trunk and decreases leeward (Coutts, 1983).
Extensive stump and root swell occurs on the leeward side of the trunk, less so
on the windward side and least on the other sides (Coutts, 1983). Strategic root
degeneration and adventitious rooting also occur (Wagg, 1967).
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FIGURE 1-3. Stiffness and strength are the stresses at which the object begins to
permanently deform and begins to break, respectively. The stress at which the
stress - strain curve begins to bend estimates the object’s stiffness; that at which
the curve begins to drop estimates the object’s strength. Modified from Haygreen
and Bowyer (1989).
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FIGURE 1-4. Wood cell structure and strength. a. Reaction wood microfibrils are
orientated more perpendicular to the cell's long axis than non-reaction wood
microfibrils (Parham and Gray, 1984). b. Non-reaction wood is stronger against a
force applied parallel to the cell's long axis (Panshin and Zeeuw, 1980), while
reaction wood is stronger against a force is applied perpendicular to this axis.
See Figure 1-3 for a description of stiffness and strength.
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Chapter 2

The Effect of Release on Root and Bole
Tree-ring Growth in White Spruce'

2.1. Introduction

Release of understory white spruce (Picea glauca (Moench) Voss) from
overstory aspen (Populus tremuloides Michx.) competition ultimately results in a
faster growth rate and shorter rotation period for the released spruce (Brace and
Bella, 1988). However, trunk response to release, or overstory removal, is often
delayed three to six years (Johnstone, 1981; Dang and Lieffers, 1989), while,
simultaneously, wind damage and windthrow are intensified (Yang, 1988; Cutler
et al, 1989). Following this initial period, spruce windthrow hazard decreases
(Brace and Bella, 1988) and spruce trunk diameter and height growths increase
(Yang, 1988).

Theoretically, following release, the tree should have access to more
resources for growth, since competition is reduced and more resources are
available (Smith, 1986). If growth does not increase in the trunk, the tree might be
allocating resources elsewhere, perhaps to the roots (Johnstons, 1981). Roots
normally compete with the trunk for growth resources (Coutts, 1987; Salisbury and
Ross, 1985). | hypothesize that the sway associated with relatively open conditions
following release causes a shift in biomass allocation to the root, thereby
increasing the windfirmness of the spruce.

The objective of this study is to determine whether or not allocation of
growth to the root increases following release. Incremental diameter growth,
measured by growth-ring width, is compared in released and unreleased spruce
trunks and roots before and after a known release event.

A version of this chapter has been submitted for
Publication. Urban, S.T., Lieffers, V.J., Macdonald, S.E.
1993. Can. J. For. Res.
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2.2. Methodology
Sampling

The study was conducted in the fall of 1991 in a 120 year-old aspen, white
spruce and lodgepole pine (Pinus contorta Dougl.) stand located northeast (115°,
45' W by 54° 30’ N) of Whitecourt, Alberta. The understory of this stand was
dominated by Rosa acicularis iindl., Calamagrostis canadensis (Michx.) Beauv.
and moss. The site had flat topography and grey wooded soils (Government of
Alberta and University of Alberta, 1969). Wind is a problem at the edges of this
stand as evidenced by the high incidence of windthrow along the west and north
edges where part of the stand was clearcut two years prior to sampling. Winds
blow predominantly from the west at 10 km/hr on average from April to October
(Harvey et al, 1984-1992).

Ten released white spruce were selected slightly out from the forest edge
along an east-west orientated road that was cleared in the early spring of 1976
and ten unreleased spruce were chosen 100 m distance from the road in the
forest. Each unreleased tree was surrounded by neighboring trees with crowns no
more than 12 m from its own. The trees were unpaired and selected for similar age
and size.

In each trunk, single cores were sampled at breast-height from the leeward
(east) and windward (west) faces and from a face perpendicular to the wind
direction. Three to five large, structural roots were cored in each tree about 30 cm
from the stump edge. In 90% of the trees, the vertical diameter of at least one root
was tco long to include the primary xylem in the increment core. Consequently,
only the top portions of the roots were sampled and analyzed. The few root cores
from the sampled spruce which included the entire root from bark to bark had top
radius to bottom radius ratios greater than 10, implying that growth below the root
primary xylem is negligible relative to the top.

Incremental Ring-width Measurement and Analysis

The procedures for cross-dating, ring-width measurement and indexing
described by Dang and Lieffers (1989), after Fritts (1976), were implemented in this
study, with the following modifications. Increment cores, instead of cross-sections,
were used as samples to avoid destructive sampling and to more easily sample
roots. In these cores, the widths of the 56 most recent growth rings, counting back
from the bark, were measured with a computerized measuring device (Clyde and
Titus, 1987). These 56 rings correspond to the 16 growing seasons after release
plus 40 growing seasons before release.
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Sixty percent of the control and released spruce had basal roots 56 years
old or younger that were the same size as 120 year-old roots. Since the age of the
roots were not know at the time of sampling, | cored these adventitious roots.
However, smaller roots (obviously adventitious) were ignored. Later, those roots
less than 56 years of age were removed from the sample to eliminate their growth
peculiarities"’. Adventitious roots older than 56 years seemed to follow the typical
growth pattern of trunks and non-adventitious roots (Figure 2-1). Consequently,
they were not eliminated from the sample. Annual mean ring widths for the roots
and trunks of each tree were calculated by averaging ring widths yearly from those
cores that were not eliminated from the sample.

Since ring width generally decreases toward the bark according to a
negative exponential growth curve (Fritts, 1976) (Figure 2-1), | attempted to fit
negative exponential equations to the averaged, annual ring widths in the pre-
release tissue of the roots and trunks for each tree. Where these equations did not
fit the data (F-test, pr>0.05), negative linear equations were tried and finally
horizontal linear equations, based on the assumption that the measured rings
came from flatter parts of the negative exponential curve (Figure 2-1). The
correlation coefficients of the significant equations are given in Table 2-1.

The same regression technique was used to fit equations to the averaged,
annual ring widths of all pre- and post-release tissue in the roots and trunk of each
control tree. Then, the significant pre-release equations for the roots and trunks of
the control trees were extrapolated into the post-release period. These
extrapolations were compared to the post-release portions of the full-data
equations, using paired-sample t-tests, to determine how accurately the
extrapolations predicted ring width.

Subsequently, the pre-release equations for the roots and trunks of the
released trees were extrapolated into the post-release period. For the released and
~ control trees, the pre-release equations and their extrapolations were then used
to predict ring widths in the pre- and post-release tissues of the roots and trunks.
The predicted ring widths were divided from the corresponding observed ring
widths to produce ring indices.

Eighty-five percent of the unreleased spruce experienced some form of
increase in trunk growth after the time of release, suggesting that 1) these
unreleased trees also had improved growing conditions following release or 2) this
increase in trunk growth is their natural pattern of growth. The increase suggests
that part of the response of the released trees in the post-release period might
have been related to factors other than the release. The additional response was
corrected for by subtracting control spruce ring indices from released spruce

2The cored, adventitious roots generally had wider growth
rings than non-adventitious roots and the trunks. Furthermore,
these growth rings did not reduce in width over time according
to the negative exponential growth curve typical of trunks
(Fritts, 1976) and non-adventitious roots (Figure 2-1).
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indices (Table 2-2). ‘

The above procedure produced ten root ring indices and ten trunk ring
indices for the released trees and for the control trees. Each of these sets of ten
indices were averaged yearly to produce mean Released Root, Released Trunk,
Unreleased Root and Unreleased Trunk Ring Indices (Figure 2-2). These Indices
were then subtracted annually according to Table 2-2 to produce other indices.
Subtracting the Unreleased Root Ring Index from the Released Root Ring Index
produced a net Root Response (to release) Index (Figure 2-3a). The same
subtraction, but for the trunk, produced a net Trunk Response Index (Figure 2-3b).
Subtracting the Released Trunk Ring Index from the Released Root Ring Index
produced a Released Spruce net-Allocation (to root) index (Figure 2-4a). This
same subtraction with the Unreleased Root Ring Index and the Unreleased Trunk
Ring Index produced an Unreleased Spruce Allocation Index (Figure 2-4b).
Subsequent subtraction of either the Allocation Indices or the Response Indices,
according to Table 2-2, produced an Allocation Response (Real) Index (Figure 2-5)
which measured the net effect of release on the allocation of ring-width to the
roots.

To determine whether release had any significant effect on the diameter
growths of the roots and trunks of released trees, and to compare the effects on
the roots and trunks, two-sample t-tests were used to compare the mean values
and slopes of 1) the above indices in the pre- and post-release periods and 2) the
pre- and post-release periods in the same index. Significant differences in mean
value were expressed as percentages of the indices being deducted (as compared
to the indices being reduced) or of the pre-release periods (when subtracting from
the post-release periods in the same indices). Significant differences in slope were
expressed in index units/annum.

2.3. Results

An attempt was made to sample released and control trees of the same
height, breast-height age and breast-height diameter. However, the sampled
released spruce were generally smaller, in height and diameter, than the
unreleased spruce (Table 2-3). They were probably also younger, but the ages of
80% of the sampled trees were underestimated as cores from them did not include
the pith.

Ring Indices

All Ring Indices increased following release, except the Ring Index for
unreleased roots, which did not change (Figure 2-2). The unreleased Trunk Ring
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index increased by 27% or 0.03 index units/year. Most of this increase occurred
eight to two years prior to sampling. Before and after release, the Released Root
and Trunk Ring Indices had similar means and slopes (common means and
slopes 1) before release: 1.00 and 0 index units/year, and 2) after release: 1.68
and 0.07 index units/year). However, in the first three years following release, the
Released Root Ring Index had a steeper rate of increase and a higher peak than
the Released Trunk Ring Index (Figure 2-2).

The Root Ring Indices of the released and unreleased spruce frequently
peaked a year before the Trunk Ring Indices following release, but generally either
lagged a year or matched the Trunk Ring Indices before release.

Response Indices

Before release, the Root and Trunk Response Indices were similar in mean
value and slope (Figure 2-3). Their means increased significantly following release,
but that of the Trunk Response Index increased to a lesser extent than that of the
Root Response Index (31% versus 69% respectively). In fact, the trunk may not
have responded to release until after four post-release years passed. Nevertheless,
the slope of the Trunk Response Index (0.05 index units/year) was greater than
that of the Root Response Index (0.04 index units/year). The higher mean value
and gentier slope of the Root Response Index suggests that this Index could have
peaked higher or increased sooner than the Trunk Response Index. In fact, it did
both (Figure 2-3). Consequently, the root responded to release before the trunk,
but the rate of this response decreased with time following release. The opposite
was true for the trunk.

~ Peaks and troughs are hard to match; however, the root seemed to
consistently respond before the trunk following release. For example, the Root
Response Index peaks at years 48 and 54 and troughs at year 50, while the Trunk
Response Index peaks at years 50 and 56 and troughs at year 52.

Allocation Indices

In the 16 years prior to sampling, the Unreleased Spruce Allocation Index
decreased 21% or 0.02 index units/year (Figure 2-4b). This decrease was mainly
related to the increase in the Unreleased Trunk Ring Index following the time of
release, while the Unreleased Root Ring Index remained stable (Figure 2-2). In
contrast, the Released Spruce Allocation Index increased 17% in mean value
(Figure 2-4a), even though the means of the Released Trunk and Root Ring
Indices were statistically equal following release (Figure 2-2). Further, the variation
of this Index increased after release. Foliowing release, its slope decreased 0.03
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index units/year after initially peaking. Allocation to the root remained positive for
the first nine years.

Real Index

The Allocation Response (Real) Index increased 37% in mean value
following release (Figure 2-5), implying that ring-width allocation to the root, and
therefore root diameter growth, increased following release in the sampled
released spruce. The slopes of the Real Index before and after release were
equivalent to zero. Consequently, this increase was not a simple rise in ring-width
allocation to the root over the years since release. it was an abrupt shift upon
release to a new level. Excluding the final peak at year 54, the slope of the post-
release Real Index is negative like the slope of the Released Spruce Allocation
Index (Figure 2-4a). The final peak in the Real Index (Figure 2-5) corresponds to
the peak around year 53 in the Allocation (Figure 2-4) and Ring (Figure 2-3)
Indices. Using the final peak as part of the Real Index data, the duration of the
high, post-release mean is not estimable from Figure 2-5. However, it appears to
last for at least 15 years.

2.4. Discussion
Physiology and Ecology of Response to Release

The Real Index clearly shows an increase in allocation to diameter growth
of the root following release. This increase may peak during the reported delay
(Yang, 1988) in trunk response to release. The Allocation and Response Indices
suggest an initial (three to nine year) delay in trunk diameter growth and a
concurrently high root diameter growth in released spruce. Further, the Released
Spruce Allocation Index decreases after it initially peaks following release. These
growth behaviors suggest that increased root growth may account for the
observed delay in trunk response to release.

Different hormone balances in the trunk and root (Hale and Orcutt, 1987)
and competition for limited growth resources (Coutts, 1987; Deans and Ford,
1985; Salisbury and Ross, 1985) may explain the relationship between high root
growth and low trunk growth. In released spruce, the root may be a stronger sink
during the lag period before increased trunk growth (Fritts, 1976). Environmental
conditions affect the relative strengths of competing growing regions (sinks) as
well as the production and movement of growth regulators (Hale and Orcutt, 1987,
Salisbury and Ross, 1985). These hormones, perhaps auxin or ethylene, directly
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affect the rate of growth by promoting or inhibiting cambial activity (Fritts, 1976)
in different regions of the tree. They also may regulate the relative strengths of
competing sinks or the transportation or relative distribution of growth resources
(Larson, 1963).

The benefits of immediate root response and delayed trunk response to
release are: 1) reinforcement of the tree’s foundation to withstand the increased
wind stress on the tree (Coutts, 1983) and 2) postponement of crown enlargement,
which would increase the wind load on the tree (Kounadis and Belbas, 1977,
Milne, 1991), until the tree’s foundation is reinforced. The foundation is reinforced
by increasing resistance to sway-induced movement (Coutts, 1983; Couits, 1987,
Wagg, 1967). Stump and root swell, especially leeward of the trunk, thickens and
thereby stiffens and strengthens the stump and roots. Root branching, especially
windward of the trunk, binds the root and the soil into a tight, heavy plate.
Adventitious rooting along with root deterioration result in a reforming of the tree’s
foundation, resulting in strategically positioned anchoring roots. In fact, adventitious
rooting may be a very common response to release. At least sixty percent of the
spruce sampled in this study had adventitious roots, most formed slightly after
release. In two similar stands in Saskatchewan (described by Yang, 1980),
adventitious roots were found on all fully released spruce (Urban, unpublished).
Therefore, the elimination of adventitious roots from the data set underestimated
the amount of resources allocated to the roots after release.

Management Recommendations

Although the results of this study are based on trees sampled from one site,
| speculate that increased root growth is a general mechanism used by trees to
increase their windfirmness as well as a general cause of delayed trunk growth in
trees exposed to open conditions. The literature liberally addresses windthrow
(Rollerson, 1991; Cutler et a/, 1989), windfirmness (Mergen, 1954; Larson, 1963),
root growth (Coutts, 1983; Coutts, 1987, Helliwell, 1989) and trunk growth delay
(Yang, 1988; Johnstone, 1981) in many species in many areas.

Unreleased white spruce are susceptible to wind damage and windthrow
upon release (Brace and Bella, 1988) since, being sheltered from severe wind
exposure by their neighbors and the overstory, they have not developed a
resistance to wind stress (Cutler et al, 1989; Mergen, 1954). The sizes and ages
of the trees sampled in this study already place them in the canopy where they are
exposed to wind. However, clearing a row of forest for road construction increases
the relative exposure of the stand-edge (released) spruce compared to the interior
(unreleased) spruce. The fundamental reaction to increased exposure of these
trees is probably comparable to that of understory spruce when the overstory is

removed. -
Releasing understory and interior spruce ultimately increases trunk growth
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(Yang, 1988); however, this growth is delayed for some years immediately after
release. In addition, windthrow mortality is high during this period (Brace and Bella,
1988). Partial release will still ultimately increase trunk growth relative to that of
unreleased spruce (Yang, 1988). However, it may decrease the lag period in trunk
response as well as reduce the incidence of windthrow compared to full release.

The spruce in this study are the size and age of harvestable seed trees in
a shelterwood regeneration system. The increased allocation of diameter growth
to the roots of these trees for 15 years suggests that preparatory cuts may
improve the survival of seed trees by allowing them to become more windfirm prior
to the seeding cut.
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FIGURE 2-1. Typical diameter growth curve of a trunk or root cross-section. Annual
ring width data from the trunk or root of each spruce sampled in this study follow
either 1) the negative exponential portion (illustrated as section 1 in the figure) of
the curve, 2) the negative linear portion (section 2) of the curve or 3) the horizontal
portion (section 3).
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Chapter 3

The effect of Release on Root and Trunk
Wood Strength in White Spruce’

3.1 Introduction

Understory white spruce (Picea glauca (Moench) Voss) in boreal white
spruce - aspen stands are susceptible to wind stress and windthrow when the
overstory aspen (Populus tremuloides Michx.) are removed (Brace and Bella,
1988; Yang, 1988). However, white spruce which survive the first years of exposure
become more windfirm than their newly exposed counterparts (Cutler et &/, 1989).
This windfirmness results from a change in growth which strengthens the trunks
and roots, resulting in better support of the spruce in severe winds (Coutts, 1987).

The increase in trunk and root strength following overstory removal (release)
is largely due to a change in trunk and root form (Couitts, 1983), including an
increase in the amount of incremental growth (Chapter 2). However, Haygreen and
Bowyer (1989) speculate that wood strength is also higher in open grown spruce.
Consequently, if the extra wood produced following release is also stronger than
the wood produced prior to release, spruce windfirmness would be effectively
maximized.

In this study, | tested the hypothesis that white spruce produces more and
stronger wood in open environments than in closed stands. Two specific questions
were addressed: 1) is more wood produced in released white spruce than in
unreleased white spruce? and 2) Is post-release wood stronger than pre-release
wood?

1o version of this chapter has been submitted for
publication. Urban, S.E., MacDonald, S.E., Lieffers, V.J.,
Bach, L. 1993. Wood Science.
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3.2 Methodology

Experiment

Twelve white spruce wood types were compared in this study. These wood
types were determined by three variables: exposure status of the tree (released
or unreleased), tree part (root, stump or bole) and wood tissue® (response or
non-response). Five samples of each wood type were taken from ten hand-
selected trees. In total, 60 samples were tested to compare the wood types.

Sampling

All sampling procedures and wood property tests were conducted
according to the American Society for Testing and Materials Standard D143-83 as

follows.
Study Area and Field Sampling

Five released and five unreleased white spruce of the same approximate
age and size (Table 3-1) were selected in the fall of 1991 from several stands in
a mixed-wood forest northeast (115°, 45’ W by 54°, 30’ N) of Whitecourt, Alberta.
The study area has rolling topography, grey wooded soils and a forest of fire
origin with an aspen overstory and a white spruce understory. The released
spruce came from outer protrusions in the edges of east-west orientated roads
and cutlines which exposed the spruce to westerly winds. At the time of sampling,
these roads were 20 or more years old. The unreleased white spruce, serving as
control trees, were selected from within the adjacent mixed-wood stands. Each
unreleased tree was covered by an overstory and surrounded by neighbouring
trees whose crowns were no more than 4 m away from its own. The released and

2Response wood was identified wherever possible by: 1)
relatively wide rings compared to other parts of the cross.
section, 2) its occurrence on the leeward sides of the stump
and bole or the tops of roots and 3) its occurrence in post-
release tissue. Non-response wood was identified wherever
possible by: 1) narrow rings, 2) its occurrence on the
windward sides of the stump and bole or the bottoms of roots
and 3) its occurrence in pre-release tissue.
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unreleased spruce were not paired.

From each tree, root sections from stump edge (0 cm) to 60 cm distance,
stump sections from stump height (30 cm) to 90 cm height and bole sections from
breast height (130 cm) to 190 cm were cut. These sections were labelled and
stored in plastic bags at room temperature for 3-5 days before processing.

Processing of Samples

A rod 15 mm by 15 mm and up to 60 cm in length was cut from each wood
type in each tree. However, due to the sizes and shapes of the roots, most rods
sampled from roct non-response tissue also included the primary xylem as well as
narrow-ringed, response tissue (Figure 3-1). Further, some rods sampled from
post-released wood of stumps and boles in unreleased spruce came from sections
which did not have wide rings.

The rods described above were further cut into 12.5 by 12.5 by 200 mm
sticks for bending strength measurement and 12.5 by 12.5 by 50 mm sticks for
compression strength measurement. The sizes and shapes of the roots limited the
lengths of the rods that could be cut from them. Therefore, in each tree, two rods
were cut from each root wood type and two sticks of each size were cut from the
same tree wherever they could be from these rods. This resulted in side matching,
an interchange of sticks from similar rods. These root sticks were tested
individually. Then, the test results were paired by wood type and tree number and
averaged before analysis to even the sample size between roots, stumps and
boles.

Tests
1) Outside-bark Radius and Ring Width

Prior to the sawing of the green logs into rods, the radius from the outside-
bark to the primary xylem was measured from the stumpward (lower) end of each
section. Ring width was measured and averaged from both ends of all
compression-test and bending-test sticks before these tests were conducted.
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2) Strength Tests

The parallel compression and radial bending tests were conducted only on
wet wood. The sticks were stored in plastic bags and frozen prior to and between
tests. For two days before each test, the sticks tested were submersed in water.
Excess surface water was blotted from each stick immediately before it was tested.
Instron Universal Testing Machines (IUTM Models 4204 and 4202) from the Alberta
Research Council in Edmonton were used to measure the parallel compression
strengths of the compression-test sticks (at a rate of 6.000 mm/min) and the radial
bending strengths of the bending-test sticks ( at a rate of 2.500 mm/min).

The bending-test sticks were placed across the Testing Machine supports
with their growth rings orientated concave (coreward) down when response tissue,
from the leeward side of the tree, was being tested and concave up when non-
response tissue, from the windward side of the tree, was being tested. This
orientation best simulated bending in a standing, wind-exposed tree.

Some bending-test sticks slid inward, off the supports bracing them at each
end, toward the applied bending load. The strengths of these sticks were not
observed, even when the sticks were allowed to fold about the load bar (radius of
curvature of 38 mm). Since the sticks slipped and did not break, their elasticities,
and therefore their strengths, must be high. Estimates of the strengths for the
sticks that slipped were obtained by plotting, for each wood type, the bending
strengths of those sticks that did not slip against normal equivalent deviates
(Appendix 3A) (Zar, 1984). By extrapolating the resulting normality lines where
needed, the strengths for the slipped sticks of each wood type were estimated.

3) Dry Density, Green Specific Gravity
and Moisture Content

After completion of the bending tests, the end of each bending-test stick
which was least blemished and most representative, in terms of ring width for that
wood type, was cut into a 30 mm long stub. These stubs were submersed in water
for two days, then their dimensions were measured with vernier callipers and their
weights recorded prior to and following oven-drying at 108°C for 48 hours. From
these data, moisture content, green specific gravity and dry density were
calculated. These properties were analyzed as indicators of strength, which is
generally directly correlated with density and specific gravity and negatively
correiated with moisture content. Field moisture content was also measured from
disks sampled from the roots and trunks of the sampled spruce to test whether
soaking of the stubs changed the relative moisture contents of the different wood

types.
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Analyses

The data for all wood properties (Appendix 3B) were analyzed using the
SAS (SAS Institute, Inc., 1989) general linear model:

WoodProperty=u+E+T(E)+P+W+PW+EP+EW+EPW+error,

where p = population mean,
E = exposure status of the tree,
T(E) = tree within exposure status,
P = tree part,
W = wood tissue,
and error = PWT(E).

Orthogonal comparisons of the components of each of the terms, except
u, T(E) and error, were also conducted. These components were: released versus
unreleased (exposure status), root versus stump versus bole (tree part) and
response versus non-response (wood tissue) plus interactions of these. Two-
sample t-tests were conducted to make further comparisons between the cells of
significant interactions (pr<0.05) to determine which wood type(s) were
responsible for the significance of the significant interactions. The results of these
t-tests, and thereby of all the analyses, are summarized in Table 3-2.

3.3. Results

For all wood properties tested, a summary of F-test probabilities, based on
the general linear model and orthogonal comparisons, is tabulated in Appendix 3C.
The corresponding significant trends, determined by two-sample t-tests of cells in
significant interactions and main effects, are listed in Table 3-2. Main effects,
whether significant or not, are also listed in Table 3-2. The means of significant
interactions and main effects, and their overall averages (averages not necessarily
significant), are presented in Tables 3-3 to 3-5 and Table 3-7 with their standard
errors. The means of significant interactions were averaged up to the interactions’
corresponding main effects. The trends in Table 3-2 are discussed below.
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Wood Amount
Released versus Unreleased Spruce

At the time of sampling, the radius of stump response tissue was greater
in released spruce than in unreleased spruce (Tables 3-2 and 3-3), resulting in
greater overall stump diameter in released spruce. Except in the stump, the mean
diameter of released spruce was equal to that of unreleased spruce at breast
height (Table 3-1) and in all tree parts (Tables 3-2 and 3-3). However, | assume
that the released spruce were not as competitively suppressed as the unreleased
- spruce following release (Yang, 1988) and that, consequently, they grew faster by
the time of sampling. Ring width, which measures diameter increment, indicated
that released spruce grew faster than unreleased spruce, except in the root
(Tables 3-2 and 3-4). At the time of release, the diameter of released spruce was
probably less than that of unreleased spruce. Therefore, released spruce
produced more wood than unreleased spruce since release.

Root versus Stump versus Bole

Outside-bark radius was greatest in stump response tissue and least in root
non-response tissue (Tables 3-2 and 3-3). These differences resulted in a decrease
of tree part diameter from the stump to the bole to the root. Further, ring width
was greater in the stumps of released trees (Tables 3-2 and 3-4), though the ring
width of non-response tissue decreased from the bole to the root (Tables 3-2 and
3-4). Overall, ring width was similar among tree parts (Tables 3-2 and 3-4).

Response versus Non-response Tissue

Ring width of response tissue was greater in released spruce than in
unreleased spruce (Tables 3-2 and 3-4). This suggests that the amount of
response tissue produced since release was greater in released spruce. Though
response tissue is defined by position, time of formation and ring width, which
allows it to be defined in unreleased spruce as well as released spruce, it is
fundamentally associated with release and, therefore, essentially restricted to
released trees, since unreleased trees should not respond to release.
Consequently, the greater ring width in released spruce response tissue implies
an overall increase in ring width in released spruce, where response wood is
formed, following release. Non-response tissue had simiiar ring widths in both
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exposure statuses. Released and unreleased spruce had more response than non-
response tissue overall (Tables 3-2, 3-3 and 3-4).

Wood Strength
Parallel Compression Strength

Parallel compression strength was least in the roots of unreleased spruce
and the stumps of released spruce and greatest in the roots of released spruce
and the stumps of unreleased spruce (Tables 3-2 and 3-5). This redistribution of
compression strength resulted in equal parallel compression strengths overall
among tree parts and exposure statuses (Tables 3-2 and 3-5). Further, parallel
compression strength was similar among wood tissues (Tables 3-2 and 3-5),
though response tissue in released spruce had the least parallel compression
strength, implying that parallel compression strength decreased in released
spruce, where response tissue was produced, after release.

Radial Bending Strength

Radial bending strength is greater in stump non-response tissue from
unreleased spruce than in other stump wood types (Tables 3-2 and 3-5). This
might be an artifact of possible over-estimation of slipped stick (Table 3-6)
strengths. Consequently, all stump wood types may have equal bending strengths.
Meanwhile, bole wood strength seems to increase after release, since the radial
bending strength in bole response tissue from released spruce is greater than that
of other bole wood types (Tables 3-2 and 3-5). Further, radial bending strength is
greater in root non-response tissue from released spruce than in other root wood
types. If one assumes that the bending strength of the root is actually greater in
released trees than in unreleased trees (0.10 > pr > 0.05, two-sample t-test), then
wood strength might decrease in the root following release siince root response
tissue has weaker wood than root non-response tissue in released spruce (Tables
3-2 and 3-5). Consequently, root radial bending strength may decrease following
release, while bole bending strength increases. The overall bending strength in the
root of released spruce would still be greater than that of unreleased spruce.

The stump had greater radial bending strength than other tree parts (Tables
3-2 and 3-5). It also had higher radial elasticity than the other parts, especially in
released spruce, according to the high incidence of slippage of bent sticks from
the stump (Table 3-6). Radial bending strength was similar among wood tissues
and exposure statuses.
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Indirect Strength-indicators

The soaked stubs and tree disks had similar relative moisture contents
among wood types. Relative trends in green specific gravity and dry density were
also similar and generally opposite those of moisture content in the stubs. They
are also positively correlated with strength. Consequently, these indicators suggest
that the strength of released spruce equalled that of unreleased spruce and that
the bole was weaker than the stump and root (Tables 3-2 and 3-7). However,
moisture content suggests that the bole was similar in strength to the other tree
parts (Tables 3-2 and 3-7). Since neither bending nor compression strength
suggested weaker bole wood either, the bole was probably not significantly
weaker than the stump and root.

Non-response tissue in the root and stump was denser, and therefore
possibly stronger, than non-response tissue in the bole and response tissue in all
tree parts (Tables 3-2 and 3-7). Meanwhile, response tissue in released spruce
was more moist, and therefore possibly weaker, than other exposure status - by -
wood tissue wood types (Tables 3-2 and 3-7). These trends suggest that non-
response tissue was stronger than response tissue (Tables 3-2 and 3-7). This
suggestion contradicts the parallel compression and radial bending strength
results, which suggested no difference in strength between wood tissues.

3.4. Discussion
Strength and Wood Distribution Before and After Release

Since strength is determined by more factors than density (Haygreen and
Bowyer, 1989), the compression and bending strength test results are used in the
interpretation of strength distribution between wood tissues. Therefore, response
tissue and non-response tissue had equal overall strengths, implying that wood
strength does not seem to contribute generally to windfirmness. It is possible,
however, that windfirmness is increased by changes in tree and tree part structure
as speculated by Coutts (1983 and 1987). The generally greater increase in wood
biomass in released spruce than in unreleased spruce following release seems to
confirm Coutts’ speculation. In contrast to my findings, Commandeur and Pyles
(1991) found that both root form and wood structure contributed to overall stiffness
in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) roots.

Among tree parts in unreleased spruce (Figure 3-2), stump wood had the
greatest strength (parallel compression and radial bending) and amount of wood
(outside-bark radii), while roots had the least. Bending strength was equal in roots
and boles. This distribution of wood amount and strength may benefit the
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unreleased spruce if the stumps are their primary organ of support. Bending
strength may be important in the stumps if unreleased spruce lean or experience
sway due to some wind in the understory (Fayle, 1978). Compression strength
may be important for supporting the spruces’ weight (Larson, 1963). Wide stump
radius may supply the stump with more of this strengthened wood and
consequently more support. However, before release, ring width was similar in all
tree parts, suggesting that stump diameter increased at the same rate as the
diameters of the bole and root.

Wind bends the trunks and compresses the roots of released spruce
(Mergen, 1954). The amount of strain experienced is probably related to the
measure of displacement of the trunks and roots from their resting positions
(Grace, 1977). However, since equally displacing larger and smaller masses results
in more strain in the larger masses (Joseph et al, 1978), strain in the spruce is
better measured by moment (the product of mass and displacement) than by
displacement alone. Consequently, swaying and buckling strains are focussed in
or near the stump (Figure 3-3) (Coutts, 1983; Coutts, 1987).

In released spruce, parallel compression strength was greatest in the roots,
where parallel compression moment was highest, and least in the stumps (Figure
3-3). This trend is opposite to that observed in unreleased spruce (Figure 3-2),
which suggests that the distribution of parallel compression strength was changed
in wood produced following release. Therefore, in released spruce, increasing the
resistance to root buckling by having strong (parallel compression strength) wood
in the ropts superseded the need to carry the spruces’ weight by having stronger
parallelly compressed wood in the stump.

Meanwhile, stumps had higher bending moments and greater radial
bending strengths than roots and boles in released spruce (Figure 3-3). Stumps
also swejjed more in released spruce than in unreleased spruce (Figure 3-3). Bole
bending strength increased following release, while root bending strength
decreased. The bole sways more than the root and consequently has a higher
bending moment. However, root strength may have been greater overall in the
released spruce | sampled than in the unreleased spruce.

Wood production is quantitatively and qualitatively regulated by the balance
of hormones in the cambium (Barnett, 1981; Haygreen and Bowyer, 1989). Wind-
induced swaying and buckling may change the distributions of auxin and ethylene
in white spruce following release (Larson, 1963; Hale and Orcutt, 1987). This
change seems to cause increased parallel compression strength in the root
(countered by decreased compression strength in the stump) as well as increased
ring width in all tree parts. Further, ring width increased more in the stump, where
bending strength also was greater, than it did in the root and bole. These changes
oCcurred in tree parts where increases in strength and biomass potentially
cOntribute most to the resistance of bending and buckling strain induced by wind.
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Management Recommendation

Unreleased, understory white spruce are sheltered from severe wind
exposure by their neighbors and the overstory aspen (Cutler et al, 1989). They do
not have the windfirmness necessary for survival in severe winds (Mergen, 1954),
resulting in high windthrow losses immediately following release (Brace and Bella,
1988; Yang, 1988). An initial partial release, where only some of the aspen are
removed, may provide transitional conditions for the understory spruce to develop
stronger trunks and roots. These partially released spruce are more likely to
withstand the wind stresses associated with full release.
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TABLE 3-3. Mean (= SEM) Outside-
bark Radii (cm).*

Tree Part

Bole

Exposure Status
Wood Unreleased Released Overall
Non-response (n)  6.6«0.9 7.2«0.4 | 6.980.5
Response (r) 7.1%0.9 8.5+0.7 | 7.8«0.6
Overall 6.8+0.6 7.9%04 7.4=0.4
r/n 1.1%0.6 1.2404 1.1%0.4

Stump

Exposure Status
Wood Unreleased Released Overall
Non-response (n)  7.1=1.0 8.7%0.2 | 7.940.6
Respoense (r) 8.0«0.9  11.240.8 | 9.60.8
Overall 7.540.7  10.040.6 8.8«0.5
r/n 1.1%0.7 1.340.6 1.2«0.5

Root

Exposure Status
Wood Unreleased Released Overall
Non-response (n)  2.5«0.5 3.3+0.6 | 29«04
Response (r) 8.341.3 7.4+0.9 | 7.9+0.8
Overall 5.4=1.2 53209 54407
r/n 3.3x1.2 23«09 27«07

Exposure Status

Unreleased Released

Overali 6.640.5 7.7%0.5

Wood

Non-response (n) 5.940.5
Response (r) 8.420.4

* Interactions and main effects with F-test probabilities

less than 0.10 (Appendix 3C) are presented with their
overall averages (averages do not necessarily have
pr<0.10). See Table 3-2 to determine which components

of these interactions and main effects are significant.
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TABLE 3-5. Mean (= SEM) Parallel Compression

and Radial Bending Strengths (N/mma2).*

Exposure Status

Unreleased
Released
Overall

Unreleased
Released
Overall

Unreleased
Released
Overall

Overall

Unreleased
Released

Bole

12«1
12=1

Tree Part

13=1
11=1

Stump  Root

Parallel Compression Strength
1121

13=1

Non-response Response

12«1

121

121

Radial Bending Strength

Non-response Wood

3323 4784  27a2
2044 3844 332
S1a2 4343 302
Response Wood
3042 3644 3024
3943 3724 2842
8542 3643 202
39342 3042 2941

Overall

12«0
12%1

3623

35«2

32«2

3341

3442
3441

* interactions and main effects with F-test probabilities less than ¢.10 (Appendix 3C) are
presented with their overall averages (averages do not necessarily have pr<0.10). See
Table 3-2 to determine which components of these interactions and main effects are

significant.
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UNRELEASED SPRUCE

BOLE:

Middle Compression Strength STUMP:
Lower Bending Strength
Middle Radius (Lower r/n)
Similar Ring Width

Highest Compression Strength
Higher Bending Strength
Longest Radius (Lower r/n)
Similar Ring Width

CORE
ROOT:
Lowest Compression Strength  Shortest Radius (Higher r/n)
Lower Bending Strength Similar Ring Width

FIGURE 3-2. Summary of relative findings for parallel compression strength, radial
bending strength, ring width, outside-bark radius and the ratio of response wood
radius to non-response wood radius (r/n) among the bole, stump and root of
unreleased spruce.
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RELEASED SPRUCE
BOLE: .
Wind )

Lower Bending Strength
Middle Compression Strength
Narrower Ring Width

Middle Radius (Lower r/n)

STUMP:

Higher Bending Strength
Lowest Compression Strength
Wider Ring Width

Longest Radius (Lower r/n)

MAXIMUM SWAYING
- MOMENT

MAXIMUM BUCKLING
MOMENT ‘

CORE

ROOT:

Highest Compression Stength Narrower Ring Width
Lower Bending Strength Shortest Radius (Higher r/n)

FIGURE 3-3. Theoretical locations of maximum swaying and buckling moments
and summary of relative findings for parallel compression strength, radial bending
strength, ring width, outside-bark radius and the ratio of response wood radius to
non-response wood radius (r/n) among the bole, stump and root of released

spruce.
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Chapter 4

General Discussion
4.1. Problems Associated with Competitive Release

Understory white spruce (Picea glauca (Moench) Voss) live in an enclosed
environment where their growth is suppressed by competition, but they are
sheltered from abiotic extremes, such as wind (Larson, 1963). These trees have
thinner trunks and roots than they wouid have if they grew in unsuppressed
conditions (Smith, 198R). Consequently, they are relatively vulnerable when the
stand density is reduc _d, since their roots and trunks are not strong enough to
effectively support them (Cutler et a/, 1989). When released, they are freed from
competition, but exposed to abiotic extremes (Milne, 1391). In these relatively open
conditions, they are initially susceptible to wind damage and windthrow and may
show a delay in increased trunk growth (Yang, 1988).

4.2. Possible Reasons for Initial Delay of Increased Trunk Growth
Following Release

A combination of factors might contribute to the initial delay of increased
trunk growth in newly released spruce. Increases in wind and temperature might
increase transpiration and soil evaporation arou~d the released tree (Satoo, 1962),
leading to water stress and reduced growth. Increases in temperature and light
might result in decreases in photosynthesis (Smith, 1986) due to either 1) damage
to the light-harvesting complex (Powles, 1984), 2) frequent stomatal closure
(Turner, 1991; Farquhar and Sharkey, 1982) or 3) negative feedback inhibition
caused by the accumulation of photosynthetic products (Sharkey, 1085).
Consequently, trunk growth may not be improved until the tree has had time to
develop sun-tolerant foliage (Tucker et a/, 1837).

Improved trunk growth may also be delayed due to immediate allocation of
resources to crown and root growth following release. Since the tree needs more
resources to acclimate to its new ervironment, the crown and root systems, which
gathers the tree’s resources, may respond to release before the trunk (Smith,
1986; Wagg, 1967). Further, the tree, which might have grown in light-limited
conditions before release, might be water- and nutrient-limited after release when
light levels increase (Salisbury and Ross, 1985). Consequently, root growth might
be favored over trunk growth. Until increases in root and crown growth begin to
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decelerate, increases in trunk growth may be delayed.

Meanwhile, the crown, stump and roots may entirely reorganize following
release (Section 1.5) in order to improve tree stability (Wagg, 1967; Coutts, 1983;
Putz et ... 1983; Larson, 1963). Again, trunk growth may be suppressed until
increases in root, crown and stump growth begin to drop.

4.3. Tree Response to Sway

The initial delay of increased trunk growth may be part of a pervasive
response to wind stress, involving the trunk, crown and root system, which leads
to improved tree survival in severe winds. This response seems to involve a
change in the growth habit of the tree as well as a change in the distribution of
wood strength. It resuits in improved stability of the tree in persistent winds by
increasing resistance to sway and sway-induced movement (Coutts, 1983; Wagg,
1967).

In Chapter 2 of this thesis, | compared bole diameter growth with root
diameter growth in released and control trees by examining the ring widths of
these trees chronologically for sixteen years following release. in Chapter 3, |
compared bole and root diameter growths in another set of released and control
trees sampled twenty years after release. Both studies showed equal diameter
growths in the bole and root approximately ten to twenty years following release.
Therefore, the results regarding strength differences of different wood types from
trees sampled in Chapter 3 may also be applicable to the trees studied in Chapter
2 | measured the wood strengths and diameter growths of the bole, stump and
root in Chapter 3.

1 found that the rate of diameter growth, measured by ring width, eventually
increases in all parts of the tree following release (T able 3-4, Figures 2-2 and 2-3,
Table 4-1), though the stump swells more that the root and bole (Tables 3-4 and
4-1) and, initially, root diameter growth exceeds bole diameter growth (Figures 2-2,
2-3, 2-4a and 2-5, Table 4-1). Coutts (1983) and Wagg (1967) have speculated that
initial stump and root swell, especially on the leeward side of the tree, thickens and
thereby stiffens and strengthens the stump and major roots at the expense of
immediate improvement in bole growth following release. This swelling oceurs in
47 stump, where bending moment is greatest, and in the basal roots, where
compression moment is greates? (Couis, 1983; Fayle, 1983). | "»und that parallel
compression strength aiso increzses in the root (Tables 3-5 and 4-1), while it
decreases in the ztump. Prior to release the stump may have had the greatest
compression moment dus to the weight of the tree on it {Larson, 1963); however,
following releass i roct has the greatest compression moment due to wind
stress {Coutts, 1983). Further, radial bending stress is greatest in the stump, where
bending moment is ¢reatest (Tables 3-5 and 4-1). it also increases in the bole,
while it decreases in the root (Table 3-5).
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An additional response to release, reported by Coutts (1983), involves root
branching, especially windward of the trunk. This branching binds the root and soil
into a tight, heavy plate that resists lifting (Coutts, 1983). Adventitious rooting along
with root deterioration also occur, resulting in a re-forming of the tree’s foundation
and in strategically positioned anchoring roots (Wagg, 1967). | observed extensive
adventitious rooting following release.

Those changes in wood strength and biomass that | observed, as well as
the reshaping of the root system, probably reinforce the support the root and
stump give the tree in severe winds. Changes in crown structure also occur (Milne,
1991; Mitchell, 1969; Tucker et al, 1987); however, | did not address these
changes.

4.4 Physical Bases for the Characteristics of Tree Response to Sway

The tree responds to wind stress mainly where its response most effectiveiy
contributes to wind stress resistance and tree stability (Chapter 3) (Mergen, 1954;
Kounadis and Belbas, 1977; Wilson and Archer, 1977). Consequently, it is not
surprising that prominent wind-induced strains may determine the locations, types
and intensities of response growth and wood strength. The type of strain, and
subsequent response, may be determined by the relative association of strained
parts of the tree to secure parts (Helliwell, 1989). For instance, the trunk is bent by
wind because it is secured only at one end and wind (a lateral force) tends to
push it sideways. The leeward root system buckles because its perimeter is secure
and wind pushes the leeward side of the root system down and out. Meanwhile,
the windward root system tenses since its perimeter is also secure and wind pulis
it up and trunkward. Strain intensity is probably related to the displacement of the
strained part of the tree weighted by its mass (this product being its moment,
which is maximum in and near the stump (Coutts, 1983)) (Chapter 3) (Grace,
1977). Strain location is determined by strain intensity. There is no strain where the
intensity is zero.

The direction the strained part is displaced may also determine the direction
of respt e growth and the horizontal distribution of wood strength (Mergen,
1954). Wilson and Archer (1977)gunerally stwribute reaction wood production and
eccentric growth to a gravitational stimulus; therefore, reaction wood is produced
where strain is greatest, in tha direction which would return the strained structure
back to its natural orientation relative to gravity. However, there are exceptions and
contradictions to this gravitational stimulus hypothesis which Wilson and Archer
(1977) explain by a strain stimulation mechanism or fail to explain at all (Section
4.6 presents some). Consequently, | propose a hypothesis (Section 4.6) which
explains all observations of reactior: wood formation, response growth and wood
strength distribution that | am aware of or have studied in this thesis. Differential
growth and reaction wood formation may be induced and directed by the
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displacement of the center of gravity of the tree or tree part. In conifers,
compression wood may form on that side of the trunk or branch which faces the
direction that the center of gravity is perceived to be displaced in. The opposite
would be true for tension wood in deciduous trees.

Response growth may also be directed by movement of the center of
gravity. Therefore, stump and root swell occurs mainly on the leeward side of the
coniferous tree to lengthen and thicken these roots and to thicken the stump.
Further, root branching occurs mainly on the windward side of the tree to weight
down the tensed and lifted side of the root plate.

4.5 Possible Physiological Mechanisms Leading to Tree Response to
Sway

The mechanism by which differential distribution of strain affects tree growth,
wood strength and reaction wood formation is unknown (Fayle, 1968; Fritts, 1976;
Salisbury and Ross, 1985). Changes in environmental conditions and mechanical
stress may influence the local production and movement of auxin or ethylene
(Wilson and Archer, 1977, Salisbury et al, 1982; Hale and Orcutt, 1987) which
affect their distribution in different parts of the tree (Coutts, 1987; Larson, 1963).
Salisbury and Ross (1985) speculate that strain might change the electrical polarity
of cambial cells, which might in turn change the accessibility of ethylene and auxin
or their precursors to these cells.

increases in ethylene and auxin concentrations are known to occur after
mechanical stimulation (Salisbury et al, 1982; Wilson and Archer, 1977). Further,
injecting either auxin or ethylene into trees is reported to influence diameter and
height growth, xylem cell differentiation and reaction wood formation, as does
mechanical stimulation (Larson, 1962); Yamamota and Kozlowski, 1987; Wilson
and Archer, 1977). Increasing auxin and ethylene concentrations may affect: 1)
cambial activity, which influences the rate of growth and the quality of wood in
different regions of the tree (Fritts, 1976), 2) the production and distribution of
energy (ATP, sugars) (Berlyn, 1979), 3) the relative strength of competing sinks
(Deans and Ford, 1985; Coutts, 1987, Kienholz, 1934) or 4) the transport and
relative distribution of limited growth resources (Larson, 1963; Salisbury and Ross,
1985).
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4.6. The Induction of Tree Response to Sway by Displacement of the
Center of Gravity

Background Information

Figure 4-1 illustrates five examples of reaction wood formation and eccentric
growth. In the first example, a conifer branch bends down and compression wood
forms on its underside. The concave side of the bend, which is also on the
underside of this branch, is compressed. Therefore, either gravity or compression
could stimulate this formation'. In the second example, compression wood forms
on top of a conifer branch that bends up. Consequently, compression seems a
more likely stimulus than gravity. However, example three illustrates a vertically
looped, conifer leader with compression wood on the lower sides of its horizontal
portions and on the flanks of its vertical portions. Since one of these lower sides
is tensed, this example contradicts example two; it suggests that gravity stimulates
reaction wood formation.

Wilson and Archer (1977) have proposed two models that may account for
the examples described so far. In both of these models, gravity induces reaction
wood formation and strain determines its location and intensity. However, one of
these models allows negative gravity reactions, in which reaction wood is formed
on the top of upwardly bent branches, in addition to the normal positive gravity
reaction. This model did not explain how a negative reaction could occur in
branches such as the one in example two, while a positive reaction occurred in
other branches or the trunk, as illustrated by examples one and three. Further, the
models fail to explain example four, in which a laterally bent, conifer branch forms
compression wood on the concave flank of the branch, even though there is no
gravitational stimulus. They alsc fail to explain how compression wood forms on
the compressed flanks of vertical segments of the looped leader in example three
even though these vertical segments are not stimulated by gravity. Therefore, a
third model was proposed by Wilson and Archer (1977), in addition to the other
two, in which strain stimulates reaction wood formation and determines its location
and intensity. In example five, however, neither gravity nor compression is a
stimulus. A conifer branch is removed from a whorl and compression wood forms
at an oblique angle from horizontal on the outer flanks of the adjacent branches.

tn fact, for lack of plausible alternatives, gravity and
strain are commonly accepted as the most probable stimuli of
reaction wood formation (Salisbury and Ross, 1985), even
though neither of these sometimes~-contradictory hypotheses
wholly explains how reaction wood is induced (Wilson and

Archer, 1977).
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The adjacent branches shift laterally and close the gap once occupied by the
removed branch.

Though the above hypotheses and models do not consistently account for
all reported occurrences of reaction wood formation and eccentric growth (Wilson
and Archer, 1977), they have significantly advanced basic understanding of tree
growth and structure. It is known, for instance, that the trunk and branches of a
tree have natural orientations at which they are balanced and therefore resistant
to gravitational pull. When a trunk or branch is strained, it is displaced from its
natural orientation and forms reaction wood which restores this orientation. Further,
the reaction wood is positioned on the trunk or branch where it is most directly
able to restore the orientation (Wilson and Archer, 1977). When the tree leans, the
branches, as well as the trunk, form reaction wood to restore their natural
orientations (Figure 4-2¢2), indicating that the branch orientations are not relative
to their particular angles to the trunk (Wilson and Archer, 1977), but to some other
stimulus. This last point suggests that gravity may play a role in reaction wood
induction. However, strain may also influence its induction in addition to its location

and intensity.
Displacement of the Center of Gravity

With this background information as a base, | propose a stimulus which, as
far as | am aware, accounts for all reported occurrences of reaction wood
formation, response growth and possibly the distribution of wood strength in bent
or leaning trees or tree parts.

Importance of Tree Balance

All parts of the tree are balanced at the tree’s center of gravity, which is
supported in turn by the trurik (Joseph et al, 1978). The trunk can support the
tree's weight most effectively when the weight is balanced somewhere along its
central axis, since its cellular grain typically follows this axis and the cells are
stronger along their lengths than they are perpendicular to their lengths (Haygreen
and Bowyer, 1989). Consequently, when sway displaces the center of gravity off
the trunk, or more correctly leans the trunk’s central axis from vertical, the
downward pull of gravity on the tree’s center of gravity exceeds the amount of
upward support the trunk is able to provide to the center of gravity (compare
Figure 4-2a with Figure 4-2c1). Consequently, the trunk can no longer support the
tree's weight effectively. The tree literally loses its balance.

Displacement of the ceniter of gravity affects tree balance only along two
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dimensions (Figure 4-2). These dimensions fall on the horizontal plane®. The third
dimension is vertical; displacement of the center of gravity along it does not affect
tree balance. The trunk can elongate or shorten, by top-dying, without inducing
response growth and reaction wood formation. Further, changes in crown shaps,
such as the production of epicormic branches, can shift the tree’s center of gravity
down or up the trunk without inducing response growth, so long as the tree's
balance is not upset.

The discussion above applies to tree parts (ie. trunk, individual or grouped
branches or roots, leaf petioles) as well as to the whole tree. However, tree parts,
other than the trunk and taproot, are not typically vertical. Consequently, displacing
their centers of gravity in any direction can affect their balances. For example,
large branches can not elongate without inducing respanse growth and reaction
wood formation, since they often droop from their own weights as they grow
(Figure 4-2b). The trunk loses some of its ability to effectively counteract the pull
of gravity on these branches when the branches are not balanced on straight
projections of their central axes® (Figure 4-2b).

Function of Response Growth and Reaction Wood

Balance is a problem for a tree since, unlike a motile organism, it is unable
to move to shift its weight. However, it may be able to change its pattern of
growth, which results in “righting” itself. Reaction wood and response growth
probably help 1) to return the tree’s center of gravity to its original position and 2)
to reinforce support to the tree by building up its foundation and length®. Both
goals cause the tree to more effectively counter the pull of gravity. Consequently,
reaction wood and response growth are likely induced by the displacement of the
center of gravity from the vertical central axis of the trunk (cf. Section 4.4).
However, gravity and strain are still important contributors to this process. Strain
displaces the center of gravity and may influence the location and intensity of
reaction wood formation and response growth, while gravity pulls the tree

?However, any horizontal displacement of the center of
gravity also displaces the center of gravity downward, since
the trunk is attached (fixed in position) at its base.

3A straight projection of a branch's central axis begins
from the branch's point of anchorage in the wood of the next
larger tree part. It runs tangentially to the branch's central
axis for as long as possible. Consequently, as the branch's
weight increases and the branch droops, the projection dips.

“This discussion is applicable to tree parts as well.
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downward when the tree is unbalanced.

Support for the Center of Gravity Hypothesis

The displacement of the center of gravity may also explain the induction of
compression wood formation and eccentric growth in the examples of Figure 4-1.
In conifers, compression wood may form on that side of the trunk or branch which
faces the direction that the center of gravity is perceived to be displaced in.

Examples one, two and four illustrate conifer branches that bend down, up
or laterally from the branches’ natural orientations. The centers of gravity of these
branches are displaced down, up or sideways, respectively. Further, compression
wood forms respectively on the bottom, top or concave flank of the branches. In
example three, the center of gravity of the tree is not displaced, since the looped
leader is part of the trunk and the trunk’s center of gravity is typically located at
the base of the crown. However, the segments of the leader that are looped
perceive a displacement of the center of gravity relative to their orientations in the
loop (Figure 4-3). They form compression wood toward the center of gravity. Since
the leader is also tilted to one side as it is looped, compression woods form on the
flanks of the leader in those segments which are otherwise vertical. Example five
illustrates the loss of a conifer branch from a whorl. This loss shifts the center of
gravity of the whorl away from the resulting gap and may lift it as the weight of the
missing branch is Jost. Consequently, compression wood forms at an oblique
angle (from horizontal) on the outer flanks of branches adjacent to the gap. The
outer flanks and the oblique angle face the direction the center of gravity for the
whorl is displaced.

Accordingly, when a tree leans or is bent by wind (Figures 4-2c1 and
4-2c2), compression wood forms on the concave side (underside) of its trunk and
its leeward (or leanward) branches, on the tops of its windward (raised) branches
and on the lower oblique or flank sides of branches which are perpendicular to the
direction of the wind or lean.

4.7. Forest Management Recommendations

ieiease is the practice of removing neighboring trees from potential crop
trees (Smith, 1986). It is designed to free stand-enclosed trees from competitive
suppression, thereby improving their growth potential (Yang, 1988). While it
generally accomplishes this task, it often fails to improve trunk growth immediately
upon release (Brace and Bella, 1988). Further, initial survival of newly released
trees is relatively low (Cutler et al, 1989), probably because they are vuinerable
and susceptible to wind stress (Smith, 1986).
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Releasing trees from competitive suppression, while minimizing losses due
to windthrow and suppression of growth due to wind stress, may be achieved by
removing only some of the neighbors of enclosed crop trees (Froning, 1980). This
management practice (partial release) may provide transitional conditions during
which under-developed, stand-enclose trees can become windfirm. it may also
shorten the delay in increased trunk growth compared to full releass, since strain,
and thereby response, is plausibly less intense than it would be under full release
conditions and the time needed to become windfirm in partial release conditions
is shorter. A further solution could be to leave an untouched border as a
windbreak around a released stand (Cutler et al, 1989). Trees can also be
released while they are young and more able to tolerate wind stress (Mergen,
1954). The trunks of young trees are more flexible than those of mature trees,
which allows them to “spring" in severe winds without being damaged. The
probability of windthrow is also low for young trees.
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7 4>
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) Perceived Displacement of
Center of Gravity Center of Gravity

FIGURE 4-3. Perceived displacement of the center of gravity by segments of a
looped, conifer leader. To the left is the loop illustrated in example three of Figure
4-1. To the right, this loop is straightened. The arrows pointing from the
straightened braich correspond to those pointing toward the center of gravity in
the looped branch. They are numbered counterclockwise in the loop from its top
(a) toward its bottom (b). Arrows 1, 4 and 7 (labelled) originate from vertical
segments of the loop. Compression wood forms to the side of the straightened
branch the arrows point out from. It also forms across the branch where the
arrows switch to opposite sides (at arrow 4). No compression wood forms at

arrows 1 and 7.



70

List of References

Chapter Four

Brace, L.C., Bella, I.E. 1988. Manageinent and utilization of northern mixedwoouas.
In Proceedings of a Symposium held April 11-14, 1988, in Edmonton, Alberta.
Edited by J.K. Samoil. Can. For. Serv. Info. Rep. NOR-X-296.

Berlyn, G.P. 1979. Physiologica! control of differentiation of xylem elements. Wood
and Fiber 11(2): 109-126.

Couitis, M.P. 1983. Root architecture and tree stability. Plant Soil 71: 171-188.

Coutts, M.r. 1987. Developmental processes in tree root systems. Can. J. For.
Res. 17: 761-767.

Cutler, D.F., Gasson, P.E., Farmer, M.C. 1989. The windblown tree root survey:
preliminary results. Araur. J. 13(3): 219-242.

Deans, J.D., Ford, E.D. 1986. Seasonal patterns of radial root growth and starch
dynamics in plantation-grown Sitka spruce of different ages. Tree. Phys. 1:

241-251.

Farquhar, G.D., Sharkey, T.D. 1982. Stomatal conductance and photosynthesis.
Ann. Rev. Plant Phys. 33: 317-345.

Fayle, D.C.F. 1968. Radiai growth in tree roots. /n Summary of informal Root
Symposium held at tha Harvard Forest, Petersham, Mass. August 19-20, 1968.
Edited by G.M. Aubertin. Columbus, Ohio.

Fayle, D.C.F. 1983. Differences between stem and root thickening at their junction
in red pine. In Tree Root Systems and Their Mycorrhizas. Edited by D. Atkinson.
Tiie Hague, Boston. pp 161-166.

Fritts, H.C. 1978. Tree Rings and Climate. Academic Press, New York.

Froning, K. 1980. Logging Hardwoods to Reduce Damage to White Spruce
Understory. Can. For. Serv. Info. Rep. NOR-X-229.

Grace, J. 1977. Plant Response to Wind. Academic Press, London.



71

iHale, M.G3.. Orcutt, D.M. 1987. The Physiology of Plants under Stress. John Wiley
and £ons, Inc., New York.

Haygreen, J.G., Bowyer, J.L. 1989. Forest Products and Wood Science: An
Introduction 2. lowa State University Press, Ames.

Heltiwell, D.R. 1989. Tree roots and the stability of trees. Arbor. J. 13: 243-248.

Joseph, A., Pomeranz, K., Prince, J., Sacher, D. 1978. Physics for Engineering
Technology 2. John Wiley and Sons, Inc., New York.

Kienholz, R. 1934. Leader, needle, cambial and root growth of certain conifers and
their relationships. Botan. Gaz. 96: 73-92.

Kounadis, A.N., Belbas, S. 1977. Dynarnic stability of columns with attached
masses subjected to periodic loading. /n Stability of Structures Under Static and
Dynamic Loads. American Society of Civil Engineers, New York. pp 7-26.

Larson, P.R. 1962. Auxin gradients and the regulation of cambial activity. In Tree
Growth. Edited by T.T. Kozlowski. Ronald Press Company, New York. pp 97-117.

Larson, P.R. 1963. Stem Form Development of Forest Trees. For. Sci. Monograph
5. Society of American Foresters, Washington, D.C.

Mergen, F. 1954. Mechanical aspects of wind-breakage and windfirmness. J. For.
52: 119-125.

Milne, R. 1991. Dynamics of swaying of Picea sitchensis. Tree Phys. 9: 383-399.

Mitchell, K.J. 1969. Simulation of the Growth of Even-aged Stands of White Spruce.
Can. Fish. For. Bull. 75.

Powles, S.B. 1984. Photoinhibition of photosynthesis induced by visible light. Ann.
Rev. Plant Phys. 35: 15-44.

Putz, F.E., Coley, P.D., Lu, K. , Montalvo, A., Aiello, A. 1983. Uprooting 2d
snapping of trees: structural determinants and ecological consequencas. -an. J.
For. Res. 13: 1011-1020.

Salisbury, F.B., Ross, W.W. 1985. Plant Physiology 3. Wadsworth Publishing
Company, Belmont, Calif.

Salisbury, F.B., Wheeler, R.M,, Sliwinski, J.E., Mueller, W.J. 1982. Plants, gravity
and mechanical stresses. Utah Science 43: 14-21.



72

Satoo, T. 1962. Wind, transpiration and tree growth. In Tree Growth. Edited by T.T.
Kozlowski. Ronald Press Company, New York. pp 299-310.

Sharkey, T.D. 1985. Photosynthesis in intatt leaves of C, plants: physics,
physiology and rate limitations. Bot. Rev. 51: 53-105.

Smith, D.M. 1986. The Practice of Silviculture 8. John Wiley and Sons, Inc.,
Toronto.

Tucker, G.F., Hinckley, T.M., Leverenz, JW., Jiang, S.-M. 1987. Adjustments of
*aliar morphology in the acclimation of understory Pacific silver fir following
clearcutting. For. Ecol. Manag. 21: 249-268.

Turner, N.C. 1991. Measurement and influence of environmental and plant factors
on stomatal conductance in the field. Agric. For. Meteorol. 54: 137-154.

Wagg, J.W.B. 1967. Origin and Development of White Spruce Root-forms. CDFRD,
For. Br. Dep. Pub. 1192.

Wilson, B.F., Archer, R.R. 1977. React..n wood: induction and mechanical action.
Ann. Rev. Plant Phys. 28: 23-43.

Yamamota, F., Kozlowski, T.T. 1987. Effects of flooding, titing of stems and ethel
application on growth, stem anatomy and ethylene production of Pinus densiflora

-gedlings. J. Exp. Bot. 38: 293-310.

Yang, R.C. 1988. Growth Response of White Spruce to Release from Trembling
Aspen. Can. For. Serv. Info. Rep. NOR-X-302.



Appendices

73



74

Appendix 3A. Estimating the Bending Strengths of Slipped Bending-test
Sticks.

One can test whether or not a sample comes from a normal population
(Figure 3A-1) by plotting the ranked data of the sample against normal equivalent
deviates (Zar, 1984: pp. 93-95). The same procedure can be used to estimate
missing values in the sample data, assuming normality of the population.

The first step of the procedure is to rank the sample data in ascending
order. For example, the radial bending strengths (N/mm?) of the response tissue
in the stumps of unreleased spruce are: 26.3 (tree 2), 29.4 (tree 3), 35.7 (tree 5)
and 41.3 (tree 1). The bending strength for the fourth tree is missing, since its stick
slipped rather than broke.

Once the data zs: 13nked, the ranks are converted into percentages with
a constant interval between subsequent percentages. For the above example, tha
range of the known data and the estimate is compressed to one standard
deviation from the mean. This range accounts for 68% of the values in a normally
distributed population. Therefore, the values, 26.3, 29.4, 35.7 and 41.3, correspond
to the percentages, 16%, 33%, 50% and 67%, respectively. The missing datum
corresponds to percentage, 84%'. By converting the ranks into percentages, the
data are assumed to be distributed evenly within the population; in the example,
. the data seem to be distributed above the population mean (compare Figure 3A-2
with its inset). In essence, the percentages represent cumulative relative
frequencies (Figure 3A-2).

The next step is to transform the percentages into normal equivalent deviate
units (probits). Therefore, the percentages, 16%, 33%, 50%, 67% and 84%, are
transformed into the probits, 4.01, 4.56, £.00, 5.%1 and 5.99, respectively. Normal
equivalent deviation assumes that the frequency of velues near the population
mean (50% in the cumulative relative frequency series) is greater than that
elsewhere in the distribution. To transform the perc: ntages into probits, the
intervals between the percentages are weighteda £ ey will reflect the normal
frequency distribution (Finney, 1971). Consequently, percentages near the mean
on a linear scale, corresponding to values with higher frequencies, are separated
by narrower intervals on a normal probabiiity scale than are percentages farther
from the mean. If the sample is part of a normal population, the resulting curve.
when probits are plotted against sample values, will be linear, as it is for the
example above (Figure 3A-3).

Missing values can be estimated by extrapolating or interpolating the curve

‘For reasons explained in Chapter 3, the value of the missing strength is
assumed to be greater than those of the known strengths.
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or regression equation to higher, lower or intercalary frequencies and reading the
values on the data axis corresponding to the cumulative relative frequencies of the
missing data®. k: the example, the missing radial bending strength is estimated
as 47.0 N/mm&. The probit regrassion equation for the example is: Probit = 1.76
+ 0.09 X Bending Strength.

2For all wood types, other than those with missing strength values (Table 3-6),
redial bending strengths were used to test this procedure’s accuracy and precision
&: astimating missing values. Data which were already known were estimated by
probit regression. The estimates were then compared to the actual values. They
were not different (paired t-test, pr>0.05) from the real data.
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Appendix 3D. Is Response Wood Reaction Wood?

The wood properties tested and described in Chapter 3 are used in this
appendix to compare reaction wood with response wood. In addition, percent-
volumetric and percent-longitudinal shrinkage are used. These two properties are
calculated from the oven-dry and wet dimensions of the 30 mm long stubs used
in Chapter 3 to determine dry density, green specific gravity and percent-moisttire
content. Fiber length was also determined from these stubs, but the methods and
results associated with this property are not presented in this version of the thesis.

Tables 3D-1 and 3D-2 summarize the results from the analyses (F-test
probabilities presented in Appendix 3C) conducted on the percent-voluristric and
percent-longitudinal shrinkage data (Appendix 3B). Non-response tissu in alltress
and tree parts, except one, and root response tissue in released trees shrunk
more volumetrically than bole non-response tissue in unreleased trees and
response tissue in all other trees and tree parts. Consequently, non-response
tissue shrunk more than response tissue overall. Nevertheless, despite the greater
volumetric shrinkage in released tree roots, released trees and unreleased trees
did not shrink differently overall. Roots shrunk more than boles which shrunk more
than stumps. The opposite was true for longitudinal shrinkage, though the bole
and root did not shrink differently.

Table 3D-3 summarizes the comparison of reaction wood properties and
response wood properties. Since most properties do not correspond and many
oppose each other, | must conclude that response wood does not have the same
properties as reaction wood. Consequently, response wood is not reaction wood.



Figure 3D-1. Significant Trends at Various
Levels of Wood Type* for Percent-volumetric
and Percent-longitudinal Shrinkage.**

Volumetric Longitudinal
Shrinkage  Shrinkage

Level of
Comparison (%) (%)
Spruce Status (E) Cc=0 Cc=0
Tree Part (P) S<R (S>B=R)
Wood Tissue (W) r<n r=n
PbyW
EbyP OR>rest
EbyW
EbyPbyW CBn=r<n=ORr
* E=spruce status P=tree part W=wood tissue
C=unreleased spruc  B=bole n=non-response

wood

O=released spruce S=stump r=response wood.

R=root

** Parenthesized trends have F-test probabilities greater
than 0.05 and less than 0.10. All other trends have
probabilities less than 0.05. Main effects with
probabilities greater than 0.10 are also presented.
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TABLE 3D-2. Mean (= SEM) Percent-volumetric and &
Percent-longitudinal Shrinkages.

Volumetric Shrinkage Longitudinal Shrinkage
Tree Part
Bole
Exposure Status
Wood Unreleased Released Overall
Non-respons  7.2«0.7 9.240.2 | 8.2«0.5
Response 7.9%0.7 6.4%0.6 | 7.1=0.5
Overall 7.56%0.5 7.8%0.6  7.7%0.4 0.1=0.0
Stump
Exposure Status
Wood Unreleased Released Overall
Non-respons 8.5%1.0 7.5+0.4 | 8.0=0.6
Response 6.7%1.1 6.6+0.7 | 6.6=0.6
Overall 7.6+0.8 7.040.4  7.3%0.4 0.3+0.1
Root
Exposure Status
Wood Unreleased Released Overall
Non-respons  8.44%0.6 9.7%0.5 | 9.1%0.5
Response 6.9%0.5 8.841.2 | 7.80.7
Overall 7.6=0.5 9.3x0.7 8.4x04 0.1=0.0
Overall 7.6%0.3 8.0=0.4
Wood
Non-response 8.4%0.3
Response 7.2%0.4

* Interactions and main effects with F-test Probabilities less than 0.10
(Appendix 3C) are presented with their overall averages (averages do
not necessarily have pr<0.10). See Table 3D-1 to determine which
components of these interactions and main effects are significant.



TABLE 3D-3. Reaction"
Wood.**

Wood
Property

d* versus Response

Reaction
Wood

Response
Wood

Ring Width

Parallel Compression Strength
Radial Bending Strength
Specific Gravity / Density
Moisture Content

Vol. Shrinkage

Long. Shrinkage

reac > n-reac

reac < n-reac

reac > n-reac

reac > n-reac

reac < n-reac

reac > n-reac

reac > n-reac

resp > n-resp
resp = n-resp
resp = n-resp
resp < n-resp
resp > n-resp
resp < n-resp

resp = n-resp

* reac=reaction wood; n-reac=non-reaction wood.
Information for reaction wood properties were obtained

from Wardrop et al, 1965.

** resp=response wood; n-resp=non-response wood.
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