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Abstract

I examined the role of branch hydraulic architecture in the process of self-
pruning in dense Pinus contorta (var Latifolia) stands. I tested the hypothesis that
sapwood produced in lower crown branches under shaded growth conditions has
anatomical characteristics which confer greater hydraulic resistance to water flow.
The sapwood of lower crown branches had smaller tracheid lumen diameters and
lower hydraulic permeability than upper branch sapwood. Artificial drought stress
was imposed on upper and lower crown branches by de-activating fractions of the
active sapwood. Lower crown branches experienced greater foliage mortality after
one growing season, indicating they were pre-disposed to drought stress.
Transpiration and stomatal conductance were lower in lower crown branches,
indicating greater stomatal regulation of transpirational water loss. This new evidence
suggests that self-pruning does not occur solely due to low light, but that the

underlying mechanism involves the hydraulic architecture of the lower crown

branches.
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Chapter 1.

A literature review on crown dvnamics and crown recession.




Many conifer species of the boreal forest exhibit the phenomenon of self
pruning or crown recession (Putz, er al. 1984). This is the natural die-back of the
lower branches of tree crowns as they grow taller, and is particularly noticeable in
stands that have regenerated after a disturbance such as fire or clear-cutting. These
stands are typically even-aged and comprise only one or two species. These stands
are often extremely dense, and therefore reach the crown closure stage of stand
development relatively soon. This high density of trees with crowns touching those of
neighbouring trees causes intense intra-specific competition for light with the result
that height growth far exceeds lateral crown growth (Maguire & Hann, 1990).
Consequently, live crowns in many conifer species including lodgepole pine (Pinus
contorta var. latifolia, Lamb), jack pine (Pinus banksiana, Lamb) and loblolly pine
(Pinus taeda L.) are short and narrow (Baldwin & Peterson, 1997). This introduction
provides a brief review of the literature and discusses potential mechanisms
responsible for crown recession.

Crown recession is unlikely to be caused by a purely genetic mechanism, given
evidence of environmental influences such as stand density and site quality (Takahashi
1996; Baldwin & Peterson 1997). One theory is central to a number of hypothetical
mechanisms behind crown recession. The 'carbon balance model' (Mikelda 1995)
suggests that each branch within a crown is self sufficient in terms of carbon produced
by photosynthesis in leaves on that branch, and the respiratory cost of its supporting
sapwood and heartwood tissues. A branch will grow and stay alive only as long as it
represents a net benefit to the tree (in terms of carbon gain). Conversely it will die
when it becomes a carbon burden. After crown closure, trees allocate photosynthates
to height growth rather than foliage growth elsewhere in the crown (i.e. horizontal
crown growth). This notion has much support, and forms the central core of both the
classic hypothesis describing crown recession which is based upon light limitation, and
also a new hypothesis posed in this study involving branch water relations. According
to the classic hypothesis light is a limiting resource to lower branches (Sampson &
Smith 1993, Waring ef al. 1981), causing productivity of leaves to decline below the

point at which the tree can support the branch, thus, causing death (Schultz &
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Matthews 1993). A new ‘branch water stress’ hypothesis is presented and tested in
this study. This new hypothesis describes how the changes in the hydraulic
architecture of the tree as a whole, the lowest branches in particular, may lead to
branch death. The lower branches may be unable to meet the transpirational demand
of their leaves, resulting in early stomatal closure and therefore reduced
photosynthesis leading to death.

These two hypotheses both suggest plausible mechanisms behind the carbon
balance explanation for self pruning. If light is limiting to lower branches due to an
increasing foliage mass in the upper crown, and photosynthesis is reduced, then as the
branch ages it will have difficulty meeting the carbon requirements for respiration of
its own tissues. If branch water supply becomes iumiting, this will aiso represent a
photosynthetic limitation. In order to avoid xylem embolism damage (cavitation of
xylem water columns) due to very low xylem water potentials, stomata are likely to
be closed earlier in the day to regulate transpirational demand, subsequently limiting
photosynthesis.

Before exploring this new branch water stress hypothesis in detail, it is
pertinent to consider the traditional light limitation hypothesis which has long been

accepted by many forest ecologists.

The Light limitation hypothesis.

The penetration of light to lower levels of a tree crown depends on stand
characteristics such as crown density; as well as solar angle (Smith, Sampson & Long
1991, Mencuccini & Grace 1996b). For instance, open grown lodgepole pines
usually develop full crowns (high ratio of live crown length to total tree height)
because incident light to all branches is similar in quantity (mols photons m?) and
spectral composition. However, differences in light exist between the foliage at the
ends of the branches and that nearer to the centre of the crown because of seif-
shading (Waring, Newmann & Bell 1981). In a dense fire regenerated stand,
lodgepole pine will tend to have a very low live crown ratio. As much as two thirds

of the lower crown will not receive maximum light since the penetration of
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photosynthetically active radiation through the canopy declines curvilinearly from the
top to the bottom of the crown (Vose & Swank 1990).

Maguire & Hann (1990) found that with Douglas fir the higher the stand
density the more rapid the rate of crown recession. Codominant trees experienced
more rapid crown recession than dominant or suppressed trees. They argued that
dominant trees have low crown recession rates because they are expanding or
maintaining their occupation of aerial growing space. Codominants have to compete
more intensely for growing space and therefore vertical crown growth takes a high
priority over the maintenance of lower whorls. Suppressed or overtopped trees have
very slow height growth, since the space above them has already been occupied. They
have to wait for a disturbance to create conditions (i.e., a gap in the canopy) in which
they can compete. Maguire & Hann (1990) argued that suppressed trees must
struggle to maintain as large a live crown as possible in order to maximize light
interception, and therefore will have a slow rate of crown recession. Maguire &
Hann’s work does not fully support the light limitation hypothesis. Suppressed trees
growing in a very low light environment below the canopy should be experiencing the
most rapid crown recession. Douglas Fir, however, is more shade tolerant than pine,
which may explain their observations.

Sampson & Smith (1993) reported that the order of importance of canopy
characteristics on light penetration were; leaf area index (LAI), which is a measure of
leaf cover (m’ leaf area / m? ground area); the degree of aggregation of foliage or
'clumpiness’, average leaf angle; and lastly, vertical distribution of foliage (i.e., depth
and shape of crown). This implies that crown depth (and therefore crown recession)
has the least effect on light penetration through the crown. Long & Smith (1989)
found that the greatest stemwood growth efficiency in lodgepole pine stands for a
given leaf area index (LAI) occurs where live crown ratio is low and the crown depth
is restricted by high stem density. The lowest growth efficiency per unit growing
space was found in widely spaced stands with deep crowns. Deep crowns typically
have only a slightly larger leaf area than short crowns, but it is distributed as a thin

‘shell’ surrounding an inner core largely devoid of foliage (Baldwin & Peterson
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1997). Traditionally this crown form was thought to represent the most effective
capture of light, and thus was associated with the most efficient growth. However,
this inner core is really a ‘dead volume’ within the tree. It has a very low ratio of leaf
weight to branch weight, which corresponds with a relatively poor carbon balance for
the crown as a whole.

The development of a foliage free inner core corresponds with increasing age
and is associated with a decline in mean annual increment (MAI) and leaf area index
(LAI). The development of the inner core occurs after stand closure and coincides
with a decline in stemwood production. Long and Smith (1992) make the distinction
between vigorous and efficient stands. Trees with long crowns and high absolute
growth rates are vigorous, but inefficient with respect to the occupied ground space.
Conversely, efficient trees may have unimpressive individual growth rates, yet higher
stand level volume growth. The critical issue is the efficiency of the whorls at the
crown base. In trees with full crowns, lower whorls have large branches. These big
branches have a low leaf weight per unit branch weight, and thus the poorest carbon
balance within the crown. The branches have to grow longer in order for their foliage
to intercept light, and so the branch diameter at the base must increase, corresponding
to the necessary increase in mechanical bracing (Cannell, Dewer 1991). As the tree
ages until crown closure of the stand, lower branches require a larger mass of
supportive tissue for a constant photosynthetic area. At crown closure these bottom
branches become heavily shaded by surrounding trees and productivity of their foliage
declines. At this point, the branch cannot export carbon, and likely cannot even meet
its own respiratory needs. Branch mortality is imminent because the branch is a
carbon drain on the tree (‘carbon-negative’). However, the exact mechanism causing
death is uncertain. It is possible that carbon is not allocated to such branches by the
rest of the crown as growth will be preferentially directed to the leader and upper
branches. The ‘carbon-negative’ branch will then decline and die but may remain

attached to the tree for some time.



The branch water stress hypothesis.

A brief overview of hydraulic architecture theory.
Discussion of a new hypothesis for crown recession involving branch water

stress demands a brief consideration of the historical work on tree hydraulic
architecture. A pioneering model was developed in 1964 by Shinozaki et al., called
the pipe model theory, which relates total leaf area to sapwood area of the stem of
trees by considering each unit of leaf area as being supplied by a constant area of
xylem. This is analogous to a pipe, or given number of pipes, delivering water to
each leaf This work has been supported by numerous modellers who estimated tree
leaf area from the cross-sectional area of the stem at breast height (Waring, Schroader
& Owen 1982; Whitehead, Edwards & Jarvis 1984; Valentine 1985, Keane &
Wheetman 1987). However, this model is complicated by the fact that the functional
state of xylem varies with age and can be altered by environmental stresses, such as
water deficit (Berninger & Nikinmaa 1994). Much work has followed in developing
more accurate models for predicting leaf area. Long & Smith (1987) realized that the
sapwood component of stem cross sectional area varies with height from breast
height to the base of the live crown, which lead to the development of a non-linear
model unbiased by stand density and site effects. Coyea and Margolis (1992) found
that the leaf area / sapwood area ratio for balsam fir was correlated with both site
quality and tree age. They devised an improved prediction of leaf area by regressing
S-year basal area and crown length with sapwood area. Their findings that crown
length has an influence on sapwood area has significance to the branch water stress
hypothesis.

Within sapwood, the ease with which the individual ‘pipes’ or elements
conduct water to the foliage can be measured as hydraulic permeability according to
the Poisielle-Hagan Law for ideal capillaries, as modified by Tyree & Ewers (1991) in

equation 1;
ks = (1p/1287) T (d%) -(equation 1.)

where ky = hydraulic permeability (m s), p = density of the fluid (kg m’), n =



dynamic viscosity of the fluid (MPa s™), d = pipe diameter (m). Confusion exists in
the literature between the terms hydraulic conductivity (a property of both the
perfusate and the porous media), hydraulic resistance (the reciprocal of conductivity)
and hydraulic permeability (solely a property of the porous media, as the viscosity of
the perfusate is already accounted for). Many workers mistakenly refer to hydraulic
conductivity (K), rather than permeability, however this study will refer to
permeability.

The hydraulic permeability of sapwood in tree stems and branches determines
part of the hydraulic resistance of the water flow pathway through the soil-plant-
atmosphere continuum. Water flow through sapwood increases proportionally with
the fourth power of the vessel (or tracheid) lumen diameters, because the cell walls
cause resistance to water flow (Mark & Crews 1973). In conifers, the main point of
resistance within the tracheid is not friction along the cell wall, however, but where
water flows through the membrane at the inter-pit pore (Mark & Crews 1973). The
aperture of the pit pore increases with tracheid maturity because the membranes
become more fragile and are easily damaged. Sperry, Perry & Sullivan (1991) found
older pit pores in vessels of Populus tremuloides had appertures of up to 0.5 um
whilst young ones were typically only 0.08um. Thus, pit pores confer less resistance
to flow as they age, but tracheids also become more vulnerable to cavitation as they
age.

Under conditions of drought stress, the water potential in the xylem is
reduced. This reduction can be sufficient to cause the water column to break in an
event known as cavitation. The cavitation process involves the dissolved gases in the
water coming out of solution and forming bubbles within the tracheid. An air filled
tracheid is referred to as an embolism, and forms a blockage to water movement in
that xylem element. There have been several attempts to explain how embolisms
form, including radiation, mechanical shock, and rapid pressure changes. The theory
with the greatest support is the ‘air-seeding’ hypothesis as described by Sperry &
Tyree (1988b). The air-seeding mechanism starts with the diffusion of air into the

tracheid from an adjacent air space through the pit pores. Once the pressure
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difference across the pore meniscus exceeds the sap surface tension holding the
meniscus in place, the air and water vapour can spread through the pore to adjacent
tracheids. As the water potential gradient between the soil and the leaves increases
during drought, embolisms act as nuclei for further cavitations and embolisms tend to
‘spread’ more readily. This has been described as a destructive and potentially fatal
chain reaction, or ‘runaway catastrophic xylem dysfunction’ (Sperry & Tyree 1988).
The tree has some measure of control in the form of regulating stomatal aperture, and
hence transpirational demand (Jones & Sutherland 1991). Closing stomata during the
day to reduce water demand has the major drawback of reducing photosynthesis, and
many species are thought to operate very close to the brink of catastrophic xylem
failure to minimize this loss of productivity (Tyree & Sperry 1988).

Vuinerability to cavitation is also influenced by tracheid dimensions. Large
lumen diameters and pit pore apertures are more vulnerable to cavitation because the
water meniscus across the aperture has a lower surface tension, therefore air will
come out of solution and spread to neighbouring tracheids more readily at higher
water potentials (Sperry, Perry & Sullivan 1991). Using equation 1 Sellin (1990)
calculated that up to 95% of sapwood water flow occurs in the largest diameter class
of tracheids. If we can estimate the proportion of tracheids within this size class, it is
possible to predict the vulnerability to cavitation of sapwood from different parts of
the tree. Although larger diameter tracheids have the advantage of higher hydraulic
permeability, in boreal winters they can be a liability as they are much more prone to
cavitation caused by freeze-thaw cycles (Sperry & Sullivan 1992). In addition to
tracheid lumen diameter, tracheid length is also important in determining hydraulic
permeability. Longer tracheids have higher hydraulic permeability because water has
to pass through fewer pits per unit length of the pathway (Pothier er al. 1989b).

There is one major problem with the proposed branch water stress mechanism
for crown recession related to the role of embolisms in reducing transpirational water
supply to foliage; it has been shown that embolisms are readily reversible (Edwards ez
al. 1994). In angiosperms, slightly higher xylem water potentials in the early spring

due to ‘root pressure’ have been found to be sufficient to ‘flush’ the sapwood of most



embolisms formed during the previous year. Such positive xylem water potentials are
believed not to occur in gymnosperms, but embolisms can be reversed even at
potentials slightly below zero (Sperry & Tyree 1988). The reversal process is thought
to occur when the water potential across the pit membrane exceeds the partial
pressures of the air / water vapour mixture in the embolised conduit. The gases then
redissolve in the surrounding functional conduits and the embolism is dispersed
(Edwards et. al 1994). If embolisms in branch sapwood are reversible, then their role
in reducing permeability may not be so significant in the long term. Further, the
formation of emboli may not play a major role in sapwood hydraulic permeability of
lower branches, since the effect of lower water potentials may be canceled by the
reduced vuinerability of the tracheids due to their small lumens. If poor permeability is
due to the greater resistance of the small tracheid lumens and infrequent bordered
pits, then embolisms are likely to be of less importance than tracheid diameter, length,
and pit frequency in the question of branch water stress causing crown recession.

Xylem hydraulic permeability varies according to several other factors,
including tree age and species, tracheid maturity, whether it was formed in earlywood
or latewood, and the location of the tracheid in the tree (Sperry, Alder & Easlack
1993; Sellin 1994; Mencuccini & Grace 1996). For example, the different stages of
the hydraulic pathway from soil to stomata each represent different proportions of the
overall hydraulic resistance within a tree (where hydraulic resistance can essentially be
taken as inversely proportional to hydraulic permeability). Sellin (1993) reports that
for Norway spruce the lowest hydraulic resistance per unit cross sectional area of
sapwood is found in the stem, whilst the primary branches and the roots have the
highest hydraulic resistance. However, Yang & Tyree (1994) report that the largest
contribution to whole tree hydraulic resistance for Acer spp. comes from the leaves
and petioles. From these reports we might draw the analogy of the mammalian
vascular system. Vessels become smaller in diameter towards peripheral areas (from
arteries to capillaries), conferring greater resistance to flow.

Differences in hydraulic permeability of sapwood within conifer crowns could

be the principle mechanism for preferentially supplying water to different parts of the
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crown during drought periods. Differential hydraulic permeability in sapwood is the
result of differences in tracheid anatomy, therefore it should be possible to detect
these anatomical traits in the sapwood of branches in the lower crown. For instance,
Sperry & Tyree (1990) found that latewood tracheids (and vessels in angiosperms)
were less vulnerable to embolisms than earlywood tracheids due to their smaller
lumen diameters, but also had lower hydraulic permeability as a result. Branches at
the crown base in Scots pine have narrower growth rings, a lower proportion of total
sapwood area, and a higher proportion of low hydraulic permeability latewood
(Mencuccini & Grace 1996). This leads to an overall reduction in whole branch water
conductance at the bottom of the canopy in Scots pine. There is some evidence that
anatomical sapwood differences exist in some species, and that they may be caused by
different light conditions experienced by upper and lower branches during sapwood
development. Sellin (1993) found that Picea abies showed differences in hydraulic
resistance between upper and lower crown positions. Lower branches had
significantly higher resistance, and all branches had much higher resistance in a tree
grown in shade conditions.

A possible mechanism for the difference in anatomy due to light conditions is
that in many conifers the largest percentage of water conductance in the branch
sapwood is through the two most recent growth rings (Pothier er al. 1989).
Sapwood retains water conducting properties for many years, however there is a
declining permeability gradient moving inwards from the cambium to the sapwood -
heartwood boundary. This is primarily the result of embolisms and ‘plugging’ of the
tracheid pits in the innermost rings which occurs as part of the conversion to
heartwood (Sellin 1990). Light limitation may act by restricting the resources
available for growth to the branch, resulting in very small annual growth rings. The
majority of the conductive capacity of the branch is therefore restricted to the
relatively small cross-sectional area of recently formed sapwood. Therefore branch
productivity will be limited by both poor light and water availability, and future
growth rings may have even smaller tracheid diameters. In addition to annual growth

effects on lumen diameter, slow growth rates may also reduce the frequency of pits
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per tracheid. This has been found to be the largest determinant of resistance to water
flow (Mark & Crews 1973) and is therefore potentially a more important contributor

to hydraulic resistance than lumen diameters.

A summary of the branch water stress hypothesis.

Anatomical differences may exist between tracheids of branches from the lower
crown and the tree top resulting in the lower branches having inferior water
conducting properties. These anatomical differences may be a result of lower
branches growing in shaded conditions. During drought stress, stomatal closure may
regulate evaporative water loss to maintain branch water potentials and minimize the
formation of embolisms. In this case, productivity of the branch would be limited
because low hydraulic permeability means water supply to the foliage cannot meet
transpirational demand, therefore limiting photosynthesis. Over successive seasons of
low productivity, the carbon balance of the branch would become increasingly
negative leading to death and eventual abscission. Plate 1 illustrates the chain of

events described by the hypothesis:

Plate 1. Branch water stress hypothesis

shaded growth mmee poor carbon relations
conditions . .
poor xylem development ‘

increased hydraulic resistance ‘

4

death —emm restricted branch water supply

To date there have been no studies in pine exploring differences in the xylem
properties known to influence hydraulic permeability between sapwood produced in
shade conditions in lower crown branches and upper branches grown in full light. It
is unknown whether branch hydraulic permeability decreases in lower crown
positions, or whether foliage of lower branches prone to self-pruning suffers a greater

degree of water stress than upper crown foliage. Little is known of the carbon fluxes
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between these branches and the rest of the tree, and whether they are supported as

carbon sinks no longer able to contribute to tree growth.

Specific hypotheses

In this study I exaggerated branch water stress by disrupting sapwood equally
in upper and lower crown branches, and measured foliage mortality and physiological
responses with the following specific hypotheses;
(a) Exaggerated water stress leads to greater foliage mortality in lower crown
branches over the duration of a growing season.
(b) Foliar transpiration rates and stomatal conductance are reduced in lower crown
branches compared to upper crown branches, even when measured in similar light
conditions, but xylem water potentials are uniform throughout the crown.

Additional work measured hydraulic permeability and anatomical parameters
of tracheids to test the following specific hypotheses;
(c) Hydraulic permeability (expressed per unit cross-sectional area of active sapwood
and per unit leaf area supplied) is higher in upper crown branches than in lower crown
branches.
(d) Sapwood anatomical properties (tracheid diameter, length, and bordered pit
frequency) allow for more efficient water transport in upper crown branches than in

lower crown branches.
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Chapter 2

The role of branch hvdraulic architecture in crown recession.
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INTRODUCTION

Lodgepole pine (Pinus contorta var. latifolia, Lamb) regenerates naturally
after fire or harvesting with site-preparation, often forming dense even-age stands.
These stands reach crown closure relatively soon thereafter, causing intra-specific
competition for light within crowns (Maguire & Hann 1990). At this stage of stand
development crown recession begins. Crown recession is thought to be a result of
suppressed growth of branches at the crown base due to low light conditions (Waring
et al. 1981; Sampson & Smith 1993). Low light at the bottom of crowns may not
provide sufficient energy to support leaves and maintain a positive carbon balance
within the branch.

This study explores a new explanation for crown recession based on branch
water stress. Suppressed growth caused by low light availability may adversely affect
the quality of the new xylem produced in the annual growth ring of lower branches.
This, in turn, impairs the water supply to the foliage causing water stress and stomatal
closure. The background for this new hypothesis is based on more general research
conducted on tree hydraulic architecture and properties of tree stems. When water
supply to leaves cannot meet evaporative demand, more frequent stomatal closure
occurs (Jones & Sutherland 1991), which limits the photosynthetic capacity of the
foliage. Eventually, the branch cannot export carbon to the rest of the tree and
therefore becomes a carbon drain (Schultz & Matthews 1993). As growth of new
cells is the lowest priority use of available carbon (Waring & Pitman 1985), when
carbon is limited one might speculate that phloem and xylem production would be
reduced in quantity and fluid transport efficiency. As a result, phloem capacity may
be insufficient to import sufficient carbon to meet respiratory requirements. If
respiratory requirements exceed carbon production and import, new growth will
cease and existing cells will die (Ryan & Yoder 1997). This hypothetical process has
not previously been reported.

This new branch water stress hypothesis for the mechanism causing crown
recession assumes that lower light levels at the crown base provide poor growing

conditions for the formation of new sapwood to maintain water supply to the foliage.
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Sperry & Tyree (1990) found trunk xylem of conifers grown in shade (understory)
had smaller annual growth increments and greater proportions of latewood, which is
of little value in conducting water. Further, hydraulic permeability is a function of the
anatomy of the tracheids, in particular tracheid lumen diameter, length, and frequency
of bordered pits (Pothier ez al. 1989b). The hydraulic permeability of the tracheid is
theoretically proportional to the fourth power of the lumen diameter (Tyree & Ewers
1991), thus highly permeable sapwood has a high proportion of large cells. The
length of the tracheid and the frequency of pits also affect the flow rate since the
inter-cell connection at the pits is the point of highest hydraulic resistance in the flow
pathway along multiple tracheids (Zimmermann 1978). The longer the tracheids and
the more pits per unit length, the greater the hydraulic permeability of the xylem.

Much work has been reported in the literature on general hydraulic
architecture in relation to stems and roots, but few people have studied branches. In
one such study of Acer spp. Yang and Tyree (1994) reporied 35% of whole tree
hydraulic resistance was from crown xylem, with only 15% from trunk xylem and
the rest from foliage. Other authors reached similar conclusions (Edwards et al.
1982; Tyree 1988; Zimmermann 1983). The foregoing research suggests branch
xylem plays an important role in whole-tree water relations, however there are no
reported studies of branch hydraulic architecture in the context of a potential
mechanism for branch mortality.

In the present study I examined the intermediate steps in the branch death
process. Specifically, whether shaded lower branches exist on the brink of water
starvation, and whether the physiological response to this starvation is to close
stomata, shutting down transpiration and photosynthesis. To determine if heavily
shaded lower branches are on the brink of water starvation, further drought stress
was artificially imposed upon them by disrupting sapwood. The responses to this
treatment were measured by recording foliage mortality on each branch over one
growing season. I hypothesized that the mortality of foliage on lower branches
would be greater than that of the upper branches. To determine physiological

responses to this imposed water stress, xylem water potentials, transpiration rates,
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and stomatal conductance were measured. I hypothesized that foliage of branches in
lower crown positions would have lower transpiration rates and stomatal
conductance due to stomatal response to increased hydraulic resistance, but would
maintain similar xylem potentials throughout the crown due to stomatal control as
found by Sperry & Pockman (1993).

I measured the sapwood permeability per unit leaf area supported (ki) of
branches in the upper and lower parts of the crown to determine if there was a
difference among branches growing in different light regimes. I hypothesized that k;.
of upper branches would be greater than in the shaded lower branches, and that upper
branches would therefore represent more efficient pathways for water flow. I
hypothesized that any differences in k. would be related to differences in tracheid
anatomy. Thus I measured tracheid properties of branches from the upper and lower
crown positions to test the hypothesis that the tracheids formed under low light
conditions in the lower branches had smaller diameters, and were shorter with fewer
pits per unit length. Recent growth in lower branches should have a lower earlywood
/ latewood ratio as low light and inadequate water supply limit the development of
earlywood during the summer (Sperry & Tyree 1990).

A natural aging process of the branches could also explain different growth
rates of branches in different crown positions in older trees, as described in the
maturation hypothesis of height growth limitations in old trees (Ryan & Yoder 1997).
The maturation hypothesis describes a slowing of the growth of meristematic tissue as
the number of cell divisions increases over time. If branches decline solely as a result
of age, regardless of light conditions and water supply, this process must be
uncoupled from the postulated hydraulic effects. To uncouple effects due to branch
age from effects of hydraulic limitations, physiological, hydraulic and anatomical
measurements were compared between closed canopy trees and same-aged open

canopy trees with full crowns.
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MATERIALS AND METHODS
Site description

Two sites were selected for sampling and measurements for the project. Both
sites were pure even-aged lodgepole pine stands twenty years old and 4-5 m tall,
regenerated naturally by drag scarification after harvesting. The two sites were
approximately two kilometers apart on a west facing slope in the Rocky Mountains
upper foothills region (53°20°N; 117°30'W). To quantify stand densities and
diameter at breast height (DBH), trees were sampled within ten 3x3 m randomly
distributed plots in each stand. Site one had a mean DBH of 4.02 cm and density of
7444 stems / ha compared to 8.17 cm and 4556 stems / ha for site 2. These densities
were sufficiently high for the trees to be exhibiting crown recession, but still have
branch diameters large enough for experimental treatments. Both stands also had
areas of low density trees with almost full live crowns. Site one had an elevation of
1420 m, while site two was at 1485m. Both sites were classified as the tall bilberry /
Amica Lodgepole pine ecosite phase of the upper foothills natural region (Natural

Resources Canada, 1996).

A. Foliage mortality and physiological responses to imposed drought stress.

Ten densely grown trees on each site were randomly chosen and marked in
early May 1998 for the imposed drought stress (drilling) experiment, with an
additional ten for the supporting physiological measurements. All trees exhibited
considerable mortality of live crown (crown length to tree height ratio was 40-50%).
Within each tree one upper and one lower whorl, each with at least five live branches,
were selected for treatment application. The lower whorl was the one above the last
live whorl at the crown base. The designated upper whorl was three years old and
still in full light conditions.

Foliage mortality was assessed by counting the total number of live fascicles
on each branch before treatment in May 1998 and again in September. For every
branch within each whorl, all of the live fascicles (defined as having more than one

green needle) along the main leader from bole to emergent bud were counted. Each
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year of growth was counted separately using bud scars to identify each year’s growth.

The aim of the xylem disruption treatments was to uniformly reduce the cross-
sectional area of conducting sapwood to restrict water supply and therefore simulate
drought conditions. Two target levels of sapwood disruption were used for
comparison - 40% and 80%. Water flow to all parts of the branch was reduced by
drilling small holes radially through the branch - like the spokes of a wheel. The cross
- sectional area of sapwood disrupted by a hole from a 2mm drill bit was calculated to
determine the number of holes required to disrupt sapwood by the target levels in a
branch of known diameter. These calculations also accounted for the greater
proportion of sapwood in upper branches which lacked heartwood.

The 40% and 80% treatments were applied to two different branches within
each whorl. Each hole was immediately plugged with 2mm diameter plastic wire to
prevent healing and water movement across the hole.

The exact level of disruption caused by the treatments was calibrated using
30cm long internodes of upper and lower branches from separate trees (n = 30).
Each internode was then divided into three 10 cm sections and these were randomly
assigned to control, 40% or 80% treatments. Adjacent sections were assumed to
share the same hydraulic properties and comparable flow rates. The hydraulic
conductivity measurement apparatus (after Booker 1984) generated a tension head of
7.5 kPa. The sampling procedure and hydraulic conductivity measurement technique
for the calibration is discussed in detail with the hydraulic permeability work in
section B below. Treated branch segments were drilled to the same specifications as
the field treatments and their hydraulic conductivity and dye-flow patterns were
recorded. Plate 2 shows the dye-stained sapwood cross-sectional area for a branch
section treated for high disruption and its associated undisrupted control. Hydraulic
conductivity (K,) is a property of both the fluidity of the permeate (water) and the
permeability of the porous medium (sapwood), and was calculated from the following
equation;

Ki = q/ (dP/dx) ' -equation 2

where q is the flux (volume of water flowing through a unit cross-sectional area per
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unit time in m s™') and dP/dx is the hydraulic gradient (pressure drop per unit length in
the direction of flow in Pa m™). Hydraulic conductivity has units m s,

Figure 1(a) shows the actual sapwood disruption caused by the treatments
from similarly treated branches of adjacent trees. It can be seen that the desired levels
of 40% and 80% sapwood reduction were not achieved. The mean reductions in
hydraulic conductivity resulting from the drilling treatments were 45% and 72%
respectively (Fig. 1b), and for the following discussion these treatments will be

referred to as low disruption and high disruption.

Plate 2. Cross section of a lower branch from a closed canopy tree. (A) Untreated
section showing the non-conducting heartwood (centre black) and conducting
sapwood (white). (B) The high disruption treated section of the same branch
showing the dye stained actively conducting sapwood and non-conducting radial
pattern caused by drilling. Plastic pegs were inserted through drill holes to prevent
bulk water flow or healing growth.

As holes were drilled through the whole branch, phloem as well as xylem was
disrupted. This interference with photosynthate and solute transport in isolation may
have caused foliage mortality. The mortality caused by phloem disruption was

accounted for in separate treatments. Two other branches within each whorl were
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subjected to a low and high level removal of phloem respectively to provide a
measure of this mortality. A one centimetre wide band of phloem was peeled from
40% or 80% of the branch over-bark circumference and wrapped with duct-tape to
prevent regrowth of cambium during the season. The remaining branch of each whorl
served as a control to account for natural foliage mortality over the growing season.
Foliage mortality between crown positions and branch treatments was
analysed using an analysis of variance for a nested split-plot design (The SAS

Institute).

Physiological responses

Foliage mortality caused by sapwood disruption was further investigated by
measuring physiological parameters on ten additional trees at each site. The work
was expanded to include open canopy trees as a control for the effects of lower
branch age on mortality. Closed canopy trees (where mortality of lower branches
may be due to a combination of branch age and low light) were compared with open
canopy trees (where branch mortality was presumed to be due only to branch age).
Sapwood disruption treatments were applied in the same fashion as for the foliage
mortality experiment. The phloem disruption treatments were not used in this
experiment as photosynthate disruption was unlikely to have had a significant effect
over the short duration of this experiment. Treated trees were left for seven days to
allow drought stress to develop in the branches. Conditions were hot and arid during
this period. Physiological variables including transpiration and stomatal conductance
fluctuate considerably over the course of the day due to varying ambient temperatures
and photosynthesis rates. Therefore this diurnal variation was mapped in separate
trees, and treated trees were all measured within two hours in late morning during
which fluctuations were minimal.

The shade grown trees were also treated 7 days before measurement but since
the aim was to measure differences caused by hydraulic effects, not light, equivalent
light conditions to open canopy trees were required for all whorls. This was achieved

by removing trees from around each experimental tree to allow full sunlight to reach
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the lower whorls 20 minutes before taking measurements. Stomatal conductance and
transpiration were measured on the terminal 3cm of the main leader of all
experimental branches using a steady state porometer (Li-cor Inc. Li-1600). The
terminal branch section was then excised and xylem water potential measured
immediately using a Scholander pressure bomb (Pms Instrument Co.). Each section
was then stored in ice and transported to the lab to measure total leaf area using a
flat-bed scanner and image analysis software. Stomatal conductance (g,) values were
corrected for actual leaf areas and porometer boundary layer resistance (R, = 0.15

s/cm) as follows:
g=1/Rs+0.15) [A/A] - R,

where Ry = displayed differential resistance (s/cm); At = actual foliage area (cm?), and
A = cuvette standard area (cm?).

Physiological measurements between open and closed canopy trees, upper and
lower crowns, and treated branches were analysed using an analysis of variance
procedure for a nested split-plot design (The SAS Institute).

As light levels played a major role in this study, measurements were taken
using a Decagon ceptometer to quantify the difference in light levels between upper
and lower whorls. Readings were taken mid-morning one sunny day in July and again
in August. The ceptometer wand was held parallel to the branch to get an average of
10 readings from the bole to the periphery of the crown in the directions of north,
south, east and west. Light levels were expressed as a percentage of the light

measured in a nearby clearing.

B. Branch sylem hydraulic permeability and anatomy.
Common sampling procedures.

Sixteen additional trees were randomly selected in each of the two stands: 8
open grown with nearly full crowns and 8 exhibiting crown recession. Within each
tree, upper and lower whorls were marked corresponding to the whorls used for the

foliage mortality and physiology measurements. Within each whorl, one branch was
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selected on the basis of having a suitable internode long enough that it could later be
divided into three 10cm sections. Each branch was clipped off flush with the stem
and immediately placed under water in a cooler. It was then re-cut under water 10
centimeters from the cut end and sealed in iced water within an airtight container. All
samples were stored at -15°C. Hacke & Sauter (1996) reported little or no
consequence of freezing on hydraulic permeability in populus spp.

Hydraulic permeability

Three branch sections were cut underwater from the second internode from
the bole end. These sections were approximately 10cm long, the first being at least
20cm from the cut end (two of the sections were used for the treatment calibration for
the drilling experiment in section A). This was to ensure that any air that entered the
xylem when the initial break was made in the water column during sampling would
not be present in the samples. Sections were thawed at room temperature for 24
hours while submerged in filtered (0.2um) water. Immediately prior to fitting the
sample into the permeability measurement apparatus, both ends of each sample were
carefully shaved with a razor blade to remove resinous exudate. Exact sample length
was measured for the permeability calculations. Each branch was defoliated and total
leaf area measured by scanning all leaves with a flat bed scanner coupled to image
analysis software.

The permeability measurement apparatus.

The apparatus used a system of hanging water columns (after Booker 1984)
to generate a 7.5kPa tension head across the branch section. Tension was used as
opposed to pressure, as water columns in tracheids are under tension, therefore one
might surmise that this is a more realistic approach than using a pressure potential. A
previous study with this system showed a difference in flow rates with the two
systems (Silins, U. and Protz, C., unpublished data). This is important as most of the
studies conducted in hydraulic architecture to date have used pressure systems
(including Mencuccini & Grace 1996), which may not represent natural conditions in

stems.
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Flow rate measurements.

Samples were perfused in their natural direction of flow with filtered (0.2 pm),
degassed water. Water was run for 60 minutes without anti-oxidants, as reports in the
literature show that there is no appreciable microbial build up within the tracheids
during this length of time (Booker, 1984; Sperry & Tyree, 1988a). Outflow
measurements were automated using a computer and scale and outflow temperature
was recorded to correct for variations in water viscosity. The flow rate through
branch samples was allowed to stabilize for 15 minutes before measurements
commenced. After collecting one hour of consistent flow rate data, the perfusate was
switched to filtered (0.21um) degassed acid fuschin dye until a consistent standard
colour of outflow was observed. The purpose of the dye was to stain the actively
conducting sapwood so that hydraulic permeability could be calculated on a sapwood
specific cross-sectional area basis. Dyed samples were frozen to temporarily fix the
dye. They were then sectioned and one newly exposed surface was shaved with a
razor blade before being scanned. Using Idrisi GIS software, the stained area could
be calculated separately from unstained sapwood and heartwood.

Within sapwood, the ease with which the individual ‘pipes’ or elements
conduct water to the foliage was measured as hydraulic permeability. Confusion
exists in the literature between the terms hydraulic conductivity (a property of both
the viscosity of the fluid and the ability of the porous medium to allow movement of
the fluid), hydraulic resistance (the reciprocal of conductivity) and hydraulic
permeability (solely a property of the porous medium, as the viscosity of the fluid is
already accounted for). Many workers mistakenly refer to hydraulic conductivity,
rather than permeability. Hydraulic conductivity was used in calibrating sapwood
disruption treatments in part A because it is independent of cross-sectional area. This
part of the study will refer to hydraulic permeability on a sapwood area and leaf area
basis. The hydraulic permeability (in m?) expressed per unit area of conducting
sapwood (ks) and per unit area of leaf tissue supported (k) were calculated from the

following equations;
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ks=(q.*n*L)/(dP) -equation 3
ke=(qu*n*L)/(dP) -equation 4

where gs is the flux (m s™) on a sapwood area basis; q. is the flux (m s) on a leaf
area basis; 1 is the dynamic viscosity of water (Pa s); L is the sample length (m); dP
is the 7500 Pa tension difference across the sample. To clarify any differences in
results between ks and ki, the Huber value - the ratio of sapwood cross-sectional area
/ total branch leaf area - was calculated for each branch (Tyree & Ewers 1991).
Hydraulic permeability and Huber values were analysed using an analysis of

variance procedure for a nested split-plot design (The SAS Institute).

Xylem anatomy

The frozen dye-stained control samples of upper and lower branches used for
the conductivity measurements (n = 21) were used to prepare thin cross - sections for
microscope slides. The acid fuschin dye used to delineate active sapwood
concentrated on the cell walls of the earlywood tracheids. These dye-flow patterns
showed that earlywood was responsible for virtually all of the water transport. The
slides were analyzed using a digital image processing system consisting of a Sony
3CCD-DXC-930 camera and a Leitz-Wetzlar Dialux 20 EB microscope in
conjunction with Northern Lights image analysis software. For each slide (branch) 40
tracheid lumen diameters were measured randomly across the earlywood from the
current and penultimate years of growth. Earlywood and latewood widths for each
year of growth were measured at a lower magnification.

In order to investigate tracheid lengths and bordered pit frequencies,
longitudinal slivers > 1 cm in length were prepared from the earlywood of the current
year of growth from each branch sample. Slivers were macerated using the technique
described by Pothier & Margolis (1989b). This technique involved submerging the
slivers in a solution of 20% v/v nitric acid and 20% v/v chromic acid (1:1) for 14
hours. They were then washed with 1:1 70% ethanol : glycerin and stained with
safranin dye to highlight bordered pits. Longitudinal slides were analyzed with the
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same image processing system as the cross-sectional slides, and tracheid lengths
measured for a random 40 cells per slide (n = 21). Total numbers of bordered pits
were counted on both tangential and radial walls for 15 out of the 40 tracheids,
selected at random.

Differences in tracheid diameters, lengths, and pit frequencies between upper
and lower branches and open and closed canopy trees were analysed using a nested
split-plot analysis of variance (The SAS Institute). A similar approach was used for
annual ring widths and earlywood ratios, but separate tests were performed for the

first S years of data and the most recent 5 years.

RESULTS

A. Foliage mortality and phvsiological responses to imposed drought stress.

In closed canopy trees photosynthetically active radiation (PAR) in mols ¢cm™
s was approximately 14% of ambient light for shaded lower crowns, yet nearly full
ambient light for upper branches. Open canopy trees by definition experienced nearly
full ambient light conditions at both crown positions.

Sapwood disruption increased foliage mortality (Fig. 2a); within whorls at
both crown positions, needle mortality on branches that were drilled or girdled was 2-
3 times higher than in controls (p = 0.001). Sapwood and phloem disrupted (drilled)
branches showed greater needle mortality than phloem disrupted (girdled) branches (p
= 0.029). In all branch treatments dead fascicles were randomly and evenly
distributed along branches, often with just one dead needle per fascicle. Natural
mortality of lower whorls (including controls) was approximately double the foliage
mortality of the upper whorls (p < 0.001, n = 20). These results show that the lower
branches had greater natural foliage mortality and were more susceptible to artificially
intensified drought stress. In contrast, xylem disruption in the upper branches had

little effect on foliage mortality.

29



Physiological responses.

These results indicate that these lower branches are much more sensitive to
intensified water restriction. Transpiration rates (E) were closely associated with
stomatal conductance (gs) for all branches measured. This indicated that the effect of
non-stomatal limitations of transpiration was small between treatments, crown
positions, and canopy densities. Thus, results for E are represented only as
probability values in the appendices (Table 1.3). Stomatal conductance (Fig.3) was
similar in open and closed canopy trees when averaged across control and sapwood
disrupted branches from both crown positions (p = 0.283). Upper branches had
higher gs than lower branches when averaged across all treatments (p < 0.001).
Sapwood disrupted branches had lower gs than control branches in both crown
positions in both stand densities (p < 0.001). In closed canopy trees, there was a
large difference between upper and lower branches (p = 0.004), whereas both crown
positions were very similar in open canopy trees. This shows that shaded lower
branches are experiencing a greater degree of stomatal closure to regulate water loss,
while in open canopy trees upper and lower whorls have a similar water supply status.
Sapwood disruption treatments had a stronger effect in reducing gs in closed canopy
trees than in open canopy trees (p < 0.001). On average, sapwood disruption
treatments had similar effects on gs in both crown positions in open and closed
canopy trees because of the strong interaction between treatment and stand density (p
= 0.001).

Differences in gs and E responses to sapwood disruption between crown
positions and stand densities did not have associated differences in branch xylem
water potential (¥, Fig. 3). There was no difference in ‘¥ between open canopy and
closed canopy trees (p = 0.858), nor between upper and lower crown positions (p =
0.575), nor between sapwood disruption treatments (p = 0.789). The interaction
terms all had Pr > f greater than 0.1. These results indicate that branches regulate
xylem water potential successfully during water stress by reducing stomatal

conductance to control evaporational water losses.
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B._Branch xylem hydraulic permeability and anatomy.

Hydraulic permeability.

Branch hydraulic permeability expressed per unit leaf area (ki) varied among
different crown positions and among trees grown at different densities (Fig. 4a). For
both upper and lower branches, k; was marginally lower in closed canopy trees than
in open canopy trees (p = 0.062). Averaged across closed and open canopy trees,
lower branches had lower ki than upper branches (p = 0.033). There was a marginally
significant interaction (p = 0.070) between crown position and stand density. In open
canopy trees there was negligable difference between upper and lower branches, but
in closed canopy trees lower branches had much lower hydraulic permeability.

When expressed on a per unit sapwood area basis, hvdraulic permeability (ks)
gave very similar results to k. (Fig. 4b). Values for ks were greater in magnitude than
for k. since permeability was divided by a much smaller area.

Huber values are a ratio of sapwood cross sectional area / leaf area subtended
(Fig. 4c). Both crown positions had similar sapwood areas supporting a unit leaf area

in open canopy and closed canopy trees (p = 0.354).

Xylem anatomy.

Mean tracheid lumen diameters (i.e., excluding cell walls) were approximately
15um (+ 0.5um or 3%, n = 21 trees). Averaged across open and closed canopy trees,
upper branches had larger lumen diameters than lower branches (p = 0.0341). There
was a greater difference between crown positions in closed canopy trees (p < 0.001)
than in open canopy trees (p = 0.015).

Tracheid length and frequency of bordered pits did not differ overall between
open and closed canopy trees (p = 0.437; 0.858 respectively, Fig. 5b, n = 20 trees),
and varied little overall between crown positions (p = 0.840; 0.219 respectively). All
interactions had Pr >f greater than 0.1. Within the open canopy trees however, upper
branches had a lower pit frequency than lower branches (p < 0.001) whereas
frequencies in both crown positions in closed canopy trees showed little variation (p =
0.261).
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In addition to variation in xylem anatomy due to light conditions during
growth, the proportion of earlywood in annual growth rings declined as light levels
fell over time. For lower crown branches earlywood / latewood ratios were similar in
open canopy and closed canopy trees for the first 5 years of growth (p = 0.148), after
which this ratio in open canopy branches remained almost constant while closed
canopy lower branches grew prograssively less earlywood each year (Fig. 6a, p=
0.063). Total annual ring widths for lower crown branches of open canopy and shade
grown trees are shown in figure 6 (b). Closed canopy lower branches had marginally
greater radial growth in the first 5 years (p = 0.087) but growth in both open and
closed canopy lower branches declined at a similar rate in the last 5 years (p = 0.640).
The decline in growth was significant for successive years over this period (p <
0.001). Upper branches from open and closed canopy trees only had three complete
growth rings which showed no trends in radial growth or earlywood / latewood

ratios.
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Figure 1. Degree of sapwood disruption in the imposed drought stress experiment,
in upper and lower branches (n=18 trees). (a) Conducting sapwood area disruption
(% of control + SE). (b) Hydraulic conductivity Ky (ms™ x10* + SE); low disruption
treatments reduced k, by 45% and high disruption by 72% ( p = 0.01 1).
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Figure 2. Foliage mortality (% + SE) from low and high sapwood (s/w) disruption
treatments, phloem disruption treatments, and controls in upper and lower branches
of closed canopy trees (n = 20). Phloem disruption caused greater mortality than
controls (p = 0.0012) but less than sapwood disruption (p = 0.029). Foliage mortality
differed between high and low sapwood disruption treatments (p = 0.005), and

between crown positions (p < 0.001).
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Figure 3. Physiological responses (+ SE) to xylem disruption in upper and lower
branches of open and closed canopy trees (n = 20). Stomatal conductance (gs) and
transpiration rates showed identical trends and only gs (mmol m? s') is shown.
Branch water potential (¥, MPa) is plotted with corresponding gs for control and
sapwood disrupted branches in (a) closed canopy and (b) open canopy trees. ¥ did
not differ significantly with crown position, treatment or tree canopy type. Stomatal
conductance differed with crown position (p < 0.001) and treatment (p < 0.001).
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Figure 4. (a) Hydaulic permeability per unit leaf area k. (m? x10° + SE), (b)
Hydraulic permeability per unit sapwood cross-sectional area ks (m® + SE), and (c)
Huber values (HV, m* m? + SE) of upper and lower control branches in closed and
open canopy trees (n = 24). Both k. and ks differed between crown positions (p =
0.033 and 0.052 respectively) and tree canopy types (p = 0.062 and 0.039
respectively).
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Figure 5. Earlywood xylem tracheid anatomy in upper and lower crown branches
of closed and open canopy trees. (a) Tracheid diameters (um + SE) differed between
crown positions (p = 0.0341, n = 21 trees), but not between stand densities (=
0.376). (b) Tracheid length (um + SE, n = 20 trees) showed little variation between
crown positions and stand densities (p = 0.437 and 0.840 respectively). (c) The
frequency of bordered pits (per 100 pm™ of tracheid length + SE, n = 20 trees)
differed little between upper and lower branches in closed canopy trees (p = 0.261)
but the frequency was higher in lower branches of open canopy trees (p < 0.001).

(] uppercrown [ lower crown

—~ 20 -
£ a
316-()
S 12 -
Q
§ 87
T 4 4

0 (b)
EBOO—
2 600 -
£
@400—
S 200 -

0 (c)
e 27
g8 ©7
T 4-
2 2-
Q

0

closed canopy open canopy

37



Figure 6. Chronological sequence of annual growth ring measurements in lower
crown branches from closed and open canopy trees from the last 10 years (branches
were 11 years old). Year 10 corresponds to 1987 growth and year 2 to 1997 growth.
(a) Proportion of each years’ growth ring width laid down as earlywood (+ SE, n =
20 trees). The earlywood proportion in both canopy densities was similar over the
first 5 years (p = 0.148) but closed canopy proportions were marginally less in the last
5 years (p = 0.063). (b) Total annual growth ring width including both early and
latewood (+SE, n = 20 trees). Growth rings were similar overall in both crown
densities in the first 5 years (p = 0.087) and in the last 5 years (p = 0.640).
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DISCUSSION

The overall findings validate the hypothesis that crown recession involves
more than simply light limitation. The greater foliage mortality in shaded lower
crown positions and branches with xylem disruption treatments supports the
hypothesis that lower branches experience greater drought stress than upper branches.
This is further supported by observations of physiological responses to sapwood
disruption. Shade-grown lower crown branches showed greater stomatal closure,
presumably to reduce water loss in response to xylem damage than upper branches in
the same trees. This is further evidence that lower branches are pre-disposed to
drought stress. The hydraulic permeability (ki) results support the hypothesis that in
shade grown (closed canopy) trees the lower whorls are at a competitive disadvantage
for water supply compared with the upper crown whorls. The smaller tracheid
diameters in shade grown branches support the hypotheses that they have xylem that
is less efficient for water transport and that ks is correspondingly lower in closed
canopy lower branches than in upper branches.

The greater foliage mortality resulting from sapwood disruption, in addition to
the lower k. in lower shaded branches are strong indicators that water supply to these
crown base branches is limiting. Once xylem growth is influenced by shaded growing
conditions, several changes occur in the xylem which reduce the hydraulic
permeability. The tracheids produced in the earlywood within each year’s growth
develop smaller diameter lumens. This results in a reduction in water flow rate
theoretically proportional to the fourth power of the lumen diameter (from equation
1) because the resistance to water flow increases due to the greater viscous drag of
the tracheid wall.

The investigation of the proportion of earlywood within annual growth rings
confirms that growth pattemns change in response to declining light levels. While
earlywood constituted a constant fraction of the annual growth over 10 years in lower
branches of open canopy trees, it declined in the last 5 years in closed canopy lower
branches. The last 5 years correspond to complete canopy closure in the stand and a

decline in light penetrating to the lower canopy. The consistency of the earlywood
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proportion and total annual growth in open canopy lower branches over the last S
years is a further indication that shade related morphological changes occur
independently of age. However, the results suggest that the proportion of earlywood,
not total ring width, is most affected by shade. Since the majority of water transport
in sapwood occurs through the earlywood (Pothier er al. 1989), earlywood :
latewood ratios are a major factor associated with the reduced permeability found in
lower branches of closed canopy trees.

As the quantity and permeability of xylem declines over successive years of
shaded conditions, these lower branches are increasingly pre-disposed to drought
stress. Other authors have also found that low light growth conditions can be
detrimental to the hydraulic permeability of xylem. Sellin (1993) found stem xylem
permeability in Picea abies to be 1.4-3.1 times higher in an open-canopy tree than in a
closed canopy tree, while Schultz & Matthews (1993) found that xylem tracheid
growth can be altered by low light conditions in the stemwood of grapevines. The
hydraulic permeability measured in the present study is consistent with the equivalent
values of hydraulic conductivity per unit leaf area reported by Sellin (1991) in stem
wood of Picea abies and by Pothier et al. (1989b) in Pinus banksiana stemwood.
Tracheid dimensions are also consistent with the literature (Pothier er a/., 1989b).

After successive years of shaded growth and declining xylem permeability, the
water stress increases in lower branches of closed canopy trees. This is illustrated by
the sapwood disruption experiment where exacerbating the water stress caused
significantly greater foliage mortality in shaded lower branches than in open canopy or
upper branches. As the branch water stress increases, the foliage exhibits
physiological adaptations to the resulting water shortage. The shaded lower branches
in this study showed a significant reduction in stomatal conductance and transpiration
rates (compared to upper branches), reflecting the closure of the stomates to conserve
water during the day. This enforced ‘shutdown’ of transpiration reduces the
productivity of the foliage, which in turn leads to poorer growth of new xylem for the
next season. This process constitutes a feedback cycle, whereby the branch is

essentially cutting off its own water supply over time. This supports the notion that
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these branches do not have the ability to cope with further restrictions on water
supply.

The uniformity of branch-end water potentials (‘) between crown positions
reflects stomatal control of ‘¥ in both upper and lower branches. When water stress
within the branch is severe, stomatal closure prevents ‘¥ falling to levels causing
catastrophic xylem embolism as described by Jones & Sutherland (1991), and Sperry
& Tyree (1988). These findings support the work of Sperry & Pockman (1993) who
found leaf water potentials were maintained even when transpiration and stomatal
conductance declined dramatically after notching stems of Betula occidentalis. This
stomatal regulation process also maintains ¥ in upper branches, but probably a
smaller reduction in transpirational demand is needed to maintain ¥ than in lower
branches. This lower sensitivity to ‘¥ in lower branches could be because the
embolism threshold ¥ is higher in the shade-grown sapwood due to the smaller
tracheid diameters being less vulnerable to cavitation (Sellin 1991).

When stomata close during periods of water stress to protect the branch
against the formation of embolisms, the result is a shut down of photosynthesis and
therefore carbon production. Now the foliage will have insufficient sugars to meet
the carbon cost of respiration and would therefore be expected to be a sink, resulting
in a carbon concentration gradient to the lower branches (Mikeld 1995). Crown base
branches are also carbon sinks because after successive years of declining water
supply and productivity, they have a high ratio of supportive tissue mass (which
consumes carbon through maintenance respiration) to photosynthetic tissue mass.
Once the consumption : production ratio is greater than one, the branch becomes a
carbon drain on the tree, since it is not exporting carbon yet it is still actively
respiring. One might speculate that this is exaggerated in trees where the lower
branches continued to grow horizontally towards adjacent patches of light from gaps
in the canopy, and therefore have a large mass of supportive wood associated with
mechanical bracing near the connection with the stem. Such cases might be the first
to self-prune as their negative carbon balance is the most severe.

While shade grown lower branches are a carbon sink, it is evident from the
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considerable foliage mortality which resulted from the phloem disruption (girdling)
treatments that carbon transport is involved in self-pruning. This agrees with the
work of Makeld (1995) and Zimmermann (1984). The foliage mortality resulting
from the phloem disruption treatments far exceeded that of the controls in lower
branches. This may reflect a reduced import of sugars from other parts of the tree
because the capacity of the phloem is insufficient to nourish the branches, despite the
concentration gradient in their favour. The foliage mortality resulting from the
phloem disruption treatments in the upper crown also exceeded the controls. The
reason is unclear, although it is likely that the disruption of the supply of essential
micronutrients and growth hormones to the newly emerged and actively
photosynthesizing foliage plays a role.

If the capacity of the phloem of shaded lower branches is insufficient to meet
the carbon demands of the foliage, one might speculate that the amount and quality of
phloem grown each year declines with low light in the same way as xylem. A study
on cucumber seedlings is currently the only one I am aware of to link phloem
differentiation with light intensity (Aloni et al. 1986), however this may occur in
coniferous species. The exact mechanism would probably be a restriction on vascular
differentiation in the cambium as a result of a change in auxin concentrations in the
branch (Aloni 1987). If this is the case, the carbon supply to the branch is being cut
off to prevent it becoming a carbon drain on the tree.

In summary, the lower branches of closed canopy trees are more
physiologically responsive to imposed sapwood disruption and have poorer xylem and
water conductive properties than equivalent branches in open canopy trees. This
suggests that branches at the base of the live crown are experiencing greater water
stress than upper branches and are unable to cope with further restrictions to water
supply. In contrast to the traditional understanding of a purely light driven
mechanism for self-pruning, the process now seems likely to be driven initially by
shaded growth conditions causing poor xylem development, leading to water stress
and poor carbon relations. This new evidence suggests that crowns do not recede

solely due to low light, but that the hydraulic architecture of a branch plays a
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significant role in determining its lifespan.
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SYNTHESIS

The role of crown recession in a broader context is to maximize efficiency of
carbon allocation within the growing tree, which is fundamental to questions of crown
dynamics and tree growth. It is useful to consider why it is that coniferous species
exhibit apical dominance and why they invest the majority of available resources in
height growth. Gymnosperms are believed to be primitive to angiosperms in an
evolutionary sense, and their reproductive ecology supports this. Most conifer
species are wind pollinated, and their apically dominant canopy form may have been
selected by evolutionary pressures that favour reaching a sufficient height to maximize
long-distance seed dispersal. The seed cones of an individual tree that grows higher
than the surrounding canopy (dominants) should have the greatest access to air
currents, allowing the seed to be dispersed over a greater distance and thus find
suitable seedbeds more often. Such a tree would therefore have a greater
representation of its genotype in the next generation. From the perspective of crown
recession, an efficient dominant tree has no use for lower branches that are neither
photosynthetically productive nor able to produce seed that can be successfully
dispersed. It is not surprising that a mechanism has evolved to eliminate these largely
non-functional branches.

This argument also explains why trees of the same species reach different
maximum heights in different situations - a question that been much studied (Ryan &
Yoder 1997). If conifers only have one function - to reproduce - there is no reason
for them to grow taller than necessary to successfully disperse seed. For an open
canopy tree with a full live crown, seed will disperse from cones on any of the
branches quite effectively, as they all have access to air currents and wind. In this
case there would be little efficiency gain from self-pruning as lower branches can
contribute to reproductive success. In high elevation stands, canopy height is often
much less for a given conifer species than in low lying areas (Ryan & Yoder 1997).
This could be attributable to site qualities or wind burn of emergent buds, but such
trees are probably exposed to very frequent winds and thermal air currents that could

effectively disperse seed over a long distance regardless of tree height. Therefore
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there is no reason for a tree to invest valuable limited resources in height growth
when it could be utilized for seed production.

This research has economic implications to the forest industry. The last
decade has seen an increasing awareness among the forest sector in western Canada
that the forest resource is capable of being depleted unless it is managed more
responsibly and intensively. This realization, as well as the generally slow growth
rates of conifers in Alberta, has provoked the adoption of more intensive silvicultural
management as has long been practiced throughout Europe. Among the most
important practices are partial cut systems and commercial thinning. As both of these
are relatively new practices in western Canada, it is vital to know how boreal species
and ecosystems will be affected by partial cutting over the course of whole rotations.
This research will play a role in deciding optimal residual densities after partial cutting
and thinning. A crown recession factor can be incorporated into stand growth models
to predict future yields and ultimately refine the crucial calculations of sustainable
annual allowable cuts. Individual stand prescriptions could incorporate predicted
rates of crown recession for different site conditions and species mixtures. The
optimal time in the rotation to thin and the target residual density that would yield the
greatest production efficiency per hectare over the rotation could then be calculated.
On an individual tree basis, this information could be used to manage stand density to
maintain the optimal live crown ratio for growth and vigour of the trees by pre-
commercial and commercial thinning at different times over the course of stand
development.

Optimizing live crown ratio also has applications to the practice of pruning in
high value (sawlog or veneer quality) stands such as white pine and Douglas-fir in the
British Columbia interior. Silviculturalists need to predict the desired live crown ratio
for the maintenance of optimal mean annual increment and the shortest growth lag
after pruning or thinning. Further work is needed to determine the relationship
between stand density and stand age at which light limitation begins to cause
hydraulic stagnation of lower crowns. It is also important to understand the

relationship between stand density and the rate of crown recession once stagnation
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has begun. These relationships would give managers greater insight when scheduling
silvicultural operations in order to avoid lower crown stagnation and maintain
periodic annual increments and stand productivity.

Further research is necessary to investigate the relationship between light
levels, phloem differentiation and phloem loading in the context of self-pruning. This
might involve measuring phloem loading in upper and lower branches, in conjunction
with stable carbon isotope labeling experiments to determine the extent of carbon
movement into lower branches. This could be achieved by enclosing upper branch
foliage in polythene bags filled with “CO, and analyzing sections of stem and
branches obtained periodically throughout the crown to measure its import into lower
branches. If lower branches are not producing sufficient carbon tu meet respiration
requirements, and little carbon is being imported, this would suggest phloem capacity
is limiting carbon movement.

The light-hydraulic mechanism for branch stagnation and decline presented in
this study may also be the mechanism responsible for the stagnation of whole stands
after canopy closure in Pinus contorta - a phenomenon commonly observed in the
western boreal forest. Keane and Weetman (1987) suggested such a mechanism for
stand level stagnation. In these dense shaded stands, stems may have low hydraulic
permeability due to poor sapwood quality, causing height and volume growth to
virtually cease. If the stagnation in these stands is due to low permeability xylem,
they might be slow to increase growth rates in response to stand thinning because the
existing vasculature would have insufficient capacity to meet the greater water
demand of the foliage once it is receiving more light.

The effect of low light on xylem hydraulic permeability may also be a major
factor in self-pruning in other coniferous species such as boreal Jack pine. This
mechanism may be less important or commence at a much greater stand age in other
species with a higher tolerance of shade (lower foliar photosynthetic compensation
points), such as spruce or fir, however.

A more complete understanding of the physiological processes of crown

dynamics and stand growth are fundamental in predicting stand responses to
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silviculture. This research has shed new light on branch hydraulic architecture as a
principle factor in the self-pruning process, and perhaps further work will implicate

crown hydraulic relations with stand level stagnation.
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Table1.1.  Results of ANOVA’s of (a) hydraulic conductivity reduction, and (b)
sapwood area disruption in the imposed drought stress experiment. Upper and lower
branches (position) were disrupted by high and low disruption treatments (treatment).
Values indicate P>f.

a.
d.f. k
site 1 0.008
tree(site) 16 0.759
osition 1 0.289
tree*position (site) 17 0.406
treatment 2 0.011
osition*treatment 2 0.706
tree*treatment(site) 34 0.686
n (trees) 18
b.
d.f Area
position 1 0.458
treatment 2 <0.001
position*treatment 2 0.951
n (trees) 18

Table 1.2.  Results of ANOVA’s of foliage mortality due to imposed drought
stress in upper and lower branches (position) of closed canopy trees. Values indicate
P>f.

df

site 1 0.734
tree(site) 18 0.272
position 1 <0.001
site*position 1 0.004
tree*position(site) 18 0.879
treatment 4 0.005
site*treatment 4 0.689
tree*treatment(site) 72 0.233

osition*treatment 4 0.361
site*position®treatment | 4 0.867
n (trees) 20
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Table 1.3.

water potential (W) are shown.

ANOVA results for measurements of physiological responses to xylem
disruption in upper and lower branches (position) of open and closed canopy trees
(density). P>f values for stomatal conductance (g,), transpiration rates (E) and branch

d.f A E b4
density 1 0.283 0.322 0.858
tree(density) 18 <0.001 <0.001 <0.001
osition 1 <0.001 0.008 0.575
density*position 1 0.004 0.005 0.281
tree*position(density) 18 0.057 0.002 <0.001
treatment 2 <0.001 0.005 0.789
density*treatment 2 <0.001 0.608 0.504
tree*treatment(density) 36 0.779 0.406 0.058
osition*treatment 2 0.305 0.284 0107
density*position*treatment | 2 0.643 0.269 0.021
n (trees) 20 20 20

Table 1.4.

Results of ANOVA'’s of hydraulic permeability per unit leaf area (k.),
hydraulic permeability per unit sapwood cross-sectional area (ks) and Huber values
(HV) in upper and lower control branches in closed and open canopy trees. Values

indicate P>f.
df k, ke HV
density 1 0.039 0.062 0.354
tree(density) 22 0.258 0.106 0.023
osition 1 0.052 0.033 0.789
position*density | 1 0.235 0.070 0.559
n (trees) 24 24 24
Table1.S. ANOVA results of tracheid diameter, length, and bordered pit

frequency in earlywood xylem of upper and lower crown branches (position) of (a)
closed and open canopy trees (density), (b) and (c) separately within each density.

Values indicate P>f.
a. Full model

df | Diameter Length Pits / 100pum
density 1 0.375 0.437 0.858
tree(density) 18 <0.001 <0.001 <0.001
position 1 0.034 0.840 0.219
density*position 1 0.368 0.826 0.114
tree*position(density) | 18 <0.001 <0.001 <0.001
n (trees) 21 20 20
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b. Open canopy trees

d.f. | Diameter Length Pits / 100um

tree 4 <0.001 <0.001 <0.001
sition 1 0.015 0.368 <0.001

position*tree 4 <0.001 <0.001 <0.001
n (trees) 5 5 5
¢. _Closed canopy trees

d.f. | Diameter Length Pits / 100um
tree 14" | <0.001 <0.001 <0.001

osition 1 <0.001 0.969 0.261

position*tree 14" | <0.001 <0.001 <0.001
n (trees) 16 15 15

(* 15 for diameter measurements)

Tabhle1.6. ANOVA resuits of a chronological sequence of annual growth ring
measurements in lower crown branches from closed and open canopy trees (density)
from the last 10 years. The first S years (10-6) and the last 5 years (5-1) were
analyzed separately. P>f values for the ratio of earlywood width to total ring width
for each year, and total growth ring width are shown.

d.f width (10-6) | width (5-2) | ratio (10-6) | ratio (5-2)
density 1 0.087 0.640 0.148 0.063
ear 4 0.291 <0.001 0.955 0.189
density*year | 4 0.167 0.573 0.053 0.751
n (trees) 48 83 48 83
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