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ABSTRACT

Penfold, C.5. 1991. Genetic variation in tratts arfecting the water
relations of balsam poplar along a latitudinal transect in
northwestern Ontario. 157 pp. Advisor: Dr. R.E. Farmer,

Key Words: Populus balsamirera L., water relations, genetic
variation, clones, field and greenhouse conditions,

Genetic variation in traits potentially arfecting the water
relations of balsam poplar ( Popius balsamirera L) clones from
four provenances along a transect from northern wisconsin to
Pickle Lake in northwestern Ontario was examined both in the
field and in the greenhouse. Traits measured were transpiration
rates, stomatal conductance, internode length, average single-leaf
abaxial area and oven-dry welight, specific leaf weight, and
stomatal density and length. Additional traits measured in the
greenhouse provenance trial were shoot length, number of leaves
per plant, total abaxial leaf area per plant, total oven-dry root,
shoot and leaf weight, and oven-dry root/shoot weight ratio. Most
of the observed variation in traits was attributable to clones
within provenances and to ramets within clones. As much as
eighty-five percent of the observed variation was attributable to
variation among and within clones within provenances. The
provenance effect had a significant influence on leaf size and
morphology traits, with an apparent north-south clinal trend.
Leaves from northern sources were smaller in area, lighter in
weight, and were thicker than leaves from southern sources. As
expected stomatal conductance was positively correlated with
measured transpiration rates. The only other trait significantly
correlated with transpiration rates was stomatal length, and this
only occurred in the greenhouse provenance trial. Larger stomata
were associated with higher rates of transpiration.
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{. INTRODUCTION

As an introduction to the phenomenon commonly referred to
as the photosynthesis-transpiration compromise, Salisbury and
Ross (1978) cite an experiment conducted by Hanks in 1974,
Hanks (1974) found that approximately 600 kg of water
evaporated from corn plants for every kilogram of Jea mays L.
(corn) grain produced. Moreover, for every kilogram of dry plant
material produced, including roots, shoots, leaves and
reproductive structures, 225 kg of water passed from the plants
to the surrounding air. Water loss by terrestrial plants is
unavoidable and, in fact, is essential for growth.

The principle function of a plant's leaves, or more precisely
the chloroplasts located within the leaves, is to produce food for
the entire plant via photosynthesis. To maximize photosynthesis,
the plant's leaves must capture an optimal amount of sunlight.
However, sunlight is not the only requirement for photosynthesis;
a source of carbon is also needed. The plant's source of carbon is
carbon dioxide present in the surrounding air. Gaseous carbon
dioxide must enter the intercellular spaces of the plant's leaves
by the process of diffusion through stomatal pores, but before the
carbon dioxide can enter the leaf's cells, it must go into solution.
The plasma membrane of the mesophyll cells is virtually

impermeable to carbon dioxide gas (Raven &¢f g/, 1981). Thus,



moisture must be present on the cell surface if carbon is to be
absorbed, and this gives rise to the photosynthesis-transpiration
compromise.

Just as there {s a concentration gradient favoring the
diffusion of carbon dioxide from the surrounding air into the
intercellular spaces of the leaf, there is a moisture concentration
gradient favoring the diffusion of water from the leaf to the air.
The diffusion of water vapor from the leaf, or any other piant
part, to the atmosphere is termed transpiration.

Transpiration can be extremely harmful to plants, having the
potential to produce water deficits and injury caused by
dehydration (Kramer, 1983). Consequently, the plant must balance
carbon dioxide accumulation with water loss. For this reason,
transpiration appeahs to be a hindrance to carbon assimilation,
and ultimately, photosynthesis. However, transpiration is such a
wide spread phenomena that it must serve some adaptive function.
IT not, natural selection would, in theory, eliminate the
maladaptive feature if a viable alternative exists.

Salisbury and Ross (1978) propose several possible
advantages of transpiration to plants. The first proposal could be
best thought of as a consequence rather than an advantage. Plants
have evolved a system to extract carbon from the atmosphere and
transpiration may merely be a by-product of this system. This
could be possible, but under certain conditions 1t appears that
transpiration may be of some benefit to the plant. Transpiration
may aid in the absorption of minerals from the soil, and in the

subsequent movement of the minerals in the plant. Another



advantage may involve the concept of optimum cell turgidity.
Transpiration may be involved in maintaining and optimum
turgidity at which the cell functions best. Finally, transpiration
may ald in the moderation of leaf temperatures. Evaporation of
water from the leaf often plays an important role in cooling the
leaf,

Whatever the advantages of transpiration, plants have
evolved many processes to balance water 1oss with carbon dioxide
accumulation, and such adaptations may include variations in
plant morphology and/or physiology. Furthermore, intraspecific
variation in characters affecting the photosynthesis-transpiration
balance might be expected for terrestrial plant species occupying
large geographic ranges. Species with large geographic ranges
generally possess the ability to grow in differing climatic
regions, often with distinct moisture conditions. Thus,
intraspecific variation could arise due to the varying
environments exerting different selection pressures (Pallardy,
1981). Balsam poplar ( Populus balsami7rera L.) 1s such a species,
growing in moist, nutrient-rich soils on valley bottoms, stream
banks, sandbars and flood plains throughout the Boreal, Great
Lakes-St. Lawrence, and Acadia forest regions (Figure 1) (Hosie,
1979, Little, 1980).

Different forms of baisam poplar have been noted throughout
1ts range. In the prairies, one form of balsam poplar has been
classified as Poou/us balsamirera var. subcoraala Hylander
(Heartleaf Balsam Poplar) (Hosie, 1979). It has leaves that are
broader at the base (heart-shaped) and distinctly hairy on the



Figure 1. The range of balsam poplar (Fowells, 1965).

aBaxial surface. Further to the west where the range of balsam
poplar meets that of black cottonwood ( Popwius trichocarpz Torr.
et Gray), individuals intermediate to the two species are abundant.
Some botanists suggest that the observed varfation is a response
to differences in geography, rather than the interbreeding of two,
different species. Thus, black cottonwood 15 also refered to as a
subspecies ( Popuius balsamiréera var. richocarpa (Torr, et Gray)
Bradshaw) of balsam poplar.

To date, variation in physiological and morphological traits
potentially affecting the water relations of balsam poplar have
not been examined within the context of a provenance
investigation. It is the purpose of this study to investigate the



following guestions:

1) What is the extent and pattern of genetic variation in
balsam poplar, with particular reference to adaptations
affecting the control of transpiration?

2) How are the observed variations in traits correlated to

each other and to measured transpiration rates?



. LITERATURE REVIEW

Plants have not evolved a process or membrane that allows
the assimilation of carbon dioxide while preventing transpiration.
Thus, transpiration is inevitable. However, plants have evolved
many adaptations to control transpiration, but no matter what the
adaptation, the strategy of the plant is still the same: to
assimilate carbon dioxide rapidly when atmospheric conditions
promote minimal rates of transpiration or when water supply is
adequate to meet the transpirational demand, and to assimilate
slowly, or not at all under atll other conditions (Cowan, 1977).

In essence, plants growing under conditions of frequent
drought have developed one of three methods to survive the
periods of water stress (Beweley, 1979). These are drought
evasion, drought tolerance, and drought avoidance. Drought
evaders complete the vegetative and reproductive phases of their
life cycle while there is adequate moisture. Drought tolerators
have the ability to endure periods of protoplasmic desiccation.
Finally, drought avoiders or desiccation avoiders resist
desiccation by either retarding water 1oss or increasing water
absorption. Most woody plants are classified as drought or
desiccation avoiders and, to a lesser extent, drought tolerators
(Levitt, 1972).

In a review of studies pertaining to intraspecific genetic



variation in physiological and morphological traits affecting the
water relations of woody plants, Pallardy (1981) proposes three
major classes of adaptations. The first concerns variation in the
capacity of a plant to absorb water in relation to the
transpirational demand; the second, variation in plant resistance
to liquid-phase water transport; and the third, variation in the
control of transpiration.

Due to the complexity of the energy and matter exchange in
the soil-plant-atmosphere continuum, Pallardy (1981) further
divides genetic variation in the control of transpiration into the
following components: variation in shoot growth, leaf size and
morphology, leaf abscission, leaf cuticle, and stomatal anatomy
and control.

1t is beyond the scope of this study to research all possible
adaptations presented by Pallardy (1981); therefore, the study and
literature review will focus on variations in selected aspects of
shoot and root growth, leaf size and morphology, stomatal size
and frequency, stomatal conductance and transpiration rates.
Furthermore, unless stated otherwise, all studies presented will
have been conducted under uniform growth conditions to ensure

that the reported variation is genetic in nature.
A. VARIATIONS IN SHOOT AND ROOT GROWTH

Adaptations which alter the plant’'s capacity to absorb water
inrelation to potential water loss will greatly affect the water

balance of the plant (Pallardy, 1981). The relationship between



absorption and potential transpiration can be best evaluated by
comparing the root absorbing surface area to the surface area of
potential transpiration, but measurement of the absorptive
surface area of the root is a difficult task. The mere size and
delicacy of the root system makes measurement of root surface
area virtually impossible. For example, a four-month-old rye

(Secale cereale) plant had an estimated 626 km of roots (not

including root hairs) with a surface area of 233 m2 (Salisbury and
Ross, 1978). Including root hairs, the estimated total length of

roots and accompanying surface area increased to 11,300 km and

638 m2, respectively. Moreover, the absorptive capacity of the
root 1s thought to differ with root age, the transpirational demand
for water, and the spacial pattern of rooting in the soil profile
(Raven et &/, 1981). To avoid many of these problems, the
root/shoot weight ratio often has been used as an approximation
for the relationship between water absorption and potential water
l0ss.

The root/shoot ratio has been shown to vary
intraspecifically, and furthermore, the pattern of variation is
often associated with the moisture conditions at the seed source
or correlated with the geographic trends in precipitation and
potential evaporation. Brown (1969) studied the root systems of
forty-eight provenances of Scotch pine ( £inus siivestris L),
representing thirteen different locations throughout Europe. On
the basis of root form and growth, the provenances were divided
into three main types: Northern, Central European, and Southern.



within the Northern (Scandanavian) type, root development and
annual growing season precipitation were not correlated, possibly
- because temperature, not moisture, was the critical
environmental factor affecting the growth and development of
seedlings. However, one provenance (mongolica) from an area that
had a high "Index of Aridity” (low levels of precipitation combined
with relatively high growing season temperatures) had minimal
root and shoot development and a higher root/shoot weight ratio
than other Northern provenances. The root system was
characterized by a shallow tap root with an extremely well
developed network of lateral roots. It appears that the shallow
depth of rooting could have been an adaptive character associated
with the occurrence of permafrost at a shallow depth in the soils
of the region. The large lateral root extension and the higher
root/shoot ratio may be an adaptive response to the dry growing
season.

Unlike the Northern provenances, the root characteristics of
the Central European sources could not be related, at any level, to
the climate of the seed source. Brown (1969) hypothesizes that
the lack of correlation between seedling morphology and climate
could be a result of free interchange of genes in the more-or-less
continuous range of the species in central Europe and/or due to the
climatic fluctuations of post-Pleistocene time. Brown (19693)
states that there is usually a lag between climatic change and
evolutionary response to that change, so that modern genotypes
may not be perfectly adapted to their present environments.

within the Southern type, the root systems of seedlings of
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Spanish and Turkish origin (areas with a high "Index of Aridity")
had root/shoot weight ratios higher than those of other
provenances located in southern and central Europe. The root
systems of the seedlings from Spain had a narrow, columnar
appearance, while the Turkish seedlings had a similar appearance,
but with a more extensive lateral root system. Both root systems
may have developed in response to the warm, dry climatic
conditions which prevail in the areas of seed collection.

Hermann and Lavender (1968) collected seed of Douglas-fir
( Pseudotsuga menziesry Mirb. Franco.) from north and south slopes
along an elevational gradient on the western slopes of the
Cascades in southern Oregon. In a growth room study, Hermann and
Lavender (1968) found that the root/shoot weight ratfo was higher
for seedlings from populations located on the more xeric southern
slopes. As elevation of the seed source increased, differences
between the aspects became less, and more so for roots than for
shoots. A possible explanation for the decrease in differences is
that, elevation and its associated climatic variables, mainly
temperature, increasingly became the dominant environmental
factor, while aspect, and 1ts associated climatic variables, mainly
moisture, became less prominant as the altitude of the seed
source increased. Lavender and Overton (1972) reported similar
results. Grown under various temperature treatments, the
seedlings from the xeric seed sources generally had higher
root/shoot weight ratios. In an earlier study (Ferrell and
woodward, 1966), Douglas-fir seedlings grown from seed

collected from drier, interior and moister, coastal sources were
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subjected to severe drought to see if any relation between
survival and root or shoot characteristics existed. Regression
analysis indicated that there was no significant relationship

between the number of days of survival under drought conditions
and the weights of roots and shoots and the root/shoot weight

ratio. However, the number of actively growing root tips showed a
positive relationship with the number of days of survival,
Comparisons of root weights, leaf weights, root/shoot weight
ratios, and the number of actively growing root tips revealed no
significant differences between coastal and interior seed sources,
but only a small number of seedlings from each source were
examined. In another study, Heiner and Lavender (1972) found that
survival under drought conditions was positively correlated to the
ability of the seedling's roots to penetrate deeply into the soil.
Heiner and Lavender (1972) used seed collected from a xeric
inland site and a mesic coastal site.

Cannell ef g/ (1978) studied the root and shoot relationships
of loblolly pine ( Pinus faeoz L.) from nine families located on the
north Coastal Plain and seven families located on the south
Coastal Plain in North Carolina. They found that the superior (in
terms of height growth) northern families, which grew well when
under water stress, may have avoided stress by producing greater
root masses and lengths proportional to their shoot weights.
South Coastal families grew well only under well-watered
conditions. South Coastal collection sites were characterized as
being very moist, with the soil being virtually water-logged

during the winter and the water table being very close to the
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surface during the growing season. Other studies concerning
loblolly pine have revealed similar relationships, in that seedlings
from the more xeric sources exhibit greater survival under
drought conditions and produce deeper root systems with a more
extensive network of lateratl roots (Bilan of g/, 1978; van
Buijtenen ef g/, 1976; Youngman, 1965).

This morphological trend is also apparent for silver maple
CAcer saccharinum L) (Kriebel, 1963; Kriebel and Gabriel, 1969).
Four-year-old seedlings grown from seed collected from the drier
southeastern United States possessed a large primary root with a
dense mass of lateral roots. Seedlings from the wetter
northeastern United States were characterized as having a
shallow root system with a poorly developed primary root.
Seedlings from the xeric sources had higher levels of survival
when subjected Lo severe water stress.

Just as moisture may be limited due to climatic or
geographic factors, available moisture may be limited by
competing vegetation. Sands ef @/ (1984) recognized from
previous studies that certain families of radiata pine ( 2inus
raaiata D. Don) performed better than others depending on
whether or not competing vegetation was controlled. Three
families were isolated for study: Family A grew well only when
weeds were controlled, Family B grew poorly under both weeded
and non-weeded conditions, and Family C grew well under both
conditions. Root/shoot weight ratios were significantly higher
for Family C when compared to both Family A and B. However,

actual measurement of the surface area of the roots and needles



13

for each family indicated that the root/shoot surface area ratios
were similar for all three families. Sands ¢ &/ (1984) indicated
that the surface area measurement was more representative of
the relationship between potential water absorption and
transpiration and postulated that the inherent differences in
family response to weed control (moisture and availability) were
more likely attributable to contrasting tissue sensitivities to
moisture status, and hence, gas exchange characteristics rather
than relative differences in absorbing and transpiring surface
areas. This may be s0; however, differences in gross and internal
morphologies of the needles and roots, as indicated by the
differing root/shoot weight ratios and similar root/shoot surface
areas, were not investigated.

From the previous discussion, it can be postulated that many
plants growing in areas of frequent drought have adapted to
limited moisture availability by altering root morphology and
growth to maximize soil-water availability, thereby, improving
the photosynthesis-transpiration balance. However, not only has
the root system been altered to increase moisture availability,
but in many instances, the growth and morphology of the shoot has
also been altered to decrease the transpirational demand for
water,

Upon studying two populations of Polenti//a g/anouviosa
Lindl., a long-lived herbaceous perennial, Teeri (1978) found that
field collected plants had different phenotypic responses to
drought following simulated winter conditions. The inland

population, which is native to an inland climate with
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unpredictable droughts occurring at any time during the year,
produced a compact rosette of small leaves and shed the larger
summer leaves Ih response to low autumn temperatures, thereby
reducing total plant leaf area. Consequently, the inland plants
could begin growth in the spring in the compact rosette phenotype,
which is much less sensitive to drought than the larger-leaved
summer phenotype. The coastal population, located in a coastal
mediterranean climate with highly predictable annual cycles of
winter rain and summer drought, did not exhibit the low
temperature induced change in shoot morphology and were
relatively more sensitive to drought.

Roy and Mooney (1987) also found that the morphology of the
shoot also differed for individuals of Ae/iolropium curassavicum
L. collected from coastal and desert areas in California. Plants
were vegetatively propogated and grown under two humidity
regimes. Coastal plants grew more prostrate, with an average
leaf height of 5 cm. Desert plants grew more erect, with an
average leaf height of 15 cm. Results appear to contradict the
findings of Roy and Mooney (1982), in that the morpholiogy of the
individuals from the more xeric desert populations appear to favor
higher transpiration rates (larger, more erect plants). However,
upon closer examination of the desert individuals, it was found
that leaf angle, as measured from the horizontal plane, of the
desert plants were almost twice that of the coastal plants; an
adaptation which should decrease leaf temperature, and
subsequently, decrease transpiration rates. Furthermore, it was
found that the desert plants only grew in the vicinity of spring or
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irrigation drains where water is continuously available in the
soil, and thus, an adequate supply of moisture would be available
to meet the higher transpirational demand. Hence, the peculiarity

of the adaptive characteristics probably results from temperature
being the predominant selective force (Roy and Mooney, 1982).

In many provenance studies, it has been observed that
individuals or populations from xeric sites exhibit less shoot
growth than individuals from mesic locations. This has been
reported for red maple (Acer rvorum L) (Townsend and Roberts,
1973), balsam fir (4bres palsamea (L) Mill) (Lester, 1970; Lowe
el al, 1977), red ash (Fraxinus pennsy/ivanica Marsh.) (Meull and
Shirley, 1937), western white pine ( £inus monticol/z Dougl.)
(Squillace and Bingham, 1958), black pine ( 2rnus nigra Arnold)
(Wright and Bull, 1962; Lee, 1968), yellow pine ( £inus ponaerasa
Dougl. ex Laws.) (Squillace and Silen, 1962), loblolly pine (Wells
and Wakeley, 1966; Woessner, 1972a), eastern cottonwood
(Populus ael/toiaes Bartr.) (Kelliher and Tauer, 1980), Douglas-fir
(Griffin and Ching, 1977) and eastern hemlock ( 7suga canadensis
(L.) Carr.) (Eickmeier et a2/, 1975).

In the above studies, actual rate of growth or the length of
growing season was not measured, but from other studies it is
apparent that individuals from xeric habitats tend to have slower
growth rates and shorter growing seasons relative to individuals
from mesic habitats when grown under conditions of adequate
moisture. Slower growth rates have been noted for more xeric
populations or individuals of Djp/acus awrantiacus (Curtis) Jeps.

(Mooney and Chu, 1983), AHeliotropium curassavicum (Mooney,
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1980), black spruce ( Prceza mariana (Mill.) B.S.P.) (Morgenstern,
1969), radiata pine (Bennett and Rook, 1978; Sands e g/, 1984),
loblolly pine (Woessner, 1972b; Cannell &r g/, 1978), eastern
cottonwood (Drew and Bazzaz, 1978) and Douglas-fir (Zavitkovski
and Ferrell, 1970). Hermann and Lavender (1968) noted that not
only did the seedlings of the more mesic north slope populations
of —Douglas—ﬁr grow faster, but that the length of the growing
season was also longer than that of the seedlings from the more
Xeric south siope populations. Slower shoot growth will decrease
the amount of surface area exposed to the atmosphere, thereby,
decreasing potential transpiration (Grime, 1979) and a shorter
period of shoot growth will also allow for longer periods of root
growth (Cannell and Willet, 1976). Thus, in areas of limited
moisture, the relationship between the plant's capacity to absorb

water as compared to potential transpiration will be optimized.
B. VARIATIONS IN LEAF SIZE AND MORPHOLOGY

Genetic variation in leaf size and shape have been detected
and correlated with differing moisture conditions for a variety of
species. Smaller leaves have been associated with more xeric
seed origins for many species. Ying and Bagely (1976), studying
eastern cottonwood, found that seedlings of provenances collected
from the drier western portions of the species’ range in the United
states had smaller leaves. Smaller single leaf areas were also
noted for xeric provenances of yellow birch ( Betula allenghensis
Britton) (phenotypic study) (Dancik and Barnes, 1975), eastern
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redbud ( Cercrs canaaens’s L) (Donselmann, 1976; Abrams, 1986,
1988), Aeliotrapium curassavicum (Mooney, 1980; Roy and
Mooney, 1987), Pinus caribaez Morelet. (Venator, 1976) and
Scotch pine (Wright and Bull, 1963; Ruby, 1967). Ladiges (1974)
reported that seedlings from populations of fwcalvpius viminglis
Labill. growing in xeric habitats produced narrower leaves than
those from populations growing in mesic environments. Similar
results were reported by Phillips and Ried (1980), who found a
clinal trend in the shape of fuwcalvpius viminalis leaves as
provenances extended inland from the coast. Seedlings from the
Xeric coastal provenances were characterized as having iong,
lanceolate leaves, and as one moved inland to more mesic
habitats, the leaves became more broad and cordate.

Salazar (1983) found that needle width did not vary
significantly among populations of A£inus caribaea; however,
needle length and thickness was greater for seedlings from xeric
provenances. Differences in thickness were partially attributed
to the presence of more cells (transfusion tissue) around the resin
ducts and to a greater number of hypodermal cells, both
adaptations thought to conserve moisture. Studies of a xeric
ecotype of loblolly pine (Thames 1963; Knauf and Bilan, 1977)
indicated adaptations similar to those reported by Salazar (1983)
for Pinus carabaez. Thames (1963) noted that extra hypodermal
cells were packed between rows of stomata and that the
epidermal cell layer was significantly thicker. Additionally,
results from Knauf and Bilan's 1977 study indicate that the xeric

ecotype seedlings have significantly greater volumes of mesophyll
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tissue and a thicker cuticle. Thicker leaves and/or greater
specific leaf weights (leaf weight divided by leaf area) have been
observed for seedlings of xeric provenances of eastern redbud
(Donselmann and Flint, 1982; Abrams, 1986, 1988), lodgepole pine
( Pinus contorta Dougl. ex Loud.) (Jeffers and Black, 1963), black
pine (Lee, 1968) and eastern cottonwood (Drew and Bazzaz, 1978).

In addition to variations in leaf length, width, and thickness,
there may be variation in the form of the leaf margin. A
phenotypic study conducted by Baranski (1975) showed that leaves
of seedlings of white oak ( Quercus a/06z L) from xeric habitats
were more dissected than those of seedlings growing in mesic
environments. Leaves.-of black pine from xeric provenances also
had a higher number of leaf serrations per unit length of leaf
margin (Lee, 1968).

There appears to be two general adaptations of leaf shape
and size that function to limit transpiration rates: firstly,
seedlings from drier habitats tend to have smaller leaves; and
secondly, the leaves tend to be thicker. Thicker leaves may
contain more mesophyll tissue, as well as thicker epidermal and
hypodermal cell layers and a thicker cuticle, The additional
mesophyll cells may permit greater carbon dioxide assimilation at
times of favorable moisture conditions, while the presence of the
other thicker cell layers and cuticle may impede water loss from
the lteaf (Raven & @/, 1981). Although the needles or leaves were
thicker, studies by Thames (1963), Knauf and Bilan (1977) and
Donselmann and Flint (1982) indicate that the ratio of surface

area to volume can be significantly lower. Thus, the potential
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evaporative surface in contact with the surrounding air is
minimized for a given leaf volume. in conclusion, both thicker
protective layers (hypoderm, epiderm and cuticle), more

photosynthesizing tissue and a decreased surface area to volume
ratio will tend to decrease the potential transpirational demand

for water,

Smaller, narrower, and/or more highly dissected leaves will
also decrease potential rates of transpiration under certain
environmental conditions (Pallardy, 1981). Smaller leaves will
have a smaller boundary layer, and hence, a lower boundary layer
resistance to sensible heat transfer from the leaf to the air
(Campbell, 1977). At times when the temperature of the air is
higher, smaller leaves will be cooler than larger leaves due to the
smaller boundary layer resistance to heat transfer. The cooler
leaf temperature will decrease the vapor pressure difference
between the intercellular spaces of the leaf and the surrounding
air, consequently lowering transpiration rates. However, one
problem exists, the smalier boundary layer will also have a lower
resistance to movement of water vapor from the leaf to the air
(Kramer, 1983). The two effects seem to compensate for each
other: one decreases potential transpiration, while the other
increases potential transpiration. Although the mechanics are not
fully understood, it is known that a reduction in leaf size will

reduce transpiration rates in drier environments (Paltardy, 1981).
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C. VARIATIONS IN STOMATAL ANATOMY AND CONTROL

The majority of water transpired by a plant passes through
the stomata. Therefore, any adaptation affecting the density,
distribution, size and/or control of the stomata might affect both
the quantity and the pattern of water loss (Pallardy, 1981).

Studies by Thames (1963) and Knauf and Bilan (1974, 1977)
have shown that Toblolly pine needles from seedlings of more
xeric provenances have fewer stomata per unit needle surface
area and volume. This is due to larger distances between stomatal
rows and fewer stomata per unit length of row. In a phenotypic
study of several populations of Finus caribaez, Salazar (1983)
noted that two of the populations that grew in areas with a long,
dry growing season were also characterized as having lower
stomatal densities. However, Donselmann and Flint (1982) found
that stomatal density decreased and stomatal size (mean
perimeter) increased for seedlings of eastern redbud as net
precipitation for the seed source increased. Moreover, the total
perimeter of stomata per unit leaf area increased as values of net
precipitation increased. Further studies of eastern redbud by
Abrams (1986, 1988) also showed that the seedlings from more
xeric provenances had significantly more stomata per unit leaf
area. Higher stomatal densities and smaller stomata (as
indicated by measurement of guard cell length) were also found
for seedlings from xeric provenances of /e/ialropium
curassavicum (Roy and Mooney, 1987). Seedlings of southern

stope populations of grand fir ( Abses granais (Dougl. ex D. Don)
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Lindl.) also had more stomata per unit leaf area (Zobel, 1973)
(phenotypic study). Variations in stomatal density and dimensions
have also been observed among populations for several oak

species (Quercus mongalica, serrata, variatilis and acutissima)
(Kim et a/, 1886), black walnut (g/ans n/gra L.) (Carpenter,

1974) and longleaf pine ( Pinus palusirrs Mill) (Snyder ef &/,
1977), but information pertaining to correlations with moisture
characteristics were not provided. To conclude, there appear to be
conflicting observations, In that stomatal density both decreases
and increases, depending upon the species, inresponse to a drier
environment. However, the study by Donselmann and Flint (1982)
hints that stomatal pore area (a function of both stomatal density
and size) may be a more important factor, and may be smaller for
populations from drier habi'tats, despite increased or decreased
stomatal density.

Intraspecific variation in stomatal responses to
experimentally manipulated environmental factors have been
reported for a number of species. In an earlier study by Pharis and
Ferrell (1966), it was shown that seedlings from drier, interior
populations of Douglas-fir survived for longer periods of time
when placed under conditions of extreme soil moisture deficites.
Moreover, among interior and coastal populations, south slope
(more xeric) seedlings were more drought-hardy than north-siope
(more mesic) seedlings. Subsequent studies by.Zavitkovski and
Ferrell (1968, 1970) revealed that seedlings from mesic
populations of Douglas-fir had higher rates of transpiration than

seedlings from xeric populations at comparable soil moisture
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contents. Similar patterns of variation were also observed for
seedlings of red maple from mesic and xeric sites (Townsend and
Roberts, 1973).

Under conditions of increasing moisture stress, Jackson e¢
a/(1973) noted large differences in transpiration rates among
seven randomly selected clones of radiata pine. Although
transpiration rates followed much the same trends over the drying
cycle, the range of differences in overall rates of transpiration
was S0 percent (1.e. clone 457 had transpiration rates 50 percent
higher than that of clone 456). Closer examination of clones 456
and 457 by Bennett and Rook (1978) verified the findings of
Jackson ef 3/ (1973) and also revealed that the stomatal
resistance to water vapor diffusion was approximately twice as
great for clone 456 than clone 457 under conditions of increasing
vapor pressure deficits (decreasing humidity). In another study
with radiata pine, Sands e/ 2/ (1984) observed patterns and
values of stomatal resistances for seedlings of three open
-pollinated families which difrered in response to weed control,
and hence, differences in root-zone molsture status. Seedlings
from family A (good growth only when weeds are controlled) had
higher stomatal resistances under adequate soil moisture
conditions than seedlings from both family B (poor growth under
all conditions) and family C (good growth under all conditions),
which had similar stomatal resistances. During a drying cycle,
stomatal resistance increased, in response to decreasing needle
water potentials, at a greater rate for seedlings from family A

than for seedlings from families B and C. However, needle water
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potentials, for any given soil water potential, were more negative
for seedlings from family C, than family B and family A, in that
order. Thus, information suggests that seedlings from family A
are well adapted to conserve limiting supplies of moisture, but
are at a disadvantage when competing with more freely
transpiring weed species. Seedlings from family B and C have
lower stomatal resistances under conditions of moisture stress;
however, it appears that family C seedlings are more sensitive to
decreasing levels of moisture than family B seedlings due to the
relation between soil water potential and needle water potential,
Seedlings of families B and C had similar needle water potentials
at higher soll water potentials, but as soil water potentials
decreased, the needle water potentials of family C seedlings
decreased at a more rapid rate. Thus, seedlings of family C were
more sensitive to changes In the moisture status of the sofil.
Variation in stomatal response to increasing moisture
stress has been observed among provenances in a number of other
woody species. Transpiration rates were found to be similar
under conditions of high soil and plant water potentials for two
contrasting seed sources of Douglas-fir: a humid coastal source
and a drier inland source (Unterscheutz 27 2/, 1974). However, as
the soil water potentials decreased, the plant water potentials
decreased and the transpiration rates for seedlings from the xeric
intand source decreased more rapidly. Unlike the seedlings from
the xeric source, the seedlings from the mesic coastal provenance
continued to transpire at higher rates and the plant water
potentials decreased slightly. Only when soil water potentials
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reached significantly lower levels, did the transpiration rates of
the mesic source seedlings begin to decrease. Moreover, at the
lower water potentials the transpiration rates of the seedlings
from the mesic seed source decreased at a more rapid rate.
Transpiration rates for seedlings from both sources were similar
at very low soil and plant water potentials. Thus, seedlings from
the xeric seed source were more sensitive to changes in internal
water potentials.

For a more xeric provenance of loblolly pine, seedling
transpiration rates and percentage of open stomata showed a
greater decline over a drying phase when compared to the results
obtained from seedlings of @ more mesic provenance (Bilan ef &/,
1977). Average needle moisture contents were significantly
higher in the mesic than the xeric provenance seedlings.

Kelliher and Tauer (1980) measured stomatal resistances of
four clones of eastern cottonwood: two from a xeric site and two
from a mesic site. The clones were subjected to three moisture
stress treatments: no stress, moderate stress and severe stress.
Differences in stomatal resistances between plants from the two
sites were discernable with or without stress. In contrast to the
previous studies that measured transpiration rates and/or
stomatatl resistance, stomatal resistances were greatest for the
wet-site plants under all treatments. Furthermore, stomatal
resistances of the wet-site clones increased with increasing
moisture stress, while stomatal resistances of the dry-site
plants did not increase substantially. Similar results were found

for seedlings grown from eastern redbud seed collected from



25

three contrasting environments in Kansas (Abrams, 1988).
Seedlings from the xeric provenances maintained significantly
lower leaf resistances under drought conditions than did the

seedlings from the other seed sources. By the end of the drying
phase, stomatal resistance had increased by 70 and 60 percent,

respectively, for seedlings from the mesic and the xeric
provenances.

In another study, Eickmeier ef 2/ (1975) collected eastern
hemlock seed from two sites in Wisconsin. Seedlings were
established in a hydroponic soiution and twenty-eight weeks after
germination, the seedlings were subjected to two temperature and
two water stress preconditioning treatments. [n the absence of
water stress preconditioning treatments, transpiration rates
were comparable for both sources. However, high levels of water
stress killed most northern provenance (mesic) seedlings and
reduced transpiration rates by 75-80 percent for the surviving
seedlings. Most of the southern provenance (xeric) seedlings
survived the high levels of water stress and transpiration rates
were only reduced by 25 percent. Stomatal resistance to water
vapor 1o0ss was greater for seedlings from the southern provenance
under non-stressed conditions. Increases in moisture stress had
little effect on stomatal resistances for seedlings of the more
xeric southern provenance, but caused a large ihcrease for the
mesic northern provenance seedlings.

Intraspecific variation in stomatal responses to
atmospheric environmental factors have also been reported.

Mooney and Chu (1983) collected cuttings from a high-humidity
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coastal population and a low-humidity interior population of
Diplacus aurantiacus. Cuttings were vegetatively propagated and
grown at either 35 or 90 percent humidity and then exposed to
different water vapor concentration gradients. Plants from both
populations reacted to increases in water vapor concentration
gradients by increasing stomatal resistance. Populations did not
differ in response to varying water vapor concentration gradients
when the seedlings received the low humidity preconditioning
treatment. However, when preconditioned at 90 percent humidity,
coastal seedlings had lower stomatal resistances and higher
transpiration rates at all water vapor concentration gradients. A
phenotypic study by Korner and Bannister (1985) also found that
Nothoragus menzresr’ (Hook. f.) Oerst. seedlings from more humid
environments increased stomatal resistance at lower vapor
pressure deficits and closure was more rapid as concentration
gradients increased. A growth chamber study of a desert and a
coastal population of Ae/llotropium curassavicumn showed that
stomatal resistances were simtlar for the two populations
regardless of the drastic air humidities of their habitats (Roy and
Mooney, 1982). Thus desert plants, growing in their natural
habitat, would have much higher transpiration rates due to higher
water vapor concentration gradients and the lower stomatal
resistances to water vapor diffusion. Further analysis of internal
plant water potentials and the plant's micro-habitat revealed that
possibie lethal injuries due to dehydration were avoided because
internal resistances to water flow were very low and the plants

only grew in habitats with adequate soil moisture availability.
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Thus, lethal or injurious internal water potentials were avoided
because adequate moisture was available to meet the high

transpirational demand.

D. CONCLUDING REMARKS

In summary, intraspecific variation in the water relations of
woody plants is very complex, reflecting the complexity of the
energy and matter exchange in the soil-plant-atmosphere
continuum, Often it appears that the results for one species
conflict with those of another, but this is the result of having
incomplete information. If all information concerning the water
relations of a particular plant species could be gathered and
synthesized, a virtually impossible task, the end product would, in
all likelihood, point towards the optimization of growth and
survival by balancing carbon assimilation with water 1oss: the

photosynthesis-transpiration compromise.
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111. MATERIALS AND METHODS

From 1982 to 1984, shoot cuttings were collected from
approximately fifty trees in each of four provenances located on a
latitudinal transect from northern Wisconsin (45°N latitude) to
Bearskin Lake, Ontario (54°N latitude) (Table 1). Sample trees in
each provenance were selected without bias and were located at
least one kilometer apart, so as to minimize the probability of

selecting ramets of a single, naturally-occurring clone.

Table 1. Name, longitude and latitude of the sampled provenances.

Provenance Longitude Latitude
Northern Wisconsin 90°W 45-46°N
Thunder Bay 90°W 48-49°N
Pickle Lake 90°W 50-51°N
Bearskin Lake 90°W 53-54°N

Collected cuttings were vegetatively propagated and
maintained in a nursery near Lakehead University in Thunder Bay,
Ontario. In 1984, a provenance trial was established using
cuttings from the nursery material. The provenance trial was
installed using a split-plot design. There were five blocks, with
provenances (whole-plots) randomly located in each block, and

clones (split-plots), which were represented by three ramets,
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randomly located within each provenance block.
A. DATA COLLECTION

1. Field Provenance Trial

Three of the five blocks from the field provenance trial
established in 1984 were used in this study. One ramet per clone
was observed per block. Originally, clones were to be randomly
selected from the fifty clones collected from each provenance,
but this was not possibie. Survivatl in the field provenance trial
was low in some of the blocks. Furthermore, to eliminate the
possible confounding effects of disease and insects, clones and
ramets were selected from relatively disease- and pest-free
material only. Nine clones per provenance were selected and are
listed in Table 2.

Table 2. Selected clones for study from each of the four provenances of balsam

poplar.
Provenance
Clone Northern Thunder Pickle Bearskin

Wisconsin Bay Lake Lake
1 201 001 102 303
2 219 006 112 308
3 222 008 119 314
4 229 015 122 319
S 233 024 135 322
% 238 034 137 326
7 240 037 141 330
8 242 043 142 337
g 245 044 149 345
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The following traits were measured:

1) transpiration rate,
2) stomatal conductance,
3) internode length,
4) stomatal density,
S) stomatal length,
6) petiole length,
7) single-leaf abaxial area,
8) single-leaf oven-dry weight,
9) specific leaf weight (SLW), and
10) leaf shape.

a. Transpiration Rates and Stomatal
Conductance

Transpiration rates and stomatal conductance were
measured on a per unit leaf area basis using the LI-1600 Steady
State Porometer, manufactured by LI-COR Inc. (Figure 2). The LI
-1600 cuvette was clamped to the leaf, creating a seal, and water
loss was determined by maintaining a constant vapor density in
the cuvette (LI-COR, Inc., 1986). More precisely, dry air (a
relative humidity of two percent) is pumped into the cuvette at a
measured rate to obtain a balance, at a predetermined humidity,
between the flux of water transpired by the leaf and the flow of

moist air from the cuvette. Transpiration was related to the

volumetric flow rate F (cm3/s) by
E=(poc- pa)/(F/A)

where E (j1g/cm2s) is the transpiration rate; pc (ug/cms3) is the
water vapor density in the cuvette; pa (ng/cm3) is the water

vapor density of the dry air entering the cuvette, and A (cm2) 1s
the area of the sample (LI-COR Inc., 1986). Stomatal resistance
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Figure 2. LI-1600 System Diagram (LI-COR Inc., 1986).
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Rs {(s/cm) was then determined via:
Rs = (A/F) * (Co1 - pc)/(poc - pa)) - Ry
=((21 - oc)/E) - Rb

where o1 (ug/cm3) 1s the water vapor density in the leaf
(assumed to be saturated with water) and Rp (s/cm) IS the
‘boundary layer resistance of the leaf (assumed to be 15 s/cm).
The LI-1600 stores saturation vapor density and temperature
information, used in the calculation of ga, £c and 21, in its
console microcomputer memory. Stomatal conductance Cs (cm/s)
was calculated by taking the inverse of stomatal resistance.
Three fully-expanded sun leaves, produced during
indeterminate shoot growth, were sampled for each ramet (Figure
3). The leaves were located, if possible, on a single, lateral long-
shoot at mid-crown on the south aspect of each ramet. One
r‘éading was taken from the abaxial surface of each leaf at the
point of maximum leaf width, between the mid-vein and leaf
margin (Figure 3). Results from a preliminary test indicated that
transpiration rates from the adaxial leaf surface were negligible
when compared to rates of transpiration from the abaxial leaf
surface. Complete sets of measurements were taken on four days
(July 2, 3, 4and 7, 1988) from approximately 10:00 am to 12:00
am. Temperature, relative humidity, and light levels were
recorded for each series of measurements using the LI-1600. A

summary of these values are presented in Table 3.
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Table 3. Summary of light leveis, relative humidities, and temperatures recorded
during the measurement of transpiration rates and stomatal conductance for
the field provenance trial,

Day Block Light Relative Humidity Temperature

(UE/(m2s) (%) C)

July 2, 1988 1 1477 318 27.7
2 1149 37.2 25.8

3 831 55.8 21.0

July 3, 1988 1 1446 . 47.9 24.7
2 1156 49 .4 252

3 1621 45.6 259

July 4, 1988 1 841 59.3 19.8
2 1504 46.6 25.4

3 1300 50.0 22.6

July 7, 1988 i 1389 48.7 27.3
2 1175 56.3 25.6

3 491 62.6 211

b. Internode Length
The same lateral long-shoot used in the measurement of
transpiration rates and stomatal conductance was used for the
measurement of internode lengths. The first three internodes
below the newest, fully-expanded leaf (Figure 3) were measured

to the nearest millimeter.

c. Stomatal Density and Length
The two outermost leaves used in the transpiration and

stomatal conductance sampling study were used for the stomatal

study. Impressions (approximately 2 cmZ2) of the abaxial leaf
surface were taken with stainless nail polish (Dobrenz e &/,
1969). All samples were taken from the area of the leaf where
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transpiration rates and stomatal conductance were measured.
Leaf surface replicas were stored on strips of adhesive tape
(Scotch Magic — Transparent Tape). At the time of analysis, the
tape and replicas were mounted on microscope slides and analyzed
under a light microscope. Stomatal density was determined at

400x magnification by counting the number of stomata in ten

fields, each with an area of 0.166 mm<2. Stomatal length, defined
as the length of the stomatal complex (Pallardy and Kozlowski,
1979), was measured at 1000x magnification with the aid of an
ocular micrometer. Ten stomatal complexes were measured per

leaf replica.

d. Single-Leaf Abaxial Area, Single—-Leaf Oven-
Dry Weight, Specific Leaf Weight, and
Petiole Length

Once stomatal impressions were collected, the two leaves
were removed from the ramet, photocopied, and placed in a forced-
draft oven at 70°C for forty-eight hours to obtain average single-
jeaf oven-dry weights. Photocopies of the leaves were used in the
determination of petiole length, average single-leaf abaxial area,
and leaf shape. Petiole length was measured to the nearest
millimeter. Leaf area was measured using a PLANIX 7 Tamaya
Digital Planimeter. Each leaf was measured five times and

averaged to obtain a single measurement of leaf area. Specific

leaf weight (mg/cm2), an estimator of leaf thickness and/or the
amount of leaf tissue for a given leaf area, was calculated by

dividing leaf weight by leaf area.
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e. Leaf Shape

Leaf shape was quantified using the photocopies of the
leaves mentioned in the previous section. The outline of the
leaves was established by twenty-eight pseudolandmarks
(Dickinson e @/, 1987), using a digitizing tablet attached to an
Apple lle microcomputer. Pseudolandmarks were located along
the margin of the leaf at fixed angles from a reference point
labelled as 1 in Figure 4. To standardize measurements, the
reference point was located on the mid-vein of the leaf at the
point of maximum leaf width, so that the line connecting
pseudolandmarks 22 and 10 spans the widest point of the leaf
while its perpendicular passes through the leaf tip
(pseudolandmark 2) and the leaf base (pseudolandmark 16).

From the twenty-eight pseudolandmarks, stored as (x,y)
coordinates by the digitizing pad and computer, twenty-eight
radial distances (Figure 4) and thirty-eight truss distances
(Figure 5) were calculated using a program developed by Dr. W.H.
Parker of the School of Forestry at Lakehead University. The
program calculates the distances using standard trigonometric
functions. Leaf shape is described by the relative magnitude of
these distances. The sixty-six distances were calculated so that
leaf shape is sampled redundantly. Redundancy of measurement is
needed for the statistical analysis of leaf shape, which will be

discussed in further detail in Section [I1.B.1.



29
28
27
26
25
&
24
b
23 b

}--Reference Point
2-29-Pseudolandmarks
a-d---Fixed Angles
a...15 degrees
b...20 degrees
¢c...10 degrees
d...5 degrees

Radial Distances

~SJO LA NN

s omb mah b wnd  omh

1-8 i1-14:1-20:1-26
1-9 i1-15:1-21:1-27
1-10§1-16 ;1-22 {1-28
1-11§1-17 {1-23 {1-29
1-12:1-18 i1-24
1-13¢1-19 i1-25

Figure 4. Leaf of balsam poplar, in outline, showing the reference point (1)
located along the mid-vein at the point of maximum leaf width, the
pseudolandmarks ( 2-29) located along the margin of the leaf at
fixed angles (a-d) from the reference point, and the 28 radial
distances employed in the multivariate analysis.
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Figure S. Leaf of balsam poplar, in outline, showing the network of truss
distances employed in the multivariate analysis.
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2. Greenhouse Provenance Trial

In March of 1988, leafless long-shoots were collected from
the previous seasons growth of clonal material growing in the
nursery near Lakehead University. Long-shoots were collected
from single ramets of the same clones used in the field
provenance trial. To minimize the possible effects of
preconditioning, long-shoots were gathered at mid-height from
the southern aspect of each ramet's crown.

The long-shoots were stored in a cooler at 3°C and 100%
humidity until May 6, 1988. The long-shoots were then cut into
20 cm segments, with each segment having the following
characteristics:

1) at least two buds,

2) a diameter between 0.5 and 1.0 cm,

3) no signs of disease, and

4) no physical signs of damage or desiccation.

Cuttings were soaked in a systemic fungicide (Benomy1), rooted in
& litre plastic pots containing a 60:40 peat:vermiculite potting-
soil mixture, and placed in a greenhouse. Up to three cuttings
were rooted in each pot, with each clone being represented by
three pots. Six litre plastic pots were used to allow for
unrestricted root growth during the experiment. After successful
rooting was observed, excess ramets were culled, leaving one
ramet per pot.

In the greenhouse, ramets were organized into a randomized
complete block design. There were three blocks, with four
provenances and nine clones per provenance located in each block.

Each clone was represented by a single ramet in each block.
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Plants were watered daily and fertilized once a week with a 200
ppm, 20:20:20 water-soluble fertilizer, which contained essential
micronutrients. Natural photoperiods were used and the

temperature varied, from 10-15°C at night to 25-30°C during the
day. Plants were periodically treated with Benomyl and Pentac

Aquaflow Miticide to irradicate any insect pests and pathogens.

OnJuly 11, after approximately three months of growth,
sampling began. The same traits measured in the field provenance
trial were measured in the greenhouse provenance trial. Moreover,
the same procedures were used for most of the measurements.
Transpiration rates and stomatal conductance were measured on
July 11, 12, 13 and 14 between 10:00 am and 12:00 am. A
summary of temperatures, relative humidities, and light levels,
recorded at the time of measurement is presented in Table 4. Two
fully-expanded leaves, produced during indeterminate shoot
growth, were sampled for each ramet. The mature leaves were
located at the top of the shoot immediately below an immature
leaf (Figure 6). The same two leaves were used to assay
remaining traits, except internode length. The first three
internodes below the newest fully-expanded leaf (Figure 6) were
used to sample internode length.

Once leaves were photocopied and placed in a forced-draft
oven, destructive sampling began. The following traits were
measured:

1) shoot length,

2) number of leaves per plant,
3) total abaxial leaf area,

4) total oven-dry leaf weight,
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S) oven-dry shoot weight,
6) oven-dry root weight, and
7) root/shoot weight ratio.

Table 4. Summary of light levels, relative humidities, and temperatures recorded
during the measurement of transpiration rates and stomatal conductance for the
greenhouse provenance trial,

Day Block Light. Relative Humidity Temperature

(UE/(mZ3) (%) C)

July 11, 1988 1 70 49.2 20.7
2 78 49.1 21.0

3 79 49.2 21.0

July 12, 1988 1 142 48.7 23.7
2 138 51.7 229

3 167 40.4 258

July 13, 1988 1 151 S5.1 23.0
2 114 S5.0 21.2

3 87 55.0 21.0

July 14, 1988 1 89 68.2 227
2 95 68.4 218

3 31 69.8 206

Shoot length was recorded to the nearest half-a-centimeter. The
number of leaves per plant and total abaxial leaf area were
measured with a Delta-T Leaf Area Meter. Before use, the area
meter was calibrated using templates of known area. Calibration
standardizes the frame size. A T.V. then scans the leaf, frame by
frame, and since it takes a twenty-fifth of a second to scan one
frame (Anon,,n.d.), the time taken to scan the leaf is directly
proportional to the area of the leaf. Once total abaxial leaf area
and total number of leaves per plant were recorded, oven-dry leaf
weight was determined by placing the leaves in a forced-draft

oven at 70°C for forty-eight hours. Roots, after being separated
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Newest Mature Leaf

Internode *1

Internode #2

c\
\ internode *3

32{3 Area of transpiration, stomatal conductance, and stomatal
anatomy measurements {abaxial leaf surface only).

Figure 6. Location of transpiration rate, stomatal conductance, internode length, and
stomatal density and length measurements for the greenhouse provenance
trial.
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from the s0il, and shoots were also oven-dried and weighed, The
root/shoot weight ratio was calculated by dividing oven-dry root

weight by the sum of oven-dry shoot and leaf weights.

B. DATA ANALYSIS

All analysis was completed using the data analysis and
graphics package SPSSx running on the Lakehead University

Computing Centre Microvax installation.

1. Analysis of Variance

a. Field Provenance Trial
Data from the field provenance trial were analyzed using a

nested, split-plot design. Not all clones were represented in each
block: clones 303, 314, 319 and 326 were missing from block 1,
clone 034 was missing from block 2, and clones 135, 137, 141 and
149 were missing from block 3. S0, to facilitate the analysis of
the data, missing values were calculated for each trait, excluding
leaf shape distances, using a method developed by Anderson
(1946):

Y = (rW + (gjbk) - (2 ))/((r=-1)(b~1))
where Y is the missing clonal (split-plot) observation; r is the
number of blocks; b is the number of clones per provenance (whole-
plot); W is the sum of the observed clones in the provenance from

which the observation is missing; (ajbk) is the sum of the
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observed clones, across all blocks, that received the same ajbk
treatment, and (gj) is the sum of the observed clones that
received the jth level of (a).

Once missing values were calculated and inserted with the
original data, computation of the sums-of-squares was completed

in the usual fashion, with degrees of freedom being subtracted
from the clonal error term and relevant error and interaction
terms (Steele and Torrie, 1980). As a consequence, the mean-
squares estimates for provenance and block will be biased
upward, but because only a few observations are missing, these
biases were ignored (Steele and Torrie, 1980).

The linear model and ANOVA Table (Table 5) for measured
traits other than transpiration rate, stomatal conductance and
leaf shape is as follows:

" Yijkim = M+ Bi+ o(i) + Pj + BPij + w(ij) + C/P(j)k + BC/Pi(j)k
+ ECiIKO1 + SCitkDm

where Yijkim is the mth observation from the 1th ramet within the

kth clone within the jth provenance in the ith block; | is the overall
mean; Bi is the effect of the ith block (i=1-3, random); o(i) is the

restriction error (Anderson and McLean, 1974) due to blocking; Pj
is the effect of the jth provenance (j=1-4, fixed); BPijj is the

effect of the interaction of the ith block with the jth provenance;

w (ij) is the restriction error due to the provenances; C/P(j) is
the effect of the kth clone within the jth provenance (k=1-9,

fixed); BC/Pi(j)k is the effect of the interaction of the ith block
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with the kth clone within the jth provenance; E(ijk)1 is the
experimental error (1=1, fixed), and S(ijk1)m is the subsampling
error (fixed). The number of subsamples (m) varies from twenty
for stomatal density and length, to three for internode length, and
to two for petiole length, single-leaf abaxial area and oven-dry
weight, and specific leaf weight.

Table 5. Analysis of variance for shoot, stomatal anatomy, and leaf size and
morphology traits for the field provenance trial.

Source Degreses of Freedom 1Expected Mean Sguares
Block (Bi) 2 ImGi + 36mG2p + 36m0B
Restriction Error ( oi) 0 omG%u + 36m0%
Pravenance (Pj) 3 om0, + 9mG’BP + 27m2pP
BPij 6 9mG%u + 9m0%p
Restriction Error ( #(i})) 0 om
Clone (C/P(jx) 32 mG&Bc + 3mPc
BC/Pi(j 55 mG%BC
Experimental Error (EGjk)) O maEg
Sampting Error (Stgkbm)  99(m-1) gs

1 m=20 for stomatal density and length; m=3 for internode length; m=2 for petiole
length, single-leaf abaxial area and oven-dry weight, and specific leaf weight.

Because transpiration rates and stomatal conductance were
measured repeatedly (four times) using the same experimental
unit, repeated measures analysis of variance was used to test for
treatment effects. The repeated measures design divides the
analysis into a between-subjects analysis and a within-subjects
analysis, as shown in Table 6 (Hicks, 1982).

The analysis in Table 6 implies that the between—-subject
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linear maodel is:

Yijklmn = [+ Bi + a(i) + Pj + BPij + w(ij) + C/P(j)k +

BC/Pi(j + A(ijk)Imn

where Yijkimn is the nth observation from the mth ramet on the 1th
day within the kth clone within the jth provenance in the ith block;
I is the overall mean; Bj is the effect of the ith block (i=1-3,
random); o(j) is the restriction error due to blocking; Pj is the
effect of the jth provenance (j=1-4, fixed); BPij is the effect of
the interaction of the ith biock with the jth provenance; w (ij) is
the restriction error due to the provenances; C/P(j) is the effect
of the kth clone within the jth provenance (k=1-9, fixed); BC/Pi(j)
is the effect of the interaction of the ith block with the kth clone

within the jth provenance, and A(ijk)imn is the within-subjects

effects.

The within-subjects effects can be further partitioned into:
A(ijk)Imn = T1+ w(1) + BTi1 + PTj1 + BPTij1 + C/PT(j)ki +
BC/PTi(j)k) + E(ijkm * S(ijklm)n

where T1 is the effect of the 1th day (1=1-4, fixed); v(1) is the
restriction error due to days; BTil is the effect of the interaction
between the ith block and the 1th day; PTj1 is the effect of the
interaction between the jth provenance and the 1th day; BPTij1 is
the effect of the interaction between the ith block, the jth
provenance and the 1th day; C/PT(j)1 is the effect of the

interaction between the kth clone within the jth provenance and
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Table 6. Analysis of variance for transpiration rates and stomatal conductance for the
field provenance trial.

Degrees of
Source Freedom Expected Mean Sgquares
Between-Subjects 98 , , , ,
Block (Bi) 2 3240°, + 1080w + 4320°, + 43208
Restriction Error ( o) 0 32407, + 1080% + 4320%
Provenance (Pi) 3 3240°%, + 1080%w + 1080% + 3240p
BPij 6 3240, + 1080% + 1080%
Restriction Error ( w(ij)) 0 3240%, + 1080%w
i
Clone (C/P(jx ) 32 3240°% + 120ch + 360C
BC/Pi(jk 55 3240%, + 120%s¢
within-Subjects 1089
Day (T1) 3 3240% + 1080°BT + 32487
Z0) 0 3240%,
BTH 6 1086°8T
PTj) 9 2768PT + 810pT
BPTijl 18 270°spT
C/PT(jkI 96 30%cT + 99CT
BC/PTi(jkI 165 3¢BCT
Experimental Error (EGijkbm) O 30
Sampling Error (S(ijkimin) 792 gs

the 1th day; BC/PTi(j)k1 is the effect of the interaction between

the 1thblock, the kth clone within the jth provenance and the 1th
day; E(ijk)m is the experimental error (m=1, fixed), and S(ijkIm)n
is the subsampling error (n=3, fixed).

Analysis of variation in leaf shape utilized muitivariate
statistical procedures. First, the sixty-six distances, calculated
from the twenty-eight pseudolandmarks, were transformed using
the 10g10 transformation and analyzed using multi-group Princtpal
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Component Analysis (m-PCA). Logio transformed distances were

used in place of the original distances, because logarithms more
closely approximate linearity and multivariate normality
(Pimental, 1979). Linearity and multivariate normality must be
approximated in order to run a meaningful m-pPCA.

PCA is a statistical technigue used to identify a relatively
small number of factors or axes, which represent relationships
among sets of intercorrelated variables within a population
(Norusis, 1985; Pimental, 1979). The original variables are
transformed to factors, which are uncorrelated, linear
combinations of the original variables. The transformation of the
original variables to factors rotates the original variable axes to
new independent axes, while maintaining the original
relationships among the data points. Thus, each factor defines an
independent component of variation, which in this case, is
interpreted as an indicator of variation in size and/or shape
(Pimental, 1979).

Initially, PCA was developed as a tool used to analyze
patterns of variation within individual populations; however, m-
PCA was developed so that variation within a number of
populations could be assayed simultaneously. M-PCA is merely
PCA based on an eigen-analysis of the pooled within-population
covariance or correlation matrix (Pimental, 1979). Differences
among populations are maintained in the m-PCA factors, because
the PCA rotation of the axes is centered by the grand mean vector

rather than the individual population mean vectors (Dickinson e
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al, 1987).

dentified m-PCA factors, with eigenvalues larger than the
average eigenvalue, were used for the remaining leaf shape
analysis (Norusis, 1985). Thus, the possible problems associated
with the redundancy among the original sixty-six distance
variables were avoided.

All remaining m-PCA factors were used simultaneously for
Discriminant Functions Analysis (DFA). DFA attempts to find
linear composites or axes of the predictor variables (m-PCA
factors) which maximize among-provenance to within-provenance
variability (Norusis, 1985). Axes are uncorrelated and each
successive axis accounts for less variation than the previously
computed axis. DFA also identifies which predictor variables

contribute most to discriminating among groups.

b. Greenhouse Provenance Trial

Analysis of the data from the greenhouse provenance trial
followed a nested, randomized, complete block design. Like the
field provenance trial, not all the clones were represented in each
block: clone 242 was missing from block 1 and clone 219 was
missing from block 2. To facilitate the analysis, missing values
for traits other than leaf shape distances were calculated using a
method developed by Yates (1933):

Y=(rB + tT - G)/({r-1Xt-1))
where r is the number of blocks; t is the number of treatments; B
is the sum of the observed units in the block containing the

missing unit; T is the sum of the observed units in the treatment
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containing the missing unit; and G is the grand sum of all the
observed units. The estimated values were entered with the
observed values and analysis of variance was completed. Degrees

of freedom were adjusted for the missing units, and because only

two units were missing, any possible mean squares biases were
ignored (Steeleand Torrie, 1980).

Analysis of traits, other than transpiration rates, stomatal
conductance and leaf shape, were completed using the following
linear model and ANOVA (Table 7):

Yijkim = WL+ Bi + o(i) + Pj + BPij + C/P(j)k + BC/Pi(j)k *+ ECijkn

+ S(ijkDm
where Yijkim is the mth observation from the Ith ramet within the
kth clone within the jth provenance in the ith block; p is the overall

mean; Bi is the effect of the ith block (i=1-3, random); o(i) is the

restriction error due to blocking; Pj is the effect of the jth

provenance (j=1-4, fixed); BPij is the effect of the interaction of
the ith block with the jth provenance; C/P(j)x is the effect of the
kth clone within the jth provenance (k=1-9, fixed); BC/Pi(j)k is the
effect of the interaction of the ith block with the kth clone within
the jth provenance; E(ijk)1 15 the experimental error (1=1, fixed),
and S(ijk)m is the subsampling error (fixed). The number of
subsamples (m) varies from twenty for stomatal density and
length, to three for internode length, to two for petiole length,

single-leaf abaxial area and oven-dry weight, and specific leaf

weight, and to one for shoot length, number of leaves per plant,
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Table 7. Analysis of variance for root and shoot, stomatal anatamy, and leaf size and
morphology traits for the greenhouse provenance trial.

Source Degrees of Freedom ' Expected Mean Squares
Black (Bi) 2 36m6°s + 36m0B
Restriction Error ( oi) 0 36mb%p
Provenance (Pi) 3 omG&sp + 27mop
BPij 6 9mGsp
Clone (C/P(jk) 32 mG°BC + 3m@C
BC/Pi(jk 62 m0%Bc
Experimental Error (E¢ijk)) 0 mge
Sampling Error (Stijkhm) 106(m-1) gs

1 m=20 for stomatal density and length; m=3 for internode length; m=2 for petiole
length, single-leaf abaxial area, single-teaf oven-dry weight and specific ieaf
weight, and m=1 for shoot length, number of leaves per plant, total abaxial leaf
area per plant, total oven-dry leaf, shoot and root weights, and the oven-dry
root/shoot weight ratio.

total abaxial leaf area, total oven-dry leaf, shoot and root weight,
and root/shoot weight ratio.

Transpiration rates and stomatal conductance were analyzed
using repeated measures analysis of variance. The linear model
and ANOVA are as follows:

Yijkimn = L+ Bi + o(i) + Pj + BPjj + C/P(j)k + BC/Pi(j)k + T1 +

v{1) + BTit + PTj1 + BPTij1 + C/PT(j)] + BC/PTi(j)kl +
ECijk)m + SCijkIm)n
where Yijkimn is the nth observation from the mth ramet on the ith

day within the kth clone within the jth provenance in the ith block;
i is the overall mean; Bj is the effect of the ithblock (i=1-3,

random); o(i) is the restriction error due to blocking; Pj is the

effect of the jthprovenance (j=1-4, fixed); BPjj is the effect of
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Table 8. Analysis of variance for transpiration rates and stomatal conductance for the
greenhouse provenance trial.

Degrees of
Source F reedom Expected Mean Squares

Between-Subjects 105 , , 2
Block (Bi) 2 2160° + 2880°, + 28805
Restriction Error ( ai) 0 2160%. + 2880%
Provenance (Pi) 3 2160%, + 720§BP + 2160p
BPij 6 2160% + 720°8P

Clone (C/P(jk) 32 2160%, + 80°BC + 240¢C
BC/Pi(jk 62 2160%, + 80%c¢
Within-Subjects 742

z 2z

Day (T1) 3 2160°y + 720°sT + 21607

V(1) 0 2160%

BTq 6 726°RT

PTj) 9 180°8PT + S40PT

BPTijl 18 180°8PT

C/PT(jk 96 20°BCT + 60CT

BC/PTi¢jk1 186 26°BCT

Experimental Error (E¢jkm) O 20¢

Sampling Error (Stjkimin) 424 gs

the interaction of the ithblock with the jthprovenance; C/P(j) is
the effect of the kth clone within the jthprovenance (k=1-9, fixed);
BC/Pi(j)k is the effect of the interaction of the ithblock with the

kth clone within the jth provenance; T1 is the effect of the 1th day

(1=1-4, fixed); v(1) is the restriction error due to days; BTi1is the
effect of the interaction between the ithblock and the ithday; PTy
is the effect of the interaction between the jth provenance and
the 1th day; BPTij1 is the effect of the interaction between the ith

block, the jthprovenance and the 1th day; C/PT(j)1 is the effect of
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the interaction between the kth clone within the jth provenance

and the ith day; BC/PTi(j)ki 1s the effect of the interaction
between the ith block, the kth clone within the jth provenance and

the 1th day; E(ijk1)m is the experimental error (m=1, fixed), and
S(ijkIm)n 1s the subsampling error (n=2, fixed).
Analysis of leaf shape was performed in the same manner as

for the field provenance trial.

2. Variance Components

From the analysis of variance, estimates of components of
vartation were obtained by equating mean-squares to thelr
expectations. An example for the calculation of variance
components is presented in Appendix |I. The variance components
were used to determine the percent of total variation contributed

by each component.

3. Phenotypic Correlations
Phenotypic correlations, based on clone means, between
measured traits were approximated by Pearson's product-moment

coefficient.
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V. RESULTS

A. FIELD PROVENANCE TRIAL

1. Analysis of Variance

The statistical significance and percent of variation
attributable to the sources of variation are presented in Table 9.
[t should be noted that there are no valid tests of significance for
blocks and its associated interactions. Detailed analyses of
variance, showing sums-of-squares and mean-squares, are
presented in Appendix |l. Block means for provenances and clones

are presented in Appendix |11,

a. Variation in Shoot Growth

The only shoot trait that was measured in the field
provenance trial was internode length. Internode lengths did not
vary significantly from one provenance to another (Table 9). The
most northern provenance, Bearskin Lake had the shortest
internode length (2.3 cm), while the most southern provenance,
Northern wWisconsin, had the longest internode length (2.8 ¢cm)
(Table 10). Pickle Lake and Thunder Bay had average internode
lengths of 2.5 and 2.4 cm respectively. Approximately 17 percent
of the variation was attributable to the significant clone-within-

provenance effect, with clonal means ranging from 1.4 to 3.8 cm.



Table 9. Percentages of variation atiributable to various sources for shoot, leafl stze and morphology, stomatal anatomy, and stomatel control traits measurad in the field provenance trial.

Source of Veriation

Tralls Block (8) Provenancs B*p Clone-within- B*C/P Day (T) B*T P*T BRpeT C/p*T B*C/P*T  Experimentel Subsampling
{P) Provenance (C/P) Error (E) Error (S)
Shoot )
Internoda Length (cm) 05 2.2n8 B6 "6 gnn 41.4 PINA NA Na NA NA NA HINR 207
Luaf Size and
Horpholo:
Patiale Length {mm) 50 13.4%» 22 9.3ns 53.0 NA NA NA NA NA NA NR 16.7
Single-Leaf Absxlal ’
Aras {cm?) 19 35 3 34 7.6ns 4as5.0 NA NA NA NA NA NA R 38
Single-Leaf Oven-Dry
weaight (mq) 13 28.0%* 34 8.4ns 535 Ha NA NA NA& NA NaA R 5.5
Specific Leaf weight )
(mg/cmz) S 2468% 13.8 I.2ns 433 NA HA NA NA NA NA R 118
Stamatal Anatomg
Stomatal Density
(*/mn?%) 10 4.ns a2 18.qn= 436 NA HA NA NA HA KA R 289
Stomatel Langth (um) o7 2.2ns 41 28.8%% 36.2 NA HA NA N& NA NA R 279
__Stomate! Control
Transpiretion Ratle
{ug/{em?s)) 147 3.0ns X4 3 7um 93 +0.0n5 5549 03ns 72 1.4%» 87 R 7.0
Stamatal Conductance '
{em/s) 48 35ns 6.7 B.qn= 18.2 0.9ns 15,0 08ns 62 1.9ns 16.8 R 168

' Percenteges of vorialion not follawed by ne, * or ** do not have @ valid Lest of significence. For detalled anslyses of variance see Appendix Ii.

'* ns indicates non-significence at the S8 level.
" » end ** indicate significance at tha S and 18 level, respectlively.
™' NA Indicotes that the source of variation is not applicable to the observed treit,

tM*ONR indicotes that the meen squares value is not ratrievable (0 degrees of freedom).

GG
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However, the majority of the variation detected in internode
lengths was attributable to the block*clone-within-provenance
Interaction (41.4 percent) and to variation within a single ramet

(subsampling error - 30.7 percent).

Table 10. Provenance means for shoot, leaf size and morphology, and stomatal anatomy
traits measured in the field provenance trial.

—shoot —_ . leofSl2eandMorphology
Internode Petiale Single-Leaf Single-Leal Specific Stomatal Stomatal
Provenance Length Length Abaxisl Ares Qven-Dry Lesf Leaf weight Density Length
{cm) (ram} (cm?) weight (m@) _ (mg/em2) {#/mm2} {um)
Northam Wisconsin 28 18.1 250 249 262 215 346
(1.9-38) {15.5-21.0) {15.9-35.5) {155-383) (8.57-10.01) (170-280) {(29.8-38.9)
Thunder Bay 24 17.6 18.9 204 10.92 243 357
(2.0-3.3) (14.8-20.5) (15.2-23.00 {158-258) (9.89-11.76) (198-270) (31.8-38.8)
Pickle Lake 2s 156 14.4 159 11.24 242 338
(2.0-2.9) (13.0-17.3) (10.9-18.9) (120-212) {10.39-12.91) (197-273) (31.8-32.7)
Beerskin Lake 23 149 1.8 135 11.65 237 35.7
{1.4-3.3) (10.5-20.3) {2.7-23.4) (90-248) {10.50-12.50) {213-269) (30.4-41.5)

* Range of clone means within sach provenance.

b. Variation in Leaf Size and Morphology

The provenance effect accounted for 13.4 to 38.3 percent of
the variation in leaf size and morphology traits (Table 9).
Differences among provenances.were significant and there was a
north-south trend apparent. Leaves from the most northern

provenance (Bearskin Lake) had the shortest petiole lengths (14.9

mm), smallest single-leaf abaxial areas (11.8 cm2) and oven-dry
weights (135 mg), and the highest average specific leaf weights
(11.66 mg/cm2) (Table 10). The most southern provenance

(Northern Wisconsin) had the longest petiole lengths (18.1 mm),

largest single-leaf abaxial areas (25.0 cm2) and oven-dry weights
(240 mg), and the lowest average specific leaf weights (9.62
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mg/cm2). Significant differences were not detected among clones:
within-provenances for the aforementioned traits, but
approximately half of the observed variation in each of the traits
was attributable to the block*clone-within-provenance
interaction (Table 9).

Provenance mean leaf outlines are presented in Figure 7. In
general, the southern provenances have wider and longer leaves
than the more northern provenances. Leaf shape is similar,
however, the ratio of leaf width to leaf length decreases slightly
with latitude.

Multi-group principal components analysis of the sixty-six
leaf shape distances extracted three factors which accounted for
97.9 percent of the observed variation in leaf shape (Table 11).
The first axis (PCAF 1) accounted for 88.4 percent of the observed
variation. All sixty-six radial and truss distances made large
positive contributions, indicating that this axis is mainly a
descriptor of variation in size (Pimental, 1979). The second axis
(PCAF2) accounted for 6.1 percent of the variation and was bipolar
in nature, indicating variation in leaf shape (Pimental, 1979).
Distances incorporating pseudolandmarks near the base of the leaf
made the largest positive loadings, while near the middle of the
leaf, loadings were very small and were either positive or
negative. At the leaf tip, loadings were negative, but larger in
magnitude than those near the middle of the leaf. Since the
largest positive loadings occurred at the base of the leaf, PCAF2

can be interpreted as being a descriptor of variation in the shape
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Table 11 Multi~group principal components analysis of variance
of the sixty-six radial and truss distances for the four
provenances of balsam poplar in the field provenance

trial.
igal O
OCAF | PCAF2 PCAF3
Cummulative Ysrisncs ( %) 8.4 945 7.9
—Radisl and Triss Distances £igenvectors
R,z 0.896 -0.146 0.373
R3S 0.937 -0.153 0.297
R1,4 0.955 -0.154 06.221
R1,S 0.964 -0.155 0.159
R16 0.969 -0.150 0.104
1,2 8972 -0.140 0.008
R1,6 0.959 -0.10% -0.137
R1,9 0.952 -0.088 -0.188
R1,10 0.954 -0.073 -0.201
R1,11 0.958 -0.041 -0.203
RY,12 0.963 0.046 -0.191
R1,13 0.953 0.183 -0.185
R1,t4 8.318 0.354 -0.082
R1,1S 0.818 0.555 0.086
R1 16 0.649 0.588 0.251
RY,17 0.831 0.536 0.078
R1,18 0.924 0.338. -0.057
R1,19 0.961 0.145 -0.144
R1,20 0.963 0.003 -0.186
R1,21 0.956 -0.07M -0.193
R1,22 0.950 -0.106 -0.192
R1,23 0.954 -0.125 -0.162
R1,24 0.963 -0.143 -0.094
R1,25 0.974 -0.17¢ 0.032
R1,26 0.965 -0.184 0.128
R1,27 0.960 -0.184 0.177
R1,28 0.952 -0a7 0.236
R1,29 0.938 -0.15¢ 0.309
13,29 0.926 -0.151 0.302
73,28 0.308 -0.139 0.337
14,29 0.880 -0.144 0379
74,28 0.952 -D.172 0.23%
14,27 0.957 -0.160 0.218
15,28 0.944 -0.175 0.261
15,27 0.966 -0.177 0.172
15,26 0.972 -0.164 0.143
16,27 0.965 -0.181 0.164
16,26 0.976 -0.171 0.113
76,25 0977 -0.172 0.092
17,26 0.981 -0.157 0.072
77,25 0.964 -0.157 0.016
17,24 0.986 -0,141 -0.041
18,25 0.985 -0.146 -0.03%3
18.24 0.992 -0.12% -0.120
8,2 0.978 -0.118 -0.154
19,24 0.980 -0.121 -0.144
19,23 0.975 -0.112 -0.181
19,22 0.973 -0.102 -0.197
T10,2 0.974 -0.104 -0.199
110,21 0.974 -0.077 -0.204
TH, 22 0.974 -0.079 -0.203
T11,21 0.976 -0.060 -0.203
T11,20 8.978 -0.023 -0.199
712,21 0.97% -8.017 -0.196
112,20 0.980 0.019 -0.191
112,18 0.979 0.092 -0.169
T13,20 0.978 0.086 -0.172
113,19 0.971 0.159 -0.14%
T13,18 0.953 0.266 -0.103
114,19 0.959 0.242 -0.104
Ti4,18 0.934 0.342 -0.066
T14,17 0.879 0.468 0.030
115,18 0.882 0.460 0.022
715,17 0834 0.534 0.089
115,16 0.66% B.642 0.284
116,17 0.651 0.663 0.237
* R, T,1and 2-2%indi racial dist . truss dist , refarsnce point and

pssudclandmarks respectively.

of the leaf base. The third axis (PCAF3), also bipolar, accounted
for 3.4 percent of the detected variation in radial and truss

distances. Distances incorporating pseudolandmarks near the leaf
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tip made the largest, positive contributions, while distances near
the middle of the leaf made the largest, negative contributions.
Radial and truss distances incorporating pseudolandmarks at the

extreme base of the leaf (pseudolandmarks 15, 16 and 17) also had

large, bositive loadings. Thus, PCAF3 is a descriptor of variation
in the shape of the leaf tip and to a lesser extent the leaf base.

Further resulty of the im-PCA analygig are presented in
Figures 8 through 10 as two dimensional ordinations of the four
provenances of balsam poplar. Axis score population means have
been plotted, with one standard deviation above and below the
provenance mean being indicated by horizontal and vertical lines.
This plotting procedure summarizes the scatter diagrams that
result when individual leaves of clones within provenances are
plotted (Parker and Maze, 1984). On the first axis (PCAF1), an
indicator of variation in leaf size, the provenances form a
continuously overlapping cluster, arranged according to their
respective latitudes, with Bearskin Lake and Northern wWisconsin
appearing distinct from each other (Figure 8 and 9). On the second
(PCAF2) and third (PCAF3) axes, indicators of variation in leaf
shape, provenances form a continuously overlapping cluster, with
the arrangement of provenances not reflecting any latitudinal
trend (Figure 10).

Discriminant functions analysis using the three m-PCA axes
as predictor variables formed three DF A axes, which accounted for
99.9 percent of the observed variation in the m-PCA axes (Table
12). PCAF1 made a large positive contribution to the first axis
(DFAS1) , which accounted for 86.3 percent of the total variation
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Figure 8. Two-dimensional ordination of four provenances of baisam poplar based on the first
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Figure ?. Tweo~dimensional ardination of four provenances of balsam poplar based on the first
(PCAF 1) and third (PCAF3) principal components axes for the field provenance trial.
The horizontal and vertical lines represent one standard deviation to each side of the
provenance means.

2 -
-
1 +
I
~~
R +
; s -4 N NW - Northern Wisconsin
- + - v + TB - Thunder Bay
g 0 + = " PL - Pickle Lake
- BL - Besrskin Lake
x * TE [+ -+
= +
-1 +
+
‘2 T T Ry al
-2 -1 0 ' ! 2

Second Axis (6.1%)

Figure /0, Two~dimensional ordination of four provenances of balsam popiar based on the second
(PCAF2) and third (PCAF3) principal components axes for the field provensnce trial.
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in the m-PCA axes. PCAF2 and PCAF3 made smaller negative
contributions. The second DFA axis (DFAS2) accounted for 13.0
percent of the variation exhibited by the m-PCA axes. PCAF3
made the largest positive contribution, while PCAF1 and PCAF2

made similar, but much smatler contributions. The third axis

(DFAS3), which accounted for only 0.6 percent of the variation in

Table 12. Discriminant functions analysis of the three multi-group principal
component functions for the four balsam poplar provenances in the field
provenance trial.

Discriminant Functions

FAS1 DFAS2 DEAS3
Cummulative
Variance (%) 86.3 99.3 99.9
PCA Factor Discriminant Functions Coefficients
PCAF 1 1.263 0.308 0.122
PCAF2 -0.279 0.302 0.830
PCAF3 -0.318 0.9%8 -0.333

m-PCA axes, 1oaded most heavily with PCAF2. PCAF1 made a much
smaller positive contribution, while PCAF3 made a small negative
contribution.

Two dimensional ordinations of the four provenances based
on discriminant functions analysis are presented in Figures 11
through 13, using the same format as for the principal components
analysis. The results are very similar to that of the m-PCA
analysis. On the first axis, which loaded most heavily with
PCAF 1, the provenances are arranged according to their respective
latitudes. The provenances form a continuously overlapping

cluster, with Bearskin Lake and Northern Wisconsin being distinct
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from one another (Figures 11 and 12). On the second and third
axes, the provenances form a continuously overlapping cluster,

with no apparent north-south trend (Figure 13).

c. Variation in Stomatal Anatomy
Stomatal density and stomatal length did not differ
significantly among provenances (Table 9). Stomatal densities

(stomata/mm2) ranged from 215 for Northern Wisconsin to 243
for Thunder Bay. Stomatal length (um) ranged from 33.8 for
Pickle Lake to 35.7 for both Thunder Bay and Bearskin Lake (Table
10). The clone-within-provenance effect had a significant
influence on stomatal tratts. Over 40 percent of the variation in
stomatal densities was attributable to the clone-within-
provenance effect, with clone means ranging from 170 to 280

stomata/mm2. The clone-within-provenance effect accounted for
36.2 percent of the vartation in stomatal tengths. Clonal average
stomatal lengths ranged from 29.8 to 41.5 um. Variation
attributable to the block*clone-within-provenance interaction
accounted for much of the remaining variation in both stomatal
anatomy traits (28.9 percent for stomatal density and 27.9
percent for stomatal length).

d. Vartiation in Stomatal Control
Much of the observed variation in transpiration rates was
not attributable to genetic sources such as provenances or clones-

within-provenances, but was attributable to environmental
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sources such as blocks (147 percent) and the interaction between
blocks and days (55.4 percent) (Table 9). There were no

significant differences in daily average transpiration rates, which

ranged from 8.507 pg/(cm2s) on July 2 to 6.794 ug/(cm2s) on July
7 (Table 13). Moreover, transpiration rates did not differ
significantly among provenances (Table 9). However, on three of
the four days (July 2, 3 and 4, 1988), Bearskin Lake had the
highest average transpiration rates and was followed by Pickie
Lake, Northern Wisconsin and Thunder Bay, respectively (Table 13).
On July 7, Bearskin Lake still had the highest average
transpiration rate, but Thunder Bay had the second highest rate of
transpiration. There were significant differences among clones-

within-provenances. For example, clones-within-provenance

means ranged from 5.234 to 10.429 ug/(cm2s) on July 2. But, only
34 percent of the observed variation was attributable to this
effect (Table 9).

The results for stomatal conductance were very similar to
that of transpiration rates, as expected. Although the amount of
variation in stomatal conductance was large, much of it (67.8
percent) was attributable to blocks and its associated
interactions (Table 9). There were no significant differences
among daily average stomatal conductance, which ranged from
0.674 cm/s for July 2 to 0.831 cm/s on July 4 (Table 13).
Stomatal conductance did not differ significantly among
provenances and trends in provenance means were similar to that
for transpiration rates. Significant differences among ciones
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-within-provenances were detected, and accounted for 8.4 percent
of the observed variation. The range of clonal means depended
upon the day of measurement, but on July 3, for example, clone

-within-provenance means ranged from 0.573 to 0.803 cm/s.

Table 13. Average transpiration rotes and stomatal conductance for days and
provenances in the field provenance trial.

Mean Provenance Mean Provenance

Date Provenance Transpiration Stomatal
Rate (ugs em?s) Conductance {em/s)

July 2, 1988, Northern Wisconsin 85069 0.670
"(6.842-9.8687) '(0.480~-0.795)

Thunder Bay 7124 0615
{6.021-5.444) {0.531-0.736)

Pickle Lake 8.838 0.696
(8.110-11.722) (0.817-0.793}

Bearskin Lake 9.487 0.715

(7.301-10.954}

{0.631-0.790)

Mean 8.507 0674
July 3, 1988.  Northern Wisconsin 7.788 0.704
(5.881-8.751) (0.513-0.794)
Thunder Bay 7.073 0639
{5.266-9.243) {0.454-0.868)
Pickle Lake 8396 0.753
(5.234-10.369} (0.461-0.952)
Bearskin Lake 8413 0.803
(6.212-10.429) (0.678-0.930)
Mean 7918 0.72S
July 4, 1988,  Northern Wisconsin 06928 0.757
(5.801-7.540) (0.596-0.905)
Thunder Bay 6.105 0732
(5.038-7.236) (0.605-0.594)
Pickle Lake 8234 0923
{5.706-10.9268) {0.584-1.300}
Bearskin Lake 8376 0913
(7.195-9.868) (0.767-1.030)
Mean 7411 0.83t
July 7,1988:  Northern Wisconsin 6.054 0.647
(5.261-6.973) (0.552-0.715)
Thunder Bay 7.030 0718
(5.383-8.430) (0.539-0.907)
Pickle Lake 6.205 0.715
(4.581-8.317) (0.565-0.997)
Bearskin Lake 7.880 0.854
(6.267-8.598) (0.640-0.958)
Mean 6,794 0733

* Range of clone means within sach provenancs.
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2. Phenotypic Correlations

Pearson’'s product-moment correlations among measured
traits and latitude are presented in Table 14. Internode length
was significantly correlated with most teaf size and morphology
traits, having moderately high correlation coefficients. tnternode
lengths were positively correlated with traits indicative of leaf
size (petiole length, average single-leaf abaxial area and oven-dry
weight, and PCAF 1) and negatively correlated with PCAF2, and
indicator of variation in the shape of the leaf base. Internode
lengths were not significantly correlated with stomatal traits and
were only weakly correlated with transpiration rates and
stomatal conductance. The correlation between internode length
and latitude was moderately weak, negative, but significant at the
| percent leyel.

Traits indicative of leaf size (petiole length, average single-
leaf abaxial area and oven-dry weight, and PCAF 1) were
significantly correlated, with high positive correlation
coefficients. Spe_cific leaf weight, an indicator of leaf thickness,
was negatively correlated with the leaf size traits, having
moderately high, negative correlation coefficients. Traits
indicative of variation in leaf shape (PCAF2 and PCAF3) were not
correlated to leaf size traits. Of the stomatal traits measured,
stomatal density was significantly correlated with leaf size
variables, but not with leaf shape variables. Stomatal length was
not significantly correlated with leaf traits. For the most part,
stomatal conductance and transpiration rates were not

significantly correlated with measured leaf traits. However,



68

transpiration rates on July 4 and stomatal conductances on July 2,
3, 4 and 7 were significantly, but weakly, correlated to the leaf
shape variable PCAF3, and indicator of variation in the shape of

the leaf tip. Latitude was significantly correlated to leaf size
traits, having high, negative correlation coefficients. The

correlation coefficient between specific leaf weight and latitude
was also significant, but negative. Leaf shape traits showed no
signs of significant correlations with latitude.

Measured stomatal traits (stomatal density and length) were
negatively correlated (r=-0.582), but were not correlated with
transpiration rates and stomatal conductance. A weak, but
significant correlation was found between latitude and stomatal
density, however, there was no significant correlation between
stomatal length and latitude.

Transpiration rates and stomatal conductance for each day
were, on average, significantly correlated with high positive
correlation coefficients. Exceptions to this trend involve
correlations across days. Transpiration rates on July 7 were not
significantly correlated with transpiration rates and stomatal
conductance on July 3 and 4. Excluding stomatal conductance for
July 2 and transpiration rates for July 2 and 3, stomatal control
traits showed significant, but moderately-low positive

correlations with latitude.



Table 14 Pearsen’s product-moment correlation coelficients and their one-talled significance for clone-mesn trajts measured in the rleld provenance iriel.

Shoot Leaf Stze and Morphology Stomatal Anatamy
internode Petiole Single-Leaf Single-Leal  Specific Leaf Stomatal Stomntal
Length Length Abaxisl Area Gven-Dry Weight PCAF1 FCAF2 PCAF3 Dansity Length
tcm) {mm) {tm?) Welght (mg)  (mg/(em?s) ¢*/mnf ) (pm)
Shooat
Internoda Length (cm) 1.000
Leaf Size and Morphology
Petiole Length (mm) Q37T 1.009
Single-Leaf Abaxiel Area (cm?) 0.410%# 0.6004% 1.000
Single-Leaf Oven-Dry
weight (mg/cm?) 0.456%* 0.618%% 0.96y"" 1.000
Spetific Leaf Welght (mgfcmz) -0.061 -0 2654 ~Q.520%% ~Q2G1n 1.000
PCAF1 0.438%* 0.638"% 09GN 0.9339» =(0.3554% 1.009
PCAF2 ~0.325n" -0.004 0.004 ~0.029 -0.122 ~(.027 1.000
PCAF3 -0.033 -0.022 0.034 -0.013 -0.153 -0.002 0.138 1.000
Stomatsl Anatomy
Stemotal Density (*/mm<e) ~0.023 ~0.219% ~0.313%n ~0,273%% 0.135 -0 2704~ ~0.052 -0.135 1.000
Stometal Langth (um) 0.043 0.083 2101 0145 6133 0.106 -0.068 ~0.186% -0.582%% 1000
Slomatel Control
Transpiration Rate (ug/(cm7s)) .
July 2, 19886. 0.073 -0.087 ~0.100 -0.109 0.038 -0.107 -0.067 0.089 -0.073 0081
Stomotoal Conductance (cm/s)
July 2, 1988. 0.165" 0.022 ~0.049 -0.087 -0.140 -0.038 0.052 0.171% -0.028 -0.018
Transpirstion Rate (pg/(cm?s))
July 3, 1988. 0.116 -0.017 0017 -0.013 -0.099 0.004 0.0014 0.092 0.079 -0.097
Stometa) Conductance (cm/s)
July 3, 1988. 0.118 ~0.067 ~0.017 -Q.054 -0.091 -0.039 0033 0.225%% 0.086 -0.126
Traaspiration Rate (ug/(cm*s)
July 4, 1988. 0.135 0.049 -Q 022 -0.057 ~0.097 ~0029 0149 0.261m -3 054 -0 103
Stomatal Conductance (cm/s} '
July 4, 1988. Q.163% 0.006 -0.076 -0.1186 -0.099 ~0.073 0105 Q.239%% 0.064 -0.152
Tronspirstion Rate {19/ (cm?s))
July 7, 1988, 0.044 -~0.100 -0.085 -0.070 0.139 -0.099 -0.133 0,057 0.053 0051
Stomatal Conductance (cm/g) :
July 7, 1988. 0.104 -0.037 -Q.089 -0.083 0.051 ~-0.080 ~0.035 0207 0.075 -0.024
Latitude -Q.272%% ~0.361%= -0.609%« ~0.524%* 0.550%+ ~0. 641 %% 0161 0.120 0.207* 0.069

! *and ** indicate significance at the S and 1 X level, respactively.
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Table 14 continued.

Stomatal Control Latitude

Transpiratian Stornstal Trenspiration Stomatal Transpiration Stomatal Transpiration Stomatal
Rote (ug/(cm?s)y Conductance (cr/e) Rete (ug/(cm?2s)) Canductence (cm/s) Rate (ug/{cm?s)) Conductance (cm/s) Rate (ug/(cm?25)) Conductence (cm/e]  Latitude
July 2, 1988. July 2, 1988. July 3, 1988. July 3, 1988, July 4, 1988. July 4, 1968. July 7, 1988, July 7, 1988.

Shoat
Internode Length {cm)

Leaf Size and Morphology
Pgtiole Length {mm)
Single-Leaf Abaxial Araa (cm?)
Single-Leaf Oven-Dry

Weight (mg/cm?)
Specific Leaf Waight Img/cm?)
PCAF1
PCAF2
PCAF3

Stomatal Anetomy
Stomatal Dansity (*/mm?)
Stomatatl Length (um)

Stomatal Control
Transpiration Rate (ug/(cm?1))
July 2, 1988. 1.000
Stomatal Conouctence {cm/s)
July 2, 1988. GO634M 1.000
Transpiration Rate (ug/(cm?s))
July 3, 1988. -0.104 0305w 1.000
Stomatal Conductance (cm/s)
July 3, 1988, 0. 166% G.a7gmn 0.91u» 1.000
Transptration Rete (ug/(cm%s))
July 4, 19886. 0.086 Q501 wn 0.33qun G.A4Q3Ins 1.000
Stomatal Conductance (crm/¢)
July 4, 1988, 0.046 0.50gu= 0.57g%= 0.642%% 0.844q1% 1.000
Transpiration Rate (pg/(cm?s))
July 7, 1988. 07450 0.285%= -0.137 o117 -0.115 -0.028 1.000
Stometel Conductance (cm/s)
July 7, 19886. 0.939us G.420)n% 0.174% GI7na 0.3468% 0. 406%% 0.809%» 1.000

Latitude 0.099 0.130 0.162 0.25g%* 0.259%» 0.306%* 0.166%" G326 1.000

0L
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B. GREENHOUSE PROVENANCE TRIAL

1. Analysis of Variance

The percent of variation attributable to the various sources
of variation and their statistical significance are presented in
Table 15. The analyses of variance upon which it is based is
presented in Appendix V.

For traits measured in the greenhouse provenance trial,
block means for provenances and clones-within-provenances are

presented in Appendix V.

a. Variation in Root and Shoot Growth

Provenances means for internode length ranged from a low
of 3.2 cm for Bearskin Lake to a high of 3.7 cm for Thunder Bay
(Table 16). Pickle Lake and Northern Wisconsin had average
internode lengths of 3.6 and 3.4 cm, respectively. Differences
among provenances were significant, and accounted for 8.5
percent of the observed variation (Table 15). The majority of the
observed variation was attributable to the clone-within-
provenance effect (27.6 percent), its interaction
with blocks (36.1 percent) and to variation within ramets of a
clone (25.5 percent). Clonal means ranged from 2.6 cm, found in
both Bearskin Lake and Northern Wisconsin, to 4.6 cm, found in
both Thunder Bay and Pickle Lake.

The only other root or shoot trait that had a significant
provenance effect was the number of leaves per plant (Table 15).

The provenance effect accounted for 6.9 percent of the observed



Table 15. Percentages of variation attributuble to various sources for the root end shoot, Tesf siz

provenance trisl.

@ and morphology, stomalal anatomy, snd stormatal control traits measured in the graenhouse

Source of Variation

Tratts Block {(B) Provenance B*P Clong-within-  B*C/P Day (T) B*T P*T B*P*T C/PT B*C/P*T  Experimentel  Subsampling
(P) Pravenance (C/P) Error (€} Error (S)
Root and Shoot
Iaternoda Length (cm) '0.21 NpGee 21 27.6%% 361 HYINA NA NA NA HA HA FITONR 255
Shoot Leagth (cm) 6.0 D.2ns 6.3 25ns 85.0 NA NA NA NA . NA NA NR NR
Nurrber of Leaves per Plant S4 69" 37 1 1.0ns 731 NA NA NA NA Ha NA HR NR
Total Abaxiel Leaf
Area per Plant (cm2) 33 4.9ns 49 +0.0ns 669 NA NA NA HA NA HA NR NR
Totel Ovan-Dry Leaf
Weight per Plant (§) 48 23ns 5.4 +0.0ns 87.4 HA NA HA NA NA RA HR NR
Oven-Dry Shoot Waeight (g) S +0.0ng 72 +0.0ns ar8 NA NA NA NA NA HA NR NR
Oven-Dry Root Weight (g) 39 (. 7ns 8.6 +00ns 86.2 NA NA NA NA NA NA WR NR
Root/Shoot Oven-Dry
weight Ratio 4.0 27ns 6.7 20.0% 66.7 NA NA NA NA NA NA KR KR
Leaf Size and Shape
Patiole Length {mm) a1 5.9% 47 367%™ 374 NA NA Na NA NA NA NR 106
Single-Leaf Abaxiel
Arsa (cm?) 5.1 18.0mn 32 +0.0ns 704 NA NA N& NA NA RA NR 37
Single-Laat Oven-Dry
waight {mg) 7.4 7.4% 4.4 $0.0ns 73S NA NA NA HA HA NA NR 74
Specific Leaf weight
{mg/cm?) 17.1 27ne 46 27.8%n 415 NA NA NA NA NA NA NR 04
Stomatal Anatemy
Stomatal Dencity (#/mm?) 1.0 65" 1.3 38.6%% 202 NHA NA NA RA NA HA HR 325
Stomatal Length {um) 05 28ns 36 42.4wn 225 NA NA NA NA HA HA NR 26.3
Stomatal Control
Transpiration Rate
(ug/(cmzs)) 3.7 Go*= 0.2 4.3un 6.t 47.4% 289 0.1ns 03 0.4ns 5.6 NR 24
Stomstal Conductance
{cm/s) 36 2.4% 1.2 15.4%% 249 10.708 95 0.2ns 1.2 2.4ns 166 NR 1.9

' Parcenteges of variation not followed by ns, * or ®* do not hove a valid test of significance. For deteiled analyses of varience see Appendix IV.
' % and ¥* indicate significance at the S snd 1R lavel, respectively.
' ns {ndicates non-significence at the ST level,
11" NA indicates thot Lhe source of variatian is not applicable to the obsarved trait.

11 NR indlcates that the mean squares value 15 not ratrievable (0 degrees of freedom).
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Table 16. Provenance means for root and shoot traits measured in the greenhouse provenance trial.

Internode Shoot Number of Total Abaxial Total Oven-Ory Total Oven- Total Oven- Root/Shoot
Provenance Length Length Leavesper  Leaf Areaper  Leaf Weight Dry Shoot Dry Root Weight

{cm) (mm) Plant Plant (cm?) per Plant (g) weight (g} Weight (g) Ratio

Northem Wisconsin 34 63.1 20 1189 4445 2492 1.730 0.294
26-38)  (51.0-785) (15-249) (649-1585) (2.170-5.757) (1.057-3693)  (1.000-2.277)  (0.188-0.358)

Thunder Bay 37 590 17 1035 4080 2123 1600 0317
(3.0-46) (410-748) (11-22) (581-1654) (2.170-7.607) {0.970-3.983)  (1.003-3.020)  (0.220-0.454)

Pickle Lake 36 546 17 760 3072 1814 1329 0.348
(2.8-4.6) (32.5-85.3) (11-23) (303-1323) (1.253-5.757) (0.493-3.947)  (0.850-2557)  (0.179-0532)

Bearskin Lake 32 S6.8 21 999 4038 2334 1.882 0.348
(26-4.0) (48.2-75.7) (16-25) (521-1424) (2.063-6.167) (1.293-4777)  {(1.217-3.187)  (