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ABSTRACT

van Niejenhuis, A. 1995. Genecology of jack pine in north central
Ontario. 193 pp. Advisor: Dr. W.H. Parker

Key Words: adaptation, genetic variation, phenology, Pinus banksiana,
provenance test, seed source, seed origin, seed transfer.

To understand the pattern of adaptive variation of jack pine in north
central Ontario better, short-term provenance tests were established. Seed
was collected from 64 sites to the east and west of Lake Nipigon and
grown in three common garden tests, including a greenhouse trial at
Lakehead University, a farm field trial at Lakehead University, and a field
trial near Raith. Eight growth variables were measured (two annual
heights from the greenhouse trial and three annual heights from each of
the field trials), fourteen phenological variables were determined
(elongation initiation and cessation dates, elongation duration and needle
flush date at each trial; and foliage purpling at the greenhouse and
Lakehead University field trials), and survival at the Raith trial was
examined. Variation expressed among seed sources was significant for all
growth variables and many phenological variables. Multiple regressions
were run for 18 of the 23 variables against climatic variables interpolated
using geographic information systems techniques from weather data of 56
weather stations, as well as spatial, soil, and vegetative variables which
described the environment at seed origin resulting in coefficients of
determination as high as 0.57. Principal components analysis (PCA) was
used to summarize the variables examined, with 33 and 21 per cent of the
variation accounted for by the first and second component respectively.
Multiple regressions were run on the factor scores produced from PCA
against the variables describing environment at seed origin. These
regression models had coefficients of determination of 0.323 and 0.429
for the first and second factor scores respectively. The pattern of
variation in this portion of the range as displayed in the mapping of the
predicted factor scores was clinal with numerous irregularities. July and
average annual temperatures, heating degree days, frost dates, and soil and
vegetation variables were included in the predictive models. The contrast
displayed in height performance between seedlings from the southwestern
portion of the range and those from the north shore of Lake Superior
reflects trends seen in a previous study of cone and needle characteristics.
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INTRODUCTION

Trees are long-living, immobile organisms that must be adapted to
their environments, and in temperate climates the environment tends to be
variable in space and time. To avoid disaster and take advantage of the
environmental adaptations of forest tree species, some understanding of
the adaptive variation is necessary when artificial regeneration involving
seed transfer and tree improvement strategies is being implemented.

Jack pine, Pinus banksiana Lamb., is a leading forest crop species
in Ontario. Artificial regeneration of jack pine comprised at least 25% of
the planting stock produced in Ontario (OMNR 1991), and cone collection
of jack pine far exceeds that of any other conifer species in Ontario
(OMNR 1991).

Jack pine studies have determined a significant level of genetic
variability in the species (Rudolph and Yeatman 1982), thus it is a
promising candidate for tree improvement (Magnussen and Yeatman
1987a). In Ontario, jack pine is listed as a top priority species, together
with black spruce (Picea mariana (Mill.) B.S.P.). These two species
combined receive 70% of the Ontario tree improvement effort (OMNR
1987a).

Adaptive variation in jack pine has been examined by range-wide
provenance tests (Schantz-Hansen and Jenson 1952; Schoenike er al. 1959;
Schoenike and Brown 1963; Yeatman 1966, Hyun 1979) and more

intensively in some portions of the range (Williams and Beers 1959;
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Jenson et al. 1960; Batzer 1961, 1962). Characteristics that showed
variation related to seed origin included survival, height growth, bark
thickness, tree form, winter injury, cold hardiness, and pest resistance.

Three silvicultural tools: artificial regeneration by planting and by
seeding, and tree improvement, all involve movement of seed over some
distance greater than that which occurs naturally in a population. Strong
and Grigal (1987) found that site productivity may be increased by
selecting a seed source best suited to the site. Differences in performance
relate, in part, to the adaptations of seed sources to differing
environmental conditions.

Throughout Ontario, seed collection zones and breeding zones have
been established (OMNR 1987b). A seed collection zone is defined as a
geographic area which confines the collection and movement of seed.
Breeding zones are used by tree improvement programs to define the
geographic area from which plus trees are selected for production seed
orchards and future breeding.

The best performance of artificially regenerated jack pine sites will
come from seed of superior genetic stock well adapted to the planting site.
Rehfeldt and Wykoff (1981) have developed intensive short-term
provenance testing procedures to examine the genecology of western
species. This thesis presents similar examination of the genecology of jack
pine north of Lake Superior to determine the adaptive variability and the
risk of seed movement. Schoenike (1962) determined that the area to the
north and west of Lake Superior may be interpreted as a major gene pool
for jack pine. Within this area jack pine occurs on the greatest variety of
sites and attains its best form.

This study examines jack pine seed sources in the former North



Central Region of the Ontario Ministry of Natural Resources (OMNR),
which is located to the north and west of Lake Superior. Intensive
provenance tests have been established to reveal genotypic variation
among these sources. Phenotypic variation of these seed sources was
examined by Maley (1990).

The first objective of this study is to determine patterns of
genotypic variation in survival; growth initiation, cessation, and duration;
annual growth increment; and fall colour of jack pine grown in common
gardens tests. The second objective is then to relate the genotypic
variation to the environmental variation in terms of location, elevation,
vegetative association, and soil type of seed source, thereby determining
the degree of adaptive variation. Comparison of the patterns of variation
displayed in this study to previous work will lead to a better understanding
of the species' adaptive variation in this portion of the range.

The intensive provenance tests of this study will eventually form an
improved wealth of information upon which silviculturalists and forest
tree breeders may draw in making seed transfer decisions and refining
breeding zones for jack pine in this area. The environmental variables
that correspond to the observed patterns of genetic variation can then be
incorporated into seed transfer guidelines and breeding zone development.
The data will be included in the data base used in experimental methods of
seed zone development using Geographic Information Systems (GIS)

techniques.



LITERATURE REVIEW

JACK PINE

Classification and Nomenclature

The subdivisions of the genus Pinus have been examined by Little
and Critchfield (1969). In this system jack pine, Pinus banksiana Lamb.,
is classified into the subsection Contortae Little & Critchfield, of the
section Pinus, of the subgenus Pinus, the hard pines.

The subsection Contortae is characterized by two short (2 - 8 cm)
leaves in a fascicle. Two or more whorls of branches may occur on
spring-shoots (multinodal). Cones are 3 - 8 cm long, and often serotinous
(Little and Critchfield 1969).

Jack pine is the smallest of the three pines found in northwestern
Ontario. It averages 19 m in height, but may be as tall as 30 m (Sims et al
1990). The paired needles are divergent, and are straight or slightly
curved, stiff and twisted, and sharply pointed (Hosie 1979).

Species Range

The range of jack pine is almost entirely within the borders of
Canada; the range extends outside Canada only around the Great Lakes

and in the northeastern United States (Fig. 1). The western end of the
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Figure 1: Range of jack pine in North America (from Fowells 1965).
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range begins in the Northwest Territories, in the Mackenzie River basin,
at about the 65th parallel (Critchfield and Little 1966). Its range covers
much of the Boreal Forest Region (Rowe 1972) in the prairie provinces
and Ontario. The range extends south into Minnesota, Wisconsin,
Michigan and Indiana, where it reaches its southern limit (Schoenike
1976), and into the Great Lakes - St. Lawrence Forest Region (Rowe
1972) in Ontario. In Quebec its range covers most of the area southwest
of Labrador and north of the St. Lawrence River. South of the St.
Lawrence River, jack pine is found on the Gaspe Peninsula, and in New
Brunswick, Nova Scotia, and Prince Edward Island as a member of the
Acadian Forest Region (Rowe 1972), as well as in Maine, Vermont, New
Hampshire, and New York (Schoenike 1976). A few disjunct populations
occur at the eastern end of the range (Critchfield and Little 1966). In the
Lake States a number of isolated natural stands have been delineated by
Rudolf and Schoenike (1963) together with plantations outside the natural
range of jack pine.

The immediate area surrounding Lake Superior in Minnesota does
not all fall into the natural range of jack pine. Schoenike (1961) reports
its absence along the northwest shore of Lake Superior from Duluth to
Hovland in a band measuring 8 to 32 km wide. This region was covered
by former Lake Duluth and is characterized by heavy clay soils inhabited
by spruce-fir forest types. As well, between Lake Superior and Lake
Michigan there are some extensive areas into which jack pine has not
ranged naturally, except for a few isolated stands (Rudolf and Schoenike
1963).

Jack pine grows in diverse habitats throughout its range in North

America. Mean annual temperatures vary from -5° C to 9.5° C, and mean
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minimum temperatures from -20° C to -45° C or lower. Precipitation
varies between 13 to 58 cm during the 60 to 170 day growing season.
Droughts may last for periods of thirty days or more (Rudolf 1958).

Soils commonly associated with pure jack pine stands have a large
component of sand in them, though other soils including loam, shallow
soils over granite or limestone, and organic soils may also be colonized by
this species (Rudolph and Yeatman 1982). In the North Central Region of
Ontario, jack pine stands occur on dry to fresh coarse or fine sands, or
coarse loam soils (Sims et al 1990).

Jack pine is the dominant species or a codominant in 8 recognized
Forest Ecosystem Classification (FEC) Vegetation Types in Northwestern
Ontario (Sims ez al 1989). Common overstory associates include black
spruce (Picea mariana (Mill.) B.S.P.), trembling aspen (Populus
tremuloides Michx.), and white birch (Betula papyrifera Marsh.). Less
frequent overstory associates are Balsam fir (Abies balsamea (L.) Mill.)
and white spruce (P. glauca (Moench) A. Voss). Often jack pine stands
have a predominantly ericaceous shrub layer together with feathermoss

ground cover (Sims et al 1990).

Migrational History

Because of its extensive range across North America, jack pine has
undergone differentiation and natural selection in response to various
environments. The genetic variation within the species can be better
understood in light of its origin, evolution, and migrational history
(Rudolph and Yeatman 1982).

During the most recent glaciation, the Wisconsin stage, the entire



present-day range of jack pine, except for the 'Driftless Area' to the
southwest of the Great Lakes, was covered by an ice sheet (Flint 1957).
The location of the glacial refugia may help explain observed geographic
variation in the species. Yeatman (1967) made an extensive literature
review of the migratory history of jack pine. He concluded that the
geological and paleobotanical evidence supports a single extensive
refugium centered on the Appalachian Highlands of eastern North
America. However, Delcourt and Delcourt (1987) use fossil pollen data to
support primary population centres in the Atlantic Coastal Plain and the
central and eastern Gulf Coastal Plain at the time of maximum glaciation,
20,000 BP. By 12,000 BP, the advancement of pines following the
retreating glaciers had brought the population centre into southern New
England. At this time, pines comprised more than 40 per cent of the
forests of the Appalachian Highlands and the eastern Great Lakes region,
however, in these studies jack pine pollen was not distinguished from
other pines having similar pollen (Delcourt and Delcourt 1987).

Jack pine may have reached the area to the north and west of Lake
Superior by diverging below the Great Lakes and converging once again
in northwestern Ontario, or by coming around the east side of the Great
Lakes in a single path, and spreading south from northwestern Ontario.
Ice retreat from the Wisconsin glaciation began about 18,000 BP, but
readvancement occurred twice after that time. During the second
readvancement, the Valders period (10,500 BP), jack pine was established
around the lower shores of the Great Lakes, and after the Valders period,
ice retreat was rapid, allowing jack pine to migrate into much of its
present range (Schoenike 1976). According to Rudolph and Yeatman

(1982) a steep cline or partial discontinuity in cone characteristics 1n
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Minnesota may have resulted from divergent migrational routes
converging in this area. Schoenike (1976) reports a critical region of
intersecting clines to the northwest of Lake Superior, based on his

examination of a number of morphological traits.

Genetic Variation

Provenance Tests

Provenance studies have been established to determine the genetic
variation in jack pine. Growth measured in these tests has shown a clinal
pattern that follows the environmental gradients of day-length, and
temperature and length of the growing season, except where growing
seasons and low temperatures are limiting (i.e., frost pockets). Generally,
though many exceptions have been reported, 'local' provenances are
among the best performers in common garden field trials (Rudolph and
Yeatman 1982).

In a study of jack pine progeny produced by inter- and intra-
provenance breeding, Magnussen and Yeatman (1989) noted that duration
of growth correlated positively with growing degree days at seed origin.
Growing degree days at seed origin also correlated with dry weights and
heights measured in a range wide study including 9 provenances (Giertych
and Farrar 1962). Though seed origin was significant, enough variation is
seen in jack pine to allow for breeding of greater height growth without
adverse effect on periodicity (Magnussen and Yeatman 1989).

Variability in stem form and branch angle of jack pine have been

measured through provenance tests. A great deal of variability is noted,
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though much of the poor form may be attributed to spacing (Magnussen
and Yeatman 1987a). Spacing trials are recommended as part of the
breeding program for jack pine (Magnussen and Yeatman 1987b).

Cold hardiness and winter injury are a major concern in the
consideration of moving seed throughout the range of jack pine. Schantz-
Hansen and Jensen (1952) reported variation among jack pine seed sources
in their ability to withstand winter injury. Seed from sources with long,
warm growing seasons should not be moved to areas with severe winters
and short growing seasons. Yeatman (1976) also concluded that winter
hardiness is the critical factor in the survival and growth of planted jack
pine in the boreal forest. The risk of winter injury and the increased
susceptibility to disease as a result of increased stress may be expected
from moving provenances north. Potential for early frost injury increases
for trees displaying lammas growth. Lammas shoots occur more
frequently when seed from southern sources is planted on northern sites
(Rudolph and Yeatman 1982).

Seed origin does not appear to influence the tolerance of jack pine to
spring frost damage; rather, growth initiation in the spring depends
primarily on temperature of planting site. Cold hardiness and associated
physiological and morphological characteristics such as cessation of
growth and date of bud set are provenance-related (Rudolph and Yeatman
1982).

Foliage colour change in jack pine in the fall of the year is
provenance-related. The most intense purple and the greatest percentage
of colour change were seen in northern provenances in a Wisconsin study
(Rudolph 1980).

Jack pine provenance tests have revealed evidence of genetic
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variation in the susceptibility or resistance to certain diseases (Hunt and
Van Sickle 1984) and insects (Batzer 1961, 1962). Jack pine showed
differential rates of infection in a range wide provenance test to sweet-
fern rust, Cronartium comptoniae Arth. Seedlings from sources outside
the range of one of the alternate hosts, sweet-fern, Comptonia peregrina
(L) Coult. showed high incidence of infection (Hunt and Van Sickle 1984).
Similarly, nonlocal seed sources showed greater damage from white pine
weevil, Pissodes strobi (Peck), than did local sources in seed source

studies in northern Minnesota (Batzer 1962).

Isozyme Analyses

A limited amount of research has been published concerning genetic
variation in jack pine as revealed by isozyme studies. Cheliak er al (1985)
reported on the mating system of the species, describing it as a mixed
mating model, with 88 per cent outcrossing. They noted that jack pine
appeared to be genetically depauperate relative to other conifers,
particularly lodgepole pine, P. contorta Dougl. Dancik and Yeh (1983)
reported that jack pine displayed 46 per cent polymorphic loci, compared
to 51.4 per cent in lodgepole pine. Likewise, jack pine displayed 11.5 per
cent heterozygous loci, compared to 18.4 per cent in lodgepole pine.

Genetic homogeneity displayed in jack pine results from large
populations, a predominantly outcrossing mating system, and potential
long-distance gene flow both by pollen and seed dispersal (Ross and
Hawkins 1986). Ross and Hawkins (1986) used their own studies together
with the results of Hamrick et al (1981), Dancik and Yeh (1983) and
Cheliak et al (1985) to calculate weighted means of 43.5 per cent
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polymorphic loci and 13.0 per cent heterozygous loci. These values are
considerably lower than the 67.7 per cent polymorphic loci and 20.7 per
cent heterozygous loci on average reported for conifer species (Hamrick
et al 1981). Ross and Hawkins (1986) found that 2 per cent of the genetic
variation was due to origin among three populations separated by distances

of 10 km in southern Manitoba.

Variation in Natural Stands

Natural populations of jack pine have been studied extensively by
Schoenike (1962, 1976). He examined patterns of geographic variation
for thirty-three traits of crown, bark, wood, foliage, and cones of mature
jack pine trees in 90 populations across the range of the species. Maps
showing the pattern of phenotypic variation were drawn for each of the
traits.

From this work Schoenike (1976) concluded that all traits examined
showed significant differences between populations. The amount of
variation associated with geographic location averaged 37 per cent.
Individual traits showed both continuous and irregular variation patterns
across the range of the species. The most distinct clinal pattern was noted
in an area from the Lake States to the Northwest.

Schoenike (1962, 1976) examined correlations of individual traits
with four environmental factors: latitude, elevation, mean annual
temperature, and mean annual precipitation. Most cases revealed low to
moderate correlations. Higher correlations were seen for precipitation
and bark thickness, precipitation and needle length, latitude and needle

volume, latitude and stomatal counts, temperature and cone serotiny, and
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temperature and cone knobbiness.

Portions of the range of jack pine have been examined to determine
variation in phenotypes. Studies of jack pine cone serotiny showed a clear
differentiation between populations in northeastern Minnesota and those in
southern and southwestern Minnesota (Rudolph et al 1957)

Maley (1990) examined eighteen cone and forty-two needle
characters of 64 jack pine populations in northwestern Ontario. In this
study, the portion of variance associated with seed source ranged from
1.62 per cent for cone apophysis depth to 18.85 per cent for seed length.
As noted previously by Schoenike (1976) a steep east-west cline was
reported at a longitude of 88° 15' in the Nipigon area (Maley 1990).
Patterns of variation seen in the phenotypes of cones and needles appear to
be a result of adaptation to local environments as described by 12 climatic
variables, three spatial variables, and 13 ecological variables (Maley and
Parker 1993).

Breeding Zones and Seed Collection Zones

Throughout the commercial range of jack pine in Ontario, breeding
zones and seed collection zones have been established. In this context,
breeding zones refer to discrete portions of the range in which plus tree
selections are made for breeding programs in seed orchards; seed
collection zones are more limited geographic areas that confine the
collection and transfer of seed (OMNR 1987b).

To date little information about the genetic variation of jack pine in
the former North Central Region of Ontario, the area surrounding Lake

Nipigon and extending along the north shore of Lake Superior, has been
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available; thus climatic variation was used as the basis of the breeding
zones. Climate variables examined included growing degree days over 6°
C, mean start and end of growing season, mean dates of last spring and
first fall frosts, and latitude (= photoperiod effect) (OMNR 1987b). The
five resulting climatic zones were fitted to the existing administrative
boundaries, with regard to both Hill's Forest Site Regions (1961) and
Rowe's Forest Sections (1972). These five breeding zones are subject to
change, based upon the findings of genetic variation studies for each of the
species.

Within each of the breeding zones, three seed collection zones have
been delineated. These seed collection zones reflect administrative units
including Forest Management Agreement (FMA) and Crown Management
Unit boundaries (OMNR 1987b). These geographic areas are the same for
all species, as they are not based upon variation between populations of
any given species.

In other parts of the range of jack pine similar geographic
boundaries have been described to limit the movement of jack pine seed.
In Manitoba, criteria used to establish seed zone boundaries included
latitude, elevation, provenance variation, temperatures, frost dates, frost-
free days, precipitation, and soils (Segaran 1979). Eight provenance seed
zones (seed collection zones in Ontario) specific to jack pine have been
recommended for the productive forests of Manitoba.

Development of seed collection and breeding zones based upon
geographic variation displayed in a species will lead to utilizing the best
possible seed collections to regenerate forest stands. An understanding of
this variation will enable tree breeders to maintain the adaptations of trees

to the environment (OMNR 1987a).
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Phenology

Geographical variation in the timing of shoot growth is expected
within a species if the environment varies in different parts of the range of
the species (Kozlowski 1971). Provenance test results of numerous species
generally show that southern or lower elevation seed sources extend their
shoots more rapidly, for a longer time, but break bud later than those of
more northerly or higher elevation seed sources. Southern and lower
elevation seed sources are generally less susceptible, therefore, to spring
frost, but more susceptible to winter injury (Kozlowski 1971).

Shoot elongation is the result of two phenomena: cell division and
cell expansion. The centres of cell division responsible for leader
elongation include the shoot apices where new stem units and potential
needles are produced, and the subapical meristems which determine the
elongation of the internode at each stem unit (Cannell et al 1976). Buds
in pine contain fully preformed shoots. Internode elongation is rapid
during the initial flushing, when little leaf expansion occurs, giving rise to
the "candles". Internode elongation occurs over a shorter time than does
leaf elongation (Kozlowski 1971).

Different types of late season shoot growth have been defined, all of
which may be seen on jack pine: Lammas growth is described as the early
elongation and development of all or a portion of a bud that would
otherwise be resting (Lanner 1976). Rudolph (1964) describes it as
'borrowing' from the spring shoot, and while usually only a small portion
of the base of the winter bud elongates, he reports lammas growth of up to
15 cm in jack pine. Second-year and older conifers generally show a

decreasing portion of the stem units formed during a given growing



16

season also elongating in that season, and an increasing portion remains in
an overwintering bud (Cannell et al 1976). Proleptic shoots are those that
develop from the current year laterals at the base of the terminal bud
(Kozlowski 1971). Sylleptic shoots occur when axillary buds of an
elongating shoot extend coincidentally with the normal, early shoot. Long
buds are those terminal buds that elongate but do not flush until the
following year; on pines these shoots have no externally visible needles
(Kozlowski 1971).

Magnussen and Yeatmans' (1989) work which examined populations
and population hybrids from 9 provenances in Ontario, Quebec, Michigan,
and Wisconsin in common garden tests found tree heights from southern
sources were taller than those of northern sources. They described the
shoot extension activities in jack pine as a brief and abrupt flush, followed
by five or six weeks of active elongation, and two to five weeks of gradual
cessation. The abrupt shoot elongation initiation is attributed to the
thermal time required, and the rapid rise in growing degree days
throughout much of the range of jack pine. Elongation cessation appeared

to be related to photoperiod thresholds (Magnussen and Yeatman 1989).

GENECOLOGICAL STUDIES

Methodology Development

Coniferous species occurring along the western coast of the North
American continent show pronounced genecological variation in many

cases (Rehfeldt 1984). Not only do western species have to adapt to
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climatic changes resulting from changes in latitude and longitude, but
steep gradients in climatic conditions are encountered with changes in
elevation.

Douglas-fir (Pseudotsuga mencziesii (Mirb.) Franco var. glauca
(Beissn.)Franco) shows broad ecological amplitude in the northern Rocky
Mountains and has been studied extensively in terms of adaptive variation.
The history of genecological studies in this species will be presented here
to illustrate the development of the methodology.

Rehfeldt (1974 a, b) examined populations of Douglas-fir from
various elevational environments in a portion of its range in northern
Idaho, Washington, and Montana. Cones from seven trees in each of 24
populations were collected, and their seed was extracted (Rehfeldt 1974b).
These 24 populations were selected such that 4 populations represented
each of six habitats in which Douglas-fir occurs in the northern Rocky
Mountains, south of the Canadian border. Geographic and elevational
distances were maximized between populations representing any one
habitat. Common garden tests consisting of two replicates of randomized
complete block design were established, and seedling heights were
measured after two years.

From this study (Rehfeldt 1974b), analysis of variance tests
indicated that 15.4 per cent of the variance was attributed to habitat types.
Varying selection pressures related to habitat cause deviation in seedling
performance.

Twelve Douglas-fir populations from northern Idaho were compared
to determine local differentiation patterns (Rehfeldt 1974a). Populations
were selected from two drainages, from both north and south aspects, at

three elevations. Seedlings were grown in two contrasting environments.
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Data collected included tree height after one and two years, date of
terminal bud burst (day that developing leaves were first visible), date of
terminal bud set (day that immature terminal bud was first visible), and
total number of lateral branches. Multivariate canonical analyses were
used to reduce the number of dimensions and account for highly
correlated variables, together with univariate analysis. Univariate analysis
indicated differentiation between drainages, but generally the patterns of
variation appeared to be non-systematic and not easily related to landscape
features associated with natural selection.

Another Douglas-fir study representing 56 populations from
northern Idaho, Oregon, Montana and Washington was established
(Rehfeldt 1979a). Two randomized complete blocks including 21
seedlings from each population were established in early May under
conditions of natural daylength and optimal soil moisture levels in a
greenhouse until late June when watering was stopped. Data collected
included date of germination and the number of periods (1 or 2 -- those
that set a terminal bud and then resumed growth) of epicotyl elongation.
Analysis of variance was made on the proportion of seedlings that
exhibited one period of epicotyl elongation. Multiple regression
techniques related the mean performance of populations to geographic and
ecological conditions of the seed source including latitude, longitude,
elevation, and habitat types. Regression statistics of the percentage of
seedlings displaying one period of epicotyl elongation showed that habitat
types accounted for 23 per cent of the variation among populations.

Rehfeldt studied the genecology of Douglas-fir in western Montana
(1982b), and in central Idaho(1983b) using similar cone collections and

common garden tests. Phenological characters examined in these studies
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included: a) bud burst -- the day after April 1 by which 50 per cent of the
seedlings of a seed source had burst terminal buds; b) bud set -- the week
by which 50 per cent of the seedlings of any seed source had set terminal
buds; c) two flushes -- the proportion of seedlings of any given seed
source that flushed after setting a terminal bud; d) height; e) growth rate
-- deviation from the regression of 3-year heights on 2-year heights to
correct for any previous environmental effects; f) spring frost injury --
the proportion of seedlings of any given seed source damaged by spring
frost; g) fall frost injury -- the proportion of any given seed source
damaged by fall frost; and h) winter injury -- the proportion of seedlings
displaying mechanical injury attributable to snow.

A number of independent variables were included in regression
models to determine the patterns of variation displayed in the measured
characters. Independent variables that were related to the population
differentiation patterns included latitude, longitude, habitat type, and
elevation, among others (Rehfeldt 1982b, 1983b). As well, analysis of
variance tests were used to determine the amount of population
differentiation.

The analyses of these trials illustrated intense physiologic relations
between Douglas-fir populations and their environments (Rehfeldt 1982b,
1983b). From this work Rehfeldt (1983 c, d) determined seed transfer
guidelines for this species in these regions. Contours independent of
elevation were drawn on local maps. Contour intervals were scaled to
half of the geographic distance at which differentiation between
populations could be detected at the 80 per cent level. Also, elevational
restraints reflecting the differences detected at the 80 per cent level were

suggested. Seed transfer limits were suggested at + 1 contour and * 330
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to 800 feet (100 m to 243 m), dependent upon portion of the range.

A number of genecological studies in the northwestern United States
involving other commercially important species including western white
pine (P. monticola Dougl.) (Rehfeldt 1979b, Rehfeldt et al 1984),
lodgepole pine (Rehfeldt 1980a, Rehfeldt and Wykoff 1981, Rehfeldt
1983a, 1985a, b, c, 1986d, 1987a) Ponderosa pine (P. ponderosa Laws.)
(Rehfeldt and Cox 1975, Rehfeldt 1980c, d, 1986b, ¢, 1987b), western
larch (Larix occidentalis Nutt.) (Rehfeldt 1982a) and coastal Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco var. menziesii ) (Campbell 1979,
1986, Campbell and Franklin 1981) have been published. Characters that
displayed adaptive variation in these studies included many of those listed
for Douglas-fir (Rehfeldt 1982b, 1983b). Other characters that have been
used in genecological studies include the following: a) percentage of trees
by provenance with straight stems (Rehfeldt 1980c); b) leaf length, c)
percentage of trees by provenance producing multiple whorls, d)
percentage of trees by provenance not exhibiting lammas growth,
proleptic shoots, or long buds (Rehfeldt 1983a); e) percentage of seedlings
by provenance displaying purple leaves, f) percentage of seedlings by
provenance displaying grey (rather than brown-green) stems in the
current year's growth (Rehfeldt 1985b); g) length of longest branch, h)
total number of branches, i) crown width (Rehfeldt 1985c¢); j) xeric height
reduction (the difference between the height of a seedling grown under
xeric conditions and the mean height of its provenance grown under mesic
conditions), k) drought mortality as a percentage of trees by provenance
(Rehfeldt 1986¢); 1) disease and insect infestations (Rehfeldt 1987a); m)
duration of shoot elongation (Rehfeldt and Wykoff 1981, Rehfeldt 1987b);

n) germination rate, o) cotyledon number, p) stem diameter, and q) dry
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weight (Campbell 1979, Campbell and Franklin 1981).

As well, freezing tolerance of a number of species was tested
(Rehfeldt 1980a, b, 1982b, 1983a, 1985a, 19864, b, d, 1989). Many of
the traits measured in various trials were highly correlated, thus a small
number of variables could be used to describe the patterns of genetic
variation in a species (Rehfeldt 1987b).

The methodology to determine date of shoot elongation initiation,
cessation, and duration in days was reported by Rehfeldt and Wykoff
(1981). Shoot elongation of seedlings can be expressed as the proportion
(Y) of the total growth increment achieved at time X by the following

logistic equation:

1
RETENE:N)

This function does not pass through the origin and is symmetrical at
the point of 50 per cent of total shoot elongation, but Rehfeldt and Wykoff
(1981) found that growth curves for lodgepole pine were generally
asymmetrical and passed through the origin. Thus they added a
hyperbolic time term to the logistic equation to improve its expression of

shoot elongation of individual seedlings:

1
Y= .
1 + pe(-1X+c/X)
In order to use linear regression techniques to calculate the variables
describing shoot elongation periodicity, the equation was expressed as

follows:
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ln(‘l[' - 1] =In(b) - X + C()l_(),

This approach allowed Rehfeldt and Wykoff (1981) to calculate of the
following variables:

1. initiation of growth -- the day on which 2 mm of growth had
occurred;

2. cessation of growth -- the day on which all but 5 mm of growth
had occurred;

3. duration of growth -- the number of days between initiation and
cessation; and

4. growth rate -- elongation per day during the period of maximum

elongation.

Adaptive Variation in Lodgepole Pine

The most closely related species to jack pine is lodgepole pine (Little
and Critchfield 1969). Adaptive variation has been examined extensively
in lodgepole pine throughout much of its range in the northwestern United
States (Rehfeldt 1980a, Rehfeldt and Wykoff 1981, Rehfeldt 1983a, 1985a,
b, ¢, 19864, 1987a).

In cold acclimation tests in the northern Rocky Mountains, Rehfeldt
(1980a) found that elevation and geographic region of seed origin
accounted for 78 per cent of the variance in hardiness. Shoot elongation
negatively correlated to altitude whereas periodicity in shoot elongation
linked weakly to geographic region (Rehfeldt and Wykoff 1981).

Results from studies of the adaptation of lodgepole pine have been

used to estimate the limits and the consequences of seed transfer in
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northern Idaho (Rehfeldt 1983a), in central Idaho (Rehfeldt 1985a), in
Utah (Rehfeldt 1985b), in eastern Idaho and Wyoming (Rehfeldt 1986d),
and in a more extensive study, in the inland northwest (Rehfeldt 1987a).
In northern Idaho, elevation accounted for as much as 86 per cent of the
variation displayed among populations (Rehfeldt 1983a). Strong positive
correlations between variables reflecting growth potential and freezing
injury indicate adaptation to the growing season conditions at seed origin.
In studies of periodicity in shoot elongation, Rehfeldt and Wykoff
(1981) saw little variation in relation to geographic region of seed origin.
Elevation correlated negatively to the amount, rate, duration and cessation
of elongation (Rehfeldt and Wykoff 1981; Rehfeldt 1985a, b, 1986d).
Initiation of growth appeared to be controlled by temperature at the
planting site, rather than by seed origin (Rehfeldt and Wykoff 1981).
Rehfeldt (1984) describes lodgepole pine as a 'specialist’; that is, it
displays steep adaptive clines that are negative for growth potential and
positive for cold hardiness. This contrasts with species classified as
'generalists’ whose individual genotypes are adapted to a broad range of

environmental conditions.

Adaptive Variation in Eastern Conifers

Though environmental gradients are not as severe over such short
distances in the eastern portion of the North American continent,
environments throughout the range of many species are heterogeneous.
Eastern species also display patterns of adaptive variation.

Joyce (1988) has examined the adaptive variation in cold hardiness of

eastern larch (Larix laricina [DuRoi] K. Koch) primarily in northern
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Ontario. He detected substantial variation among 66 eastern larch
populations in the degree of freezing injury sustained in laboratory
freezing tests of current year shoots. Latitude of seed sources was the best
predictor of cold hardiness, with elevation and region of origin refining
the model. This work suggests that to avoid maladaptation of planted
stock, seed source control must be maintained such that the physiology of
the planting stock is synchronized with the climate at planting site.

Genetic variation in growth and sylleptic branching among and
within populations of eastern larch from northern Ontario were examined
by Farmer et al (1993). The study area extended from Fort Severn, on
the Hudson Bay coast, to North Bay. Half of the genetic variance in height
was attributable to seed source. A north-south trend of increasing height
was observed among populations grown in common garden tests,
suggesting a photoperiodic response. The latitudinal variation in height
was correlated to mean daily temperature and precipitation.

Studies of genetic variation in black spruce in Newfoundland
revealed that a significant portion of the variance was attributable to seed
origin. Khalil (1975) examined 29 provenances, and determined that 22
per cent of the variance seen in bud burst date, 10 per cent of the variance
seen in bud set date, 32 per cent of the variance seen in juvenile heights,
and 17 per cent of the variance seen in root collar diameter were
attributable to seed source.

Morgenstern (1969a) examined 9 populations of black spruce
ranging from southern Ontario to northern Alberta. Soil moisture at seed
origin influenced the variation seen in a number of variables, including
germination and early development, survival under drought, growth

under intermittent drought, phenology , and growth. Geographic origin
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and temperature at origin also influenced juvenile performance of the
seedlings. Morgenstern (1969b) reported variances attributable to
provenances ranging from 1.0 per cent for 10 month height to 90 per cent
for second year growth cessation. Growth cessation was significantly
related to day length at seed origin, and temperature at seed origin.

Studies of black spruce from 75 sources in northwestern Ontario
(Parker et al 1994) revealed that the portion of variance attributable to
seed origin ranged from O per cent for elongation start date to 24.5 per
cent for first year height. Patterns of differentiation corresponded to
climatic conditions at seed origin which varied geographically in terms of
latitude and longitude, but also were strongly influenced by the proximity
of the seed origin to Lake Superior and Lake Nipigon.

Flushing date of white spruce and red spruce (Picea rubens Sarg.)
was examined to determine susceptibility to spring frosts and spruce
budworm (Choristoneura fumiferana [Clemens]) damage (Blum 1988).
Variability illustrated that selection could be made on the basis of flushing
date to improve the survival of these two spruces in areas susceptible to
spruce budworm epidemics and late spring frosts.

Frost hardiness tests were used by Davradou (1991) to examine the
pattern of variation in jack pine in northern Ontario. Significant
differences were detected between the provenances tested, however,

inconsistencies among the trials led to inconclusive results.
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MATERIALS AND METHODS

SEED COLLECTION SITES AND PROCEDURES

Study Area Selection, Location, and Description

The study area is located in the province of Ontario, to the north
and west of Lake Superior, both to the east and west of Lake Nipigon
(Figure 2). All populations from which seed was collected are located
between the longitudes of 86°47' and 90°54'. To the east of Lake Nipigon,
the most southerly collection was near to Terrace Bay at a latitude of
48°47'. The Canada-United States border was the southern boundary of
collection sites to the west of Lake Nipigon; the most southerly collection
here was at a latitude of 48°05'. The northern-most collection site lies
north of Lake Nipigon at 50°27".

This portion of the range of jack pine was selected for a number of
reasons. Maley (1990) began the studies of these sites. She lists the break
in the pattern of clinal variation as reported by others (Yeatman 1966;
Schoenike 1962; Schoenike 1976) as one of two major selection criteria.
The second was the development of the Forest Ecosystem Classification
(FEC) program within this area by the Ontario Ministry of Natural
Resources (OMNR). Ecological data from the FEC program are a portion
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Minnesota

o Locations of 64 jack pine seed source collections
Locations of two common garden test sites (Thunder Bay and Raith)

- Locations of nearby weather stations used to interpolate climatic data

Figure 2: Location of the study area in Ontario (inset) and location of the
64 seed sources and two trial sites within the study area.
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of the data base used in these studies. Also, Klein (1987 pers. comm.)
indicated differences in growth and form between jack pine growing to the
east and west of Lake Nipigon that were of interest to the OMNR.

The portion of the study area located to the west of Lake Superior,
along the Canada - United States border, lies within the Great Lakes - St.
Lawrence Forest Region, in the Quetico Forest Section. Rowe (1972)
suggests that recent logging and fire behaviour have favoured the boreal
species, including jack pine, in this area; though eastern white pine and red
pine are still dominant in some portions. This area is described in the
Thunder Bay Plains Ecoregion (Wickware and Rubec 1989) as having
warm, dry summers and cold, snowy winters, with mean annual
temperatures varying from 2.3° C near Lake Superior to 1.1° C further
inland. Average annual precipitation ranges from 724 mm inland to 711
mm along the shore of Lake Superior. Jack pine sites include the dry,
rapidly drained soils.

The larger portion of the study area, lying north of Lake Superior
and to the east and west of Lake Nipigon, lies within the Boreal Forest
Region (Rowe 1972) and encompasses three Ecoregions. The Nipigon
Plains Ecoregion (Wickware and Rubec 1989) extends north and west of
Thunder Bay and surrounds Lake Nipigon's shores to the north, south, and
west. The climate is similar but cooler than that of the Thunder Bay
Plains Ecoregion, with mean annual temperatures ranging from -1.1° C to
0.6° C. Total annual precipitation is 738 mm in the northern portion, and
798 mm in the western portion. In this region, jack pine occurs on well

drained sites, on bedrock knobs, and on shallow sites.
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The Superior Highlands Ecoregion lies along the north shore of
Lake Superior (Wickware and Rubec 1989). Its climate is characterized
by warm summers and long, cold winters. Total annual precipitation in
this ecoregion exceeds that of any other ecoregion in this study, averaging
840 mm along the shore and 860 mm inland. Jack pine is found on dry,
well-drained sites and on bedrock knobs throughout this ecoregion.

Portions of the Lake St. Joseph Plains Ecoregion (Wickware and
Rubec 1989) within the study area include the area to the east of Lake
Nipigon and to the north and west of the Nipigon Plains Ecoregion. Mean
daily temperatures vary from -0.9° C in the west to -0.4° C in the east.
Average total annual precipitation ranges from 760 mm in the west to 700
mm in the east. Well-drained sites, coarse textured soils, and shallow soil

bedrock sites are inhabited by jack pine stands here.

Stand Selection and Seed Collection

Throughout the study area 64 stands were selected from which
cones were collected throughout the summer of 1987. Stands were
selected on the basis of their composition: jack pine was either the
dominant or a co-dominant species. As well, stands had to be accessible by
road, of natural fire origin, and were favoured if previously sampled by
the FEC program (Maley 1990). The minimum distance between any two
selected stands was approximately 8 km. The locations of the 64 collection
sites are illustrated in Figure 1. Locations, elevations, and FEC types of

the collection sites are presented in Appendix 1.
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At each site, ten trees were selected from which to collect cones.
Selection criteria are described by Maley (1990) and include criteria as
follows: cone-bearing, free of obvious disease and insect damage, and
easily felled. Selected trees were separated by at least 20 m to reduce the
probability of selecting sibs. A minimum of ten cones was collected from

each tree and stored in labeled paper bags. (Maley 1990).

SEEDLING CULTURE AND OUTPLANTING

Extraction of seed from cones was completed by the 19th of
October, 1987. Seed from the ten trees at each collection site was bulked.

Stock to be outplanted was grown in commercial seedling
containers. Spencer Lemaire Ferdinands (40 ml) were filled with a 1:1
mix (by volume) of peat and vermiculite, and soaked under misting
irrigation for one night. Seeding was completed by the 27th of October,
and the Ferdinand racks were set under intermittent misting irrigation in
the greenhouse. First germinants appeared on the 30th of October, after
which empty cells were filled with transplants germinated on petrie dishes
until mid-November. Throughout the winter the seedlings were watered
three times a week and fertilized at 50 ppm N with 11-41-8 soluble
seedling starter fertilizer once a week to promote root growth. The
fertilization was changed to 100 ppm N using 20-8-20 soluble seedling
special fertilizer to encourage vegetative growth from the last week in
January to the end of March.

In March of 1988, the seedlings were transplanted to Spencer

Lemaire Tinus (500 ml) containers using a premixed commercial medium
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containing peat, vermiculite, limestone, and a wetting agent (Sunshine
Special #3). From the first of April, fertilization occurred weekly at a
rate of 65 ppm N using 8-20-30 soluble seedling finisher fertilizer to
harden off the seedling. Watering and fertilization was continued in the
greenhouse until the end of May. Throughout this culturing period 18
hours of light was provided, but this was reduced during the last two
weeks of May. On the 30th of May the seedlings were moved outside into
a shade house, where 30 per cent shading was provided using a shade
cloth. The removal of artificial light and placement of the seedlings into a
shade house after the risk of frost had passed served to harden off the
seedlings and reduce the shock of outplanting.

The field sites for the trials at Raith and Lakehead University were
prepared in May. The Raith site, located on a 1 ha cut block within a 75
year old jack pine stand at the Abitibi - Lakehead University Research
Forest near Raith (N 48° 54', W 89°57") (Figure 2), was cleared of young
jack pine and green alder (Alnus crispa (Ait.) Pursh.). The soil at this
site was characterized by fine sandy loess deposits over coarser sands and
was classified to FEC soil type S1. Vegetation in the surrounding forest
was dominated by jack pine, with black spruce in the understory.
Classification of this vegetation was to V32.

The Lakehead University (LU) field site, located behind the
Physical Plant (N 48°24', W 89°19") (Figure 2) was cleared of red osier
dogwood (Cornus stolonifera Michx.) and willows (Salix spp.). This site
was on abandoned farm land. Examination of the soil led to the FEC soil-
type classification of S1. As the land had been cleared for farming in the

past, V-type could not be confirmed.
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Both the LU and Raith areas were sprayed with Roundup™ at
approximately 6 1/ha. The LU field site was ploughed in mid-June.
Identifying pins were set up to mark the seedlings in each of three blocks
at each test site.

Outplanting began at Raith on the 20th of June, 1988, and was
completed on the 23rd. At the LU field site, planting began on the 28th of
June and was completed on the 6th of July. In each of the three blocks at
each site, ten seedlings from each of the 64 seed sources were planted in a
completely randomized design at 0.5 m spacing. On the 7th and the 28th
of July the LU field trial was irrigated due to a lack of precipitation.
Unfortunately, the Raith trial could not be irrigated as no water sources
were near. Throughout the summer months the LU field trial was weeded
three times.

Six hundred and forty seedlings (ten from each of the 64 seed sites)
were maintained at a shade house for the summer of 1988 under the 30
per cent shade cloth. In late September 1988 these were transplanted to
three litre pots using the same premixed commercial medium, and
arranged in a completely randomized design. The shade cloth was
removed from the shade house in October, and snow fence was placed
around the shade house to trap snow on the seedlings. At this location the
seedlings were overwintered and then moved into the greenhouse in April

of 1989.
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DATA COLLECTION

Forest Ecosystem Classification (FEC) Data

Site classification of the forest stands from which cones were
collected described the ecosystem of each provenance. For sites not
previously surveyed, vegetation and soil classification information was
collected using the methods outlined by the FEC program (Sims et al.
1987). If a survey had previously been done by OMNR personnel,
vegetation and soil classification information were made available by the
Technology Development Unit in Thunder Bay (Maley 1990). These data
were summarized to produce twelve soil and vegetation variables listed in
Table 1 (Maley 1990). Each seed source was classified by vegetation type
and soil type, as listed in Appendix 1. The values of the twelve soil and
vegetation variables for each of the 64 collection sites are included in

Appendix 2.

Spatial and Climatic Data

Each seed collection location was further described by its
geographic location (longitude, latitude, and elevation) (Appendix 1) and
by the average climatic conditions of the last 30 years. Topographic maps
were used to determine the spatial information (Maley 1990).

To determine average climatic conditions, data from 46 Canadian
weather stations located in and around the study area as well as 10

American weather stations bordering the study area were summarized.
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Table 1: Soil and vegetation Forest Ecosystem Classification (FEC)

variables (after Maley 1990) determined for each of the 64 seed
collection sites.

A T U o

L Y Sy
M=o

Soil depth (cm)

Proportion of conifer in the stand ( per cent)
Proportion of hardwood in the stand ( per cent)
Proportion of jack pine in the stand ( per cent)
Proportion of black spruce in the stand ( per cent)
Proportion of white spruce in the stand ( per cent)
Proportion of lichen ground cover ( per cent)
Proportion of bedrock exposed ( per cent)
Proportion of feathermoss ground cover ( per cent)
Proportion of sand in the soil ( per cent)
Proportion of silt in the soil ( per cent)

Proportion of clay in the soil ( per cent)
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Twelve climate variables describing annual and selected monthly mean
temperatures, annual precipitation, frost free period, and heating and
growing degree days (Table 2) were selected from data collected between
1951 and 1980 (Environment Canada 1982a, 1982b; Gale Research
Company 1985a, 1985b) (Appendix 3). From this data, using Geographic
Information Systems (GIS) Triangulated Irregular Network (TIN)
techniques, interpolated estimates of the twelve climate variables were
made for each of the 64 collection sites (Environmental Systems Research
Institute 1987) (Appendix 4). Maps of the trends for each of the variables

examined are included in Appendix 5.

Seedling Growth Data

Greenhouse Trial

The potted one year old seedlings were removed from the shade
house and placed in the Lakehead University greenhouse on April 21,
1989, as they were free of snow and ice at this time. They were arranged
in completely random order on two tables in the Main House, where
watering occurred twice a day from overhead sprinklers.

Initial measurements of total seedling height and terminal long shoot
(‘candle") lengths were made on the 26th of April. Daily measures of the
candles of this stock were made until May 11, 1989. Subsequent measures
were made throughout the summer until the first of August at

approximately weekly intervals.
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Table 2: Climatic variables (after Maley 1990) from each of 56 weather
stations in and around the study area, used in determining adaptive
variation in jack pine.

1. July maximum (°C): Mean value of the daily maximum July temperatures.*

2. January minimum (°C): Mean value of the daily minimum January
temperatures.*

3. Mean daily (°C): Mean value of the annual mean daily temperatures.*
4. Extreme maximum (°C): Record high temperature**.

5. Extreme minimum (°C): Record low temperatures**.

6. Snow (cm): Mean value of the annual snowfall.*

7. Total precipitation (mm): Mean value of the total annual precipitation.*

8. Heating degree days (°C-days): Mean value of annual heating degree days
below 18°C.*

9. Growing degree days (°C-days): Mean value of annual growing degree days
above 5°C.*

10. Frost free days (days): Mean value of the number of days between the last
spring frost and the first fall frost.*

11. Spring frost (days): Mean value of the number of days after January 1stto
the last spring frost.*

12. Fall frost (days): Mean value of the number of days after January 1st to the
first fall frost.*

* Normals are based on 30 years of data ending in 1980, however a
number of stations have considerably shorter records, as noted in
Appendix 3.

** Record high and low temperatures are based on recorded data of
varying numbers of years, sometimes exceeding 30, as indicated in
Appendix 3.
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Initially, the candles were measured from the base of the current
growth to their tips. As the axis elongated, the needles also began to
elongate. Until the 20th of May these candles were measured to the tip of
the needles but it became apparent that this was a very inconsistent
measure. Later measures taken from this stock measure the stem portion
of the current growth only.

Needle flushing, or needle emergence from the fascicles, was scored
each day that candles were measured. Flushing scores for spruce, used by
Nienstaedt and King (1969), were examined but found to be unsuitable for
the flushing of jack pine seedlings. A great deal of elongation of the long
shoot may occur in jack pine before the needles emerge from the fascicles.
Therefore a new scoring system was developed, with scores ranging from
0 to 4 (Table 3). No sign of elongation of either long or short shoots was
scored as O (Figure 3). Scores of 1, 2, or 3 indicated elongation of the
long shoot with needle fascicles distinctly separate for a score of 2, and
elongation between needle fascicles evident for a score of 3. A score of 4
indicated needle emergence from the fascicle (Figure 3).

The seedlings of the GH trial were moved out to a shadehouse in late
June, and remained in the shadehouse to harden off. Needle colour was
scored at weekly intervals through the months of September, October, and
the beginning of November until the first snow. Seedlings were classified
as being purple if at least half of the current foliage appeared to be purple.
For purposes of analysis, percentages of the portion of seedlings of each

source that had turned purple by November 9 were calculated.
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Table 3: Flushing scores indicating degree of elongation and needle
emergence.

0 -- Long shoot bud in the winter condition, more brown than green in
appearance with no evident swelling or elongation.

1 -- Long shoot bud beginning to elongate, more green than brown.

2 -- Needle fascicle buds distinctly separate.

3 -- Elongation between fascicle buds evident.

4 -- First needle(s) emerging from fascicle(s) on elongating long shoot.




condition with needle fascicle buds distinctly separate (upper right),
in the score 3 condition with elongation evident between fascicles
(lower left), and in the score 4 condition with needles emerging
from fascicles (lower right).
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Lakehead University and Raith Field Trials

Total initial height of all the seedlings in the LU field trial was
recorded on May 2 and May 3, 1989. At this time, flushing had not yet
begun. On the 17th of May similar height data were collected at the Raith
trial.

Candle lengths and flushing scores were first collected at the LU
field trial on the 12th of May and two or three times a week after that
until mid-June. Weekly measures were collected from then until mid-
August. Final candle lengths and seedling heights were determined in late
September.

Similarly, candle lengths and flushing scores were first collected at
the Raith field trial on the 19th of May, 1989. Until the end of June these
seedlings were measured and scored two to three times a week.
Throughout July weekly measures were recorded. Final seedling heights
for year two (1989) were determined in late September.

At weekly intervals in the fall of 1989 seedling colour was scored
at block 2 of the LU field trial until there was snow on the ground. These
scores were translated into percentage of seedlings of each seed source that
had turned purple by the 9th of November.

Third year heights of all the seedlings in the three blocks of the LU
field trial were measured in October of 1990. Similarly, third year

heights were measured in November of 1990 at the Raith field trial.
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Phenological Data Derivation

For each jack pine seedling in each trial, estimates of elongation
initiation date, elongation cessation date, and duration of elongation in
days were made. The candle measurements were entered on Macintosh™
computers using the software package Excel™, and verified. These candle
measurements were fitted to a growth equation described by Rehfeldt and

Wykoff (1981):

1
Y=
1+b e(-rx+c/X)

or

1

ln(§ - IJ =In(b) - X + c(%)

where Y is the proportion of the total elongation observed by day X, and
In (b), r, and c are regression coefficients. A multiple linear regression
algorithm was developed by W. Parker following the methods of Sokal
and Rohlf (1981) to calculate the regression coefficients, coefficients of
multiple determination (r-squared), and plot the growth curves.

Regression of the elongation data for each seedling allowed
estimates for the time of elongation initiation; i.e., the day on which 3
mm of cumulative growth had occurred, and the time of elongation
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