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ABSTRACT

Palmer, C. L. 1988. Morphological variation in subalpine fir and its relationship
to balsam fir in western Canada and the United States.

Keywords: balsam fir, morphological variation, subalpine fir, taxonomy

To help clarify the taxonomy of the two closely related North American firs
subalpine fir (Abies lasiocarpa (Hook.) Nutt.) and balsam fir (Abies balsamea

(L.) Mill.) in western Canada and the United States, 10 populations of
subalpine fir from Yukon Territory, northern British Columbia, and Alaska were
compared on the basis of morphological traits to fir populations from
Washington to northern Ontario. Principal components and discriminant
analyses were carried out separately on cone and needle data for various
subsets of these populations. Multiple regression analysis and analyses of
variance were used to investigate which evolutionary processes may have
been important in the recent development of subalpine fir at its northern
extreme. The regression analyses and analyses of variance suggest that
variation is expressed primarily within populations, throughout a single large
genepool at the northern extreme of subalpine fir's range, and that selection
due to local environmental pressures has produced the existing morphological
variation among populations. The multivariate analyses of cone and needle
data produced different results for several of the population subsets, indicating
that vegetative and sexual features of these firs respond to different selection
pressures at the various sites. Although the results are not entirely consistent,
the combined cone and needle data indicate that 1) north coastal British
Columbia and interior Rocky Mountain populations of subalpine fir are
generally distinct with the exception of a Vancouver Island population; 2)
northern subalpine fir populations exhibit an affinity to interior populations and
are very distinct from coastal populations. Additional geographic trends are 1)
two Washington Cascades subalpine fir populations are distinct from all other
populations in needle morphology, but one of these populations (Mount Baker)
is similar to the interior populations in cone morphology; 2) all balsam fir
populations are indistinguishable from interior subalpine fir populations on the
basis of needle morphology, but well-differentiated from these and coastal
populations in cone morphology. These results support 1) continued
recognition of subalpine and balsam fir as separate species and 2) recognition
of coastal and interior subalpine fir as separate taxa, perhaps at varietal rank.
The present results refute the theory that subalpine fir survived the Wisconsin
glaciation in one or more northern refugia. Rather, the close affinity between
northern and interior subalpine fir populations suggests that they originated
from a common Rocky Mountain refugium.
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1. INTRODUCTION

The genus Abies Mill. is one of the largest in the family Pinaceae, and
many of its species are distributed widely over the northern hemisphere. Eight
species of true firs are native to North America, with ranges throughout much of
Canada anﬁ the United States. In spite of its ubiquitous nature, the taxonomy of
Abies is préblematic due to the great morphological variability within and
among populations and species (Liu, 1971). Repeated glaciations in North
America throughout the Pleistocene Epoch of the Quaternary Period, and their
associated climatic changes have drastically affected the existence of firs,
among other conifers, and have contributed to or modified the high levels of-
variability now evident in this genus. The impact of numerous glaciations has
made it difficult to determine which evolutionary processes have given rise to
this variability.

Within the genus Abies, three species with neighbouring ranges have
been placed within the section Balsameae Engelm., subalpine fir (Abies
lasiocarpa (Hook.) Nutt.), balsam fir (Abies balsamea (L.) Mill.), and Fraser fir
(Abies fraseri (Pursh) Poir.). These firs are morphologically similar, causing
complications in taxonomic differentiation (Bazukis and Hansen, 1965), and
their taxonomic relationships have been the subject of considerable study
(Boivin, 1959; Ramseur, 1961; Myers and Borman, 1963; Roller, 1966, 1967;
Robinson and Thor, 1969; Clarkson and Fairbrothers, 1970; Zavarin and
Snajberk, 1972; Thor and Barnett, 1974; Hunt and von Rudloff, 1974, Parker et
al.,, 1981, 1984; Jacobs et al.,, 1984). These investigations have utilized
morphological, chemical, and genetic characters as taxonomic evidence.

Geographical variation in such traits provides the basis for taxonomic and
biogeographic studies, and for the development and testing of hypotheses of
species evolution. This variation arises from the combined effects of gene
mutation, migration, drift, selection and historical factors including founding



events (Stebbins, 1950). Although the importance of the evolutionary and
migratory history of a species in producing geographical variation is widely
recognized, it has been difficult to relate the modern geographical variation of
many species to any specific historical factor due to the lack of detailed species
histories (Cwynar and MacDonald, 1987).

Reconstruction of the biogeographical history of a species such as
subalpine fir, which grows in extremely varied topographical and climatic
conditions throughout a range that extends both north and south of the limits of
glaciation, and for which detailed fossil records are very limited (MacDonald, in
litt., 25 February 1988), is particularly problematic. Although the taxonomy of
subalpine fir has been studied throughout much of its range ( Zavarin et al.,
1970; Hunt and von Rudloff, 1979; Parker and Maze, 1984) the evolutionary
history of this fir has not been well-investigated in the Yukon Territory at its
northern extreme, which, although affected by numerous glacial cycles, is
located near a region that completely escaped glaciation. In addition, although
it is now well documented that subalpine and balsam fir hybridize extensivley in
west-central Alberta (Hunt and von Rudloff, 1974; Parker et al., 1981, 1984) the
extent to which gene flow occurs between these firs is still unclear.

This thesis utilizes morphological characters to investigate the taxonomy
and evolution of subalpine fir throughout a large part of its range in western
Canada and the United States in an attempt to further clarify the taxonorhic

relationship between subalpine and balsam firs.

TAXONOMIC STATUS OF THE ABIES SECTION BALSAMEAE IN WESTERN
CANADA AND THE UNITED STATES

Abies lasiocarpa is a wide-ranging, high-elevation species of the western
mountains of North America, extending along the Pacific coast from
southeastern Alaska and central Yukon Territory south to the San Fransisco
Mountains of northern Arizona and the Mogollan Mountains of western New
Mexico. Between these two extreme localities, subalpine fir extends throughout

the mountains of British Columbia and southeastern Alberta, western
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Washington, Oregon, Idaho, Montana, Wyoming, Utah, and central Colorado.
Longitudinally, the species spreads from 1040 59' to 145° west. The altitudinal
variation exhibited by subalpine fir ranges from sea level in the Coast Range of
southeastern Alaska to as high as 3,650 m in the southern Rocky Mountains.
Figure 1.1 depicts the range of Abies lasiocarpa.

Abies balsamea is also a very wide-ranging true fir of the Abies section
Balsameae, but occurs primarily in the boreal forests of Canada, extending
from Newfoundland to Alberta. In the United States, balsam fir extends south
into Minnesota, Wisconsin, and Michigan, as well as several northeastern
states. Figure 1.2 depicts the range of Abies balsamea.

Early opinion was that the range of balsam fir adjoined that of subapine fir
in central Alberta, but that these firs did not overlap (Halliday and Brown, 1943;
Raup, 1946). The more recent point of view is that there is a region of sympatry
in Alberta around the area of Lesser Slave Lake (Moss, 1959; Hosie, 1969;
Hunt and von Rudloff, 1974; Parker et al., 1981), although the extent of this
overlap has varied depending on the author.

The taxonomic status of the balsam firs in western Canada has been
disputed for some time. Boivin (1959) proposed that subalpine and balsam fir
be considered the two subspecies A. balsamea ssp. balsamea and A.
balsamea ssp. lasiocarpa (Hook.) Boivin, due to a lack of morpholgical
differentiation between the taxa. Matzenko (1963, 1968) also supported
recognition of a single species. These firs have been distinguished mainly by
cone scales, ranking and angle of needle attachment, and relative abundance
of stomata, particularly on the adaxial needle surface (Moss, 1959; Bazukis and
Hansen, 1965). Intermediate trees have been reported by a number of authors
in the putative zone of sympatry in west-central Alberta, suggesting that the firs
interbreed in this region (Moss, 1959; Roller, 1967; Hunt and von Rudloff, 1974;
Achuff and LaRoi, 1977).

In a study of variaton in needle and cone characters of balsam firs from
Saskatchewan to British Colu‘mbia, Parker et al. (1981) found that the
designated species did not represent elements of two distinct taxa, but that
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instead, population differentiation appeéred to have occurred within a single
variable complex in response to local selection pressures. However the study
did indicate that there were minor differences in morphological characters from
populations on either side of the Rocky Mountain crest that may reflect the
existence of separate east and west refugia during glacial periods. The
~available fossil data also supports this conclusion (Lichti-Federovich, 1970;
Ritchie, 1976; Kearney and Luckman, 1983). |

A parallel study of variation in needle flavonoids (Parker et al., 1984) to
“the morphological investigation of Parker et al. (1981) indicated that
westernmost (British Columbia) A. /asiocarpa and easternmost (Eastern Alberta
and Saskatchewan) A. balsamea populations were distinct. However flavonoid’
patterns of geographically intermediate populations formed a continuum from .
east to west beginning in the lower foothills of the east slope of the Rocky
Mountains in Alberta and extending to the interior of British Columbia. Although
no sharp boundary separating the two species could be detected based on the
flavonoid results, the observed clinal pattern was steepest at the Rocky
Mountain crest, and populations on either side of the crest were more variable
than populations to the east of the mountains. On the basis of the observed
variation patterns, Parker et al. (1984) suggested that genetic interchange has
occurred between A. lasiocarpa and A. balsamea to each side of the Rocky
Mountain crest following post-glacial migration.

An earlier study of the terpenoids of subalpine and balsam fir in wesiern
Canada indicated that the two firs are different in their terpenoid patterns, but
that intermediate populations exist in the Lesser Slave Lake and Battle lake
regions of central Alberta (Hunt and von Rudloff, 1974). Based on their results,
these authors suggested that extensive introgression has occurred between A.
lasiocarpa and A. balsamea in central Alberta, and supported Moss'(1953,
1955) concept of intergrading populations between the two species. Hunt and
von Rudloff (1974) further suggested that these two firs probably evolved from a
common ancestor originating in western North America (a link across the
Bering bridge is suspected by these authors on the basis of considerable



similarity of the volatile leaf oils of Canadian Abies and Abies sibirica) as a
result of isolation in separate refugia during periods of glaciation. They
proposed that small stands of fir in Alberta that seem intermediate between
subalpine and balsam fir may be progeny from hybrids between subalpine fir
colonizing eastward from the Rocky Mountains and balsam fir colonizing
westward from an eastern refugium.

Cortex monoterpene data of Zavarin et al. (1970), Zavarin and Snajberk
(1972) and unpublished data presented by Critchfield (1984) also indicate that
fir stands sampled in a transect across central Alberta are of hybrid origin.
Critchfield(1984) suggests that the width of this zone of hybridization in central
Alberta is approximately 500 to 800 km. This author concludes from the
available data that neither fir has been genetically influenced by the other
outside the zone of intergradation in Alberta, and if hybridization on the present
scale has occurred in past interglacials, the introgressed populations must
have been eliminated during the next glacial interval. However Parker and
Maze (1984) observed the presence of A. balsamea -type flavonoids west of
this species' range, suggesting that introgression with balsam fir may have
played a role in the recent evolution of subalpine fir in the eastern interior of
British Columbia, and perhaps also in the Washington Cascade mountains.

Further questions have arisen concerning variation in A. lasiocarpa. It was
concluded by Hunt and von Rudloff (1979) based primarily on terpene data that
the eastern elements of subalpine fir north of approximately 43° latitude in
Canada and the United States are distinct from the western more coastal
elements with the exception of four north Cascades popu!ationsﬁ These authors
believe that the two elements should be recognized as separate species, and
therefore reapplied the previously published name Abies bifolia A. Murr.
(Murray, 1863) to the eastern segregate. Hunt and von Rudloff (1979) proposed
that coastal and Rocky Mountain subalpine fir probably came from different
glacial refugia and have since hybridized extensively. Théy also suggested that
the existence of distinct coastal, Rocky Mountain, and intermediate forms of
subalpine fir could explain why Kennedy et al. (1968) found crystals in the ray



8

parenchyma of coastal but not in interior subalpine fir, and why Fraser and
Swan (1972) found a log colour test to work on interior but not on coastal
subalpine fir. |

Support for Hunt and von Rudloff's (1979) hypothesis is generally provided
by an earlier study of the cortical monoterpenes of subalpine fir throughout a
large part of its range (Zavarin et al., 1970). In this study, subalpine fir
populations in the Pacific coast area tended to have one group of cortical
mbnoterpenes and those in the Rocky Mountain area had another.

In spite of the apparent differences between coastal and interior subalpine
fir populations, Critchfield (1984) states that although the evidence indicates
that subalpine fir has well-differentiated geographic races in the coastal and
interior regions, the magnitude and character of the observed differences do
not justify the recognition of separate species as proposed by Hunt and von
Rudloff (1979). However, as Critchfield points out, the macrofossil record does
support their conclusion that coastal and Rocky Mountain subailpine fir probably
came from different refugia.

To clarify further the taxonomic status of Abies lasiocarpa, Parker and
Maze (1984) undertook a study of its intraspecific variation in British Columbia
and Washington, based on cohe, needle, and flavonoid data. The results
showed some inconsistencies among the measured characters suggesting that
the -evolution of each class of characters has been partly independent from the
other two. As a result, the authors propsed the need to consider a variety of
traits when drawing taxonomic conclusions. Analysis of cone data indicated no
geographical patterning of the populations, although very few characters were
evaluated. However eastern and western groups of populations were
separated on the basis of needle morphology and flavonoids, with the
exception that a Vancouver Island population was similar in needie
morphology to interior British Columbia populations. Three geographic groups
were generally discerned on the basis of the needle and flavonoid variation
patterns: 1) coastal mountains of British Columbia 2) Cascade mountains of
Washington and 3) eastern interior of British Columbia. Although there were
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some inconsistencies, the results of the study generally support the earlier
recognition by Hunt and von Rudloff (1979) of separate coastal and interior taxa
of subalpine fir. However Parker and Maze (1984) stated that in contrast to Hunt
and von Rudloff's (1979) opinion, the evidence is not consistent enough to
recognize separate species, and suggested instead the designation of
separate varieties.

POTENTIAL GLACIAL REFUGIA IN NORTHERN, UNGLACIATED AREAS

St. Elias, Cordilleran and Laurentide ice affected various parts of the
Yukon during at least two periods, once during early Wisconsin time 40,000 or
more years before present (B.P.) and once during late Wisconsin time 13,000 to
14,000 years B.P. (Oswald and Senyk, 1977). Earlier ice advances were
reported by Bostock (1966), Vernon and Hughes (1966), Hughes et. al. (1969)
and Hughes (1972). The ice masses covered the southern and eastern parts of
the Yukon Territory, and ice lobes extended westward to the vicinity of the
present Tintina Valley, Bonnet Plume Basin, and Arctic Coastal Plain. However
a large area in the western part of the Yukon Territory remained free of ice,
because it laid in the rain and snow shadow of the St. Elias Mountains of
Alaska and the Yukon (Prest, 1983). The unglaciated portion consists of most of
the Klondike, Porcupine, and Arctic Plateaus, the Porcupine Plain, and portions
of the Ogilvie, Wernecke, and British Mountains, as well as western slopes of
the Richardson Mountains. Much of interior Alaska remained unglaciated
throughout the Pleistocene. Figure 1.3 indicates ice sources, glacial limits, and
flow patterns of ice that occurred in the Yukon Territory. Figure 1.4 illustrates the
most recent glaciation (Wisconsin) in North America.

Plants in general, and conifers in particular, were surprisingly stable
throughout the Pleistocene, since few species became extinct in spite of the
numerous climatic changes throughout this period (Leopold, 1969). A species'
survival was achieved either by migration south of the i>ce, or persistence in
one or more glacial refugia.' Subalpine fir's range is extremely wide, and
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extends south of the limits of glaciation. Evidence for the persistence of this fir
south of the Pleistocene ice sheets in both Pacific and Rocky Mountain regions
appears in fossil pollen and plant macrofossil records from the late glacial and
early postglacial periods, as summarized by Critchfield (1984). Although
subalpine fir populations south of the glacial limit were not drastically affected by
glaciation, there is evidence of some altitudinal displacement in these regions
due to altered circulation patterns over the North American continent and
general global cooling caused by glacial ice sheets. Betancourt (1984) reported
the presence of this fir from a packrat midden site at 2195 m in the Abajo
Mountains of southeastern Utah where it grew 11,300 yr. B.P. about 700 m’
below its present limits in these mountains. Similar altitudinal, geographical, and
habitat displacements have been reported for a number of other plant species
that existed throughout glaciation south of the ice limits (Spaulding, 1984).

-The northernmost limit of the range of subalpine fir lies in central Yukon
Territory, and extends westward down along the Alaska coast. In contrast to
populations south of the glacial ice limits, the evolutionary history and
biogeography of this fir is not well known in these northern, formerly glaciated
areas, where fossil records are almost non-existent.

The possibility that certain plant species were able to survive in one or more
northern refugia throughout glaciation, in areas of northwestern Canada and the
United States, has been the subject of much controversy. it was first proposed by
Hulten (1937) that a number of plant species including Abies lasiocarpa may
have survived in small, isolated areas in the unglaciated Yukon Valley. Hulten
| suggested that in postglacial time, these elementary areas, which must have
been situated very close to one another, joined up again to form one more-or-
less continuous 'area,

Since Hulten's (1937) theory was first proposed, numerous attempts have
been made to reconstruct the biogeographical history of a variety of tree
species whose present ranges extend into northern ungl»aciated areas of the
Canadian and American northwest. The reconstruction of a plant's
biogeographical history may be done either through the use of the fossil record,
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to provide direct evidence of past distributions, or through indirect inference from
the modern geographical distribution and patterns of variation in morphological,
cytological, and genetic characteristics (Patterson, 1981; 1983). However, it is
always preferable to reconstruct a species' history directly from the fossil record
whenever possible, so that the modern distribution of variation in characters may
be unambiguously related to the distributional and migrational history of the
species. Unfortuately, fossil records often lack the sensitivity and completeness
needed to provide detailed and reliable species histories (Patte‘rson, 1983).

Pioneer research by Hansen (1949, 1950, 1953) provided a basic pollen
stratigraphy for northern, unglaciated areas in western Alberta, the Yukon, and
Alaska. Based on pollen analysis of peat sections in these studies, the author
suggested that both subalpine fir and lodgepole pine probably persisted during
late Wisconsin glaciation in refugia not far removed from the sampled sites,
either in west-central Yukon, or from ice-free areas in western Alberta and/or
northeastern British Columbia. Appreciable levels of pine pollen were observed
in the lowest levels of sections from the Yukon, thus indicating that pine was
prevalent in the region when the earliest pollen-bearing sediments were
deposited. Subalpine fir was represented consistently in the pollen profiles from
sections along the Alaska Highway from the Yukon-British Columbia border,
west to Haines Junction, Alaska, although in low proportions with a maximum of
only 10% near Whitehorse. Although this early work utilized fossil evidence, it
was difficult to accurately establish a chronology of postglacial reforestation in
these northern, unglaciated areas, since radiometric dates were not applied to
the fossilized pollen, and mere speculation of the ages of the samples was
attempted.

Because lodgepole pine has a similar distribution to that of subalpine fir, it
is reasonable to assume these two species may have parallel biogeographical
histories, particularly at the northern limits of their ranges. Thus, information on
the biogeography of lodgepole pine could provide insight into subalpine firs
biogeography. Since the time of Hansen's (1949, 1959, 1953) early
palynological work, other palaeoecologists have also suggested that lodgepole
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pine was able to persist in northern refugia during the last glaciation, despite a
lack of complete late Pleistocene and Holocene fossil records from the potential
refugia and postglacial migrational routes of this species in western Alberta,
northeastern British Columbia, and the southern Yukon (Heusser, 1967;
Anderson, 1970; 1971). Studies of the modern distribution of various characters
of lodgepole pine have provided additional evidence to support the theory of a
northern glacial refugium. Separate studies have indicated that northern British -
Columbia and Yukon populations of lodgepole pine differ morphologically (von
Rudloff and Nyland, 1979; Critchfield, 1980), chemically (von Rudloff and
Nyland, 1979; Forrest, '198'0; 1981) and in genetic structure (Wheeler and
Guries, 1982a; 1982b) from more southern populations.

A more recent reconstruction of the late Quaternary biogeographical history
of lodgepole pine based upon fossil pollen evidence refutes the widely accepted
hypothesis that relict populations were able to persist throughout the last
glaciation in northern Canadian. refugia (MacDonald and Cwynar, 1985). Based
upon radiocarbon and tephrochronological dating-of pollen profiles obtained
from southern and central British Columbia, Alberta, and the Yukon, these
authors provided substantial evidence 1o indicate that lodgepole pine survived
the late Wisconsin glaciation south of the Laurentide and Cordilleran ice sheets
and migrated northward following deglaciation. Apparently this pine was present
in north central British Columbia and the southern Yukon by 4000 years B.P.
and reached its northern extent in central Yukon less than 400 years ago. This
study emphasizes the need to use caution when utilizing the indirect (i.e.,
non-fossil) approach to the biogeographical reconstruction of a species.

In a subsequent study, Cwynar and MacDonald (1987) proposed an
alternative explanation for at least the observed genetic differences between
northern and southern lodgepole pine populations. Based on a relation between
genetic and morphological attributes of modern populations of lodgepole pine to
their time since founding, these authors suggest that reduced allelic diversity
toward the northern periphery of the range of this pine may result simply from the
stochastic effects of repeated long-distance founding events during its
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continental-scale, postglacial spread. However they also state that because the
migration of lodgepole pine has followed north-to-south macroenvironmental
gradients, that the relative importance of selection along these gradients and the
effects resulting from the migration process itself cannot be clearly distinguished.

Hopkins et al. (1981) synthesized the available macrofossil and
palynological data for a number of tree and shrub species that are potential
candidates for survival in northern refugia, and attempted to show the
persistence of some, and total extinction of others during the last glaciation. As
concluded by these authors, the macrofossil record remains so sparse and the
pollen record so ambiguous that only tentative conclusions can be drawn
concerning the possible persistence and former distribution of trees and large
shrubs in northern, unglaciated areas. They speculate that balsam poplar
(Populus balsamifera L. ) is the best candidate for survival in this region during
the last glaciation, on the basis of macrofossil and pollen evidence from a large
number of sources. Larch (Larix laricina (Du Roi) K. Koch), aspen (Populus
tremuloides Michx.), and alder (Alnus spp.)are also potential candidates,
although the fossil evidence is less conclusive for the persistence of these
species. Murray (1978) supports the theory that balsam poplar and aspen
probably survived in northern refugia through full-glacial time. However Hopkins
et al. (1981) point out that although these species may have been present in
refugia during glaciation, that trees and large shrubs were certainly not
abundant. Instead, they were probably scattered in isolated, local favourable
sites, subsisting most of the time without producing polien or fertile seeds.

The fossil records of white spruce (Picea glauca (Moench) Voss) and black
spruce (Picea mariana (Mill.) B.S.P.), as well as tree birch (Betula spp.) indicate
that these species were probably exterminated in Beringia about 30,000 years
ago and did not reappear until deglaciation permitted dispersal of a new
population from refugia south of the continental ice. Speculation on the
biogeography of white spruce by Hopkins et al. (1981) contradicts the earlier
conclusions of Tsay and Taylor (1978) who compared the isoenzymes of
populations in the Yukon, Alaska, and Ontario, and concluded that the Yukon is
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a centre of genetic diversity, with its unglaciated part having served as a
refugium for white spruce during the last glaciation. However Critchfield (1984)
does not accept the opinion of Tsay and Taylor (1978), stating that their data do
not provide strong enough support for their conclusions.

The possibility that subalpine fir was able to survive in one or more
northern refugia during the last glaciation, as initially proposed by Hulten (1937),
is not well supported by fossil evidence. Other than the undated subalpine fir
fossil pollen present in only trace amounts in Hansen's early studies (1949,
1950,1953), there is a lack of available fossil records for this species in or near
the northern, unglaciated parts of Canada and the United States.

If subalpine fir was able to survive in northern unglaciated areas, the
climatic conditions in such areas would likely have been very severe. However
Heusser (1954) found subalpine fir growing on two sites at the northern end of
the east ridge bordering Taku Glacier in Alaska (Figure 1.5), possibly indicating
the ability of this species to withstand the type of adverse climatic conditions that
would also have existed throughout glaciation. Fir occurs nine miles above the
terminus of the glacier. Heusser (1954) agrees with the opinions of Hulten
(1937) and Hansen (1949, 1950) that subalpine fir at this site migrated from an
unglaciated northern refugium or refugia in either western Yukon Territory or
western Alberta, during middle postglacial time. Heusser believes that this fir
migrated from such a refugium to its present location near Taku Glacier during
middle postglacial time.

It has also been conclusively documented that subalpine fir, among other
species, survived during Wisconsin glaciation in a refugium along the Olympic
Peninsula in Washington, within 6 kilometres of the ice mass (Heusser, 1972),
although this location would have been moderated by the Pacific ocean, so that
climatic conditions would not have been nearly so severe as in the arctic.

The subalpine fir trees found growing near the Taku Glacier in Alaska were
of Krummbholz form, and reproduction was observed to be by means of layering.
This type of propagation has been described as common for subalpine fir at
timberline (Cooper, 1911; Oosting and Reed, 1952) where climatic conditions
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are severe. If subalpine fir was able to survive throughout the most recent
glaciation in isolated, northern refugia, reproduction may have been primarily by
vegetative means, as has been suggested for aspen, larch, and alder under
similar conditions (Hopkins et al.,1981). Such an occurrence could explain why
only trace amounts of subalpine fir pollen were observed in peat sections
sampled near potential refugium sites (Hansen, 1953 ). Even if subalpine fir
trees surviving in one or more northern glacial refugia did produce pollen, it may
not have been well preserved, since Abies pollen, including that of subalpine
and balsam fit", is not well-represented even in modern pollen spectra
(Lichti-Federovich and Ritchie, 1968; Webb and McAndrews, 1976; Mott, 1977;
Mack et al., 1978). Similarly, the pollen of Populus and Larix are also not well
preserved in modern pollen spectra even in areas where the trees are
prominent in nearby vegetation, and their pollen is rarely reported from
interglacial, interstadial, or full glacial pollen profiles, probably because of its
fragility, although the evidence suggests that these species may have persisted
in northern glacial refugia (Hopkins et al., 1981).

The only study of modern variation patterns in subalpine fir at the northern
limits of its range was conducted by. Zavarin et al. (1970). In this study, cortical
monoterpenes were examined in populations from the Yukon to the southern
limits of this fir in Arizona. On the basis of these chéracters, the Yukon
populations were found to be similar to western Washington and Oregon
populations. Critchfield (1984) interprets these results to indicate that the
northernmost subalpine fir populations may have originated from a southern
rather than a Yukon refugium, in which case the Yukon populations have
migrated more than 2000 km in the past 13,000 years. However, additional
characters need to be assessed, and the evolutionary processes that have been
important in the recent development of the northernmost subalpine fir
populations need to be investigated, in order to elucidate the evolutionary
history of subalpine fir at its northern extreme.

Studies that attempt to correlate variation in specific morphological and
physiological traits with variation in climatic factors have been carried out for a
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number of species, in order to determine which evolutionary processes have
been important in the species' development. (Myers and Borman, 1963;
Squillance, 1966, Lester, 1968; Morgenstern, 1978). Parker et al. (1979) found
an indication that phenotypic divergence of subalpine fir populations was
correlated with latitude and/or local environmental conditions in north coastal
British Columbia.

Variation in such characteristics among populations of a species may be
continuous or disjunct, and either gradual or abrupt. Any of the basic genetic
processes of mutation, recombination, migration, isolation, genetic drift, and
selection may operate either individually or jointly to change gene frequencies
in natural populations (Stebbins, 1950). The operation of one or more of these
processes ultimately results in phenotypic interpopulation variation, which may
be the résult of either direct plastic modification of the individual, genetic
divergence due to selection pressures, or genetic divergence resulting at
random (Heslop-Harrison, 1964). It is not possible to determine each component
that contributes to the observed morphological variation among natural
populations, since several sources may interact or have similar effects. Because
random effects, such as those caused by genetic drift, do not foliow a pattern,
they cannot easily be identified. However, phenotypic "plasticity'is influenced
greatly by changes in environmental conditions. Thus, differentiation resulting
from selection pressures that are modified by a varying environment should
show a detectable pattern. If phenotypic plasticity and/or adaptive genetic
variation explain a significant amount of the variation observed among natural
populations, population differentiation attributable to these sources should

therefore correlate with environmental factors.
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OBJECTIVES

The overall goals of this study were to clarify the taxonomy of Abies
lasiocarpa throughout its range from Washington to the Yukon Territory and to
gain a better understanding of the taxonomic relationship between subalpine fir
in this region, and balsam fir from central Alberta to northern Ontario. Within this
context, there were several specific objectives.

A major objective was to examine the patterns of variation in morphological
characters among populations of subalpine fir at the northern limits of its range.
The intent of this investigation was to help clarify the evolutionary history of
subalpine fir in this region, and to provide an indication as to whether the
species was able to survive the last glaciation in one or more northern refugia.

A second objective was to gain an understanding of the evolutionary
processes that have been important in the recent development of subalpine fir at
its northern extreme, by attempting to correlate the observed morphological
variation among populations with specific environmental variables.

A third objective of the study was to expand the investigation of
morphological variation in subalpine fir at the northern limits of its range, to
include populations in more southerly locations, from British Columbia, Alberta,
and Washington. These additional populations were previously used in studies
of morphological and chemical variation in subalpine fir (Parker et al., 1979;
Parker et al., 1981; Parker and Maze, 1984). Morphological data from these
earlier studies was added to the more recent data from the northern limits of the
species range to determine how the overall patterns of variation fit the
hypothetical taxonomic framework of Coastal and Rocky Mountain forms of
subalpine fir as proposed by Hunt and von Rudloff (1979). This expanded
investigation would also provide further insight into the evolutionary history of
subalpine fir at its northern extreme, by clarifying the relationship of the
northernmost populé;t‘ions to those from further south.

The final main o'bjective was to further clarify the relationship between the
firs presently designated as Abies lasiocarpa and Abies balsamea by
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expanding the investigation to include populations from the sympatric zone of
subalpine and balsam fir in west-central Alberta, and selected balsam fir
populations from northwestern Ontaﬁo. Through this investigation, an attempt
was made to determine, on the basis of morphological variation, the existence of
either 1) two separate species, in which case the extent of introgression and
gene flow that has occurred and that may now be occurring between these firs
would be examined, or 2) a continuum in a single, variable species complex.

A subsidiary objective of the study was to examine whether or not the
patterns of variation for mature Abies lasiocarpa from the northern limits of its
range are similar to those of progeny from these populations grown in a

common environment.
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2.0 METHODS

SITES AND COLLECTIONS

Collections of cone and foliage samples were made from mature
subalpine fir trees from ten sites in northwestern Canada and the United States
in August of 1983. Seven of these sites are in the Yukon Territory, two are in
northern British Columbia, and one is in Alaska near the Yukon border.

Foliage samples were collected from cone-bearing branches of ten trees at
each site, and when thgy were available, currént-season cones were collécted
from the same trees. These materials are presently stored in the Lakehead
University herbarium. |

Table 2.1 lists the location and elevation of the ten collection sites as well
as mean height, age, and the range of these parameters for trees at each site.
Table 2.2 provides additional detailed site information for each of these sites,
including associated species. The vegetation associations are quite variable
among sites, which is surprising for tree populations existing in such marginal
situations. Figure 2.1 indicates the locations of the ten sites, as well as those
from which samples were collected in previous studies (O'Reilly, 1981; Parker
et al., 1981, 1984; Parker and Maze, 1984), and which have been used for
morphological analyses in the present study. The shaded area contains
populations in the tentative range of coastal subalpine fir, Abies lasiocarpa, as
designated by Hunt and von Rudloff (1979). The hatched area contains
populations in the tentative range of Rocky Mountain fir, Abies bifolia. Figure
2.2 indicates populations of balsam fir from northwestern Ontario used in this
study. Table 2.3 lists all of the additional collection sites and their locations, as

well as site elevation, tree size, and the number of trees samples at each site.



Table 2.1. Site and collection data for 10 northem populations of Abies lasiocarpa.

NO. OF TREES HEiGHm D.B.H. cm
STE  NAME LATITUDE LONGITUDE  ELEVATION (m) SAMPLED MEAN GE  MEAN E
Nt KenoHilYT.  6355N 13516 W 1311 10 7.2 35110 148  9.0-25.0
N2 Faro,Y.T. 6217N  13315W 1372 10 8.9 7.0-125 168 10.3-255
N3 Mt Sheldon, Y.T. 6240°'N  13114'W 1067 10 9.0 40-145 173 7.8-295
N4 FrancisLake, Y.T. 6104N 12922 W 884 10 9.2 35165 142  43-30.6
N5 Tuchitua, YT.  6048N 12858 W 975 10 10.8 55235 158  5.7-235
N6 Cassiar,BC.  5017N  12935W 1006 10 9.1 25145 150  4.0-22.0
‘N7 Rancheria, YT. 6005N  13035W 1036 10 149 85205 223  10.0-40.8
N8 Johnson's 603N 13304'W 1219 10 72 40-145 151 93323
Crossing, Y.T.

N9  Afiin, B.C. 5040N 13327 W 1372 10
6.6 3590 163  85-21.0

N10 Skagway, 5920'N  13515W 703 10
Alaska 2.3 1.0-5.0 31 1088

1 4
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Table 2.2: Detailed location and site description for 10 northern Abies lasiocarpa sites.

SITE

DESCRIPTION

SITE

DESCRIPTION

N1

Northeast of Keno Hill, Y.T. Broken scrubby
stand of white spruce and subalpine fir. Two
species of shrubby willow and dwarf birch.
Collecting site on NNW aspect of sope.
Subalpine fir first encountered at 1100 m
along a mining access road. Fir tums to
Krumholz at approximately 1524 m.

N6

Sideroad to the north off of Stewant-Cassiar
Road, 113 km south of Alaska Highway, 6
km north of turnoff. Between Boya Lake
and Cassiar, just south of Fort Hope Lake
Indian Reserve. Lodgepole pine stand
with scattered individuals (10-15%) of
subalpine fir and a very small element of
trembling aspen. Very sandy soil.

N2

Road to a mine north of Faro, Y.T. Main cover
on site is subalpine fir and black spruce.
Shrubby willow, low shrub huckieberry and
alder also present. Subalpine fir first
encountered at approximately 1200 m
{between 1070 and 1220 m). Individuals
were stunted and without cones. Siteis an
abandoned gravel pit. Trees appear to be
growing under marginal conditions. Layering
is evident.

N7

Yukon Forest Service Transport tower
access road to the south of Alaska
Highway near Rancheria. Two stands are
located on the site: 1) oid growth (105
years) lodgepole pine with subalpine fir
and some black spruce and birch coming
up as lower tree stratum. 2) old growth
white spruce and subalpine fir. Patches
that apparently escaped an oid bum are
evident.

N3

Canol Road north of Ross River, 127 km
north of Ferry. Collection site is a rocky knoll
west of main road and due east of Mt.
Sheldon. Cover is willow, frembling aspen,
black spruce, white spruce, and subalpine
fir.

N8

Canol Rd. 24 km north of Johnston's
Crossing. Subalpine fir first encountered
at 1067 min a fairly dense lodgepole pine
and white spruce stand. Collection site in
an open subalpine fir stand with this

free the most frequent species.
Lodgepole pine is the next most frequent
tree species, and the site also contains
willow and scattered black cottonwood.

N4

Yukon Highway # 4, 243 km south of Ross
River Junction, between Francis Lake and
Tuchitua. Site is a swampy black spruce stand
with a few individuals of subalpine fir and
tamarack. All but a few frees appear to have
been produced by layering. Subsite (1 km'
south of collection area ) has white and black
spruce with some trembling aspen and is
generally drier.

N9

Boulder Creek Mine Road approximately
20 km east of Atlin B.C. Lower elevations
have stands of lodgepole pine changing
to white spruce and finally subalpine fir
at subalpine zone (ca. 1067 m). Close to
freeline, subalpine fir is the only free
species present.

N5

Highway #10 east of Tuchitua, 24.6 km east
to junction of Yukon Highways #4 and #10.
Fairly steep sideslope of mountains. Old

growth nearly pure stand of subalpine fir with
a minor element of white spruce. Many of the

trees were released by highway clearing
right-of-way.

N10

Highway #2 near White Pass,approximately
10 km north of Skagway Alaska. Collection
site is just off highway on edge of a gravel
pit. Site is semi-Krumholz form of subalpine
fir and Mountain hemlock. Most trees are
-stunted, rarely over 3 m, but cones are
abundant. Nonetheless, layering appears
to be most important for reproduction.
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Fig. 2.1. Location of Abies lasiocarpa and Abies balsamea collection sites. The shaded area
represents the tentative range of A. lasiocarpa (populations with a W) and the hatched area
represents the tentative range of A. bifolia (populations with an E or N), as proposed by Hunt and
van Rudloff (1979). Populations in the putative zone of sympatry between A. lasiocarpa and A.
balsamea are designated with an S. Abies balsamea populations are designated with a-B.
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Table 2.3: Site and collection data for 21 populations of Abijes lasiocarpa and Abies baisamea.

STE  NAME LATITUDE LONGITUDE =15 AT iON NG O A o
Wit MayoCreek,BC. 5447N  12858W 490 9 670  21.0-97.0
W12 Bonneylake, B.C. 5558'N 12848'W ~ 800 14 43.0 27.0-58.0
w13 go((’th Bel-rving,  5645'N 12948'W 580 14 450 31.0-75.0
w14 gogth Bell-ving, 5623'N  12018'W 425 10 39.0 28.0-51.0
W15 Eo(r;bidden Plateau, 4938'N 12523’ W 910 10 24.0 14.0-44.0
W16 Mt Baker, Wash.  4855'N 121 48'W 1220 10 25.0 12.0-43.0
w17 ‘cl:voar;%um. Rainier, 4703'N  12132°W 1770 10 17.0  6.0-31.0
E18  CarpLake, B.C. 5449'N 12317'W 830 10 32.0 24.0-41.0
E19 HartHighway, BC. 5531'N 12247’W 800 10 27.0 17.0-45.0
£20 Puggins M, B.C. 5540'N  12048'W 1100 10 28.0 16.0-41.0
g21 CayuseCreek,B.C. 4925N 11757W 1290 8 20.0 11.0-32.0
£22  Upper Sheep 4908'N 11707W 1610 10 29.0 20.0-38.0

Creek, B.C.
E23  GoatRiver, B.C. 4919'N 116 23'W 900 6 31.0 27.0-33.0
S24 Pinto Creek, Alta. 5438'N 11855 W 920 10 28.0 16.0-41.0
S25 Zitnton Forestry Rd. 5440°N  11830'W 900 10 22.4 17.0-28.0
a. .
B26 Zﬁuchwood Lake, 5445N 11235W 850 15 17.4  12.0-26.0
a.
B27 Keeley Lake, Sask. 5440'N 108 15W 600 15 17.6  10.0-23.0
B28  Kenora, Ont. 4950N  9458'W 380 10 141 93212
B29 Mine Centre, Ont. 4850'N  9305W 370 10 13.0  8.8-24.4
B30 CameronFalls,Ont. 4325N  8910'W 335 10 18.1  11.5-25.0
B31  Manitouwadge, Ont. 4840'N 8555 W 335 10 16.0 10.5-21.8
832  Graham, Ont 4920'N  9225W 460 10 171 11.8-23.7
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PROGENY TEST

A progeny test from seed of five of the ten northern populations (N1, N3,
N5, N6, N10) was initiated in October of 1983. Untreated seed from each of
these sources was sown in Spencer-Lemaire Ferdinand containers in a
randomized complete block design with ten replications. The flats of seedlings
were then placed in a controlled greenhouse environment (natural
photoperiod, 259 C day, 15°C night). After germination was complete, the
seedlings were thinned and allowed to grow for six months in these
greenhouse conditions. Evidently seed from population 10 was not viable, as
no seedlings were obtained from this source, in spite of an abundant cone crop
at this site.

In the spring following germination of the progeny, the seedlings were
removed from the greenhouse and placed outside in a shade house. The
seedlings were then grown for an additional four months before needles from
individual seedlings were selected for measurement and analysis similar to that
done for the parent needle material. Due to variable germination, progeny from
only four or five of the parent trees at each site were available.

CHARACTERS

Similar needle and cone characters were used, whenever possible, in the
present study, as those used in previous taxonomic studies of the variation in
Abies lasiocarpa and Abies balsamea (Parker et al., 1979; Parker et al., 1981;
Parker and Maze, 1984) where they have proven to be good discriminators of
populations and descriptors of variation. Needle material parallel to that of the
previous studies was also used. Needles were always selected randomly from
the previous year's growth, and always from the mid portion of a lateral
cone-bearing branch. In this way, a parallel could be drawn between the
present and previous studies so that the results could be directly compared.

The needle characters (Figure 2.3) included 1) needle width (NW), 2)
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needle thickness (NT), 3) diameter of resin canal (RC), 4) distance from t'he
resin canal to the adaxial needle surface (AD), 5) distance from the resin canal
to the abaxial needle surface (AB), 6) distance from the resin canal to the
needle margin (MD), 7) needle length (NL), and 8) number of rows of stomata
on the adaxial surface at the midpoint of the needle (RS). An additional three
characters were also used. These were 9). diameter of the vascular cylinder
(vC), 10) distance from the vascular cylinder to the .adaxial needle surface
(VAD), and 11) distance from the vascular cylinder to the abaxial needle
surface (VAB). For each tree, needle measurements were determined from the
average of measurements made on five needles from each tree. For the
progeny, needle measurements were determined from the average of
measurements made on five needles of a single seedling from each tree. Each
seedling was selected randomly from among the available progeny from each
tree. '

Because Abies lasiocarpa generally produces average or good seed
crops only every three years (Fowells, 1965), it is often difficult to obtain seed
cones from trees of this species. One of the populations (N2) examined had no
cones available in 1983. In the remaining populations, one typical cone from
each tree was used to obtain measurements of 1) cone length (CL), 2)
diameter of cone axis at the base (ADB), and 3) diameter of cone axis at the
midpoint (ADM). Additional cone characters measured were 4) cone-scale
length (SL), 5) cone-scale width at the widest point (SW), 6) cone-scale bract
length from the base of the awn to the fusion point (BL), 7) bract width at the
widest point (BW) 8) bract awn length (AL), 9) angle of the apex of the scale
bract excluding the awn (An), and 10) distance from the widest point of the
bract to the fusion point (D). These characters (Figuré 2.4) were determined as
the average of five cone scales and associatéd bracts per tree from the
mid-portion of the cone.

In addition to the cone and needle characters that have been described,
20 radial distances from the centres of the same needle c