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Creating a global perspective on past treeline changes
is problematic due to the varying methods and definitions used. A general lack of a detailed description of the
modern treeline position and vegetation complicates any
comparative analysis of the magnitude of the most important changes. However, one seemingly common factor
in most regions was an extremely rapid dispersal of trees
when climate warmed drastically from full glacial conditions. Most Arctic treelines reached their northernmost
positions in the early Holocene and receded to present
positions starting at about 5.8 ka. The early occupation of
the northernmost sites in ice-free and early deglaciated
areas was possible because of the close proximity of
invading trees in nearby glacial refugia, particularly in
Fennoscandia and northern Russia. In Canada, the Northwest Territories and Quebec-Labrador were out of phase
with this general trend due to their late deglaciation. However, even here colonization was rapid, indicating that the
tree species were present adjacent to the glaciers. Following this trend and based on the present evidence, we
propose a scenario of a continuous but modest occupation
of eastern Beringia by spruce during the late-Pleistocene
instead of an exceptionally rapid spread of conifers from
the glacial refugium south of the Laurentide ice sheet (2000
to 3000 km in about 200 years), which typically has been
assumed. Macrofossil evidence of scattered occurrences
of “exotic species” (for instance Siberian larch in central
Sweden) far from their natural range limits in the early
Holocene highlight the disparity between pollen and
macrofossil analyses. It questions the validity of assigned
pollen percentages to indicate the presence of a species
within a region as these species were not observed in the
pollen record. Thus, it is likely that trees were present at
any given site well before the rise in pollen abundance.
There is still a large potential to improve our knowledge
about the environmental history of the circumboreal treeline
areas. In particular, future research should concentrate not
only on patterns of species displacement, but on finding
the factors, apart from climate, which cause treeline shifts.

INTRODUCTION
The tundra-taiga interface, or forest-tundra (lesotundra in Russian, and toundra forestière in French), corresponds to the
subarctic zone where the closed boreal forest gradually becomes
less dense and progressively breaks down into tree islands towards the treeless, Arctic tundra (1). The interface does not form
a sharp limit of tree growth in the landscape but is instead a
north-south transition zone, which often can extend several hundred kilometers from the continuous forest limit, particularly in
Canada and Russia (2–6). The northernmost part of the tundrataiga interface coincides with the Arctic treeline, which is controlled by cold temperatures, precipitation deficits, strong winter winds, lack of snow protection, as well as past and present
influence of human activity particularly in Fennoscandia and
Russia. Indeed, the total number of climatic and other forcing
factors restricting tree growth and regeneration in the forest-tundra is large and regionally variable (5, 6).
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The terminology referring to the tundra-taiga ecotone is relatively well established (7, 8) with forest limit and Arctic treeline
as the most important boundaries. The treeline, with trees having a minimum height of 2.5 m, forms the northernmost limit
of tree growth. The forest limit corresponds to the northernmost
forest, i.e., a stand of several tens of trees with most stems developing vertically (1, 5, 6, 8). The tree species limit extends
north of the Arctic treeline in tree species able to grow as shrubs
in the circumpolar tundra.
The overall latitudinal temperature gradient change is rather
minor when one moves north in flat areas, whereas the change
is stronger with elevation. As a result, the vegetation belts in
mountainous areas are often sharper and narrower than in lowlands. Treeline changes of the northern edge of the forest-tundra are referred to as Arctic treeline shifts while those within
the forest-tundra are called subarctic treeline shifts (1). In contrast to alpine treelines, subarctic treelines are not necessarily
controlled by elevation, but instead describe the boundary between tree and treeless communities on well-drained flat and rolling terrain. Therefore, the changing position of subarctic treelines
denotes a change in abundance of forest-tundra trees, whereas a
changing position of the Arctic treeline corresponds to the latitudinal displacement of the forest-tundra boundary. A southward
shift of the boundary indicates death of trees in the northernmost tree outposts. A retreat of the subarctic treeline is due to
trees being unable to regenerate at a site and indicates a decreasing abundance of forest-tundra trees.
The tundra-taiga across the circumboreal zone is inhabited by
several tree species that experienced major geographical shifts
caused by interrelated forcing factors since the last glacial maximum at 20 ka (thousands of years ago, i.e., cal. years BP) (9).
The reconstruction of past and recent positions of the Arctic
treeline has been a much debated topic during the last three decades. The topic is important for its relevance in the study of the
projected magnitude of environmental changes associated with
greenhouse warming. In this paper, we review the evidence of
treeline dynamics across the circumboreal zone, from the last
glacial maximum (i.e. Wisconsinan in North America and
Weichselian in Eurasia) to present, and comment on the likely
causal factors.
METHODOLOGIES USED IN DETERMINING PAST
TREELINES
Establishment dates, rates of migration of forest trees and treeline
shifts since the glacial maximum have generally been inferred
from indirect pollen evidence, although the use of macrofossil
remains is now increasing (10–17). Pollen analysis has been instrumental in describing the broad picture of vegetational
changes from the Pleistocene to the Holocene across the Northern Hemisphere, especially the composition of the forest (see
among others 18–21). However, pollen data alone are generally
insufficient to evaluate when a tree species established at a site
and to calculate the magnitude of treeline displacements as the
initial small population size and the various ecological constraints experienced by struggling trees may limit the pollen content of lacustrine and terrestrial sediments below the limit of detection.
The analysis of securely identified and radiocarbon-dated tree
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macrofossils is by far the best option for the reconstruction of
past tree locations in the forest-tundra and Arctic tundra. As these
macrofossils are seldom abundant enough for a complete accounting of the biotic changes, we have used both macrofossil
and pollen data in this paper to review the evidence of boreal
tree spread and treeline shifts since the Late Pleistocene.
The initial establishment, direction, and rates of migration of
the dominant boreal tree species from their glacial refugia to
modern locations were evaluated in light of the most recent reports based on fossil remains. For North America, we have used
securely dated macrofossil evidence available from a compilation of publications including those cited by Ritchie (20, 21),
Payette (22), and Jackson et al. (23).
For a given species, the oldest radiocarbon-dated macro-remain found south of the maximum extent of the Laurentian ice
sheet was used as the starting point for postglacial recovery and
the oldest radiocarbon-dated macro-remain in the northernmost
site was used as the realized destination during the Holocene.
The rate of spread of the species was calculated from different
starting points in order to evaluate the likely routes of migration based on the ecological traits of each species. Deglaciation
maps of Dyke and Prest (24) were used as boundary conditions
during particular time slices from the glacial maximum to
present.
No such rates were calculated for the Eurasian trees as recent
macrofossil results indicate that the dominant species were already present at their northern locations in Late Pleistocene and
early Holocene times (17, 25).

TREELINE CHANGES IN EURASIA
Late Weichselian Glacial Maximum
The geographical extent of the Eurasian ice has been a matter
of debate until recently, with one hypothesis of Maximum Glacial Ice, i.e. a panarctic ice sheet covering the whole Arctic shelf
in Eurasia and including central Siberia (26, 27) and a second
hypothesis of Minimum Glacial Ice, i.e. a Eurasian ice sheet
welding together the ice sheets of Scandinavia, the Kara Sea,
and the Barents Sea (28–30). The Minimum Glacial Ice hypothesis, based on mounting evidence of radiocarbon-dated organic
sediments and tree macro-remains dating back to the full-glacial period, indicates that much of the Russian Arctic remained
ice-free and partly forested (Fig. 1), particularly east of the Kola
Peninsula towards Siberia (including the Yamal and Taymyr peninsulas). When the Eurasian ice sheet started to melt, intricate
vegetation assemblages, including tundra, steppe, and forest communities, were located near the ice border, particularly south of
the ice and eastward into Siberia (31). As a result, several tree

species (Fig. 2) were ready to invade newly deglaciated and icefree sites as soon as 15–13 ka in Siberia (32), and 13.1 ka in
central Sweden (33).
The Early Holocene Afforestation of Fennoscandia
According to the traditional view based on pollen analyses, forest expansion in northern Europe began in the early Holocene
when abrupt warming ended the Weichselian Ice Age. The
abrupt warming ca. 11.5 ka resulted in rapid melting of the
Scandinavian ice sheet and several forest trees rapidly colonized
newly deglaciated areas. The earliest forest vegetation in northern Fennoscandia at 10 ka consisted of birch (Betula pubescens
Erhr.) woodlands. Scots pine (Pinus sylvestris L.) forests were
growing in northern Finnish Lapland by 9.5–9 ka. Norway
spruce (Picea abies (L.) Karst) only arrived at its present limit
in Lapland at 3–2.5 ka according to pollen evidence (19, 34–
37). The time-transgressive change in the vegetation cover and
the arrival of the forest trees to the north do not indicate the formation of stable vegetation zones in the early Holocene. For example, pine spread to the Abisko area in northernmost Sweden
only a little before 6.5 ka with the marginal stands perishing by
3.5 ka (38, 39). The maximum spread of pine in Finnish Lapland
occurred between 7 ka and 4.5 ka (34–37, 40, 41).
Macrofossil data on the slopes of the Swedish Scandes Mountains (25, 42–45) challenge the traditional view of early Holocene
vegetation based on pollen analyses (19). Macro-remains of Siberian larch (Larix sibirica Lebed.), which are often
underrepresented in the pollen record, were found at two sites
in the Scandes, and dated ca. 9.5–8.5 ka. This taiga tree spread
early in the Holocene, but for some reason could not survive and
disappeared from Fennoscandia entirely before the maximum
spread of Scots pine. Spruce was already present in the Scandes
in the late Pleistocene and throughout the Holocene (33). Further findings in the northern Scandes indicate that pines were
growing at sites 500 m above the present pine-tree limit even
as early as 10 ka (45).
Many thermophilous tree species also grew at altitudes in the
early Holocene that presently are occupied by alpine communities and subalpine birch woodlands. Macrofossil data include
lime (Tilia cordata Mill.), oak (Quercus robur L.) and hazel
(Corylus avellana L.) amongst common boreal forest species like
pine, birch, and grey alder (Alnus incana L.) (25). The coexistence of trees, which today do not grow in the same habitats and
areas, indicates that the current forest line and treeline areas are
not good analogues to those of the early Holocene.
Treeline Changes in Fennoscandia
The reconstruction of postglacial tree-limit changes have
focussed primarily on Scots pine, which forms the coniferous

Figure 1.
The Eurasian ice sheet
during the Glacial Maximum
(Minimal Glacial Ice
Hypothesis).
1. Taymir Peninsula,
2. Gydan Peninsula,
3. Yamal Peninsula.
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Figure 2.
Dominant tree species across
the circum-Arctic treeline:
I. Betula pubescens, Pinus
sylvestris, Picea abies.
II. Picea obovata.
III. Larix sibirica.
IV. Larix dahurica.
V. Picea glauca,
Picea mariana.
VI. Picea mariana,
Larix laricina.
Place Names:
1. Fennoscandia.
2. Kola Peninsula.
3. Pechora Lowlands.
4. Yamal Peninsula.
5. Gydan Peninsula.
6. Taymir Peninsula.
7. Lena River.
8. Alaska.
9. Yukon.
10. Mackenzie Delta.
11. Tuktoyaktuk Peninsula.
12. Northwest Territories.
13. Quebec.
14. Labrador.
15. Ural Mountains.

treeline in large areas in the Scandinavian mountains and northern Finnish Lapland. Dendrochronological studies on subfossil
pines found in lakes in northern Finland and Sweden have provided substantial information about its former spread (40).
Subfossil wood of birch and grey alder, while less common than
pine, have also been found preserved above their present treelines
in peat, mud, and lake sediments of the Scandes Mountains (16,
44). Birch colonized the mountain slopes rapidly after the regional deglaciation (ca. 9.7 ka), but it was less abundant in the
following two millennia. No discrete subalpine birch belt existed
in the Swedish Scandes in the early Holocene, but instead gradually developed later with increasing abundance and persistence
of snow. The elevation of this belt varies with an upper limit
reaching more than 900 m a.s.l. with an average vertical width
of 100–150 m on mountain slopes. The early birch belts were
formed by a species of the Betula pubescens complex other than
mountain birch (Betula pubescens ssp. czerepanovii [Orlova]
Hämet-Ahti; Betula tortuosa Ledeb.) as this tree was absent in
the early Holocene. In addition to birch, grey alder was also
present with a marked expansion at ca. 8.5 ka (46, 47).
About 10 ka ago, pine trees were growing at much higher altitudes than today due to the dry continental climate and stronger
summer solar insolation that was favorable to pine growth, with
the highest occurrences being found about 500 m above the
present upper pine limit (45). Since then the lowering of the pinetree limit in the Scandes Mountains has proceeded almost constantly (although some views are contradictory to this) (48, 49).
Towards the present time, the strong seasonality with warm summers and cold winters decreased and a more oceanic climatic
regime became prevalent. This change contributed to the development of the subalpine birch belt above the pine limit. While
there have been several climatic fluctuations, the long-term trend
during the past 6000 years has been cooling, which has caused
lowering of the pine-tree limit and birch belt together with various changes in treeline habitats. The Little Ice Age ca. 15501850 A.D. was probably the coldest period since the most
favorable Holocene climatic period around 6 ka, and caused severe dieback in timberline forests (50). The recent warming,
which started in the late 19th century, seems to lead to a proAmbio Special Report 12, Tundra-Taiga Treeline Research

nounced rise in the subarctic treelines on the mountain slopes
(51) and probably also to an expansion of the Arctic treelines
in areas of smooth topography.
Because the topography is gentle in Finnish Lapland, it is difficult to depict past changes in the subarctic treeline. In contrast,
the history of the pine-tree limit is well understood due to a 7500yr long dendrochronological master curve made up of over 2000
subfossil pine samples (52). Many of the subfossil trunks were
obtained beyond the present pine-tree limit (Fig. 3). The dates
show that the maximum occurrence of pine was around 7-4.5
ka. The combination of ecological factors which favored pine
growth in northern Finnish Lapland during the middle Holocene
is not yet known. One hypothesis is that pine immigrated to
northern Finland later than in the Swedish Scandes. While the
pine tree-ring curve extends to 7520 cal. years, pollen data show
that pine was present in Finnish Lapland 10.1–9.5 ka ago, indicating that earlier pine trunks were not preserved (36) or have
not yet been found.

Figure 3. Past and present distribution of the pine limit in
northernmost Finland.
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The highest occurrence of subfossil pines are found in northwest Finland in Enontekiö. They are located at 500–560 m a.s.l.
and reached their maximum elevation at 5.6 ka. The nearest pine
forest is situated 60–70 km southwest at ca. 400 m. This suggests an over 1°C cooling in summer temperatures (11, 40).
Kullman (53) estimated tentatively that in the northern Swedish
Scandes the summer temperature decrease has been ca. 2.4°C
since 9.6–9 ka.
Treeline Changes in Russia
Within the extremely long Arctic treeline zone of northern Russia
there are several different treeline tree species with a variety of
ecological demands. East of Fennoscandia, spruce (Picea
obovata Lebed.) replaces mountain birch as the dominant treeline
species. At the polar Ural Mountains, Siberian larch is the uppermost tree species. At a relatively short distance east of the
Ural Mountains, Larix gmelini Rupr (syn. Larix dahurica
Trautv.) replaces Siberian larch and extends over Siberia until
the Russian Far East.
Recent studies are shedding new light on the Holocene development of treelines in the northern part of European Russia,
particularly those of Kremenetski and colleagues (17, 54, 55),
which are based on radiocarbon-dated tree macrofossils. During the early Holocene, a sustained northward movement of the
Picea and Betula treeline has been recorded (17). During the glacial maximum, spruce persisted in refugia in the southern part
of the Ural Mountains. Radiocarbon dated macrofossils showed
that Picea grew in the Ural Mountains east of the Pechora River
soon after 11.5 ka and reached the shores of the Barents Sea in
the Bolshezemlskaya tundra area by 9.5 ka. Summers were 4°C
warmer than present (17).
Scattered sites of Larix and birch were apparently numerous
during the glacial maximum and persisted across their modern
ranges. This explains their quick spread at the end of the glacial
maximum. Larch forests grew over much of Siberia, for instance
on the shores of Taymyr Lake (74°32'N) at 6.9 ka and 74°20'N
at 13.1–11.5 ka, corresponding to summer temperatures 4°C
warmer than present. According to dated macro-remains, the
northern limit of Larix was located more than 500 km north of
the modern treeline prior to 4–3.5 ka in the southern parts of
the Yamal and Taymyr peninsulas (inferred from Figs 5 and 7
in (17)). Larch retreated to its present position stepwise, but the
exact magnitude and causes of the displacements are not known.
The Larix macrofossils analyzed in these studies were not identified to the species level due to complications arising from their
overlapping ranges. In the Yamal Peninsula, birch was present
up to 70°N at 9.5–8.9 ka, and reached its present treeline position by 4.5 ka in most parts of northern Russia (17). At the
Pleistocene-Holocene transition birch trees were growing north
of 70°N near the coast of the Laptev Sea, which corresponded
to the northernmost shift of the species across the Russian Arctic, that is, 400–500 km north of the modern treeline position
(inferred from Fig. 9 in (17)).
Several other studies are complementing the rich findings of
Kremenetski et al. (17). MacDonald et al. (56) added 57 radiocarbon-dated tree macrofossils to the impressive 249 radiocarbon-dated macrofossils provided by Kremenetski et al. (17).
These new dates fall within the global scheme already developed by the Russian team. Siberian larch wood dated 17.9 ka
indicates that trees were growing in the Gydan Peninsula (between Yamal and Taymyr peninsulas) during the Late Glacial,
suggesting warm conditions for tree growth at that time (57).
Further west on the Kola Peninsula, Scots pine was growing
about 20 km north of the “mapped” present limit of the species
between 7.6 and 4.3 ka, and also about 40 m above present
treeline from 6.7 to 3.8 ka (58). In the same area, in the Khibiny
Mountains region, 49 radiocarbon-dated wood remains of Scots
pine found 100–140 m above the modern treeline indicate bet18

ter growth conditions at 1–1.3 ka (55). A climate at least 0.8°C
warmer than present was inferred from an assumed lapse rate
of 0.6°C per 100 m.
Most peatland initiation in northern Russia occurred at the
Pleistocene-Holocene transition, probably due to wetter and
warmer conditions (14). Pollen and stomate analyses of a radiocarbon-dated peat section in Ortino, in the Pechora lowlands of
northernmost European Russia, allowed the reconstruction of the
vegetation over the last 10 ka (59). The presence of stomates,
which are the lignified remains of the gas-exchange cells of a
leaf, usually indicate the local presence of a species whereas pollen can come from a greater distance. The combined pollen and
stomate evidence suggest that Picea obovata, accompanied by
Betula spp., spread to Ortino soon after 11 ka, with forest vegetation reaching its maximum density 6.3 to 3.2 ka. The treeline
began to recede rapidly before 3.2 ka, likely as a result of significant cooling. During the last few millennia, the treeline
moved about 70 km to the south, from Ortino to Nar´yan-Mar,
where the northernmost forest-tundra tree stands are located today. There are some new macrofossil data from the Pechora delta
area that suggest that the cooling trend began around 5 ka (A.
Kaakinen, pers. comm.). This trend was probably overshadowed
by an effect of local (hydrological) conditions in the pollen flora
at Ortino.
A similar history was observed in the pollen and macrofossils
of 2 other sites in the Pechora lowlands (Warner, Jasinski, and
Andreev; unpubl. data). These researchers suggest that increased
paludification, possibly caused by changes in the hydrological
regime due to spreading permafrost, was not conducive to the
regeneration of Picea obovata and resulted in a treeline retreat
starting at around 5.1 ka. The lack of charcoal at all 4 sites in
the region suggests that fire was not a factor in the retreat. However, fire likely played a role in tree abundance in other regions
of Russia as suggested by charcoal found in a peatland located
in the Lena River valley (60).
One important aspect of treeline dynamics is related to
subarctic treeline changes, that is, changes in treeline position
within the forest-tundra. In the Yamal Peninsula and further east
towards the Lena River, forest trees are located mostly in the
lower reaches of rivers. The upper and middle reaches of these
rivers are presently treeless indicating a lowering of the subarctic
treeline. Since the mid-Holocene, trees were generally excluded
from the upper reaches of rivers in the Yamal Peninsula (61). A
similar pattern was described for the lower Lena River where
larch (Larix dahurica) macrofossils indicate the former presence
of stands on the now treeless uplands (62). Several upland tree
stumps were successfully cross-dated with extant larch trees in
the valley. The uplands were forested prior to 1450 A.D., with
tree death occurring between 1790 and 1900 A.D., presumably
caused by a long-term decrease in temperature. Because the age
of all dead trees varied largely, tree death was not associated with
senescence, but to complex ecosystem factors acting in a
domino-effect fashion caused by the gradual opening of the
stands.

TREELINE CHANGES IN NORTH AMERICA
Late Wisconsin Glacial Maximum
The maximum extent of the Laurentide ice sheet covered most
of Canada, a small part of the northern United States, and southern Alaska (24) (Fig. 4). During the late Wisconsinan full-glacial, a large refugium extended south and east of the Laurentide
ice sheet, including the geographical connection of ice-free Siberia with eastern Beringia. The latter consisted of a large part
of central Alaska, the Yukon, and possibly a small area of the
Tuktoyaktuk Peninsula (63). The pattern of postglacial recovery in North America differed somewhat from that of Eurasia
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because most forest trees spread towards northern areas from a
large southern refugium. A much debated question still unsettled today is the role played by eastern Beringia, the northern
refugium that was totally isolated by inland ice during the glacial maximum, on the postglacial spread of forest trees (20, 64).
Another unique aspect of North America is the late deglaciation
of some parts of the Laurentide ice sheet, particularly in the
Québec-Labrador Peninsula, which was only free of inland ice
in the mid-Holocene (65).
The Early Afforestation of Northwestern North America
Several forest tree species form the North American Arctic
treeline (Fig. 2), with a co-dominance of white spruce (Picea
glauca [Moench] Voss) and black spruce (Picea mariana [Mill.]
BSP.) in Alaska, the Yukon, and western Canada, and dominance
of black spruce in central and eastern Canada (2, 8, 20, 21). The
tundra-taiga interface is well delineated across the continent with
an increasing width eastward from the Northwest Territories to
Hudson Bay and Labrador (2, 8).
The northwestern Arctic coast was rapidly occupied by trees
during the Pleistocene-Holocene transition, but the migration of
trees into the Northwest Territories and eastern Canada was delayed by the late melting of glacial ice in this region. However,
a common denominator concerning most deglaciated areas in
Eurasia and North America, with the salient exception of the
Labrador coast along the Atlantic seaboard, seems to be the relatively rapid colonization of deglaciated land by boreal trees. After the glacial maximum, boreal trees began to move rapidly and,
in many instances, they were located at a relatively short distance from the glacier front. This situation likely prevailed, even
when the ice sheets were still large at 12-10 ka (Fig. 4).
In the Mackenzie-Yukon region, trees (mostly spruce) reached
their northernmost position between 11.5 and 9.5 ka, on the
Tuktoyaktuk Peninsula along the Beaufort Sea. The forest re-

treated significantly after 5.8 ka, with a 50-km southward shift
of the Arctic treeline (10, 66, 67). In contrast to Eurasia, tree
macrofossils above the modern Arctic treeline in the area were
seldom found. Two spruce tree stumps in live position at the soil
surface on the treeless Tuktoyaktuk Peninsula were dated at 5.7
ka (10) and 7.5 ka (13). Black spruce woodlands were growing
near the Arctic Ocean coast between 9.4 and 3.8 ka, some 75
km north of the modern limit of continuous boreal forest (66).
In the central Yukon, maximum spruce forest expansion occurred
between 11.5 and 6.8 ka, as inferred from pollen and needles
preserved in lake sediments; forest changed to tundra after 5.8
ka in the area (68).
Deglaciation of western Canada was rapid between 18 ka and
10 ka, with the separation of the Cordillerian ice sheet from the
Laurentide ice sheet occurring around 13 ka (24). Assuming that
boreal trees were close to the receding ice front, spruce were
moving fast to newly deglaciated sites (69). Based on the first
rise in spruce pollen percentages in pollen diagrams from sites
located in the southern refugium in the central United States,
Manitoba, Saskatchewan, Alberta, the Northwest Territories, and
the northernmost Mackenzie Delta region, it was concluded (69)
that both ends of the transect were colonized during only a few
centuries, at about 10.9 ka, thus suggesting the absence of any
time-transgressive spread of white spruce (inferred identification
from measurements of spruce pollen); the spread of white spruce
was estimated at 2 km yr–1 (69). Although spruce might have
been present at a site well before the rise in spruce pollen, it was
assumed that the species were coming from a distant source area
located far south of eastern Beringia, as first advocated by
Hopkins et al. (64). Most researchers dealing with spruce in eastern Beringia assumed that the species were absent from eastern
Beringia during the late Pleistocene (20, 64, 69).
In a long and well-dated pollen sequence at Hanging Lake
(northern Yukon) spruce pollen grains were relatively abundant

Figure 4.
Extent of the Laurentide ice sheet
from the Glacial Maximum to midHolocene (modified after
Dyke and Prest, 1987).
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(>10%) at 22 ka, but with no pollen being recorded between 16.8
ka and 15.6 ka (70). The absence of spruce pollen was interpreted
as the exclusion of the species from eastern Beringia at that time.
However, spruce pollen is present throughout the sequence from
the glacial maximum to present, although generally < 10%. The
uniformity in the pollen representation throughout the late
Pleistocene and the Holocene raises the problem of the source
area. Spruce pollen might come from a regional source area during the Holocene, likely from the nearby forests of southern Yukon, Alaska and the Mackenzie River region. However, the problem remains as to the identification of the source area before the
major forest expansion at the end of the Pleistocene. Spruce pollen at Hanging Lake during the Pleistocene must have been produced by refugial spruce as suggested by Cwynar (70) for the
21 600–18 500 BP (21 600 BP exceeds CALIB’s data set) interval, but the exclusion of spruce between 16.8 ka and 15.6 ka
was possibly a local event that cannot rule out the presence of
the species in eastern Beringia during and after the glacial maximum.
A similar, continuous record of spruce pollen was registered
at Antifreeze Pond, southern Yukon, with a sharp rise dated 9.8
ka, roughly coinciding with a marked change in sediments from
clayey silts to organic lake sediments (gyttja) (71). Sustained low
percentages of spruce pollen suggest that spruce may have been
present near the site throughout the late Pleistocene. Detrital organic sediments obtained from the upper Porcupine River basin
in the northern Yukon and containing spruce needles were dated
16.3 and 19 ka. The radiocarbon dates were rejected because of
possible redeposition due to wind action on older Pleistocene
sediments (64). However, the redeposition of needles was more
inferential than verified from field surveys, thus raising the possibility of spruce presence at that time. Another line of evidence
for the early presence of boreal trees in the area comes from 14.1
ka to 13.1 ka year-old driftwood (unidentified wood logs) buried at the top of pingo sediments in the Mackenzie Delta area
(72). Although redeposition is highly probable from a nearby
source, the macrofossil evidence points to the presence of coastal
trees before and very soon after deglaciation. At Twin Lake, near
Inuvik, basal peat containing white spruce needles, cones and
seeds, and spruce wood dated at 13.5 ka suggest the rapid occupation of the site after deglaciation (73). These data were
judged invalid (20) because they were different from those of 3
pollen sites in the same area and also because of the apparent
anomaly in green alder pollen and macrofossil representation.
Based on the available pollen and the macrofossil data cited
above, the spread of spruce would have been as fast as 25 km
yr-1 from southern Canada to Inuvik (20, 69): this rapid migration rate is probably not realistic and raises the possibility of
colonization of the Mackenzie-Yukon sites by a spruce refuge,
a simpler and more probable scenario.
Treeline Changes in Central and Eastern Canada
Macrofossil evidence for treeline shifts in this area of extensive
Precambrian plateaux are rather scarce. In the Northwest Territories, postulated treeline shifts are largely derived from pollen
data. north of Yellowknife, a 25-km advance of black spruce into
the Arctic tundra at 5.8 ka, and retreat to modern positions beginning at 3.8 ka, were inferred from fossil pollen (74). Additional pollen and diatom evidence at 2 other nearby lake sites
(75) supported earlier conclusions (74) of modest treeline shifts
in the area; a rapid transformation of tundra to forest-tundra in
only 150 yrs was also inferred from the sharp rise in the percentage of spruce pollen (75). Although awaiting more information on the modern position of treeline trees and vegetation in
the area, it is possible that spruce krummholz surrounding the
sampling sites are the remains of mid-Holocene forest stands.
The retreat of black spruce woodlands at Sleet Lake (66), in the
Mackenzie region around 3.8 ka coincides with that of north of
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Yellowknife (75), but the causes of the receding treeline are not
known.
In the Dubawnt Lake region, maximum spruce percentages in
peat sediments were interpreted as indirect evidence of a > 100
km northward advance of the forest limit relative to its modern
position (76). In the same region (Ennadai Lake and Great Slave
Lake areas), significant treeline shifts from present position were
inferred from spruce pollen percentages in peat deposits, i.e. a
350-km advance at 6.9–5.8 ka, a retreat between 5.8 ka and 4.5
ka, and then a 300-km readvance at 4.5–3.8 ka (77). Because
the coring sites are located in the forest-tundra, changing spruce
pollen percentages cannot be securely attributed to past positions
of the treeline; it is probable that the changes are linked to fluctuating subarctic treelines within the forest-tundra.
East of Hudson Bay, the immigration of boreal trees to their
present range distribution occurred late in the Holocene because
of delayed deglaciation (22). Maximum influx values of spruce
pollen were used to infer a northward displacement of the treeline
several tens of kilometers at 4.0 ka, in the southern part of the
Ungava Peninsula (78). However, other pollen studies in the
same region reported maximum spruce colonization at treeline
sites before 2.0 ka without any apparent tree expansion into the
Arctic tundra (79). Only a minor advance of 5 km of the Arctic
treeline was depicted based on eastern larch (Larix laricina
[DuRoi] K. Koch) macrofossil evidence in the southern part of
the Ungava Peninsula (12). The Arctic treeline 30 km east of
Hudson Bay remained stable during the last 3.2 ka, as inferred
from black spruce macro-remains buried in peat just south of
the present treeline (80). Minor black spruce treeline
displacements (about 5 to 12 km) occurred during the last climatic excursion from the Little Ice Age to present, according to
the shift from stunted to normal tree forms, in established
populations along the eastern coast of Hudson Bay (81, 82). A
similar trend was also depicted in the Scandes Mountains in Sweden (83, 84). Lowering of subarctic treelines has been inferred
from decreasing tree pollen content in lake sediments with estimated shifts of 150 m in the George River area (85) and > 40m in Labrador (86). However, the only direct evidence of downward subarctic treelines during the late Holocene come from
spruce macro-charcoal on treeless uplands of the forest-tundra
in northwestern Québec (1), i.e. an average lowering of 50–60
m and 10–30 m from the center of the forest-tundra to the present
Arctic treeline, and from the center of the forest-tundra to the
northern limit of continuous forest, respectively, corresponding
to a decreasing rate of about 10–15 m per degree of latitude. In
a context of general cooling, wildfire is the major factor having
influenced the overall downward shift of subarctic treelines. Instead of significant changes in Arctic treeline position, most
changes of boreal tree populations in the forest-tundra during the
late Holocene were characterized by fluctuating abundance of
white spruce, black spruce and eastern larch (80, 87, 88).
Based on radiocarbon-dated tree macrofossils, all boreal tree
species spread to northern Quebec and Labrador at a rate of <
0.4 km yr–1. Picea spp. migrated at a rate of 0.2 to 0.4 km yr–1,
depending on the location of the source area south of the late
Wisconsinan ice border (89, 90). Eastern larch also migrated at
a modest speed of < 0.30 km yr–1 from the southern refugium
east of the Prairie in northeastern USA (91) to northern Quebec. According to pollen and macrofossil data, the species arrived during the late Holocene in northwestern Quebec (92). The
oldest macrofossils of jack pine (Pinus banksiana Lamb.) at its
northernmost position near the southern edge of the forest–tundra (93), dated back to 3.2 ka, indicating that the species migrated at a low rate of < 0.17 km yr–1, slower than estimated from
pollen evidence (94). Because of sustained frequency of wildfire, jack pine abundance is presently increasing in the James
Bay region (L. Sirois, pers. comm.). Balsam fir (Abies balsamea
[L.] Mill.) also spread at a rate similar to that of jack pine, to its

© Royal Swedish Academy of Sciences 2002
http://www.ambio.kva.se

Ambio Special Report 12, Tundra-Taiga Treeline Research

northernmost position, in the southern part of the forest-tundra
at 4.7 ka (95), and in northwestern boreal Quebec at 4.2 ka (96).
According to macrofossil data, the abundance of balsam fir in
northern Quebec since the mid-Holocene is steadily decreasing
due to wildfire (D. Arseneault, pers. comm.).
DISCUSSION
The circumboreal tundra-taiga ecotone is a dynamic system
which has been changing since late Pleistocene times. Regional
climate changes have been the main forcing factors causing the
vegetation cover to change, but there are many other variables
affecting the climate and development of ecosystems on the longterm time scale. Fire disturbance is an important factor of
vegetational change during periods critical to forest regeneration.
In the forest-tundra, where tree growth and reproduction are constrained by reduced warmth, fire results in extensive deforestation of upland sites (97). Other factors, including paludification
and changing albedo, also play roles but are less understood. In
addition, most of our knowledge of these processes have come
from modern ecological studies and have not been studied in or
applied to paleoecological investigations.
The most important factor influencing the late Pleistocene and
Holocene climatic evolution was the changes in the geometry
of the Earth’s orbit, which according to the Milankovitch theory,
resulted in changes in the solar insolation in time spans of thousands and tens of thousands of years. The reduced seasonality
and lowering temperatures since the early Holocene are in line
with the changes forced by the celestial mechanics (98, 99). During the Pleistocene-Holocene transition, the summer solar insolation at high latitude was about 8% stronger than at present and
winters were correspondingly colder. Weaker seasonality resulted in cooler summers and wetter conditions in the late
Holocene.
An extremely rapid dispersal of trees, and probably other
plants, took place when climate warmed drastically from full glacial conditions. Overall, most Arctic treelines reached their northernmost positions in the early Holocene and receded to present
positions starting about 5.8 ka. Only the late deglaciated areas
of northern Canada (Northwest Territories and Quebec-Labrador) were out of phase with this general trend. It is likely that
the early occupation of the northernmost sites in ice-free and
early deglaciated areas was possible because of the close proximity of invading trees in nearby glacial refugia, particularly in
Fennoscandia and northern Russia. In northwesternmost North
America, a similar pattern existed, but most researchers speculated that the early arrival of tree species was due to the exceptionally rapid spread of conifers crossing a stretch of land of 2000

to 3000 km in just a few centuries from the glacial refugium
south of the Laurentide ice sheet. Based on present evidence,
there are no scientific reasons to discard the scenario of a continuous but modest occupation of eastern Beringia by spruce during the late Pleistocene. One line of scrutiny already advocated
by Ritchie (20) is to look at the genetic diversity of tree
populations (white spruce, black spruce and eastern larch) distributed across the Mackenzie-Yukon region. The use of molecular techniques to unravel the eastern-Beringian paradox is urgently needed.
Creating a global perspective on past treeline change is problematic due to the large arrays of methods and definitions used.
In addition to the problem of comparing pollen- and macro-fossil-based approaches, the delineation of the changing position
of the Arctic treeline has been generally based on rather loose
criteria. A general lack of detailed descriptions of the modern
treeline position and vegetation in several areas complicates any
comparative analysis of the magnitude of the most important
changes, for instance in northern Russia and in the Northwest
Territories.
There is a strong disparity between the results based on pollen and macrofossils. Small occurrences of plant species have
been overshadowed by abundant pollen rains. This implies that
the use of assigned pollen percentages to indicate the presence
of a species within a region may not be valid, particularly where
a species is at the edge of its geographical range. It is likely that
trees were present at any given site well before the rise in pollen abundance (100). Macrofossil data, although seldom abundant, provides the most direct proof of species establishment.
A problem made apparent by recent tree macrofossil discoveries are the evanescent presence of “exotic” species during early
Holocene in sites far from their natural range limits, for instance
Siberian larch in central Sweden. These trees survived for some
time and then were wiped out by competition and/or by changing environments and climate. Macro-remains indicating the
scattered occurrences of other temperate and boreal species, dating to the Pleistocene-Holocene transition, and which are now
absent from the present alpine and subalpine communities, have
also been found in the Scandinavian Mountains (26, 33, 43, 44).
These findings shed valuable new light on the late Pleistocene
and Holocene vegetational, climatic and environmental changes
and suggest that there still is a large potential to improve our
knowledge about environmental history in circumboreal treeline
areas since the glacial maximum. In particular, future research
should concentrate not only on patterns of species displacement,
but on identifying the factors, apart from climate, which cause
treeline shifts.
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