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A paleoecological analysis of a southern
permafrost peatland, Charlevoix, Quebec

Claudia Zimmermann and Claude Lavoie

Abstract: The southernmost site where permafrost has been located in the Quebec—Labrador peninsula is in a peatland
on the subalpine summit of Lac des Cygnes Mountain (4RP410°36W). Because of the thickness of its peat de

posit, this site contains rich ecological information about the history of the peatland and its surrounding subalpine envi
ronment. We conducted a detailed macrofossil analysis to reconstruct the 6000-year history of the peatland. In general,
the development of the Lac des Cygnes Mountain peatland has followed the classic succession of rich fen — poor fen —
bog found in other peatlands in subarctic, boreal, and temperate environments. An abrupt decline in all tree
macrofossils ca. 4000 BP suggests that a major deforestation event occurred on the summit of Lac des Cygnhes Moun
tain. The exact cause of this deforestation event is unknown, but fire is a possible factor. The lack of absolute chrono
logical resolution near the top of the macrofossil record precludes proper dating of permafrost inception, but the
balance of evidence appears to indicate that the permafrost is modern.

Résumé: Le site avec pergélisol le plus méridional de la péninsule du Québec—Labrador (a ce jour) est localisé dans
une tourbiére au sommet subalpin du mont du Lac des Cygnes (H7°40°360). En raison de son dépdt tourbeux

épais, la tourbiére contient un grand nombre d’'informations de nature écologique sur 'histoire de la tourbiéere et de son
environnement subalpin immédiat. Nous avons réalisé une analyse macrofossile détaillée pour reconstituer I'histoire de
la tourbiére sur une période de pres de 6000 ans. En général, le développement de la tourbiere du mont du Lac des
Cygnes suit la succession classique fen riche — fen pauvre — bog observée dans d’autres tourbieres des régions subarc-
tiques, boréales ou tempérées. La disparition abrupte des macrofossiles des essences arborescentes vers 4000 ans avan
le Présent suggére que le plateau sommital du mont du Lac des Cygnes a subi une déforestation de grande importance
a cette époque. La cause exacte de cette déforestation est inconnue, mais il est possible qu’un feu soit a I'origine du
phénomene. La faible résolution chronologique de I'analyse macrofossile ne permet pas de dater de fagon précise le
début de la formation du pergélisol dans la tourbiere, mais plusieurs indices laissent croire que ce pergélisol est
d’origine récente.

Introduction and was discovered by S. Payette in 1982 (Payette 1984).
The 2-m thick frozen soil is restricted to a small (0.3 ha)
Permafrost covers approximately one third of thepeat bog surrounded by subalpine vegetation. The perma
Quebec-Labrador peninsula. In the northermn part of the penirfrost likely remains at temperatures very close to the freez
sula (north of 58°N), cold climatic conditions are responsible foring point for most of the year (Allard and Fortier 1990).
the formation of a continuous, thick {50 m) permafrost zone From an analysis of the peat stratigraphy, Payette (1984) has
(Fig. 1). South of 56°N, permafrost is widespread, butsuggested that permafrost development was initiated during
mainly located in peatlands (Allard and Seguin 1987). Peathe Little Ice Age (ca. AD 1570-1880).
is a good insulating material, and prevents frozen soils from The occurrence of permafrost in such a southern and
thawing during the summer season (Brown 1970). South ofow-altitude site (<1000 m) is an interesting periglacial
52°N, permafrost islands are scarce, and to date, the soutRhenomenon, since it is not clear whether cold climatic-con
ernmost are located on mountains in the Charlevoix andlitions alone or a combination of climatological and ecelog
Gaspésie regions (Gray and Brown 1979; Dionne 1984; Payetieal factors (Arseneault and Payette 1997) led to its
1984). formation. Furthermore, the peatland itself is ecologically
The southernmost site with permafrost identified in thesignificant, since its peat deposit would have recorded-envi
Quebec—Labrador peninsula is located on the summit of Latonmental changes in the surrounding area during the
des Cygnes Mountain, in Charlevoix (47°M1 70°36W), late-Holocene epoch. Lac des Cygnes Mountain is covered
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Fig. 1. Spatial distribution of permafrost in the Quebec—Labrador peninsula (Allard and Seguin 1987; Dionne 1984; Payette 1984), and
location of the study area.
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by large patches of subalpine—alpine vegetation dominated The Lac des Cygnes Mountain appears to be very sensi
by lichens. This vegetation is similar to that found 700 kmtive to ecological disturbances, and the reconstruction of its
further north in the forest-tundra of the Quebec—Labradowegetation history during the Holocene epoch may provide
peninsula (Payette 1983). Such open vegetation is unusual iich information about past environmental conditions. The
the Charlevoix region: most mountains at a similar altitudevegetation history of the mountain can be reconstructed us
are covered by dense spruce forests. Bussieres et al. (1996)p the peat deposit of the permafrost peatland located near
and Lavoie (2001) reconstructed the recent evolution of thehe summit, where environmental changes are expected to be
vegetation in the area using macroscopic charcoal and fosgihore important (Lavoie 2001). We conducted a detailed
insects. They concluded that subalpine and alpine beltmacrofossil analysis (vascular plant, moss, lichen, cladoceran,
found in the Charlevoix region developed after 4000 BP,and charcoal remains) using a peat corgamted from this
and resulted from reduced postfire tree regeneration, whicpeatland. The objectives of this study were to (1) reconstruct
likely occurred in relation to cold climatic conditions. It has the history of the peatland and its surrounding environment
also been suggested that the progressive opening up of tlaad (2) determine when the deforestation event of Lac des
forest cover in the study area may have resulted from the cuCygnes Mountain occurred and the possible causes underly
mulative impact of insect outbreaks, cold climatic cendi ing this deforestation.

tions, and fires (Payette et al. 2000). However, a long,

continuous record of environmental changes has not vy

been developed for the alpine—subalpine summits in th&®tudy area

Charlevoix area. Furthermore, it has not been possible to The Lac des Cygnes site (Fig. 1) is a part of Grands-Jardins
precisely date the beginning of the deforestation period angbroyincial Park and one of several mid-altitude (700-1000 m)
to make conclusions regarding the exact cause of this defomountains in the Charlevoix area that form a high plateau

eetation subdivided by many deep valleys. In 1986-1987, temperatures
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were recorded on the summit of Lac des Cygnes MountaiMacrofossil diagrams were constructed using the total number of
at the exact location of the permafrost peatland. Betweepieces for each taxon that were detected, and macrofossil zones
May 1986 and April 1987, the annual mean temperature wasrere then delimited according to tiehanges observed in the
—1.3°C, the mean temperature for the coldest month (Februelative abundance of taxa and the species composition through
ary) was —15°C, and that of the warmest month (July) waghe peat profile.
10°C (Allard and Fortier 1990). Vegetation was established Past fires in the peat profile were detected by extracting
after deglaciation, ca. 9200 BP. Pollen analyses indicate that0 cn? from the 1- and 0.5-mm fractions of each subsample
a forest cover composed of balsam fikbjes balsamé&a and counting the charcoal pieces under a binocular micro
white birch Betula papyrifery, and black spruceRicea scope. Charcoal pieces from the 2-mm fractions were not
mariang became established about 8000-7400 BP on theonsidered, because they differed too much in size to be
plateau, although these tree species were probably presentéompared, but their presence was nevertheless noted- Char
the study area from 8700 BP (Bussiéres 1992). Today, owoal number was adjusted for a total volume of 15C ah
mesic sites, balsam fir is the main tree species, but it-s repeat (Pellerin and Lavoie 2000). Finally, plant remains were
placed in wet depressions and on high-altitude (>800 mgxtracted from the subsamples for conventional (5-10, 45-50,
sites by black spruce. Fir and spruce forests are mainky dist00-105, 150-155 cm) or accelerator mass spectrometry
turbed by spruce budwornChoristoneura fumiferanaout (225227 cm) radiocarbon dating. Radiocarbon dates were
breaks. Three spruce budworm outbreaks were recorded alibrated (Stuiver and Reimer 1993) and used to calculate
the study area during the 20th century, between AD 1909-1921he peat accumulation rate. This rate is essential for deter
1948-1954, and 1974-1987 (Perron 1994). Fire is also eining the macrofossil influx, or the number of macrofossil
common disturbance in the Charlevoix region. The most repieces that were deposited per‘cper year (Birks and Birks
cent fires that burned Lac des Cygnes Mountain were re1980).
ported in AD 1915 and 1991. The 1991 fire did not disturb Nomenclature follows (1) Scoggan (1978-1979) for-vas
the permafrost peatland and its surrounding environmentular plants, except Farrar (1996) for trees, (2) Ireland et al.
Another, earlier fire occurred on Lac des Cygnes Mountain1987) for mosses, (3) Esslinger and Egan (1995) for lichens,
about AD 1807 (Dion 1986). and (4) Thorp and Covich (1991) for cladocerans.

The permafrost peatland is located at an altitude of 960 m.
Tree cover in the surrounding well-drained sites is low (<30%)Results
and characterized by the presence of scattered black spruce
individuals with eroded growth forms, which are typical of peat accumulation rate
environments with harsh winter conditions (Lavoie and Peat accumulation (Table 1; Fig. 2) extended over a period
Payette 1992). The main part of the bog is occupied by @f 6600 years, i.e. from ca. 4650 BC to present (ca. 5800 BP
peat plateau, slightly raised (50-100 cm) above the watefo present). A high peat accumulation rate (0.56 mm/year) was
level. On the plateau, vegetation is sparse and dominated l¢corded in the basal peat depd&800-4820 BP). Between
lichens (mainlyCladina rangifering and ericaceous shrubs. 4820 and 3130 BP, the peat accumulation rate decreased
Tree cover is very low (<1%); only stunted balsam fir, blackstrongly (0.23 mml/year), but then increased slightly
spruce, mountain paper bircBétula cordifolig, and tamarack (0.33 mm/year) between 3130 and 1720 BP. The accumula

(Larix laricina) individuals are present. During the sampling tion rate was low after 1720 BP (0.24 mm/year).
period (May 1998), the maximum thickness of the thawed

surface layer was 10 cm. The frozen layer extended to thgjacrofossils

underlying rock surface and was at least 217 cm thick. According to changes observed in the relative abundance
of taxa and the species composition throughout the peat pro
file (Figs. 3, 4), six zones can be delimited to reconstruct the

Methods history of the peatland and its surrounding environment.

In spring 1998 (15 May), a 227 cm-long peat core (diame Zone |: 227-195 cm (ca. 5800-5380 BP)
ter: 6 cm) was extracted from the center of the permafrost This zone corresponds to the beginning of peat accumula
peatland using a power auger. In the laboratory, peat section®n in the depression. The peat formed during this period
were kept frozen before processing to prevent fungal conwas composed mainly of mos®repanocladusspp.) frag
tamination (Wohlfarth et al. 1998). Subsamples of 15¢ cm ments. The dominant sedge species identified Wasex
were taken each 5 cm along the peat core. Subsamples weltgsiocarpa. Tree remainsAbies balsameaBetula cordifolia
washed through a series of screens (2, 1, and 0.5 mm mesheghd (or) papyrifera Larix laricina, Picea marian were
and the remaining fractions were air-dried, again to prevenyery numerous. Some fossil pieces from shrub species were
fungal contamination (Wohlfarth et al. 1998). Macroscopicrecovered Chamaedaphne calyculata, Ledum groenlandicum
remains (vascular plant, moss, lichen, cladoceran, and chageeds of an aquatic speciddenyanthes trifoliatawere also
coal pieces) were sorted under a low-power (50x) binoculagxtracted from the peat samples. Ephippi®aphniaspp. were
microscope. lIdentified specimens were mounted Orparticularly numerous in the basal peat subsample
micropaleontological slides with gum tragacanth. When(227-225 cm). A few charcoal pieces were recovered be
macrofossil remains of a particular taxon were too numerousyeen 227 and 225 cm, and 220 and 215 cm.
in a subsample to be easily counted> 200), 0.5 g of the
subsample was extracted; fossil pieces were then countedpne Il: 195-150 cm (ca. 5380-4820 BP)
and the real number of pieces was estimated for the total This zone is characterized by the almost complete disap
weight of the subsample (Lavoie and Payette 1995)pearance oDrepanocladusragments. Remains of the sedge
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Table 1. Radiocarbon ages from the Lac des Cygnes Mountain peatland.

Laboratory No.  Core depth (cm) Radiocarbon ageCalibrated age Dated material
(years BP +0) (years AD or BC}

UL-1954 5-10 Modern AD 1950 Peat, wood

UL-1900 45-50 1720 £ 70 AD 283 Peat

UL-1955 100-105 3130 £ 100 1375 BC Peat, wood

UL-1956 150-155 4820 + 100 3578 BC Peat, wood

TO-7604 225-227 5800 £ 60 4630 BC Peat

Mean from the standard deviation.

Fig. 2. Peat accumulation rate for the permafrost peatland of Lac des Cygnes Mountain, Quebec. Horizortdl standard error.
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speciesCarex lasiocarpawere also progressively replaced flux was close to zero. Two tree species disappeared almost
by those of C. trisperma. Tree remains decreased in completely from the record (fir, birch). Few remains of
abundance during this period. Between 180 and 150 cnfpruce and tamarack were detected. The most abundant re
numerouscharcoal pieces were recovered, particularly betweefains of shrub species wereAndromeda glaucophylla
160 and 155 cm. Charcoal was composed of wood-fragChamaedaphne calyculatand Ledum groenlandicumSome
ments and charred needles of fir, tamarack, and spruce tree€otton-grass pieces were identifie@phagnumfragments

were the most abundant moss remains recovered, but they
Zone llI: 150-130 cm (ca. 4820-4060 BP) were not very numerous. Three abundance peaks of charcoal

The peat in this zone was composed of numepisagnum  (120-110, 105-95, 75-55 cm) suggest fire events. The first

and sedge or cotton-grasCdrex limosa Eriophorum  two charcoal assemblages contained very few identifiable
vaginatum ssp. spissum remains. Fossil pieces from tree remains. However, the charcoal assemblage located between
species and from two ericaceous shrub spe€iémihaedaphne 75 and 55 cm was composed of several spruce and
calyculatag Ledum groenlandicujrwere also abundant. ericaceous shrub remains.

Zone 1V: 130-50 cm (ca. 4060-1720 BP) Zone V: 50-10 cm (ca. 1720 to recent)

Very few remains of tree species were recovered in the The peat in this zone was mainly composedSghagnum
peat samples corresponding to Zone IV, which contrasts stronglyagments. Spruce remains were more abundant in Zone V
with Zone lll. Throughout this period, the treeacrofossil iR~ than in Zone IV. Cyperaceae remains were dominated by
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Carex trispermaand Eriophorum vaginatunssp. spissum.  Zone lll: poor and humid treed fen (ca. 4820—-4060 BP)
Numerous charcoal pieces (spruce and shrub charred remains)For a period of ca. 880 years, the site was characterized

were recovered between 25 and 15 cm. by a poor and humid treed fen. The peatland was colonized
by black spruce, tamarack, and several ericaceous shrub,
Zone VI: 10-0 cm (present) sedge, andSphagnumspecies. Numerous remains of ot

Between 10 and 5 cm, a rise in both the number of tredOn-grass Eriophorum vaginatunspp spissunwere recoyv
(fir, tamarack, spruce) macrofossil pieces and the tre€'®d, suggesting more ombrotrophic conditions (Couillard
macrofossil influx was observed. However, very few tree@nd Grondin 1986). The high tree macrofossil influx indi
remains were recovered from the surface peat sample (5-0 cnffles a dense tree cover. The surrounding mesic sites were
Throughout Zone VI, there was an increase in the quantitytll covered by fir and birch populations.
and diversity of ericaceous shrub remaithémaedaphne
calyculata Kalmia angustifolia Ledum groenlandicum  Zone IV: open bog with ericaceous shrubs (ca. 40601720 BP)
Vaccinium  angustifolium/myrtilloides V. oxycoccus About 4000 BP, the tree cover of the peatland and its sur
V. uliginosum. Lichens and some moss speci&@cfanum  rounding environment drastically declined. The peatland was
spp., Pleurozium schrebeyiwere also particularly abundant, ajso more ombrotrophic. Remains ofAndromeda
and contributed to form sylvic peat. A major abundanceg|aucophy||a a typical bog plant species (Comtois 1982),
peak of charcoal was detected between 10 and 5 cm.  were numerous. Macrofossil pieces Ghrex limosa a fen
species (Camill 1999), disappeared during this period.-Fluc
tuations in the relative abundance &phagnum lichen,
. . ericaceous shrub, and cotton-grass remains could be related
Vegetation reconstruction to vegetation changes associated with microrelief modifica
tions through time (Ikonen 1993). Of the three charcoal as
Zone |: rich and humid treed fen (ca. 5800-5380 BP) semblages detected in Zone IV (ca. 3600, 3100, and between
Peat accumulation began ca. 5800 BP, and contributed t8500-2000 BP), only the fire, which occurred between
the formation of a rich and humid treed fen (Fig. 5). Moss2500-2000 BP, disturbed the peatland, since charred remains
and sedge species were dominated by taxa such a¥ black spruce and ericaceous shrubs were recovered.
Drepanocladuspp. andCarex lasiocarpathat proliferate in A change in the trophic regime of the peatland could par-
minerotrophic environments when the water table is close taially explain the decline of black spruce and tamarack.
the soil surface and water pH values are high (Jeglum 197Jowever, it does not explain the simultaneous decline of tree
Kuhry et al. 1992; Jasinski et al. 1998; Camill 1999; species colonizing mesic sites (birch, fir). It is unlikely that
Garneau 1999). The presence of small shallow ponds is indian insect outbreak was the main cause of this decline since
cated byMenyanthes trifoliataand Daphnia spp. (Jeglum all tree species (broad-leaved and coniferous species) disap-
1971; Couillard and Grondin 1986; Lavoie 1998; Peteet epeared during this period. Furthermore, the decline does not
al. 1998). The high tree macrofossil influx (birch, fir, spruce, seem to coincide with a fire event. Consequently, there are
tamarack) indicates that the peatland and its surrounding emwo possible explanations for this phenomenon. First, tree
vironment were characterized by a dense boreal forest covedecline may have been related to a fire event that was not
However, birch and fir individuals were probably located detected in the macrofossil analysis. This fire would likely
only on the mesic sites surrounding the peatland, since thedeve occurred during cold climatic conditions, reducing
trees are not wetland species (Richard 1975; Lavoie 1998postfire tree regeneration (Payette and Gagnon 1985;
Some of their plant structures (seeds, needles) are easily diBussiéres et al. 1996; Arseneault and Payette 1997). Second,
persed by wind, which could explain their presence in thean abrupt (no more than several decades long) and major
macrofossil assemblage. In the fen, the tree cover was- prolseveral degrees Celcius) climate cooling event may have oc
ably composed of black spruce and tamarack, which are typcurred, strongly reducing the forest cover on the summit of
ical peatland species (Montague and Givnish 1996). Lac des Cygnes Mountain. However, the latter hypothesis is
not preferred, since no major climatic cooling episode has

Zone II: transition: rich fen — poor fen (ca. 5380-4820 BP) been reported for southern Quebec ca. 4000 BP (Richard

About 5400 BP, a transition occurred in the trophie re 1994; Lavoie 1998).
gime: the rich fen progressively developed into a poor fen.
Drepanocladusspp. mosses disappeared rapidly, @atex Zone V: open Sphagnumbog (ca. 1720 to recent)
lasiocarpa was replaced byC. limosa and C. trisperma For most of the last 1700 years, the peatland was charac
sedge species that colonize more acid oligotrophic wetland®rized by an open bog dominated Bphagnumericaceous
(Jeglum 1971; Couillard and Grondin 1986). The presencshrub, and cotton-grass species. Few black spruce individu
of seeds oMenyanthes trifoliatasuggests that some shallow als were present, but the tree macrofossil influx increased at
ponds were still present. During this period, the treethe end of Zone V, suggesting a closing in of the tree cover
macrofossil influx decreased and reached a minimum duringn the peatland and (or) the surrounding mesic sites. The
a fire event occurring ca. 4900 BP. This fire disturbed notquasi-absence of fir and birch remains suggests that these
only the mesic sites surrounding the peatland, but also the#ee species have never recolonized mesic sites. A major
peatland itself, as suggested by the decrease in the numbeharcoal assemblage (25-15 cm) suggests that a fire dis
of macrofossil pieces of all tree species, including blackturbed the bog and mesic sites. Dion (1986) estimated that a
spruce and tamarack. fire occurred on Lac des Cygnes Mountain ca. AD 1807; it
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Fig. 3. Macrofossil diagram for the permafrost peatland of Lac des Cygnes Mountain, Quebec: (A) Betulaceae and Pinaceae,
(B) Ericaceae, Menyanthaceae, and Rosaceae, (C) Cyperaceae and (D) Bryophyta, Lichenes, and Cladocera.
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is likely that the charcoal assemblage located between 28hrubs on the bog (Zoltai and Tarnocai 1975; Morneau and
and 15 cm was produced by this fire. Payette 1989).

Zone VI: open permafrost bog (present) Discussion

Today, a treeless permafrost peat plateau characterizes the
site. The growth of ice lenses in the soil has raised the bo@evelopment of the peatland of Lac des Cygnes Mountain:
surface above the water table. This has caused the seil suautogenic and allogenic processes
face to dry out, and favored the establishment of lichens and In the period following deglaciation of the Charlevoix re
the formation of sylvic peat. Two species appear here for thgion and up until 6000 BP, cold climatic conditions probably
first time in the macrofossil recordPleurozium schreberi persisted in the mountainous areas of southern Quebec. Af
and Vaccinium uliginosum.Remains of ericaceous shrub ter 6000 BP, the climate of southern Quebec was warmer
species were also particularly abundant in Zone VI, suggestand wetter (Richard 1995), which probably contributed to
ing a drying of the environment (Zoltai 1993). A charcoal initiating peat accumulation on Lac des Cygnes Mountain
assemblage (10-5 cm) suggests that a fire recently burngdbout 5800 BP). After this event, peatland development was
the peatland and the surrounding environment. Thisnainly influenced by autogenic processes. This study shows
assemblage probably corresponds to the AD 1915 fire (Diomhat the progressive thickening of the peat deposit favored
1986). This fire also favored the establishment of ericaceoughe establishment of ombrotrophic species (eSphagnum
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spp.) at the expense of minerotrophic species (Earex partially reforested with black spruce during the last 1000
spp.). In general, and for most of its existence, the developyears, but fir and birch tree species have never recolonized
ment of the Lac des Cygnes Mountain peatland followed thehe site. Today, balsam fir is rarely seen on Lac des Cygnes
classic succession of rich fen to poor fen to bog found inMountain above an altitude of 800 m (Dion 1986). The ex
other subarctic (Jasinski et al. 1998; Vardy et al. 1998), boact cause of this deforestation is still unknown, but the fact
real (Kuhry et al. 1992, 1993; 1997; Lavoie 1998) and-tem that balsam fir has a low postfire regeneration potential
perate peatlands (Lavoie et al. 1995; Lavoie 1998;(Payette 1992; Sirois 1997) suggests that fire was a possible
Robichaud 2000). factor in this decline.

Deforestation of Lac des Cygnes Mountain Initiation of permafrost in the peatland of Lac des

The macrofossil analysis of the Lac des Cygnes MountairSygnes Mountain
peatland gives information not only about the development Autogenic or allogenic factors may be responsible for the
of the bog, but also about the forest cover in the surroundingggradation and degradation of permafrost in peatlédeispala
environment. An abrupt decline in all tree species ca. 40001982) has shown that a thin snow cover is a major factor fa
BP suggests that a major deforestation event occurred on th@ring the formation of permafrost in subarctic peatlands,
summit of Lac des Cygnes Mountain. The summit has beesince a larger quantity of snow insulates the ground surface
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Fig. 4. Macrofossil concentration and influx diagram for the permafrost peatland of Lac des Cygnes Mountain, Quebec.
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Fig. 5. Schematic representation of the history of the permafrost peatland of Lac des Cygnes Mountain, Quebec, and its surrounding
environment.

Zone |: rich humid treed fen (ca. 5800 - 5380 BP)

s

AL i

Zone lI: Transition: rich fen - poor fen (ca. 5380 - 4820 BP)

Zone IV: open bog with ericaceous shrubs (ca. 4060 - 1720 BP)

Zone V: open Sphagnum bog (ca. 1720 BP - recent)
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from frost. Using macrofossil analyses, Zoltai (1993) -pro References

posed that the presence of a thin layer (40—70 cn8pifag

num fuscumin the bogs of northwestern Alberta (Canada)Allard, M., and Fortier, R. 1990. The thermal regime of a perma
allows the surface to become dry during summer and increases rost body at Mont du Lac des Cygnes, Quebec. Canadian Jour
the insulation value of the peat, thus preventing complete nal of Earth Science7: 694-697. .

thawing of the frozen soil. The aggrading permafrost ele Allard, M., and Seguin, M.K. 1987. Le pergélisol au Québec
vates the peat surface above the water table, creating a drynordique:  bilan et perspectives. Géographie physique et
habitat favoring the establishment of trees, ericaceous shrubs, Quaternaire4l: 141-152. _
feathermosses, and lichens, as well as the formation of sylviérseneaU”- D., and Payette, S. 1997. Land§cape change following
peat. This elevation of the soil surface strongly reduces the deforestatlon at the arctic tree line in Québec, Canada. Ecology,
peat accumulation rate, but does not completely prevent peat 78 693-706. .

formation (Robinson and Moore 1999, 2000). Fires may- conBirks, H.J.B., and Birks, H.H. 1980. Quaternary palaeoecology.
sumevegetation and dry peat in the active layer and initiate Edward Arnold, London.

. . g -Brown, R.J.E. 1970. Occurrence of permafrost in Canadian
mlgisa%rg?grp;{??eﬂg%ggggcj)ﬁg?gb ggt) this is not necessanﬁfpeatlandsln Proceedings of the 3rd International Peat Congress,

. . Québec, Que., 18-23 August 1968. National Research Council
The peatland environment of the summit of Lac des Cygnes of canada, Ottawa, Ont., pp. 174-181.

Mountain was open as early as 4000 BP and the low treqssjeres, B. 1992. La déforestation subalpine au mont du Lac a
cover between 4000 and 1700 BP probably did not favor pgmpéche, Charlevoix, Québec. Ph.D. thesis, Université Laval,
snow accumulation (Allard and Fortier 1990). However, there  sainte-Foy, Que.

is no indication in the vegetation record of permafrost devel gyssieres, B., Payette, S., and Filion, L. 1996. Déboisement et
opment during this period, such as the formation of sylvic entourbement des hauts sommets de Charlevoix a I'Holocéne
peat (sensu Zoltai 1993, 1995). In fact, this peat is present supérieur: origine des étages alpins et subalpins. Géographie
only in the surface (10-0 cm) peat layer, and just above a physique et Quaternair&0; 257—269.

thick (50 cm) layer ofSphagnunspp. It is thus possible that Camill, P. 1999. Patterns of boreal permafrost peatland vegetation
climatic conditions were not cold enough between 4000 and across environmental gradients sensitive to climate warming.
1700 BP to initiate the formation of permafrost in the peatland. Canadian Journal of Botany,7: 721-733.

An alternative hypothesis would be that because of the abcomtois, P. 1982. Histoire holocéne du climat et de la
sence of a thickSphagnumayer in zone 1V, the insulation végétation a Lanoraie (Québec). Canadian Journal of Earth
value of the peat was not great enough to prevent thawing of Sciences19: 1938-1952.

the frozen soll, particularly at such a southern and low-altitudeCouillard, L., and Grondin, P. 1986. La végétation des milieux
site as Lac des Cygnes Mountain. humides du Québec. Les publications du Québec, Québec.

The lack of absolute chronological resolution near the togPion, L. 1986. La dynamique forestiere des hauts sommets de
of the record precludes proper dating of permafrost incep- Saint-Urbain (Charlevoix). M.A. thesis, Université Laval, Sainte-Foy,
tion. However, the balance of evidence appears to indicate QUe: o . .
that the permafrost is modern. The presence of sylvic ped?mnne, J.-C. 1984. Palses et limite méridionale du pergélisol dans
near the surface suggests permafrost during deposition, but |’T]emlsphere nord: le .Ca; _disilafgcfablon, Québec. Géographie
the permafrost likely started to form in the latter stages of PhYsidue et Quaternair@s: 165-184. _ _
Sphagnumaccumulation (Robinson and Moore 2000), i.e. atEssllnger, T.L., and Egan, R.S. 1995. A sixth checklist of the li
the end of Zone V. As previously suggested by Payetté (1984) chen-forming, lichenicolous, and allied fungi of the continental
the Little Ice Age seems to be the best candidate for the timEatrJrg'rte? LS ti;e;Ga'ldeSCZ:';zz' Juh?::r:g';g?é:f;if'g'ervice cana
when environmental conditions would permit inception, within dien des foréts Saint-Laurent :
resolution of the chronology. This would be another indica P d | f'l laire d .
tion that this global climatic event had impacts not only in Garneau, M. 1999. Etu e sur la flore vasculaire e.certaln_s sectgurs
subarctic environments (Payette et al. 1985), but also at the du parc de conservation des Monts-Valin. Herbier Louis-Marie,

. . Université Laval, Sainte-Foy.
Z?rlljéhriig] fringe of the boreal forest in northeastern Norﬂbray, J.T., and Brown, R.J.E. 1979. Permafrost existence and distribu

tion in the Chic-Chocs Mountains, Gaspésie, Québec. Géographie
physique et Quaternair83: 299-316.

Ikonen, L. 1993. Holocene development and peat growth of the
raised bog Pesansuo in southwestern Finland. Bulletin of the

Acknowledgments Geological Survey of Finland370 1-58.

Ireland, R.R., Brassard, G.R., Schofield, W.B., and Vitt, D.H. 1987.

This research was financially supported by Fonds pour la checklist of the mosses of Canada II. Lindberdia, 1-62.
formation de chercheurs et l'aide a la recherche du Québegysinski, J.p.P., Warner, B.G., Andreev, A.A., Aravena, R., Gilbert,

and Natural Sciences and Engineering Research Council of s . zeeb, B.A., Smol, J.P., and Velichko, A.A. 1998. Holocene
Canada grants to C. Lavoie, and by Collection Norditude du  environmental history of a peatland in the Lena River valley, Siberia.
Parc des Grands-Jardins and German National Scholarship canadian Journal of Earth Scienc8s; 637—648.

Foundation fellowships to C. Zimmermann. We thank D.Jjeglum, J.K. 1971. Plant indicators of pH and water level in
Sarrazin for field assistance, M. Garneau, A. Larouche, and peatlands at Candle Lake, Saskatchewan. Canadian Journal of
C. Roy for their help in identifying plant macrofossils, and L.  Botany,49: 1661-1676.

Halsey and an anonymous reviewer for comments on th&uhry, P. 1997. The palaeoecology of a treed bog in western boreal
manuscript. Canada: a study based on microfossils, macrofossils and

© 2001 NRC Canada



Zimmermann and Lavoie 919

physico-chemical properties. Review of Palaeobotany and suivi de leur régénération aprés un feu dans un secteur du parc

Palynology,96: 183-224. des Grands-Jardins affecté par la tordeuse des bourgeons de
Kuhry, P., Halsey, L.A., Bayley, S.E., and Vitt, D.H. 1992. Peatland I'épinette. M.Sc. thesis, Université du Québec a Chicoutimi,

development in relation to Holocene climatic change in Mani  Chicoutimi, Que.

toba and Saskatchewan (Canada). Canadian Journal of Earfeteet, D., Andreev, A., Bardeen, W., and Mistretta, F. 1998. Long-term

Sciences29: 1070-1090. Arctic peatland dynamics, vegetation and climate history of the
Kuhry, P., Nicholson, B.J., Gignac, L.D., Vitt, D.H., and Bayley, Pur-Taz region, Western Siberia. Bore2g, 115-126.

S.E. 1993. Development dsphagnurdominated peatlands in Richard, P.J.H. 1975. Histoire postglaciaire de la végétation dans la

boreal continental Canada. Canadian Journal of Bofiny,0-22. partie centrale du Parc des Laurentides, Québec. Naturaliste ca
Lavoie, C. 2001. Reconstructing the late-Holocene history of a nadien,102 669-681.

subalpine environment (Charlevoix, Québec) using fossil insectsRichard, P.J.H. 1994. Postglacial palaesophytogeography of the

The Holocenell: 89-99. eastern St. Lawrence River Watershed and the climatic signal of
Lavoie, C., and Payette, S. 1992. Black spruce growth forms as a the pollen record. Palaeogeography, Palaeoclimatology, Palaeo

record of a changing winter environment at treeline, Quebec, €cology,109 137-161.

Canada. Arctic and Alpine Resear@¥%: 40—49. Richard, P.J.H. 1995. Le couvert végeétal du Québec-Labrador il y
Lavoie, C., and Payette, S. 1995. Analyse macrofossile d’'une palse @ 6000 ans BP: essai. Géographie physique et Quaternaire,

subarctique (Québec nordique). Canadian Journal of Botany 49: 117-140. 3 o ) o

73 527-537. Robichaud, A. 2000. Etude paléoécologique de la végétation ligneuse
Lavoie, M. 1998. Dynamique de I'entourbement et fluctuations des de la tourbiere de Pointe-Escuminac, Nouveau-Brunswick. Ph.D.

niveaux lacustres postglaciaires au Québec méridional. Ph.D. thesis, Université Laval, Sainte-Foy, Que.
thesis, Université de Montréal, Montréal, Que. Robinson, S.D., and Moore, T.R. 1999. Carbon and peat accumula

Lavoie, M., Larouche, A.C., and Richard, P.J.H. 1995. Conditions tion over the past 1200 years in a landscape with discontinuous
du ,dév,eloppemen’t deyla tourbiére’ de Farnham, Québec permafrost, northwestern Canada. Global Biogeochemical

. - . L Cycles, 13 591-601.
Géographie physique et Quaternaié; 305-316. ) ' .
Montague, T.G., and Givnish, T.J. 1996. Distribution of black Robinson, S.D., and Moore, T.R. 2000. The influence of perma

spruce versus eastern larch along peatland gradients: relation- frost and fire upon Car.b"’? accumulation n high poreal
ship to relative stature, growth rate, and shade tolerance. Cana- peatlands, Northwest Territories, Canada. Arctic, Antarctic, and

- . Alpine Research32: 155-166.
dian Journal of Botany74: 1514-1532. .
Morneau, C., and Payette, S. 1989. Postfire lichen—spruce Wood':}coggan, H.J. 1978-1979. The flora of Canada. National Museum

land recovery at the limit of the boreal forest in northern Que- of Natural Sciences, Ottawa, Ont.
bec. Canadian Journal of Botar67: 2770-2782. Seppald, M. 1982. An experimental study of the formation of

. palsas. Proceedings of the 4th Canadian Permafrost Conference,
Payette, S. 1983. The forest tundra and present tree-lines of the Calgary, Alta., 2-6 March 1981. National Research Council of
northern Québec—Labrador peninsulaTree-line ecology. Pro- ' N .

ceedings of the northern Québec tree-line confereBdéed by Canada, Ottawa, Ont., pp. 36-42.
P. Morisset and S. Payette. Nordicadd: 3-23. Sirois, L. 1997. Distribution and dynamics of balsam fikb{es

- L) balsamedL.] Mill.) at its northern limit in the James Bay area.
Payette, S. 1984. Un flot de pergélisol sur les hauts sommets de g.scienced: 340-352.

Charlevoix, Quebec. Géographie physique et Quaternairegy,ier M., and Reimer, P.J. 1993. Extendé@ data base and

38: 305-307. ) . ) revised CALIB 3.0%C age calibration program. Radiocarbon,
Payette, S. 1992. Fire as a controlling process in the North 355 215_230.

American boreal foresin A systems analysis of the global boreal Thorp J.H., and Covich, A.PEgitors). 1991. Ecology and classi
forest. Edited byH.H. Shugart, R. Leemans and G.B. Bonan. fication of North American freshwater invertebrates. Academic
Cambridge University Press, Cambridge, pp. 145-169. Press, San Diego, Calif.

Payette, S., Bhiry, N., Delwaide, A., and Simard, M. 2000. Originyardy, S.R., Warner, B.G., and Aravena, R. 1998. Holocene cli
of the lichen woodland at its southern range limit in eastern mate and the development of a subarctic peatland near Inuvik,
Canada: the catastrophic impact of insect defoliators and fire on  Northwest Territories, Canada. Climate Change, 285-313.
the spruce—-moss forest. Canadian Journal of Forest Researofypnifarth, B., Skog, G., Possnert, G., and Holmquist, B. 1998. Pit
30: 288-305. falls in the AMS radiocarbon-dating of terrestrial macrofossils.

Payette, S., FiIion, L., Gauthier, L., and Boutin, Y. 1985. Secular Journal of Quaternary Sciencbs: 137-145.
climate change in old-growth tree-line vegetation of northernzoltai, S.C. 1993. Cyclic development of permafrost in the
Quebec. Nature (LondonB15 135-138. peatlands of northwestern Alberta, Canada. Arctic and Alpine

Payette, S., and Gagnon, R. 1985. Late Holocene deforestation and Research25: 240-246.
tree regeneration in the forest-tundra of Québec. Nature-(Lonzoltai, S.C. 1995. Permafrost distribution in peatlands of
don), 313 570-572. west-central Canada during the Holocene warm period 6000

Pellerin, S., and Lavoie, C. 2000. Peatland fragments of southern years BP. Géographie physique et Quaternaige 45-54.

Québec: recent evolution of their vegetation structure. Canadia@oltai, S.C., and Tarnocai, C. 1975. Perennially frozen peatlands in the
Journal of Botany,/8: 255—-265. western arctic and subarctic of Canada. Canadian Journal of Earth
Perron, N. 1994. Dynamique des populations de sapins baumiers et Sciences12 28-43.

© 2001 NRC Canada



Copyright © 2003 EBSCO Publishing



