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INTRODUCTION

Boreal ecosystems are highly sensitive to natural and
anthropogenic climatic change (e.g., MacDonald et al.
1993, Chapin et al. 2004). Recent studies (e.g., Chapin
and Star�eld 1997, Alm et al. 1999, Weltzin et al. 2000,
Smith et al. 2005) provide strong evidence that green-
house warming will lead to pronounced alterations of the
forest�tundra ecotone and wetland/lake ecosystems in
boreal regions. For example, numerical modeling of
boreal-forest dynamics indicates that climatic warming

as little as 28C may result in the conversion from tundra
to boreal forest within 70�290 years near the forest�
tundra ecotone (Rupp et al. 2000). These projections are
in agreement with tree ring and comparative studies
showing that tundra communities have been invaded by
boreal trees in response to post�Little Ice Age climatic
warming (Suarez et al. 1999, Kullman 2002, Lloyd 2005).
The effects of climatic change on boreal ecosystems may
be exacerbated by the behavior of disturbance regimes
(Suf�ing 1995). In particular, forest �re interacts with
climatic change in a complex manner to exert great
in�uences on species composition and ecosystem pro-
cesses (e.g., energy �uxes and elemental cycles) on the
modern boreal landscape (Aber and Melillo 1991,
Chapin et al. 2004, Hu et al. 2006).
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diversity of other mycorrhizal fungi (Glenn et al. 1991).
Thus the abundance of Cenococcum between AD 1490
and 1870 in our macrofossil diagram probably re�ects
both physiological stress and erosion.

In summary, the magnetic and macrofossil records
reveal the erosion of soil organic litter but not the upper,
weathered soil horizons (A, B) between AD 1490 and
1870. Thus the composition of the inwashed organic
debris (e.g., Picea needles, Alnus viridis, tree Betula, and
B. nana remains; see Tinner et al. 2006) dated to AD
1490�1870 probably re�ects that of the soil litter horizon
near the lakeshore. The associated silts and sands must
have derived primarily from exposed lakeshores, given
that the lake does not have a major inlet that could have
exposed and transported the C horizon of soils.

Lake and wetland ecosystems

Between AD 1280 and 1490, diatom assemblages were
dominated by planktonic taxa (e.g., Cyclotella glomera-

ta, C. pseudostelligera, C. michigiana; Fig. 4; zone GD-
1). Simultaneously with the lithostratigraphic change
from AD 1490�1580, an overall decrease in diatom
concentrations and major shifts in species composition
occurred (zone GD-2). C. glomerata and Fragilaria
pinnata decreased in abundance, whereas Pinnularia

borealis increased. P. borealis often grows in soils and as
moss epiphyte with airborne dispersal (Marshall and
Chalmers 1997), and Nitzschia amphibia can tolerate a
broad range of ecological conditions. Some of the

diatom species in zone GD-1 recovered after AD 1580
(e.g., F. pinnata, zone GD-3), but most of them were not
abundant again until AD 1830 (zone GD-4). Around
AD 1830, C. glomerata, a planktonic species that often
blooms during late summer (Sorvari et al. 2002), became
reestablished (GD-5). During the second half of the 20th
century, this species was gradually replaced by Fragilaria

brevistriata and F. pinnata (zone GD-6). The most recent
diatom-assemblage change (Fig. 4; zone GD-6) was
possibly caused by an increased in�ux of nutrients from
human activity in the lake catchment during the past
several decades (e.g., by the camping facilities on the
northern portion of the lakeshore).

Pollen, spores, and microscopic algae suggest the
abundance of aquatic plants, such as Potamogeton,

Nuphar, Isoetes, and Pediastrum between AD 1280 and
1490 in Grizzly Lake (Fig. 5; zone GP-1). Between AD
1490 and 1580 (zone GP-2a) and between AD 1620 and
1850 (zone GP-2c), microscopic remains of aquatic
plants (Nuphar, Isoetes, Pediastrum) were less abundant
or even disappeared, and pollen and spores of wetland
and lakeshore plants (Alnus incana, Salix, Cyperaceae,
Poaceae, Sphagnum, Equisetum; Fig. 5) decreased
greatly. These data suggest that most aquatic macro-
phytes either stopped reproducing sexually or died out.
The conspicuous amounts of Sphagnum leaves in the
sediment of AD 1490 and 1870 (Fig. 5B) probably re�ect
inwash of coarser organic debris from the soil litter
horizon. Macrofossil increases associated with pollen
decreases have been found for other important taxa,
such as Picea and tree Betula (Tinner et al. 2006) and are
interpreted in a similar way, with pollen re�ecting tree
declines (see Fig. 6) and macrofossils suggesting
increased local inwash. Similar to Sphagnum spores,
Daphnia ephippia were absent or in very low abundances
from AD 1490 to ;AD 1890, probably re�ecting major
population collapses or dilution by mineral matter (Fig.
5B). A transient and partial recovery of wetland and
aquatic vegetation occurred at AD 1580�1620 AD (zone
GP-2b; Fig. 5). Aquatic and wetland vegetation fully
recovered between AD 1810 and 1870 (around the zone
boundary GP-2/GP-3), and it remained relatively stable
until today (zone GP-3).

The diatom record of Grizzly Lake helps us under-
stand the causes of the wetland and aquatic changes.
Diatom concentrations and assemblages suggest low
lake levels between AD 1490 and 1830 (Fig. 4) when
planktonic species decreased and allochthonous input
(species related to moist-soil habitats) partly increased.
Although the magnitude of the lake-level variations at
Grizzly Lake is rather uncertain because of the
considerable sample-speci�c errors of the lake depth
reconstruction, lake levels might have been lower by
several meters during the period AD 1490�1830 than
before and after (Fig. 8). Such signi�cant lake-level
�uctuations would have considerably affected the
aquatic macrophyte populations (as revealed by pollen,
spores, and macrofossils). Furthermore, if they re�ect

FIG. 5. Continued.
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ground water table oscillations around the lake, these
�uctuations provide a plausible explanation for dimin-
ished wetland communities.

Taken together the diatom, pollen, spore, and
macrofossil records suggest that aquatic and wetland
habitats (e.g., fens, bogs, �oodplains) were reduced
because of low water levels. Grizzly Lake has no major
inlet and outlet streams. In such a basin, the lake level is
primarily in�uenced by groundwater through precipita-
tion and (temperature-controlled) evapotranspiration.
We therefore assume that the lake-level drops primarily
re�ect precipitation decreases in the Grizzly Lake area
during the LIA.

Terrestrial vegetation and fire

Terrestrial ecosystems covaried with the aquatic and
wetland changes. The pollen data suggest boreal forests
with Picea mariana as the dominant tree between AD
1280 and 1490 (Fig. 6 zone GP-1), likely in the lowland
area south of the lake. Other important tree taxa were
Betula and P. glauca, which probably occupied dry
moraine ramparts and south-facing slopes near the lake
together with isolated Populus trees. The pollen of Alnus
viridis probably originated from thickets growing on
disturbed soils (e.g., avalanche couloirs, landslides,
lakeshores, �oodplains) and near timberline. Betula
shrubs were prevalent in open boggy areas and/or above
tree line, as indicated by the abundance of shrub birch
pollen at Grizzly Lake. P. mariana, P. glauca, and tree

Betula pollen decreased in abundance around AD 1490
(beginning of zone GP-2a). Corresponding to these
changes are marked increases in the pollen values of
Alnus viridis t., Epilobium, Lycopodium annotinum, and
L. clavatum, as well as moderate rises in shrub Betula,
Artemisia, Aconitum, and monolete spores (ferns). These
changes suggest the expansion of cold-adapted or
disturbance-adapted vegetation dominated by shrub
and herbaceous taxa (e.g., A. viridis, Epilobium, Aconi-

tum) at the expense of Picea forests. Between AD 1580
and 1620 (zone GP-2b), pollen assemblages are similar
to those before AD 1500, pointing to a transient
recovery of forest communities. Forest communities
collapsed again after AD 1620 (zone GP-2c), giving way
to a repeated expansion of shrubs, tall herbs, and club
mosses. This phase was interrupted ;150 years ago,
when pollen assemblages suggest the reestablishment of
boreal forests (zone GP-3). Apparently boreal commu-
nities were resilient enough to adjust rapidly to climatic
changes during and after the LIA. The period from AD
1580�1620 seems too short for a full recovery of boreal
forests, and it is possible that the pollen signal (Fig. 6)
re�ects productivity changes (e.g., increased bloom of
surviving trees). However, forest expansion on glacier
fore�elds in response to glacier retreats at AD 1550�
1670 has been unambiguously documented in the tree
ring records of the Wrangell Mountains, close to Grizzly
Lake (Wiles et al. 2002). Within the limits of chrono-
logical reliability, the rapidity of the vegetational change

FIG. 6. Terrestrial pollen, spores, and charcoal in the Grizzly Lake sediment; ��t.�� following a taxon name indicates type.
Statistically signi�cant biozone boundaries are depicted as solid lines. Stars on the right show the occurrence of local �res (Tinner et
al. 2006). Lines above solid curves indicate 10-fold exaggeration so that low values are visible; solid curves show the true values.
Microscopic (micr.) charcoal concentrations and in�ux are also given.
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