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Abstract
Changes in diatom assemblage composition since preindustrial times were ana-
lyzed in a landscape paleolimnological study of 50 lakes and also in a more
detailed analysis of a dated sediment core from Slipper Lake in the Canadian
central arctic treeline region. The most apparent taxonomic shift was toward a
higher relative abundance of the planktonic Cyclotella stelligera complex and a
lower relative abundance of benthic Fragilaria taxa (F. pinnata, F. construens
var. venter, F. construens, and F. brevistriata) in the modern versus the older
sediments. Diatom assemblage composition in Slipper Lake recorded a marked
change in the top 5.0 cm (ca. mid-1800s) of the core with a clear shift to a more
planktonic diatom assemblage characterized by higher percentages of the Cyclo-
tella stelligera complex. Possible causative factors, such as recent anthropogenic
acidification, nutrient enrichment, or atmospheric deposition of contaminants, do
not appear sufficient to explain these species changes. Instead, these recent as-
semblage shifts are consistent with limnological changes occurring with climatic
warming, such as a shorter duration of ice cover, a longer growing season, and/
or stronger thermal stratification patterns.

Introduction

Arctic and subarctic regions are particularly sensitive to en-
vironmental changes, and especially those related to climatic
warming (Serreze et al., 2000). Average surface air temperature
has increased by ;0.38C per decade in the 20th century (Keyser
et al., 2000), and increases are predicted to continue to about
48C in subarctic Canadian regions over the next century (Hough-
ton et al., 1996). Circumpolar treeline regions are especially im-
portant for studies of environmental and climatic change, as veg-
etation growth is closely associated with climatic factors such as
temperature (Timoney et al., 1992). Recent increased concern
over climatic warming emphasizes the importance of environ-
mental studies in northern treeline regions.

The central Canadian arctic treeline region covers a large
geographic area containing a multitude of lakes and ponds,
which are further characterized by diverse catchment character-
istics. The abundances and diversity of sites pose challenges for
regional studies, as sufficiently large numbers of lakes must be
studied in order to track changes on landscape scales. As climate
change affects hydrological conditions (MacDonald et al., 2000),
as well as the physical (e.g., thermocline depth, temperature) and
chemical (e.g., ionic concentrations) properties of lakes (Rouse
et al., 1997), changes in these limnological properties will also
influence the composition of aquatic biota (e.g., diatoms: Doug-
las and Smol, 1999; Lotter et al., 1999). Moreover, lakes from
different ecozones (e.g., boreal forest, arctic tundra) will likely
respond differently to environmental changes.

In order to assess or characterize environmental changes
across large regions, long-term water quality data or baseline
conditions are required. Unfortunately, almost no long-term
monitoring data exist in arctic and subarctic regions. Without an
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estimate of past environmental conditions, it is not possible to
assess the magnitude and direction of recent environmental
changes. Paleolimnological methods provide a means to recon-
struct past environmental conditions (Smol, 2002).

Diatoms (Bacillariophyceae) are the most extensively used
biological indicators in paleolimnological studies (Stoermer and
Smol, 1999). They are abundant, ecologically diverse, and, due
to the siliceous nature of their cell walls, diatom valves are often
well preserved in lake sediments. Furthermore, diatoms exhibit
a variety of life strategies, have specific ecological preferences,
and their short life spans enable them to respond rapidly to en-
vironmental changes. Collectively, these characteristics make di-
atoms effective paleo-indicators of environmental change, and
are especially useful in arctic and subarctic regions (Douglas and
Smol, 1999; Lotter et al., 1999).

Paleolimnological techniques are rapidly being integrated
into a variety of studies dealing with ecosystem change, and
especially those related to lake management issues (Smol, 2002).
One of the major drawbacks of detailed paleolimnological stud-
ies, however, is that they are often labor-intensive, and so only
a few sites can typically be studied in detail (e.g., at close sed-
iment intervals). For some types of environmental assessments,
such detailed analyses, although desirable, are not feasible, and
so paleolimnologists have developed sampling methods that al-
low for relatively quick assessments of environmental change
using the so-called top-bottom approaches. Indicators (e.g., di-
atoms) present in the surficial sediments of the lakes (e.g., 0–
0.5 cm, the so-called top sample) are assumed to represent pre-
sent-day or recent conditions, whereas the diatoms preserved in
sediments deposited from preindustrial times (e.g., pre-1850 for
most regions of Canada; the so-called bottom sample) represent
‘‘natural’’ or ‘‘baseline’’ conditions (Dixit et al., 1999). Sediment
samples have the advantage that they represent an integrated
sample of diatoms from all habitats within the lake, as well as
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FIGURE 1. Location of the 50 study lakes and their geographical distribution with respect to the position
of arctic treeline.

an integration of several years of sediment accumulation. This
‘‘top-bottom’’ approach allows researchers to investigate large
numbers of lakes over broad geographic areas, thereby making
regional environmental assessments possible. However, this
technique also has some limitations. As comparisons are only
made between two discrete time slices (i.e., top versus bottom),
it is not possible to precisely pinpoint the timing of environ-
mental changes. Rather, the goal of this type of study is to de-
termine, on a regional scale, whether the present-day environ-
mental conditions are similar to those during preindustrial times,
and if not, what changes have occurred.

Although the ‘‘top-bottom’’ approach has been used in a
variety of lake management studies (e.g., acid rain: Cumming et
al., 1992; Smol et al., 1998; Korsman, 1999; eutrophication: Hall
and Smol, 1996; Dixit et al., 1999), it has rarely been applied
to arctic or subarctic regions (e.g., Korsman, 1999; Michelutti
et al., 2000), and has yet to be used for a paleoclimatic assess-
ment. In this study, we apply this ‘‘top-bottom’’ approach to
make a regional assessment of environmental changes by com-
paring preindustrial to modern diatom assemblages from 50
lakes spanning the northern boreal forest treeline and the tundra
ecozones in the central Canadian Subarctic. Our data show that
the most prominent regional shifts in diatom assemblages were
related to changes in aquatic habitats, most likely as a result of
late-19th- and 20th-century climatic warming.

Site Description

The 50 study lakes were selected to cover a large geograph-
ic area in the central Canadian arctic treeline region (Fig. 1). The
transect of lakes (all unnamed, and so referred to as TK-6 to
TK-58 with the exception of Slipper Lake [SL]) spans a portion
of Canada’s circumpolar treeline from the northeastern side of
Yellowknife (62832.729N, 114807.139W) to the northern prox-
imity of the Thelon Game Sanctuary (66841.329N, 104855.869W)
(Fig. 1, Table 1). The region is characterized by gradually chang-
ing vegetation and climate, including the boreal forest ecozone
to the south, the forest-tundra transitional ecotone, and the arctic
tundra ecozone to the north (Fig. 1). Vegetation is influenced by
many factors, including climate, soils, the degree of permafrost
development, the extent of snow accumulation, bedrock geology,
and nutrient levels (Ritchie, 1993). The study area is underlain
by Precambrian Shield bedrock consisting of gneiss, migmatite,
granitoid intrusions, and metamorphosed volcanic and sedimen-
tary rocks (Padgham and Fyson, 1992). Soils are poorly devel-
oped due to late deglaciation of the region and the presence of
underlying permafrost. Permafrost influences soil conditions and
is loosely associated with climatic factors such as air tempera-
ture, precipitation, and vegetation (Bonan, 1992). Consequently,
the southern limit of continuous permafrost generally follows the
position of arctic treeline, as it has restricting effects on vege-
tation (MacDonald and Gajewski, 1992).
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TABLE 1

Geographical coordinates and selected limnological measurements for the 50 study lakesa

Lake Lat (N) Long (W)

Area

ha.

Depth

m pH

Cond

mS cm21

DIC

mg L21

DOC

mg L21 Zone

CL

cm

SL

TK-6

TK-7

TK-9

TK-10

TK-11

TK-13

TK-14

TK-15

64837.009

66841.319

66841.239

64853.369

65829.409

65833.629

64836.159

64835.909

64835.749

110851.009

104855.869

104855.899

102845.079

103822.019

103823.269

107826.239

107805.939

107805.499

19.00

5.30

1.80

35.70

36.60

6.30

2.60

2.80

0.09

14.00

4.50

9.50

5.50

3.00

3.50

3.10

4.90

3.00

6.40

8.00

7.60

7.50

7.60

6.80

6.90

6.40

6.60

33.80

17.00

12.30

36.30

14.80

9.70

16.10

9.20

9.40

4.20

1.70

1.30

1.50

1.80

1.00

1.20

0.90

1.20

5.00

1.70

1.30

2.70

3.00

2.40

2.30

1.70

1.30

AT

AT

AT

AT

AT

AT

AT

AT

AT

18.5

15.0

14.0

10.0

12.0

13.0

13.0

15.0

9.0

TK-16

TK-17

TK-18

TK-19

TK-20

TK-21

TK-29

TK-30

TK-31

64835.609

64835.699

64809.399

64809.399

64809.009

64809.009

63825.259

63833.709

63837.039

107805.309

107805.019

107849.489

107849.489

107849.009

107849.009

112839.819

112821.219

112817.779

4.20

10.30

10.60

8.40

9.70

9.70

18.02

10.69

3.54

6.00

5.90

7.30

0.80

8.80

1.00

10.10

1.50

5.00

6.60

6.60

6.60

6.70

7.20

7.00

7.70

7.25

6.75

7.30

9.30

8.70

9.70

8.70

17.10

14.60

15.00

13.40

0.70

0.90

1.80

2.30

1.20

2.90

1.80

0.10

1.60

1.30

1.70

3.30

5.30

2.30

10.30

138.0

30.40

27.30

AT

AT

AT

AT

AT

AT

FT

FT

FT

25.0

23.0

14.5

8.5

15.0

10.5

21.0

12.0

15.0

TK-32

TK-50

TK-51

TK-52

TK-53

TK-54

TK-55

TK-56

TK-22

63829.059

63818.489

63832.919

63835.619

63842.549

64830.689

64806.019

63841.429

62842.039

112812.639

111858.279

111842.349

112825.129

112834.409

112841.479

113801.549

113826.689

113859.199

5.93

4.25

8.83

8.97

4.61

9.91

9.84

13.15

8.80

1.50

1.80

1.80

1.90

19.00

3.43

2.60

6.00

2.80

7.50

6.78

6.41

6.18

6.64

6.16

6.96

6.86

7.40

13.70

26.20

18.40

18.10

19.80

12.30

20.60

25.20

62.00

3.20

2.40

1.30

1.00

1.70

0.70

2.80

2.50

6.90

17.50

13.40

11.00

14.00

13.40

5.80

10.40

11.40

12.80

FT

FT

FT

FT

FT

FT

FT

FT

BF

16.5

21.5

8.0

10.5

17.0

34.0

17.0

22.5

24.0

TK-23

TK-24

TK-26

TK-27

TK-28

TK-33

TK-34

TK-35

TK-36

62843.739

62854.209

62854.149

62849.239

63815.319

63812.979

63807.649

63802.729

62845.759

113849.539

113813.159

113823.229

113833.759

113800.229

112836.059

112847.679

113806.469

113828.639

6.90

16.80

20.90

10.10

8.80

6.10

3.60

4.30

4.20

2.00

8.00

16.00

3.00

6.10

10.00

5.00

7.00

1.50

7.60

8.20

7.70

8.00

7.80

7.30

7.40

7.50

7.20

24.20

102.20

56.90

64.60

74.80

2.50

25.90

44.10

39.10

2.80

9.90

7.30

7.50

9.00

2.30

2.70

1.40

2.10

15.20

24.30

6.20

11.00

165.0

116.0

15.00

332.0

80.10

BF

BF

BF

BF

BF

BF

BF

BF

BF

26.0

22.0

22.0

25.0

17.0

24.0

28.0

22.0

22.0

TK-38

TK-39

TK-40

TK-41

TK-42

TK-43

TK-44

TK-45

TK-46

62833.599

62832.899

62832.879

62834.099

62832.759

62831.499

62831.499

62831.019

62830.449

114801.349

113857.139

113856.099

114801.749

113853.409

113850.209

113850.209

113846.769

113839.919

17.40

14.40

7.90

4.30

8.40

7.30

2.90

8.00

2.60

2.10

1.00

2.20

0.50

0.90

7.30

1.40

6.50

0.70

6.30

8.30

7.00

7.70

7.90

7.10

7.10

7.80

7.80

64.40

271.10

238.90

149.50

138.50

42.80

134.00

228.90

405.10

6.40

26.10

13.80

11.20

12.20

3.10

8.00

21.70

42.30

26.50

69.90

30.20

51.60

44.80

13.40

26.20

24.80

61.10

BF

BF

BF

BF

BF

BF

BF

BF

BF

24.0

28.5

21.5

16.5

23.0

23.5

21.5

22.7

10.5

TK-47

TK-48

TK-49

TK-57

TK-58

62840.699

62848.279

63810.999

63820.219

62853.379

113851.039

113826.129

112822.839

113842.309

114804.249

4.60

18.50

12.20

3.00

2.60

2.50

1.50

3.70

4.60

3.20

6.90

7.40

7.40

6.60

7.30

32.80

100.20

97.40

27.60

76.90

2.60

10.10

9.00

2.10

9.10

17.40

24.60

9.60

16.40

26.20

BF

BF

BF

BF

BF

28.0

31.5

28.5

14.0

32.5

MEAN 9.32 4.70 7.16 58.42 5.47 31.17 19.4

a AT 5 Arctic tundra; FT 5 forest-tundra, BF 5 boreal forest, CL 5 core length.

Warmer seasonal temperatures and higher annual precipi-
tation occur in the boreal forest sites to the south in comparison
to the more northern sites in the arctic tundra. The boreal forest
region near Yellowknife has an average annual precipitation of
267 mm (Canada, 1990), and mean July daytime and January
nighttime temperatures of 22.58C and 2308C, respectively
(Canada, 1991), and lakes have an ice-free period of approxi-

mately 120 d (Wedel et al., 1990). In contrast, northern sites
in the tundra have an ice-free period of only ;90 d, an average
annual precipitation of 200 mm, and mean July daytime and
January nighttime temperatures of 12.58C and 237.58C, re-
spectively (Canada, 1990; Canada, 1991).

The three ecozones (i.e., boreal forest, forest-tundra, arctic
tundra; Fig. 1) were delineated using aerial photographs, topo-
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graphical maps, field observations, and maps developed by sat-
ellite imagery (Canada, 1996). The zonations closely adhered to
descriptions given by Ritchie (1993) and Timoney et al. (1993).

The boreal forest is primarily composed of a closed-crown,
continuous forest with a lichen floor. Conifers, including Picea
mariana (black spruce), P. glauca (white spruce), Abies balsa-
mea (balsam fir), and Pinus banksiana (jackpine), represent the
majority of the trees (Ritchie, 1993). Conifers also dominate the
transition zone (e.g., Picea mariana, P. glauca, and Larix lari-
cina [larch] [Sirois, 1992]), but several deciduous tree species
(e.g., Populus balsamifera [balsam poplar], P. tremuloides
[trembling aspen], and Betula papyrifera [paper birch]) are also
present. The arctic tundra ecozone is characterized mainly by
sedges, lichen-heath, and dwarf shrub vegetation (Ritchie, 1993).
A more detailed site description is given in Rühland and Smol
(2002).

Materials and Methods

COLLECTION OF SEDIMENT CORES

TK-6 to TK-36 were sampled within a short time window
between 10 August and 19 August 1996, and TK-37 to TK-58
were sampled between 14 August and 23 August 1998. These
49 sites represent a subset of 77 calibration lakes that have been
used to develop diatom-based transfer functions for limnological
variables (Rühland and Smol, 2002). Slipper Lake (SL), a tundra
site, was sampled through ;1.8 m of ice on 26 March 1997, and
was added to this lake set for a total of 50 sites (15 tundra, 11
transition, and 24 forest lakes).

Sediment cores were obtained from the deepest part of each
of the 50 lakes using a mini-Glew (1991) gravity corer equipped
with a 4.0-cm-diameter core tube. The surficial sediments (top
0.5 cm) and bottom sediments (bottom 1.0 cm) of each core were
sectioned using a Glew (1988) vertical extruder. The mean core
length for these 50 lakes was 19.4 cm (Table 1).

The Slipper Lake core was retrieved from the deepest part
of the lake (;14.0 m) using a modified KB gravity corer (10
cm diameter). The 45.5-cm core was extruded on site at 0.5-cm
intervals for the top 6.5 cm and at 1.0-cm intervals for the re-
maining intervals, resulting in 48 sediment intervals.

PREPARATION AND ANALYSES OF SEDIMENT SAMPLES

Sediment samples were prepared for diatom taxonomic
identification using standard procedures, as described in Rühland
and Smol (2002). For the 50-lake study, a minimum of 350
diatom valves along transects of the coverslip were enumerated
and identified to the lowest taxonomic level possible. Diatoms
in the bottom sediment samples were enumerated using a Nikon
Optiphot microscope (1003 oil immersion, numerical aperture
[N.A.] 5 1.25) or a Leica DMRB microscope (1003 oil im-
mersion; N.A 5 1.3). Diatom taxa in the surficial sediment sam-
ples were identified and enumerated using a Leitz Dialux 20
microscope (1003 oil immersion; N.A 5 0.90). Photomicro-
graphs obtained using the Leica DMRB light microscope
equipped with a Wild Photoautomat MPS45 camera system aid-
ed in maintaining taxonomic consistency between researchers
and in taxonomic identification. Taxonomic consistency between
researchers was further evaluated by exchanges of slides and
frequent taxonomic checks between researchers during the enu-
meration process. For the Slipper Lake core, a minimum of 400
diatom valves were identified and enumerated for each sample
using a Leitz Dialux 20 microscope (1003 oil immersion lens;

N.A. 0.90). Diatom enumerations were expressed as percent rel-
ative abundances of the total number of diatom valves counted
in each sample. Taxonomic references included mainly Hustedt
(1927–1966), Patrick and Reimer (1966, 1975), Foged (1981),
Krammer and Lange-Bertalot (1986–1991), Camburn and
Charles (2000), Hein (1990), Cumming et al. (1995) and Lange-
Bertalot and Metzeltin (1996).

STATISTICAL ANALYSES USED TO INFER PAST
ENVIRONMENTAL CONDITIONS

Diatom taxa that occurred with a relative abundance of at
least 1% in one lake and were present in at least three lakes
formed the data set (i.e., a total of 124 taxa) used for statistical
analyses for the ‘‘top-bottom’’ study. Following Laird et al.
(1998), Bray-Curtis dissimilarity coefficients (DCs) were used to
determine a critical value for comparing the fossil (bottom) di-
atom assemblages. This was done by comparing each top sample
with all other top samples to determine the sample to which it
had a minimum DC (i.e., most similar). The 95 percentile for
the 50 modern (top) samples was calculated based on the mean
minimum DC distance from the modern samples. Any fossil
(bottom) sample that had a minimum DC above the 95 percentile
(. 0.49) was considered to have no analogs in the modern as-
semblage (i.e., greater difference).

To identify which diatom taxa were important in determin-
ing the differences between groups, we used the PRIMER pro-
gram SIMPER (Clarke and Warwick, 1994). This method com-
putes the average dissimilarity between groups and then assesses
the separate contributions of each species to this dissimilarity
(Clarke and Warwick, 1994).

SLIPPER LAKE SEDIMENT CORE CHRONOLOGY

For 210Pb analysis, dried sediment for selected intervals of
the Slipper Lake core were submitted to MyCore Scientific Inc.,
Deep River, Ontario, for analyses. 210Pb activity for each sample
was estimated by alpha spectroscopy. Unsupported 210Pb was cal-
culated by subtracting supported 210Pb from total activity at each
measured level, following the guidelines in Binford (1990).
Dates were determined from unsupported isotopes using the con-
stant rate of supply (C.R.S.) model (Appleby and Oldfield,
1978).

Accelerator Mass Spectrometry (AMS) dating techniques
were used to radiocarbon date bulk sediments (no terrestrial
macrofossils were found) from two intervals by IsoTrace Radio-
carbon Laboratory (University of Toronto). The radiocarbon
dates were calibrated to calendar years before present (cal yr
BP) at IsoTrace using the standard data set INTCAL98 (Stuiver
et al., 1998).

Results
RATIONALE FOR THE ‘‘TOP-BOTTOM’’ APPROACH

We are confident that the downcore diatom assemblages
(i.e., bottom samples) represent preindustrial conditions (i.e.,
conditions prior to ;1850 A.D.), as full sediment cores from
several of our study lakes have been dated using 210Pb chronol-
ogy. For example, 210Pb dating techniques using alpha spectro-
scopy show that the entire inventory of unsupported 210Pb was
contained in the top 4–5 cm of the Slipper Lake (SL) core, the
top 5 cm of the TK-20 core, and the top 6 cm of the TK-54
core (Rühland, 2001). Sedimentation rates in these arctic regions
are typically very low. Bottom samples in this study ranged in
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depth from 8.0 cm to 34.0 cm (Table 1). These data suggest that
most, if not all, of our bottom sample assemblages represented
preindustrial conditions.

CHANGES IN DIATOM ASSEMBLAGE COMPOSITION
SINCE PREINDUSTRIAL TIMES

A total of 410 diatom taxa were identified from the modern
and downcore sediment samples. The relative percent abundanc-
es of the most common diatom taxa are shown in Figure 2.
Approximately 35% of sites exhibited Bray-Curtis DCs outside
the extreme 5% of the modern samples (DC . 0.49) based on
diatom assemblage composition. However, no substantial differ-
ences were observed in these DCs among the three ecozones
(mean DC tundra 5 0.46; mean DC forest-tundra 5 0.48, mean
DC boreal forest 5 0.44).

Based on SIMPER results (Table 2), diatom assemblages in
the arctic tundra lakes had higher abundances of the Cyclotella
stelligera complex (C. stelligera and C. pseudostelligera) in the
modern samples and higher abundances of Fragilaria virescens
var. exigua and Cymbella gaeumannii in the bottom samples.
Forest-tundra lakes had higher abundances of the Cyclotella stel-
ligera complex in the modern sediments and a higher abundance
of Fragilaria virescens var. exigua in the preindustrial sedi-
ments. Boreal forest lakes had higher abundances of the Cyclo-
tella stelligera complex in the modern sediments and higher
abundances of Fragilaria pinnata and Nitzschia fonticola in the
preindustrial sediments. A comparison of all 50 top samples with
all 50 bottom samples (i.e., no zonations) revealed that the Cy-
clotella stelligera complex had higher abundances in the top
samples, and that Fragilaria pinnata and F. virescens var. exigua
had higher abundances in the bottom samples (Table 2).

Clear assemblage changes were recorded among the more
common diatom taxa since preindustrial times (Fig. 2). In agree-
ment with our SIMPER results, the most noted change was an
increase in the relative abundances of the Cyclotella stelligera
complex and a decrease in the relative abundances of small,
benthic Fragilaria taxa (F. pinnata, F. brevistriata, F. con-
struens, and F. construens var. venter) (Figs. 2 and 3a,b). Also
noteworthy were changes in the relative abundances of Fragi-
laria virescens var. exigua, Nitzschia fonticola, and Brachysira
taxa (B. vitrea, B. brebissonii, B. procera, B. styriaca, and B.
zellensis) between top and bottom samples (Figs. 2, and 3c,d,e).
These diatoms (particularly the Cyclotella stelligera complex
and the small Fragilaria taxa) were commonly abundant in the
50 study lakes and, because they exhibited the most substantial
changes, we examined their trends further.

Both the Cyclotella stelligera complex and the small Fra-
gilaria taxa had a higher percent change in sites south of treeline,
with Fragilaria species showing an overall decrease in relative
abundance in the modern assemblages and Cyclotella species
showing an overall increase in abundance (Fig. 4). A comparison
of the amount of change in these taxa along a gradient of in-
creasing dissolved inorganic carbon (DIC) revealed that lakes
higher in alkalinity had greater changes in the percent abun-
dances of Fragilaria and, to a lesser degree, Cyclotella taxa (Fig.
5). Deeper lakes recorded greater increases in the amount of
change for the Cyclotella species, with the largest changes oc-
curring in lakes with a maximum depth greater than 6.0 m (Fig.
6). Lake water depth had no apparent affect on shifts in the
relative percentage of small, benthic Fragilaria taxa (Fig. 6).

Acidophilic Fragilaria virescens var. exigua valves were
common in many of the lakes and, similar to small, alkaliphilic
Fragilaria taxa, showed an overall decrease in relative abun-

dance from preindustrial to present time (Fig. 3c). F. virescens
var. exigua was clearly distinct from the remaining benthic Fra-
gilaria taxa and occurred more commonly and in higher relative
abundances in lakes low in DIC, but was scarce in lakes with
DIC concentrations above 3.5 mg L21 (Rühland et al., in press).
Interestingly, F. virescens var. exigua attained highest abun-
dances in lakes that displayed the most change (i.e., highest min-
imum DC) and, unlike small alkaliphilic Fragilaria taxa, were
common in both the arctic tundra and the forest-tundra zones
and were scarce in the boreal forest lakes (Fig. 2). Nitzschia
fonticola and Brachysira vitrea occurred almost exclusively in
the boreal forest zone (Fig. 2). However, B. vitrea occurred more
frequently and in higher abundances in the modern sediments
(Fig. 3e), whereas N. fonticola was more common in preindus-
trial sediments (Fig. 3d). Achnanthes taxa were amongst the
most commonly occurring diatoms and were present in all 50
lakes in both the top and bottom sediments (Fig. 2), with rela-
tively little change between top and bottom samples in most
lakes (Figs. 2 and 3f).

SLIPPER LAKE SEDIMENT CORE

The Slipper Lake 210Pb profile (Rühland, 2001) exhibited a
characteristic exponential decline in 210Pb concentration from the
surface to the bottom sediments. The profile exhibited no major
departures from an exponential decay curve, suggesting that sed-
iment mixing was not a problem. The 210Pb activity profile in-
dicated that the entire unsupported 210Pb inventory was contained
in the upper 4.0 to 4.5 cm (ca A.D. 1850). Radiocarbon dates
indicated that the Slipper Lake core extends back to approxi-
mately 3660–3365 calibrated years B.C. (Fig. 7).

The diatom flora of Slipper Lake was dominated by small
benthic Fragilaria (F. pinnata, F. construens, F. construens var.
venter, F. brevistriata) species, as well as by centric, planktonic
taxa including the Cyclotella stelligera complex and the heavily
silicified Aulacoseira taxa (A. lirata, A. lirata var. biseriata, A.
perglabra, A. perglabra var. floriniae) at various intervals
throughout the core (Fig. 7). Diatom assemblage composition
remained relatively stable throughout the bottom core intervals.
The benthic Fragilaria complex, previously dominant in this
lake, decreases dramatically at ;9.0 cm (estimated A.D. 1687).
Concurrent with decreases in the Aulacoseira taxa, the plank-
tonic Cyclotella stelligera complex first appears ;8.0 cm and
then increases at 5.0 cm (;A.D. 1837), reaching its maximum
abundance (;20% relative abundance) at the top interval of the
core (Fig. 7).

Discussion
Our 50 study lakes, which span a diverse array of environ-

ments from the treeline ecozone in the central Canadian Arctic,
have clearly undergone major changes in diatom communities
since preindustrial times, with a general shift toward a higher
relative abundance of the planktonic C. stelligera complex and
a decrease in the relative abundance of benthic Fragilaria spe-
cies (Figs. 2, 3a and b, Table 2). These floristic changes likely
occurred during a period of potential anthropogenic disturbance,
beginning in the 19th century. Therefore, we explore several
hypotheses that could potentially explain these changes, includ-
ing (1) acidification, (2) nutrient increases, (3) chemical contam-
inants, and (4) climatic change.

One possible explanation for the recent diatom changes is
acidification due to acid precipitation. It is widely accepted that
acidification is an important stressor in some poorly buffered
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FIGURE 2. Comparison between the relative percent abundances of the most common diatom taxa in
modern and preindustrial sediments for the 50 study lakes. Modern diatom abundances are represented
by solid bars and fossil abundances by open bars. The lakes are separated into the three ecozones (arctic
tundra, forest-tundra, boreal forest). Within each ecozone the lakes are organized in order of decreasing
dissimilarity between surface and bottom diatom assemblages, as measured by the minimum Bray-Curtis
Dissimilarity Coefficients (Min. DC). SL 5 Slipper Lake.

systems and that diatoms are excellent indicators of lakewater
pH (Battarbee et al., 1999). However, in relatively isolated re-
gions, such as in our study area, atmospheric transport and de-
position of sulphuric and nitric acids are very low, even though

their concentrations have increased since the mid-1900s (Yalcin
and Wake, 2001). Furthermore, our study lakes are presently
slightly alkaline, well buffered (mean pH of 7.2; Table 1). More-
over, as has been shown in many paleo-acidification studies, a
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TABLE 2

Results of SIMPER test identifying diatom taxa that were important in determining the differences between modern (top) and pre-
industrial (bottom) sediments in the three ecozones based on their average abundances. The average dissimilarity between the tops

and bottoms for each zone is based on percentages (the higher the percentage, the higher the dissimilarity).

Arctic Tundra: Average dissimilarity between top and bottom samples 5 68.61%

Diatom taxon

Fragilaria virescens var. exigua

Cyclotella stelligera complex

Cymbella gaeumannii

Bottom: Average Abundance

14.49%

6.22%

1.71%

Top: Average Abundance

9.93%

5.80%

4.47%

Forest-Tundra: Average dissimilarity between top and bottom samples 5 68.11%

Diatom taxon

Cyclotella stelligera complex

Brachysira vitrea

Fragilaria pinnata

Bottom: Average Abundance

3.86%

1.71%

2.84%

Top: Average Abundance

10.75%

8.52%

6.67%

Boreal Forest: Average dissimilarity between top and bottom samples 5 75.04%

Diatom taxon

Cyclotella stelligera complex

Fragilaria pinnata

Nitzschia fonticola

Bottom: Average Abundance

6.84%

8.35%

9.59%

Top: Average Abundance

10.75%

6.67%

5.84%

All Sites: Average dissimilarity between top and bottom samples 5 78.49%

Diatom taxon

Cyclotella stelligera complex

Fragilaria virescens var. exigua

Fragilaria pinnata

Bottom: Average Abundance

4.71%

7.47%

5.40%

Top: Average Abundance

8.83%

6.10%

4.29%

characteristic feature of many acidified lakes is the loss of Cy-
clotella species (Battarbee et al., 1999), contrasting with the
trends that we record in this study. The overall decrease in the
abundance of acidophilic Fragilaria virescens var. exigua in the
modern sediments (Fig. 3c) also conflicts with the hypothesis
that acidification was responsible for these diatom changes.
These conclusions are supported by our environmental recon-
struction (Rühland, 2001), based on modern diatom distributions
along a DIC gradient, that showed no consistent changes be-
tween modern and preindustrial DIC estimates.

Lakes in remote areas could possibly be affected by at-
mospheric deposits of nutrients from anthropogenic sources
(Wolfe et al., 2001). However, based on our modern environ-
mental data, together with our temporal diatom trends, it was
clear that there was no relationship between abundances of our
most common taxa (Fragilaria and Cyclotella species) and nu-
trients (total phosphorus [TP] and total nitrogen [TN]) in both
the modern assemblages and in the amount of change between
the modern and fossil assemblages (r2 between 0.003 and 0.07).
In fact, the modern distribution of Cyclotella species along the
TP and TN gradients revealed that higher species abundances
were recorded in lakes with low nutrients (i.e., oligotrophic).
Furthermore, the majority of our lakes were ultraoligotrophic to
oligotrophic (TP ,10 mg L21). Collectively, these findings
strongly suggest that the diatom changes we observed over the
past two hundred years were not related to human-induced nu-
trient increases.

Recently, there has been concern over the impact that long-
range transport of heavy metals and of persistent organic pol-
lutants (POPs), such as organochlorines and polycyclic aromatic
hydrocarbons, have on arctic environments (Muir et al., 1996;
Doubleday, 1997; Betts-Piper, 2001; Rawn et al., 2001). Pro-
duction of many of these compounds commenced in the early to
mid-1900s and therefore may be a possible explanation for our
observed diatom changes. Although paleolimnological studies
examining the relationships between arctic diatoms and chryso-

phytes and contaminants are rare (e.g., Betts-Piper, 2001; Mich-
elutti et al., in press; Paterson et al., in press), these studies have
shown that POPs such as polychlorinated biphenyls (PCBs),
even in high concentrations (Paterson et al., in press), have had
no noticeable impact on arctic algal assemblages over the past
;200 yr.

Our data make a strong case for dismissing acidification,
nutrient enrichment and contaminants as possible causes for the
diatom changes observed in this study. The remaining hypothesis
that we examined to explain these floristic changes is climatic
change. Climatic warming may affect diatom assemblage com-
position through a longer growing season and extended ice-free
periods that affect lakewater characteristics, habitat availability,
and, ultimately, aquatic biota (e.g., Smol, 1983, 1988; Psenner
and Schmidt, 1992; Douglas and Smol, 1999, 2000; Ohlendorf
et al., 2000; Catalan et al. 2002a, b; Koinig et al., 2002; Korhola
et al., 2002; Lotter et al., 2002). For example, increased duration
and stability of thermal stratification with climatic warming al-
ters various lakewater properties, such as nutrient and light avail-
ability and pH (e.g., Sorvari and Korhola, 1998; Lotter and Big-
ler, 2000; Ohlendorf et al., 2000; Sorvari et al., 2002). With
warming, these limnological changes would generally favor the
growth of planktonic diatom species, such as the C. stelligera
complex, in arctic environments (Smol, 1988; Battarbee et al.,
2002; Sorvari et al., 2002).

The changes observed in our 50-lake top-bottom study are
similar to the marked diatom changes reported in the High Arctic
(Douglas et al., 1994), in Finnish Lapland (Sorvari and Korhola,
1998; Rautio et al., 2000; Sorvari et al., 2002), and in recent
studies of several remote European alpine lakes (Lotter and Big-
ler, 2000; Catalan et al., 2002a,b; Koinig et al., 2002; Korhola
et al., 2002; Lotter et al., 2002; see Battarbee et al., 2002, for
overview). These studies have also suggested that the present-
day distribution of planktonic Cyclotella stelligera diatoms ap-
pear to be induced by warmer conditions during the later part of
the thermal stratification period (before fall turnover). In general,
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FIGURE 3. The relationship
between the percent relative
abundances of (a) the Cyclotella
stelligera complex (C. stelligera
and C. pseudostelligera, (b)
small, benthic Fragilaria taxa (F.
brevistriata, F. construens, F.
construens var. venter, and F.
pinnata), (c) Fragilaria virescens
var. exigua, (d) Nitzschia fonti-
cola, (e) Brachysira vitrea, and
(f) Achnanthes taxa (A. acares,
A. altaica, A. carrissima, A.
chlidanos, A. conspicua, A. cur-
tissima, A. didyma, A. exigua,
A. helvetica, A. impexiformis,
A. lacus-vulcani, A. laevissima,
A. laterostrata, A. marginulata,
A. minutissima, A. pusilla, A.
rosenstockii, A. rossii, A. sac-
cula, A. scotica, A. subatomo-
ides, A. suchlandtii, A. thermal-
is, A. ventralis) found in prein-
dustrial and modern sediments
for the 50 study lakes. The ma-
jority of lakes lie above the 1:1
line indicating a higher relative
abundance of the C. stelligera
complex in surface sediments
(a). The majority of lakes lie be-
low the 1:1 line indicating a
higher relative abundance of
small, benthic Fragilaria species
in the preindustrial diatom as-
semblages (b).

planktonic diatoms and air temperature were found to be related
to the duration of ice cover, as first considered by Smol (1983,
1988). In agreement with our findings, these new studies have
consistently found increases in planktonic Cyclotella taxa in the
recent sediments of lakes that have been associated with a warm-
ing climate, and related limnological changes (e.g., extended
and/or more stable thermal stratification, nutrient and light avail-
ability, etc.).

Sorvari and Korhola (1998) and Sorvari et al. (2002) re-
corded strikingly similar diatom assemblage changes in several
Finnish Lapland lakes. They found consistent and synchronous
increases in small planktonic Cyclotella species and decreases in
benthic diatom taxa in the upper sediments of thermally stratified
lakes. Again, these floristic changes were attributed to longer

ice-free periods and increased stability of thermal stratification.
Similarly, in our set of 50 lakes, deeper sites recorded stronger
thermal stratification and also recorded the largest increases in
Cyclotella species (Fig. 6). Cremer et al. (2001) have also found
a diatom assemblage change from planktonic Cyclotella pseu-
dostelligera to benthic Fragilaria taxa in an East Greenland lake.
They too suggested that this floristic change was likely due to a
change in the degree of ice cover related to climatic warming.
In our study, the overall changes in benthic (Fragilaria spp.) to
planktonic (Cyclotella spp.) diatoms (Fig. 3) agree with these
other paleolimnological studies in that the potential mechanism
for this floristic change may be attributed to climatically induced
changes over the past ;150 yr.

In sites dominated by benthic diatom taxa, Cameron et al.
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FIGURE 4. The percentage of change between the modern and preindustrial diatom taxa in relation to
the distance of each lake from current treeline for (a) the Cyclotella stelligera complex (C. stelligera and
C. pseudostelligera) and (b) small, benthic Fragilaria species (F. brevistriata, F. construens, F. construens
var. venter, and F. pinnata). The categorization of zones is based largely on vegetational distributions and
closely follow schemes by Timoney et al. (1993) and Ritchie (1993). These ecozones were delineated
according to ‘‘percentage tree cover’’ derived from field observations, topographic maps, aerial photo-
graphs, and maps derived from satellite imagery (Canada, 1996). Negative distances along the y-axis
indicate lakes south of treeline and positive distances indicate lakes north of treeline. Sites north of treeline
showed little change in the abundances of these two important diatom groups whereas sites south of
treeline recorded marked changes. Negative results indicate a decrease in the relative percent abundance
in the modern sediments and a positive result indicates an increase in the relative percent abundance in
the modern sediments. Most lakes south of treeline recorded an increase in the Cyclotella stelligera
complex and a decrease in benthic Fragilaria species.
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FIGURE 5. The percentage of
change between modern and
preindustrial diatom taxa in re-
lation to increasing measured
dissolved inorganic carbon
(DIC) for (a) the Cyclotella stel-
ligera complex (C. stelligera and
C. pseudostelligera) and (b)
small, benthic Fragilaria species
(F. brevistriata, F. construens, F.
construens var. venter, and F.
pinnata). Negative results indi-
cate a decrease in the relative
percent abundance of these di-
atoms in the modern sediments.

(2002) and Sorvari et al. (2002) recorded much smaller diatom
changes over the last few hundred years. Sorvari et al. (2002)
suggested that the absence of planktonic diatoms in their shal-
low, isothermal lakes elicited a more muted response to climate
change, whereas Cameron et al. (2002) suggested the lack of
change recorded in their lake may be due to its higher acidity.
Similarly, in our study, shallow lakes generally did not record
marked changes in species distributions.

A higher relative abundance of Fragilaria species in our
bottom sediments can be interpreted as generally colder condi-
tions, and related limnological changes (e.g., more extensive ice
and snow cover). Several paleolimnological studies from High
Arctic regions have recorded marked declines in these taxa in
post-1850 sediments, as warming was believed to have occurred
(Douglas et al., 1994; Wolfe, 2000; Smith, 2002). For example,
Smol (1988) and Smith (2002) observed that small Fragilaria
species were dominant in the Arctic during colder temperatures
where environmental conditions, such as longer seasonal ice
cover, would provide a more favorable environment for the sur-
vival of these benthic aquatic diatoms. These observations are
consistent with our interpretations of temporal and regional
trends in Fragilaria species observed in our study.

Further support for climate-related mechanisms influencing
our species distributions were provided by Lotter and Bigler’s
(2000) detailed study of diatoms from a Swiss alpine lake, where

benthic Fragilaria taxa were more abundant under ice cover and
in sediment deposited during the Little Ice Age cooling interval.
Conversely, planktonic diatom communities quickly sank to the
lake bottom following ice cover as conditions became less fa-
vorable for their growth, confirming Smol’s (1988) hypothesis
linking diatom life strategies and lake ice cover in the High
Arctic.

Detailed diatom analyses of a sediment core from Slipper
Lake (SL) corroborate our landscape temporal trends recorded
in the top-bottom study. Diatom assemblage composition had
been relatively stable during the earlier history of the Slipper
Lake core, with the clearest changes occurring during the 19th
century (Fig. 7), approximately coinciding with post–‘‘Little Ice
Age warming’’ ca. A.D. 1850 (Overpeck et al., 1997; Bradley,
2000; Grove, 2001). The C. stelligera complex became a prom-
inent component of the assemblage by the mid-1800s; this ex-
pansion predates the period of known nutrient and contaminant
increases by about a century (ca. post-1950s). Another notable
change occurred at approximately 13.5 cm (estimated early A.D.
1500s) when small, benthic Fragilaria taxa (dominant in the
previous sediment levels) diminish to trace levels (i.e., ,1%
relative abundance) (Fig. 7). This clear decrease in alkaliphilic
taxa (ca. A.D. 1500) again predates the impact of anthropogenic
disturbances. These diatom changes are consistent with a change
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FIGURE 6. The percentage of
change between modern and
preindustrial diatom taxa in re-
lation to maximum lake depth
for (a) the Cyclotella stelligera
complex (C. stelligera and C.
pseudostelligera) and (b) small,
benthic Fragilaria species (F.
brevistriata, F. construens, F.
construens var. venter, and F.
pinnata). Negative results indi-
cate a decrease in the relative
percent abundance of these di-
atoms in the modern sediments.

in climate and consequent changes in the aquatic habitat, sup-
porting the changes observed in our 50-lake top-bottom study.

Summary and Conclusions
Increases in planktonic Cyclotella taxa since preindustrial

(ca. A.D. 1850) times in lakes from the Canadian central arctic
region are likely due to climatically induced limnological chang-

es associated with a longer ice-free period and/or enhanced ther-
mal stratification. These results have important implications for
future climate scenarios, as continued warming will result in
more dramatic changes in these sensitive arctic environments.
These data suggest that other anthropogenically induced stress-
ors (e.g., acid rain, nutrient enrichment, persistent organic pol-
lutants) are likely not the primary mechanisms influencing these
diatom species changes. However, the potential for synergistic
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FIGURE 7. Simplified diatom stratigraphy of the three most
common and abundant diatom groups from Slipper Lake show-
ing the increase in the relative abundance of the Cyclotella stel-
ligera complex in the recent sediments (modified from Rühland,
2001). The radiocarbon dates were calibrated to calendar years
using the standard data set INTCAL98 (Stuiver et al. 1998). The
2s range (95% confidence interval) for each age is reported.

effects may be heightened, as these lakes are already undergoing
marked environmental changes. Our results show that the appli-
cation of a paleolimnological lake-management tool (i.e., the
‘‘top-bottom’’ approach) can be effectively used in an arctic tree-
line environment to test hypotheses and to track environmental
changes on a regional scale. In the absence of long-term lake
monitoring data, this paleolimnological approach should be con-
sidered for other arctic regions.
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K. RÜHLAND ET AL. / 123

Naviculaceae. Philadelphia: The Academy of Natural Sciences
of Philadelphia. 688 pp.

Patrick, R., and Reimer, C., 1975: The Diatoms of the United
States. Vol. 2: Entomoneidaceae, Cymbellaceae, Gomphone-
maceae, Epithemiaceae. Philadelphia: The Academy of Nat-
ural Sciences of Philadelphia. 213 pp.

Psenner, R., and Schmidt, R., 1992: Climate-driven pH control
of remote alpine lakes and effects of acid deposition. Nature,
356: 781–783.

Rautio, M., Sorvari, S., and Korhola, A., 2000: Crustacean zoo-
plankton and diatom communities, their seasonal variability,
and representation in the sediments of subarctic Lake Saana-
järvi. Journal of Limnology, 59 (Suppl. 1): 81–96.

Rawn, D. F. K., Lockhart, W. L., Wilkinson, P., Savoie, D. A.,
Rosenberg, G. B., and Muir, D. C. G., 2001: Historical con-
tamination of Yukon Lake sediments by PCBs and organo-
chlorine pesticides: influence of local sources and watershed
characteristics. The Science of the Total Environment, 280:
17–37.

Ritchie, J. C., 1993: Northern vegetation. In French, H. M., and
Slaymaker, O. (eds.), Canada’s Cold Environments. Montreal
and Kingston: McGill–Queen’s University Press, 93–116.

Rouse, W. R., Douglas, M. S. V., Hecky, R. E., Hershey, A. E.,
Kling, G. E., Lesack, L., Marsh, P., McDonald, M., Nicholson,
B. J., Roulet, N. T., and Smol, J. P., 1997: Effects of climate
change on the freshwaters of arctic and subarctic North Amer-
ica. Hydrological Processes, 11: 873–902.

Rühland, K., 2001: Diatom assemblage shifts relative to changes
in environmental and climatic conditions in circumpolar tree-
line regions of the Canadian and Siberian Arctic. Ph.D. dis-
sertation, Queen’s University, Kingston, Ontario, Canada. 265
pp.

Rühland, K., and Smol, J. P., 2002: Freshwater diatoms from the
Canadian Arctic treeline and development of paleolimnologi-
cal inference models. Journal of Phycology, 38: 249–264.

Rühland, K., Smol, J. P., and Pienitz, R., in press: Ecology and
spatial distributions of surface-sediment diatoms from 77 lakes
in the subarctic Canadian treeline region. Canadian Journal
of Botany.

Serreze, M. C., Walsh, J. E., Chapin, F. S., III, Osterkamp, T.,
Dyurgerov, M., Romanovsky, V., Oechel, W. C., Morison, J.,
Zhang, T., and Barry, R. G., 2000: Observational evidence of
recent change in the northern high-latitude environment. Cli-
matic Change, 46: 159–207.

Sirois, L., 1992: The transition between boreal forest and tundra.
In Shugart, H. H., Leemans, R., and Bonan, G. B. (eds.), A
System Analysis of the Global Boreal Forest. Cambridge:
Cambridge University Press, 196–215.

Smith, I. R., 2002: Diatom-based Holocene paleoenvironmental
records from continental sites on northeastern Ellesmere Is-
land, high Arctic, Canada. Journal of Paleolimnology, 27: 9–
28.

Smol, J. P., 1983: Paleophycology of a high arctic lake near Cape
Herschel, Ellesmere Island. Canadian Journal of Botany, 61:
2195–2204.

Smol, J. P., 1988: Paleoclimate proxy data from freshwater arctic
diatoms. Verhundlungen der Internationalen Vereinigung von
Limnologen, 23: 837–844.

Smol, J. P., Cumming, B. F., Dixit, A. S., and Dixit S. S., 1998:
Tracking recovery patterns in acidified lakes: a paleolimnol-
ogical perspective. Restoration Ecology, 6: 318–326.

Smol J. P., 2002: Pollution of Lakes and Rivers: A Paleoenvi-
ronmental Perspective. London: Arnold Publishing. 280 pp.

Sorvari, S., and Korhola, A., 1998: Recent diatom assemblage
change in subarctic Lake Saanajärvi, NW Finnish Lapland,
and their paleoenvironmental implications. Journal of Paleo-
limnology, 20: 205–215.

Sorvari, S., Korhola, A., and Thompson, R., 2002: Lake diatom
response to recent Arctic warming in Finnish Lapland. Global
Change Biology, 8: 153–163.

Stoermer, E. F., and Smol, J. P., 1999: Applications and uses of
diatoms: prologue. In Stoermer, E. F., and Smol, J. P. (eds.),
The Diatoms: Applications for the Environmental and Earth
Sciences, Cambridge: Cambridge University Press, 3–8.

Stuiver, M., Reimer, P. J., Bard, E., Beck, J. W., Burr, G. S.,
Hughen, K. A., Kromer, B., McCormac, F. G., van der Plicht,
J., and Spurk, M., 1998: INTCAL98 radiocarbon age calibra-
tion 24,000—0 cal BP. Radiocarbon, 40: 1041–1083.

Timoney, K. P., LaRoi, G. H., Zoltoi, S. C., and Robinson, A.
L., 1992: The high subarctic forest-tundra of northwestern
Canada: position, width, and vegetation gradients in relation
to climate. Arctic, 45: 1–9.

Timoney, K. P., LaRoi, G. H., Zoltoi, S. C., and Robinson, A.
L., 1993: Vegetation communities and plant distributions and
their relationships with parent materials in the forest-tundra of
northwestern Canada. Ecography, 16: 174–188.

Wedel, J. H., Smart, A., and Squires, P., 1990: An Overview
Study of the Yellowknife River Basin, N.W.T. N.W.T. Programs.
Inland Waters Directorate Conservation and Protection, West-
ern and Northern Region, Environment Canada. 82 pp.

Wolfe, A. P., 2000. A 6500-year diatom record from southwest-
ern Fosheim Peninsula, Ellesmere Island, Canadian High Arc-
tic. In Garneau, M., and Alt, B. T. (eds.), Environmental Re-
sponse to Climate Change in the High Arctic, Geological Sur-
vey of Canada Bulletin 529: 249–256.

Wolfe, A. P., Baron, J. S., and Cornett, R. J., 2001: Anthropo-
genic nitrogen deposition induces rapid ecological changes in
alpine lakes of the Colorado Front Range (USA). Journal of
Paleolimnology, 25: 1–7.

Yalcin, K., and Wake, C. P., 2001: Anthropogenic signals re-
corded in an ice core from Eclipse Icefield, Yukon Territory,
Canada. Geophysical Research Letters, 28: 4487–4490.

Ms submitted April 2002

Downloaded From: https://complete.bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 27 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use


