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Introduction 

The objective of this chapter is to complement, rather than duplicate, previous reviews 
of arctic paleolimnology (Smol and Douglas 1996; Douglas and Smol 1999), 
paleoclimatology (Ovenden 1988; Bradley 1990), and developments in the application 
of paleolimnological techniques to the reconstruction of climate change (Smol and 
Cumming 2000). Our approach is to first provide a detailed environmental overview of 
this vast region, then a brief history of limnological and paleolimnological research, 
before assessing regional paleolimnological records from the oldest to youngest 
deposits. Methodological considerations are limited, since these are covered in separate 
contributions to this volume. Emphasis is placed on climatic influences on lake 
development and, consequently, on demonstrating the utility and limitations of 
paleolimnology in the generation of proxy paleoclimate data. In many ways, this is the 
most pressing agenda for paleoenvironmental research in the high latitudes, given (a) 
the relatively poor spatial coverage of available data by comparison to temperate 
regions, and (b) the acknowledged sensitivity of the Arctic to climate change, borne out 
of its intimate linkage to ocean circulation, atmospheric feedback mechanisms involving 
snow and ice cover, and biospheric modulation of greenhouse gas concentrations. 
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Environmental background 

Physiography and bioclimatology 

The middle and high Canadian Arctic, as formally defined by ecotonal boundaries 
(Edlund 1984), incorporates over 1.4 million km2 of the Arctic Archipelago, Boothia 
and Melville peninsulas, and the northernmost coasts of Québec and Labrador bordering 
Hudson Strait (Figure 1). The Arctic Archipelago contains six of the world’s 30 largest 
islands, including Baffin Island, the fifth largest (507,450 km2). Physiographically, the 
western and central arctic islands, as well as Foxe Basin, are of low relief, comprised of 
variably folded and faulted, platform and basinal, Paleozoic to Cenozoic carbonaceous 
sedimentary rocks (Trettin 1989). The eastern axis of the Arctic Archipelago is more 
mountainous, with peaks up to 2665 m above sea-level (asl) on northern Ellesmere 
Island (Barbeau Peak), and 2156 m asl on Baffin Island (Tête des Cirques). Precambrian 
granitic basement rocks outcrop from east-central Ellesmere Island south through 
eastern Devon Island, extending across most of eastern Baffin Island and Boothia and 
Melville peninsulas. Glaciers and larger ice caps (up to 800 m thick) occupy much of 
the mountainous regions of Ellesmere and Axel Heiberg islands, while to the west, only 
Meighen and Melville islands retain small ice caps (Figure 1). Glaciation levels and 
equilibrium line altitudes largely mirror topography, but decline (< 400 m asl) along 
northern coasts and westward across the Arctic Archipelago (400 to 600 m asl), 
reflecting a gradient of decreasing melting degree day totals (Miller et al. 1975; Edlund 
and Alt 1989). The Devon Island Ice Cap, and ice caps and glaciers on southeastern 
Ellesmere Island and northern and easternmost Baffin Island, exhibit a strong 
northwest-oriented precipitation gradient with increasing distance from moisture 
sources in Baffin Bay (Koerner 1979). 

Vegetation in the Canadian Arctic is strongly influenced by both summer climate 
patterns and geologically-mediated edaphic factors (Edlund and Alt 1989). In the High 
Arctic, adjacent to the Arctic Ocean, only herbaceous and non-vascular plants survive, 
with < 10% ground cover. Southeastward towards Baffin Bay, plant diversity increases, 
sedges and herbaceous plants predominate, and ground cover increases to  25%. 
Vegetation is often concentrated along lower and/or south-facing slopes, and in low-
lying areas, reflecting localized thermal enclaves with abundant moisture in a region of 
otherwise strong summer moisture deficits. On Baffin Island, and across the middle 
Arctic, vegetation cover remains sporadic on upland and exposed surfaces, but 
elsewhere there is increased abundance of ericaceous plants, sedges, grasses, and some 
areas of peat accumulation, resulting in an overall ground cover of 25 to 50% (Edlund 
1986). Regional climatic patterns in the middle and high Canadian Arctic are governed 
by (1) the influence of anticyclonic activity centered on the Arctic Ocean, (2) the 
frequency of cyclonic systems originating from Davis Strait and Baffin Bay, (3) the 
extent and persistence of sea ice within intervening channels, and (4) local topoclimatic 
variability (Maxwell 1981). Annual precipitation varies from a high of 600 mm along 
the easternmost coast of Baffin Island to < 100 mm in the polar desert of northern 
Ellesmere Island. Mean daily July temperatures are less variable, averaging between +3 
and +8°C, while daily January temperatures range from -25 to less than -40°C (Maxwell 
1981). Intermontane areas surrounding Fosheim Peninsula and Lake Hazen (Figure 1)
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Figure 1. Map of the Arctic Archipelago, indicating the numbered locations of sites listed in 
Table 1, bioclimatic zones, and other locations discussed in the text. Grey shading depicts 
contemporary glacier cover. 
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are climatically anomalous with minimal cloud cover, relatively warm summer 
temperatures, and prolonged melt seasons (Edlund and Alt 1989). Elsewhere, steep 
topoclimatic gradients exist between coastal sites and those inland (Jacobs and Leung 
1981). The large lake systems of south-central Baffin Island (Nettilling and Amadjuak) 
and adjacent regions of Cumberland Sound and Frobisher Bay also form an 
anomalously warm subregion that supports the growth of dwarf birch (Betula 

glandulosa and B. nana) and other low arctic plant species (Jacobs et al. 1997). 

Wisconsinan glacial history 

Regional glacial history is important in that it constrains the length of the 
paleolimnological record that can be expected from lakes of any given region of the 
Arctic Archipelago. During Late Wisconsinan glaciation, the high arctic area north of 
Parry Channel (Figure 1) was inundated by the Innuitian Ice Sheet, which coalesced 
with the Laurentide Ice Sheet to the south and the Greenland Ice Sheet to the east (Dyke 
et al. 2002). Ice retreat commenced around 11 ka BP, and fiord heads along Axel 
Heiberg and western Ellesmere islands became deglaciated by 8 ka BP (Hodgson 1989; 
Ó Cofaigh et al. 2000). However, on east-central Ellesmere Island, fiord-based ice 
continued to occupy the outer coast until at least 8 ka BP, retreating to fiord heads as 
late as 5.5 ka BP (England et al. 2000). Interior regions of Ellesmere Island appear to 
have retained extensive Innuitian and/or plateau ice cover until the mid-Holocene (Bell 
1996; Smith 1999), after which ice margins retreated to positions near or behind those 
of the present. Modern ice margins largely reflect pronounced post-3 ka BP Neoglacial 
advances (Blake 1989a), coupled to recent volume losses in many areas (Dyurgerov and 
Meier 2000). 

Most of Banks Island remained unglaciated during the Late Wisconsinan (Vincent 
1989; Dyke et al. 2002). Retreat of the Laurentide Ice Sheet from the western and 
central middle Arctic began by 13 ka BP and was completed by 8.5 ka BP (Dyke and 
Prest 1987). Laurentide ice inundated all of northwestern and southern Baffin Island, 
while eastern Baffin Island preserved isolated ice-free areas on inter-fiord uplands north 
of Cumberland Sound, with outlet glaciers terminating near the mouths of fiords and 
sounds (Dyke et al. 2002; Miller et al. 2002). Deglaciation of northwestern Baffin Island 
began by 10 ka BP, yet the Laurentide Ice Sheet continued to occupy Foxe Basin until 
ca. 6.7 ka BP. By 6 ka BP, Laurentide ice became centered along the axis of Baffin 
Island, with final retreat focused around three sectors, the Barnes and Penny ice caps 
(Figure 1) and the region west of Frobisher Bay. 

The limnological legacy 

Because glaciation is a pervasive feature of most of the Arctic Archipelago, lake basins 
typically occur in glacially-scoured bedrock basins, over-deepened structural features, 
meltwater channels, or lowland depressions within glacigenic sediment. In coastal 
regions, a large number of lakes were formed as a result of glacio-isostatic uplift and the 
isolation of marine embayments, partially or entirely dammed by raised beach deposits 
(Retelle et al. 1989; Young and King 1989; Williams 1990). The range of geological 
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materials surrounding and underlying individual lake basins results in a broad spectrum 
of water chemistries, ranging from hypersaline meromictic brines (Ouellet et al. 1987), 
to extremely dilute surface waters on crystalline terrain (Church 1974). Lakes having 
developed within raised marine environments typically have higher solute 
concentrations than counterparts above the limit of marine submergence (Rust and 
Coakley 1970; Hamilton et al. 2000). This reflects the aggradation of permafrost into 
uplifted marine sediments and the exsolution of solutes into lakes, a process that may 
continue to influence lake chemistry long after initial isolation from the sea. 

The unifying characteristic of lakes across the middle and high Canadian Arctic is the 
severity of lake ice environment in terms of both thickness and duration. Spring ice 
thickness in excess of 2 m is commonly encountered. Lake ice typically persists until 
mid-summer (June-July), only to reform in late August or September. Examples of 
typical summer conditions, with and without ice cover, are shown on Figure 2. Solidly 
frozen lakes occur in certain extreme cases (Blake 1989b). 

Perennially ice-covered lakes are rare (Doubleday et al. 1995; Belzile et al. 2001), and 
restricted to the north coast of Ellesmere Island, or to the highest non-glaciated 
environments. Certain lakes retain ice cover in cold summers only, resulting in a 
warming feedback to underlying waters, which reduces the likelihood of consecutive 
summers of persistent lake ice (Doran et al. 1996). The limnological consequences of 
extensive lake ice are numerous. Integrated water column temperatures are generally 
cold (< 4°C), although surface heating can occur rapidly during summer ice-free 
conditions when inputs of solar radiation may be continuous. Lake ice also exerts 
profound influences on circulation patterns (Welch and Bergmann 1985). The duration 
of ice cover, coupled to a seasonal (versus diurnal) photoperiod, combine to reduce 
biological production in arctic lakes, especially in the plankton. Detailed studies of 
arctic lake metabolism are few, but catchment inflow and vegetation appear to play key 
regulatory roles (Welch 1974). This is consistent with extensive water chemical data 
that suggest the greater importance of allochthonous nutrient sources relative to 
autochthonous cycling (Hamilton et al. 2001). Therefore, because soil development is 
minimal and vegetation is sparse, oligotrophy is ubiquitous, except in rare instances of 
direct anthropogenic nutrient loading (Douglas and Smol 2000). In addition to lakes, 
ponds are a common limnological feature across much of the Arctic Archipelago. Ponds 
are shallower (< 2 m) water bodies that freeze solid in winter but may attain much 
higher maximum summer temperatures (> 10°C), suggesting heightened sensitivity to 
climatic variability (Douglas and Smol 1994). Ponds also have higher levels of 
biological activity and hence nutrient cycling (Hamilton et al. 2001). 

To paleolimnologists, the most important consequence of prolonged ice cover and low 
productivity is that sediment accumulation rates in non-glacial arctic lakes and ponds 
are very low. The entire Holocene may be represented by < 100 cm of sediment (e.g., 
Wolfe and Härtling 1996). Such low sedimentation rates present significant challenges 
in terms of attaining high temporal resolution from the sediment record. On the other 
hand, lake ice serves to buffer arctic lakes from the influences of low-frequency, high 
intensity climatic events for up to 90% of the year, thereby protecting the stratigraphic 
integrity of the sediment record. 
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Figure 2. Photographs of two of the Baffin Island lakes discussed in this chapter ((A) Fog Lake; 
(B) Tulugak Lake), providing typical examples of the appearance of non-glacial arctic lakes in 
(A) late and (B) early summer. Relatively subtle environmental changes, such as slight summer 
cooling or increased snow cover, are likely sufficient to sustain the conditions seen in (B) 
throughout the summer. 
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Historical development 

Early research on lakes in the Canadian Arctic was primarily in the form of multi-year 
limnological investigations: Defense Research Board’s Operation Hazen (Oliver and 
Corbet 1966; Figure 1, Lake Hazen region), McGill University’s Axel Heiberg Island 
Project (Caflisch 1972; Figure 1, site 8), and International Biological Program 
initiatives at Char Lake (Schindler et al. 1974; Rigler 1978; Figure 1, site 13) and 
Truelove Lowland (Minns 1977; Figure 1, site 17). Despite the early establishment of 
pollen (Iversen 1953) and diatom (Foged 1972) studies on sediment cores from lakes 
and ponds on western Greenland, paleolimnological studies were relatively slow to 
come to the Canadian Arctic. Pollen analyses of lake sediments on Baffin Island were 
conducted in the 1970s and 1980s (Short et al. 1985; Gajewski and MacDonald, this 
volume), while coring of lakes and ponds along east-central Ellesmere Island was 
initiated around the same time (Blake 1978, 1981). Rock Basin Lake (Figure 1, site 12), 
flanked by the Ekblaw Glacier near Baird Inlet, was cored at this time and subsequently 
analysed by Smol (1983) for diatoms and chrysophytes, and by Hyvärinen (1985) for 
pollen. For all practical purposes, Smol (1983) represents the first modern 
paleolimnological study from the Arctic Archipelago. 

With recognition of the sensitivity of polar regions to past and future global climate 
change (Overpeck et al. 1997), and the heightened vulnerability of high latitude aquatic 
ecosystems to these forcings (Rouse et al. 1997), the variety and extent of 
paleolimnological research in the middle and high Canadian Arctic has blossomed in the 
last decade. Table 1 provides a geographically referenced (Figure 1) listing of various 
paleolimnological studies that have been undertaken in the Arctic Archipelago. While 
not intended to be exhaustive, it provides a sense of the overall distribution of published 
research on lake sediments, and illustrates well both the paucity in spatial coverage 
(particularly in the western Arctic Archipelago), as well as strong bias towards coastal 
localities. For example, Ellesmere Island is roughly the size of Great Britain, yet has 
fewer than 10 locations where detailed paleolimnological research has been conducted 
(e.g., Taconite Inlet, Cape Herschel (Figure 1, sites 1 and 11, respectively); Table 1). 
From the studies listed in Table 1, we have chosen to highlight a cross-section of studies 
that reflect the temporal breadth of the arctic lake sediment record. This survey 
progresses from the oldest to the youngest sediments, in each case highlighting salient 
results and their implications, as well as remaining questions and future research needs. 

Pre-Holocene lake sediment records 

Although uncommon, pre-Holocene paleolimnological records from the middle and 
high Canadian Arctic are important in terms of (a) constraining the geometry of former 
ice sheets, and (b) providing analogs for equable interglacial climates in the absence of 
any anthropogenic impacts. Lichti-Federovich (in Blake 1974) first documented 
lacustrine diatoms from organic sediment beneath diamicton in a section on Bathurst 
Island. Similar assemblages, dominated by small colonial, benthic Fragilaria diatoms, 
have been subsequently recovered from beneath marine transgressive and postglacial 
regressive facies on eastern Devon Island (Wolfe and King 1999). Although the dating 
of these deposits remains problematic, they necessarily relate to ice-free intervals, and 
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may thus delimit the extent of Late Wisconsinan glaciation, especially when considered 
alongside other, more reliably AMS 14C-dated terrestrial biota from the Arctic 
Archipelago older than 10 ka BP (Dyke et al. 2001). 

Stratified pre-Holocene sediments have also been documented from eastern Baffin 
Island, specifically beneath Late Wisconsinan till on outer Hall Peninsula (Miller et al. 
1999), and in lakes situated above flights of moraines on southern (Wolfe and Härtling 
1996) and northern (Steig et al. 1998) Cumberland Peninsula. Although the possibility 
of episodic sedimentation during the Last Glacial Maximum (LGM) has been suggested 
for some sites (Wolfe et al. 2000), AMS 14C dates on sediment humic acid extracts are 
now thought to be in error, due to admixtures of ancient (14C-depleted) and 
contemporaneous dissolved organic carbon pools. At Fog Lake (Figure 1, site 24), this 
has been confirmed by early Holocene dates obtained on moss and insect remains from 
the same sediments that yield humic acid dates in the 14-16 ka BP range (Wolfe et al., 
this volume). 

Despite the persistent geochronological difficulties surrounding these records, several 
lakes preserve a distinctive facies of highly compacted, organic-rich gyttja which is 
clearly beyond the range of 14C, regardless of the dating target considered (Miller et al. 
1999; Wolfe et al. 2000). On the basis of optically- and thermally-stimulated 
luminescence ages, which have been calibrated against lithologically similar Holocene 
gyttjas, these sediments are securely dated to the latter portion of Marine Oxygen 
Isotope Stage (MIS) 5, that is ca. 75 to 90 ka BP. The emerging picture is one in which 
these unglaciated lakes accumulated organic sediments during the last interglacial 
(sensu lato, MIS 5a), but were thereafter largely geomorphically and biologically inert 
during stages 4-2, prior to the onset of Holocene sedimentation. This scenario matches 
well with the record of summer insolation, in which MIS 5a represents the highest 
values of the last 100 ka (Figure 3). Frigid conditions during MIS 4-2 may have induced 
perennial lake ice cover or burial of lakes under non-erosive, cold-based ice caps. The 
possibility of such conditions is exemplified by the -20°C temperature depression 
suggested for the LGM at comparable latitudes in Greenland (Johnsen et al. 2001). 
Present mean annual air temperature on the northern coast of Cumberland Peninsula is 
about -10°C, implying that a shift to perennially-frozen conditions is physically 
plausible under these envisaged full glacial conditions. 

Paleoecologically, diatom and pollen assemblages in MIS 5a sediments from Baffin 
Island are extremely rich (Miller et al. 1999; Wolfe et al. 2000). Shrubs including birch 
(Betula) and alder (Alnus) are represented in much higher relative and absolute 
abundances than in any Holocene counterparts, indicating the local presence of these 
plants, more proximal pollen source areas, enhanced southerly flow, or some 
combination of these factors. The green alga Pediastrum was also several times more 
abundant than in Holocene sediments. On these grounds, it is suggested that MIS 5a 
summer conditions on eastern Baffin Island were the warmest of the last 100 ka. To test 
this hypothesis, the weighted-averaging (WA) summer water temperature transfer 
function of Joynt and Wolfe (2001) has been applied to diatom assemblages 
corresponding to MIS 5a from Fog Lake (Figure 4). The results show maximum 
inferred summer water temperatures early in the interglacial, several degrees warmer 
than anytime in the mid- to late Holocene. This result is in agreement with the pollen 
record, and provides a useful application of the WA transfer function. 
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Figure 3. Schematic diagram of the paleoenvironmental record preserved in several upland Baffin 
Island lakes on Cumberland Peninsula, shown in relation to summer insolation for the past 150 ka 
(after Berger and Loutre 1991). 

Figure 4. Selected paleoecological data from the basal gyttja of last interglacial age (sensu lato)
from Fog Lake, an unglaciated site on northern Cumberland Peninsula, Baffin Island (Figure 1, 
site 24). The age of 90 ± 8 ka is an arithmetric mean of available optical and thermal 
luminescence dates. Original data are from Wolfe et al. 2000. The summer water temperature 
transfer function (Joynt and Wolfe 2001) has a root mean squared error of prediction (RMSE) of 
1.9°C (bootstrapped RMSE = 2.8°C). 
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In summary, it is now clear that stratigraphically coherent pre-Holocene 
paleolimnological records exist in specific locations of the Canadian Arctic. 
Chronological uncertainties are gradually being resolved (Wolfe et al., this volume), and 
a wealth of new information is being gleaned that pertains directly to (a) the 
reconstruction of regional glacial history (Miller et al. 2002), (b) the apparent ‘shut-
down’ of limnological systems for tens of millennia during Wisconsinan time (MIS 
4-2), and (c) the characterization of arctic ecosystems having evolved under warmer-
than-present climatic conditions during previous interglacials. 

Holocene climatic evolution and paleolimnology

Holocene paleoclimatology 

As a useful framework in which to consider the paleolimnological record, the Holocene 
climatic evolution of the Arctic Archipelago is summarized in Figure 5. Peak high-
latitude summer insolation (Milankovitch forcing) occurred during the earliest Holocene 
(between 10 and 9 ka cal. BP), with a maximum radiation anomaly approximately 8% 
greater than present (Berger and Loutre 1991). Although much of the middle and high 
Canadian Arctic remained glaciated, warm summers are clearly registered by enhanced 
summer melting of the Agassiz Ice Cap (Koerner and Fisher 1990). At the same time, 
warming sea surface temperatures in Baffin Bay enhanced precipitation on Baffin Island 
(Miller and de Vernal 1992), leading to a widespread early Holocene glacial advance 
along the east coast: the Cockburn Substage, ca. 9.5 ka cal. BP (Andrews and Ives 
1978). The reduction of early Holocene sea ice allowed bowhead whales and walrus to 
extend well beyond their current ranges (Dyke et al. 1996a, 1999) and facilitated 
driftwood delivery to northern coastal areas (Dyke et al. 1997). Warming is also 
suggested by the northward expansion of boreal molluscs (Dyke et al. 1996b). 

The mid-Holocene in the Canadian Arctic also appears to have been relatively warm, 
although records differ spatially, temporally, and by the extent to which they suggest 
comparable or even greater summer warmth relative to the early Holocene insolation 
maximum (Bradley 1990; Hardy and Bradley 1996). Restricted marine mammal 
distributions imply more extensive summer sea ice between 8.5 to 6 ka cal. BP (8 to 
5 14C ka BP), and hence cooler conditions (Dyke et al. 1996a, 1999). In sharp contrast, 
warmer than present marine conditions at 6 ka BP are suggested by Gajewski et al.’s 
(2000) marine micropaleontological analyses, which extend from the High Arctic to the 
Labrador Sea, via Baffin Bay. On Baffin Island, enhanced southerly flow is suggested 
by peak abundances of shrub pollen at several sites around 6 ka BP (Mode 1996). A 
multi-proxy summary of marine and terrestrial evidence from the Baffin sector 
(Williams et al. 1995) suggests that warming began around 8 ka BP, intensified at 
6 ka BP, and had markedly deteriorated by 3 ka BP. 

Between 5.5 and 3.5 ka cal. BP (5 to 3 14C ka BP), bowhead and walrus distributions 
suggest reduced summer sea ice (Figure 5). The least negative 18O values from the 
Devon Ice Cap are recorded in this interval, implying maximum winter and/or mean 
annual warmth (Koerner 1989). The isotopic record subsequently indicates sustained 
cooling (Figure 5). This trend, widely recognized as the Neoglacial, led to glacier 
advances (Blake 1989a) and the establishment of ice shelves (Stewart and England 
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1983) along the north coast of Ellesmere Island, as well as the progressive reduction in 
marine mammal summer ranges (Dyke et al. 1996a, 1999). Neoglacial advances of local 
glaciers on Baffin Island were widespread (Davis 1985), and in some areas sufficiently 
extensive to override Late Wisconsinan moraines (Miller 1976). The absolute amount of 
cooling reflected by the Neoglacial ice core 18O decline is difficult to assess because 
the temperature signal is compounded by the influence of sea ice variability on the 
proximity to precipitation sources. Koerner and Fisher (1990) have suggested an 
amplitude of 2°C for Holocene temperature variability on the Agassiz Ice Cap. Others, 
working further south, and with different indicators, have suggested that Neoglacial 
cooling alone was in the order of 3°C or more (Andrews et al. 1981; Johnsen et al. 
2001). Therefore, even if the broad pattern of Holocene climatic evolution (Figure 5) is 
assumed to be coherent across the Arctic Archipelago, the available data suggest that 
the amplitudes of temperature shifts varied regionally. To paleolimnologists working in 
these regions, the main questions become: how faithfully does the lake sediment record 
reflect the subtleties of regional climatic variability, and how can it contribute insights 
beyond what is gleaned from other terrestrial and marine proxies? 

Figure 5. Holocene paleoclimatic evolution of the northern and central Arctic Archipelago shown 
in relation to summer insolation anomaly (Berger and Loutre 1991), Devon Ice Cap 18O
(Koerner 1979), percent melt from the Agassiz Ice Cap (Koerner and Fisher 1990), and the 
frequency of bowhead whale radiocarbon dates from the central channels, including Lancaster 
Sound, Gulf of Boothia, and Prince Regent Inlet (Dyke et al. 1996a). Radiocarbon dates have 
been calibrated to calendar years to facilitate comparisons. 
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Holocene lake sediment records: the High Arctic 

As noted by Bradley (1990), few early Holocene paleolimnological records exist in the 
High Arctic because glacier cover remained extensive. The longest paleolimnological 
record from Ellesmere Island is that from Rock Basin Lake (Smol 1983), which 
captures the entire Holocene (Figure 6a). Here, the diatom record preserves an initial 
colonizing assemblage (Fragilaria construens var. venter and Cymbella minuta)
overlying a basal barren zone of sandy-silt. This assemblage is analogous to those 
recorded in recently deglaciated terrains outside the Arctic, and presumably implies 
prolonged summer lake ice cover, low production, and high base cation status from 
catchment inputs. Diatom communities shifted rapidly towards dominance by large 
benthic periphytic taxa such as Pinnularia biceps, suggesting enhanced littoral habitat 
availability and seasonally open water until about 4 ka cal. BP. Elevated early to mid-
Holocene algal production is suggested by trends in diatom valve and chrysophyte cyst 
concentrations (Figure 6a), apparently in response to regional paleoclimatic conditions 
(Figure 5). From 4 ka cal. BP onwards, the Rock Basin Lake record is characterized by 
decreased diatom absolute abundances but increased species richness, the dominance of 
shallow water and aerophilic forms, and high relative frequencies of chrysophyte cysts 
to diatoms. Each of these features likely represents a portion of the limnological 
response to Neoglacial cooling. 

The Rock Basin Lake diatom record is important for several reasons. Foremost, it is 
from this site that evolved the model that diatom assemblages in arctic lakes are shaped 
by the influences of lake ice and snow cover on habitat availability (Smol 1983, 1988). 
This model has been applied widely by paleolimnologists, largely because the extent 
and duration of ice cover is highly sensitive to climate. It has been demonstrated 
elegantly in alpine lakes that ice cover indeed plays a significant role in regulating 
diatom assemblage composition (Lotter and Bigler 2000). Furthermore, stratigraphic 
changes in the Rock Basin Lake record provided the first indications that algal 
communities in arctic lakes respond sensitively to Holocene climatic variability. This 
has stimulated much diatom research aimed at paleoclimatic reconstruction in arctic 
regions (e.g., Table 1). But at the same time, it remains perplexing how diatom 
assemblages from many high arctic lakes do not record pronounced species shifts in 
response to millennial-scale Holocene climatic variability, instead remaining dominated 
by relatively invariant floras of small colonial Fragilaria diatoms (e.g., Young and King 
1989; Douglas et al. 1994; Smith 2002). Smol (1983) has suggested that in such 
instances, the severity of local climatic conditions may arrest lake development, so that 
these lakes are in effect extant analogs for early postglacial environments in the 
glaciated mid-latitudes. Given the proximity of Rock Basin Lake to a large glacier and 
encircling icefield, it would perhaps appear unusual for it to record such marked 
ecological shifts. However, local site characteristics, namely its location within the 
basin of a parabolic bedrock catchment, result in uncharacteristic summer warmth as 
demonstrated by the presence of relatively lush vegetation including Empetrum nigrum

and Vaccinium uliginosum (Blake 1981). It is also suggested that edaphic factors may 
override climatic influences on diatom assemblages in certain lake types, such that 
poorly buffered lakes may exhibit increased environmental sensitivity in comparison to 
highly alkaline systems. In this sense, lakes in small non-carbonate, bedrock-dominated 
catchments, above the limit of local marine submergence, and characterized by dilute 
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Figure 6. Representative paleolimnological records from Ellesmere Island: (A) Holocene diatom 
and chrysophyte stratigraphy from Rock Basin Lake, Baird Inlet (modified from Smol 1983), and 
(B) diatom concentrations and inferred lake ice variability from four lakes on Hazen Plateau 
(Smith 2002). All ages are calibrated radiocarbon years BP. 

water chemistries, may ultimately be the most sensitive sites for paleolimnological 
research using diatoms. 

Lakes on Hazen Plateau (Figure 1, site 4), the continental interior of north-central 
Ellesmere Island, were deglaciated after 8.5 ka cal. BP, but diatom populations did not 
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become established until ca. 5.5 ka cal. BP, when glaciers finally retreated from the 
Lake Hazen trough (Smith 2002). Thus, Hazen lakes show no limnological response to 
"warm" early Holocene conditions recorded in the Agassiz melt record (ca. 100 km to 
the south), nor do they reflect meltwater availability and warming as early as 7.5 ka cal. 
BP, as reconstructed from a peat deposit 40 km to the northwest (LaFarge-England et al. 
1991). It is therefore clear that strong local topoclimatic differences can be modulated 
by the proximity of large glaciers (Koerner 1980; Bradley and Serreze 1987), a concept 
referred to as negative thermal inertia. This likely explains why many arctic 
paleolimnological records do not correlate directly with independent climate proxies in 
the early to mid-Holocene interval. 

Diatom assemblages from four lakes on Hazen Plateau are dominated by small 
colonial Fragilaria throughout the mid- to late Holocene records (Smith 2002). In the 
absence of pronounced taxonomic shifts, absolute abundances provide a measure of 
diatom variability and are considered to represent a proxy for lake ice cover (Figure 6b); 
high diatom concentrations are associated with increased summer open water and a 
prolonged growing season. Although diatom concentrations can be influenced by 
changes in sedimentation rate, this problem is obviated by correlating several sites. 
Near-synchronous rises in diatom concentrations occur in all four Hazen lakes 
beginning ca. 5.5 ka cal. BP, reaching their Holocene maxima in two lakes between 4.6 
and 3.2 ka cal. BP. Diatom numbers then decline in the uppermost lake, but maintain 
high levels in a lower basin until ca. 1.8 ka cal. BP, after which diatom concentrations 
decline sharply (Figure 6b). Changes in diatom concentrations and differences between 
the lake basins are thought to reflect a regional lowering of the summer snowline and 
increasing Neoglacial ice cover (Smith 2002). Decreased sedimentation in varve records 
from Lake C2, Taconite Inlet (Figure 1, site 1), between 3 to 2.3 ka cal. BP, are also 
interpreted to record cooling on northern Ellesmere Island (Lamoureux and Bradley 
1996). A subsequent increase in Lake C2 sedimentation between 2.3 and 1.2 ka cal. BP 
is considered to reflect, in part, an increase in southerly-derived moisture and hence 
increased snowfall. Evidence in support of an increased southerly moisture source at 
this time is found in detrended ice core 18O records (Lamoureux and Bradley 1996) and 
the Agassiz Ice Cap pollen record (Bourgeois et al. 2000). Therefore, independently of 
temperature changes, it must be recognized that increased snowfall will delay summer 
melting (higher albedo, insulation), resulting in reduced light transmission through lake 
ice, prolonged summer ice cover, and attendant biological impacts. 

Baffin Island lakes during the early Holocene 

On eastern Baffin Island, the interpretation of early Holocene paleolimnological records 
is challenged by the unusual characteristics of sediment deposited during this interval in 
the majority of lakes investigated to date. Most (but not all) upland sites on both the 
northern and southern coasts of Cumberland Peninsula preserve a distinctive early 
Holocene facies of black, organic-rich gyttja, often with irregularly-spaced laminations 
of siderite (FeCO3). This sediment contains little allochthonous clastic material, few 
planktonic diatoms, and is enriched in sulfur and trace elements (Wolfe and Härtling 
1997). Examples of this sediment from two lakes near Pangnirtung (Figure 1, site 26) 
are illustrated in Figure 7. Because of the regional expression of this sediment type, 
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which is generally restricted to the 10-8 ka BP interval, its origin provides important 
clues to early Holocene conditions in the eastern middle Arctic. The absence of similar 
lithologies in younger sediments (typically olive-brown, massive, silty gyttja) implies 
that early Holocene climatic conditions engendered a fundamentally different 
limnological regime than that of subsequent millennia. 

The presence of stable siderite coupled to the preservation of delicate sedimentary 
structures indicate that these sediments are chemically reduced. The question then 
becomes how anoxia was induced and sustained at the mud-water interface of these 
moderately deep (9-40 m), ultra-oligotrophic lakes. By analogy to the development of 
winter oxygen deficits in temperate and alpine lakes (e.g., Ohlendorf et al. 2000), one 
possible explanation is that prolonged ice cover restricted lake circulation, leading to 
hypolimnetic anoxia. Diatoms were likely restricted to shallow littoral habitats in 
summer moats, then transported by lateral currents. Despite pervasive lake ice, organic 
matter production was relatively high, and its preservation was excellent. Although the 
early Holocene was a period of warming in the Baffin Bay region (Figure 5), enhanced 
snowfall resulted in extensive regional glacier advances (Andrews 1980; Miller and de 
Vernal 1992). The insulation of lake ice, and indeed of lake waters (Doran et al. 1996) 
by snow, combined to the negative thermal inertia of nearby glaciers, are therefore 
consistent with the paleolimnological observations. This example demonstrates the 
complex and indirect influences of climate on limnological conditions and hence on the 
characteristics of the sediment record. It also illustrates how arctic lakes may have more 
than one stable state, but that the thresholds between them may be exceeded by 
relatively small forcing, well within the range of natural Holocene variability. 

Figure 7. (A) Reduced early Holocene gyttja with siderite laminations from Ukalik Lake near 
Pangnirtung, Baffin Island, and (B) stratigraphic changes associated with the same sediment 
facies (shaded interval) in nearby Tulugak Lake. Data are redrawn from Wolfe and Härtling 
(1996, 1997). Ages are all based on calibrated radiocarbon dates. 
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Paleolimnological records of Neoglacial cooling 

Throughout the Arctic Archipelago, there is general consensus that the late Holocene 
was an interval of progressive cooling, culminating in the Little Ice Age (LIA), and 
followed by pronounced 20th century warming. Two diatom records from Baffin Island 
are used to explore the response of diatom communities to this climatic gradient, and to 
assess the downcore performance of WA transfer functions (Joynt and Wolfe 2001). 
The two lakes have very different Quaternary histories, Fog Lake being at least 90 ka 
old, whereas Kekerturnak Lake (Figure 1, site 23) was glaciated in the early Holocene. 
Furthermore, the two lakes support very different diatom floras. Nonetheless, both lakes 
record progressive decreases in diatom absolute abundances during the last five 
millennia in concert with Neoglacial cooling (Figure 8). The WA summer surface water 
reconstruction from Fog Lake indicates a 4°C amplitude of late Holocene variability. 
The most pronounced decline of lake water temperatures occurred between 2500 and 
1500 cal. BP. This coincides with the cooling of nearshore currents along the east coast 
of Baffin Island, inferred from southward migration of molluscs with arctic ecological 

Figure 8. Mid- to late Holocene trends in diatom-inferred summer water temperatures, valve 
concentrations, and reconstructed pH from Fog and Kekerturnak lakes on northern Cumberland 
Peninsula, Baffin Island. The records indicate cooling, decreased diatom production, and pH 
lowering in association with Neoglacial conditions (redrawn from Joynt and Wolfe 2001; Wolfe 
2002). The root mean squared errors of prediction (RMSE) for the water temperature and pH 
transfer functions are 1.94°C and 0.38, respectively. Bootstrapped RMSE for these models are 
2.79°C and 0.43 pH unit. 
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affinities (Dyke et al. 1996b). Although few samples are available to assess the 
limnological response to post-LIA warming (Figure 8), changes in diatom assemblages 
in the upper 1.5 cm of the Fog Lake sediment core translate to a 1.5°C warming in 
approximately the last 150 years. Additional analyses at higher stratigraphic resolution 
(i.e., < 0.5 cm continuous sampling) are needed to examine this interval in greater 
detail.

Interestingly, the late Holocene cooling trend reconstructed from Fog Lake is closely 
associated with expansions of acidophilous diatoms, such as Eunotia rhomboidea, E. 

vanheurckii, and Peronia fibula (Joynt and Wolfe 2001). In Kekerturnak Lake, 
Aulacoseira distans replaced Cyclotella rossii as the dominant diatom, again suggesting 
a late Holocene lowering of lake water pH, in the order of 0.5 units (Figure 8). These 
observations have been presented as confirmation of previous evidence from other 
regions (Koinig et al. 1998) that lake water pH is at least partially regulated by climate 
in these dilute lakes (Wolfe 2002). Because pH is among the most readily reconstructed 
lake chemical variables from diatom assemblages, this relationship may be applied in an 
exploratory way in areas that lack training sets for paleoclimatic inferences, as long as 
pH is not overwhelmingly controlled by edaphic processes such as the leaching of 
carbonate lithologies. In support of this general relationship, it is noted that the highest 
diatom-inferred pH values from Fog Lake, slightly above 7.0, occurred during the last 
interglacial (Wolfe et al. 2000). 

The latest Holocene: a time of unprecedented change 

In 1994, Douglas et al. published a seminal paper demonstrating that recent (post-1850) 
diatom assemblages have become reorganized to degrees unparalleled in the previous 
several millennia. This work addressed cores from several ponds on Cape Herschel 
(Figure 1, site 11), each revealing shifts towards more diverse floras including greater 
representations by larger periphytic forms, indicating longer growing seasons and/or 
greater habitat availability. Although atmospheric contamination and changes in ultra-
violet radiation were considered by Douglas et al. (1994), their final conclusion is that 
climate change is the most probable causative agent for these ecological changes. Since 
this time, comparable trends have been observed in diatom records from northern 
(Doubleday et al. 1995) and west-central (Wolfe 2000; Perren et al. 2003) Ellesmere 
Island, northern Devon Island (Gajewski et al. 1997), Cornwallis Island (Michelutti et 
al. 2003) as well as the Fennoscandian Arctic (Sorvari et al. 2002). Recent changes in 
diatom assemblages are further corroborated by shifts in siliceous chrysophyte 
microfossils from Ellesmere and Baffin islands (Wolfe and Perren 2001; Perren et al. 
2003). Several of these records are reproduced here (Figure 9). The sobering reality 
drawn from these independent analyses is that many arctic lakes seem to be rapidly 
veering towards ecological states for which no prior analogs exist. 

It is evident that arctic climate has warmed. In this regard, the detailed multi-proxy 
analysis of Overpeck et al. (1997) demonstrates the uniqueness of the last ca. 70 years 
in the context of the last four centuries, and the high probability that anthropogenic 
(greenhouse gas) forcing has compounded the naturally-initiated warming that 
terminated the LIA. The paleolimnological component of this reconstruction is 
especially compelling in that it contains both biological (diatoms: Douglas et al. 1994;
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Figure 9. Summary of recent (post-LIA) paleolimnological changes recorded in a variety of lakes 
of the middle and high Canadian Arctic. Original sources are Douglas et al. 1994 (A) and (B), 
Wolfe 2000 (C), Doubleday et al. 1995 (D), Gajewski et al. 1997 (E), and Wolfe and Perren 2001 
(F).
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Gajewski et al. 1997; Wolfe 2000; Perren et al. 2003) and physical sedimentological 
(varves: Hughen et al. 2000; Lamoureux 2000; Moore et al. 2001) indications of recent 
warming. However, warming of the Arctic is unlikely to be spatially homogenous over 
the large geographic area for which paleolimnological records register abrupt recent 
changes (Serreze et al. 2000; Laing et al. 2002). Furthermore, it seems improbable that 
present conditions, warm as they appear, exceed the thermal maxima attained during the 
Holocene optimum (Figure 5) or the last interglacial (Figure 4). Yet detailed analyses of 
the latter intervals have not revealed comparable stratigraphic changes to those found in 
sediments deposited in the post-LIA interval. For example, hundreds of siliceous 
microfossil preparations from Baffin Island lake sediments of various age have been 
scanned and counted, but it is only in the surface sediments of Kekerturnak Lake on 
Cumberland Peninsula that scaled mallomonadacean chrysophytes occur (Wolfe and 
Perren 2001). The data from other parts of the Arctic Archipelago manifest similar 
examples of 20th century ecological uniqueness, which are yet to be fully resolved. 

This discussion leads to the possibility that climate alone may not be solely 
accountable for the recent shifts observed in algal populations throughout the middle 
and high Canadian Arctic. As a working hypothesis, it seems entirely possible that the 
unquestionably dramatic recent ecological changes arise from a synergy between 
climate warming and some as of yet unspecified anthropogenic atmospheric input. For 
example, increased fluxes of fixed nitrogen to the Arctic are well chronicled in polar ice 
(Mayewski et al. 1990; Goto-Azuma and Koerner 2001), and may have the potential to 
enrich nutrient-impoverished aquatic ecosystems. Such possibilities, which remain to be 
adequately explored, satisfy the criterion of representing truly unprecedented 
environmental conditions in the context of the late Quaternary, in keeping with the very 
character of the primary paleoecological observations. 

Problems, recommendations and conclusions 

Although our understanding of paleolimnology in the middle and high Canadian Arctic 
is improving, it is clear that the density of sites with well-dated and high resolution 
analyses is still low given the size of the area under consideration. This is particularly 
evident in the islands of the western Arctic where, for example, Banks Island remains 
largely unexplored despite significant potential for temporally long and continuous non-
glacial sediment records. The number of paleolimnological records that encompass the 
Holocene is still insufficient to map regional variability in the timing of maximum 
summer warmth, or the inception of Neoglacial cooling. The understanding of such 
patterns is critical in order to assess whether regional contrasts exist with respect to 
sensitivity towards present and future climate warming. The analysis of new sites 
should be complemented by additional detailed, integrative studies on carefully selected 
sites (cf. Bradley 1996). Additional efforts are needed to link physical, biological and 
chemical processes in lakes to sediment characteristics. The transport of littoral 
biocoenoses to central coring locations under lake ice is one example of a poorly 
understood process that is critical to the shaping of the sediment record. The models to 
be followed are those of the detailed multi-proxy paleolimnological campaigns 
conducted on intensely-studied lakes in the Alps (Hagelseewli: Lotter et al. 2000) and 
Lapland (Saanajärvi: Korhola et al. 2002). As an illustration of the paucity of current 
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data, at present there are no published sediment records of fossil pigments, chironomids, 
cladocera or ostracodes from any site in the Arctic Archipelago. Lake sediment 
geochemical investigations are also in their infancy (Young and King 1989; Smith 
1991; Wolfe and Härtling 1996, 1997; Sauer et al. 2001). 

On the other hand, advances are being made relatively rapidly in the fields of diatom 
taxonomy, autecology and quantification of diatom-environment relationships (Douglas 
and Smol 1993; Hamilton et al. 1994; Joynt and Wolfe 2001; Lim et al. 2001; 
Antoniades and Douglas 2002). These tools are only beginning to be applied downcore, 
as illustrated by several examples reported herein. Clearly, diatoms are powerful proxies 
for establishing linkages between limnological conditions and climate, and for 
identifying recent deviations from baseline limnological conditions. Varve studies have 
also begun to extend well beyond the purely descriptive stage, now providing specific 
insights into processes such as summer rainfall intensity (Lamoureux et al. 2001) and 
the transport of riverine biota (Ludlam et al. 1996). Thus, the last decade’s results have 
convincingly demonstrated that paleolimnology plays an important role in assessing the 
sensitivity of the Arctic towards environmental changes, whether mediated by natural or 
anthropogenic processes. 

Summary 

Paleolimnological research in the middle and high Canadian Arctic has a relatively brief 
history of about 20 years. Although paleolimnological studies in this region are 
currently proliferating, there remains a conspicuous paucity in the actual numbers and 
types of sedimentary records studied given the size of the geographical area and the 
high degree of geological, ecological, and climatological heterogeneity. Yet these same 
elements of spatial diversity are conducive to a rich array of lake and pond sediment 
records that, within existing studies, have provided important data on the rates and 
magnitude of late Quaternary environmental change. This is exemplified by studies that 
span a full spectrum ranging from pre-Holocene interglacial intervals to ecosystem 
changes of the late 20th century. Detailed investigations, primarily from localized 
networks of sites on Ellesmere and Baffin islands, provide useful baselines for future 
investigations. These and other relevant studies are highlighted primarily with respect to 
the climate signal contained within diatom-based lake sediment records. 
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