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Abstract

Climate and cryospheric observations have shown that the high Arctic has experienced several decades of rapid
environmental change, with warming rates well above the global average. In this study, we address the hypothesis
that this climatic warming affects deep, ice-covered lakes in the region by causing abrupt, threshold-dependent
shifts rather than slow, continuous responses. Synthetic aperture radar (SAR) data show that lakes (one
freshwater and four permanently stratified) on Ellesmere Island at the far northern coastline of Canada have
experienced significant reductions in summer ice cover over the last decade. The stratified lakes were characterized
by strong biogeochemical gradients, yet temperature and salinity profiles of their upper water columns (5–20 m)
indicated recent mixing, consistent with loss of their perennial ice and exposure to wind. Although subject to six
decades of warming at a rate of 0.5uC decade� 1, these lakes were largely unaffected until a regime shift in air
temperature in the 1980s and 1990s, when warming crossed a critical threshold forcing the loss of ice cover. This
transition from perennial to annual ice cover caused another regime shift whereby previously stable upper water
columns were subjected to mixing. Far northern lakes are responding discontinuously to climate-driven change
via a cascade of regime shifts and have an indicator value beyond the regional scale.

There is a broad consensus that the world is entering a
period of accelerated climate change (Solomon et al. 2007).
Anthropogenic emissions of greenhouse gases and the
resultant increase in net radiative forcing are widely
accepted as the cause of this rapidly changing climate
(Hansen et al. 2006). We are now faced with the challenge
of evaluating the extent and pace of this change and its
effect on the biosphere.

Computer models and direct observations (Serreze and
Francis 2006) indicate that the highest amplitude and most
rapid climate changes are occurring in the Arctic. Although
there is considerable variability among regions, the annual
average air temperature in the North American continental
Arctic increased by 1.06uC decade� 1 during the last two
decades (Comiso 2003), well above the global average of
0.2uC decade� 1 during the same period (Hansen et al.
2006). The thinning and decrease in extent of Arctic sea ice
cover (Maslanik et al. 2007) will lead to even more
pronounced changes through an albedo-driven positive
feedback that would cause Arctic Ocean warming, a further
decrease in sea ice extent, and more amplification of high
latitude warming.

Many reports have shown significant climate change and
associated ecosystem effects in the Arctic since the
beginning of the short observational period in this region
(Serreze et al. 2000). Long-term trends, however, have been

difficult to resolve in the Arctic, in part because of the lack
of site-specific data and substantial interannual variability in
climate, which is exacerbated by the Northern Annular
Mode. These factors act to obscure underlying trends,
particularly those that are important over short timescales.
Furthermore, calculating trends in climate variables may not
adequately capture temporal change when data do not
respond in a linear fashion. Reporting trends for select
subperiods where a linear response is noted is an arbitrary
(and potentially biased) solution to this problem. Another
method for describing change in climate over time is to
evaluate where a significant shift in the mean of a given
variable occurs over a complete data series. These shifts
indicate the timing and severity of a rapid switch between
stable states or regimes (Scheffer et al. 2001; Rodionov 2004).

An analogous approach toward evaluating the effects of
climate change is to identify critical thresholds in ecosys-
tems where further change results in abrupt, discontinuous
shifts in ecosystem properties. The phase change of ice to
water, for example, has a single temperature threshold, and
crossing that threshold can alter the structure of ecosystems
(e.g., excess meltwater runoff, loss of lake ice cover),
thereby amplifying the effects of small temperature
changes. As thresholds in the annual energy budget are
crossed, either through decreased ice formation during the
winter or via increased melt over the summer period,
discontinuous ecosystem change will become apparent.
Some of these thresholds for Arctic aquatic ecosystems
have been identified (ACIA 2005), including changes in
snow cover, ice cover thickness and duration, and the
frequency (or occurrence) of mixing, as well as dissolved
organic carbon loading associated with tree line migration.
If these abrupt changes are from one stable state to
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