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Abstract 

High-latitude freshwater ecosystems are amongst the most vulnerable to climate change impacts. 

However, the response to warming is rarely straightforward and may be modulated by local or regional 

factors, producing variability in biotic responses. This thesis examines three important drivers of local to 

regional-scale variability in the climate response of diatoms and chironomids, specifically: 1) the 

modulation of regional climate by the Wrangell-St. Elias ice fields over the Holocene in the Yukon; 2) the 

role of ice cover as the dominant driver of diatom assemblages in the High Arctic; and 3) the interaction 

between climate and nutrient dynamics at the archeological site Kukulek, Alaska. In the Yukon, 

paleolimnological records from three lakes at varying distances from the Wrangell-St. Elias ice fields 

were used to investigate the possible influence of large cryospheric features over the Holocene. The lake 

proximate to the ice fields showed a response to the Holocene Thermal Maximum, a warm period of 

similar magnitude to expected warming, suggesting that the moderating effect of the ice fields evident in 

recent records (spanning ~150 years) might deteriorate as the ice fields ablate. In the High Arctic, using a 

comparative study design we explicitly contrasted the diatom response to warming in four groups of sites 

characterized by different ice cover regimes. The diatoms shifted in a predictable manner from a low 

diversity, epipelic and epilithic assemblage, to a more diverse, largely epiphytic, assemblage likely in 

response to warming-associated changes in ice cover. At the Kukulek archeological site, marine-derived 

nutrients from historical hunting activities were traced by stable isotopes entering the adjacent pond, 

potentially tracing two periods of disturbance in the sediment record: the 1878-1880 AD famine and the 

archeological excavation in the 1930s. Warming temperatures, coincident with the late 19th century 

disturbance, may have compounded the fertilization of this pond as thawing permafrost released nutrients 

from the Kukulek site, affecting the diatom species composition. Collectively, this research increases our 

ability to effectively use diatom and chironomid assemblages as paleoecological proxies for climate and 

other environmental changes at high latitudes. Understanding context is key for improved paleoclimate 

reconstructions in this under-studied region. 
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Chapter 1 

General Introduction 

1.1 Climate change at high latitudes 

 The increase in global mean temperatures since the late-19th century is the most pressing 

environmental challenge we face today (IPCC 2013). The changing climate has altered a number of the 

Earth’s systems, from the warming of the oceans and lower atmosphere, to the changes in precipitation 

patterns and the dramatic contraction of much of the cryosphere (IPCC 2013). Northern latitudes are 

particularly sensitive to anthropogenic climate change largely due to the reduction in albedo (the ability to 

reflect rather than absorb radiation) with warming, as high-albedo ice and snow are lost and replaced by 

low-albedo tundra and open water that absorb the solar radiation and cause further warming. These and 

other positive feedback mechanisms have resulted in a greater than 2ºC average increase in mean 

temperatures in the Arctic above a 1951-1980 AD baseline, three to four times greater than the global 

average of 0.6ºC above the 1951-1980 AD baseline (for a total global increase of 0.85ºC from 1880 to 

2012 AD, Hansen et al. 2010). Global Circulation Models of future warming scenarios continue to project 

that warming will be most pronounced in the Arctic (with scenarios estimating average temperatures of 3-

11ºC above a 1986-2005 AD baseline by 2100; IPCC 2013). 

 In response to the changing climate, northern environments have already begun to transform with 

reductions in glacier volume (Koch et al. 2014; Clarke et al. 2015), the thawing of permafrost (Yoshikawa 

and Hinzman 2003; IPCC 2013), the shrinking and thinning of Arctic sea ice (Stroeve et al. 2005), 

decreases in winter snow cover (Gan et al. 2013), and shifts in the ranges and behavior of northern 

wildlife (Parmesan and Yohe 2003). These effects are expected to be exacerbated with future warming 

(IPCC 2013). However, the Arctic and Subarctic are not homogeneous environments, and there remains 
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considerable regional and local variability in the climate and in the environmental response to climate 

change. There is a need to develop a greater understanding of the drivers behind this variability to allow 

for more comprehensive management strategies and adaptation plans (ACIA 2005). An additional 

complication is the paucity in reliable, continuous, long-term monitoring data in northern, sparsely 

populated environments (ACIA 2005). The challenge of relying on the sparse instrumental record to 

understand the scope of natural temporal and spatial variability in the Arctic and Subarctic is difficult, if 

not impossible. However, it is possible to extend the environmental records back from centuries to 

millennia using paleoenvironmental records.  

 

1.2 Paleolimnology: A powerful tool to reconstruct past environments 

 Lake sediment archives are an especially effective method for understanding past changes to 

aquatic ecosystems (Smol 2008). Paleolimnology uses the physical, chemical, and biological proxy data 

that are preserved in lake and pond sediments to reconstruct past environments and can be used to extend 

our understanding of environmental change beyond monitoring records (Smol 2008). The dating of 

paleolimnological records with the commonly used radioisotope 210Pb can often be challenging in the 

Arctic. This is due to a number of reasons, including the extensive snow and ice cover and continuous 

permafrost, which limits the release of the parent product 222Rn, in addition to more persistent lake ice 

limiting the efficiency of atmospheric 210Pb entering northern waterbodies, resulting in low levels of 210Pb 

deposition (Wolfe et al. 2004). Despite the limits to dating, paleolimnological records from Arctic regions 

are often still of sufficient quality to provide powerful insight into changing environmental conditions in 

this remote and understudied region (e.g. Smol et al. 2005). In the Arctic and Subarctic, paleolimnological 

techniques have been used effectively to track cultural eutrophication (e.g. Michelutti et al. 2002; Douglas 

et al. 2004), biovector transport of nutrients and contaminants (e.g. Gregory-Eaves et al. 2003; Blais et al. 
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2005), vegetation and fire history (e.g. Edwards et al. 2015), effective moisture changes (e.g. Anderson et 

al. 2005), and climate change (e.g. Quinlan et al. 2005; Smol et al. 2005; Rühland et al. 2008), amongst 

other ecosystem changes. Two commonly used biological indicators of environmental change are the 

diatoms and chironomids (Battarbee et al. 2001; Walker 2001), both of which play a central role in this 

thesis and are discussed more fully below. 

 

1.3 Diatoms as climate indicators 

 The diatoms (Bacillariophyceae) are a diverse group of siliceous, single-celled algae that are 

ubiquitous in aquatic environments. The silica frustule (comprised of two valves) is patterned with 

species-specific ornamentation, and typically is well preserved in lake sediment (Julius and Theriot 2010). 

Many diatoms are adapted to a particular suite of environmental conditions, with relatively narrow 

tolerances and defined optima for limnological variables including pH (e.g. Ginn et al. 2007; reviewed in 

Battarbee et al. 2010), salinity (e.g. Wilson et al. 1996; reviewed in Fritz et al. 2010), total phosphorus 

(e.g. Reavie et al. 1995; reviewed in Hall and Smol 2010) and dissolved organic carbon (DOC) (e.g. Dixit 

et al. 2001; reviewed in Lotter et al. 2010). Additionally, diatom taxa may respond to changes to the 

physical structure of a lake including thermal stratification (Rühland et al. 2015), changes in light 

penetration (Lotter et al. 2010), the length of ice cover (Smol 1983, 1988; Douglas et al. 1994), and the 

availability of suitable habitats for colonization (Douglas et al. 1994; Lim et al. 2001). The high niche 

affinity of many diatoms, as well as their short generation times (diatoms are able to reproduce asexually 

once a day in optimal conditions; Rivkin 1986), allows them to respond quickly to changing 

environmental conditions. Additionally, diatoms are typically not dispersal limited and often have broad, 

cosmopolitan distributions (Finley et al. 2002; Foissner 2006) due to their small size, high efficiency of 
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dispersal and ability to form resilient, resting cells and auxospores (Julius and Theriot 2010). As a result, 

the diatom community in a lake is largely reflective of the limnological conditions of the waterbody. 

1.3.1 Direct effects of climate on diatoms 

 Long-term changes in water temperatures can have some direct effects on diatoms, although 

changes in species assemblages are often thought to be only indirectly related to climate (reviewed in 

Rühland et al. 2015). Nonetheless, some diatom taxa have been noted to have species-specific optima and 

tolerances for water temperature, although species tolerances are typically fairly broad (Suzuki and 

Takahashi 1995; Butterwick et al. 2005). Additionally, growth rates may be affected by warming 

(typically increasing with warmer temperatures to their temperature optima and dropping sharply after; 

van Donk and Kilham 1990), but growth rates may be modulated by other controls on growth such as 

light or access to nutrients (Montagnes and Franklin 2001). Temperature, among other controls (e.g. light 

intensity, photoperiod, and nutrients), is also an important factor in triggering the formation of resting 

cells and resting spores (Julius and Theriot 2010). Similar cues will induce vegetative cell production 

when conditions become favourable again (Julius and Theriot 2010) and this combination of cues for the 

germination of resting stages may be species specific, at least in marine systems (McQuoid and Hobson 

2008). 

 Many species of planktonic diatoms have been reported to decrease in cell volume with warmer 

temperatures in experimental systems (Montagnes and Franklin 2001). It has been postulated for 

planktonic diatoms that this size decrease confers an adaptive advantage, allowing the cells to maintain 

buoyancy in the water column, as water becomes less dense with warming (> 4oC) (Montagnes and 

Franklin 2001). This relationship does not necessarily hold true in natural systems of benthic diatoms, 

however, as an examination of size structure in the littoral of temperate lake from spring to summer found 

that cell size increased or was not affected by warmer waters (dependant on species), and that cell-size 
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structure was rather modulated by competitive interactions, nutrients, and growth form (Bylaardt and Cyr 

2011).  

 Temperature may also interact with other adaptive mechanisms, altering the relative 

competiveness of different species. For example, Shatwell et al. (2014) examined the effect of 

temperature on phosphorus (P)-uptake in P-limited systems and the resulting competition between two 

diatoms, Stephanodiscus minutulus and Nitzschia acicularis. Phosphorus-uptake was found to decrease 

with temperature, but the mechanism acted unequally between species, conferring a selective advantage 

to Nitzschia acicularis, which was more efficient at P-uptake, and the disparity between the two species 

increased with warming (Shatwell et al. 2014).  

1.3.2 Indirect effects of climate on diatoms 

 Although diatoms may be directly affected by climate, indirect climate effects have a greater 

control on community structure (and corresponding sedimentary assemblages). Diatom calibration sets 

occasionally have water (or air) temperature identified as a significant variable (explaining a significant 

proportion of the species variance) (e.g. Weckström et al. 1997; Bigler and Hall 2002), but diatom-

temperature models are often weaker than those developed to infer factors such as salinity, pH, and 

nutrients (generally phosphorus) (Anderson 2000). Salinity and pH might affect a suite of biochemical 

processes within the diatom cell through their control on the osmotic gradient and the shape and transport 

of proteins. Although the species-specific physiological mechanisms leading to the differing competitive 

abilities of the various taxa have not yet been established (Battarbee et al. 2001), salinity and pH clearly 

play an important role in controlling the diatom community composition as these variables regularly 

explain the greatest proportion of the variance in the diatom assemblages in surface sediment training sets 

(Battarbee 2001). Nutrients are also an important control on the diatom community as they are essential to 

growth and survival. Phosphorus, and with lesser frequency nutrients such as nitrogen or silica, are often 

limiting factors on diatom growth in freshwaters, with high selection pressures for efficient nutrient 
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uptake and utilization. This results in a range of species-specific optima along nutrient gradients reflecting 

the variable sensitivities to concentrations, supply rates, and nutrient ratios (reviewed in Hall and Smol 

2010). These three important assemblage-controlling variables (salinity, pH, and nutrients) may all be 

modulated by climatic changes. For example, salinity and ionic strength for closed-basin waterbodies, are 

determined by the moisture balance (precipitation – evaporation), which can be modulated by climatic 

shifts (Fritz et al. 2010). In the High Arctic (Smol and Douglas 2007a) and Alaska (Riordan et al. 2006), 

increased evaporation related to climate warming has caused a contraction of pond volume and an 

increase in solutes to the point where many of these waterbodies, which persisted for millennia, 

completely desiccated (Smol and Douglas 2007a). Coastal lakes and ponds may also experience increased 

strength and frequency of storms as a result of climate change, increasing salt and ionic inputs (Thienpont 

et al. 2011).  

 Paleolimnological evidence for coupling between pH and climate in high-latitude lakes has been 

identified in poorly buffered systems on centennial and millennial timescales (Psenner and Schmidt 1992; 

Sommaruga-Wögrath et al. 1997; Koinig et al. 1998a,b; Wolfe 2002; Antoniades et al. 2005; Michelutti et 

al. 2006). The association between climate and pH at high latitudes is likely driven by dissolved inorganic 

carbon (DIC) speciation and its relationship to ice-cover (Psenner and Schmidt 1992; Sommaruga-

Wögrath et al. 1997; Koinig et al. 1998a,b) as ice acts as a barrier to gas exchange such that CO2, 

produced by respiration and decomposition, becomes supersaturated in the water beneath the ice in 

winter, reducing the pH (Koinig et al. 1998a,b). During warmer periods, longer ice-free seasons increase 

periods of CO2 equilibration with the atmosphere, while the proliferation of primary producers, in 

response to the longer growing season, will result in an uptake of dissolved CO2, increasing the water pH 

(Psenner and Schmidt 1992; Sommaruga-Wögrath et al. 1997; Koinig et al. 1998a,b). Other warming-

associated controls that may be driving increases in water pH are increased weathering rates and 
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increased input of acid-neutralizing dust, due to a reduction in ice-cover duration or accelerated snow 

melt (Sommaruga-Wögrath et al. 1997; Wolfe 2002; Michelutti et al. 2006).  

 Climate may have synergistic, antagonistic, or non-additive effects on nutrient release and 

eutrophication (Rühland et al. 2010; Smol 2010). For example, warmer temperatures may have enhanced 

the internal cycling of phosphorus in a deep lake in northern Alberta, either through stronger thermal 

stratification or reduced meromictic stability (Moser et al. 2002). Climate changes may also alter the local 

hydrology, for example, decreasing the phosphorus-rich runoff entering a lake as a result of the drying of 

input streams (Schindler et al. 1996; Rühland et al. 2010). At high latitudes, permafrost thaw is another 

climate-driven source of nutrients to a lake, as the newly thawed ground typically has a higher 

concentration of bio-available nutrients than the active layer above (e.g. Reyes and Lougheed 2015), 

resulting in fertilization of surrounding waterbodies.  

 The physical properties of a waterbody may also be affected by climate changes and these shifts 

can be dominant drivers of diatom community changes. In deeper systems, warming temperatures may 

result in the development, strengthening and/or elongation of thermal stratification, altering nutrient 

availability and mixing regimes. The diatom response to thermal stratification is usually reflected in a 

shift from a dominantly benthic or tychoplanktonic assemblage to increased relative proportions of 

lightly-silicified planktonic diatoms (Rühland et al. 2008; 2015). In non-stratified deep lakes, fast-sinking 

tychoplanktonic diatoms (such as large Aulacoseira taxa) may dominate the assemblage as no thermal-

density gradient is developed, allowing for regular mixing of the water column and continual re-

suspension of the heavily silicified tychoplanktonic species into the photic zone (e.g. Rautio et al. 2000). 

Additionally, since planktonic diatom production may then be limited, benthic diatoms (often small 

benthic fragilarioid taxa) might dominate the pre-stratified assemblage (e.g. Lotter and Bigler 2000). 

However, with stratification, diatoms adapted to better exploit the pelagic zone typically increase in 

abundance, relative to their benthic counterparts. Additionally, small planktonic diatoms have a 
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competitive advantage in strongly stratified systems as they are able to remain entrained in the epilimnion 

more effectively, while more silicified, heavier tychoplanktonic diatoms settle out of the photic zone 

(Kilham et al. 1996, Rautio et al. 2000, Wang et al. 2008). The rise in small planktonic diatoms relative to 

benthic or tychoplanktonic taxa is a biological signature that has been noted in paleolimnological records 

across the northern hemisphere (Rühland et al. 2008; 2015).  

 Alterations in light availability, indirectly related to changes in climate, will also affect the diatom 

species assemblages. Diatoms require light to photosynthesize and will often compete at a micro-scale for 

light resources (Battarbee 2001; Marks and Lowe 2011). Higher levels of allochthonous dissolved organic 

carbon (DOC) can colour the water (high DOC waters tend to be tea-coloured) affecting diatom 

communities through reduced ultraviolet radiation (Lotter et al. 2010) and decreased light penetration 

(Bennion et al. 2010). Increases in vegetation in the catchment, DOC release from permafrost thaw 

(Reyes and Lougheed 2015), and increased weathering with warming temperatures may all result in 

additional allochthonous organic carbon entering the lake, altering the light regime and indirectly 

resulting in a diatom response to warming.  

 At high latitudes, one of the predominant controls on aquatic production is the short growing 

season, limited by ice cover (Douglas and Smol 2010). For lakes that retain extensive summer ice cover, 

the summer melt is limited to a narrow moat around a permanent pan of ice. As the climate warms, the 

central pan shrinks and opens up new littoral habitats (which may have been light-limited under the ice) 

and planktonic or tychoplanktonic habitats in the open water (Smol 1983, 1988). Consequently, both total 

primary production, which can be reliably inferred in the sediments through the use of spectrally-inferred 

sedimentary chlorophyll a (Michelutti et al. 2010), and diatom assemblage composition may shift in 

response to warmer temperatures and the loss of summer ice cover (Smol 1983; Douglas and Smol 2010).   

 Ponds at high latitudes freeze to the bottom in winter and thaw completely in summer, such that 

the short growing season is the primary determinant of primary production at these sites. Benthic diatoms 
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can live attached to a number of periphytic habitats, with many species having associations with sand 

(epipsammic), sediment (epipelic), plants (epiphytic) or rocks (epilithic) (Douglas and Smol 1995; Lim et 

al. 2001). Epipelic and epilithic communities are often dominated by prostrate, non-motile, adnate species 

(e.g. small, benthic fragilarioid taxa), while more complex growth forms (e.g. stalked or tube-dwelling 

taxa) are often epiphytic on aquatic mosses or vascular plants or found attached to the original benthic 

mats of adnate diatoms (Douglas and Smol 2010). Ponds where the ice-free season has elongated due to 

warming temperatures often record the development of mosses and associated epiphytic diatoms with 

complex growth forms where previously only rock and sediment substrates were available for diatom 

colonization, resulting in a shift in the diatom assemblages and an increase in assemblage diversity 

(Douglas et al. 1994; Smol et al. 2005; Douglas and Smol 2010).  

1.3.3 Diatom responses to climate change in Subarctic, Low-Arctic, and High-Arctic systems 

 The Sub- and Low-Arctic regions span from approximately 50ºN to 70ºN, from boreal forest to 

northern tundra environments (Lotter et al. 2010). The limit between the Subarctic and Arctic has been 

variously defined as the northern tree line, the July 10ºC isotherm (Lotter et al. 2010) and the Arctic 

Circle (66º33’N). The boundary between the High and Low Arctic is typically defined by the boundary 

between the northern tundra environments (Low Arctic) and the polar barrens (High Arctic) that have 

limited vegetation development. The Subarctic and Low-Arctic region is distinct from temperate 

environments as snow and ice cover are a greater determinant on primary production and the summer 

photoperiod is longer. In contrast to High Arctic sites (> 70ºN), Subarctic and Low-Arctic lakes and 

ponds typically have longer growing seasons (3-6 months in the Subarctic vs. 1-3 months, or even less, in 

the High Arctic; Rouse et al. 1997), vegetated catchments, and shorter photoperiods in the summer. The 

most pronounced ecotonal boundary across this region is treeline, and lakes on either side of this 

boundary can differ markedly in mixing regime, nutrients, transparency, and sediment accumulation rate 

(Rouse et al. 1997; Rühland et al. 2003; Lotter et al. 2010).  
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 The most striking changes in diatom composition often occur when a lake crosses a climate-

mediated ecological threshold (Rühland et al. 2015). Diatoms in deep Subarctic lakes are particularly 

sensitive to climate changes as these cold lakes can transition from having little or weak stratification to 

enhanced thermal stability with warming, favouring small planktonic diatoms with longer, stronger 

periods of stratification (Rühland et al. 2008, 2015). In contrast, shallow lakes and ponds in the Subarctic 

tend to have a more complacent diatom response to climate as their shallow nature results in greater 

mixing and no prolonged stratification and thus a dominance of benthic taxa (Rühland et al. 2015). 

Rather, in these shallow systems, diatoms might respond to a confluence of climate-mediated factors 

including water chemistry (e.g. nutrients, DOC) changes as a result of permafrost thaw (Reyes and 

Lougheed 2015), increased vegetation development in the catchment (Lougheed et al. 2011), effective 

moisture changes (Riordan et al. 2006; Smol and Douglas 2007a), and limnological changes associated 

with a longer growing season and reduced ice cover (Lotter et al. 2010).  

 In the High Arctic, an early and marked response to anthropogenic climate change has been 

reported across many ponds (Douglas et al. 1994; Smol et al. 2005; Keatley et al. 2006), as even a small 

increase in the length of the growing season can result in higher aquatic production and the development 

of more complex growth forms and new habitats (Douglas and Smol 2010). Deeper lakes, as compared to 

ponds, from the High Arctic may have a later response to anthropogenic climate change in the diatom 

assemblage as a result of greater thermal inertia and the energy required to melt the permanent ice pan 

and develop novel habitats for colonization (Michelutti et al. 2003; Perren et al. 2003; Antoniades et al. 

2005). Given the complex and interacting climate-mediated factors that may influence diatom community 

composition, having an understanding of the site context and of the various biotic modulating factors is 

key to a defendable interpretation of paleolimnological records of past climate. 
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1.4 Chironomids as climate indicators 

 Chironomids of the family Chironomidae (common name: non-biting midges) are globally 

distributed and one of the best-adapted and successful insect groups in the Arctic (Bennike et al. 2004). 

The chironomids are holometabolus, hatching from an egg through four instars before emerging as an 

adult (Walker 2001), although only the chinitous head capsule from the third and fourth instars typically 

preserve in lake sediment (Bennike et al. 2004). These later larval instars are predominantly benthic, and 

demonstrate a wide range of feeding strategies including detritivory, omnivory, and filter feeding (Walker 

2001). Larval chironomids molt chitinous head capsules that are typically genus and occasionally species 

specific, and can be identified under a microscope to reconstruct sub-fossil assemblages. Chironomid 

species assemblages have been used extensively to reconstruct a wide range of environmental variables 

including temperature (e.g. Walker et al. 1997), bottom-water oxygen (e.g. Quinlan and Smol 2001), and 

indirectly depth (e.g. Barley et al. 2006), and lake productivity (e.g. Brooks et al. 2001).   

1.4.1 Direct effects of climate on chironomids  

 Summer air and water temperatures have consistently been identified as key environmental 

variables influencing the distribution of chironomid species across the Arctic (reviewed in Walker 2001; 

Eggermont and Heiri 2012). Although temperature may be correlated with a number of different variables 

(for example, colder lakes tend to be deeper and less productive), temperature plays an important role in 

the chironomid lifecycle and likely has a direct role in structuring chironomid communities. In the early 

life stages, colder waters delay growth rates in the egg and larval phases (reviewed in Eggermont and 

Heiri 2012). For example, in temperate environments chironomids are typically univoltine (completing 

one generation per year); however, in cold Arctic environments, chironomids have been known to spend 

seven years in the larval phase (Bulter 1982). As adults, temperature is a key variable in establishing the 

high synchronicity of emergence that is evident for lentic chironomids at high latitudes and likely 

controlled by a heat-sum threshold (Armitage 1995). A coordinated emergence is central to improving the 
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chances of sexual encounters and achieving reproductive success (Armitage 1995). Additionally, the 

observed interspecific differences in emergence times (e.g. Butler 1982) may be an important mechanism 

of maintaining reproductive isolation (Armitage 1995). Summer air temperature training sets across the 

circumpolar Arctic show high fidelity to rank-order of species and have fairly good agreement with 

estimated temperature optima (Bennike et al. 2004), a strong indication that temperature is an important 

control structuring the chironomid community.   

1.4.2 Indirect effects of climate on chironomids  

 Although temperature is a critical direct control on chironomids, climate can have indirect effects 

that may also alter the chironomid sedimentary assemblage as a changing climate may directly or 

indirectly affect thermal structure, bottom water oxygen, and habitat. With warming temperatures we 

would expect higher numbers of warm-adapted chironomids to inhabit a lake. However, the development 

of long periods of thermal stratification with warming temperatures might rather result in cold 

stenotherms colonizing the now consistently cold hypolimnion. For example, cold-adapted Micropsectra 

spp. often will dominate the littoral of shallow High Arctic lakes (Barley et al. 2006; Brodersen and 

Anderson 2000), but are often also found in abundance in deep Subarctic (Barley et al. 2006) and Arctic 

(Brodersen and Anderson 2000) lakes as inhabitants of the hypolimnion.  

 Changes in thermal structure, mixing regime, and levels of primary production as a result of 

climate change can also affect bottom water oxygen levels, a factor to which chironomids are sensitive 

(Brodersen et al. 2004; Brodersen and Quinlan 2006). Some species of chironomid are able to tolerate 

hypoxia and short periods of anoxia, as these taxa contain haemoglobin with a high affinity to oxygen, 

allowing for efficient oxygen uptake (Cranston 1995). The Chironominae (including the tribes 

Chironomini and Tanytarsini), certain Tanypodinae and two genera of Orthocladinae (Propsilocerus and 

Takunagayusurika) contain haemoglobin (Cranston 1995) and are typically oxy-regulators (Brodersen et 

al. 2004), while most Orthocladinae and Diamesinae, which are often the colder adapted species (Bennike 
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et al. 2004), lack the molecule (Cranston 1995) and are typically oxy-conformers (Brodersen et al. 2004). 

Within the haemoglobin-containing species, there is variation in low oxygen tolerance, for example 

Sergentia coracina – type (a Chironomini) inhabits moderate to well-oxygenated waters (Quinlan and 

Smol 2001; Little and Smol 2001), while Chironomus plumosus – type (also a Chironomini) is a well-

known oxy-regulator (Brodersen et al. 2004) with multiple forms of haemoglobin (Manwell 1966) that 

can tolerate low oxygen conditions and laboratory studies suggest it is able to survive months in anoxic 

conditions (Nagell and Landahl 1978). Interspecific variations in tolerances to low oxygen concentrations 

are likely due to a combination of physiology and behavioural adaptations to hypoxic and anoxic 

conditions (Pinder 1995).   

 Chironomids inhabit almost every freshwater niche in northern environments, from deep lakes to 

thin films of water over rocks (Pinder 1995), and although few species show morphological adaptations to 

habitat (e.g. Cranston and Judd 1987), the availability of suitable habitats can ultimately modulate the 

chironomid sedimentary assemblage. In addition to temperature, dissolved oxygen concentration, 

substrate type, and food availability may define a particular niche and hence the chironomids that will 

characterize in that habitat. Many chironomids exhibit flexibility with respect to feeding mode (reviewed 

in Berg 1995); however, a few species have more restrictive requirements. For example, a few 

chironomid species (e.g. Endochironomus lepidus) are obligate consumers of macrophytes (Van der 

Velde and Hiddink 1987 in Berg 1995), while many more are facultative (e.g. Cricotopus spp.; Berg 

1995; Brodersen et al. 2001) but appear in high abundances when macrophytes are present (Brodersen et 

al. 2001). Increases in macrophyte (especially moss) abundances in Arctic ponds due to warming (e.g. 

Douglas et al. 1994) might therefore favour those species adept at exploiting this novel resource (Quinlan 

et al. 2005). Given the complexity of a potential chironomid response to climate changes, it is important 

to consider the environmental context when interpreting changes in chironomid assemblages and the use 
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of multiple, independent proxies can be useful to disentangle the various direct and indirect influential 

factors.   

1.4.3 Chironomid responses to climate change in lakes and ponds  

 The chironomid response to warming temperatures in the Arctic and Subarctic might be markedly 

different in a deep lake as compared to a pond. In shallow lakes or ponds, the chironomid warming signal 

is typically less ambiguous than in deep lakes, with increases in warm-adapted taxa (Rosén et al. 2001; 

Korhola et al. 2002), and sometimes shifts reflecting changing habitats or food quality. For example, 

climate warming might result in greater aquatic moss production and increases in macrophyte-associated 

species (Quinlan et al. 2005) or increases in dissolved organic carbon resulting in more dystrophic 

indicators (Stewart et al. 2013). Lakes, in contrast, might thermally stratify with warming resulting in an 

increase of profundal species that are adapted to constant low temperatures (Pinder 1995, Granados and 

Toro 2000). Although it could be expected that the profundal community in deep lakes would be 

relatively insensitive to changes in air temperature (Walker et al. 1991), chironomid assemblages as a 

whole from deep lakes still typically have a strong relationship with air temperature (Eggermont and Heiri 

2012). Changes in lake depth (due to hydrological change or climate-induced changes in precipitation 

patterns) might additionally confound a chironomid temperature transfer function as an increase in depth 

may, depending on lake morphology, be interpreted as a cooling signal as a greater proportion of cold-

adapted profundal taxa inhabit the lake (Walker et al. 1991). However with warming and increased 

production, depletion of bottom-water oxygen could exclude oxy-conformers (Brodersen and Quinlan 

2006), which are typically the cold stenothermic species, resulting in a seemingly warmer-adapted 

profundal assemblage. Species in the littoral zone of deep lakes might show a more direct response to 

warmer summer temperatures (Granados and Toro 2000) or to habitat changes (e.g. increased macrophyte 

abundances).  
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1.5 Thesis objectives: Understanding the drivers of local climate variability 

 For northern environments, many of the broad-scale climate forcings, such albedo and centennial 

and decadal scale oscillations, have been identified (ACIA 2005; IPCC 2013); however, local and 

regional scale drivers of climate variability (e.g. elevation, local cryospheric features, permafrost-soil-

vegetation interactions, and shading, amongst others) are not as well studied (ACIA 2005). Such local 

forcing factors can modify the biotic response to warming, and understanding these factors is important 

for comprehensive management strategies (ACIA 2005) and for making sound paleoclimate 

interpretations.  

 The objective of this thesis is to explore three potentially important drivers of local to regional-

scale variability in the climate response of diatoms and chironomids. This thesis is composed of five 

chapters. Following this introductory chapter, Chapter 2 investigates the influence of cryospheric 

modulation on climate over the Holocene in the Southwest Yukon Territory. Chapter 3 examines ice 

cover as the principal driver of the diatom response to climate in High Arctic waterbodies. Chapter 4 

examines the interaction of climate and nutrient dynamics and the resulting impact on the biotic response 

at the Kukulek archeological site on St. Lawrence Island, Alaska. The locations were chosen for having a 

juxtaposition of waterbodies with different characteristics (distance to ice fields, ice cover regime, 

nutrient source) within a broadly similar climatic system. Finally, Chapter 5 provides a general summary 

of my thesis results and my major conclusions. My specific thesis objectives are outlined in detail below. 

1.5.1 Objective 1: Examining the changing influence of cryospheric modulation over the Holocene 

in the Southwest Yukon Territory 

 Chen et al. (2014) (see Appendix A) investigated the modulation of local to regional climate by 

large cryospheric features in the Southwest Yukon Territory by conducting a spatial survey examining the 

chironomid response to the past anthropogenic warming (records spanning > 150 yrs). The lakes assessed 

were at varying distances from the Wrangell-St. Elias Mountains, which contain a network of extensive 
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alpine glaciers and host the world’s largest non-polar ice fields. Chen et al. (2014) found a space-

transgressive pattern, where lakes of a similar depth adjacent to the Wrangell-St. Elias ice fields 

underwent less compositional turnover in the chironomid assemblages to recent climate warming than 

lakes located further away (~200 km) from the ice margin, which showed greater change. The findings of 

Chen et al. (2014) raised the important question: Would this mechanism of regional climate modulation 

continue to act and cool nearby lakes as temperatures rise due to anthropogenic climate change? Or will 

warming ablate the ice fields sufficiently such that they no longer have an appreciable effect on local 

climate? One way of answering these questions is to use paleolimnology to assess if the ice fields 

maintained a moderating control on the biotic assemblages during periods of past warmth over the 

Holocene. 

 The Holocene Thermal Maximum (HTM; alternately called the Holocene Climatic Optimum, the 

Hypsithermal, the Altithermal, and the Climate/Thermal Optimum) was a Holocene warm interval that 

was a product of increased summer insolation due to orbital forcings (Renssen et al. 2012). The HTM 

was, on average, believed to be 1.6 to 3ºC warmer than the 20th century average in this part of the Arctic 

(Kaufman et al. 2004), and may be considered analogous in magnitude to what is predicted in the near 

future for Northwest North America (IPCC 2013). Due to the cooling effect of the retreating continental 

ice sheet, peak early-mid Holocene temperatures were time-transgressive across the Arctic with a delayed 

HTM in the east and earlier response in the west (Kaufman et al. 2004; Renssen et al. 2012), which has 

generally been dated in Alaska and Northwest Canada to between 11 – 9 ka (Cwynar and Spear 1995; 

Lacourse and Gajewski 2000; Kaufman et al. 2004). In Chapter 2, I develop chironomid and diatom 

records (that span the Holocene) for three lakes at varying distances from the Wrangell-St. Elias ice fields 

to answer the following questions: 1) Do the lakes closest to the ice fields show a biotic response to the 

HTM and might heterogeneity in the biotic climate response be a factor of distance from the ice fields? 2) 

At what period in time was the cryospheric modulation mechanism potentially established? 3) What was 
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the climate like over the Holocene in the Southwest Yukon Territory? This research aims to better 

understand the proximal influence of the cryosphere in modulating regional climate and how the influence 

of this mechanism might be altered with a changing climate. This research also adds to the growing body 

of work reconstructing Holocene climate in the Yukon Territory and Beringia.  

1.5.2 Objective 2: Assessing ice cover as the dominant driver of diatom assemblages in High Arctic 

waterbodies 

 Ponds in the High Arctic are thought to be bellwethers of climate change, as higher latitude sites 

show earlier and more pronounced biotic responses to recent anthropogenic warming (Smol et al. 2005). 

Early paleolimnological studies reasoned that diatom assemblages in High Arctic waterbodies would be 

highly responsive to climate through changes in ice cover, as primary production is often limited by the 

extremely short (typically June to early August) ice-free season (Smol 1983, 1988). A High Arctic diatom 

response to mid-19th century climate change was first identified by Douglas et al. (1994), who showed 

dramatic changes is diatom species assemblages and increased diversity in the sedimentary profiles from 

three High Arctic ponds. This threshold-like response, it was argued, reflected the opening up of novel 

habitats for colonization as longer ice-free periods led to the establishment of aquatic mosses (habitat for 

epiphytic diatoms) resulting in the diversification of the periphytic assemblages (Douglas et al. 1994). 

The timing of these changes, at the beginning of the industrial revolution, highlighted the heightened 

sensitivity of these pond ecosystems, which only needed a small climatic perturbation to induce a regime 

shift towards a more diverse assemblage. Several High Arctic paleolimnological studies have been 

published since the work of Douglas et al. (1994), corroborating that High Arctic sites had an early and 

marked response to anthropogenic climate change (e.g. Smol et al. 2005; Keatley et al. 2006; Rühland et 

al. 2015). However, this trend was not universal (as expected, see Smol and Douglas 2007b), as some 

sites, particularly cold and deep lakes, had muted or much later responses to recent warming in the diatom 
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records (Michelutti et al. 2003; Perren et al. 2003; Antoniades et al. 2005), further suggesting that ice 

cover differences may be the primary factor affecting diatom assemblage responses.  

 For example, Keatley et al. (2008) explicitly tested the role of ice cover in modulating the diatom 

assemblage response to warming by comparing the diatom profiles from two hydrologically connected 

lakes on northern Ellesmere Island, Nunavut. The lakes were similar morphometrically, chemically, and 

located only 20 m from one another; however, due to differential shading from a hill, one lake retained an 

ice cover later into the summer. As expected, the shaded lake showed very little change in the diatom 

assemblages over time, while the exposed site showed more marked shifts in the assemblages, consistent 

with the development of novel habitats as driven by ice cover dynamics (Keatley et al. 2008). In Chapter 

3, I am expanding on the work by Keatley et al. (2008) and others by explicitly examining the diatom 

response to anthropogenic climate change in four groups of lakes and ponds from the Canadian High 

Arctic that differ in their ice cover regimes including: 1) “warm” sites that have a long ice-free period; 2) 

“cool” sites that have shorter ice-free periods; 3) “cold” sites, where the waterbodies rarely lose their full 

ice cover; and 4) “oasis” sites that had elongated ice-free periods prior to the mid 19th century. The 

variability in the ice cover regimes is due to differences in elevation and local climate (e.g. exposure or 

local topographic features) and confirmed by observations made over 30 years of site visits. Similar to the 

study by Keatley et al. (2008), we expect to see the earliest and most pronounced changes at the “warm” 

sites that required only modest warming to lengthen the ice-free season sufficiently to induce a threshold-

like response (as reported for these same ponds in Douglas et al. 1994), resulting in a more diverse 

periphytic diatom assemblage. In contrast, at the “cold” sites that retain their summer ice for extended 

periods of time, we expect a later and more muted response. We are also examining intermediate “cool” 

sites that should have a response intermediate between the “warm” and “cold” sites. The climate response 

from two “oasis” sites, which have elongated ice-free seasons and vegetated catchments, will be 

contrasted to the other three types of sites in our study. The “oasis” sites are located in a warm, vegetated 
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unglaciated pass that was used as a migration route for thousands of years by the first inhabitants of 

Ellesmere Island due to its relatively high productivity and accessibility (Schledermann 1979) and 

consequently, is predicted to support diverse periphytic assemblages prior to anthropogenic warming, The 

diatoms at the “oasis” sites are expected to show no threshold-like habitat response, but may reflect other 

climate-related limnological changes such as increased summer production or decreases in moisture 

balance. This research will, to my knowledge, be the most comprehensive study on the effect of climate-

driven ice-cover changes on diatom assemblages in High Arctic systems to date as it explicitly contrasts 

multiple sites with different ice-cover regimes.  

1.5.3 Objective 3: Investigating the interaction of climate and nutrient dynamics and the resulting 

impact on the biotic response at the Kukulek archeological site on St. Lawrence Island, Alaska 

 Eutrophication is one of the leading water quality concerns in the world (Schindler 2006) and 

climate may have synergistic, antagonistic, or neutral effects on nutrient flux in high nutrient waterbodies 

(Rühland et al. 2010; Smol 2010). Remote Arctic ponds are thought to be rarely affected by direct 

impacts of anthropogenic eutrophication with the fertilization of freshwaters by human activities 

generally limited to sewage impacts from small hamlets (Michelutti et al. 2002; Stewart et al. 2014). 

However, in the Arctic tundra shallow ponds are experiencing increases in nutrient flux as a result of 

climate-mediated permafrost thaw, which can lead to increased DOC and nutrient loading (Breton et al. 

2009; Schuur et al. 2009; Lougheed et al. 2011; Reyes and Lougheed 2015). In addition, greening of the 

catchments and accelerated soil development is resulting in increased allochthonous inputs (discussed in 

Rautio et al. 2011).  

 Major anthropogenic impacts on freshwater ecosystems in North America were previously 

thought to only have occurred after European colonization. However, recent studies in the Eastern 

Canadian High Arctic have coupled paleolimnological and archeological evidence to show that the Thule 

Inuit whaling culture, which inhabited the region from the thirteenth to sixteenth century, had a marked 
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impact on the lakes and ponds surrounding their communities (Douglas et al. 2004; Hadley et al. 

2010a,b). One such site is the historic village of Kukulek, on St. Lawrence Island, Alaska, that was 

occupied as early as 2000 year BP and abandoned by the Yupik natives (descendants of the Thule) due to 

a major famine in 1878-1880 AD (Geist and Rainey 1936). Applying paleolimnological techniques to 

ponds adjacent to the Kukulek archeological site may provide important environmental context for the 

occupation of village and for the famine that resulted in its abandonment. Additionally, the role of climate 

in modulating the influx of nutrients from the Kukulek site can be ascertained by contrasting the biotic 

response in the affected ponds to nearby control ponds, which experience the same regional climate 

changes but do not have a major source of isotopically traceable nutrients in their catchments. In Chapter 

4, I set out to investigate interactions of nutrient release and climate and how that might be modulating 

the ecological response of diatoms and chironomids in ponds adjacent to the abandoned Kukulek village. 

The input of nutrients from the archeological site can be traced with δ15N, as the site is enriched in the 

heavier nitrogen isotope as a legacy of historical hunting activities (e.g. Douglas et al. 2004; Hadley et al. 

2010a,b). The species changes related to nutrient flux at the impacted site could then be compared to the 

biotic changes of nearby control ponds. Additionally, this investigation may provide important insights on 

this poorly studied and historically important island, including answers to the following questions: 1) Has 

there been a biotic response to recent climate change on St. Lawrence Island? If so, when did impacts 

begin? 2) Do the paleolimnological records provide any additional insight on the history of occupation or 

activity at the Kukulek site? and 3) What is the environmental context of the famine that resulted in the 

site abandonment?  

 Collectively, this thesis provides insight into three important factors of local to regional scale 

variability in the biotic response to climate change. By improving our understanding of drivers of 

variability, this research will improve site selection for paleoclimate studies, strengthen paleoclimatic 

interpretations, and may assist in accounting for some of the variability in climatic forecasts. 



 

 

 

 

 

21 

Additionally, this study further highlights the power and limitations of using diatom and chironomid 

remains in lake and pond sediment, and emphasizes the benefit of using multiple proxies for 

paleoenvironmental reconstructions at high latitudes. 
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Chapter 2 

The influence of ice fields on Holocene climate: A paleolimnological 

assessment of three lakes from the southwest Yukon Territory, Canada 

2.1 Abstract  

 Recent paleoclimatic reconstructions from the southwest Yukon Territory near the Wrangell-St. 

Elias ice fields revealed regional heterogeneity in response to recent climate change, believed to be 

influenced by the moderating effects of the ice fields. However, it is not understood how this mechanism 

might be affected by future climate change as the influence of the Wrangell-St Elias ice fields is 

diminished. To explore these relationships, we examined chironomid and diatom assemblage changes 

over the Holocene in three lakes with varying proximity to the ice fields, with a particular focus on the 

Holocene Thermal Maximum (HTM), a period of past global warmth that was of similar magnitude to 

that projected in the near future for Northwestern North America with warming. Two of the lake records 

extended to the HTM and peak temperatures were inferred to between 10000 – 9000 cal. yr BP. Both sites 

close and far away from the ice fields showed increases in warm stenothermic chironomid taxa during the 

HTM, suggesting that the influence of the ice fields might have waned during the HTM, likely due to the 

ablation of the ice fields. Additionally, the Holocene chironomid assemblages showed responses to 

periods of glacial advance and retreat (the 8200 cal. yr BP event) as well as to effective moisture changes 

through the early and mid-Holocene (approx. 9200 – 4200 cal. yr BP). The chironomid and diatom 

records from the site closest and the site farthest from the ice fields suggest warmer or possibly wetter 

conditions ~2500 cal. yr BP, and the chironomid record from the intermediate site suggest a similar 

change beginning ~1500 cal. yr BP. The chironomid records stabilized at the site closest to the ice fields 

during the late Holocene (starting between 2500 – 1500 cal. yr BP). The stabilized profiles may reflect the 

moderating influence of the ice fields that could have expanded during the Neoglacial period. With 
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northern ecosystems projected to experience some of the greatest temperature increases with future 

warming, paleolimnological inferences such as these may further our understanding of cryosphere-climate 

dynamics while allowing for better assessments of regional climate change in ice-dominated regions.  

 

2.2 Introduction 

 Climate change is one of the most pressing threats to northern ecosystems. While many of the 

broad-scale climate forcings have been identified (IPCC, 2007), the drivers of much of the regional 

heterogeneity in climate remain elusive. In order for general circulation models to forecast future climate 

changes at a management-relevant scale, regional mechanisms must be better understood (ACIA, 2005). 

One of the most important positive feedbacks on climate in the north is the ablation of cryospheric 

features and resulting decrease in albedo (Chapin et al., 2005; IPCC, 2007; Koch et al., 2014; Clarke et 

al., 2015). However, ice and snow may induce other regulatory feedbacks on regional climate, including 

the direct cooling of surrounding air masses from radiative cooling off the ice surface. On a massive 

scale, such a mechanism was explored by reconstructing temperatures at the margin of the Laurentide ice 

sheet during the last glacial maximum, where a temperature gradient of 11ºC was inferred over 240 km at 

the ice margin (Levesque et al., 1997). Similarly, the retreat of the Laurentide ice sheet resulted in a time-

transgressive pattern of peak Holocene temperatures; although solar insolation was as its zenith between 

12000 – 10000 cal. yr BP, peak temperatures lagged in eastern North America by 4000 years due to the 

cooling effect of the slowly melting ice sheet (Kaufman et al., 2004). On smaller scales, such cryospheric 

cooling may be one of the mechanisms contributing to the heterogeneous regional responses to 

anthropogenic climate change.  

 In a spatial paleolimnological survey of lakes in the southwest (SW) Yukon Territory, Chen et al. 

(2014) tested the hypothesis that the ice fields moderate regional temperatures. The SW Yukon Territory 
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is bordered to the west by the Wrangell-St. Elias Mountains, which contain a network of extensive alpine 

glaciers and hosts the world’s largest non-polar ice fields. Chen et al. (2014) found a space-transgressive 

pattern where lakes of a similar depth adjacent to the Wrangell-St. Elias ice fields showed a muted biotic 

response to recent climate warming, in contrast to lakes located further away (~200 km) from the ice 

margin, which showed greater change. However, as large ice features, like the Wrangell-St. Elias ice 

fields, continue to ablate with future warming (Koch et al., 2014; Clarke et al., 2015), this potential 

cooling mechanism may breakdown, with potentially major consequences for the regional ecology.  

 One method to gauge how anthropogenic climate change might affect the SW Yukon Territory in 

the future is to examine past periods of global warmth. Global climate has fluctuated throughout the 

Holocene, resulting in numerous glacial advances and retreats in the Pacific Cordillera (reviewed by 

Menounos et al., 2009). Cool periods of note include the 8200 cal. yr BP cold event (Menounos et al., 

2004), the Garibaldi phase (7350 to 5770 cal. yr BP, Farnell et al., 2004; Menounos et al., 2009), and a 

number of Neoglacial advances, when glaciers generally reached their maximum Holocene extents (3000 

to 2000 cal. yr BP, 1000 to 700 cal. yr BP, and 400 to 100 cal. yr BP, Denton and Karlén, 1973; Clague 

and Rampton, 1982; Lamoureux and Cockburn, 2005; Menounos et al., 2009). Glacial minima occurred 

during the Holocene Thermal Maximum (HTM), a period of warmth resulting from increased summer 

insolation generally dated in Alaska and Northwest Canada to between 11000 – 9000 cal. yr BP (Cwynar 

and Spear, 1995; Lacourse and Gajewski, 2000; Kaufman et al., 2004). Paleoclimatic records of the HTM 

in the southern Yukon Territory are sparse, but suggest a similar timeframe for peak temperatures 

(Cwynar and Spear, 1995; Lacourse and Gajewski 2000; Kaufman et al., 2004). The HTM, on average, 

was likely 1.6 to 3oC warmer than the 20th century average (Kaufman et al., 2004) and may be considered 

analogous in magnitude to what is predicted under future warming scenarios. As the glaciers were at their 

minimum extent at the HTM (Menounos et al., 2009), the moderating effect of the ice fields would have 
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been reduced and may have even broken down completely during this period, potentially resulting in a 

stronger regional response to warming.  

 Natural paleoclimate archives are often employed to extend climatic conditions beyond the 

instrumental record (e.g. Rühland and Smol, 2005; Youngblut and Luckman, 2008). The subfossil 

remains of larval chironomids (a non-biting midge) and diatoms (unicellular algae) preserved in lake 

sediment have been related to air temperature, water depth, aquatic production, and thermal stratification 

(e.g. Gregory-Eaves et al., 1999; Rühland et al., 2003; Larocque et al., 2006; Barley et al., 2006; Kurek 

and Cwynar, 2009) amongst other climate-related variables. Using chironomid and diatom subfossils 

preserved in lake sediments to reconstruct how the cryospheric cooling mechanism has operated through 

the Holocene will provide records of Holocene climate variability for the region as well as a greater 

understanding of how modern warming trends may impact freshwater resources in this region in the 

future.  

 We examined chironomid and diatom remains over Holocene timescales from sediment cores in 

three lakes with varying proximity to the ice fields. Each lake provides a valuable record of the algal and 

invertebrate response to Holocene climate change in the SW Yukon Territory, particularly for the poorly 

documented HTM. By comparing climate-driven biotic responses to periods of glacial advance/retreat, we 

are able place the current trends, established by Chen et al. (2014), into a longer temporal context, which 

will provide insight into the potential impacts of future warming in the region with reduced glacier cover 

and possible loss of cryospheric climate buffers. 

 

2.3 Site description and methods 

2.3.1 Study region 
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 The mountainous SW Yukon Territory is situated at the confluence of the cold, dry Arctic and 

warm Pacific air masses, and ranges from subarctic to continental in climate (Wahl et al., 1987).  The 

prevailing winds, including the large, cool, and dense katabatic winds that originate from radiative 

cooling of the ice fields, are from the west/northwest, and move over the ice fields towards the SW Yukon 

Territory (Nickling and Brazel, 1985; Wahl et al., 1987). The regional mean annual temperature is -0.1ºC, 

with maximum mean July temperatures of 20.6ºC (Environment Canada:  climate data, Whitehorse 

climate station, 1981-2010 normals).  

 Three study lakes were selected, extending along an east-west transect away from the ice fields 

(Figure 2-1). The lakes are KNPR Lake (unofficial name), Howard Lake, and Louise Lake, and are 

located approximately 20 km, 75 km, and 245 km from the margin of the ice fields, respectively. Select 

physical and water chemistry variables for the three study lakes are provided in Table 2-1. 

 KNPR Lake (60.170ºN, 137.763ºW; sampled July 2009) is oligotrophic, slightly alkaline, and 

dilute (Table 2-1). The lake is situated in a till-filled valley surrounded by andesitic and basaltic 

mountains (Campbell and Dodds,1982). The catchment is dominated by shrub willow (Salix sp.), with 

some white spruce (Picea glauca var. porsildii). The maximum depth of KNPR Lake is 18 m and the lake 

was thermally stratified in the summer of 2009 at the time of sampling.   

 Howard Lake (60.228ºN, 136.814ºW; sampled August 2010) has similar limnological 

characteristics to KNPR Lake (Table 2-1), a maximum depth of 17 m, and does thermally stratify in the 

summer. The geology of the lake’s catchment is composed of peridotite and granodiorite with the valley 

floor covered in glacial till (Kindle, 1953). The catchment vegetation is predominantly shrub willow with 

some white spruce.   

 Louise Lake (60.702ºN, 135.278ºW; sampled July 2009) is a moderately deep (maximum depth 

12 m), slightly alkaline, dilute, and oligo-mesotrophic lake (Table 2-1) and was thermally stratified at the 

time of sampling. Glacial till covers the massive limestone unit that forms the catchment, with some 
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occurrences of siliciclastic rocks (Gordey, 2008). The dominant vegetation in the region is white spruce 

with some minor occurrences of poplar (Populus sp.).  

2.3.2 Sediment collection and processing 

 Sediment cores were extracted from the deepest point of each lake in July 2009 (KNPR) and 

August 2010 (Louise and Howard) using a percussion corer and were sectioned at 0.5 cm intervals for 

their entire length (KNPR Lake: 2.0 m; Howard Lake: 1.19 m; Louise Lake: 1.08 m). The cores were sub-

sampled every 2 to 4 cm for chironomids, and processed following the protocol given in Walker (2001). 

Chironomids were identified to tribe, genus, or species if possible, with reference to Wiederholm (1983), 

Barley et al. (2006) and Brooks et al. (2007). The Tanytarsini Tribe of chironomids (including 

Micropsectra spp., Tanytarsus spp., and Paratanytarsus spp.) are largely differentiated into genera by the 

antennal pedestals; however, these delicate structures are often not preserved to a level that permits 

identification. We grouped these indistinguishable species as Tanytarsini undifferentiated. Given the 

multiple species in this grouping, shifts in the abundance of Tanytarsini spp. should be interpreted with 

caution. Species – type were grouped into genera if it was consistent ecologically. Species – type or 

genera present at > 5% abundance were plotted on the relative abundance diagram, species occurring at < 

5% were grouped with “other taxa”. Only those intervals which met a minimum of 50 head capsules were 

considered for further analysis (Heiri and Lotter, 2001; Quinlan and Smol, 2001). Minimum chironomid 

counts could not be achieved in the last 40 cm of the KNPR Lake core due to low chironomid 

abundances. The proportion of profundal versus littoral chironomids was determined based on the 

ecological information provided in Brooks et al. (2001). Species that could occur in either the littoral or 

profundal in a subarctic alpine lake or whose habitat preferences are not established were excluded from 

the analysis.   

 Fossil diatoms were analyzed at 4 cm intervals and prepared for microscope analysis following 

Wilson et al. (1996) and Battarbee et al. (2001). A minimum of 400 diatom valves were identified to 
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species, and variety when possible, following Kramer and Lange-Bertalot (1986; 1988; 1991a; 1991b), 

Fallu et al. (2000); and Antoniades et al. (2008). For purposes of simplification, rare (< 5%) species were 

grouped into genera or according to shared ecological preferences.  

2.3.3 Age model development 

 Sediment intervals were sent to Paleotec Services in Ottawa, Canada for isolation of macrofossils 

for AMS radiocarbon dating (performed at the Keck Carbon Cycle AMS Laboratory at University of 

California Irvine). Macrofossils were rare in the cores and, consequently, 14C dates are sparse for the three 

records. For KNPR Lake and Louise Lake, only three intervals each yielded enough macrofossils for 14C 

dating, while Howard Lake yielded four 14C dates (see Appendix C for details on dated intervals). The 

White River ash (dated to 1014 – 1256 cal. yr BP; Clague et al., 1995) was evident in the Louise Lake 

sediment core from 23-24 cm and was used as an additional chronological marker in the age-depth model. 

The 14C ages were calibrated to years before present (BP; with present set at 1950) with the IntCal09 

northern hemisphere terrestrial 14C calibration curve (Reimer et al., 2009) and linear interpolations 

between calibrated dates using CLAM v. 2.1 (Blaauw, 2010) was used to develop the age-depth models 

for each lake (Figure 2-2a-c).  

2.3.4 Numerical analyses 

 Relative abundance stratigraphic diagrams were produced using C2 version 1.4.2 (Juggins, 2007). 

Stratigraphic zones were identified for the chironomid records using constrained, incremental sum-of-

squares cluster analysis in Tilia 2.0 (CONISS; Grimm, 2004) and the significance of the divisions was 

determined by a broken stick model (Bennett, 1996) in the “vegan” package v. 2.0-10 (Oksanen et al., 

2013) for the R software environment (R core team, 2013).  No significant zones were identified for the 

Howard Lake record, however major, non-significant, zones were identified, by inspection, as those zones 

with cluster dispersion greater than two (Grimm, 1987). Chironomid taxa are ordered in the stratigraphies 
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according to their temperature optima (from left to right, coldest to warmest) as set out in Bennike et al. 

(2004) and Barley et al. (2006). A temperature reconstruction using the chironomid-temperature training 

set presented in Barley et al. (2006) was not suitable to apply on our sediment cores, as the temperature 

model did not explain more variation in our cores than models trained on random environmental variables 

(KNPR p=0.837; Howard p=0.548; Louise p=0.837), as outlined by Telford and Birks (2011) (R 

palaeoSig package v 1.1-2, Telford 2013). Additionally, there were no modern analogs for the fossil data 

in the Barley et al. (2006) training set, assessed using the modern analogue technique on the midge 

dataset in Barely et al. (2006) with square-root transformed species data and 10 analogues, and the 

inferred temperature trends were inconsistent with the known ecology of the dominant chironomid taxa. 

Consequently, interpretation of changes in the chironomid and diatom stratigraphies were made 

qualitatively based on established ecological preferences. Detrended correspondence analysis (DCA) run 

in the “vegan” package v. 2.0-10 (Oksanen et al. 2013) for the R software environment (R core team 

2013) was performed on square root-transformed chironomid and diatom data for the three study lakes. 

The two main axes of variation were plotted in C2 version 1.4.2 (Juggins, 2007) against calibrated age 

and chironomid CONISS zones were included to allow for comparisons across sites. 

  

2.4 Results and discussion 

 The three lake records (with increasing distance from the ice fields: KNPR, Howard, and Louise) 

each provide valuable insight into the Holocene climate of the SW Yukon Territory, particularly the 

HTM, which is poorly delineated in the region. Each of the lake sediment cores is analyzed separately, 

then compared to assess regional trends. Finally, we discuss evidence for the establishment of the 

cryospheric cooling mechanism and assess the possible consequences of the ablation of the Wrangell-St. 

Elias ice fields with future warming. 
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2.4.1 KNPR Lake: chironomids  

 The chironomid record for KNPR Lake, the site closest (20 km) to the Wrangell-St. Elias ice 

fields, shows marked shifts in the chironomid assemblage throughout the Holocene (Figure 2-3). Blue-

grey clays comprise the first 50 cm of the core (corresponding to a core depth from 148 to 200.5 cm), 

likely representing the de-glaciation of the catchment, when the lake received cold, silt- and clay-laden, 

glacial melt water. Chironomids appear in the core at 156 cm (Figure 2-3). CONISS zone 1 (base of core 

to ~13000 cal. yr BP) is dominated by cold stenotherms (Mesocricotopus spp., Parakiefferiella nigra – 

type, and Heterotrissocladius spp.; Cranston et al., 1983; Walker et al., 1992; Walker and MacDonald, 

1995), supporting the inference of cold water temperatures (Figure 2-3).  

 Zone 2 - Following the inferred de-glaciation (~13000 cal. yr BP to ~9750 cal. yr BP) the 

sediments transition to gyttja and there is an increase in littoral Microtendipes pedellus – type and 

Psectrocladius sordidellus – type (Figure 2-3) and the typically profundal Micropsectra spp. (Kurek and 

Cwynar, 2009) and Sergentia spp., indicative of intermediate to warm temperatures (Brodersen et al., 

2001; Brooks and Birks, 2001). The nature and timing of the assemblage shift suggests that the 

chironomids may be responding to climatic amelioration following de-glaciation. A Microspectra spp. / 

Microtendipes pedellus – type assemblage gradually changes to an assemblage dominated by Sergentia 

spp. / Psectrocladius sordidellus – type around 11000 cal. yr BP (Figure 2-3). The pairings of 

Micropsectra spp. and Microtendipes pedellus – type, and Sergentia spp. and Psectrocladius sordidellus – 

type, is a pattern that, by and large, persists throughout the core. The profundal species (Micropsectra 

spp. and Sergentia spp.) are likely indifferent to temperature changes in stratified systems, while the 

littoral Psectrocladius sordidellus – type is eurytopic and is found in a range of environments (Barley et 

al., 2006; Larocque et al., 2006), making this shift difficult to interpret. The timing of the transition to the 

Sergentia spp. / Psectrocladius sordidellus – type assemblage may reflect the end of the cool Younger 

Dryas event (~12600-11700 cal. yr BP) in the SW Yukon Territory region (Engstrom et al., 1990; 
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Bunbury and Gajewski, 2009; Gajewski et al., 2014) and the onset of the Holocene Thermal Maximum 

(HTM) in Beringia (Cwynar and Spear, 1995; Lacourse and Gajewski, 2000), when increased summer 

insolation resulted in warmer temperatures, with warm conditions lasting approximately 2000 years 

(Kaufman et al., 2004). However, the Mt. Logan ice core record of oxygen isotopes, which records 

precipitation source region, also suggests that at 11000 cal. yr BP precipitation was moving from zonal to 

meridonal flow, resulting in a wetter climate in the SW Yukon Territory (Fisher et al., 2008). Given the 

potentially multiple environmental changes, it is difficult to attribute the species shift to a warming signal 

directly. The height of the HTM in the KNPR record is likely reflected by the sharp increase in the 

thermophilic, littoral Cladotanytarsus mancus – type (Bennike et al., 2004), suggesting peak temperatures 

at ~10000 cal. yr BP at KNPR Lake (Figure 2-3).  

 Zone 3 (~9750 to ~5500 cal. yr BP) is marked by the disappearance of the dominant profundal 

taxa (Micropsectra spp., Sergentia spp.) (Figure 2-3). A slight increase in the cold stenotherms 

Protanypus spp. and Parakiefferiella spp., and a spike in Cricotopus / Orthocladius spp., centered around 

8000 cal. yr BP (Figure 2-3), is approximately coincident with the 8200 cal. yr BP cold event, one of the 

most substantial Holocene cold events in the Greenland oxygen isotopic record (Johnsen et al., 2001) and 

which is recorded in the west by glacial advances in the southern Coast Mountains (Menounos et al., 

2004).  

 The proportion of profundal chironomids declines from the base of the core to a minimum at 

~9200 cal. yr BP, from which there is a gradual increase to a maximum at ~4000 cal. yr BP (Figure 2-3). 

Profundal taxa typically inhabit the hypolimnion of stratified lakes, which remain cool throughout the 

summer (for dimictic lakes) and, consequently, these taxa are less likely to respond directly to changes in 

climate than littoral taxa (Walker et al., 1991). Rather, the profundal species are probably responding to a 

mixture of factors that may be correlated with water depth including substrate, oxygen conditions and 

bottom water temperatures. The reduction in profundal taxa around 9200 cal. yr BP (Figure 2-3) likely 
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reflects a decline in the proportion of profundal habitat, perhaps due to decreased lake levels as a result of 

a drier climate. A dry period from ~9000 cal. yr BP to 4000 cal. yr BP has been inferred from the 

chironomid record from Upper Fly Lake (Bunbury and Gajewski, 2009) and as declines in effective 

moisture at Marcella Lake (Anderson et al., 2005). The Mt. Logan ice core isotopic record also suggests 

that this was a period of strong zonal flow, resulting in drier conditions in the St. Elias Mountains (Fisher 

et al., 2008). Strong meridonal flow of precipitation (wetter conditions) is inferred to have been 

established by 4200 cal. yr BP, coincident with expansion and stabilization of the profundal community 

developed in KNPR Lake (Fisher et al., 2008). The coincidence of these multiproxy reconstructions 

corroborate that this dry period may be a regional signal.  

 The KNPR littoral assemblage from ~9000 cal. yr BP to 7000 cal. yr BP suggests cool conditions 

with Microtendipes pedellus – type, indicative of intermediate temperatures (Brooks and Birks, 2001), 

shifting to cold stenothermic Parakiefferiella spp. (predominately P. triquetra and P. nigra; Walker and 

Matthews, 1989; Walker and MacDonald, 1995) (Figure 2-3). After 7000 cal. yr BP, Parakiefferiella spp. 

declines, while M. pedellus – type and Microspectra spp. increase again in relative abundance (Figure 2-

3). 

 In Zone 4 (~5500 to ~2750 cal. yr BP), similar to the change in 11000 cal. yr BP, the 

Microspectra spp. / Microtendipes pedellus – type assemblage shifts around 4000 cal. yr BP to an 

assemblage dominated by Sergentia spp. and Psectrocladius sordidellus – type (Figure 2-3). As the 

earlier change was coincident with the onset of the HTM, this shift could be interpreted as a warmer 

and/or wetter climate.  

 Zone 5 (~2750 cal. yr BP to modern) is characterized by a substantial shift in Corynocera 

ambigua – type, which increases from < 10% relative abundance in zone 4 to dominate the assemblage in 

zone 5, with relative abundances over 60% (Figure 2-3). The adult midge is unusual in that it cannot fly, 

and is often found in mass occurrences (Brodersen and Lindegaard, 1999). C. ambigua – type is believed 
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to be dispersal-limited as it is rarely found in northeastern Canada, despite having broad environmental 

tolerances (Gajewski et al., 2005) and it has been argued that it may have spread from a Beringian 

refugium during the Holocene (Walker et al., 2003). However, the sudden occurrence of C. ambigua – 

type in our record is not likely due to the colonization of the site from a refuge as C. ambigua – type was 

found earlier in the record (Figure 2-3), albeit at low abundances. Rather, it is likely that this taxon is 

responding, either directly or indirectly, to an environmental signal. Corynocera ambigua – type is 

enigmatic, described as a cold stenotherm (Walker et al., 2003) its dominance has been related to a 

transition from a forest to tundra environment in the Northwest Territories (Upiter et al. 2014), higher 

conductivity and lower pH waters (Chen et al., 2014), increased macrophyte growth in Alaska (Medeiros 

et al., 2014), productive and deeper lakes in the Canadian Arctic (Medeiros and Quinlan 2011), shallow 

eutrophic Danish waters (Brodersen and Lindegaard, 1999) and cold and oligotrophic conditions in 

Europe and Asia (Laroque-Tobler et al., 2010; Self et al., 2015). In the KNPR Lake record the C. 

ambigua – type increase may be a response, either directly or indirectly, to warmer conditions around 

~2500 cal. yr BP as the littoral, thermophilic Cladotanytarsus mancus – type also increases from the base 

of this zone towards the modern, although it remains at low (<10%) relative abundances (Figure 2-3).  

 The chironomid assemblages from KNPR Lake show no evident changes concurrent with the 

three known periods of Neoglacial advance in the St. Elias Mountains (the Tiedemann Advance (~3300 to 

~2400 cal. yr BP; Denton and Karlén, 1973); the First Millennial Advance (~1250 to ~1050 cal. yr BP; 

Denton and Karlén, 1973); and the Little Ice Age (~400 to ~100 ca. yr BP; Denton and Karlén, 1973; 

Reyes et al., 2006)) (Figure 2-3). The resolution of the KNPR paleolimnological record at this point in the 

core (each sediment slice representing ~32 years separated by ~260 years between sampled intervals) 

makes the identification of a chironomid response to short-lived cooler periods, such as the Little Ice Age, 

unlikely. However cool periods spanning a longer interval (e.g. the Tiedemann Advance and the the First 

Millennial Advance) might be distinguished. The lack of response in KNPR Lake to the Neoglacial 
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advances may be the result of the glaciers reaching their maximum extents during the early Neoglacial, 

and the establishment of the climatic buffering mechanism by the Wrangell – St. Elias the ice fields. As a 

result, the regional climate may have been sufficiently cool that the lake was buffered by minor increases 

and decreases in temperature associated with the Neoglacial advances. However, the chironomid 

assemblages do not necessarily reflect a strong cold signal as the high proportion of climatically 

insensitive profundal species and subsequent dominance of enigmatic C. ambigua –type over the 

Neoglacial makes it difficult to either support or disprove the presence of a cryospheric modulation 

mechanism at this point in the record. 

2.4.2 KNPR Lake: diatoms  

 The diatoms from the KNPR Lake core are only preserved at countable concentrations since 

~5750 cal. yr BP (Figure 2-3). The assemblage during this period is dominated by the small benthic forms 

of fragilarioid taxa (sensu lato) and the planktonic Cyclotella bodanica var. lemanica (Figure 2-3). The 

benthic fragilarioid species are often amongst the first to colonize lakes and ponds following deglaciation 

(e.g. Douglas et al., 1994; Perren et al., 2003), are typically epipelic and epilithic, and are characteristic of 

cold, alkaline, oligotrophic waters (Lotter and Bigler, 2000; Schmidt et al., 2004; Rühland et al., 2008). 

The planktonic Cyclotella bodanica var. lemanica is believed to be associated with oligotrophic systems 

(Garrison and Wakeman, 2000) with strong late summer stratification (Bradbury, 1988; Bradbury et al. 

2002). At ~3000 cal. yr BP fragilarioid taxa (sensu lato) and the planktonic Cyclotella bodanica var. 

lemanica are gradually replaced by the small, planktonic Cyclotella stelligera / pseudostelligera complex 

(Figure 2-3). Increases in small cyclotelloid, planktonic diatoms relative to benthic fragilarioid taxa 

(sensu lato) have been noted in a number of subarctic lakes (Rühland et al., 2003) and interpreted as a 

recent warming signal, reflecting the development of planktonic habitat and the establishment of longer 

periods of stratification (Rühland et al., 2003; Rühland and Smol 2005; reviewed in Rühland et al., 2008; 

Rühland et al., 2015). The timing of this shift is coincident with the marked increase in Corynocera 
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ambigua – type (Figure 2-3). Additionally, the association of C. ambigua – type and the Cyclotella 

stelligera / pseudostelligera complex may suggest that this enigmatic chironomid could be favoured, 

either directly or indirectly, in systems with elongated thermal stratification.   

2.4.3 Howard Lake: chironomids 

 The chironomid stratigraphy from Howard Lake, the site located at an intermediate distance from 

the ice fields, maintains a largely complacent but fairly diverse assemblage over the record (Figure 2-4). 

The most pronounced changes are the shifts in the relative abundances of undifferentiated Tanytarsus spp. 

(Figure 2-4). CONISS cluster analysis identifies three major, but not significant, zones in the Howard 

Lake core. Zone 1 (base of core to ~4000 cal. yr BP) is a diverse assemblage, including both profundal 

and littoral taxa (Figure 2-4). Corynocera ambigua – type is the most common subfossil in this zone, 

followed by Tanytarsini undifferentiated and Procladius spp. (Figure 2-4). In Zone 2 (~4000 cal. yr BP to 

~1500 cal. yr BP) there are slight increases in the abundances of the coldest-adapted taxa (Paracladius 

spp.), an increase in Tanytarsus spp. and the profundal Heterotrissocladius spp. and a decline in C. 

ambigua – type (Figure 2-4). The timing of this shift is coincident with the increasingly wet conditions as 

inferred from the Mt. Logan ice core (Fisher et al., 2008), perhaps suggesting both slightly wetter and 

cooler conditions at 4000 cal. yr BP. From ~1500 cal. yr BP to present (CONISS Zone 3) there is a loss of 

a number of the cold stenotherms, a return of C. ambigua – type and increases in the thermophilic littoral 

taxa M. pedellus – type (Brooks and Birks, 2001) and C. mancus – type (Bennike et al. 2004) (Figure 2-

4). This zone also records an increase in the profundal taxon Sergentia spp. (Figure 2-4), suggesting the 

last 1500 years of the sediment record represents a slightly warmer period with developed profundal 

habitat.  

2.4.4 Howard Lake: diatoms 
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 The diatom assemblage record at Howard Lake, similar to the chironomid record, is quite 

complacent (Figure 2-4). The most notable shifts are in the planktonic and tychoplanktonic taxa, which 

rise, fall, and rise again in relative abundances between 5700 and 3200 cal. yr BP suggesting changes in 

the length and strength of thermal stratification (e.g. Rühland et al., 2015), although no strong, directional 

change is evident, nor do any of the shifts appear to be synchronous to the chironomid zones (Figure 2-4).  

2.4.5 Louise Lake: chironomids 

 The Louise Lake sediment record, which is the site farthest from the St. Elias ice fields, shows 

more pronounced changes over its length (Figure 2-5) than the more proximate Howard Lake core, but 

more subtle changes than the KNPR record. CONISS Zone 1 (the base of the core to ~9000 cal. yr BP) 

represents a cool period with the presence of cold-adapted Corynocera oliveri – type (Brooks and Birks, 

2000) and Paratanytarsus austriacus – type (Brooks et al., 2001) (Figure 2-5). Remnants of 

unconsolidated sandy material at the very bottom of the core, in conjunction with the cold stenothermic 

taxa, suggest that this early part of the record might represent the deglaciation of the catchment. 

 Zone 2 (~9000 cal. yr BP to ~8100 cal. yr BP) is characterized by the loss of the cold stenotherms 

and peaks in the warm-adapted, littoral M. pedellus – type and Dicrotendipes nervosus – type (Brodersen 

et al., 2001; Barley et al., 2006) (Figure 2-5). Additionally, there is a shift in the profundal taxa in this 

zone, from Sergentia spp. to Chironomus spp. (Figure 2-5). These taxonomic changes suggest a period of 

warmth and, perhaps, enhanced lake productivity leading to a reduction of bottom-water oxygen 

concentrations (Brodersen and Quinlan, 2006) consistent with the manifestation of the HTM in the Louise 

Lake record.  

 The warm interval in Louise Lake is followed by an episode of inferred cold conditions in Zone 3 

(8100 cal. yr BP to ~2500 cal. yr BP) with increases in the cold stenotherms Mesocricotopus spp., 

Protanypus spp. and Parakiefferiella nigra – type (Walker et al., 1992) and loss of the warm littoral 

Chironomini taxa Microtendipes pedellus – type and Dicrotendipes nervosus – type (Figure 2-5). The 
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timing of the shift towards colder taxa is coincident with the 8200 cal. yr BP cold event (Figure 2-5). The 

subfossil mandibles of large-bodied Chaoborus spp. (C. trivitatus and C. americanus) previously present, 

although at low abundances, disappear at the beginning of this zone (Figure 2-5). Although C. 

americanus absence is not a definitive signal of fish presence, often the loss of this large species of 

phantom midge has been noted during fish introductions (reviewed in Sweetman and Smol, 2006), where 

planktivorous fish are voracious visual predators of this large-bodied Chaoborus species. The loss of 

Chaoborus from the Louise Lake record could be reflecting the establishment of fish in Louise Lake.  

 Zone 4 (~2500 cal. yr BP to modern) is marked by shifts from cold adapted Heterotrissocladius 

grimshawi – type to warmer Heterotrissocladius morphotypes and a concurrent increase in the warm-

adapted littoral C. mancus – type (Figure 2-5), suggesting climate warming from the mid-Holocene.  

Corynocera ambigua – type also slightly increases in relative abundance (Figure 2-5).  

2.4.6 Louise Lake: diatoms 

 Diatoms appear in the Louise Lake record at ~5500 cal. yr BP, in the midst of the inferred cold 

interval and are dominated by small benthic fragilarioid (sensu lato) taxa (Figure 2-5). These generalists 

typically dominate cold or harsh environments where other species are inhibited from proliferating (Lotter 

and Bigler, 2000; Schmidt et al. 2004; Rühland et al. 2008). At ~2500 cal. yr BP the small benthic 

fragilarioid (sensu lato) decline in relative abundance with concomitant increases in small, benthic, 

littoral taxa (Navicula spp. and Achnanthes spp.) and slight increases in planktonic species (Figure 2-5). 

These shifts may be indicative of the development of more complex littoral habitat (Douglas et al., 1994; 

Douglas and Smol 2010) and longer, stronger periods of thermal stratification, respectively (Rühland et 

al., 2003; Smol et al., 2005; Rühland et al., 2008). These changes are consistent with observed shifts in 

diatom assemblages in response to recent climate warming at a number of subarctic lakes (Rühland et al., 

2003; Rühland et al., 2008). The taxonomic change in the Louise Lake diatoms at ~2500 cal. yr BP is 
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synchronous with the increase in warm stenothermic chironomids (Figure 2-5), further suggesting the 

establishment of relatively warmer conditions at 2500 cal. yr BP. 

2.4.7 Holocene climate change in the SW Yukon Territory 

 The earliest part of the KNPR and Louise Lake records are likely marked by the deglaciation of 

the catchments. As it is possible that we did not capture the base of the lake records at Howard and Louise 

lakes, we cannot compare, with certainty, the initial ontogeny of the three lakes. However, early shifts 

from cold-adapted chironomids to warm-adapted taxa may be used to infer the time when the lake 

stopped receiving large amounts of cold glacial melt water. At KNPR Lake, the shift was in the early 

Holocene, about 13000 cal. yr BP (Figure 2-3, Figure 2-6). In comparison, at Louise Lake the 

chironomids shifted much later, at approximately 9000 cal. yr BP (Figure 2-5, Figure 2-6), suggesting a 

high degree of heterogeneity in the deglaciation of the SW Yukon Territory, likely driven by the rugged 

topography and the complex glacial history of the region.  

 Following deglaciation, the end of the Younger Dryas may be evident in the KNPR Lake 

chironomid record with the transition from Micropsectra spp. and Microtendipes pedellus – type to 

Sergentia spp. and Psectrocladius sordidellus – type around 11500 cal. yr BP (Figure 2-3), which is 

consistent with other records in the region (Bunbury and Gajewski, 2009); however, given the unclear 

ecological specificity of this shift, the event should be interpreted with caution. The post-glacial warming 

climate culminated in the Holocene Thermal Maximum (HTM) with inferred peak temperatures at Louise 

Lake occurring between 9000 and 8200 cal. yr BP, ~1000 years later than at KNPR Lake where the peak 

of the HTM is inferred by the spike in abundance of the thermophilic littoral Cladotanytarsus mancus – 

type at ~10000 cal. yr BP (Figure 2-3). This warm period, driven by increased summer insolation, 

generally resulted in glaciers reaching their minimum Holocene extents (Menounos et al., 2009). The 

period is also concurrent with a fairly coherent regional transition in the pollen records from a birch shrub 

tundra environment to a white spruce forest that dominates the landscape and pollen records from 10000 
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cal. yr BP until present (reviewed in Gajewski et al., 2014). The variation between the inferred timing of 

the HTM in Louise and KNPR Lakes may be due, in part, to the inclusion of old carbon in the dated 

material, however we tried to minimize this potential error by isolating macrofossils for dating that would 

contain little to no old carbon (see Appendix C). Alternatively, the delay between the two records may be 

due to the persistence of local glaciers around Louise Lake resulting from the heterogeneity of the alpine 

topography and varied pattern of deglaciation. The two lake records support that the SW Yukon Territory 

had a varied but relatively early response to the HTM as compared to eastern North America (Kaufman et 

al., 2004). The shorter Howard Lake core did not extend long enough to show evidence of an early 

Holocene warm period.  

 Following the HTM, the chironomid records suggest that the climate began to cool. A shift in the 

chironomids concurrent with the 8200 cal. yr BP event, is evident in both the KNPR Lake record and the 

Louise Lake core. In the KNPR Lake record the 8200 cal. yr BP event is marked by a pulse in cold 

stenothermic chironomid taxa (Figure 2-3) while at ~8100 cal. yr BP in the Louise Lake record, the 

chironomids suggest the onset of a long cool period (Figure 2-5). The 8200 cal. yr BP cold event resulted 

in glacial advances in the southern Coast Mountains and has also been noted in several other paleoclimate 

records in the Yukon Territory and British Columbia as either a discrete cold period (Bunbury and 

Gajewski, 2009) or as the initiation of a prolonged cool period (Stuart et al., 1989; Fleming, 2008).    

 At KNPR Lake the chironomids suggest a possible decline in lake depth centered around 9200 

cal. yr BP and lasting until 4200 cal. yr BP (Figure 2-3), perhaps as a result of prolonged aridity. This is 

broadly consistent with other moisture-sensitive inferences from the region (Pienitz et al., 2000; Anderson 

et al., 2005; Fisher et al., 2008; Bunbury and Gajewski, 2009) and corresponding to a period of maximum 

charcoal from 9000 cal. yr BP to 5000 cal. yr BP (Gajewski et al., 2014) representing an increase in the 

regional fire regime. Additionally from 6700 to 4700 cal. years BP there was a halt in ice patch formation 

in the SW Yukon Territory, which was attributed to either warmer conditions or reduced precipitation in 
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the SW Yukon Territory (Farnell et al., 2004). The termination of an arid period around 4200 cal. yr BP 

appears to be synchronous across the region, with relatively wet conditions lasting until present inferred 

from multiple proxy records (Farnell et al., 2004; Anderson et al., 2005; Anderson et al., 2007; Fisher et 

al., 2008; Bunbury and Gajewski, 2009; Gajewski et al., 2014). In contrast to KNPR Lake (Figure 2-3), 

Howard (Figure 2-4) and Louise (Figure 2-5) lakes show little change in the proportion of profundal 

habitat during the mid Holocene, and are generally less variable over their records (Figure 2-6), 

suggesting KNPR Lake may have been more sensitive to changes in moisture balance. The reasons 

behind this disparity are unclear, as the three lakes are currently all open, but may suggest a change in 

hydrology at KNPR Lake. The 4200 cal. yr BP event is also a marked anomaly in the Mt. Logan isotopic 

record and is interpreted as a major disturbance in the hydrological cycle (Zdanowicz et al., 2014), 

potentially ushering in the modern regime for the El Niño-Southern Oscillation (Fisher, 2011).  

 At approximately 2500 cal. yr BP, both the diatoms and chironomids in the KNPR Lake record 

(Figure 2-3) and the Louise Lake record (Figure 2-5) suggest warmer conditions. A slight warming signal 

appears later in the Howard Lake record, at approximately 1500 cal. yr BP. This inferred warm period has 

not been reported before for this region, rather North America is inferred to be entering the late 

Neoglacial resulting from a steady decrease in insolation since the HTM, with extensive glacial advance 

in the St. Elias Mountains (Menounos et al., 2009). There is little coherency with other paleoclimate 

records from the region from 4500 cal. yr BP to present. Oxygen isotopic records from Jellybean Lake, in 

the SW Yukon Territory, and chironomid records from Hanging Lake, in the northern Yukon Territory 

infer warming at 2500 cal. yr BP and 1500 cal. yr BP respectively, but also respond to cooling during the 

Little Ice Age (Anderson et al., 2007; Kurek et al., 2009), unlike our lake records (Figures 2-3, 2-4, 2-5). 

In contrast, Upper Fly Lake suggests cooler conditions from 1750 cal. yr BP to ~500 cal. yr BP (Bunbury 

and Gajewski, 2009), while Pyramid (Fleming, 2008), Moose (Clegg et al., 2010), and Sulphur Lakes 

(Lacourse and Gajewski, 2000) infer gradual cooling since the HTM, with asynchronous, brief, warm 
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intervals. Interestingly, the potential warming signal at our three sites roughly corresponds to the rapid 

expansion of the range of the lodgepole pine (Pinus contorta), which grows in warm, well-drained sites, 

into the Whitehorse area between 3000 cal. yr BP and 1500 cal. yr BP (Strong and Hills, 2013; Edwards 

et al., 2015). The Pinus expansion is thought not to have been driven directly by climate, but rather 

opportunistic expansion due to increased fire frequency (Edwards et al., 2015) as a result of a shift 

towards drier conditions (Anderson et al., 2005; Anderson et al., 2007).  

 High-resolution gravity cores sampling the most recent sediments from KNPR, Howard, and 

Louise lakes were examined for diatoms and chironomids by Chen et al. (2014) (the records are provided 

in Appendix B). In response to recent anthropogenic warming, only the Louise Lake diatom record 

captured an important ecological shift, with an increase in planktonic diatoms relative to small benthic 

fragilarioid spp., while changes at KNPR and Howard lakes were muted (see Appendix B). The 

cryospheric modulation of the local climate was posited to have driven the trend towards a more muted 

biotic response with increasing proximity to the Wrangell-St. Elias ice fields.  

2.4.8 Evidence for cryospheric modulation of climate in the SW Yukon Territory 

 The difference in the chironomid response to recent climate change at our three study lakes was 

summarized by Chen et al. (2014) where the chironomid taxonomic turnover (beta-diversity) over the last 

~200 years was assessed. Louise Lake was found to have, relatively, the highest turnover (B-diversity 

1.157), while KNPR Lake (B-diversity 0.779) and Howard Lake (B-diversity 0.752) showed little change 

in the chironomid assemblages in response to recent climate warming (Chen et al., 2014; Appendix A). In 

contrast to the recent (~200 year) records, the chironomid responses to the Holocene Thermal Maximum 

at both Louise (Figure 2-5) and KNPR (Figure 2-3) lakes were pronounced. Our HTM observations from 

the SW Yukon Territory may reflect the loss of the cooling influence of the ice fields during the HTM. 

Alpine glaciers were at their Holocene minimum during the HTM (Menounos et al., 2004; Koch et al., 

2007; Osborn et al., 2007). The ablation of these large ice features may have led to the loss of a climatic 
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buffering effect, explaining the establishment of warm-adapted taxa in KNPR Lake. Following the HTM, 

the Neoglacial period typically resulted in regional ice features reaching their maximal extents 

(Menounos et al., 2009). It may be that recent warming has not been sufficient to ablate and disrupt the 

potential cooling mechanism of the ice fields so that, in contrast to the early Holocene, the chironomid 

response in KNPR Lake over the past ~150 years may have been buffered from the impacts of recent 

warming due to the maintenance of a cooling effect from the ice fields. 

 Overlying the climate signal from the chironomid assemblages may be differences in lake depth, 

both between lakes and throughout the records, affecting the proportion of climatically-sensitive littoral 

taxa. In the study of recent climate change in the SW Yukon Territory lakes, Chen et al. (2014) found a 

negative relationship between the responsiveness of the chironomid assemblage and lake depth. Therefore 

it may be that the responsive nature of KNPR Lake in the early Holocene (Figure 2-3, Figure 2-6) was 

due to its inferred lower water level and higher proportion of littoral species and not the breakdown of the 

ice field-buffering mechanism. Howard Lake remains fairly complacent throughout the record (Figure 2-

6) with, generally, a steady proportion of profundal chironomids (Figure 2-4). However, Howard Lake 

also does not extend long enough to capture the most notable Holocene climate shift (the HTM) (Figure 

2-6), and consequently, it is difficult to rule out changes in lake depth as the basis of the difference in the 

response between recent and HTM warming. 

 Another explanation for the lack of a strong recent warming signal in the KNPR chironomid 

records from the SW Yukon Territory may be due to the dominance of C. ambigua – type in the 

chironomid assemblage. C. ambigua –type dominates the past ~2750 years in the KNPR stratigraphy 

(Figure 2-3). This morphotype, which tends to form mass occurrences, may have a very broad 

temperature tolerance (Brodersen and Lindegaard, 1999). As a result, the high abundance of C. ambigua – 

type in recent sediments may be masking a marked response in known temperature-sensitive littoral taxa, 

which never reach above 10% relative abundance. 
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 The chironomid record from KNPR Lake suggests that if the cryosphere is currently moderating 

regional temperatures, that this mechanism was established during the Neoglacial, when glaciers reached 

their maximum Holocene extents. KNPR Lake and Howard Lake are presently largely unresponsive to 

recent warming. In contrast, during the early and mid-Holocene, the chironomid assemblage at both 

Louise and KNPR Lake responded dynamically to changes in climate. The Holocene record from KNPR 

Lake suggests that a climate buffering mechanism, if currently acting to moderate the climate at KNPR 

Lake, could breakdown with sufficient ablation of the ice fields. As warming continues to result in the 

loss of the Wrangell-St. Elias ice fields, this may result in a loss of the buffering mechanism and rapid 

warming at the adjacent sites.  
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Figure 2-1: Top: the three study lakes (dark blue circles) and their location relative to the Wrangell-St. 
Elias ice fields (indicated in grey) in the Yukon Territory, Canada relative to other paleoclimate records 
discussed in this paper (grey triangles: 1 Mt. Logan (Fisher et al., 2008); 2 Upper Fly Lake (Bunbury and 
Gajewski, 2009); 3 Marcella Lake (Anderson et al., 2005); 4 Jellybean Lake (Anderson et al., 2007); 5 
Hanging Lake (Kurek et al., 2009); 6 Pyramid Lake (Fleming, 2008); 7 Moose Lake (Clegg et al., 2010); 
8 Sulphur Lake (Lacourse and Gajewski, 2000)). Bottom: the Southwest Yukon Territory indicating our 
study lakes KNPR Lake, Howard Lake, and Louise Lake (dark blue circles) relative to the Wrangell-St. 
Elias ice fields (indicated in grey).  
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Figure 2-2: Calibrated age-depth models for KNPR Lake (a), Howard Lake (b), and Louise Lake (c) 
developed with CLAM v. 2.1 (Blaauw, 2010) with linear interpolation between the calibrated dates. The 
IntCal09 northern hemisphere terrestrial 14C calibration curve (Reimer et al. 2009) was used to transform 
the 14C ages and associated standard deviations to calibrated years before present (cal. yr BP; with present 
set at 1950). Calibrated 14C ages and associated errors are in blue, the green point is the White River ash 
with a calibrated age range of 1014 – 1256 cal. yr BP (Clague et al., 1995), line of best fit used to develop 
the age-depth model is in black with light grey shading around the linear interpolations representing the 
95% confidence intervals of the age-depth model developed by CLAM v. 2.1 (Blaauw, 2010). 



 

 

 

 

 

62 

 

 
Figure 2-3: Relative frequency diagram of midge taxa and diatom taxa for KNPR Lake. Stratigraphic zones (Z1 - Z5) were identified using 
constrained, incremental sum-of-squares cluster analysis (CONISS). Chironomid taxa are ordered in the stratigraphies according to their 
temperature optima (from left to right, coldest to warmest; Bennike et al., 2005; Barley et al., 2006). The % profundal chironomids is also plotted 
after the midge data expressing the percent identified profundal taxa relative to the identified littoral taxa (using Brooks et al., 2001).  
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Figure 2-4: Relative frequency diagram of midge taxa and diatom taxa for Howard Lake. Stratigraphic zones (Z1 – Z3) were identified using 
constrained, incremental sum-of-squares cluster analysis (CONISS). Chironomid taxa are ordered in the stratigraphies according to their 
temperature optima (from left to right, coldest to warmest; Bennike et al., 2005; Barley et al., 2006). The % profundal chironomids is also plotted 
after the midge data expressing the percent identified profundal taxa relative to the identified littoral taxa (using Brooks et al., 2001).  
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Figure 2-5: Relative frequency diagram of midge taxa and diatom taxa for Louise Lake. Stratigraphic zones (Z1 – Z4) were identified using 
constrained, incremental sum-of-squares cluster analysis (CONISS). Chironomid taxa are ordered in the stratigraphies according to their 
temperature optima (from left to right, coldest to warmest; Bennike et al., 2005; Barley et al., 2006). The % profundal chironomids is also plotted 
after the midge data expressing the percent identified profundal taxa relative to the identified littoral taxa (using Brooks et al., 2001). 
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Figure 2-6: First two axes of detrended correspondence analyses on the chironomid records for KNPR Lake, Howard Lake and Louise Lake, SW 
Yukon Territory including the constrained, incremental sum-of-squares cluster analysis (CONISS) stratigraphic zones 
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Table 2-1: Select limnological variables from surface waters for the three study lakes for KNPR Lake 
(sampled July 2nd, 2009), Howard Lake (sampled August 20th, 2010), and Louise Lake (sampled June 
16th, 2009), Southwest Yukon Territory. Variables of particular interest include maximum depth, pH, 
specific conductivity (SP Cond), dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), total 
phosphorus - unfiltered (TPu) and total nitrogen – unfiltered (TNu). The complete suite of water chemistry 
is provided in Appendix D. 

Lake 
Name 

Latitude 
(oN) 

Longitude 
(oW) 

Elevation 
(m a.s.l.) 

Depth  
(m) pH SP Cond  

(µS/cm) 
DOC  

(mg/L) 
DIC  

(mg/L) 
TPu  

(µg/L) 
TNu 

 (mg/L) 

KNPR 
Lake 60.170 137.763 840 18 7.95 109 2.8 12.5 7.7 0.769 

Howard 
Lake 60.228 136.814 880 17 7.93 118 3.8 12.4 8.9 0.265 

Louise 
Lake 60.702 135.278 1040 12 7.96 160 4.6 17.3 13.9 0.266 
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Chapter 3 

Ice-cover as the principal driver of ecological change in High Arctic lakes and 

ponds 

3.1 Abstract 

 Recent climate change has been especially pronounced in the High Arctic, with concomitant 

shifts in many limnetic biological communities. However, local and site-specific characteristics can often 

result in considerable differences in the climate response of biological indicators such as those recorded 

using diatoms. To explore the role of climate-mediated ice cover changes as the basis of these differences, 

we used paleolimnological techniques to examine shifts in diatom assemblages from ten High Arctic 

lakes and ponds from Ellesmere Island (Nunavut, Canada) and nearby Pim Island (Nunavut, Canada) with 

differing lengths of the ice-free season.  The ten sites were divided into four groups (“warm”, “cool”, 

“cold”, and “oasis”) based on local elevations and microclimatic differences that result in differing 

lengths of the ice-free season. We characterized the species changes as a shift in conditions from 

Condition 1 (i.e. a generally low diversity, predominantly epipelic and epilithic diatom assemblage) to 

Condition 2  (i.e. a more diverse and ecologically complex assemblage with an increasing proportion of 

epiphytic species). This shift from Condition 1 to Condition 2 was a consistent pattern seen across the 

sites that would have experienced a change in ice cover with warming. The “warm” sites recorded the 

earliest (~1850 AD) and highest magnitude changes as they are amongst the first to lose their ice covers 

in the season. The sensitive responses of these sites to regional warming was marked by increased 

inferred primary production and diatom species diversity, as well as notable shifts from epilithic 

assemblages towards increasing proportions of epiphytic taxa.  The “cool” sites also exhibited a shift from 

Condition 1 to Condition 2, but the timing of the response lagged the “warm” sites, while some of the 

“cold” sites, which until recently still retained an ice raft in summer, only exhibited the beginnings of this 
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shift in the upper-most sediments. Prior to anthropogenic warming, the diatoms from the Arctic “oasis” 

sites were, as expected, already experiencing Condition 2.  Given the historically warmer conditions at 

these locations, habitats in the “oasis” ponds were already comparatively diversified and therefore likely 

supported aquatic vegetation throughout their records. Consequently, the diatom species shifts were 

muted and did not reflect increased habitat diversification with warming.  Not surprisingly, however, 

overall primary production did increase in response to the lengthening ice-free season in the “oasis” sites. 

Our results confirm that the length of the ice-free season is the principal driver of diatom assemblage 

responses to climate in the High Arctic, largely driven by the establishment of new aquatic habitats, 

resulting in increased diversity and the emergence of novel growth forms and epiphytic species.  

 

3.2 Introduction 

 Northern environments have been identified as extremely vulnerable to climate warming and are 

experiencing warming at about twice the rate of the global average (Larsen 2014). High-latitude 

waterbodies have demonstrated particular sensitivity to small changes in climate (Smol and Douglas 

2007a,b), with some lakes and ponds recording high taxonomic turnover in algal (e.g. Douglas et al. 

1994; Smol et al. 2005; Rühland et al. 2008, 2015) and invertebrate assemblages (e.g. Quinlan et al. 

2005). The biological and chemical signatures of past environments are well preserved in the sediments of 

lakes and ponds, which are ubiquitous features in the Arctic landscape, and are commonly used for 

paleoclimate reconstructions (Smol and Douglas 2007a). The stored information in the sediment archive 

can provide a long-term context for regions (such as the High Arctic) where monitoring records are either 

non-existent or are of short duration. For example, sediment records from across the circumpolar Arctic 

showed earlier and more dramatic biotic responses at the most northern sites, suggesting an increased 

sensitivity to anthropogenic climate change with latitude (Smol et al. 2005).  
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 The effect of climate warming on aquatic biota is not always straightforward, but is often 

predictable (Smol and Douglas 2007a; Rühland et al. 2008, 2015). In addition to increases in direct 

radiative heating, warming may lead to reductions in ice cover, resulting in longer growing seasons, the 

opening of new habitats for colonization, and the development of novel algal communities (Smol 1988, 

Douglas et al. 1994). Additionally, there may be associated changes in effective moisture (precipitation – 

evaporation) (Smol and Douglas 2007b), higher rates of erosion, and greater catchment productivity, all 

of which may influence assemblage composition (Douglas et al. 2004).  Often the dominant algal group 

in Arctic freshwater ecosystems is the diatoms (Bacillariophyceae), siliceous algae that are ubiquitous and 

well-preserved in sediments (Smol and Stoermer 2010). Diatoms typically record indirect responses to 

warming such as to changes in habitat availability as the extent of ice cover diminishes (Douglas and 

Smol 1995, 2010; Lim et al. 2001a), as well as to climate-associated changes in water chemistry (e.g. Lim 

et al. 2001b; Antoniades et al. 2005a).  

 A diatom assemblage shift towards a diverse periphytic assemblage, which has been recorded in 

many previous studies (reviewed in Smol and Douglas 2007a; Douglas and Smol 2010), largely reflects 

an increase in the availability of exploitable epiphytic (living attached to vegetation) habitat, which can be 

moderated by the length of the ice-free season. The epipelic (living on sediment) and epilithic (living 

attached to rocks) communities are often dominated by prostrate, non-motile, adnate species (particularly 

opportunistic small, benthic fragilarioid taxa). The benthic fragilarioid taxa regularly dominate early 

diatom assemblages in Arctic systems, as they are able to exploit these rather harsh environments with 

extended ice cover, low light, and low nutrients that might exclude other taxa (Lotter and Bigler 2000; 

Schmidt et al. 2004). In contrast, diatoms with more complex growth forms (e.g. stalked or tube-dwelling 

taxa) are often epiphytic on aquatic mosses or vascular plants, or are attached to the tubes and stalks of 

other taxa (Douglas and Smol 2010). With warmer summers and a longer growing season, aquatic mosses 

and diatoms with more complex growth forms may develop in a waterbody that was limited in colder 

years to rock and sediment substrates for diatom colonization (reviewed in Douglas and Smol 2010). 
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Consequently, those sites that develop vegetated substrates due to an extended ice-free season are 

expected to cross a habitat boundary, namely a change from predominantly epilithic and epipelic species 

to greater proportions of epiphytic species, that would be reflected by a marked shift in the diatom 

assemblages and an increase in assemblage diversity (Douglas et al. 1994; Smol et al. 2005; Douglas and 

Smol 2010). 

 Early paleoecological work at Rock Basin Lake (unofficial name), east-central Ellesmere Island 

(Nunavut, Canada), suggested that ice cover was a dominant driver affecting the composition of diatom 

assemblages in northern environments (Smol 1983). The extensive summer ice cover, it was argued, 

precluded the development of large populations of planktonic taxa, while the littoral assemblages were 

primarily driven by the fluctuation and extent of ice-free conditions in the littoral zone (Smol 1983, 

1988). Subsequent work on Arctic ponds at Cape Herschel (Ellesmere Island, Nunavut, Canada) 

identified increases in diatom diversity occurring in the mid-19th century, suggesting a heightened 

sensitivity of these pond ecosystems, where slight temperature increases induced a marked change 

towards a more diverse and complex periphytic assemblage (Douglas et al. 1994). Meanwhile, large High 

Arctic lakes can also undergo substantial transformations, such as in typically perennially ice covered 

lakes on Ellesmere Island, where the loss of ice resulted in marked increases in algal production, as, prior 

to warming, the extended ice cover almost precluded diatom production entirely (Doubleday et al. 1995; 

Wolfe and Perren 2001; Perren et al. 2003; Antoniades et al. 2007; Veillette et al. 2010). 

 To investigate the effect of ice-cover versus other limnological variables, Keatley et al. (2008) 

examined diatoms in lake sediment records from two hydrologically connected lakes on northern 

Ellesmere Island that had different ice cover regimes. The lake that retained a raft of ice through the 

summer showed very little change in contrast to the lake that was ice-free, which experienced dramatic 

shifts towards more diverse assemblages, consistent with the development of novel habitats as driven by 

ice-cover dynamics (Keatley et al. 2008).  
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 Here, we explicitly examine the role of ice cover as the dominant driver of diatom assemblage 

change by analyzing diatoms and algal production (as measured using spectrally-inferred chlorophyll a) 

in sediment records from four categories of lakes and ponds on east-central Ellesmere Island and Pim 

Island (Nunavut). The sites have been studied since 1983 as part of a long-term monitoring program (e.g. 

Smol and Douglas 2007a) and represent four different local climate/ice cover regimes, with the site 

divisions based on the observations made over 30 years of site visits (see Table 3-1 for grouping 

rationale). The four categories are: 1) “warm” sites that currently have long ice-free periods and are 

known to have responded sensitively and early to anthropogenic climate change (Douglas et al. 1994); 2) 

“cool” sites that have shorter ice-free periods than the warm sites; 3) “cold” sites, where the waterbodies 

rarely lose their full ice cover; and 4) “oasis” sites that historically had elongated ice-free periods in 

summer, prior to anthropogenic warming.  

 Given that a gradient exists in the length of ice cover between our four site groups (based on 

regular observations since 1983; Table 3-1), as a function of elevation and local climate (e.g. shaded or in 

sheltered valleys), we hypothesized that the greatest and earliest diatom assemblage shifts will be 

documented in the “warm” sites. The second largest changes are likely to be recorded in the “cool” sites 

that had delayed reductions in ice cover as compared to the “warm” sites, due to their higher elevation or 

local microclimatic conditions (Table 3-1).  The “cold” sites, which still retain extended ice covers, 

should only record muted and delayed changes in diatom assemblages. Additionally, we hypothesized 

that ponds located in the historically warm “oasis” Sverdrup Pass would not record any dramatic 

taxonomic turnover as, prior to recent anthropogenic warming, these sites already would have had 

relatively long ice-free periods and well-established aquatic vegetation, and therefore would have already 

supported diverse habitats for diatom growth. However, the diatoms at the “oasis” sites would likely 

reflect other climate-related limnological changes, such as increased summer production or decreases in 

the moisture balance due to enhanced evaporation.  
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3.3 Site description 

 We sampled ten lakes and ponds located on Cape Herschel (78º37’N, 74º42’W), east-central 

Ellesmere Island and on nearby (~10 km to the northeast) Pim Island (78º43’N; 74º27’W), and at 

Sverdrup Pass (79º 8’N, 79º 50’ W), central Ellesmere Island (about 120 km from Cape Herschel), 

between July 12th and 24th, 2011 (Figure 3-1). Select limnological and water chemistry variables for the 

ten sites are provided in Table 3-2 (detailed water chemistry and other limnological data are in Appendix 

G).  The climate of central Ellesmere Island is cold and dry, with mean annual temperature of -19ºC, 

mean annual precipitation of 79 mm, and mean maximum daytime temperatures in the summer months 

(June, July, and August) of 6ºC, 9ºC, and 5ºC, respectively. The number of ice-free days is variable based 

on local climate conditions and elevation, typically ranging from 40 days to 65+ days (Douglas and Smol 

1993). The sites have been visited regularly since 1983 (Table 3-1, see Appendix F for details of site 

visits). We classified the ten sites into four groups based on local climate / ice cover regimes: 1) the 

“warm” sites; 2) the “cool” sites; 3) the “cold” sites; and 4) the “oasis” sites (Figure 3-1), as detailed in 

Table 3-1 and described more fully below. 

Group 1: The “warm” sites 

 The “warm” sites are located on Cape Herschel (Figure 3-1c). Our research team has regularly 

visited and sampled the ponds on the Cape, approximately every three years, for the past 30 years. Indeed, 

Elison Lake and Col Pond were first analyzed for diatoms by Douglas et al. (1994) using sediment cores 

taken in 1978 (Blake 1978). We re-cored these sites in 2011 to capture the most recent (post-1978) 

changes in their sedimentary records. Cape Herschel is comprised of Archean granites (Frisch 1984) with 

patchily distributed outcrops of calcareous glacial till (Frisch 1984). The two “warm” ponds (depth < 2 

m), Col Pond (unofficial name; 78º 36.154’N, 74º 39.758’W) and Elison Lake (78º 36.487’N, 74º 

44.414’W), have repeatedly been noted to be amongst the first on the Cape to be ice-free (Table 3-1). Col 

Pond is located within a topographic col at a moderately high elevation (137 m a.s.l.). Located at the 

bottom of a valley and protected by the wind in two directions, Col Pond is amongst the first of the ponds 
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on the Cape to lose its ice cover (Table 3-1). Elison Lake, despite its name, is a large pond (209 m x 584 

m, max depth 1.5 m) at low elevation (32 m a.s.l.).  Its large size and low elevation make it one of the last 

on the Cape to freeze at the end of the short summer (typically mid- to late August). A thermistor installed 

in Elison Lake recorded an average of 92 ice-free days/year (from 2008-2010, determined as the number 

of days in one year between pond temperatures rising above 0ºC to when they first dip below 0ºC, M. 

Douglas, unpublished data). Both ponds are relatively shallow, slightly alkaline, and oligotrophic (Table 

3-2), and both contained submerged aquatic mosses at the time of sampling.  

Group 2: The “cool” sites 

 The “cool” sites are also located on Cape Herschel (Figure 3-1c) and are amongst the last on the 

Cape to lose their ice cover, as these ponds have little shelter from wind and are at relatively high 

elevations  (Table 3-1).  The three ponds (< 2 m deep) are Moraine Pond (unofficial name; 78º 36.685’N, 

74º 40.977’W), Paradise Pond (unofficial name; 78º 36.530’N, 74º 46.117’W) and Plateau Pond 2 

(unofficial name; 78º 35.500, 74º 38.427’W). Moraine Pond is shaded by cliffs and is fed by a stream that 

drains one of the largest catchments of the Cape Hershel ponds (including the large Cape Herschel cliffs 

to the south) and is meso-eutrophic, while Paradise Pond and Plateau Pond 2 were oligotrophic at the time 

of sampling (Table 3-2). All the “cool” ponds had persistent snow banks in the catchment when sampled 

in 2011 and submerged aquatic mosses were observed in Moraine Pond at the time of sampling. Select 

water chemistry variables for the “cool” sites are provided in Table 3-2.  

Group 3: The “cold” sites  

 Pim Island is a steep-sided island located ~10 km to the north of Cape Herschel and composed of 

Archean granite (Frisch 1984), with occurrences of discontinuous calcareous till (Blake 1992). The 

exposed, high elevation ponds on the island had no appreciable accumulation of sediment for coring, and 

therefore we focused on obtaining sediment cores from lakes. The “cold” Pim Island sites are: High Lake 

(unofficial name; 78º 42.700’N, 74º 22.283’W), Proteus Lake (78º 41.876’N, 74º 23.022’W), and West 

Lake (unofficial name; 78º 44.491’N, 74º 37.751’W) (Figure 3-1d). Our research group sampled these 



 

 

 

 

74 

sites for 1, 6, and 4 summers, respectively, over the past 30 years. However, in addition to direct field 

sampling, researchers have done a number of helicopter surveys noting ice covers in other years. 

Typically, these high elevation lakes have between 90 and 100% ice cover at the time of sampling, often 

even at the height of summer in late July and early August (Table 3-1), with summer melt limited to a 

narrow moat along the shore.  However, during sampling in 2011, the three lakes were largely ice-free. 

No aquatic vegetation was observed at the “cold” sites at the time of sampling. Catchment vegetation was 

rare, consisting of a few small forbs. Water chemistry for the “cold” sites is provided in Table 3-2.  

Group 4: The “oasis” sites  

 The two “oasis” sites are located in Sverdrup Pass, central Ellesmere Island (Figure 3-1e). 

Sverdrup Pass has been called a “polar oasis” due to its warmer temperatures and atypically greater 

biological production and diversity relative to ecosystems at similar latitudes (Lévesque 1996). The 

growing season here spans from late May to early September (Elster et al. 1999), and the warmer 

conditions have resulted in greater vegetation growth as compared to polar desert sites, with enough wet 

sedge meadow habitat to support a small muskox population (Henry et al. 1986).  The pass is an ice-free, 

U-shaped valley bordered by high cliffs of Cambrian and Lower Ordovician carbonates (Harrison et al. 

2006). The protection from wind by the cliffs (e.g. Michelutti et al. 2013) in combination with the low 

albedo, which may be amplified due to the parabolic nature of the valley, might explain the relatively 

warmer local climate in the Sverdrup Pass valley.  Our two “oasis” sites are Sverdrup Pond 5 (SV Pond 5: 

unofficial name; 79º 7.951’N, 79º 48.582’W) and Sverdrup Pond 8 (SV Pond 8: unofficial name; 79º 

7.680’N, 79º 58.498’W). The ponds had abundant lichen, bryophytes and vascular plants (predominantly 

cotton grass, Eriophorum callitrix) in their catchments, and 100% vegetated perimeters, characterizing 

them as notably more productive than the polar desert regions of Cape Hershel and Pim Island (Table 3-

1). Both ponds were meso-eutrophic (Table 3-2) and had abundant submerged macrophytes at the time of 

sampling.  
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3.4 Methods and materials 

3.4.1 Sediment collection and dating 

 Sediment cores were extracted from the near the deepest part of the lakes and ponds using either a 

Glew (1989) gravity corer, or push corer for waters < 1 m deep.  Sediments were extruded on site using a 

Glew (1988) extruder at 0.25 cm or 0.5 cm intervals.  

 Col Pond and Elison Lake were first cored in 1978 and dated using 14C and 210Pb chronologies 

(Douglas et al. 1994). The cores we collected in 2011 were matched to the 210Pb-dated cores from 1978 

(Douglas et al. 1994) using the marked shifts in the diatom assemblages, thus bringing the diatom records 

to 2011. The sediment cores for the “cool”, “cold” and “oasis” sites were freeze-dried and dated (at 0.5 or 

1 cm intervals) using 210Pb gamma spectrometry (Schelske et al. 1994; Appleby 2001) at the 

Paleoecological Environmental Assessment and Research Laboratory at Queen’s University, Kingston, 

ON, Canada, and activities were converted to dates by applying the Constant Rate of Supply (CRS) 

method (Appleby and Oldfield 1978).  

 The 210Pb activities in the SV Pond 5 core were too low to obtain reliable dates. In lieu of 210Pb 

dates, we obtained basal dates for SV Pond 8 and SV Pond 5 by assessing the 14C in macrofossils (woody 

herbaceous stem and moss fragments), isolated by Paleotec Services in Ottawa, Canada, with the AMS 

radiocarbon dating performed at the Keck Carbon Cycle AMS Laboratory at University of California 

Irvine. The 14C ages were calibrated to years before present (cal yr BP; with present set at 1950 AD) with 

the IntCal13 northern hemisphere terrestrial 14C calibration curve (Reimer et al. 2013) (Appendix E).   

3.4.2 Sediment processing 

 The sediment intervals were processed for diatoms following standard techniques (Wilson et al. 

1996). A minimum of 350 diatom valves per interval were identified to the species and variety levels 

when possible, following Krammer and Lange-Bertalot (1986-1991), Douglas and Smol (1993), and 

Antoniades et al. (2008). Diatom counts were converted into species relative abundances. Primary 
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production was inferred using spectrally-inferred sediment chlorophyll a (chl a), a method that can 

faithfully track changes in primary production (Michelutti et al. 2010). 

3.4.3 Data analysis 

 Relative abundance stratigraphic diagrams were produced using C2 version 1.7.4 (Juggins 2007). 

Only species that occurred at >5% in two or more intervals were plotted, otherwise taxa were grouped by 

genera or as “other taxa”. Diatom taxa were ordered in the stratigraphies according to habitat preference 

as determined by Douglas et al. (1993), Lim et al. (2001a), Michelutti et al. (2003a), Kingston (2003) and 

Kociolek and Spaulding (2003). Stratigraphic zones were identified by applying constrained, incremental 

sum-of-squares cluster (CONISS) analyses (Grimm 1987) and the significance of the divisions was 

determined by a broken stick model (Bennett 1996) in the “vegan” package v. 2.0-10 (Oksanen et al. 

2013) for the R software environment (R core team 2013). Prior to calculating species diversities, diatom 

species raw counts were rarefied to a common sum of 350 valves and the species diversity represented by 

Hill’s N2 (Hill 1973) was calculated for each site. The CONISS, the broken stick, rarefaction, and Hill’s 

N2 analyses were completed using the “vegan” package v. 2.0-10 (Oksanen et al. 2013) for the R 

software environment (R core team 2013). Hill’s N2 and chl a concentrations were plotted using the 

package “ggplot2” (Wickham 2009) for the R software environment (R core team 2013). Due to 

differences in the morphometry and catchments of the waterbodies, resulting in marked differences in 

baseline production, the chl a values for each group of sites were plotted on relative scales. To highlight 

the timing of species changes, the significant CONISS breaks for each site are indicated in the figures.   

 

3.5 Results 

3.5.1 Dating 

 Unsurprisingly for High Arctic lakes and ponds, the 210Pb activities were very low for our dated 

sediment cores (Wolfe et al. 2004; Figure 3-2). Peaks in the 137Cs activity were identified in three of the 
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dated ponds (Moraine Pond, Figure 3-2i; West Lake, Figure 3-2vi; and SV Pond 8, Figure 3-2viii) and 

two of these (Moraine Pond and West Lake) were generally in good agreement with the 210Pb CRS dates.  

To compare diatom species, diversity, and chl a changes across the dated sites, we extrapolated our age 

models back to the base of the cores. However, we acknowledge the limitations of our dating models and, 

rather than specific inferences, we have limited the interpretation of our dates to broad characterizations. 

210Pb activities in SV Pond 5 were too low to develop a dating model (Figure 3-2vii) and so radiocarbon 

basal dates were obtained for both SV Pond 5 and SV Pond 8, which dated the base of the cores to ~2265 

calibrated years before present (cal. yr BP) and ~3064 cal. yr BP respectively (Appendix E). 

3.5.2 Diatom assemblage changes  

 The “warm” sites exhibit striking diatom changes around 1850 AD (Col Pond: Figure 3-3a and 

Elison Lake: Figure 3-3b) with a shift from assemblages dominated by the epipelic (living on sediment) 

taxon Staurosirella pinnata (CONISS zone 1) to more diverse assemblages including the emergence of 

epiphytic (living on plants) taxa (e.g. Hygropetra balfouriana) and Nitzschia species (CONISS zone 2).  

 The diatom species shifts at the “cool” sites are not synchronous between ponds, but are 

nonetheless clearly evident in the records.  At Moraine Pond, the principal shift, marked by the transition 

from CONISS zone 1 to 2, is an increase in Nitzschia frustulum around 1960 AD, and a concomitant 

decrease in the relative abundance of the epipelic Amphora inariensis (Figure 3-3c).  At Paradise Pond, 

the first significant assemblage change (CONISS zone 1 to 2) occurs  ~1880 AD and is characterized by a 

slight relative increase in the aerophilic (found at exposed sites) Diadesmis ingeaeformis at the expense of 

another aerophilic taxon, Diadesmis gallica (Figure 3-3d). The second significant transition (CONISS 

zone 2 to 3) occurs at between ~1994 AD and ~2000 AD, with a similar decrease in D. gallica and an 

increase in D. ingeaeformis, but accompanied by increases in Nitzschia perminuta and epiphytic 

Rossithidium petersenii, and a decrease in the epipelic Eucocconeis leptostriata.  



 

 

 

 

78 

 In Plateau Pond 2, it was observed that the diatom valves preserved in the sediment pre-1800 AD 

are mostly broken. The transition from CONISS zone 1 to 2 in the diatom assemblage occurs around 1780 

AD (extrapolated age), marking a change from a Denticula kuetzingii and Cyclotella antiqua-dominated 

assemblage, to a more diverse assemblage of Amphora inariensis, Nitzschia spp. and Diadesmis 

ingeaeformis (Figure 3-3e).  There are no other significant zones for this site; however, there is a non-

significant change in the assemblage around 1880 AD, marked by a decrease in the epipelic Amphora 

inariensis, and increases in Nitzschia perminuta, Psammothidium marginulatum and Achnanthidium 

minutissimum. In the most recent sediments, there is a sharp decline in the relative abundance of Amphora 

inariensis, ~ 1980 AD, with a corresponding increase in Achnanthidium minutissimum. 

 Diatom assemblages at the “cold” sites show little to no directional change in in their records. 

High Lake (Figure 3-3f) and Proteus Lake (Figure 3-3g) have assemblages dominated by the small, 

benthic, epipelic (living on sediment) and epilithic (living on rocks) fragilarioid taxa (e.g. Staurosirella 

pinnata, Pseudostaurosira pseudoconstruens). The High Lake and Proteus Lake records show a slight 

increase in the epiphytic Hygropetra balfouriana in the transition from CONISS zone 1 to 2, although in 

Proteus Lake the relative abundances of this diatom are slightly below the cut-off criteria of >5% in two 

or more intervals, but this taxa is included in the stratigraphy due to its ecological significance (Figure 3-

3g). The West Lake record similarly displays no directional assemblage change, although it contains 

considerably more variation than the other “cold” records (Figure 3-3h) with fluctuating dominance 

between two epipelic species, Staurosirella pinnata and Sellaphora seminulum.  

 The “oasis” sites, SV Pond 5 and SV Pond 8, record more muted diatom species changes than the 

“warm” sites. In contrast to non-oasis sites, the composition of diatoms in the early sediments from these 

ponds consist of more complex assemblages that include a variety of epiphytic forms (Figure 3-3i,j).  At 

SV Pond 5, the principal CONISS shift from zone 1 to zone 2 is marked by a decrease in Encyonopsis 

descripta, Rossithidium petersenii, and Cymbopleura angustata, and an increase in the relative abundance 

of Nitzschia taxa and an increase in Diatoma monoliformis, although at abundances slightly below the 
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cut-off criterion (Figure 3-3i). SV Pond 8 had no significant directional change in the assemblage; 

however, there is a slight shift around 1920 AD with a decline in Navicula vulpina and Cymbella (c.f.) 

affinis and an increase in Diatoma spp., Cymbopleura angustata and Navicula cryptocephala (Figure 3-

3j).  

3.5.3 Hill’s N2 

 Diatom diversity based on the effective number of very abundant species (Hill’s N2) increased 

markedly at the “warm” sites since the mid-19th century (Figure 3-4a). The significant CONISS zones 

mark the increases in Hill’s N2, with a transition from pre-1850 AD assemblages to higher diversity post-

1850 AD assemblages. In contrast, the “cool”, “cold” and “oasis” sites have maintained relatively steady 

Hill’s N2 values (Figures 3-4b,c,d, respectively).  The “cold” Pim Island lakes (Figure 3-4c), which retain 

large portions of ice cover though the summer months, have low effective numbers of species, similar in 

diversity to the pre-1850 AD sediment at the “warm” sites (average Hill’s N2 and standard deviation 2.6 

± 1.5). The “oasis” sites (Figure 3-4d), which were historically vegetated and ice free, have Hill’s N2 

values similar to the post-1850 AD “warm” assemblages (average Hill’s N2 and standard deviation 14.9 ± 

2.3).  

 The “cool” sites recorded an intermediate effective number of species between that of the “cold” 

sites and “oasis” sites (Figure 3-4b) (average Hill’s N2 and standard deviation 6.2 ± 1.6).  Generally, the 

significant CONISS zones for the “cool” sites do not correspond with shifts in Hill’s N2. Rather, the 

CONISS zones for the “cool” sites reflect species transitions from largely epilithic (living on rocks) and 

epipelic (living on sediment) forms towards epiphytic (living on vegetation) species (see Figures 3-

3c,d,e). The timing of these assemblage shifts are variable, with Moraine Pond, Paradise Pond, and 

Plateau Pond 2 changing at ~1960 AD, ~1995 AD, and ~1880 AD respectively.  

3.5.4 Inferred chlorophyll a 
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 The spectrally-inferred sediment chl a concentration (hereafter chl a) records of our Arctic sites 

indicate that most of the lakes and ponds have experienced increased primary production over the past 

~200 years. The “warm” site, Col Pond, displayed marked increases in chl a (Figure 3-4e), corresponding 

with an increase in Hill’s N2 (Figures 3-4a). The larger, deeper “warm” site, Elison Lake, demonstrated a 

much subtler change in primary production with initially low concentrations of chl a, that although still 

low, nearly doubled over the record (Figure 3-4e), concurrent with the increase in Hill’s N2.  

 The chl a increases in the “cool” site profiles (Figure 3-4f) are generally consistent with the 

CONISS breaks in the diatom profiles, suggesting an increase in primary production contemporaneous 

with the relative increase in epiphytic diatom species. Spectrally-inferred primary production has also 

increased in two of the three “cold” sites (High Lake and Proteus Lake), with West Lake displaying a 

high variability and little directionality in the chl a record (Figure 3-4g). For High and Proteus lakes, 

increases in chl a (Figure 3-4g) are coincident with subtle increases in Hygropetra balfouriana, an 

epiphytic taxon (Figures 3-3f,g). 

 In contrast to the Hill’s N2 data, which show little directional change (Figure 3-4d), the chl a 

profiles for the “oasis” sites reflect substantial increases in primary production (Figure 3-4h). The 

increase in chl a in SV Pond 5 coincides with increases in Diatoma spp. and decreases in Cymbopleura 

angustata, Encyonopsis descripta, and Rossithidium petersenii (Figure 3-3i). Chl a also increases in SV 

Pond 8, and while this increasing trend is evident prior to ~1870 AD, the increase is more marked after 

this date.  

 

3.6 Discussion 

3.6.1 Changing conditions 

 The four categories of Arctic ponds that we identified as having different ice cover conditions 

have recorded distinct diatom assemblage responses, likely due to the local elevations and microclimatic 
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differences driving the length of the ice-free period. Our sites can be divided into two conditions based on 

the diversity and the relative frequencies of diatoms with complex growth forms (e.g. motile, stalked or 

tube dwelling), indicative of longer growing seasons (Douglas and Smol 2010) and often associated with 

aquatic vegetation. The first condition (Condition 1) has generally low diversity with diatom assemblages 

dominated by benthic prostrate epipelic and epilithic taxa, suggesting a short growing season with little to 

no establishment of aquatic vegetation (Douglas and Smol 2010). The second condition (Condition 2) is 

typically marked with higher diversity and the presence or dominance of complex, motile epiphytic 

diatom taxa, indicating a long growing period and the presence of aquatic vegetation.  

 The diatom records from the “cold” sites (Figures 3-3f,g,h) and the “oasis” sites (Figures 3-3i,j) 

exemplify Condition 1 and Condition 2, respectively. The “cold” sites (Figure 3-4c) have the lowest 

diversity of our four groups, with assemblages dominated by the small, benthic fragilarioid taxa (Figures 

3-3f,g,h). The benthic fragilarioid taxa are opportunistic, pioneering species that are non-motile, typically 

epipelic and epilithic, and are characteristic of cold, alkaline, oligotrophic waters (Lotter and Bigler 2000; 

Schmidt et al. 2004; Rühland et al. 2008).  In Arctic regions, these taxa are often amongst the first to 

colonize lakes and ponds following deglaciation (e.g. Douglas et al. 1994; Smol 2008) and ice off (Perren 

et al. 2003) and are capable of growing in harsh conditions that often exclude other species (Michelutti et 

al. 2003b).  No aquatic vegetation was observed in the “cold” sites during sampling, and the scarcity of 

epiphytic taxa and historically low diversity suggest there has been little change to diatom growing 

conditions over most of the record. However, in the most recent decade (after 2000 AD), there are subtle 

indications that limnological conditions are shifting, particularly at High Lake and Proteus Lake (Figures 

3-3f,g). Diatom assemblages in the most recent intervals from these sites have undergone minor increases 

in Hygropetra balfouriana, a motile moss epiphyte that has previously been identified as indicating 

warming (Douglas et al. 1994), suggesting the lakes may be in the process of transitioning from 

Condition 1 (low diversity and/or epilithic/epipelic species) to Condition 2 (higher diversity and/or 
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epiphytic species). These changes indicate that we might have captured the very early stages of this 

threshold-like condition shift in our sediment record. 

 The diatom profile from West Lake shows no directional assemblage change, although it contains 

considerable variability as compared to the other “cold” records (Figure 3-3h) with fluctuations between 

two epipelic species. The dominant species and high variability are consistent with the late Holocene 

assemblages from a 10,000 year diatom record of West Lake (Rouillard et al. 2012) suggesting the shifts 

in our short record are generally not outside the range of variability of the past 4000 years.  

 In contrast to the low diversity “cold” sites (Figure 3-4c), the two “oasis” sites from Sverdrup 

Pass had, as hypothesized, the highest diatom diversities (Figure 3-4d), but which have remained, 

generally, stable throughout the sediment core. Our data suggest that the “oasis” ponds currently, and 

likely historically, have supported aquatic mosses and relatively lush catchments and, as a result, 

epiphytic species dominate the fossil diatom record (Figures 3-3i,j) with taxa that resemble assemblages 

from other Arctic oasis sites (Michelutti et al. 2013).  The diatom changes recorded in the “oasis” ponds 

do not reflect novel habitat development, but rather changes, perhaps, between epiphytic habitat of 

different types (e.g. submerged grasses versus aquatic mosses) or shifts in water chemistry related to 

warming.  For example, the increase in both “oasis” ponds of Diatoma spp., taxa often found in higher 

conductivity waters (Ryves et al. 2002), may be due to increased evaporation due to the warming climate 

concentrating solutes in the pond, a trend that has been recorded in similarly shallow ponds across the 

Arctic (Smol and Douglas 2007b).  

 The “warm” study sites (Figures 3-3a,b) have recorded a marked transition in their diatom 

assemblages beginning relatively early (~1850 AD), shifting from low diversity (Figure 3-4a) and 

predominantly benthic taxa (Condition 1) (Figures 3-3a,b) towards higher diversity and more complex 

epiphytic assemblages (Condition 2). Additionally, Nitzschia spp. increase in relative abundances 

concurrent with the diversity shift at both “warm” sites. Nitzschia spp. are often found in waterbodies 

with higher nutrients (Keatley et al. 2009) or may bloom in response to an influx of nutrients, such as the 
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input of sewage effluent into pristine Arctic waters (Michelutti et al. 2002; Michelutti et al. 2007). At our 

sites, the increase may reflect a greening of the catchment and the consequent delivery of additional 

nutrients to the typically ultra-oligotrophic Arctic ponds.  

 At the “cool” sites (Figure 3-4b), the diversity is slightly higher than for the “cold” sites (Figure 

3-4c), but the Hill’s N2 diversity values show little directional change with time. However, in contrast to 

the “cold” sites (Figures 3-3f,g,h), there are significant taxonomic changes in the diatoms assemblages in 

each of the “cool” records (Figures 3-3c,d,e), reflecting the shift from mainly epipelic and epilithic taxa 

(Condition 1) to increasing numbers of epiphytes and species characteristic of higher nutrients (Condition 

2). The shifts in the diatom assemblages occur at ~1960 AD, ~1995 AD, and ~1880 AD at the three 

“cool” sites (Moraine Pond (Figure 3-3c), Paradise Pond (Figure 3-3d) and Plateau Pond 2 (Figure 3-3e), 

respectively). The variable timing of the shift from Condition 1 to 2 at the “cool” sites is in contrast to the 

“warm” sites, which transitioned earlier (~1850 AD), suggesting that the “warm” sites were particularly 

sensitive to even small changes in climate (Douglas et al. 1994). Although dating Arctic lake sediment 

cores can be challenging, the widely distributed dates of the changes at the “cool” sites suggest that the 

driver of the diatoms shifts is a factor, such as ice cover, caused by, or influenced by, local or micro-

climatic conditions (e.g. elevation, exposure, or shading), as discussed below.  

 At Moraine Pond, the change from Condition 1 to Condition 2 occurs around 1960 AD (Figure 3-

3c) and is marked by a relative decrease in the abundance of epipelic Amphora inariensis and a 

concomitant increase in the commonly epiphytic and nutrient-associated Nitzschia frustulum (Michelutti 

et al. 2002; Keatley et al. 2009). In the Paradise Pond record, there are two significant CONISS zones 

(Figure 3-3d), but the second (~1995 AD) is the more ecologically relevant as it reflects a change in the 

habitats available for exploitation, likely marking a change from a short growing season with little to no 

vegetation (Condition 1) to the development of a complex, vegetated substrate (Condition 2). The first 

CONISS zone occurs in ~1880 AD and is marked by slight shifts in the relative abundances of two 

aerophilic Diadesmis spp. However, the ecological affinities of these aerophilic taxa are not well enough 
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delineated to allow for meaningful ecological interpretations. On the other hand, the second transition (ca. 

1995 AD) records similar shifts in Diadesmis spp., but these changes are accompanied by increases in 

epiphytic and nutrient-associated taxa and a relative decrease in epipelic species. This shift is consistent 

with the field observations, as aquatic mosses were first identified in 1995 AD in Paradise Pond, 

providing additional support that the sediment record is capturing the transition from Condition 1 to 

Condition 2 in the mid-1990s.   

 Plateau Pond 2 recorded an early shift in the diatom record around 1780 AD (extrapolated age), 

marking a change from a Denticula kuetzingii (a cosmopolitan species; Douglas and Smol 1995, Lim et 

al. 2001a) and a benthic Cyclotella antiqua-dominated assemblage (a diatom found in the littoral of lakes 

and rivers; Cremer and Wagner 2004), to a more diverse assemblage (Figure 3-3e).  The high proportion 

of broken diatom valves in the pre-1800 AD sediments perhaps suggests a proportionally higher degree of 

runoff from the catchment, and only limited diatom production occurring in the pond itself. The 

assemblage shift ~1880 AD, which continues after the 1980s, is similar to the Condition 1 to Condition 2 

transitions of the other “cool” sites, with a decrease in epipelic Amphora taxa and increases in nutrient-

associated Nitzschia spp., and eurytopic Achnanthidium minutissimum.  

 The initial assemblages differed between the “cool” sites (Figures 3-3c,d,e) and the “warm” sites 

(Figures 3-3a,b), the latter being dominated by benthic fragilarioid taxa, and the former having a higher 

initial diversity than their “warm” counterparts.  This is likely due to differences in their local conditions, 

particularly catchment morphology and geology.  The benthic fragilarioid taxa are alkaliphilic (Schmidt et 

al. 2004).  For Paradise Pond and Plateau Pond 2, the lack of benthic fragilarioid taxa may be due to their 

low buffering capacity as, due to their relatively higher elevations, they have little calcareous till in their 

catchments, which is also reflected in the water chemistry (Table 3-2). Rather, a collection of acidobiontic 

epilithic and epipelic species characterizes the pre-shift assemblages, which are typical for poorly 

buffered Arctic sites (Antoniades et al. 2005b, Michelutti et al. 2006). Moraine Pond does have 

calcareous till in its catchment, however it is fed by a stream and drains a much larger area than the other 
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Cape Herschel ponds (including the large Cape Herschel cliffs that are now actively thawing). 

Consequently, the pond is meso-eutrophic (Table 3-2), and Nitzschia spp., common Arctic taxa that 

dominate assemblages at sites with greatly elevated nutrients (Michelutti et al. 2002; Keatley et al. 2009), 

can better exploit these abundant nutrients than the benthic fragilarioids, resulting in the dominance of 

various Nitzschia spp. throughout the Moraine Pond record.  

3.6.2 Changes in primary production 

 The chl a profiles (Figures 3-4e,f,g,h) record marked increases in primary production relative to 

their background values in nine sites that were coincident with diatom assemblage changes. This is 

consistent with our hypothesis of a longer ice-free period resulting in an extended growing season that 

leads to the establishment of aquatic vegetation and the proliferation of more complex, epiphytic diatom 

growth forms. Similar trends in increased production have been documented across the Canadian Arctic 

and have been linked to recent warming (Michelutti et al. 2005; Thomas et al. 2011) 

 Given our hypothesis that the ice-free period is the main driver of overall limnological changes, 

we would expect that, in sites where ice cover remains persistent, there would be little change in primary 

production. Two of our “cold” sites, High Lake and Proteus Lake, record profiles that are consistent with 

this hypothesis, as production remains stable until the most recent intervals (Figure 3-4g). The chl a 

increases at these two sites are concurrent with the emergence of the epiphyte Hygropetra balfouriana, 

albeit at low abundances, in the records (Figures 3-3f,g). The algal changes in the upper intervals of these 

sites reflect the striking changes in ice cover reduction that we have observed in recent years. For 

example, in 2011, Pim Island sites recorded, for the first time in our 30 years of sampling, less than 90% 

July ice coverage. The chl a concentrations in the West Lake sediment core increase after ~1850 AD, 

after which production is relatively high, but variable (Figure 3-4g). The increase in chl a perhaps reflects 

the onset of a longer open water period that has not yet undergone a substantial enough change to elicit 

the development of new diatom habitats, as the change in primary production does not appear to be 
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related to either the diatom diversity (Figure 3-4c) or individual species changes (Figure 3-3h). Of course, 

the increased production may also be linked to changes in other algal groups. 

 Primary production increased in the “warm” group (Figure 3-4e) and the “cool” group (Figure 3-

4f), coincident with the diatom assemblage shifts, but with different timing across the sites. Again, this is 

consistent with our hypothesis, where local conditions are resulting in variation in the ice-free period, 

leading to lags in the development of aquatic vegetation in shaded or high elevation sites, compared to 

their lowland counterparts.  

 The “oasis” sites likely have always been vegetated, and as such there has been little change in 

the diatom species diversity, nor has there been ecologically distinct changes in assemblage composition 

(Figure 3-4d); however, the ice-free period would still have been extended in response to warming. As 

expected, both “oasis” sites record increased primary production (Figure 3-4h). At SV Pond 8, the 

increase occurs just after the peak of the industrial period (~1870 AD), highlighting the sensitivity of the 

Arctic to even small changes in climate (Douglas et al. 1994). Similarly, at SV Pond 5, the increase in 

production is coincident with changes in the diatom assemblage (Figure 3-3i); however, we cannot 

pinpoint a date for these changes due to the very low 210Pb activities at this site.   

3.6.3 Mechanisms of change 

 The transition in the sediment record from Condition 1, dominated by epilithic and epipelic 

diatom taxa, to Condition 2, with generally higher diversity and an increased proportion of epiphytic taxa 

reflecting the development of a vegetation substrate, is a consistent trend recorded in the “warm”, “cool”, 

and, to an extent, “cold” sites.  For our Arctic ponds, which freeze totally in winter, the length of the ice-

free season is likely the primary determinant of aquatic moss establishment and, consequently, the 

proliferation of epiphytic diatom species. Aquatic moss growth at high latitudes is largely determined by 

underwater irradiance, which is affected by the length of the day, sun’s elevation, and the snow and ice 

cover (Riis et al. 2014). In a study on aquatic moss in a High Arctic lake, 90% of moss growth was 
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attributable to the amount of snow cover and July irradiance (Riis et al. 2014). Additionally, increased 

nutrient inputs, due to warmer water temperatures in response to climate change and higher weathering 

rates, may also encourage moss proliferation (Sand-Jensen et al. 1999).  

 The largely synchronous increases between primary production and the establishment of more 

complex epiphytic diatom assemblages in our study might also, in part, be a reflection of the suitability of 

the new moss habitat for diatom colonization. It has been suggested that vegetation substrates may release 

carbohydrates and nutrients into the water to be taken up by epiphytic diatoms (Allen 1971, Moncreiff et 

al. 1992), potentially promoting growth and may partially explain the coincident timing of inferred 

production and epiphytes. The variability of the vegetative substrate, the additional competitive advantage 

it affords, and the lengthened growing season, which allows for greater complexity (MacDonald et al. 

2012), may contribute to the increased diversity in epiphytic diatom communities in contrast to their 

epilithic and epipelic counterparts. 

 We postulated that the recent warming trend in the Canadian High Arctic is increasing the ice-

free period of lakes and ponds, but that this ice-free period is also partly controlled by local conditions. 

Context is key (see Rühland et al. 2015). The four site categories exhibited different timings and degrees 

of diatom species change that we suggest are based on site-specific and localized differences in catchment 

characteristics and setting that affected local ice cover dynamics. Two of the groups that have a very short 

ice free season prior to warming and experienced a distinct lengthening of the ice-free period (the “warm” 

sites and the “cool” sites) recorded an anticipated switch in diatom assemblage composition, from 

epilithic and epipelic assemblages, to a more diverse and productive state with the development of 

diatoms with complex growth forms and the establishment of epiphytic diatom species. The “cold” sites 

have yet to undergo, or have recently begun undergoing, this shift in conditions, as substantial ice cover 

persisted at these sites even as the region, as a whole, has warmed since the mid-19th century. In contrast 

to the “warm” and “cool” sites, the historically warm “oasis” sites recorded only subtle diatom species 

changes, as was expected, but continued warming, together with a further extension of the growing season 
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over recent decades, resulted in a marked increases in chl a concentrations. Although primary production 

for our sites appears to be, at least partially, directly related to increases in the ice-free period due to 

warming temperatures, the diatom compositional shifts are largely indirectly related to the ice-free season 

and are rather responding to changes in habitat associated with longer growing seasons. 

 There has been marked turnover in diatom taxa in lakes and ponds across the Arctic in response 

to climate change (Smol et al. 2005; Rühland et al. 2008, 2015). Our comparative paleolimnological 

approaches show that increases in primary production and shifts in diatom assemblages are responding 

indirectly to regional climate warming and, as hypothesized, can be shown to be further moderated by 

local ice cover dynamics and vegetative habitat availability.  
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Figure 3-1: Location map for Ellesmere Island, Nunavut, Canada (a), with Ellesmere Island in detail 
highlighting the three study regions: Cape Herschel, Pim Island, and Sverdrup Pass (b), and higher 
resolution insets of Cape Herschel (c), Pim Island (d), and Sverdrup Pass (e) identifying the 10 lakes and 
ponds in this study with “warm” sites as red circles, “cool” sites as green circles, “cold” sites as dark blue 
circles, and “oasis” sites in orange.  Major hydrological features are shown in light blue, glaciers in dark 
grey and 20 m topographic contours as light grey lines.  
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Figure 3-2: The activity of 210Pb (black circles) and 137Cs (white circles) vs sediment depth (A) and the 
Constant Rate of Supply 210Pb generated age-depth model (B) for each study site: Moraine Pond (I), 
Paradise Pond (II), Plateau Pond 2 (III), High Lake (IV), Proteus Lake (V), West Lake (VI), SV Pond 5 
(VII), and SV Pond 8 (VIII). Error bars represent standard error.  
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Figure 3-2: cont. 
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Figure 3-2: cont. 
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 Figure 3-2: cont. 
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Figure 3-3: Relative frequency stratigraphies of diatom taxa sorted according to habitat preference from “warm” (A, B), “cool” (C, D, E), “cold” 
(F, G, H), and “oasis” (I, J) sites on Ellesmere Island and Pim Island, Nunavut, Canada. Significant stratigraphic zones were identified using 
constrained, incremental sum-of-squares cluster analysis (CONISS). Habitat preferences are provided and attributed as follows: 1) Douglas et al. 
(1993), 2) Lim et al. (2001a), 3) Michelutti et al. (2003a), 4) Kingston (2003) and 5) Kociolek and Spaulding (2003). Stratigraphies are plotted 
against 210Pb age where suitable. Where dating models are unavailable, stratigraphies are plotted against core depth and reference dates are 
provided from previous studies (Douglas et al. 1994) on the same sites (A, B) or from basal 14C ages (I, J).  
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Figure 3-3: cont.  
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Figure 3-3: cont. 
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Figure 3-3: cont. 
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Figure 3-4: Hill’s N2 diversity indices (A, B, C, D) and visible reflectance spectroscopy-inferred 
chlorophyll a (E, F, G, H) from lakes and ponds divided into “warm” (A, E), “cool” (B, F), “cold” (C, G), 
and “oasis” (D, H) groups based upon local elevation and climate gradients on Ellesmere Island and Pim 
Island, Nunavut, Canada. The zonation identified using constrained, incremental sum-of-squares cluster 
analysis (CONISS) on the diatom assemblages is indicated on each profile to related the species changes 
to the changes in diversity and inferred primary production. 
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Table 3-1: Rationale for group divisions into “warm”, “cool”, “cold”, and “oasis” sites for the ten study sites from Ellesmere Island and Pim 
Island, Nunavut, based on nearly 30 years of sampling and observations (1983-2011). 

Site Group   Lake Name Latitude Longitude Elevation 
(m a.s.l.) Years sampled Group division rational 

“Warm” Sites 

  Col Pond 78° 36.154’ N 74° 39.758’ W 137 

1983, 1984, 1987, 
1995, 1998, 2001, 
2004, 2006, 2007, 
2009, 2011 

Col Pond has never been ice covered during sampling and the catchment has always 
been snow free. Col Pond is reported as the first pond on Cape Herschel to lose its 
ice cover in early summer. Its location within a topographic col makes it one of the 
warmest sites on the Cape.  

  Elison Lake 78° 36.487’ N 74° 44.414’ W 23 

1983, 1984, 1987, 
1995, 1998, 2001, 
2004, 2006, 2007, 
2009, 2011 

Elison Lake has rarely had ice cover or snow in the catchment during the sampling 
visits. The exceptions were when the site was visited in June (1983, 1984) and 
Elison Lake lost its ice cover at the same time as the “cool” sites (Moraine Pond and 
Plateau Pond 2). Elison Lake, because of its relatively larger size, is the last on Cape 
Herschel to freeze in late August. The low elevation and location on a valley floor are 
likely why Elison lake has one of the longest ice free seasons on the Cape.  

“Cool” Sites 

 Moraine 
Pond 78° 36.685’ N 74° 40.977’ W 89 

1983, 1987, 1995, 
1998, 2001, 2004, 
2006, 2007, 2009, 
2011 

Moraine Pond has had a persistent snowbank in its catchment on every sampling 
occasion. Additionally, Moraine Pond has occasionally been partially ice covered 
during July sampling. Shading by the Cape Hershel Cliffs maintains the snowbank on 
the north side of Moraine Pond and keep this site cool.  

 Paradise 
Pond 78° 36.530’ N 74° 46.117’ W 134 

1987, 1995, 1998, 
2001, 2004, 2006, 
2007, 2009, 2011 

Although Paradise Pond has never had ice cover during sampling (it has always 
been sampled at the height of the summer), it has consistently been one of the 
coldest sites on Cape Herschel and is fed by a large snowpack and regularly has 
snowbanks in the catchment. Paradise Pond is a relatively exposed site and at high 
elevation. 

 Plateau 
Pond 2 78° 35.500’ N 74° 38.427’ W 246 

1983, 1984, 1987, 
1995, 1998, 2001, 
2004, 2006, 2007, 
2009, 2011 

Plateau Pond 2 has had snow in its catchment on every samping occasion. 
Additionally, Plateau Pond 2 has occasionally been partially ice covered during July 
sampling. Plateau Pond 2 is one of the highest elevation sites on Cape Herschel. 

“Cold” Sites 

  High Lake 78° 42.700’ N 74° 22.283’ W 463 2011 High Pond was not accessible due to extensive snow and ice cover until the 2011 
sampling season when it was ice-free. High Lake is our highest elevation site.  

 Proteus 
Lake 78° 41.876’ N 74° 23.022’ W 376 1983, 1987, 1998, 

2007, 2009, 2011 
Proteus Lake consistently has been partially ice covered for every sampling 
occasion. The Pim Island sites are high elevation, exposed sites.  

  West Lake 78° 44.491’ N 74° 37.751’ W 323 1983, 1987, 2009, 
2011 

West Lake has had extensive (90-100%) ice cover at each sampling occasion, except 
2011 when it was completely ice free. The Pim Island sites are high elevation, 
exposed sites.  

“Oasis” Sites 

 Sverdrup 
Pond 5 79° 7.951’ N 79° 48.582’ W 299 2011 

Although Sverdrup Pond 5 was only visited in 2011, Sverdrup Pass was visited in 
1984 and was noted to host markedly more vegetation than Cape Herschel and Pim 
Island. This unglaciated Pass has been ice-free for 5000-6000 years and was used as 
a migratory route by early peoples (Schledermann 1978). The perimeter of SV Pond 
5 was entirely vegetated at the time of sampling.  

  Sverdrup 
Pond 8 79° 7.680’ N 79° 58.498’ W 296 1984, 2011 

Sverdrup Pass Pond 8 is located in the polar oasis. Sverdrup Pass (Lévesque 1996) 
and in 1984 and 2011 the site was ice free, lacked snow in the catchment, and 
hosted a 100% vegetated perimeter.  
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Table 3-2: Coordinates, physical parameters and water chemistry for the ten study sites from Ellesmere and Pim Islands (Nunavut, Canada) 
grouped according to local climate / ice cover regime where “warm” sites have relatively long ice-free periods, “cool” sites have shorter ice-free 
periods than the warm sites, “cold” sites rarely lose their full ice cover, and “oasis” sites historically had elongated ice-free periods in summer, 
prior to anthropogenic warming. The physical and water chemistry parameters include the maximum depth (depth), dissolved organic carbon 
(DOC), dissolved inorganic carbon (DIC), total phosphorus (unfiltered) (TPu), and total nitrogen (filtered) (TNf). A larger suite of water chemistry 
parameters is provided in Appendix G. 

 

Site Group Lake Name Latitude Longitude Elevation 
(m a.s.l.) 

Depth  
(m) pH 

Specific 
conductance 

(µS/cm) 

DOC  
(mg/L) 

DIC  
(mg/L) 

TPu  
(mg/L) 

TNf 
 (mg/L) 

            

“Warm” 
Sites 

Col Pond 78° 36.154’ N 74° 39.758’ W 137 0.5 8.2 143 1.9 13.4 0.0064 0.193 

Elison Lake 78° 36.487’ N 74° 44.414’ W 23 1.5 8.4 357 4.0 19.3 0.0060 0.365 
                       
                       

“Cool” 
Sites 

Moraine Pond 78° 36.685’ N 74° 40.977’ W 89 0.5 8.8 208 2.3 19.6 0.0136 0.243 

Paradise Pond 78° 36.530’ N 74° 46.117’ W 134 1.8 8.4 35 0.8 1.4 0.0044 0.118 

Plateau Pond 2 78° 35.500’ N 74° 38.427’ W 246 0.3 8.1 74 2.0 4.3 0.0066 0.199 
                       
                       

“Cold” 
Sites 

High Lake 78° 42.700’ N 74° 22.283’ W 463 4.0 8.2 64 0.5 4.7 0.0066 0.871 

Proteus Lake 78° 41.876’ N 74° 23.022’ W 376 6.9 8.7 73 1.0 3.4 0.0042 0.114 

West Lake 78° 44.491’ N 74° 37.751’ W 323 12.1 8.0 48 0.6 3.1 0.0058 1.32 
                       
                       

“Oasis” 
Sites 

Sverdrup Pond 5 79° 7.951’ N 79° 48.582’ W 299 0.5 8.6 365 14.6 37.8 0.0158 1.11 
Sverdrup Pond 8 79° 7.680' N 79° 58.498' W 296 0.3 8.7 571 20.1 51.5 0.0139 6.56 

                       



 

 

 

 

106 

 

Chapter 4 

Recent climate change and the impacts of past indigenous Yupik people on 

freshwater ecosystems at St. Lawrence Island, Alaska 

4.1 Abstract 

 Recent climate change at St. Lawrence Island (Alaska) has resulted in decreased sea-ice stability 

and changes in the behavior of marine mammals. The Yupik people, who inhabit the area, are 

predominantly subsistence hunters of marine mammals and are culturally and economically tied to these 

resources. In the late 1870s, a change in weather patterns had a devastating impact on the historical 

village of Kukulek, impairing the seasonal hunting success, causing famine and, ultimately resulted in the 

abandonment of the site. We analyzed sediment δ15N, chlorophyll a, and fossil diatom and chironomid 

assemblages from two ponds within the catchment of the old village of Kukulek with the specific 

objective of tracking the impacts of the historical occupation on freshwater ecosystems. Two control 

ponds (i.e. not affected by past Yupik activity) were also analyzed to assess the limnological effects of 

changing climatic conditions. The chironomid records from the control ponds, for which climate was the 

dominant driver, shifted towards a warmer-adapted assemblage in the late 19th century, while diatom 

assemblages reflected increased habitat complexity. This is a well-documented response related to the 

extended growing seasons that occur with warming. The pond closest to the archeological site recorded 

enrichment in δ15N and marked changes in diatoms, suggesting fertilization of the pond from marine-

derived nutrients.  The onset of the eutrophication signal may be related to the abandonment of the village 

in 1880 AD due to the disturbance of the site during the famine, as well as the archeological excavation in 

the mid-1930s. The physical disturbances occurred during a warming period when thawing permafrost 

and the release of nutrients from previously frozen meat caches and marine mammal remains may have 

compounded the fertilization. Our study underscores the importance of considering climate effects when 
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examining the impacts of long-term cultural eutrophication from indigenous peoples in the Arctic and 

elsewhere.  

 

4.2 Introduction 

 In response to recent climate change, the Western Arctic and Alaska have already experienced 

numerous impacts, ranging from permafrost thaw (Osterkamp and Romanovsky 1999) to increases in 

coastal erosion (Gorokhovich et al. 2014). Further warming is projected to exacerbate these changes 

(Brown et al. 2003; Barnhart et al. 2014). There is considerable variability in the regional climate due to 

the confluence of several semi-decadal to decadal scale climatic oscillations including the Pacific Decadal 

Oscillation (PDO), El Niño/La Niña events, and the Arctic Oscillation. In the Bering Sea, a change in the 

PDO in 1976-1977 AD resulted in marked increases in coastal air temperatures (Figure 4-1) and a 

dramatic reorganization of the marine ecosystem (Hunt et al. 2002; Mueter and Litzow 2008) with 

northward shifts of the southern ranges of species dependent on benthic production (e.g. gray whale 

(Moore et al. 2003) and Pacific walrus (Laidre et al. 2008)), as well as an expansion of the northern 

ranges of species dependent on pelagic production, including an expansion of the Bering Sea pollock 

population (Hunt et al. 2002). However, overlying the natural climate oscillations is a trend toward 

warmer waters with reduced sea ice extent and stability (Holland et al. 2006), which has resulted in 

substantial biotic changes (Litzow et al. 2014).   

 St. Lawrence Island (Alaska) is located in the Bering Sea, just south of the Bering Strait (Figure 

4-2), and is a key component of the Bering Sea ecosystem due to the formation of a polynya, a cold pool 

of perennially open water, on its leeward side. The St. Lawrence Island Polynya, an epicenter of sea ice 

formation, is hundreds of kilometers wide and is an important feeding ground for marine mammals, 

especially for seals and walrus as they can rest on the sea ice and feed in the open water through the 

winter. Additionally, the polynya sets up ocean currents that transport nutrients to the benthos of the 
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Southwestern Bering Sea. However, this cold pool has been increasing in temperature (Grebmeirer et al. 

2006) and expanding with the thinning and contraction of sea ice towards the poles (Rothrock et al. 1999; 

Clement et al. 2004).  

 The native Yupik who live on St. Lawrence Island are predominantly subsistence hunters of 

marine mammals, primarily of walrus, seals, and whales, and are culturally and economically tied to these 

resources. This traditional way of life has already been impacted by the changing regional climate with 

hunters reporting an increase in warm winter winds and replacement of stable pack and pan ice for brash 

and thin ice (Grebmeirer et al. 2006) making winter hunts more difficult and unpredictable.  The 

variability in the climate system in the Bering Sea region and the sparse number of climate records 

necessitates the use of paleoecological approaches to provide a long-term perspective (past several 

centuries) of climate change for the region.  

 The subsistence existence of the Yupik people makes their lifestyle particularly susceptible to 

climate change. This is perhaps best exemplified by the legacy of Kukulek Village (Figure 4-2), located 

on the north–central shore of St. Lawrence Island. The people who occupied the village, like the Yupik 

people now, subsisted primarily on a diet of marine mammals, including bowhead and grey whales, 

various seals, and the Pacific walrus (Geist and Rainey 1936). In the winter of 1878 AD, a change in 

weather patterns shifted the dominant winds from the north to predominantly from the south and 

southeast (Krupnik and Krutak 2000). The southern winds brought increased storminess, unstable ice, and 

limited polynya development on the south side of the island, which limited any hunting by foot or boat 

over the winter (Krupnik and Krutak 2000). This had a devastating impact on the village, impairing the 

seasonal hunting success, causing famine and, ultimately, the abandonment of the site by 1880 AD (Geist 

and Rainey 1936).  Our understanding of past events such as the tragic famine of 1878-1880 AD can be 

augmented by the application of paleoenvironmental methods, which can provide temporal context for 

climatic and other environmental changes.  
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 Paleolimnology can be used to track the ecological impacts of historical occupations from 

archeological sites, as well as reconstruct the changing environmental conditions that may have led to the 

rise and/or declines of these populations. For example, in the Canadian Arctic, the impact of Dorset and 

Thule Inuit populations were tracked by using paleolimnological proxies that detect the influence of 

marine-derived nutrients from whales and seals that were slaughtered near the occupation sites (Douglas 

et al. 2004; Hadley et al. 2010a,b; Michelutti et al. 2013). One of the main proxies used to track marine-

derived nutrients are stable isotopes of nitrogen (δ15N). Trophic enrichment of stable nitrogen isotopes 

(δ15N) by 3-5‰ with each trophic level increase (Minagawa and Wada 1984) due to the preferential 

excretion of the lighter isotope, results in δ15N enrichment at the top of the marine food web, with the top 

predators from the marine ecosystem enriched in δ15N relative to terrestrial sources or lake sediments 

(Hobsen et al. 2002; Douglas et al. 2004; Michelutti et al. 2010a). Thus, δ15N above typical background 

levels have been successfully used to track the input of marine nutrients into freshwater ecosystems (e.g. 

Gregory-Eaves et al. 2003; Douglas et al. 2004; Blais et al. 2005). 

 Independent biological proxies can be used to verify the impacts inferred from δ15N while 

providing additional, important environmental information. Fossil assemblages of diatoms respond to the 

fertilizing effects of nutrient inputs (Lim et al. 2001a; Hall and Smol 2010) and alterations in the diatom 

assemblages (Douglas et al. 2004; Michelutti et al. 2013) and primary production (Hadley et al. 2010a,b) 

(inferred through sedimentary chlorophyll a concentrations) have been used to track past settlements in 

Arctic landscapes, but may also respond to climate changes (Douglas and Smol 2010). Chironomids do 

not directly track nutrients (Stewart et al. 2013, 2014), but can be used to track limnological variables 

linked to eutrophication such as periods of low oxygen related to high biological oxygen demand 

(Brodersen et al. 2004; Brodersen and Quinlan 2006) and have been widely used to track changes in 

climate as they have species-specific tolerances to water temperature (Walker et al. 1991; Porinchu et al. 

2009).  
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 In this study, paleolimnological techniques were used to assess the influence of the Yupik people 

on freshwater ponds adjacent to the Kukulek archeological site. We analyzed the diatoms, chironomids, 

δ15N, and chlorophyll a preserved in the sediments from two ponds near the Kukulek archeological site to 

track the impacts of the historical occupation. To disentangle the effects of cultural eutrophication and 

climate change, the impacted sites are contrasted with two control ponds that are outside the catchment of 

historical occupations and therefore did not receive marine derived nutrients. This study aims to track the 

influence of the Kukulek occupation on freshwater ecosystems within the context of changing climatic 

conditions. The response of freshwater ponds to climate change has implications on the security of the 

quality and quantity of freshwater resources on St. Lawrence Island.  

 

4.3 Site description 

 St. Lawrence Island (63.4ºN, 170.16ºW) is a large (~4600 km2), volcanic, Alaskan island located 

in the Bering Sea, just south of the Bering Strait in the western Arctic (Figure 4-2). Three mountain 

ranges dominate the island (an eastern chain, the central, Kookoolgit Range, and the western, Proovoot 

Range), which are connected by extensive, sandy lowlands (Colinvaux 1967). All of our sampling sites 

are located on the central range, which is comprised of Quaternary alkali-olivine basalts (Patton et al. 

2011). The island is underlain by continuous permafrost, with a 60-75 cm deep active layer (Mikulski 

2009). Lakes, rivers, and lagoons are abundant in the lowlands, with some smaller lakes occurring in the 

rocky, barren outcrops between peaks. There are two main settlements on the island: Gambell, in the 

northwest, and Savoonga, on north-central part of the island. The remains of the abandoned village of 

Kukulek are located on a cape seven kilometers to the east of Savoonga that juts out into the north Bering 

Sea (Figure 4-2).   

 Kukulek was occupied until 1880 AD and may have been settled as early as 2000 yr BP (Geist 

and Rainey 1936). The six main cultural phases of occupation (identified based on harpoon tip structure; 
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Geist and Rainey 1936) are the Old Bearing Sea, Birnirk, Punuk, Thule, Recent-Prehistoric, and Modern 

cultures (listed from ancient to modern). The following is a summary of the archeological excavations of 

Kukulek, as described by Geist and Rainey (1936). Archeological excavations of the two mounds that 

comprise the Kukulek site commenced in 1934-1935 (although initial test cuts were made in 1931, 1932, 

and 1933). Prior to excavation, the mounds appeared as long hills with the outlines of past modern 

structures on the surface, overgrown with tundra vegetation.  All structures in the eastern mound, west of 

the test cut, were left intact. On the western mound, thirty-seven meat cache structures, nine houses and 

one storm shed were uncovered and removed or partially removed where possible. Excavated material 

was placed on the beach side of the mounds to prevent further erosion of the site.  

 Two ponds, unofficially called Kukulek Pond (63.69116ºN, 170.34416ºW) and Green Pond 

(63.68529ºN, 170.34140ºW), are located just to the south of the abandoned village (Figure 4-2) and are 

eutrophic (Table 4-1) ponds with mossy catchments. 

Impacted site 

 Kukulek Pond (unofficial name) is a small (5x5 m), shallow (Zmax = 0.4 m) pool within a wetland 

complex on the south side of the mounds from the Kukulek archeological site. The wetland is dominated 

by Hippurius cf. laneceolata, with some forbs and grasses, and has been periodically drained for the past 

two years to facilitate crab harvests (Savoonga elder, personal communication). It was also drained in 

1934 to facilitate the archeological excavation at Kukulek. The pond was sampled on July 15th, 2012, and 

cored on July 17th, 2012.  The pond was hypereutrophic, slightly acidic, and humic at the time of 

sampling (Table 4-1). Due to its proximity to the ocean (~90 m), storms and sea spray influence the pond 

resulting in elevated salinity (Table 4-1). Kukulek Pond is downslope and therefore receives runoff from 

the archeological mounds. 

Potentially impacted site  

 Green Pond (unofficial name; water sampled on July 15th, 2012 and cored on July 18th, 2012) is 

located just south of Kukulek Pond, ~750 m from the old village, and may be hydrologically connected to 
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the wetland at high stands. However, the Kukulek site is not within the catchment of Green Pond, nor 

does the pond receive direct drainage from the archeological site. Consequently, we have identified Green 

Pond as a “potentially impacted” site, as it would only receive marine-derived nutrients if or when it is 

hydrologically connected to Kukulek Pond. Green Pond is located ~300 m from the nearest shoreline and 

is small (93 x 36 m) and shallow (Zmax = 0.7 m) with a vegetated, grassy catchment. In the catchment is an 

abandoned fox trap, and emergent Hippurius cf. laneceolata and grasses are present at both inlet and 

outlet. The pond is slightly acidic, humic, and eutrophic (Table 4-1).  

Control sites 

 Ollie Pond (unofficial name; 63.68343ºN, 170.51135ºW; water sampled on July 15th, 2012 and 

cored on July 16th, 2012) is a lowland site, similar in elevation to the ponds adjacent to the archeological 

site, located 1.7 km west of Savoonga (Figure 4-2). Ollie Pond is small, round (50 x 50 m), circum-

neutral (Table 4-1), and the deepest of our sampled ponds (Zmax = 1.2 m), with a grassy catchment and 

submerged aquatic mosses and grasses around its border. The pond is ~300 m from the end of the 

Savoonga airport runway, ~800 m from the Savoonga sewage lagoons (est. 1997 AD) and ~500 m from 

the coast. The water chemistry of Ollie Pond is similar to Green Pond as it is eutrophic and humic (Table 

4-1). 

 Reindeer Pond (unofficial name; 63.59690ºN, 170.22511ºW; water sampled and cored on July 

22nd, 2012) is an elongate pond (360 x 124 m) at a higher elevation (elevation = 320 m a.s.l.) than the 

other three sites and sits farther inland (~4 km from the coast; Figure 4-2) in a predominantly rocky, 

volcanic catchment, with emergent grasses at the inlet and outlet. The northern shore is a pebble and 

boulder beach about 20 m wide, and a rocky hill lies to the south. A snowbank was present on the 

southern shore at the time of sampling. Tracks left by reindeer, a species introduced in 1900 AD for 

hunting by the Yupik, were present in the catchment at the time of sampling. The pond water had low 

dissolved organic carbon, was circum-neutral, oligotrophic (Table 4-1), and had abundant, heavily 

pigmented Daphnia species.  
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4.4 Methods 

4.4.1 Sample collection and dating 

 Pond sediments were collected from the deepest part of the basins using a 3” (7.62 cm) diameter 

push corer (Glew et al. 2001) in July 2014. Water was also collected at each site and analyzed for a suite 

of chemical variables, following the field procedures outlined in Antoniades et al. (2003), at the National 

Laboratory for Environmental Testing in Burlington, ON, Canada. The sediment cores were sectioned 

onsite into 0.25 cm intervals using a Glew (1988) extruder and kept at 4oC until they were transported to 

the Paleoecological Environmental Assessment and Research Laboratory (PEARL) at Queen’s University 

(Kingston, ON, Canada), where they were frozen and stored. The sediment core intervals used for dating 

were freeze-dried and dated by gamma spectrometry using 210Pb (Appleby 2001) and 137Cs activities at 

PEARL. Core chronologies were developed using the Constant Rate of Supply (CRS) model in the 

ScienTissiME package for MatLab® (ScheerSoftwareSolutions, Barry’s Bay, ON, Canada).   

4.4.2 Sediment processing 

 Sediment intervals were processed using standard techniques for diatoms (Wilson et al. 1996) and 

chironomids (Walker 2001). For diatoms, a minimum of 350 valves were counted for each interval and 

identified to species with reference to Kramer and Lange-Bertalot (1986-1991) and Antoniades et al. 

(2008). Chironomids were identified to tribe, genus, or species-type, if possible, following Wiederholm 

(1983) and Brooks et al. (2007). A minimum of 50 whole chironomid head capsules required for adequate 

ecological assessment (Quinlan and Smol 2001) were counted for each interval where feasible, but counts 

that did not meet this criterion were marked on the stratigraphies in gray. For both chironomids and 

diatoms, counts were converted into relative abundances and species or genera present at > 5% abundance 

were plotted in relative abundance diagrams, while species occurring at < 5% were grouped as “other 

taxa”.  
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4.4.3 Sedimentary chlorophyll a and isotopic analysis  

 Stable isotopes of nitrogen (δ15N) and carbon (δ13C), and the percent carbon (%C) and nitrogen 

(%N), were analyzed at the G.G. Hatch Laboratory at the University of Ottawa (Ottawa, ON, Canada) on 

bulk sediment. The stable isotope data are reported in standard delta notation (δ), the units are per mil 

(‰) and defined as δ = ((Rx-Rstd))/Rstd)*1000 where R is the ratio of the abundance of the heavy to the 

light isotope, x denotes sample, and std is an abbreviation for standard.  The standards are air for δ15N and 

Vienna Pee Dee Belemnite (V-PDB) for δ13C. Briefly, samples and standards were weighed into tin 

capsules and loaded into an Elementar Isotope Cube elemental analyzer interfaced to an isotope ratio 

mass spectrometer (IRMS). The samples and standards were flash combusted at about 1800oC (Dumas 

combustion) and the resultant gas products were carried by helium through columns of oxidizing/reducing 

chemicals optimized for CO2 and N2. The gases are separated by a "purge and trap" adsorption column 

and sent through the Thermo Conflo III IRMS interface then to Thermo Delta Advantage IRMS. 

 Visible reflectance spectroscopy-inferred chlorophyll a (hereafter VRS chl a) was applied down 

core to track changes in primary production, following methods outlined in Michelutti et al. (2010b). 

Sediments were freeze-dried, then sieved through a 125-µm mesh sieve and analyzed using a FOSS 

NIRSystem Model 6500 rapid content analyzer. The VRS chl a concentration was determined by 

applying the linear regression outlined in Michelutti et al. (2010b). 

4.4.4 Data analysis  

 Relative abundance profiles for each pond were produced with C2 version 1.7.2 (Juggins 2007) 

and major taxa were organized by species scores based on a principle components analysis (PCA) run in 

the “vegan” package v. 2.0-10 (Oksanen et al. 2013) for the R software environment (R core team 2013). 

Chironomid and diatom stratigraphies were also summarized using principal component analysis (PCA) 

on square-root transformed, complete relative abundance data. Stratigraphic zones were identified using 

constrained, incremental sum-of-squares cluster (CONISS) analyses and the significance of the zones 
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were determined using a broken stick model, again using the “vegan” package (Oksanen et al. 2013). 

Where applicable, breakpoints in the %N, %C, δ15N and δ13C profiles were determined by applying 

breakpoint analyses using the “segmented” package (Muggeo 2008) for the R software environment (R 

core team 2013). PCA Axis 1 scores of the chironomid and diatom records for all study ponds (Reindeer 

Pond, Ollie Pond, Green Pond, and Kukulek Pond), in addition to the visible reflectance spectroscopy-

inferred chlorophyll a (VRS chl a) and bulk sediment stable nitrogen isotopes (δ15N, relative to the 

standard air) were plotted from 1700 to 2012 AD (based on extrapolated Constant Rate of Supply age-

depth models obtained by 210Pb gamma spectroscopy) using C2 version 1.7.2 (Juggins 2007) to allow for 

comparisons across ponds over the past ~300 years, which is available in Appendix I.   

 

4.5 Results  

4.5.1 Age-depth models  

 Constant Rate of Supply age-depth models obtained by 210Pb gamma spectroscopy were produced 

for each site (Figure 4-3). The 210Pb activities were high relative to other Arctic sites (e.g. Wolfe et al. 

2004, Michelutti et al. 2008), giving us increased confidence in our age model; however, only in Ollie 

Pond was the 137Cs peak in good agreement with the 210Pb dates (corresponding to a CRS date of 1974; 

Figure 4-3c). Given the mobility of 137Cs in organic sediments (Michelutti et al. 2008) and the lack of a 

defined peak for three of the profiles, the CRS model of 210Pb deposition is likely the most robust of our 

age-dating models, and was applied to interpret the sediment profiles. We acknowledge that, like in 

almost all Arctic examples, 210Pb dating is not as reliable as in more temperate regions, due to generally 

low activities. 

4.5.2 Impacted pond – Kukulek Pond  

 The diatom assemblage from Kukulek Pond exhibited a marked change at 5.25 cm (~1787 AD 

extrapolated age), from CONISS Zone 1 to Zone 2, and a similar but more pronounced transition from 
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Zone 2 to Zone 3 at 3.25 cm (~1930 AD) with increased Stauroforma exiguiformis, Fragilaria capucina, 

Nitzschia homburgensis, Nitzschia palea, Nitzschia spp., Navicula monoculata, Achnanthes amoena, 

Diatoma moniliformis, and Fistulifera spp. (Figure 4-4a). Accompanying these changes was a 

corresponding decrease in Navicula rhynchocephala, Stauroneis spp., Diadesmis contenta, and Eunotia 

spp. The chironomid stratigraphy had a relatively muted, but similarly timed transition, with declines in 

Chironomus spp. and Metriocnemus eurynotus – type around 5.25 cm and concomitant increases in 

Cladotanytarsus mancus – type and Psectrocladius spp. (Figure 4-4b).  

 The VRS chl a (Figure 4-4c) generally increases over the record, coincident with the diatom and 

chironomid species changes (summarized in their PCA Axis 1 scores). Percent carbon and nitrogen 

(Figure 4-4c) correlated poorly with the other proxies, with a period of decline occurring between 6.5 cm 

to 3 cm that is not matched in any other record. The stable nitrogen isotopes in Kukulek Pond were most 

enriched during diatom Zone 2, reaching a peak of nearly 15‰ (Figure 4-4c) and decreasing after 4.5 cm. 

The δ15N average is 12‰ over the record. The δ13C profile was fairly stable until 3.75 cm (one interval 

before the diatom Zone 2 – Zone 3 transition), after which it begins to decline (Figure 4-4c).  

4.5.3 Potentially impacted – Green Pond  

 The Green Pond diatom stratigraphy (Figure 4-5a) was subdivided into two significant zones. The 

Zone 1 (28-13.5 cm) to Zone 2 (13.5-0 cm; ~1890 AD to present) transition was marked by the decline of 

Brachysira calcicola, Diadesmis contenta, Diadesmis gallica, Chamaepinnularia soehrensis, Eunotia 

incisa, Boreozonacola hustedii, and Nitzschia perminuta, and corresponding increases in Psammothidium 

spp. (including P. helveticum, P. subatomoides), Platessa lutheri, Eunotia bilinaris, Eunotia praerupta, 

Eunotia silvahercynia, Nitzschia palea, and Tabellaria flocculosa. The shifts in the chironomid record 

(Figure 4-5b) occurred near the same interval as the diatom changes, and were characterized by a decline 

in Zalutschia spp. and a corresponding increase in Tanytarsus spp. 
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 The VRS chl a profile (Figure 4-5c) showed an increase in primary production from 16 cm (pre-

1850 AD) to 13 cm (~1890 AD) after which the record largely stabilized, which is concurrent with a 

CONISS break in the diatom record. Percent carbon and percent nitrogen in the record were variable until 

14.25 cm after which the profiles became relatively stable (Figure 4-5c). The δ15N isotopic record from 

Green Pond reflected a modest (0.9‰) enrichment with average values of 1.8‰ over the core (Figure 4-

5c). The δ13C signature was variable (with changes of ±0.5‰) from the base of the core to 14.25 cm, after 

which the profile became relatively stable (Figure 4-5c).  

4.5.4 Lowland control – Ollie Pond  

 The lowland control site, Ollie Pond, recorded a relatively stable diatom assemblage over time 

(Figure 4-6c). Although there are no significant diatom zones, a slight shift occurred around 16 cm depth 

(~1880 AD) with a modest increase in Psammothidium rossii, Eolimna minima, and Achnanthidium 

minutissimum. In the ~1980s (6.5 cm), Diatoma tenuis also increased. The chironomid record had a 

significant split at 13 cm (~1920 AD), where the Zone 1 assemblage, dominated by Zalutschia – type B, 

changes to a more varied assemblage in Zone 2, with a relative decline in Zalutschia – type B and 

increases in Chironomus anthracinus, C. plumosus, and Procladius spp. (Figure 4-6b).  

 The VRS chl a profile reflected a slight, gradual increase in primary production through the Ollie 

Pond record (Figure 4-6c). In line with the VRS chl a, the percent carbon and nitrogen in the sediment 

slightly increased over the record (Figure 4-6c). The nitrogen and carbon stable isotope signatures for 

Ollie Pond were relatively constant throughout the core (δ15Nave 2.03 ± 0.3‰; δ13Cave -28.7 ± 0.1‰) 

(Figure 4-6c).   

4.5.5 Upland control – Reindeer Pond  

 The diatom assemblages from Reindeer Pond showed modest shifts at approximately the 10 cm 

depth interval with declines in the relative abundances of Stauroforma exiguiformis and Fragilaria 

capucina, and relative increases in Achnanthidium minutissimum (Figure 4-7a). Reindeer Pond had 
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marked changes in the chironomid record (Figure 4-7b). Although there were no significant zones 

identified by the broken stick model applied to the CONISS analysis of the chironomid profile, this was 

likely a result of the low counts from 10 to 18 cm. The low counts imparted high variability in relative 

abundances in the lower part of the record making definitive inferences difficult. The chironomids 

identified from the lower intervals had strikingly different assemblages than later intervals, with the 

presence of Arctodiamesa spp., Thienemanniella – type E, Stempellinella-Zavrelia spp., Mesocricotopus 

spp., Parakiefferiella triquetra – type, and Hydrobaenus lugubris – type. These species, with the 

exception of Parakiefferiella triquetra – type and Hydrobaenus lugubris – type, were absent or at low 

abundances above 10 cm depth after which, chironomid abundances in the sediment became high enough 

to obtain reliable counts. Around 6.5 cm (~1930 AD), there was a relative decline in Hydrobaenus 

lugubris – type and an increase in Cricotopus – type P, Cricotopus intersectus – type, Metriocnemus spp., 

Psectrocladius sordidellus – type, and Tanytarsini spp. 

 Spectrally-inferred chlorophyll a (VRS chl a) showed an increasing trend from 8.5 cm (~1880 

AD) to the surface (Figure 4-7c) with coincident increases in percent carbon and percent nitrogen. The 

δ15N profile may be divided into three segments by two breakpoints. The oldest segment has a fairly 

stable isotopic signature of ~10.0‰ from the base of the core to 13.75 cm. The isotopic signature became 

depleted from 13.75 cm to 5.5 cm (~1950 AD), after which δ15N stabilized around 2.9‰ from 5.5 cm to 

the top of the core (Figure 4-7c). The sediment δ13C is fairly stable through the record (Figure 4-7c).  

 

4.6 Discussion 

4.6.1 The legacy of Kukuek village  

 The sediment profiles from Kukulek Pond (the pond closest to the archeological site) recorded 

isotopic and diatom species changes consistent with the pond experiencing nutrient inputs from the 

historic Kukulek village (Figure 4-4a,c). The enriched δ15N profile at Kukulek Pond suggests that the 
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elevated nutrients in the pond are due to the transport of marine-derived nutrients from the archeological 

site. The Kukulek archeological site is likely rich in marine-derived nutrients from historical hunting 

activities, as most buildings were constructed, in part, using whale or walrus bone (Geist and Rainey 

1936) and marine mammal remains are scattered across the site (δ15Nbowhead whale = 13.3‰, δ15Ngrey whale = 

12.0‰, Dehn et al. 2006; δ15Nwalrus = 13.5‰, δ15Nspotted seal = 17.8‰, Dehn et al. 2007). In addition, many 

of the meat cache structures still contained meat, blubber, hides, and skin ropes at the time of excavation, 

and the soil around these structures was impregnated with oil to the point where the ground could be lit 

with a match (Geist and Rainey 1936).  

 The δ15N signature becomes enriched in the Kukulek sediment core at 5.25 cm depth (Figure 4-

4c). Extending the CRS model of 210Pb dates to this depth provides an age estimate of ~1787 AD with a 

potential age range from 1553 AD to 1881 AD.  However, we acknowledge that the 210Pb profile for this 

site is our weakest due to low activities, and especially for older dates.  Nonetheless, it is possible that the 

increase in δ15N in the sediment is reflecting population growth in the village of Kukulek resulting in 

greater activity and additional nutrients from hunting activities reaching the site. However, there are no 

historical records from this period to corroborate a population boom in the late 18th century, although the 

site is thought to have been at carrying capacity at the time of the famine (Mudar and Speaker 2003). 

Also, it is possible that the site was abandoned and resettled at this time as two houses were built during 

the Recent-Prehistoric phase at the Kukulek site (bracketed to have been built between 1649 and 1879 

AD) and sod lines suggest a period of abandonment (Geist and Rainey 1936).  Alternatively, this 

sediment interval might be younger than the age-depth model suggests as the chironomid-inferred 

warming signature (Figure 4-4b) is in concert with the increase in δ15N and may rather correspond to the 

late 19th century warming, evident in all the other records (at ~1880 AD; Figures 4-5, 4-6, 4-7). Thus the 

enrichment of the δ15N signature beginning at 5.25 cm may be reflecting disturbance at the site, perhaps 

due to the 1878 to 1880 AD famine.  
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 During the famine, the scarcity of food would have resulted in extensive unearthing and raiding 

of multiple generations of meat caches. The bodies of the famine victims, enriched in δ15N relative to 

their diet (Minagawa and Wada 1984), were found buried and unburied across the site (Geist and Rainey 

1936). Additionally, houses that were abandoned were stripped for their hides and bone structures in a 

desperate bid for food (Krupnik and Krutak 2002). Such a disturbance would expose these structures to 

increased weathering and thaw, increasing the release of marine-derived nutrients into the catchment. The 

additional nutrients and allochthonous runoff would increase the sedimentation rate for this period, 

perhaps resulting in the older extrapolated date, although the date of the famine is still within the error of 

the model. The weight of evidence supports that the peak δ15N corresponds with the 1878-1880 AD 

famine, although we recognize moving forward that this is an assumption. The sediment record has the 

highest δ15N signature between 5.25 cm (inferred as the ~1880 AD famine) and 3.25 cm (~1930 AD), 

approximately coinciding with the excavation in 1934-35 AD. The archeological excavation would 

similarly expose previously buried, nutrient-rich structures to erosion. The removal of some of the site 

material may also have driven the depletion of sedimentary δ15N after ~1935 AD back towards pre-

disturbance values.  

 Kukulek Pond exhibits diatom changes in the sedimentary record indicative of increasing 

nutrients and more acidic conditions from 5.25 cm to the top of the core, a trend that becomes more 

pronounced above 3.25 cm depth (~1930 AD) (Figure 4-4a). The two significant zones at 5.25 and 3.25 

cm (~1930 AD) are coincident with shifts in the δ15N profile. The most notable taxonomic changes in the 

record are the increase in Nitzschioid taxa, which, although common in Arctic ponds, tend to dominate in 

waters with increased nutrients (Keatley et al. 2009) and thrive in response to nutrient influxes like 

sewage runoff (Michelutti et al. 2002; Michelutti et al. 2007). Additionally, Fistulifera spp., an indicator 

of sewage inputs (Michelutti et al. 2007; Stewart et al. 2014), becomes more common coincident with the 

δ15N enrichment.  More acidic conditions are inferred with the increase in the acidophilic, benthic 
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fragilarioid Stauroforma exiguiformis (Flower et al. 1996). The benthic fragilarioids often dominate a 

diatom record where other taxa are excluded (Michelutti et al. 2003). In the case of Kukulek pond, the 

increase in S. exiguiformis may be reflecting increased allochthonous inputs, with the increased organic 

acidity giving rise to more acidic conditions in this poorly-buffered site (Kahl et al. 1989) and higher 

dissolved organic carbon (DOC) resulting in lower light penetration, giving S. exiguiformis a competitive 

advantage.   

4.6.2 Nitrogen isotopes at Reindeer Pond – a previously unknown settlement?  

 The enriched δ15N values (~11‰) at the base of the Reindeer pond record (Figure 4-7c) were 

unexpected, as such elevated δ15N values have rarely been recorded in Arctic lake sediments that have not 

been impacted by marine-derived nutrient sources (Michelutti et al. 2013). Our unimpacted ponds were 

expected to have relatively low δ15N signatures (such as in Ollie Pond δ15Nave 2.03 ± 0.3‰) as the 

allochthonous nutrients entering the pond are likely from relatively unenriched sources such as soils 

(average and standard deviation of δ15N for Alaskan tundra soils 1.2 ± 0.3‰ Hobbie and Hobbie 2006; 

δ15N 1.0 to 2.4‰ Xu et al. 2009), organic matter from permafrost thaw (δ15N 1.0 ± 0.1‰ Xu et al. 2009), 

and plant matter (δ15N 0 to -11‰ Hobbie et al. 2000) and the principal vector of autochthonous nitrogen 

is though nitrogen fixation by cyanobacteria (with a fractionation factor of -0.55‰ Minagawa and Wada 

1984). Although microbial activity can enrich organic matter, the extreme cold environment and saturated 

conditions of most tundra soils leads to slower decomposition and, consequently, relatively depleated 

δ15N values as compared to temperate or tropical soils (Xu et al. 2009). Additionally, pond sediments 

likely integrate many nitrogen pools so that while fractionation may occur (e.g. between ammonium and 

nitrate (Talbot 2001); or between mycorrhizal fungi and associated plants (Hobbie et al. 2000)), the δ15N 

of the sediment should largely reflect the isotopic composition of the original source pool. 

 Three potential explanations for the enriched signature in Reindeer Pond prior to the late 19th 

century are: 1) a previously unknown settlement, 2) a pre-historic bird colony, and 3) denitrification. 



 

 

 

 

122 

However, each of these potential explanations are problematic. Reindeer Pond is unlikely to have had a 

hunting camp or settlement during the pre-1880 AD period as it is far from the coast and the only reliable 

inland source of meat is Reindeer, which were introduced in 1900 AD (after the elevated δ15N signal) and 

have a relatively low δ15N signature (average δ15Ndeer = 5.3‰ Price and Burton 2011; vs. δ15Nwalrus = 

13.5‰ Dehn et al. 2007). Marine-derived nutrients could also enter the pond from a bird colony within 

the catchment (e.g. Stewart et al. 2013). The diatom record shows a slight increase in Nitzschia 

perminuta, a taxon that often dominates high nutrient sites in the Arctic (Keatley et al. 2009), in this 

earliest part of the record (Figure 4-7a); however, the low VRS chl a, %N and %C (Figure 4-7c) is not 

consistent with high nutrient inputs. Finally, denitrification, which has high enrichment factor of (+5‰ to 

+40‰ Kendall 1998; +20‰ Talbot 2001), by anaerobic bacteria living in sustained low oxygen 

conditions under extensive ice, might also result in enriched δ15N values. However, anaerobic conditions 

are unlikely as Reindeer Pond is relatively shallow, such that open water should develop fairly rapidly 

with ice off, and wind mixing during the open water season should keep benthic waters oxygenated. In 

addition, the pre-1880 AD chironomid assemblage does not suggest low oxygen conditions (Cranston 

1995; Brodersen et al. 2004). Consequently, the pre-1880 δ15N-enriched signature remains enigmatic. The 

decline in the δ15N signature for Reindeer Pond after 1880 AD, coincident with an increase in primary 

production (Figure 4-7c), may reflect the input of depleted δ15N sources coming from the catchment or 

the proliferation of nitrogen-fixing organisms in response to a longer ice-free season.  

4.6.3 Climate change on St. Lawrence Island  

 The paleoenvironmental proxy records from the control ponds on St. Lawrence Island suggest 

that the region has been experiencing warming since ~1880 AD, and that this change in climate has led to 

marked shifts in limnetic conditions.  

Highland control site 
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 In Reindeer Pond, a marked increase in sediment chl a (Figure 4-7c) and a corresponding shift in 

chironomid assemblages in the late 1800s suggest a change in climate towards warmer temperatures 

(Figure 4-7b) consistent with the largely continuous warming trends reflected in the instrumental record 

of temperatures since 1927 AD when monitoring records began (Figure 4-1). Chironomid life cycles are 

dependent on temperature and, as such, species assemblages appear to respond directly to changes in 

water temperature (Walker 2001). In Reindeer Pond, the chironomid shift at ~1880 AD (Figure 4-7b) is 

marked by the disappearance or decline of several cold-stenothermic species (Arctodiamesa spp., 

Thienemanniella – type E, and Mesocricotopus spp.) and increases in warmer, littoral taxa (Cricotopus – 

type P, Cricotopus intersectus – type, Metriocnemus spp., Psectrocladius sordidellus – type, and 

Tanytarsini spp.) including macrophyte-associated species (Cricotopus – type P, Cricotopus intersectus – 

type; Cranston et al. 1983; Brodersen et al. 2001) suggesting the establishment of a complex, vegetated 

littoral zone. The continuous increase in whole-lake primary production suggests a lengthening of the 

growing season post-1880 AD.  

 The diatom changes from Reindeer Pond show moderate increases in the eurytopic 

Achnanthidium minutissimum (Van Dam 1996; Lim et al. 2001b), with relative decreases in the 

acidophilic, benthic fragilarioid Stauroforma exiguiformis (Flower et al. 1996) and fragilarioid Fragilaria 

capucina (Figure 4-7a), a taxonomic shift that has been recorded with warming Arctic ponds (e.g. 

Douglas et al. 1994; Antoniades et al. 2005). Reindeer Pond is located at a higher elevation than the 

lowland sites, is farther from the mediating effect of the coast, and has a rockier catchment compared to 

all other study ponds.  If past ice cover was long and restrictive to growth, Reindeer Pond was expected to 

show a strong climate signal in the diatom assemblages (see Chapter 3, this thesis) as even a small change 

in the length of the growing season would likely lead to the development of new habitats. However, 

diatom changes in Reindeer Pond are muted, although similar in nature, compared to changes recorded in 

High Arctic sites (e.g. Douglas et al. 1994; Antoniades et al. 2005) and the pre-warming assemblage is 

also more diverse, suggesting that the pre-anthropogenic warming ice-free season was likely long enough 
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to allow for relatively higher diversity of diatom habitats. With warming however, the record suggests 

that there has been an increase in habitat complexity, or expansion into novel habitats, and increased 

nutrients, possibly from increased thawing permafrost (Reyes and Lougheed 2015), greater soil 

development or increased vegetation establishment in the catchment. 

Lowland control sites  

 The lowland, vegetated control Ollie Pond has also experienced biotic shifts likely in response to 

changes in climate (Figure 4-6). Beginning in the 1880s, with the principal shift occurring in the 1920s, 

the dystrophic indicator Zalutschia – type B declines in relative abundance, with corresponding increases 

in the low oxygen-tolerant Chironomus anthracinus and C. plumosus (Walshe 1950; Hamburger et al. 

1994; Brodersen et al. 2004), and macrophyte-associated Corynoneura spp. (Cao et al. 2014) (Figure 4-

6b). The shift in assemblage suggests a transition to warmer conditions, as Chironomus spp. have higher 

temperature optima than Zalutschia - type B (Bennike et al. 2004). Additionally, the increase in 

Chironomus spp. may be reflecting reduced oxygen levels in the benthos, as these species are oxy-

regulators and consequently have a relatively high tolerance to low oxygen conditions (Brodersen et al. 

2004; Brodersen and Quinlan 2006). Arctic ponds are generally well-oxygenated in the short Arctic 

summers (e.g. Stewart et al. 2013); however, coloured dystrophic systems like Ollie Pond  (DOC = 10.6 

mg/L) can stratify for days, or even the whole season (Breton et al. 2009), due to their greater absorption 

of light energy, leading to periodic hypoxia or even localized anoxia. Low oxygen conditions in Ollie 

Pond may be compounded by greater permafrost thaw in the catchment, which can lead to increased DOC 

and nutrient loading into the tundra ponds (Breton et al. 2009; Rautio et al. 2011; Lougheed et al. 2011; 

Reyes and Lougheed 2015).  

 Ollie Pond recorded a somewhat muted, although predictable diatom assemblage response to 

recent climate warming (Figure 4-6a).  Slight increases in the relative abundances of the eutraphentic 

Eolimna minima (Moravcová et al. 2013), the epipsammic Psammothidium rossii, and eurytopic 

Achnanthidium minutissimum (Van Dam 1996; Lim et al. 2001b) around 1950 AD, and the increase and 
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Diatoma tenuis, around 1980 AD, suggest increasing nutrients and conductivity in Ollie Pond. Diatoma 

tenuis is found in higher conductivity waters (Ryves et al. 2002) and may be responding to either 

increased evaporation, concentrating solutes in the pond (a trend that is happing across the circumpolar 

arctic; Riordan et al. 2006; Smol and Douglas 2007), or increased storm activity and sea spray from the 

Bering Sea. The limnology of Ollie Pond (Table 4-1) is similar to the other coastal ponds on St. Lawrence 

Island, suggesting the increase in D. tenuis is unlikely to be from anthropogenic activities in the town of 

Savoonga. The Ollie Pond VRS chl a signature (Figure 4-6c) suggests that primary production is low, but 

has been slightly increasing at the lowland site through the entire record and is accompanied by 

corresponding increases in %C and %N. The high DOC in deep Ollie Pond may be precluding a marked 

rise in primary production with warming (as inferred at the other sites), as the limiting factor on 

production may be light penetration (Karlsson et al. 2009). The potentially elevated DOC with permafrost 

thaw (Reyes and Lougheed 2015), and resulting reduced light penetration to the deeper areas of Ollie 

pond, may effectively be reducing the available habitat for diatom and macrophyte growth and inhibiting 

benthic production relative to a similar-sized, clear-water pond, like Reindeer Pond. The isotopic records 

of δ15N and δ13C show little directional change through the profile (Figure 4-6c), suggesting little change 

in the source of carbon and nitrogen to Ollie Pond.  

 Green Pond and the impacted Kukulek Pond were thought to be hydrologically-connected during 

periods of elevated water levels, however the sedimentary profiles suggest different trajectories for the 

two sites and hint at little-to-no-connectivity between the waterbodies. The lack of connection is evident 

in the different δ15N records, with enriched δ15N (average δ15N: 12‰) in Kukulek Pond (Figure 4-4c), 

reflective of marine-derived nutrient inputs, versus lower values in Green Pond (average δ15N: 1.8‰) 

(Figure 4-5c). The principal change in the chironomid record at Green Pond is an increase in the relative 

abundance of the littoral Tanytarsus spp. and a slight decrease in Zalutschia spp. (Figure 4-5b), which is 

associated with dystrophic waters (Saether 1979), and is often the dominant taxa in coastal peat pools 
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(Walker et al. 1985). The diatom record indicates a fairly substantial change in the dominant taxa in the 

late 19th century, when many aerophilic (Diadesmis spp., Chamaepinnularia soehrensis; Wojtal 2009, 

Johansen 2010) and macrophyte-associated taxa (Pinnularia spp.; Douglas and Smol 1995; Lim et al. 

2001b) were supplanted by epipsammic (Psammothidium spp.) and acidophilic (Eunotia spp.; DeNicola 

2000) taxa (Figure 4-5a). This taxonomic shift is accompanied by an increase in inferred primary 

production and a transition from variable carbon and nitrogen concentrations to more stable profiles 

(Figure 4-5c). Unlike the strong nutrient signal identified in Kukulek Pond, the Green Pond record 

suggests an increase in water level and water stability with transition from potentially a rich fen-like 

environment to a tundra thaw pond.  

 Two potential mechanisms behind the above diatom transitions could be a raising and 

stabilization of the water table due to higher precipitation or due to ground subsidence, and the formation 

of a thaw pond in response to warming temperatures. For the western Alaska region winter, spring, and 

fall precipitation has been generally increasing, although with high variability, over the past 50 years 

(from 1949-1998), while summer precipitation has been decreasing (Figure 4-1, Stafford et al. 2000; 

McAfee et al. 2014). In areas of thick, continuous permafrost (like St. Lawrence Island) there has been an 

increase in the formation of thermokarst features as a result of permafrost thaw (Yoshikawa and Hinzman 

2003) and the steep-sided morphology of Green Pond suggests that it may have formed as a result of 

permafrost degradation (Jorgenson and Shur 2007). The rapid transition from dominantly aerophilic to 

littoral diatom taxa similarly suggests rapid pond expansion. The timing of this transition suggests that the 

permafrost degradation may have been precipitated by the early 19th century warming on St. Lawrence 

Island.  

Nutrient-enriched Kukulek Pond  

 The chironomid record from Kukulek Pond (Figure 4-4b) is consistent with the control pond 

records (Figures 4-5b, 4-6b, 4-7b) in the shift towards a slightly warmer adapted assemblage that, based 

on the control pond records, we infer as around 1880 AD. The isotopic and diatom species changes at 
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5.25 cm, that may be due to the 1880 AD famine, and are coeval with the shift in the chironomid record, 

with a relative increase in the warm stenothermic Cladotanytarsus mancus – type (Bennike et al. 2004) 

and the decline in the cold stenotherms Hydrobaenus / Oliveridia spp. (Bennike et al. 2004). In contrast 

to the chironomid profile in Ollie Pond (Figure 4-6b), the proportion of Chironomus spp. in the Kukulek 

Pond sediment record decrease from the 5.25 cm sediment section (~1880 AD - inferred age) to the top of 

the core (Figure 4-4b). The extreme shallow nature of Kukulek Pond (approximately a third of the depth 

of Ollie Pond) would make stratification unlikely, despite the high DOC. Additionally, light, although 

attenuated, would likely reach the benthos leading to oxygenated bottom waters in the summer, and the 

inferred decline in Chironomus spp. may rather be due to increases in other taxa, such as the littoral, 

acidophilic Psectrocladius spp.  

 The diatom-inferred increases in nutrients and reduction of pH in Kukulek Pond are coincident 

with the two periods of site disturbance at the Kukulek site and with the chironomid-inferred late 19th 

century warming on St. Lawrence Island, making the disentangling of these two events difficult. For 

example, after 1935 AD, the δ15N signature becomes depleted in Kukulek Pond. While the δ15N decline 

might, in part, be a response to the removal of the many artifacts and bone structures as a result of the 

excavation, the lack of corresponding declines in primary production or in the relative abundances of 

nutrient-associated taxa suggest that other factors may also have played a role. Nitrogen fixation by 

benthic cyanobacteria, which are common in Arctic lakes (Vincent 2000), has a slightly negative 

associated fractionation (-0.55‰; Minagawa and Wada 1984). The water chemistry suggests that Kukulek 

Pond was nitrogen-limited at the time of sampling (Table 4-1) and the proliferation of nitrogen-fixing 

cyanobacteria taking advantage of the excess proportion of phosphorus in the system and the lengthened 

growing season due to warming may be contributing to the slight depletion in the δ15N profile.  

 The diatom species changes may be reflecting an interaction between climate and nutrient flux 

from the archeological site. In the Kukulek Pond profile, the nutrient-associated taxa increase in concert 
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with the δ15N changes. However, the increases in more eutrophic diatom taxa are continuous and do not 

decline after the 1930s disturbance, suggesting that warming may be partially mediating nutrient release 

at Kukulek, likely through increased permafrost thaw (Hobbie et al. 1999). The increase in spectrally-

inferred primary production is also coincident with the warming signal, however the signal is not as 

marked as in the upland control site (Reindeer Pond). Primary production at Kukulek Pond is likely 

responding to a combination of increased nutrients from disturbance and permafrost degradation, the 

lengthening of the growing season, and may have been partially tempered by increased DOC limiting 

light availability (Karlsson et al. 2009).   

 The impacts on aquatic ecology from the archeological site adjacent to Kukulek Pond cannot be 

interpreted in isolation of the recent changes in climate. The mobilization of nutrients and DOC from the 

site with permafrost thaw are likely sustaining the relatively higher primary production and nutrient-

associated diatom taxa, decades after the last significant period of site disturbance. This suggests that at 

Arctic sites where labile nutrients currently entombed in permafrost are released with warming may be 

amongst the most sensitive to shifts in the algal communities with ongoing climate change. 

  

4.7 Conclusions  

 The impact of Kukulek village was evident in the elevated δ15N and changes in the diatom 

assemblages at Kukulek Pond. Although our record was of relatively short duration, the biota may have 

responded to the occupation of the site and this biotic signal was used to identify periods of disturbance, 

particularly the inferred 1878-1880 AD famine and the 1934-1935 AD archeological excavations. Our 

study is one of a growing number highlighting the value of combining paleolimnology with archeological 

investigations. The paleo-record additionally provided missing environmental context for the 

abandonment of Kukulek, and the coincident timing of the famine and the ushering in of the new climate 

regime on St. Lawrence Island merits further investigation. 
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 The paleoclimate records from St. Lawrence Island show a fairly consistent warming signal 

occurring in the late 19th century (around 1880 AD), which resulted in marked changes in the freshwater 

biota. The biotic signal generally reflects increased primary production, the opening of new habitats for 

colonization, and shifts towards chironomid taxa adapted to warmer waters.  However, these changes are 

moderated by the local limnological conditions where factors such as light penetration, nutrient influx, 

and physical changes to the pond morphometry due to permafrost thaw, induced variability in the biotic 

response at St. Lawrence Island.  Such variability highlights the importance of understanding species 

ecological affinities when interpreting paleoclimate records. One of the strongest responses in the diatom 

profiles was recorded in Kukulek Pond, which received an influx of marine-derived nutrients from the 

archeological site. The recent warming likely facilitated the mobilization of nutrients through the thawing 

of permafrost resulting in a deepening of the active layer. This suggests that lakes and ponds located in 

the permafrost may be subject to possible synergistic impacts of warming and nutrient loading due to 

anthropogenic climate change.  

 The diatom and VRS chl a signals from Ollie and Kukulek ponds, as well as the possible 

thermokarst formation of Green Pond, suggest that the coastal sites are being impacted by permafrost 

thaw. This has implications for the two permanent coastal communities on St. Lawrence Island and the 

many semi-permanent camps, as permafrost degradation could impact infrastructure as well as potentially 

release nutrients and contaminants into the surface water and possibly groundwater. With a warming 

climate, the impacts to the northern communities are going to be more acute, particularly given their 

reliance on natural and marine resources for subsistence and income.   
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Figure 4-1: Average annual temperature (top) and precipitation (bottom) records for the western coast of 
Alaska (climate district 2; Bieniek et al. 2012; NOAA 2015) including linear regression trend lines 
(dashed). 
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Figure 4-2: Top: Location map of St. Lawrence Island, Alaska, in relation to mainland Alaska, United 
States of America. Inset: St. Lawrence Island highlighting our study area (black square) in relation to the 
towns of Gambell and Savoonga (stars). Bottom: Study region with shaded topographic relief indicating 
the locations of the four study ponds (dark grey circles).  

  



 

 

 

 

139 

 

Figure 4-3: The activity of 210Pb (black circles) and 137Cs (white circles) vs sediment depth (A) and the 
Constant Rate of Supply 210Pb generated age-depth model (B) for each study site: Kukulek Pond (I), 
Green Pond (II), Ollie Pond (III) and Reindeer Pond (IV). Error bars represent standard error.  



 

 

 

 

140 
 



 

 

 

 

141 

Figure 4-4: Kukulek Pond, St. Lawrence Island, Alaska, relative frequency stratigraphies of diatom (A) and chironomid (B) taxa sorted according 
to principal components (PCA) species axis 1 scores. Significant stratigraphic zones, identified using constrained, incremental sum-of-squares 
cluster analysis (CONISS), are indicated (Z1 – Z3) on the stratigraphies. The profiles of additional proxies (C) include visible reflectance 
spectroscopy-inferred chlorophyll a (VRS chl a), percent carbon and percent nitrogen, stable isotopes of carbon (δ13C, relative to the standard 
Vienna Pee Dee Belemnite (V-PDB)) and nitrogen (δ15N, relative to the standard air), with the PCA axis 1 site scores for the diatom and 
chironomid profiles provided for reference. The significant diatom CONISS zones are indicated by the grey dashed lines while breakpoints are 
marked on each profile as a short, solid grey line. All stratigraphies (A-C) are plotted against depth and 210Pb age.  
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Figure 4-5: Green Pond, St. Lawrence Island, Alaska, relative frequency stratigraphies of diatom (A) and chironomid (B) taxa sorted according to 
principal components (PCA) species axis 1 scores. Significant stratigraphic zones, identified using constrained, incremental sum-of-squares cluster 
analysis (CONISS), are indicated (Z1 – Z2) on the stratigraphies. Grey bars indicate that the interval did not meet the minimum counts. The profile 
of additional proxies (C) include visible reflectance spectroscopy-inferred chlorophyll a (VRS chl a), percent carbon and percent nitrogen, stable 
isotopes of carbon (δ13C, relative to the standard Vienna Pee Dee Belemnite (V-PDB)) and nitrogen (δ15N, relative to the standard air), with the 
PCA axis 1 site scores for the diatom and chironomid profiles provided for reference. The significant diatom CONISS zones are indicated by the 
grey dashed line while breakpoints are marked on each profile as a short, solid grey line. All stratigraphies (A-C) are plotted against depth and 
210Pb age. 
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Figure 4-6: Ollie Pond, St. Lawrence Island, Alaska, relative frequency stratigraphies of diatom (A) and chironomid (B) taxa sorted according to 
principal components (PCA) species axis 1 scores. Significant stratigraphic zones, identified using constrained, incremental sum-of-squares cluster 
analysis (CONISS), are indicated (Z1 – Z2) on the stratigraphies. Grey bars indicate that the interval did not meet the minimum counts. The profile 
of additional proxies (C) include visible reflectance spectroscopy-inferred chlorophyll a (VRS chl a), percent carbon and percent nitrogen, stable 
isotopes of carbon (δ13C, relative to the standard Vienna Pee Dee Belemnite (V-PDB)) and nitrogen (δ15N, relative to the standard air), with the 
PCA axis 1 site scores for the diatom and chironomid profiles provided for reference. The significant chironomid CONISS zones are indicated by 
the grey dashed line while breakpoints are marked on each profile as a short, solid grey line. All stratigraphies (A-C) are plotted against depth and 
210Pb age. 
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Figure 4-7: Reindeer Pond, St. Lawrence Island, Alaska, relative frequency stratigraphies of diatom (A) and chironomid (B) taxa sorted according 
to principal components (PCA) species axis 1 scores. Significant stratigraphic zones, identified using constrained, incremental sum-of-squares 
cluster analysis (CONISS), are indicated (Z1 – Z2) on the stratigraphies. Grey bars indicate that the interval did not meet the minimum counts. The 
profile of additional proxies (C) include visible reflectance spectroscopy-inferred chlorophyll a (VRS chl a), percent carbon and percent nitrogen, 
stable isotopes of carbon (δ13C, relative to the standard Vienna Pee Dee Belemnite (V-PDB)) and nitrogen (δ15N, relative to the standard air), with 
the PCA axis 1 site scores for the diatom and chironomid profiles provided for reference. The significant diatom CONISS zones are indicated by 
the grey dashed line while breakpoints are marked on each profile as a short, solid grey line. All stratigraphies (A-C) are plotted against depth and 
210Pb age. 
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Table 4-1: Select limnological variables for the four study sites on St. Lawrence Island (Alaska), sampled 
between July 15th-22nd, 2012. Variables of particular interest include sodium (Na), calcium (Ca), water 
column chlorophyll a (Chl a), dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), total 
phosphorus - unfiltered (TPu) and total nitrogen – filtered (TNf). Detailed water chemistry data are in 
Appendix H. 

Lake 
Name 

Latitude 
(oN) 

Longitude 
(oW) 

Elevation 
(m a.s.l.) 

Depth  
(m) pH Na  

(mg/L) 
Ca  

(mg/L) 
Chl a  
(µg/L) 

DOC  
(mg/L) 

DIC  
(mg/L) 

TPu  
(µg/L) 

TNf 
(mg/L) 

Kukulek 
Pond 63.69116 170.34416 4 0.4 6.7 51.60 2.98 10.5 19.1 2.2 466.0 1.320 

Green 
Pond 63.68529 170.34140 8 0.7 6.0 12.00 0.63 1.2 11.4 0.8 35.9 0.690 

Ollie 
Pond 63.68343 170.51135 15 1.2 7.5 10.00 1.44 3.6 10.6 5.1 54.5 0.829 

Reindeer 
Pond 63.59690 170.22511 320 0.5 7.6 2.75 0.45 < 0.1 1.1 1.1 10.8 0.154 
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Chapter 5 

General Discussion and Conclusions 

5.1 General discussion 

 High-latitude environments are amongst the most vulnerable to climate change (IPCC 2013), and 

many northern freshwater ecosystems have already responded to warming, some beginning as early as the 

mid-19th century. These changes have been documented in hundreds of lakes, evinced by distinct shifts in 

fossil sedimentary assemblages of responsive biota (e.g. Douglas et al. 1994; Quinlan et al. 2005; Smol et 

al. 2005). In this thesis, three different potential drivers of local to regional-scale variability in the climate 

response of chironomids and diatoms were examined: 1) the modulation of regional climate by 

cryospheric features over the Holocene in the Southwest Yukon Territory (Chapter 2); 2) the role of ice 

cover as the dominant driver of diatom assemblages in the Canadian High Arctic (Chapter 3); and 3) the 

interaction between climate and nutrient dynamics at the archeological site Kukulek, St. Lawrence Island, 

Alaska (Chapter 4). The research presented provides important insights into the various drivers affecting 

the biotic response to climate change allowing for improved paleoclimate interpretations and the 

development of more comprehensive regional adaptation and management plans (ACIA 2005).  

 In Chapter 2, the climate moderating influence of the Wrangell-St. Elias ice fields, identified by 

Chen et al. (2014), was examined over the Holocene with particular attention to the Holocene Thermal 

Maximum (HTM), a period of past warmth similar in magnitude (~1.6 to 3ºC above the 20th century 

average; Kaufman et al. 2004) to the warming projected for the next century (IPCC 2013). Diatom and 

chironomid records that spanned the Holocene were reconstructed for three lakes at varying distances 

from the Wrangell-St. Elias ice fields (KNPR Lake, Howard Lake, and Louise Lake at 20 km, 75 km, and 

275 km from the ice fields respectively). The chironomid records from both KNPR Lake (the lake closest 

to the ice fields) and Louise Lake (the lake farthest from the ice fields) both exhibited a notable response 
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to warming in the early Holocene. The Howard Lake record, unfortunately, only extended back to ~8,000 

calibrated years BP (cal. yr BP), which was not far enough to capture a HTM signal. Peak temperatures 

are inferred at 10,000 cal. yr BP in KNPR Lake, and slightly later, between 9,000 and 8,200 cal. yr BP in 

Louise Lake. The later response in Louise Lake is likely due to heterogeneity in the deglaciation of the 

catchment (deglaciation for Louise Lake is date around ~9,500 cal. yr BP). The timing of the HTM at our 

sites is consistent with other sites from the region (Cwynar and Spear 1995; Lacourse and Gajewski 2000; 

Kaufman et al. 2004).   

 KNPR Lake is the most proximate to the Wrangell-St. Elias ice fields and the diatoms and 

chironomids show little response to anthropogenic climate change in a record spanning the past ~200 

years (Appendix B). If the current muted response to recent climate change in KNPR Lake is a result of 

the cooling influence of the ice fields, as postulated by Chen et al. (2014), the marked chironomid 

response to the HTM in the Holocene KNPR Lake record suggests that this mechanism will likely 

weaken, and may break down completely, with warming, possibly over the next century. The modulation 

mechanism by cryospheric features merits further study. In particular, active monitoring of the changing 

influence of the ice fields as they continue to lose mass is recommended.   

 The climatic inferences from the chironomid and diatom profiles from KNPR, Howard, and 

Louise lakes were largely consistent with other Holocene records from the Southern Yukon Territory (e.g. 

Anderson et al. 2005, 2007; Fisher et al. 2008; Bunbury and Gajewski 2009; Gajewski et al. 2014). The 

one exception was the inferred warm period at ~2,500 cal. yr BP in KNPR and Louise lakes, and ~1,500 

cal. yr BP at Howard Lake, evidenced by the appearance of warm stenothermic littoral chironomid 

species (in Howard and Louise lakes) and/or a shift in the diatom assemblages likely reflecting longer 

periods of thermal stratification (KNPR Lake; Rühland et al. 2015) or the diversification of periphytic 

habitats (Louise Lake; Douglas et al. 1994, Douglas and Smol 2010). Little coherency is apparent for this 

period in the published paleoecological records (e.g. Lacourse and Gajewski 2000; Anderson et al. 2005; 

2007; Fleming 2008; Bunbury and Gajewski 2009; Clegg et al. 2010) and further study of this Late 
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Holocene time period, using multiple independent proxies, is recommended to better characterize this 

time interval.  

 The research presented in Chapter 2 contributes to the developing narrative of Holocene climate 

change in the Beringian corridor by providing three new paleolimnological records that track a coherent 

picture, with other published paleoenvironmental records, of warmer temperatures from ~10,000 to 9,000 

cal. yr BP, followed by a cooler, drier period until ~4,200 cal. yr BP. Our study also highlights the late 

Holocene (from 2,500 cal. yr BP to present) as a period that requires further investigation in the Yukon 

Territory, given the high variability in the timing and nature of the biotic response in our cores and from 

other records across the region. However, the most significant contribution of this chapter is the insight 

provided into the cryospheric modulation mechanism by the Wrangell-St. Elias ice fields over the 

Holocene. Similar mechanisms could be acting across alpine and other northern environments, 

contributing heterogeneity to the biotic response to warming. The discovery of this important climatic 

buffering mechanism, and its attenuation during the early Holocene warm period, warns of dramatic 

changes to aquatic ecosystems that might possibly occur as the ice fields continue to ablate with 

anthropogenic climate change (Koch et al. 2014; Clarke et al. 2015).  

 The role of ice cover as the principal driver of diatom assemblage response to climate change in 

the High Arctic was explored in Chapter 3. Ten lakes and ponds from Ellesmere Island (Nunavut, 

Canada) and Pim Island (Nunavut, Canada) were divided into four groups (“warm”, “cool”, “cold”, and 

“oasis”) based differing lengths of their ice-free season. Differences in ice cover were the result of 

elevation and local climatic gradients, and sites were divided into groups based upon multiple years of 

site visits and observations by our research team (approximately every three years over a ~30 year span 

for most sites).  

 As expected under the premise that climate-mediated changes in ice cover are driving the diatom 

response, the “warm” sites had the earliest (~1870 AD) and most pronounced change in the diatom 

profiles, with coincident increases in primary production (inferred with sedimentary chlorophyll a (chl a); 
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Michelutti et al. 2010). The change from predominantly epipelic and epilithic taxa to a more diverse 

assemblage, including many epiphytic species, is consistent with the type of response expected with an 

increased growing season due to reduced ice cover (Douglas et al. 1994; Douglas and Smol 2010). In 

contrast, the higher elevation and deeper “cold” sites, which until very recently retained a permanent ice 

pan through the summer, showed very little directional changes in the diatom profiles. Only the upper-

most sediments (post- 2000 AD) indicated the emergence of epiphytic taxa and increased chl a, consistent 

with the known changes in ice cover at these lakes. The “cool” sites exhibited an intermediate response 

between the “warm” and “cold” sites. Interestingly, these “cool” sites did not track an increase in 

diversity, although the dominant assemblage did change from mainly epipelic and epilithic species 

towards increasing prevalence of epiphytic taxa. This was due to higher diversity pre-warming 

assemblages that, unlike the “warm” sites, were not dominated by the benthic, adnate fragilarioid species. 

The diverse pre-warming assemblage was likely a result of differences in local conditions, particularly 

catchment morphology and geology. The final pair of ponds, the “oasis” sites, are located in a polar oasis 

on Ellesmere Island that likely had a relatively long ice-free period prior to anthropogenic warming in the 

mid-19th century. As expected, diatom species shifts at these ponds were muted and did not reflect 

increased habitat diversification; however, chl a increased in response to the lengthening ice-free season.  

 The results of this study demonstrate that changes in ice cover can induce the establishment of 

novel habitats for epiphytic diatom colonization and drive the diatom assemblage responses to climate in 

the High Arctic. Although ice cover has previously been implicated as a major factor influencing diatom 

communities in the High Arctic (e.g. Smol 1983, 1988; Douglas et al. 1994; Keatley et al. 2008), this 

study is novel in explicitly comparing sites with different ice cover regimes, and is the most 

comprehensive examination of this factor to date. It is hoped that this research will result in more 

informed site selection for paleoclimate investigations using diatoms, and improved interpretation of 

paleoenvironmental records.  
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 Finally, the interaction between climate and nutrient dynamics was explored at the archeological 

site Kukulek, on St. Lawrence Island, Alaska in Chapter 4. Two ponds adjacent to the archeological site 

(Kukulek Pond and Green Pond), and two control ponds (Ollie Pond and Reindeer Pond) were analyzed 

for sediment δ15N, chl a, and fossil diatom and chironomid assemblages. Green Pond, located near the 

Kukulek site, did not appear to be impacted by marine-derived nutrients, which would be released from 

the archeological site and would be traceable in the sediment record with δ15N. Consequently, we only 

had one impacted site, Kukulek Pond, to compare to two lowland (Ollie Pond and Green Pond) and one 

upland (Reindeer Pond) control sites.  

 The impacted Kukulek Pond recorded enrichment in δ15N and marked changes in diatoms, 

suggesting fertilization from nutrient inputs coming off the archeological site. Two periods of disturbance 

are evident in the δ15N and diatom records, likely reflecting the 1878-1880 AD famine that resulted in the 

abandonment of Kukulek village as well as the excavation in the mid-1930s. The physical disturbances 

occurred coincident with warming and thawing permafrost, and the release of nutrients from previously 

frozen meat caches likely compounded the fertilization. However, associated increases in dissolved 

organic carbon (DOC), which likely reduced light penetration, had a stabilizing effect on inferred primary 

production.  

 The chironomid records from each of the sites examined suggest that St. Lawrence Island has 

been warming since ~1880 AD. The coincident timing between the 1878-1880 AD famine and 

anthropogenic climate change on St. Lawrence Island hints that warming may have played a role in the 

famine. There have been many accounts of the factors that led to the 1878-1880 AD famine that killed 

90% of the population on St. Lawrence Island (Mudar and Speaker 2003) and devastated the village of 

Kukulek. Hunting practices of Euro-American whalers in the late 19th century decimated the Bering Sea 

whale populations and a shift in the catch towards walrus greatly stressed local walrus herds prior to the 

famine (Mudar and Speaker 2003). Europeans visiting the island after the famine also implicated the 
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trading of whiskey for goods with the local inhabitants as a factor reducing the inclination to hunt in poor 

conditions, however the role of alcohol has been contested by oral accounts from the famine survivors 

(Krupnik and Krutak 2002; Mudar and Speaker 2003). However, most reports implicate a change in 

weather patterns as the principal basis of the famine.  

 During the winter of 1878-1879 AD, historical records suggest that the typical northern winds 

shifted to warm winds and storms from the south and southeast, which precluded the development of the 

stable pack ice required to access and hunt walrus in the winter (Krupnik and Krutak 2002; Mudar and 

Speaker 2003). It has been proposed that the unusual weather was the result of a severe El Niño event in 

1877-1878 AD, reducing the formation of stable ice and causing the bulk of the walrus population to 

remain north of St. Lawrence Island through winter (Mudar and Speaker 2003). Our climate records from 

St. Lawrence Island are not at a high enough resolution to capture the annual variability in weather 

patterns to confirm this hypothesis; however, the shift towards warmer temperatures coincident with the 

famine may have had a role increasing the severity of storms and affecting the type of El Niño-La Niña 

events in this region (e.g. Yeh et al. 2009). Our investigation suggests that the shift towards a warmer 

climate in the late 19th century and its potential impacts on the settlement on St. Lawrence Island may 

merit further study. The research presented in Chapter 4 provides valuable insight into the environmental 

context of the 1878-1880 AD famine, and highlights the unique, long-term perspective that 

paleolimnology can bring to archeological studies.  

 Contrasting the diatom and chl a profiles at our three control sites on St. Lawrence Island, we 

record different, but largely concurrent, responses to warming. The Reindeer Pond and Ollie Pond diatom 

assemblages showed a moderate and similar response, with decreases in small, benthic fragilarioid taxa 

and relative increases in Achnanthes (sensu lato) spp., a response to climate change that has been 

recorded elsewhere in Arctic ponds (Douglas et al. 1994; Antoniades et al. 2005; Douglas and Smol 

2010). However, the two ponds differed greatly in their chl a profiles, with Reindeer Pond showing a 

marked increase in primary production with warming, reflecting the lengthened growing season, while 
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Ollie Pond showed a gradual, muted increase over the record. The contrasting profiles are likely due to an 

increase in DOC entering the deeper Ollie Pond from permafrost thaw, as high concentrations of coloured 

DOC can restrict benthic production through light limitation. Permafrost degradation also likely had a 

marked influence on Green Pond, which had a very different diatom profile than the other control ponds. 

Although changing synchronously in response to warming, the diatom assemblage from Green Pond 

(shifting from aerophilic taxa to benthic littoral species) suggests the pond underwent considerable 

expansion, likely in response to warming-induced permafrost degradation. The evidence for extensive 

permafrost thaw in the lowland sites is of interest to residents of St. Lawrence Island, as continued 

warming might affect infrastructure and release contaminants entombed in permafrost, from a legacy of 

pollution on the island (MacDonald et al. 2005). Additionally, these are the first high-resolution 

paleoclimatic studies for St. Lawrence Island, providing important long-term context for the more recent 

climate changes (past 40 years) experienced in the region. Finally, the variability in response of the biota 

in the St. Lawrence Island control ponds highlights the importance of understanding local context when 

interpreting a climate signal. Changes in ice cover, the length of the growing season, and the impacts of 

permafrost thaw on the morphology and limnology of waterbodies are important factors to consider when 

reconstructing climate from biological proxy records.  

 The research presented in this thesis contributes to our knowledge of how diatoms and 

chironomids in lakes and ponds at high latitudes respond to changes in climate by identifying and 

investigating three factors (local cryospheric features, ice cover, and nutrient flux) that can modulate the 

biotic response to warming. These studies collectively highlight the importance of understanding the 

environmental and ecological context when interpreting species changes in paleolimnological records. 

This work should result in improved paleoclimate reconstructions (both quantitative and qualitative), 

better site selection, and potentially improved climate adaptation and mitigation strategies in northern 

communities.  
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 One underlying theme of the work I presented is the pervasiveness of the impacts of 

anthropogenic climate change in northern environments. Climate is the overriding stressor in high-latitude 

systems and biotic impacts could be seen in almost every lake and pond examined in this thesis. While 

there continues to be new avenues to explore the details of climate effects and the drivers of biotic change 

in freshwater systems (with some recommendations provided in the above text), that there has been, and 

will continue to be, widespread impacts of anthropogenic climate change in the North is unequivocal. 

Climate change can no longer go unabated without severe, irreversible damage to northern environments 

(IPCC 2013), and action is required if we are to mitigate its effects (IPCC 2014). Comprehensive 

adaptation plans for northern communities, coupled with significant greenhouse gas emissions reductions, 

should be implemented to limit the risks of climate change to environments and communities at high 

latitudes (IPCC 2014).  
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5.3 Summary 

1) In the investigation of the potential influence of ice field dynamics on climate modulation in the 

Southwest Yukon Territory, a warming response was evident in the chironomid assemblage at the 

lake nearest (20 km) to the Wrangell-St. Elis ice fields during the Holocene Thermal Maximum 

(HTM, ~10,000 calibrated years BP).  A similar warming signal to the HTM was recorded in the 

lake furthest away (275 km) from the ice fields, which is presently unimpacted by a cryospheric 

cooling mechanism.  This suggests that, if the lack of recent warming (past ~150 years) at the ice 

field-proximate site is a result of the local cooling by the ice fields, this mechanism might 

breakdown as the cryosphere continues to ablate in response to anthropogenic climate change. 

2) In the examination of the role of ice-cover on the diatom assemblage response to warming in 

lakes and ponds on Ellesmere Island, it was found that the waterbodies responded in an expected 

and predictable manner to recent climate warming, depending on their ice cover regime. Climate-

mediated diatom assemblage shifts consistently showed a change from Condition 1 (i.e. a low 

diversity, predominantly epipelic and epilithic diatom assemblage reflective of a short ice-free 

season) to Condition 2 (i.e. a more diverse and ecologically complex assemblage with an 

increasing proportion of epiphytic species reflective of a long ice-free season). The groups of 

sites varied in the timing or degree of shift from Condition 1 to Condition 2 based on elevation 

and other microclimate factors that modulated the ice-free period. This study supports that ice 

cover is the principal driver of diatom assemblage changes in the High Arctic.    

3) The paleolimnological investigations on St. Lawrence Island, Alaska, showed marked 

limnological responses to recent climate change beginning in the late 19th century at all sites. The 

climate response in the biotic assemblages are likely due to a combination of direct temperature 

effects (for the chironomids) and variety of cascading indirect effects reflecting the development 

of new habitats for colonization, and the release of dissolved organic carbon and nutrients due to 

permafrost thaw (directly affecting the diatoms and indirectly the chironomids).  The variability 
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of the biotic response is the result of local site differences and highlights that context is key when 

reconstructing climate from biological proxies. 

4) The paleolimnological examination of the pond adjacent to the archeological site Kukulek (St. 

Lawrence Island) revealed two periods of disturbance likely reflecting the 1878-1880 AD famine 

that resulted in the abandonment of Kukulek village, as well as the archeological excavations in 

the mid-1930s. Warming temperatures coincident with the disturbance may have compounded the 

fertilization of these ponds as thawing permafrost liberated nutrients from the Kukulek site. The 

paleo-record additionally provided missing environmental context for the abandonment of 

Kukulek with the records suggesting coincident timing for the famine of 1878-1880 AD and for 

climate warming on St. Lawrence Island. 
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Appendix A 

Proximity to ice fields and lake depth as modulators of paleoclimatic records: a regional 

study from the southwest Yukon, Canada  

 

Please note: this is an early word document form of the published paper Chen et al. (2014) in the Journal 
of Paleolimnology. Minor edits were made prior to publication, and for the corrected version please refer 
to: Chen G, Selbie DT, Griffiths K, Sweetman JN, Botrel M, Taranu ZE, Knops S, Bondy J, Michelutti N, 
Smol JP, Gregory-Eaves I (2014) Proximity to ice fields and lake depth as modulators of paleoclimate 
records: a regional study from southwest Yukon, Canada. Journal of Paleolimnology 52 (3): 185-200. 
Included here with permission from the authors. 
 
Key words: Cryospheric landscape, Lake depth, Paleolimnology, Chironomids, Climate change, Spatial 

heterogeneity 

 

Abstract  

 Pronounced climate warming during the past century has been well documented in high-latitude 

regions. Nonetheless, considerable heterogeneity exists in northern climate trends. We examined the roles 

of cryospheric landscape and lake depth in modulating the rate and magnitude of local climate responses 

through a paleolimnological study of lakes from southwest Yukon, Canada. By sampling lakes at varying 

distances from the Wrangell-St. Elias ice fields, we hypothesized that, for lakes of similar maximum 

depth, sites closest to the ice fields would be relatively complacent in terms of their chironomid and 

diatom assemblage changes over the past ~200 years.  This hypothesis is based on the moderating effect 

of the glaciers on local climate, which would be most pronounced in the lakes nearest to the ice fields.  

However, given the known ecological differences between deep and shallow lakes, we further predicted 

that, for a given proximity from the ice fields, a sediment record from a shallower lake would show the 

greatest change in stratigraphic subfossil assemblages.  Due to the complicated shape the ice fields, we 

applied the longitude for each site (which decreases from west to east) to approximate the proximity of 
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our study lakes to the ice fields. Consistent with our predictions, we observed a space-transgressive 

pattern in the chironomid assemblage turnover that was associated with their proximity to the ice fields (r 

= -0.75; P = 0.034, n = 8) across lakes of similar depth (maximum depth mean ± 1 SE = 18.1 ± 2.6 m). 

Considering a broader network of lakes that represented a greater range in maximum depth (4.9 – 29 m), 

we found that differences in subfossil chironomid assemblages between the modern and ca. AD 1800 

sediment layers were strongly related to lake depth (r = -0.77; P < 0.001, n = 15), but failed to detect a 

significant relationship with latitude or longitude (i.e. our proxy for proximity to the ice fields). Similarly, 

our comparative high-resolution analyses of two lakes with distinct lake morphometries, but similar 

proximities to the ice fields, demonstrated the predicted contrasting pattern: we observed pronounced 

post-1880 changes in the biotic assemblages in the shallow lake and a muted and delayed response (i.e. 

~1970s) in the deeper lake. Our findings confirm that landscape features can strongly modulate regional 

climate patterns. Furthermore, our work shows that investigators need to be conscious of how climate 

change affects the structure and functioning of lakes of different typologies, which in turn leads to 

differences in the way the paleoclimate signal is recorded and interpreted.  

 

Introduction 

 High-latitude regions have experienced pronounced warming over the past ~150 years relative to 

the temperate zones (ACIA 2004; Smol and Douglas 2007a; Kinnard et al. 2011), and this trend is 

predicted to continue in the future (Christensen et al. 2007; Joshi et al. 2011). However, the rate and 

magnitude of warming has been far from uniform (Kerwin et al. 2004; Smol et al. 2005) because of inter-

regional heterogeneity in climate systems (Moberg et al. 2005; Meehl et al. 2007), which may complicate 

defining both past and future trajectories. A key challenge for general circulation models (GCMs) has 

been to provide predictions of future climate warming at a more local spatial resolution. Whereas 

constraining the substantial variance in GCM projections is essential for development of meaningful 

predictions (ACIA 2004), there is still much that is unknown regarding inter-regional differences and 
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interactions in climate systems, local to regional modulation of directional warming, and internal 

feedbacks that operate on various temporal and spatial scales (Moritz et al. 2002; Chapin et al. 2005).  

Furthermore, as these models often compare future temperatures to a relatively short baseline (i.e. 1961-

1990), the full nature and scope of future warming and its impacts may be inherently underestimated. 

Thus, there is broad consensus that long-term data for the circumpolar region are currently inadequate to 

characterize regional heterogeneity in warming trajectories, but are necessary to constrain and validate 

predictive models (ACIA 2004; Christensen et al. 2007). 

 Two key considerations when inferring climate trends in northern landscapes from 

paleolimnological records are the influence of landscape heterogeneity and lake morphometry. These 

factors can either directly modulate regional climate patterns or indirectly affect the climate sensitivity of 

lakes.  Both of these factors can lead to apparent regional heterogeneity of paleoclimate patterns when 

based on subfossil assemblage data. Specifically, empirical and modeling work have provided evidence of 

snow/ice-cover regulatory feedbacks on atmospheric temperatures through increased albedo, reduced 

surface radiative heating and direct cooling of air masses (Namias 1985; Chapin et al. 2005; Vavrus 

2007), which have the potential to affect regional to hemispheric climate systems (Gong et al. 2007). This 

suggests that both transient and permanent features of the cryosphere (e.g. snowpack, sea ice, glaciers, ice 

fields) can have significant influences on climate variability over spatial and temporal scales. Likewise, it 

is well known that shallow, polymictic lakes have lower thermal inertia than deeper lakes, and therefore 

warm more rapidly (Smol and Douglas 2007b). In deeper, dimictic systems, warming manifests as 

strengthened stratification, which can modulate the biological response to climate-associated changes in 

limnological properties (i.e. thermal regime, dissolved oxygen).  In a recent paper, Quinlan et al. (2012) 

argued that temperate lakes of shallow to intermediate depth, which they define as <10 m, are particularly 

vulnerable to alternating between polymictic and dimictic conditions with changes in climate.  

 Given the limited spatial and temporal coverage of instrumental climate records in northern 

regions, paleoenvironmental reconstructions have been key to defining the rate and magnitude of past 
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climate change (Jansen et al. 2007; Overpeck et al. 1997).  Lakes are ubiquitous landscape features at 

high-latitudes, and are particularly sensitive to local-to-regional-scale climate variability (Smol et al. 

2005; Williamson et al. 2009). Lake sediments are natural archives of environmental change, as the 

biological, chemical and physical indicators preserved can be used to infer past climate, watershed and 

limnological conditions (Smol 2008). For example, subfossil assemblages of chironomids (non-biting 

midges) have been shown to be sensitive to documented changes in temperature (Walker et al. 1991; 

Velle et al. 2010; Eggermont and Heiri 2012).  Diatom assemblages are a complementary indicator, as 

they represent a different trophic level and are sensitive to climate-related factors such as mixing regime 

and ice cover (Rühland et al. 2008).  These subfossil groups are widely used as paleoclimate bio-

indicators at high latitudes (Smol et al. 2005; Kaufman et al. 2009).   

 We set out to reconstruct past environmental change using paleolimnological records from a 

selected network of Yukon lakes along a gradient of distance from the St. Elias ice fields. Our aim was to 

examine whether large cryosphehric landscapes are capable of cooling the local air mass and thus 

affecting regional paleoclimate patterns.  Within this grid, we also sampled lakes that vary in maximum 

depth, to test the prediction that shallower lakes are most sensitive to climate changes in this region. 

 

Study area  

 Southwest Yukon lies within the rain shadow of the St. Elias Mountains and has an annual mean 

precipitation of ~300 mm (Ogden 2006). Influenced by both cold, dry Arctic and warmer Pacific air 

masses, this area’s climate ranges from subarctic to continental with a mean annual temperature of 

approximately 3 °C. Mean July air temperature is in the range of 12-14 °C and the lake freeze-up period 

is relatively long, lasting from October to April (Ogden 2006). 
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Materials and methods 

Site selection 

 We chose 18 lakes located at varying distances from the St. Elias ice fields, along a limited 

latitudinal gradient but with a relatively long longitudinal coverage (59.61-60.95° N, 134.83-137.86° W; 

Fig. 1). The catchments are situated within two major drainage systems, the Yukon River (draining to the 

north) and the Alsek River (draining southwest into the Pacific), with watershed area:lake area ratios of 

10-100 in most drainages, and watershed slopes between 10 and 25 degrees. The study area is relatively 

remote with limited human modifications of the landscape. Most of our lakes are located at altitudes 

between 700 and 1,100 m a.s.l. (Table 1), below the altitude of the current tree line, ~1,300 m a.s.l. 

(Danby and Hik 2007). White spruce, aspen and poplar are the dominant boreal tree types, with deciduous 

shrubs dominated by willow and shrub birch. The study lakes are nutrient-poor (< 10 µg L-1 total 

phosphorus (TP)), dilute and circum-neutral to slightly alkaline (Table 1). Our study lakes cover a relative 

long gradient of maximum depth (i.e. 4.9-60.4 m), with small to medium surface areas (17-600 ha).  

In each lake, a bathymetric survey was first conducted and a YSI multi-meter was used to measure lake 

water temperature, pH, specific conductivity and dissolved oxygen profiles. Surface water samples were 

collected from each lake for water chemistry analyses. Unfiltered water was collected on site for major 

ion, alkalinity, total nitrogen (TN) and total phosphorus (TP) analyses.  Additional samples were filtered 

with 0.45-µm cellulose acetate filters for filtered total phosphorus (TP-F), dissolved inorganic carbon 

(DIC) and dissolved organic carbon (DOC) measurements or were filtered onto a GF/F filter for 

chlorophyll a analysis (chl a). Water samples were kept cool and were sent for analysis to the National 

Laboratory for Environmental Testing (NLET), in Burlington, Ontario, Canada. GIS methods were 

applied to collect basic watershed data (including catchment area, watershed slope) in addition to the data 

collected from previous surveys. 
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 Most of our study lakes were thermally stratified at the time of sampling and had measured 

thermocline depths in the range of 3.5-14.3 m (n=13). To test for the effect of lake morphometry and 

associated processes (e.g. mixing regime), we categorized lakes into shallow and deep groups, i.e. 

maximum depth less than or greater than 15 m, respectively, as shallow lakes are liable to be polymictic 

whereas deep ones are typically dimictic. We then selected eight lakes that varied in both distance from 

glaciers and maximum depth to conduct community dissimilarity and beta-diversity analysis of 

sedimentary chironomid assemblages. We analysed at least eight intervals in each lake sediment core. In 

addition, to tease out the role of lake depth in structuring biological assemblages, we developed and 

compared high-resolution sedimentary records of chironomids and diatoms from sites close to each other, 

but with different lake depth. St Elias and Howard Lakes were selected because they are situated at 

similar altitudes (880-905 m a.s.l.), within a distance of 20 km from each other, but differ in their 

maximum depths (8 m and 16 m, respectively).  

 

Sediment collection and sample processing 

 Lake sediments were collected from the deepest identified depositional area in each lake using a 

Glew (1989) gravity corer during the summers of 2002 and 2009. Sediment samples were sectioned on 

site at 0.25-0.5-cm intervals using a vertical extruder. Sediment samples were kept cold (at 4oC) before 

being freeze-dried for further laboratory analysis. The content of sedimentary organic matter was 

measured using loss on ignition (LOI) analysis of dried sediments heated to 550 °C for five hours.  

 Sediment core chronology was established using radioisotopic 210Pb and 137Cs techniques. 

Homogenized, freeze-dried samples were prepared at 1-cm intervals for each sediment core and analyzed 

using gamma spectrometry. Chronological profiles were constructed using the constant rate of supply 

(CRS) model (Binford 1990) and are summarized in Table 2. We sub-sampled the intervals dated around 

AD 1800, AD 1900 and a surface sample for chironomid analysis.  The three intervals were chosen to 

provide a regional perspective on environmental change, with samples from the Little Ice Age (LIA) in 
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the 19th century (the most recent period of glacial advance in the Yukon), from the commencement of 

subsequent warming in the early 20th century, and from present.   

 Sediment processing for chironomid analysis followed established protocols (Walker 2001). 

Homogenized sediment subsamples between 0.2 and 3 g dry weight were deflocculated with 10% KOH 

and then sieved with a 100-µm mesh. Chironomid head capsules were picked using a Nikon stereoscope 

under 40X magnification. Slides were mounted with Entellan® for identification using a compound 

microscope (Leica DM 2500) under 200X and 400X magnifications. Subfossil chironomids were 

identified with reference to Wiederholm (1983), Walker (1988) and Brooks et al. (2007). A minimum of 

50 head capsules (Quinlan and Smol 2001) were counted for most of our 197 sediment samples, with the 

exception of one lake (Pine Lake), in which low head capsule abundances meant that the minimum count 

could not be achieved, and consequently this site was excluded from subsequent analysis.  

 Sediment subsamples were prepared for diatom analysis using standard procedures (Battarbee et 

al. 2001). Freeze-dried and homogenized sediments (~0.1 g) were treated with 10% HCl to dissolve 

carbonates. The slurries were then allowed to settle for 24 h, before the supernatant was aspirated and the 

remaining slurry rinsed with deionised water. This rinsing procedure was repeated 4–5 times. A solution 

of 30% hydrogen peroxide (H2O2) was used to oxidise organic matter. After the reaction was complete, 

slurry samples were aspirated and rinsed as before. Diatom slides were mounted with highly refractive 

medium Naphrax®.  At least 400 diatom valves per sample were identified and counted at a 1000X 

magnification under a Leica DM 2500 microscope. Krammer and Lange-Bertalot (1986–1991) were 

mainly used for diatom nomenclature and identification.  

 

Data analysis 

 Gaussian logit regression (ter Braak and Looman 1986) was applied to relative abundance data of 

six common chironomid taxa to define species response curves against lake maximum depth. To infer the 

trend in habitat change associated with lake level, taxa were categorized, based on previous studies, as 
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littoral and profundal chironomids (Saether 1979; Oliver and Roussel 1983; Brooks et al. 2007), and 

benthic or planktonic diatoms (Round et al. 1990). Principal Component Analysis (PCA) was applied to 

the biological data to extract the major directions of community variability and the Broken-stick model 

was used to determine the significance of PCA axes under a null model. Jaccard’s dissimilarity index 

(Magurran 2004) was applied to assess community dissimilarity within core profiles (at ca. AD 1800 and 

2000, respectively) from each of the 17 lakes included in data analysis. In addition, we conducted 

Detrended Constrained Correspondence Analyses (DCCA) where community changes were constrained 

to estimated sample ages (based on 210Pb dating), to quantify the regional beta-diversity patterns over the 

past ~200 years in eight lakes where we had sufficient sample resolution (n ≥ 8). As this index was given 

in standard deviation (SD) units, it was possible to compare our results to a synthesis of high-latitude 

trends over the past two centuries (Smol et al. 2005). The PCA and Jaccard’s index were calculated using 

the Vegan package on the R platform (R development Core team, 2013) and the DCCA used CANOCO 

(version 4.5; ter Braak Smilauer 2002). Beta-diversity analyses were conducted on relative abundance 

data that were square-root transformed and all taxa were included.  

 

Results 

Chironomid diversity and variation along modern gradients 

 A total of 61 chironomid taxa were recovered from the sediments of 18 lakes, with 50 taxa 

observed in at least two samples with a relative abundance ≥2%. Our survey of sedimentary chironomid 

assemblages from southwest Yukon lakes showed similar distributional patterns and environmental 

preferences of many taxa in comparison to previously published studies (Wilson and Gajewski 2004).  

 Several dominant taxa in this study displayed comparable response curves against maximum lake 

depth in the southwest Yukon, as was found in northwestern North America (Barley et al. 2006; Fig. 2). 

For example, Heterotrissocladius dominated the deep lakes, like Sockeye (Fig. 3), and was also found at 



 

 

 

 

169 

high abundances in several high-altitude lakes, e.g. Onion and Louise with altitudes > 1,000 m a.s.l. 

Granite and Lewes lakes, among the deepest systems in our dataset, were characterized by a high 

abundance of the profundal, cold stenotherm Micropsectra (Barley et al. 2006; Fig. 3). Sergentia was 

found to be abundant in lakes with above average conductivity and pH (e.g. St. Elias and Cantlie). In 

contrast, we found Corynocera ambigua to be most abundant in sites characterized by relatively low 

conductivity values and pH (e.g. John’s and Threeguardsman). Several dominant taxa like Corynocera 

ambigua and C. oliveri type, however, showed peak abundances in deeper lakes than those from the 

northwestern North American training set (Fig. 2), but similar water depth optima to those from the 

Finnish subarctic region (7.4 and 9.9 m respectively; Korhola et al. 2000), suggesting difference in the 

gradients of limnological features and ecoclimatic coverage between datasets.  

 

Regional survey of chironomid assemblage change over the past ~200 years 

 Our qualitative comparison of chironomid assemblages from the complete network of lakes 

revealed differences between our deep and shallow lakes as well as along the distance-to-glacier gradient.  

In our shallower lakes (maximum depth < 15 m), taxa associated with littoral habitats were generally 

common across the assemblages (>30-50%; Fig. 3A). Corynocera ambigua and Tanytarsus chinyensis-

type, which are littoral taxa that are found regionally in surface waters of intermediate temperatures  (i.e. 

~13 oC; Barley et al. 2006), tended to be more abundant in sites more distant from the St. Elias ice fields.  

In contrast, the profundal taxa were often dominant in the sedimentary records of the deeper lakes (Fig. 

3B), with Micropsectra and Heterotrissocladius being particularly prominent (each making up 20-50% of 

the relative abundances). The most obvious community shifts within the deep lake assemblages were 

evident between ~1800 and the present within the dominant profundal taxa. However, there was no 

obvious pattern relating the distance from the ice fields to changes in relative abundance for dominant 

taxa across the lake set with regard to their temperature optima, as revealed in earlier studies (Barley et al. 
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2006). For example, taxa with distinct temperature preferences did not show unidirectional changes along 

the spatial gradient (Fig. 3).    

 

Quantifying regional community shifts over the past ~200 years  

 In a subset of eight lakes where we had greater sample resolution, we quantified the amount of 

turnover in chironomid assemblages (measured using the gradient length of DCCA axis 1) to test the 

hypothesis that lakes further from the ice fields would show a greater degree of community shift over the 

past two hundred years. Using longitude as an indicator for the distance from the ice fields (Fig. 4A), we 

found that the DCCA value (i.e. beta-diversity) increased from west (i.e. close to the ice fields, where 

longitude values are greatest) to east (r = -0.746, P = 0.034, n = 8), but were not significantly related to 

latitude of this narrow range (Fig. 4B). In this subset, the maximum lake depth showed no significant 

correlation with either the distance from the ice fields (r = 0.059, P = 0.890) or the DCCA values (r = -

0.303, P = 0.466).  

 To quantify the changes in assemblages within each of the 17 lake records, we calculated the 

degree of dissimilarity between the AD ~1800 sample and the surface sediment. Our two deepest lakes, 

Lewes and Granite, recorded substantial changes in taxa associated with oxygen tolerance, i.e. >5% 

decrease in Heterotrissocladius and concurrent increase in Chironomus at Granite. Given that our sites 

are all oligotrophic, our deep lakes are more liable to experience oxygen stress because of longer growing 

seasons leading to greater autochthonous production and associated decomposition, combined with 

stronger summer stratification.  With the exception of these two deepest sites, we found that maximum 

depth was a significant predictor of chironomid assemblage change (Fig. 5; r = -0.765, P < 0.001, n = 15), 

whereby the shallowest sites (i.e. < 10 m) experienced the greatest taxonomic shifts. In contrast, the 

dissimilarity index showed no significant relationship with either longitude or latitude across the 15 lakes 

(r = 0.122 and 0.181, P = 0.665 and 0.518 respectively). 
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 To explore whether the residual variation in the relationship between chironomid DCCA axis 1 

scores and distance from the ice fields might be a consequence of differences in lake depth, we conducted 

an analysis at decadal-scale resolution of both subfossil chironomid and diatom assemblages from two 

sites that were located at the same longitude, i.e. a similar distance from the ice fields, but that differed 

substantially in maximum depth (St. Elias and Howard lakes; maximum depths of 8 and 16 m, 

respectively).  In shallower St. Elias Lake (Fig. 6A), we found that there was an increase in the relative 

abundances of the profundal taxon Sergentia since the 1880s and a concurrent decrease in both profundal 

Chironomus and littoral taxa Corynocera oliveri type and C. ambigua. There were also concurrent 

changes in the diatom community.  For example, there was a pronounced shift from Fragilaria pinnata to 

F. construens var. venter in the St. Elias profile contemporaneous with the major faunistic taxonomic 

shifts.  Planktonic Cyclotella bodanica also showed a noticeable increase more recently (Fig. 6A). All 

these biological responses were significantly correlated with increased concentrations of organic content 

(LOI). Furthermore, we found that changes within each of the biotic assemblages (measured as PCA axis 

1 scores) were significantly correlated (r = 0.89, P < 0.001). In contrast, the deeper Howard Lake records 

were relatively complacent for both chironomid and diatoms (Fig. 6B). For example, based on analyses of 

the diatom data, we failed to detect any significant change in the PCA axis 1 scores using a Broken-stick 

model, suggesting no directional change in the diatom community. Similarly, there was only moderate 

variation in the dominant chironomids (particularly since the 1970s; Fig. 6B), with PCA axis 1 explaining 

much less variance in community structure when compared to St. Elias (21% vs. 46%). These metrics 

highlight relatively muted biological responses to the past ~200 years of environmental changes in 

Howard Lake, in contrast to much earlier and stronger community responses found at shallow Lake St. 

Elias.   
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Discussion 

 We found evidence that proximity to glaciers structured the subfossil assemblages and their 

responses to past environmental change over broad spatial coverage. The higher-resolution analyses of a 

subset of lakes showed a clear pattern of temporal taxonomic turnover that is significantly correlated with 

distance from the St. Elias ice fields. In addition, across a network of lakes, we found that lake depth was 

an important variable in explaining the structuring of chironomid assemblages, but in an indirect fashion, 

through modulation of other limnological variables.  A detailed comparison between lakes at similar 

distances from the ice fields, but with contrasting morphometry, indicated that distinct biotic responses 

could be a consequence of differences in lake depth and associated limnological processes.  

 

Cryospheric landscapes and paleoclimate records 

 Strong inter-regional heterogeneity exists in climate warming trajectories in northwestern North 

America, particularly regions surrounding the St. Elias ice fields. For example, tree ring records from 

southwest Yukon showed no significant warming in summer, as well as strong spatial asynchrony with 

surrounding regions, during the past several centuries (Youngblut and Luckman 2008). Instrumental data 

from Haines Junction and Whitehorse similarly showed no significant increase (p > 0.05) in mean annual 

temperature during the past decades (unpublished analysis based on data from Environment Canada). This 

is in strong contrast to the overall warming trend in northwestern North America, which has occurred at 

three times the global average during the past five decades (British Columbia Government 2006). It has 

been hypothesized that the existence of glaciers and ice fields can complicate the climate patterns at local 

to regional scales through their cooling effect (Lowell 2000; Fleming and Whitfield 2010). 

 This study provided some of the first empirical evidence on the role of cryospheric landscapes in 

modulating regional climate patterns and on the sensitivity of lake systems to local climate change in 
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southwest Yukon. For example, in comparison to an earlier beta-diversity study that included a few 

chironomid profiles (Smol et al. 2005), we found that all eight of our biostratigraphic profiles had 

turnover values that were above the reference values derived from temperate lakes (Fig. 4A). Across 

northern latitudes, beta-diversity values show clear evidence of accelerated change, which underscores the 

pervasive nature of northern warming over the 20th century (Smol et al. 2005). However, considerable 

variability exists in both our results and the Smol et al. (2005) datasets, which is particularly striking 

given that the Yukon lakes cover a very narrow latitudinal gradient (Fig 4B). By developing a dataset that 

was constrained regionally and selecting study sites that did not vary much in depth, we found that sites 

close to the St. Elias ice fields displayed only subtle changes in chironomid assemblages and may thus 

have experienced limited environmental change. We detected a significant positive relationship between 

chironomid assemblage turnover in lakes and distance to the ice fields, which suggests a strong link 

between cryospheric landscapes and regional climate heterogeneity. Cryospheric landscapes can modulate 

climate systems at continental scales through changes in ice/snow-albedo feedback, hydrological cycling 

and heat balance (Vavrus 2007; Gong et al. 2007). However, the cooling effect of cryospheric landscapes 

at fine spatial scales has rarely been tested and verified.  A few exceptions, however, are the chironomid-

inferred temperature reconstructions from eastern North America, which suggested that the Laurentide ice 

sheet led to steep north-south gradients in lake temperatures (i.e. 9-14 °C) over a distance of 55-240 km 

during the last deglaciation (Levesque et al. 1997). On a more recent time scale, the resistance of 

northeast Canada to 20th-century warming (at least until the 1990s), reported by Ponadar et al. (2002), 

Laing et al. (2002) and Smol et al. (2005), may also be explained by the moderation of climate by cold 

ocean currents (Hudson Strait and Labrador Current), rafting icebergs, and prevailing westerly winds 

blowing across extensive sea ice on Hudson Bay (Finney et al. 2004).  

 

Lake morphometry effects on sedimentary biotic records 
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 Shallow and deep lakes in this survey are typically dominated by littoral and profundal 

chironomids, respectively, which is in agreement with previous studies from the Yukon and other eco-

regions. For example, examination of surface-sediment chironomids from southwest Yukon and 

surrounding areas also suggests that dominant taxa and community structure showed strong differences 

between deep and shallow lakes (Walker et al. 2003; Wilson and Gajewski 2004). In the neighbouring 

Northwest Territories, the distribution of Chironomidae was strongly associated with lake depth over a 

relatively short depth gradient (2-17m), with profundal Heterotrissocladius abundant in deep lakes and 

littoral Microtendipes and Pagastiella typically found in shallow systems (Walker and MacDonald 1995).  

 Our spatio-temporal analysis has shown that more pronounced assemblage shifts over the past 

two centuries were common in shallow ecosystems, highlighting the role of lake depth in shaping the 

biotic response and its implications with respect to climate reconstructions. For example, dominant 

chironomids from deep lakes rarely showed a >20% change in relative abundance, whereas changes of 

such a magnitude were more common in our shallow lake set (Fig. 3). Furthermore, we detected 

pronounced changes in both chironomid and diatom assemblages in our high-resolution analysis of the 

shallower St. Elias Lake and only subtle changes in the subfossil records from the deeper Howard Lake 

(Fig. 6). We had predicted that paleoclimate responses would be accentuated in the shallower lakes 

because these ecosystems are characterized by limnological properties and ecological processes distinct 

from those of deep lakes (Kalff 2002), including high surface area to volume ratio, low water volume, 

strong wind mixing and less stable thermal regime. Shallow systems often respond to climate warming 

with high sensitivity, which manifests as increased productivity and large changes in biotic communities 

(Scheffer 1998; Smol and Douglas 2007b; Reuss et al. 2010). Our high-resolution analyses suggest that 

the mechanistic link between climate changes and aquatic biota is alteration of a lake’s thermal regime. 

Certainly, changes in thermal regime strongly alter limnological properties and have been previously 

identified as strong drivers of chironomid assemblages (Taranu et al. 2010; Quinlan et al. 2012). In 

particular, warmer temperatures can lead to a prolonged period of lake stratification in deep lakes (i.e. 
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dimictic lakes), promoting hypoxic conditions during the summer months and thus favouring chironomid 

taxa that tolerate low oxygen levels. Chironomids of the genus Chironomus are among the best-known 

taxa that can physiologically withstand anoxia, whereas Heterotrissocladius and Sergentia proliferate in 

oxygen-rich waters (Brooks et al. 2007; Brodersen et al. 2008). We found that these two oxygen-sensitive 

taxa showed opposing trends in Howard and St. Elias lakes since the late 19th century, which cannot be 

explained by a unidirectional increase in productivity. Specifically, in deep Howard Lake, we found 

Heterotrissocladius decreased by ~10% relative abundance, while Chironomus increased, suggesting a 

decrease in bottom water oxygen.  In contrast, in shallow St. Elias Lake, we found that Sergentia 

increased by >20% to become the dominant genus since the 1880s, whereas Chironomus decreased. In 

deep lakes like Howard, where stratification can often persist over a relatively long period of the year, 

taxa not adapted to low oxygen concentrations will be at disadvantage, which can in turn lead to an 

assemblage dominated by anoxia-tolerant taxa. In contrast, shallow lakes often experience episodic water 

mixing with short periods of weak stratification, if any. In these polymictic systems, oxygen-demanding 

taxa can thrive and outcompete anoxic taxa. Collectively, changes in thermal regime and oxygen level, 

possibly enhanced by a warming-associated increase in lake productivity, have been responsible for much 

of the change in the chironomid assemblages, with divergent effects on chironomids depending on lake 

morphometry.  

 Earlier studies showed that chironomids are sensitive to changes in habitat quality and quantity 

(Pinder 1986), but the effect of habitat availability, which can be associated with lake morphomery, was 

not found to be a primary driver of change in the two lakes included in our high-resolution comparison. 

We drew this conclusion based on our comparison of chironomid responses to those of diatom 

assemblages (Fig. 6).  In particular, benthic diatoms are sensitive to habitat availability (Vermaire et al. 

2011), but are indifferent to oxygen stress because of their physiological features. Unlike the subfossil 

chironomid record from St. Elias, which showed marked changes over the past three centuries, the benthic 

diatoms were remarkably stable.  



 

 

 

 

176 

 

Implications for regional climate changes and paleolimnology 

 Cryospheric modulation of climate patterns has significant implications for northern climate 

variability as well as ecosystem function in this region. Our regional coverage and mechanistic 

understanding of climate heterogeneity can provide critical data for the refinement of scenarios of climate 

change in northwest North America. These paleoclimate data can further be incorporated into climate 

models to improve regional climate predictions under future climate scenarios, or to test the accuracy of 

current models through hind-casting. The ongoing ablation of glaciers around the St. Elias ice fields can 

have significant effects on heat balance in neighboring areas.  The continuing loss of cryospheric 

landscapes, and therefore the glacial modulation mechanism, can result in amplified temperatures and 

sudden ecosystem regime shifts (Schindler and Smol 2006), as observed in High Arctic lakes and ponds 

where ecological thresholds were crossed in response to rapid warming (Smol and Douglas 2007b). These 

results underscore the necessity of adopting adaptation policies, which will be key for the conservation of 

natural and cultural heritage around the Wrangell-St. Elias UNESCO World Heritage Site. 

 Our high-resolution sedimentary records show that the impact of glacial cooling and regional 

climate control is not the sole explanation for the local pattern of a much stronger and earlier shift in 

chironomid assemblage structure in the shallow lakes. The results from our paired comparison of 

neighbouring lakes (Fig. 6) highlighted that lake depth can temper the responses of the focal ecosystem 

(including those of the organisms living within it) to regional climate change. Previous paleolimnological 

surveys have rarely compared the differential sensitivity of shallow and deep lakes in response to climate 

change directly. During the past decade, a large number of paleolimnological studies found that lake 

depth can be significantly related to chironomid assemblage composition in high-latitude areas (Korhola 

et al. 2000; Barley et al. 2006; Kurek and Cwynar 2009). Given the recent insight provided by Quinlan et 

al. (2012), we suggest that a large proportion of the depth signal is reflective of lake mixing and 

associated limnological conditions.  
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Based on our analyses, we argue that regional climate processes can also interact with site-specific 

properties (i.e. lake depth), and thus have the potential to confound paleoclimate interpretations, if 

ignored. A large number of paleolimnological studies have been conducted to track temperature signals in 

high latitudes of North America. However, variation in lake depth could confound inferred temperature 

patterns. For example, water depth is commonly a significant predictor of chironomid assemblages in 

surface sediments, but this variable also tends to co-vary with summer air temperature in local training 

sets (e.g. Labrador; Walker et al. 1991) and regional training sets (i.e. Western North America; Barley et 

al. 2006). As such, the interaction between temperature and lake morphometry could confound subfossil-

based paleoclimate inferences from lake sedimentary records (Velle et al. 2010; Eggermont and Heiri 

2012). Therefore, future studies are needed to quantify the strength of this interaction in driving spatial 

heterogeneity in climate reconstructions and to assess within which depth ranges reconstructions from 

lake sediment records remain comparable.  
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Table A1: Limnological summary of 18 study lakes from southwest Yukon. Lakes are sequenced 
according to their longitude values in a west to east direction. Missing data are marked with a dash 
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Table A2: Chronological models for 18 study lakes based on 210Pb and 137Cs using the CRS model. The 
parameters of a, b, c and d are given for the equation of Y=a+b*X+c*X2+d*X3, where X is the core depth 
(cm) and Y is the predicted age in years (AD). Each of the 18 models is significant at P < 0.001 

Lake 
best CRS 
model  a b c d r2 

number of 
CRS 
samples 

Cantlie poly 2 2006.2 1.954 -0.964 0.000 0.998 20 
Cottonwood poly 2 2006.1 -3.320 -0.930 0.000 0.996 11 
Frederick linear 2018.0 -32.450 0.000 0.000 0.993 6 
Granite linear 2012.8 -24.517 0.000 0.000 0.998 6 
Howard poly 2 2008.0 -3.460 -0.420 0.000 0.982 12 
Ibex poly 2 2004.3 1.635 -1.265 0.000 0.972 9 
John's poly 2 2004.7 1.754 -1.178 0.000 0.983 11 
Kloo poly 2 2000.8 -2.580 -0.552 0.000 0.987 11 
KNPR poly 2 2015.6 -17.705 -6.975 0.000 0.997 7 
Lewes linear 2015.1 -14.757 0.000 0.000 0.993 6 
Louise linear 2011.1 -26.901 0.000 0.000 0.997 6 
Moraine poly 3 2010.6 -18.961 2.948 -0.195 0.996 17 
Onion poly 2 2019.0 -53.834 0.000 0.000 0.967 4 
Pine linear 2012.7 -15.755 0.000 0.000 0.988 5 
Sockeye poly 2 2001.6 -1.859 -0.448 0.000 0.996 16 
St. Elias poly 2 2002.0 -4.201 -0.235 0.000 0.996 16 
Threeguardsman poly 2 2005.2 1.068 -3.419 0.000 0.999 8 
Trout poly 2 2012.7 -16.535 0.000 0.000 0.991 11 
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Figure A1: Site location of the 18 study lakes from southwest Yukon. The lightly shaded area indicates the extent of the Wrangell-St. Elias ice 
fields and the medium grey area delimits the National Park area 
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Figure A2: Species response curves of six dominant chironomid taxa with a maximum relative abundance of ≥ 0.05 (i.e. 5%) occurring in at least 
three samples along the gradient of lake maximum depth. Relative abundance data of taxa included from 145-lake training set of northwest North 
America (Barley et al. 2006) and this paper are marked as open and closed circles, respectively. Gaussian logit regression was applied to 
abundance data with black and grey smoothing lines indicating the North American and Yukon datasets, respectively.  

Barley EM, Walker IR, Kurek J, Cwynar LC, Mathewes RW, Gajewski K, Finney BP (2006) A northwest North American training set: distribution of freshwater midges in 
relation to air temperature and lake depth. J Paleolimnol 36:295-314
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Figure A3: Biostratigraphic profiles showing changes in dominant chironomid taxa (> 5%, found in at 
least three sites) recorded in samples around the time intervals of AD 1800, AD 1900 and the present, for 
lakes with maximum depth < 15 m (plot A - top) and those > 15 m (plot B - bottom), respectively. Lakes 
are sequenced along the longitudinal gradient, with the bottom samples most distant from the St. Elias ice 
fields. Taxa with different habitat preferences were grouped separately and within each group taxa were 
sequenced based on their temperature optima values (Barley et al. 2006). July temperature optima collated 
from Barley et al. (2006) were shown within the brackets for the dominant taxa.  

Barley EM, Walker IR, Kurek J, Cwynar LC, Mathewes RW, Gajewski K, Finney BP (2006) A northwest North American 
training set: distribution of freshwater midges in relation to air temperature and lake depth. J Paleolimnol 36:295-314  
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Figure A4: Scatterplots showing chironomid-based beta-diversity (DCCA in SD units) values against longitude (A) and latitude (B) from eight 
lakes in the southwest Yukon (sample size ≥ 8 per lake). The dashed line (plot A) represents reference beta-diversity value for chironomids 
obtained from temperate lakes and the closed squares (plot B) represent high-latitude sites as collated from Smol et al. (2005).  Note that the x axis 
of plot A is reversed to reflect the orientation of sites on the landscape, but the relationship between longitude and DCCA score is negative 

Smol JP, Wolfe AP, Birks HJB, Douglas MSV, Jones VJ, Korhola A, Pienitz R, Ruhland K, Sorvari S, Antoniades D, Brooks SJ, Fallu M, Hughes M, Keatley BE, Laing TE, 
Michelutti N, Nazarova L, Nyman M, Paterson AM, Perren B, Quinlan R, Rautio M, Saulnier-Talbot E, Siitonen S, Solovieva N, Weckstrom J (2005) Climate-driven regime shifts 
in the biological communities of Arctic lakes. Proc Natl Acad Sci 102:4397-4402 
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Figure A5: Scatterplot showing the relationship between lake maximum depth and Jaccard’s dissimilarity 
(ca. AD 1800-2000) results for 17 lakes.  Two deep sites (Lewes and Granite) that were not included in 
our statistical analysis are labeled as closed circles  
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Figure A6: Stratigraphic profiles showing the dominant chironomid and diatom taxa from the shallower 
site, St. Elias Lake (plot A- top; Zmax = 8 m) and the deeper site, Howard Lake (plot B - bottom; Zmax = 16 
m). Taxa were grouped by habitat into littoral and profundal chironomids, and benthic diatoms, 
respectively 
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Appendix B 

Southwest Yukon short cores 

Chironomid and diatom records from gravity cores taken from KNPR Lake, Howard Lake, Louise Lake from the Southwest Yukon  

  
Figure B1: Chironomid (left) and diatom (right) records from the KNPR Lake gravity core, Southwest Yukon 
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Figure B2: Chironomid (left) and diatom (right) records from the Howard Lake gravity core, Southwest Yukon 
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Figure B3: Chironomid (left) and diatom (right) records from the Louise Lake gravity core, Southwest Yukon 
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Appendix C 

Intervals dated with 14C for KNPR Lake, Howard Lake, and Louise Lake, Southwest 

Yukon Territory  

Table C1: Macrofossils isolated and sent for 14C AMS dating, resulting 14C dates ± one standard 
deviation, and calculated calibrated ages for KNPR Lakes, Howard Lake, and Louise Lake, the Southwest 
Yukon 

Core Depth Interval 
(cm) Material Dated 

14C 
age 
(BP) 

± Calibrated 
Age (BP) ± 

KNPR Lake 78.5-82.0 
Cristatella mucedo 
statoblasts and 
rare mandibles 

4525 50 5113 169 

KNPR Lake 110.5-114.0 Cristatella mucedo 
statoblasts  8290 25 9282 139 

KNPR Lake 146.5-150.0  Cristatella mucedo 
statoblasts  11210 30 13096 159 

Howard Lake 22.5-23.0 Spruce needles 865 15 762 30 

Howard Lake 52.5-53.0 Spruce needles 2305 15 2337 13 

Howard Lake 81.0-81.5 Conifer seed wing 
and spruce needles 4025 20 4477 51 

Howard Lake 97.5-98.0 Moss and conifer 
wing 5520 70 6318 133 

Louise Lake 55.0-55.5 Spruce needles 4300 25 4894 64 

Louise Lake 76.0-76.5 Wood fragment 6260 20 7207 43 

Louise Lake 95.0-95.5 Charcoal fragments 
of spruce needles 7940 25 8810 167 
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Appendix D 

Water chemistry variables for the Southwest Yukon lakes 

 

Table D1: Water chemistry variables measured for each of the Southwest Yukon Lakes presented in this thesis. At the end of the parameter code F 

refers to filtered, UF to unfiltered water samples.  

 

Lake Sample pH SPCOND ALKCACO3 TN-N-UF TP-P-F TP-P-UF NO3NO2-U NH3-N-UF 
  Date   (µS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

KNPR Lake 09-07-02 7.95 109 53 0.769 0.0031 0.0077 0.352 0.083 
Howard Lake 10-08-20 7.93 118 53.6 0.265 0.0034 0.0089 0.007 0.08 
Louise Lake 09-06-16 7.96 160 71.2 0.266 0.0059 0.0139 < 0.005 0.059 

          
Lake CL-UF SO4-UF DOC DIC CA-UF MG-UF K-UF NA-UF SIO2-UF 

  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
KNPR Lake 0.3 0.49 2.8 12.5 19 1.02 0.27 0.92 4.05 
Howard Lake 0.15 4.74 3.8 12.4 17.3 2.37 1.85 1.87 9.69 
Louise Lake 0.25 9.64 4.6 17.3 22.3 4.54 0.83 2.59 8.18 
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Table D2: Additional water chemistry variables measured for Howard Lake, Southwest Yukon to harmonize the water chemistry collection with 

the High Arctic sites. At the end of the parameter code F refers to filtered, UF to unfiltered water samples, and T-MS to trace metals. 

 

Lake CHLA CHLA-COR SRP-P-F TN-N-F NO3NO2-F NH3-N-F NO2-N-F TKN-N-F AG/T-MS 
 (µG/L) (µG/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (µG/L) 

Howard 
Lake 3.5 3.1 0.0014 0.232 0.006 0.067 0.001 0.191 < 0.001 
          

Lake AL/T-MS AS/T-MS B/T-MS BA/T-MS BE/T-MS BI/T-MS CD/T-MS CE/T-MS CO/T-MS 
 (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) 

Howard 
Lake 2.7 0.29 1.7 65.5 0.001 < 0.001 0.005 0.004 0.011 
          

Lake CR/T-MS CS/T-MS CU/T-MS FE/T-MS GA/T-MS LA/T-MS LI/T-MS MN/T-MS MO/T-MS 
 (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) 

Howard 
Lake 0.05 0.001 0.64 10.4 0.002 0.005 0.9 2.66 0.507 
          

Lake NB/T-MS NI/T-MS PB/T-MS PT/T-MS RB/T-MS SB/T-MS SE/T-MS SN/T-MS SR/T-MS 
 (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) 

Howard 
Lake < 0.001 0.27 0.039 < 0.001 0.414 0.02 0.12 < 0.005 70.5 
          

Lake TL/T-MS U/T-MS V/T-MS W/T-MS Y/T-MS ZN/T-MS    
 (µG/L) (µG/L) (µG/L) (µG/L) (µG/L) (µG/L)    

Howard 
Lake 0.001 0.0938 0.214 0.006 0.01 0.8    
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Appendix E 

Intervals dated with 14C for SV Pond 5 and SV Pond 8, Sverdrup Pass, Ellesmere Island, 

Nunavut 

 

Table E1: Macrofossils isolated and sent for 14C AMS dating, resulting 14C dates ± one standard 
deviation, and calculated calibrated ages for SV Pond 5 and SV Pond 8, Ellesmere Island, Nunavut 
 

Core Depth Interval 
(cm) Material Dated 

14C 
age 
(BP) 

± Calibrated 
Age (BP) ± 

SV Pond 5 9.5-10.0 Woody herbaceous stems, 
partial leaf 2275 20 2265 81 

SV Pond 8 10.0-11.0 Woody herbaceous stems  2915 15 3064 79 
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Appendix F 

Extended rationale for grouping of “warm”, “cool”, “cold”, and “oasis” sites, Ellesmere Island and Pim Island (Nunavut) 

based on site visits from 1983-2011 
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Table F1: Notes from sampling occasions on Ellesmere Island and Pim Island from 1983-2011 including, water temperature, percent ice cover, 
the presence or absence of snow in the catchment and any additional comments relevant to assigning each site to a group, where “warm” sites have 
relatively long ice free seasons, “cool” sites have a shorter ice-free season, “cold” sites typically still retain some ice cover during summer, and 
“oasis” sites have highly vegetated catchments and were likely warm historically.  

Site Group   Lake Name Elevation 
(m a.s.l.) 

Year and month 
sampled 

Temperature 
(ºC) % Ice 

Snow in 
catchment 

(Y/N) 
Comments 

"Warm" Site   Col Pond  
(78° 36.154' N,  
74° 39.758' W) 

137 1983 June 5.0 0 Y   

    1984 June 5.0 0 Y First pond on the Cape to thaw 
completely 

    1987 August 9.0 0 N   

     1995 July 10.0 0 N   

     1998 July 7.5 0 N   

     2001 July 11.5 0 N   

     2004 July 10.0 0 N   

     2006 July 12.0 0 N   

     2007 July 15.0 0 N   

     2009 July 13.5 0 N   

        2011 July 14.0 0 N   

"Warm" Site  Elison Lake  
(78° 36.487' N,  
74° 44.414' W) 

23 1983 June 4.0 30 N/A   

    1984 June 1.0 90 N/A Sampled June 12, loses full ice cover 
by June 30th 

    1987 August 8.5 0 N/A Is the last on the Cape to develop ice 

     1995 July 12.0 0 Y   

     1998 July 7.0 0 N   

     2001 July 11.0 0 N   

     2004 July 10.0 0 N   

     2006 July 8.0 0 N   

     2007 July 11.5 0 N   

     2009 July 12.0 0 N   

        2011 July 14.0 0 N   
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Table F1: cont. 

Site Group   Lake Name 
Elevation 

(m 
a.s.l.) 

Year and month 
sampled 

Temperature 
(ºC) 

% 
Ice 

Snow in 
catchment 

(Y/N) 
Comments 

"Cool" Site  Moraine Pond  
(78° 36.685' N,  
74° 40.977' W)  

89 1983 June 2.0 80 Y   

    1987 August 6.0 0 Y   

    1995 July 8.0 0 Y   

     1998 July 6.5 0 Y   

     2001 July 11.0 0 Y   

     2004 July 6.0 90 Y   

     2006 July 7.0 0 Y   

     2007 July 7.5 50 Y   

     2009 July 13.0 50 Y   

  

      2011 July 14.0 0 Y 

Very thin snowbank that 
completely disappeared by July 
20, 2011 (for the first time over 
our 32 years of site visits)  

"Cool" Site  Paradise Pond  
(78° 36.530' N,  
74° 46.117' W)  

134 1987 August 3.0 0 Y   

    1995 July 6.5 0 Y   

    1998 July 4.0 0 N   

     2001 July 6.0 0 Y   

     2004 July 7.0 0 N   

     2006 July 6.0 0 Y   

     2007 July 7.0 0 N   

     2009 July 7.0 0 Y   

        2011 July 14.0 0 Y   
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Table F1: cont.  

Site Group   Lake Name Elevation 
(m a.s.l.) 

Year and month 
sampled 

Temperature 
(ºC) % Ice 

Snow in 
catchment 

(Y/N) 
Comments 

"Cool" Site  Plateau Pond 2  
(78° 35.500' N, 
74° 38.427' W)  

246 1983 July 6.0 0 Y   

    1984 June 8.0 10 Y   

    1987 August 1.5 100 Y   

     1995 July 11.5 0 Y   

     1998 July 6.0 50 Y   

     2001 July 8.5 30 Y   

     2004 July 12.0 0 Y   

     2006 July 9.0 0 Y   

     2007 July 15.0 2 Y   

     2009 July 7.0 0 Y   

        2011 July 13.0 0 Y   

"Cold" Site   
High Lake  
(78° 42.700' N, 
 74° 22.283' W) 

463 2011 July 10.0 0 Y 

Rocky, unvegetetated catchment. This 
site has previously not been visited on 
Pim Island as it was not accessible due 
to extensive snow and ice cover.  

"Cold" Site   Proteus Lake 
(78° 41.876' N,  
74° 23.022' W) 

376 1983 July 1 80 N/A   

    1987 August 2.2 80 N/A   

    1998 July 2.0 95 N/A   

     2007 July 4.0 30 N/A   

     2009 July 3.5 60 N/A   

        2011 July 9.0 20 Y   

"Cold" Site  West Lake  
(78° 44.491' N,  
74° 37.751' W)  

323 1983 June N/A 100 N/A   

    1987 August 3.5 - N/A Two patches of ice in each basin (% ice 
cover not provided) 

    2009 July 3.5 90 Y   

        2011 July 8.0 0 Y   
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Table F1: cont.  

Site Group   Lake Name 
Elevation 

(m 
a.s.l.) 

Year and month 
sampled 

Temperature 
(ºC) 

% 
Ice 

Snow in 
catchment 

(Y/N) 
Comments 

"Oasis" Site  

Sverdrup Pond 
5 (79° 7.951' 
N,  
79° 48.582' W) 

299 2011 July 10.5 0 N 100% vegetated shoreline 

"Oasis" Site   

Sverdrup Pond 
8 (79° 7.680' 
N,  
79° 58.498' W) 

296 1984 July N/A 0 N 
Photo of SV Pond 8 shows 
abundant vegetation 
surrounding the pond perimeter  

        2011 July 13.0 0 N 100% vegetated shoreline 
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Appendix G 

Water chemistry variables for the Ellesmere Island and Pim Island sites 

Table G1: Additional water chemistry variables measured for sites on Ellesmere Island and Pim Island 
(Nunavut). At the end of the parameter code, F refers to filtered, UF to unfiltered water samples, and T-
MS to trace metals. 
 

Site Sample NO3NO2-F NH3-N-F CL-UF SO4-UF CHLA 
  Date (mg/L) (mg/L) (mg/L) (mg/L) (µg/L) 

Col Pond 11-07-18 < 0.005 0.006 9.33 3.18 0.4 
Elison Lake 11-07-16 < 0.005 0.02 56.2 11.8 1.2 
Moraine Pond 11-07-18 < 0.005 0.012 18 7.2 0.4 
Paradise Pond 11-07-16 0.063 < 0.005 4.49 0.79 2 
Plateau Pond 2 11-07-18 0.008 0.013 8.18 4.98 2 
High Lake 11-07-13 0.015 < 0.005 4.05 1.14 1.5 
Proteus Lake 11-07-13 0.007 0.006 6.22 0.81 1 
West Lake 11-07-14 0.005 0.008 6.79 1.15 0.5 
SV Pond 5 11-07-12 < 0.005 0.028 13 0.72 0.5 
SV Pond 8 11-07-12 0.005 0.048 36.8 17.2 0.6 
       
  CHLA-COR DOC DIC CA-UF MG-UF K-UF 
  (µg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
Col Pond 1.7 1.9 13.4 13.4 6.8 0.4 
Elison Lake 0.9 4 19.3 27.3 13.1 1.22 
Moraine Pond N/A 2.3 19.6 21.5 9.68 0.71 
Paradise Pond 1 0.8 1.4 1.27 0.8 0.19 
Plateau Pond 2 N/A 2 4.3 5.58 3.46 0.23 
High Lake 1.2 0.5 4.7 5.93 1.96 0.2 
Proteus Lake 1.2 1 3.4 4.03 1.61 0.19 
West Lake < 0.1 0.6 3.1 3.93 1.89 0.27 
SV Pond 5 < 0.1 14.6 37.8 33.5 20.1 2.98 
SV Pond 8 < 0.1 20.1 51.5 55.2 25.8 2.62 
       
  NA-UF NO2-N-F POC PON SIO2-UF SRP-P-F 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
Col Pond 4.33 0.001 0.217 0.017 1.56 0.0005 
Elison Lake 22.9 < 0.001 0.428 0.041 0.56 0.0011 
Moraine Pond 10 0.001 0.526 0.066 1.32 0.0009 
Paradise Pond 2.39 < 0.001 0.21 0.024 0.94 0.0006 
Plateau Pond 2 1.98 0.001 0.287 0.027 0.47 0.0005 
High Lake 2.14 < 0.001 0.331 0.029 0.34 0.0012 
Proteus Lake 3 0.001 0.264 0.025 0.13 0.0013 
West Lake 2.54 < 0.001 0.314 0.036 0.33 0.0003 
SV Pond 5 5.46 < 0.001 0.537 0.044 2.48 0.0015 
SV Pond 8 6.44 0.001 0.641 0.059 0.83 0.002 
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Table G1: cont. 

  TKN-N-F TN-N-F TP-P-F TP-P-UF AG/T-MS AL/T-MS 
  (mg/L) (mg/L) (mg/L) (mg/L) (µg/L) (µg/L) 
Col Pond 0.187 0.193 0.0028 0.0064 0.004 7.9 
Elison Lake 0.374 0.365 0.0043 0.006 0.002 14.4 
Moraine Pond 0.23 0.243 0.0061 0.0136 0.003 8.4 
Paradise Pond 0.092 0.118 0.0026 0.0044 0.004 34.9 
Plateau Pond 2 0.185 0.199 0.0031 0.0066 0.004 37.1 
High Lake 0.798 0.871 0.0022 0.0066 0.008 227 
Proteus Lake 0.1 0.114 0.0023 0.0042 0.005 31.2 
West Lake 1.03 1.32 0.0041 0.0058 0.003 37.6 
SV Pond 5 1.11 1.11 0.0084 0.0158 0.003 36 
SV Pond 8 6.95 6.56 0.0085 0.0139 0.006 56 
       
  AS/T-MS B/T-MS BA/T-MS BE/T-MS BI/T-MS CA/T-MS 
  (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (mg/L) 
Col Pond 0.08 5.3 5.98 0.002 0.001 12.8 
Elison Lake 0.28 15.7 11.6 0.002 < 0.001 28.6 
Moraine Pond 0.3 12.8 10.3 0.001 0.001 22.8 
Paradise Pond 0.01 2.5 1.66 0.001 0.003 1.43 
Plateau Pond 2 0.06 3.1 3.08 0.002 < 0.001 5.66 
High Lake 0.15 3.7 5.4 0.009 0.004 5.68 
Proteus Lake 0.02 3.3 1.91 0.002 < 0.001 3.39 
West Lake 0.04 2.1 2.31 0.001 0.001 3.3 
SV Pond 5 0.72 3.4 19 0.002 0.002 34.8 
SV Pond 8 1.22 9.8 24.5 0.004 0.003 61.9 
       
  CD/T-MS CE/T-MS CO/T-MS CR/T-MS CS/T-MS CU/T-MS 
  (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Col Pond 0.007 0.033 0.04 0.13 0.001 0.94 
Elison Lake 0.006 0.053 0.042 0.14 0.001 0.81 
Moraine Pond 0.007 0.031 0.074 0.14 < 0.001 1.11 
Paradise Pond 0.116 0.062 0.018 0.11 0.002 0.5 
Plateau Pond 2 0.008 0.08 0.08 0.18 0.001 0.98 
High Lake 0.027 0.609 0.137 0.63 0.041 7.32 
Proteus Lake 0.037 0.077 0.021 0.22 0.002 7.35 
West Lake 0.018 0.041 0.026 0.1 0.004 0.5 
SV Pond 5 0.033 0.523 0.088 0.17 0.002 0.9 
SV Pond 8 0.007 0.184 0.133 0.24 0.004 1.12 
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Table G1: cont. 

  FE/T-MS GA/T-MS GE/T-MS IN/T-MS K/T-MS LA/T-MS 
  (µg/L) (µg/L) (µg/L) (µg/L) (mg/L) (µg/L) 
Col Pond 47.3 < 0.001 < 0.01 < 0.001 0.4 0.027 
Elison Lake 81.5 0.021 < 0.01 < 0.001 1.29 0.026 
Moraine Pond 70.3 0.001 < 0.01 < 0.001 0.74 0.023 
Paradise Pond 28.8 < 0.001 < 0.01 < 0.001 0.23 0.036 
Plateau Pond 2 175 < 0.001 < 0.01 < 0.001 0.25 0.041 
High Lake 339 0.035 < 0.01 0.001 0.24 0.324 
Proteus Lake 41.7 < 0.001 < 0.01 < 0.001 0.22 0.043 
West Lake 46.8 < 0.001 < 0.01 < 0.001 0.25 0.025 
SV Pond 5 140 0.013 < 0.01 < 0.001 2.97 0.285 
SV Pond 8 103 0.055 < 0.01 0.001 2.74 0.093 
       
  LI/T-MS MG/T-MS MN/T-MS MO/T-MS NA/T-MS NB/T-MS 
  (µg/L) (mg/L) (µg/L) (µg/L) (mg/L) (µg/L) 
Col Pond 0.42 6.98 6.46 0.07 4.09 0.001 
Elison Lake 2.14 13.5 2.54 0.235 22.3 0.002 
Moraine Pond 0.72 10 11.2 0.185 10 < 0.001 
Paradise Pond 0.06 0.752 0.62 0.019 2.24 0.002 
Plateau Pond 2 0.19 3.61 5.68 0.043 1.84 0.002 
High Lake 0.36 2.13 8.13 0.09 1.98 0.018 
Proteus Lake 0.13 1.64 1.21 0.022 2.79 0.003 
West Lake 0.06 1.88 4.66 0.027 2.29 0.004 
SV Pond 5 0.47 21.1 9.71 0.29 5.46 0.007 
SV Pond 8 5.31 34.9 5.54 0.499 6.75 0.012 
       
  NI/T-MS PB/T-MS PD/T-MS PT/T-MS RB/T-MS SB/T-MS 
  (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Col Pond 0.51 0.151 < 0.01 0.001 0.238 0.016 
Elison Lake 0.43 0.047 < 0.01 < 0.001 0.572 0.016 
Moraine Pond 0.58 0.088 < 0.01 < 0.001 0.277 0.015 
Paradise Pond 0.14 0.062 < 0.01 0.002 0.231 0.024 
Plateau Pond 2 0.37 0.06 < 0.01 < 0.001 0.176 0.011 
High Lake 0.71 0.381 < 0.01 < 0.001 0.684 0.019 
Proteus Lake 0.3 0.833 < 0.01 < 0.001 0.176 0.039 
West Lake 0.37 0.083 < 0.01 0.001 0.303 0.017 
SV Pond 5 0.45 0.179 < 0.01 0.001 0.721 0.027 
SV Pond 8 0.73 0.175 < 0.01 0.001 0.816 0.048 
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Table G1: cont. 

  SC/T-MS SE/T-MS SN/T-MS SR/T-MS TE/T-MS TI/T-MS 
  (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Col Pond 0.01 0.04 0.055 19.2 < 0.01 0.2 
Elison Lake 0.01 0.03 0.007 86.9 < 0.01 0.6 
Moraine Pond < 0.01 0.04 0.036 44.8 < 0.01 0.1 
Paradise Pond < 0.01 0.02 0.015 4.95 < 0.01 1.2 
Plateau Pond 2 0.01 0.04 0.053 8.36 < 0.01 0.8 
High Lake 0.03 0.03 0.074 8.15 < 0.01 10.7 
Proteus Lake 0.01 0.02 0.05 6.16 0.01 1.2 
West Lake < 0.01 0.01 0.027 6.41 < 0.01 2.1 
SV Pond 5 0.02 0.04 0.025 67.7 0.01 1.8 
SV Pond 8 0.04 0.07 0.054 198 < 0.01 2.1 
       
  TL/T-MS U/T-MS V/T-MS W/T-MS Y/T-MS ZN/T-MS 
  (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Col Pond 0.001 0.0933 0.06 0.007 0.018 4.6 
Elison Lake 0.001 0.129 0.177 0.004 0.02 1.6 
Moraine Pond 0.001 0.361 0.303 0.008 0.016 2.4 
Paradise Pond 0.001 0.006 0.081 0.004 0.022 3.8 
Plateau Pond 2 0.001 0.0386 0.135 0.007 0.029 2.7 
High Lake 0.004 0.0681 0.543 0.186 0.123 4.2 
Proteus Lake 0.001 0.012 0.101 0.03 0.02 4.4 
West Lake 0.001 0.004 0.161 0.025 0.014 3.7 
SV Pond 5 0.002 0.124 0.409 0.127 0.06 2.2 
SV Pond 8 0.002 0.662 0.554 0.23 0.055 2.7 
       
  ZR/T-MS      
  (µg/L)      
Col Pond < 0.1      
Elison Lake < 0.1      
Moraine Pond < 0.1      
Paradise Pond < 0.1      
Plateau Pond 2 < 0.1      
High Lake 0.1      
Proteus Lake < 0.1      
West Lake < 0.1      
SV Pond 5 0.1      
SV Pond 8 0.4      
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Appendix H 

Water chemistry variables for the ponds on St. Lawrence Island, Alaska 

Table H1: Additional water chemistry variables measured for ponds on St. Lawrence Island, Alaska 
(USA). At the end of the parameter code, F refers to filtered, UF to unfiltered water samples, and T-MS to 
trace metals. 
 

Sample  Sample NO3NO2-F NH3-N-F CL-UF SO4-UF CHLA 
  Date (mg/L) (mg/L) (mg/L) (mg/L) (µg/L) 

Kukulek Pond 12-07-15 0.005 0.082 95.8 2.7 13 
Green Pond 12-07-15 0.006 0.011 21.5 1.85 1.5 
Ollie Pond 12-07-15 0.01 0.069 16.4 0.86 4.4 
Reindeer Pond 12-07-22 < 0.005 0.013 4.24 0.89 0.4 
       

Sample  CHLA-COR DOC DIC CA-UF MG-UF K-UF 
  (µg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
Kukulek Pond 10.5 19.1 2.2 2.98 7.26 1.08 
Green Pond 1.2 11.4 0.8 0.63 1.47 0.44 
Ollie Pond 3.6 10.6 5.1 1.44 4.38 0.48 
Reindeer Pond < 0.1 1.1 1.1 0.45 0.53 0.37 
       

Sample  NA-UF NO2-N-F POC PON SIO2-UF SRP-P-F 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
Kukulek Pond 51.6 0.006 6.52 0.803 0.14 0.13 
Green Pond 12 0.005 0.95 0.103 0.04 0.0014 
Ollie Pond 10 0.004 2.12 0.199 0.46 0.0042 
Reindeer Pond 2.75 0.001 1.27 0.098 0.22 < 0.0002 
       

Sample  TKN-N-F AG/T-MS AL/T-MS AS/T-MS B/T-MS BA/T-MS 
  (mg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Kukulek Pond 1.44 0.002 69.6 0.48 22.8 6.38 
Green Pond 0.669 0.003 193 0.62 7.5 5.71 
Ollie Pond 0.826 0.003 179 0.5 6.1 5.97 
Reindeer Pond 0.137 0.002 45.2 0.05 1.7 1.04 
       

Sample  BE/T-MS BI/T-MS CA/T-MS CD/T-MS CE/T-MS CO/T-MS 
  (µg/L) (µg/L) (mg/L) (µg/L) (µg/L) (µg/L) 
Kukulek Pond 0.01 0.004 3.1 0.005 0.129 0.958 
Green Pond 0.023 0.006 0.77 0.013 0.42 0.441 
Ollie Pond 0.017 0.019 1.58 0.013 0.376 0.515 

Reindeer Pond < 0.001 0.001 0.55 0.003 0.09 0.027 

       
Sample  CR/T-MS CS/T-MS CU/T-MS FE/T-MS GA/T-MS GE/T-MS 

  (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Kukulek Pond 0.45 0.004 0.46 3770 < 0.001 < 0.01 
Green Pond 0.46 0.007 1.32 577 < 0.001 < 0.01 
Ollie Pond 0.46 0.013 0.85 1660 < 0.001 < 0.01 
Reindeer Pond 0.03 0.002 0.59 35.8 < 0.001 < 0.01 
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Table H1: cont. 
 

Sample  IN/T-MS K/T-MS LA/T-MS LI/T-MS MG/T-MS MN/T-MS 
  (µg/L) (mg/L) (µg/L) (µg/L) (mg/L) (µg/L) 
Kukulek Pond < 0.001 1.09 0.046 1.06 7.04 24.4 
Green Pond 0.001 0.46 0.179 0.54 1.42 11.1 
Ollie Pond < 0.001 0.52 0.168 0.35 4.31 19.8 
Reindeer Pond < 0.001 0.37 0.054 0.03 0.522 0.72 
       

Sample  MO/T-MS NA/T-MS NB/T-MS NI/T-MS PB/T-MS PD/T-MS 
  (µg/L) (mg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Kukulek Pond 0.014 49.1 0.023 1.51 0.936 < 0.005 
Green Pond 0.038 11.8 0.024 1.05 0.696 < 0.005 
Ollie Pond 0.101 10 0.042 2.26 0.267 < 0.005 
Reindeer Pond 0.043 2.83 0.015 0.13 0.125 < 0.005 
       

Sample  PT/T-MS RB/T-MS SB/T-MS SC/T-MS SE/T-MS SN/T-MS 
  (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Kukulek Pond 0.001 1.05 0.08 0.04 0.1 0.423 
Green Pond 0.001 0.594 0.032 0.06 0.07 0.175 
Ollie Pond < 0.001 0.862 0.017 0.05 0.09 < 0.005 
Reindeer Pond < 0.001 0.585 0.006 0.01 0.09 < 0.005 
       

Sample  SR/T-MS TE/T-MS TI/T-MS TL/T-MS U/T-MS V/T-MS 
  (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
Kukulek Pond 60 < 0.01 3 0.001 0.0092 0.501 
Green Pond 8.29 < 0.01 7.1 0.002 0.0173 1.64 
Ollie Pond 15.6 < 0.01 11.2 0.003 0.0112 1.21 
Reindeer Pond 4.93 < 0.01 3.3 0.002 0.0031 0.228 
       

Sample  W/T-MS Y/T-MS ZN/T-MS ZR/T-MS TN-N-F TP-P-F 
  (µg/L) (µg/L) (µg/L) (µg/L) (mg/L) (mg/L) 
Kukulek Pond 0.003 0.133 2.5 0.3 1.32 0.186 
Green Pond 0.007 0.268 4 0.3 0.69 0.0288 
Ollie Pond 0.005 0.219 1.9 0.2 0.829 0.0854 
Reindeer Pond 0.007 0.038 0.2 < 0.1 0.154 0.0078 
       

Sample  TP-P-UF      
  (mg/L)      
Kukulek Pond 0.466      
Green Pond 0.0359      
Ollie Pond 0.0545      
Reindeer Pond 0.0108      
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Appendix I 

Summary of PCA, VRS chl a, and δ15N for ponds on St. Lawrence Island Alaska over the past ~300 years 

 
 

Figure I1: Chironomid and diatom principal components analysis (PCA) species axis 1 scores, visible reflectance spectroscopy-inferred 
chlorophyll a (VRS chl a) and bulk sediment stable nitrogen isotopes (δ15N, relative to the standard air) for all study ponds (Reindeer Pond, Ollie 
Pond, Green Pond, and Kukulek Pond) from 1700 to 2012 AD (the coring date) based on extrapolated chronologies of the pond’s Constant Rate of 
Supply 210Pb generated age-depth model 
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Appendix J 

Raw Counts 

 

Figure J1: Chironomid raw counts from KNPR Lake, Yukon Territory. Species names are codes based 
on Barley et al. 2006.  
Barley EM, Walker IR, Kurek J, Cwynar LC, Mathewes RW, Gajewski K, Finney BP (2006) A northwest North American 

training set: distribution of freshwater midges in relation to air temperature and lake depth. J Paleolimnol 36:295-314 
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Figure J1: cont. 
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Figure J2: Diatom raw counts from KNPR Lake, Yukon Territory. 
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Figure J2: Cont. 
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 Figure J2: Cont. 
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Figure J2: Cont. 
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Figure J2: Cont. 
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Figure J2: Cont. 

  



 

 

 

 

218 

Figure J3: Chironomid raw counts from Howard Lake, Yukon Territory.  
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Figure J3: Cont. 
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Figure J3: Cont. 
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Figure J4: Diatom raw counts from Howard Lake, Yukon Territory. 
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Figure J4: Cont. 
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Figure J4: Cont. 
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Figure J4: Cont. 
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Figure J4: Cont. 
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Figure J4: Cont. 
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Figure J4: Cont. 

  



 

 

 

 

228 

Figure J4: Cont.  
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Figure J4: Cont. 
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Figure J4: Cont. 
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Figure J5: Chironomids raw counts from Louise Lake, Yukon Territory. 
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Figure J5: Cont. 
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Figure J5: Cont. 
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Figure J6: Diatom raw counts from Louise Lake, Yukon Territory. 

Figure J6: Cont. 
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Figure J6: Cont. 
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Figure J6: Cont. 

Figure J6: Cont. 
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Figure J6: Cont. 
 
  



 

 

 

 

238 

 
Figure J7: Diatom raw counts from Col Pond, Nunavut, Canada. 

 

 
Figure J7: Cont. 
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Figure J7: Cont. 

 
Figure J7: Cont. 
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Figure J8: Diatom raw counts from Elison Lake, Nunavut, Canada. 

Figure J8: Cont. 
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Figure J8: Cont. 

 
Figure J8: Cont. 
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Figure J8: Cont. 

 
Figure J9: Diatom raw counts from Moriane Pond, Nunavut, Canada. 



 

 

 

 

243 

 
Figure J9: Cont. 
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Figure J9: Cont. 
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Figure J9: Cont. 
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Figure J9: Cont. 
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Figure J10: Diatom raw counts from Paradise Pond, Nunavut, Canada. 
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Figure J10: Cont. 
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Figure J10: Cont. 
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Figure J11: Diatom raw counts from Plateau Pond 2, Nunavut, Canada. 

 
Figure J11: Cont. 
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Figure J11: Cont. 

 
Figure J11: Cont. 
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Figure J12: Diatom raw counts from High Lake, Nunavut, Canada. 
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Figure J12: Cont. 
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Figure J13: Diatom raw counts from Proteus Lake, Nunavut, Canada. 
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Figure J13: Cont. 
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Figure J13: Cont. 
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Figure J14: Diatom raw counts from West Lake, Nunavut, Canada. 
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Figure J14: Cont. 
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Figure J14: Cont. 
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Figure J14: Cont. 
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Figure J14: Cont. 
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Figure J14: Cont. 
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Figure J14: Cont. 
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Figure J14: Cont. 
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Figure J14: Cont. 
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Figure J14: Cont. 

 
Figure J15: Diatom raw counts from Sverdrup Pass Pond 5, Nunavut, Canada. 
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Figure J15: Cont. 

 
Figure J15: Cont. 
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Figure J16: Diatom raw counts from Sverdrup Pass Pond 8, Nunavut, Canada. 

 
Figure J16: Cont. 
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Figure J16: Cont. 
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Figure J17: Chironomid raw counts from Kukulek Pond, St. Lawrence Island, Alaska. 
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Figure J17: Cont. 
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Figure J18: Diatom raw counts from Kukulek Pond, St. Lawrence Island, Alaska. 
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Figure J19: Chironomid raw counts from Green Pond, St. Lawrence Island, Alaska. 
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Figure J20: Diatom raw counts from Green Pond, St. Lawrence Island, Alaska. 
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Figure J21: Chironomid raw counts from Ollie Pond, St. Lawrence Island, Alaska. 
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Figure J22: Diatom raw counts from Ollie Pond, St. Lawrence Island, Alaska. 
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Figure J23: Chironomid raw counts from Reindeer Pond, St. Lawrence Island, Alaska. 
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Figure J23: Cont. 

 
Figure J24: Diatom raw counts from Reindeer Pond, St. Lawrence Island, Alaska. 
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