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Abstract

During this century, sea level is expected to increase as large ice sheets melt and 

temperatures warm, causing thermal expansion o f the oceans. Across the Arctic, rising 

sea level coupled with increasing storminess and decreasing sea-ice cover, will make 

low-lying coastal regions more susceptible to storm surges.

-y
In September 1999, a storm impacted 200 km o f the outer Mackenzie Delta 

causing saltwater to move inland and flood freshwater lakes. The aim o f this study is to

(1) quantify what impacts the 1999 storm surge had on the abundance and community 

composition o f chironomids in these lakes, and (2) determine if  ecological recovery has 

occurred since the storm surge.

The earliest portion of the lake sediment record from Lake DZO-29 (which is 

undated, but probably represents the past several centuries) is dominated by the 

chironomid taxa Cricotopus 'Orthocladius, Chironomus and Paratanytarsus. This early 

assemblage suggests relatively cold temperatures and likely represents the end o f Little 

Ice Age climatic conditions. A significant increase in the relative abundance o f 

Corynocera oliveri type-1 in DZO-29 and in another lake (DZO-30), suggest warming 

conditions following the end o f the Little Ice Age that persist throughout the 20th century. 

In cores DZO-29 and DZO-30, the suggested warming is interrupted during the past -10  

years following the inundation by saltwater in September 1999. After this, chironomid 

communities appear to be driven by salinity changes as opposed to temperature. No 

significant chironomid assemblage shifts occurred in a third lake (C-27), which was not 

impacted by the storm surge.
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Chapter One 

Introduction

1.1 Study context

Some o f the largest increases in temperature during the past few decades have 

occurred in polar regions. Rigor et al. (2000) analyzed Arctic surface air temperature 

(SAT) observations and found that temperatures have warmed as much as 2°C between 

1979 and 1997 in portions of the Arctic, including northwest North America where recent 

warming trends are amongst the largest. Temperature records from  Arctic regions 

indicate that the Arctic has warmed faster than the global average since the 1960s and 

that this trend is expected to continue (Simmonds & Keay, 2009).

Warmer temperatures in the Arctic are having a number o f  cascading impacts on 

Arctic systems. Among the best quantified o f the changes occurring in the Arctic since 

the late 1970s are those associated with sea ice cover (Comiso et al., 2008). Despite 

marked seasonal, regional and interannual variabilities, an overall decreasing trend o f -

2.8 % per decade in Arctic sea ice cover has been observed since the latter part o f the 

1970s (Parkinson et al., 1999). More recent studies indicate that the pace o f this overall 

decline is increasing, with 2012 recording the lowest sea ice extent since satellite 

observations began (Stroeve et al., 2012). Climatic warming has not only caused a 

decrease in the extent o f sea ice cover, but the thickness o f  sea ice has also declined in 

recent decades (Polyak et al., 2010). As sea ice cover continues to decline and sea-level 

increases globally due to warming temperatures, the retreat of Arctic coastlines will 

continue to be a growing problem (Manson & Solomon, 2007).
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The retreat o f Arctic coastlines is related to a number o f factors, including (1) the 

material that comprises the coastline (i.e., ice-rich permafrost versus bedrock); (2) the 

frequency, intensity and track o f storms; (3) the duration o f sea ice cover and persistence 

o f landfast ice; and (4) the rate o f  sea level rise (Manson & Solomon, 2007). As global 

temperatures continue to warm, the frequency and intensity o f Arctic storms is expected 

to increase (Sepp & Jaagus, 2011). Sea ice extent is widely reported to be declining at 

unprecedented rates during the past decade (Simmonds & Keay, 2009), while the length 

o f ice free season has synchronously increased (Polyak et al., 2010). Superimposed on 

these changes to the climate and cryosphere systems are increases in sea level that have 

been occurring throughout the 20th century. These increases in sea level are expected to 

be amplified as temperatures continue to rise during the 21st century. The combination of 

these factors suggest that increased wave energy, leading to greater coastal erosion, will 

be a growing concern in the coming decades throughout the Arctic (Manson & Solomon, 

2007).

The Mackenzie Delta, located where the Mackenzie and Peel Rivers meet the 

Beaufort Sea, is a sensitive region. Spanning more than 13,000 km  , it is the world’s 

second largest Arctic delta and the largest cold-region delta in North America (Marsh & 

Schmidt, 1993). An important feature o f  the Mackenzie Delta is the large number o f 

freshwater lakes, which cover up to 50 % o f the deltaic plain (Emmerton et al., 2007; 

Goulding et al., 2009).

Disturbance in the outer Mackenzie Delta is largely driven by two, very different 

processes; (1) high-frequency, freshwater flooding associated w ith the spring freshet; and

(2) low-frequency marine storm-surge flooding during the open water season (Marsh &
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Hey, 1994). Freshwater flooding across the outer Mackenzie Delta occurs almost 

annually during the spring freshet (Goulding et al., 2009). The spring freshet and break

up of river ice in the Mackenzie Delta normally occurs in late A pril or early May and has 

long been recognized as an important environmental process in the  delta region (Brown, 

1957; Kriwoken, 1983). Ice jam s can occur during the spring break-up, leading to short- 

duration flooding that is a critical hydrologic feature and the m ain source o f sediment and 

nutrient recharge for approximately 25,000 lakes throughout the Mackenzie Delta (Marsh 

& Hey, 1994). Terrestrial and aquatic ecosystems throughout the Mackenzie Delta are 

tolerant o f spring flooding since most o f  these systems are still dormant, the ground is 

normally frozen or in the case o f lakes, remain cutoff due to the persistence o f lake ice 

cover at the time o f the spring freshet (Marsh & Hey, 1994). In fact, the influx o f warmer 

water due to the spring flooding hastens the retreat o f winter conditions in the delta, 

causing the ground to thaw earlier, plant growth to commence sooner and lake ice cover 

to degrade more rapidly than on the adjacent uplands where snow may persist and the 

ground remain frozen into June (Marsh & Hey, 1994).

Conversely, marine intrusions associated with storm-induced surges appear to be 

less common (Solomon et al., 2000; Pisaric et al., 2011) and occur during the warmer 

part o f the season when lakes are ice free, the active layer has thaw ed and vegetation is 

not dormant. Marine storm surges can produce flooding levels 1 -2 m above the low-lying 

land surfaces o f the outer Mackenzie Delta and bring brackish w ater well inland due to 

the relatively low topography that typifies the outer Mackenzie Delta (Kokelj et al.,

2012). Thus, the impacts o f marine storm surges are potentially more problematic for 

Arctic ecosystems.
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A very intense storm surge in September 1999 left nearly 200 km2 o f the 

Mackenzie Delta front impacted due to saltwater inundation (Pisaric et a l, 2011; Kokelj 

et al., 2012). Not only did the rapid introduction o f saltwater result in the death o f most of 

the vegetation in the affected area, it also impacted the freshwater lake systems as the 

influx o f saltwater caused the lakes and ponds to rapidly shift to brackish or saltwater 

systems (Deasley et a l, 2012; Pisaric et a l, 2011).

Recently, concerns have been expressed regarding the implications o f climate 

warming and its potentially damaging ecological impact on the M ackenzie Delta system 

(Marsh & Schmidt, 1993). Unfortunately, records o f ecological and environmental 

change in this region are short and largely incomplete. For exam ple, tidal records from 

Tuktoyaktuk only cover the period from 1961 onwards and contain significant time-gaps 

(Reimnitz & Maurer, 1979). Consequently, two storm surges that impacted the outer 

Mackenzie Delta in 1944 and 1970, and believed to be amongst the largest of the 20th 

century, are only known from local accounts o f the events as neither was recorded in the 

instrumental tidal records for the region (Harper et al., 1988). Therefore, there is a need 

to develop proxy records o f environmental and ecological change across this region to 

understand the frequency and various impacts o f  disturbances such as marine storm 

surges. This is especially relevant given increasing potential for industrial activities in the 

region, such as oil and gas drilling operations which pump a saline mixture into bore 

holes in an attempt to prevent them from freezing. If these types o f development were to 

fail, they could potentially cause similar impacts to those o f m arine storm surges. 

Therefore, it is important to develop a longer-term perspective o f  ecological change in
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this region prior to industrial development and to establish baseline ecological data that 

can be used to assess industrial impacts in the future.

Paleolimnology refers to the study o f past conditions o f w ater bodies 

(lakes and streams; freshwater, brackish, or saline). Paleolimnological studies are 

commonly based on meticulous analyses o f sediment cores, including the physical 

chemical and mineralogical properties o f  sediments, as well as diverse biological records 

(Walker, 1987). It is a mechanism that can be used to develop a longer-term perspective 

o f ecological events (Smol, 1990). While ecology is generally focused on ecological 

change over timescales varying from days, months, years to perhaps several decades, 

paleolimnology can inform ecological questions over timescales from centuries to 

millennia.

Paleolimnologists have a long tradition o f  using biological proxies as indicators of 

ecological change within lacustrine ecosystems (Porinchu & MacDonald, 2003). A 

multitude o f biological proxies are often preserved in lake sediment records, including 

diatoms, cladoceran, daphnia and chironomids (Battarbee et al., 2005). The dipteran 

family Chironomidae is cosmopolitan in distribution and is frequently the most widely 

distributed and most abundant group o f  insects in freshwater w ith representatives in both 

terrestrial and marine environments (Armitage et al., 1995). Chironomids are becoming 

increasingly popular amongst paleolimnologists to classify lakes in terms o f their trophic 

status or biological productivity and to quantitatively reconstruct past ecological changes 

in lake conditions (Porinchu & MacDonald, 2003) as they provide a wealth of 

information on the ecological characteristics o f  a lake system through time (Hofmann, 

1988). The capacity o f the Chironomidae family to thrive under a variety of
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environmental gradients related to pH, salinity, water depth, oxygen concentration, and 

temperature enables members o f the Chironomidae to occupy virtually every available 

niche present in freshwater environments (Porinchu & M acDonald, 2003). Individual 

species o f chironomids generally have narrow tolerances to these environmental variables 

and are responsive to changes in their environment as a result. Therefore, they are ideal 

for paleolimnological studies because small changes in the physical or chemical 

environment could lead to changes in chironomid community assemblages. In addition to 

wide distribution and abundance, Chironomidae are well suited for paleolimnological 

studies because they possess chitinous head capsules which are well-preserved and 

relatively easily recovered and identified enabling high taxonomic precision and fine 

temporal and spatial resolution (Porinchu & MacDonald, 2003).

This study analyzes chironomid remains from two storm surge impacted lakes 

(DZO-29 and DZO-30) and one control lake (C-27) situated outside the impacted zone of 

the 1999 storm surge. The objectives o f this thesis are (1) to determine the ecological 

impact o f the 1999 marine storm surge on chironomid communities in freshwater lakes of 

the outer Mackenzie Delta. In particular, were chironomid communities eradicated from 

these lakes or did the community composition change as a result o f the rapid shift from 

freshwater adapted ecosystems to brackish systems in September 1999; and (2) to 

determine if  any ecological recovery has occurred in the decade since the marine storm 

surge event in 1999. Ultimately, this research will increase our knowledge and 

understanding o f the salinity tolerances o f chironomid species in sensitive coastal Arctic 

lake ecosystems as well as to emphasize their importance as proxies in characterizing 

past ecological changes resulting from storm surge events. As global temperatures
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continue to increase, the frequency and intensity o f  Arctic storms are also expected to 

increase. Assessing the ecological responses o f aquatic ecosystems adapted to freshwater 

conditions to changes in their environment will be critical as climate changes and 

industrial activity grows across this region in the future (Deasley et a l , 2012).

1.2 Thesis organization

This thesis will be divided into four main chapters. The first chapter features a 

brief introduction to climatic warming in the Arctic and highlights the implications for 

sea ice cover and cyclonic activity in the Arctic Ocean as well as the resulting threat o f 

storm surges along the Beaufort Sea coast and outer Mackenzie Delta. Chapter one 

introduced how paleolimnology using chironomids can be utilized to document 

ecological changes in freshwater lakes associated with these saltwater inundation events. 

Chapter two is a literature review structured into seven sections including; 1) sea ice, 

climate change and the connection with arctic cyclones, 2) storm surges in the Beaufort 

Sea and Mackenzie Delta, 3) an overview o f the Mackenzie Delta, 4) the climate regime 

o f the Mackenzie Delta region, 5) paleoecological studies in the context o f  climate 

records, 6) chironomids as paleoecological indicators and 7) the ecological impacts of 

storm surges. Chapter three presents the main part o f the study and includes a detailed 

description o f the study site as well as field, laboratory and analytical methods used, 

study results, and a discussion/interpretation o f these results. This is followed by chapter 

four which synthesizes the major conclusions o f this study.
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Chapter Two 

Literature Review

2.1 Sea ice, climate change and the connection with Arctic cyclones

Sea ice is an important component o f the Arctic climate system. The geographic 

extent and duration o f sea ice cover are influenced by atmospheric and oceanic conditions 

including temperature, wind and ocean circulation (Sepp & Jaagus, 2011). In turn, sea ice 

modulates climate at broad scales by altering surface albedo (Deser et al. , 2000). The 

surface albedo effect is considered to be one o f the dominant factors in polar 

amplification of global warming due to increased greenhouse gas concentrations 

simulated in many climate models (e.g. Manabe et al., 1992; Randall et al., 1998). Polar 

amplification refers to the greater temperature increases in the Arctic region compared to 

the earth as a whole as a result o f  the effect o f positive feedback mechanisms (McBean et 

al., 2005). This phenomenon is not observed in the Antarctic, largely because 

the Southern Ocean acts as a heat sink and the lack of seasonal snow cover (McBean, 

2005). Changes in Arctic surface conditions, including sea ice, represent important 

modifications to atmospheric forcing including the development and characteristics o f 

Arctic cyclones in particular (Simmonds et al., 2008). As the extent o f Arctic sea ice 

decreases, the amount o f open water increases. This combined w ith winds similar to 

present day and a longer ice-free season implies not only increased wave energy, but also 

a greater available fetch for storm surge development (Manson & Solomon, 2007).

Fetch, also called fetch length, is the length o f water over which a given wind can blow. 

This along with the wind speed determines the size o f  waves produced (Manson & 

Solomon, 2007). The longer the fetch and the faster the wind speed, the more wind



energy is imparted to the water surface and the larger the resulting waves will be 

(Manson & Solomon, 2007).

The Arctic has experienced dramatic changes to the cryosphere and climate 

during recent decades including reductions in sea ice extent and snow cover, increases in 

annual precipitation, and pronounced warming o f surface air temperature (Serreze & 

Barry, 2005). Increases in surface air temperature driven by anthropogenic forcing during 

the 20th century, has significant implications for Arctic sea ice extent (Serreze & Barry, 

2005). Sea ice occurs in varying stages o f  development: new or young ice is generally 

less than 30 cm thick, first-year ice is generally between 30 and 200 cm thick, and multi

year ice, representing ice floes that have persisted for more than one year, are typically 

more than 200 cm thick (French & Slaymaker, 1993). Hudson (1987) determined that the 

predominately multi-year sea ice o f the northeastern Beaufort Sea was mainly comprised 

o f  large floes, with a mean diameter o f 700 m (Hudson, 1987). Two decades ago, multi

year sea ice was present throughout the year in the Beaufort Sea, except near the 

mainland coast in summer (French & Slaymaker, 1993). In fact, away from the coast, ice 

cover often approached 100% for nine or ten months o f  the year (French & Slaymaker, 

1993). However, recent modeling experiments and satellite observations indicate that 

summer sea ice extent is declining rapidly (Lindsay & Zhang, 2005; Holland et al., 2006; 

Lindsay et al., 2009). It is predicted that summer Arctic sea ice extent will decrease by 80 

% by 2100 when the Arctic Ocean will be nearly ice free in summer, resulting in drastic 

changes in the Arctic climate system (Bengtsson et al., 2004).

A number of recent studies have revealed noteworthy changes in the circulation 

and structure o f the Arctic Ocean, particularly due to a greater intrusion o f Atlantic
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waters into the Arctic (Simmonds et al., 2008). This ‘A tlantification’ is reflected in the 

transition of the Arctic Ocean toward a new, warmer state (Simmonds et al., 2008). 

Lindsay and Zhang (2005) have argued that the late 1980s and early 1990s could be 

considered a tipping point during which the ice-ocean system entered a new era of 

thinning ice and increasing summer open water due to positive feedbacks. Comiso (2006) 

suggests that a dramatic decade of change in Arctic cyclone activity has arrived as a 

result o f these changes.

Although Northern Hemisphere cyclone tracks are not expected to change, the 

frequency and intensity or ‘deepening’ o f  Arctic cyclones are expected to increase in 

northern regions o f cyclogenesis (Manson & Solomon, 2007). During the period 1948- 

2002, the frequency o f cyclones entering into the Arctic basin increased significantly, 

while the number o f storms forming in the Arctic basin did not change (Sepp & Jaagus, 

2011). The results o f the analysis presented by Sepp & Jaagus (2011) are in line with the 

conclusions o f other studies (Serreze et al., 2000; McCabe et a l,  2001) which indicate 

that cyclonic activity in the Arctic basin increased significantly during the second half of 

the twentieth century. Sepp & Jaagus (2011) also indicate that one o f the more substantial 

changes revealed by their analysis is the ‘deepening’ or ‘strengthening’ o f Arctic 

cyclones. This suggests that the advection o f  warm air masses m ay be more intense than 

it was 50 years ago. In terms o f the persistence o f Arctic sea ice coverage, intense 

warming of the Arctic Ocean and the occurrence o f stronger storms in this region could 

further destroy ice cover resulting in a modification in albedo, as the ice-free sea surface 

absorbs more radiation (Simmonds et al., 2008). A study conducted by Simmonds and 

Keay (2009) adds to the evidence which suggests that the decline in Arctic ice thickness
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and extent has started to render this region particularly vulnerable to anomalous cyclonic 

activity.

2.2 Storm surges in the Beaufort Sea and Mackenzie Delta

Polar amplification in Arctic regions could lead to accelerated sea-level rise, more 

frequent and extreme storm winds and storm surge flooding, decreased sea-ice extent, 

more frequent and higher waves, and increased air temperatures (M arsh & Schmidt, 

1993). Changes to the Beaufort Sea shoreline are occurring due to  the impact o f these 

storms and rising relative sea level (Manson & Solomon, 2007). During the October to 

June ice season, wave and surge development are suppressed (M urty & Polavarapu, 

1979). In contrast, during the ice-free season (June-October), storm waves and surges 

impact the coastline left unprotected by the ice-free conditions. Storm surges in the 

Beaufort Sea, as opposed to surges affecting the southern Canadian east and west coasts, 

are invariably influenced by the presence o f sea ice, which either reduces the effective 

fetch available for surge build-up (Mason & Solomon, 2007). In the early winter when 

ice growth is accelerating, the open water area available for surge build-up can be 

significantly affected by rapid changes in ice cover due to wind-induced ice movement 

(Manson & Solomon, 2007). The combination o f winds with greatly increased amounts 

o f open-water and a longer open water season implies increased wave energy available 

for storm development (Simmonds et al., 2008). When considered with increased 

temperatures and sea-level rise, accelerated rates o f coastal change and increased 

occurrence and severity o f flooding are likely along the shorelines o f the Beaufort Sea 

(Manson & Solomon, 2007).
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The Mackenzie Delta is influenced by low frequency, high magnitude events, 

which exert acute, unpredictable effects such as short-lived, extreme increases in sea 

level rise (i.e. storm surges) (Cahoon, 2006). These disturbances are ecologically 

important in this region because they can affect a large area, due to  the low relief that 

characterises much o f the delta. Storm surges in the Beaufort Sea have previously been 

identified and discussed elsewhere (Henry, 1975; Henry & Heaps, 1976; Reimnitz & 

Maurer, 1978; Harper et al., 1988). The most notable storm surge that have been 

documented to date in the Mackenzie Delta-Tuktoyaktuk region occurred in 1970, when 

a severe storm tracking eastward in the Beaufort Sea generated a storm surge that 

affected the Yukon coast, the Mackenzie Delta and the coastal ham let o f Tuktoyaktuk 

with wave heights up to 4.2 m (Reimnitz & Maurer, 1979). The Tuktoyaktuk tidal gauge 

was not operating at the time o f the 1970 surge, so the exact surge height is unknown, 

though estimates have been made through the combination o f surveying o f log debris 

lines and observations from local residents (Harper et al., 1988). The frequency and 

magnitude o f storm surge occurrence is typically documented through the analysis o f 

long-term tidal records and the return periods o f  particular surge elevations identified 

(Harper et al., 1988). Unfortunately, tidal records for this region extend back only as far 

as 1961 and the record contains numerous gaps such that some o f  the largest known 

surges in this region, in 1944, 1970 and August 23rd 1986, were not recorded. As a result, 

an insufficient number o f large surges have been recorded to accurately estimate return 

periods o f potentially destructive surges (Simmonds et a l ,  2008).

Kokelj et al. (2012) used field data, remote sensing, and Inuvialuit knowledge to 

document regional ecological change in the outer Mackenzie D elta and to explore the
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timing, causes, and implications o f the 1999 storm surge. The 1999 storm surge event 

was different than previously documented storm surges in the region and had such 

dramatic and devastating impacts on the outer Mackenzie Delta for a number o f reasons. 

On a broad scale, climate warming and particularly “polar amplification” has resulted in 

numerous impacts to the Arctic environment. For example, as sea ice extent declines, 

fetch (the distance o f open water across which the wind blows and generates waves) 

increases. Coupled with higher sea levels and increases in the intensity and frequency of 

arctic cyclones, conditions for heightened storm surge development are expected (Sepp & 

Jaagus, 2011).

More specifically, in the days leading up to the 1999 storm surge, the conditions 

were favourable for the creation o f a large Arctic cyclone capable o f producing a sizable 

storm surge (Kokelj et a l,  2012). The 1999 cyclone was a mesoscale Arctic storm that 

developed over the northeast Pacific and western Bering Sea, intensified explosively in 

the Gulf of Alaska and developed into a meteorological bomb (Perrie et al., 2008). The 

storm made landfall at Cape Newenham, Alaska, crossed the Rocky Mountains to the 

Yukon and Northwest Territories and re-intensified over a zone o f  high sea surface 

temperature gradients in the southern Beaufort Sea. Prior to the arrival o f  the cyclone, 

winds were blowing from the south and offshore, pushing the freshwater cap that resides 

adjacent to the outer Mackenzie Delta away from the coast (Kokelj et al., 2012). This 

may have allowed more saline water to upwell near the coast, replacing the normally 

freshwater with brackish water. As the storm moved to the east and away from the 

Mackenzie Delta, strong northwest winds developed and began pushing water from the 

Beaufort Sea into the Mackenzie Delta. The storm surge that developed was likely one of
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the largest to impact the delta in the past century and possibly in the last several centuries 

(Pisaric et al., 2011; Vermaire et a l ,  2013). With no freshwater cap and sea ice cover not 

yet formed, the low-lying coastline was left vulnerable to the rapid inundation o f the cold 

and brackish waters from the Beaufort Sea.

These circumstances, late in the season during a warm year when lakes and ponds 

had not yet completely frozen over and freezing o f  the active layer was not complete, 

provided ideal conditions for this storm surge to have significant ecological impacts for 

the outer Mackenzie Delta. The ecological impact was driven by the high salinity flood 

waters that flowed over the surface o f the outer delta causing the death o f much o f the 

shrub and herbaceous vegetation that dominated the area prior to this event (Pisaric et al., 

2011). A decade later, soils across the impacted area still have exceedingly high chloride 

concentrations, inhibiting the re-establishment o f vegetation communities (Pisaric et al., 

2011). Similarly, elevated lake-water salinity levels have also driven ecological changes 

in diatom and cladocera communities (Deasley et a l .  2012; Thienpont et al.. 2012). but 

the impacts to chironomid communities have yet to be studied.

The rapid loss of coastline is one major consequence of increased storm surge 

activity in Arctic regions. A recent study conducted by Jones (2009) found that a -65  km 

stretch o f Alaska coastline along the Beaufort Sea retreated an average o f  6.8 m per year 

between 1955 and 1979. During the next 23 years the rate increased by another 2 m per 

year. The low-lying coastline then lost 8.5 m o f land per year between 2002 and 2007, 

and -1 4  m between 2008 and 2009. These extreme losses are due not only to greater 

exposure of the land to storms from an increasingly ice-free Arctic, but also to melting 

permafrost that hastens coastal retreat in the Arctic.
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2.3 An overview o f the Mackenzie Delta

Spanning an area o f more than 13,000 km2, the Mackenzie Delta is the second 

largest Arctic delta, smaller only than the Lena River Delta in Russia, and lies at the 

northern margin o f North America (Bum & Kokelj, 2009). The land to the east and south 

o f the delta is the northwest comer o f the Interior Plain o f Canada, a sedimentary basin 

between the Cordillera mountain chain and the Canadian Shield. The delta itself fills a 

portion of the Mackenzie Trough, which trends northwest into the Beaufort Sea and is 

bordered by the Richardson Mountains to the west (Bum & Kokelj, 2009). The alluvial 

plain is approximately 62 km long and 210 km wide with an average elevation o f 15 

meters above sea level (Mackay, 1963). The area o f the delta covered by lakes varies 

from 15 to 30% of total area in the southern portion o f the delta, 30-50 % in the middle 

and <15% percent north o f  the treeline. In total there are more than 25,000 lakes in the 

Mackenzie Delta (Mackay, 1963).

There is a northward decrease in the proportion o f shrub tundra (including species 

such as Alnus viridis, tall Salix spp. and Betula glandulosa) across the Mackenzie Delta 

region (Lantz et al., 2010). The northward decrease in the dominance o f shrub tundra 

corresponds to an increase in the abundance o f dw arf shrub tundra including Ledum  

decumbens, Vaccinium vitis-idaea, Arctostaphylos rubra, Rubus chamaemorus and 

sedges Eriophorum vaginatum, and Kobresia hyperborean (Lantz et al., 2010). The low- 

lying ground o f the outer Mackenzie Delta is primarily dominated by sedge-wetlands 

(Cyperaceae), while small willow (Salix sp.) and alder {Alnus sp.) communities are 

generally found on aggrading point bars and lakes that grade into marshes (Tarnocai et 

al., 2004).
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The Mackenzie Delta is primarily underlain by 10 to 14 km  o f clastic and 

carbonate sedimentary rock of Cretaceous to Tertiary origin overlain by Wisconsinan till 

(Dixon et al., 1992). The oldest rocks in the Mackenzie Delta region are argillites that 

date back to the Precambrian and have been folded and faulted and possibly once formed 

a mountain chain that has since been eroded (Mackay & Dyke, 1990). During the Silurian 

and Ordovician, carbonates were exposed further south in the Campbell Uplift. While the 

majority o f this fossil land surface has since been buried by Cretaceous shale, portions of 

it remain exposed to this day (Mackay & Dyke, 1990).

During the Wisconsinan glaciation, the Mackenzie Delta region was almost 

entirely covered by the Laurentide ice sheet, when the maximum extent o f ice was 

reached about 30 ka BP or slightly thereafter (Murton, 2009). However, portions o f the 

outer Mackenzie Delta and Richards Islands remained ice-free throughout much o f the 

last glaciation and the region around Inuvik became ice free at approximately 14,500 BP 

(Ritchie, 1985). The modem Mackenzie Delta is a post-glacial Holocene feature (Murton, 

2009). It consists primarily o f silt transported seaward following the last glaciation by 

drainage diverted from the Mackenzie Basin (Murton, 2009). To this day, the Mackenzie 

Delta continues to grow at a rate o f approximately 128 metric tonnes (Mt) o f sediment 

per year, with 83 percent supplied by the Mackenzie River and the remainder by the Peel 

River (Carson et al. , 1998). The sedimentation rate in most delta lakes averages 

approximately 5 mm/yr (Marsh et al., 2002).

Sea level along the Beaufort Sea coast o f the outer M ackenzie Delta has risen 

throughout the Holocene causing a coastal retreat o f over 100 km, resulting in four 

distinct depositional histories for terrestrial sites in the area (Burn, 1997). First, there is
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the portion o f the delta that remained above water throughout the Holocene. This upland 

terrain is mainly comprised of surficial materials that are typically aeolian sand or till 

(Dallimore et al., 1997). Secondly, parts o f  the outer Mackenzie D elta have been 

submerged by rising sea-levels, but have emerged as a result of sedimentation (Murton,

2009). Thirdly, in the majority o f  the delta, the surface has been rising due to isostatic 

uplift following the last glaciation. As the land becomes more elevated, permafrost also 

begins to aggrade, further elevating the surface (Bum, 1997). Finally, in the thermokarst 

basins o f the Tuktoyaktuk coast to the north and east o f  the delta, the sediments are 

commonly found to be reworked lacustrine deposits with a layer o f  peat at the surface 

(Murton, 1996).

2.4 Modem climate regime of the Mackenzie Delta region

The Mackenzie Delta region is located in the high sub-Arctic eco-climatic zone of 

Canada and is characterized by short, cool summers and very cold winters (Bonsai & 

Kochtubajda, 2009). Across Canada, 20th century warming trends have been greatest in 

northwest Canada and the Mackenzie Basin in particular (Bonsai & Kochtubajda, 2009). 

Monthly average temperatures for Inuvik range from -27°C  in January to 14°C in July 

(Environment Canada, 1971-2000 climate normals). Extreme daily temperatures have 

varied from approximately -56°C  to 32°C (Bonsai & Kochtubajda, 2009). The 

Mackenzie Delta region is experiencing rapid changes in terms o f  temperature as the 

mean annual air temperature has increased by more than 2.5°C since 1970 (Bum & 

Kokelj, 2009). Warming has been most pronounced during winter and spring (by -3 .0  

°C).
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Annual precipitation has increased by 5-35 % across many parts o f Canada 

during the last half century, with the greatest increases having occurred north o f 60°N 

(Zhang et al., 2000). Mean annual precipitation in the Mackenzie Delta region is 

estimated at 250 mm, but there is large uncertainty due to inadequate sampling and errors 

with gauge measurements, especially in winter (Goodison et al., 1998). Brown (2000) 

found that between 1915 and 1997, precipitation values revealed an increase in the 

proportion of rain and snow falling as heavy events over the region. However, snow 

cover extent has decreased over most o f the Canadian Arctic, particularly during late 

winter/early spring (Brown, 2000). The warmer springs in the M ackenzie Basin are also 

reflected in the significantly earlier occurrence (nearly 10 days) o f  spring melt during the 

period 1950 to 1998 (Bonsai and Prowse, 2003). In terms o f extremes, Bonsai et al. 

(2001) found that in the Mackenzie Delta region, the period between 1950 and 1998 

experienced a trend toward fewer days with extreme low temperatures, and more days 

with extreme high temperatures during winter, spring, and summer.

Ground temperatures show similar warming trends and provide further the 

evidence of intense warming across the Arctic region. However, ground temperatures in 

the delta itself are distinctly different from the uplands located farther inland due to the 

thermal influence o f numerous lakes and shifting channels (B um  & Kokelj, 2009).

Across the Mackenzie uplands adjacent to the delta, ground temperatures have increased 

~1.5°C since the 1980s. During the same period, ground temperatures near the coast have 

increased nearly 2.5°C (Burn & Kokelj, 2009). However, the increase has been less 

pronounced in the delta, south o f treeline, due to the thermal influence o f water bodies on 

ground temperatures. The impact o f these increasing temperatures on permafrost is
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evident as the active layer thickness has increased by an average o f  8 cm on Richards 

Island between 1983 and 2008 (Bum & Kokelj, 2009). In addition, the southern limit o f 

the sporadic discontinuous zone has migrated northward across the southern Mackenzie 

Basin by approximately 120 km since the 1960s (Kwong & Gan, 1994).

Increasing temperatures have had and continue to have discernible environmental 

impacts in the Mackenzie Delta. For example, the freshwater ice season has become 

significantly shorter mainly due to earlier break-up (Lacroix et al., 2005). In fact, at the 

Mackenzie River East Channel, Marsh et al. (2002) found that the timing of spring break

up significantly advanced from an average date o f 6 June in the 1960s to 28 May in the 

1990s. Mackenzie Basin peak river flows also occur significantly earlier due to an earlier 

onset o f spring snowmelt (Woo & Thome, 2003).

2.5 Holocene climate regime o f the Mackenzie Delta region

Four distinct climatic phases have been recognized in the late glacial and

Holocene climate o f the Mackenzie Delta area through pollen analysis (Ritchie, 1985).

Between 14,500 and 12,000 BP, the climate in the delta region w as cold and dry,

followed by a gradual warming to the period o f maximum solar insolation around 10,000

BP (Ritchie et al., 1983). The warmest period in this region occurred during the early

Holocene (10,000 to 6,000 BP) and resulted in the advancement o f the treeline to beyond

its present day location. It was located further north during the early Holocene and

extended as far north as Tuktoyaktuk between 8,000 and 7,000 years ago (Ritchie et al.,

1983). Following 6,000 BP there was a return to cooler climatic conditions in the

Mackenzie Delta region except for a brief period from -1000  to  700 BP, known as the

Medieval Warm Period (Ritchie, 1985). However, during the last 40 years, the western
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Arctic o f North America has been one o f the most rapidly warm ing regions on Earth 

(Serreze et al. , 2000). The recent increase in mean annual tem peratures is widespread 

across northwestern Canada and is documented at all stations in the Yukon and 

Northwest Territories suggesting this warming trend is not peculiar to the Mackenzie 

Delta region (Bum & Kokelj, 2009).

2.6 Paleoecological studies in the context o f  climate records

With respect to the concept o f  ecological history, ‘ecology’ refers to present-day 

ecological factors that reflect the extant species’ niches, while ‘history’ accounts for 

longer term processes linked to ecological succession, range shifts and evolution (Rull,

2010). A relevant question with regards to ecological history is w here the boundary 

between the past (history) ends and the present (ecology) begins (Rull, 2010). 

Paleoecology, often defined as “the ecology of the past” , is the discipline charged to 

bridge the gap between ecology and history (Birks & Birks, 1980). Other possible 

definitions o f paleoecology are much more exhaustive but often incomplete, as they 

consider only the relationship between organisms and the (physical) environment, thus 

forgetting biotic interactions (Birks et al., 2010). An explicit and more complete 

definition would be: “the branch o f ecology that studies (the) past (of) ecological systems 

and their trends in time using fossils and other proxies” (Rull, 2010). Paleoecology uses 

data from the fossils and subfossils o f biological organisms found in the sediment to 

reconstruct the ecosystems of the past (Sahney et al., 2010). It involves the study o f fossil 

organisms and their associated remains, including their life cycle, living 

interactions, natural environment, and manner o f  death and burial to reconstruct the
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paleoenvironment. The aim o f paleoecology is therefore to build the most detailed model 

possible o f the ecological conditions in which previously living organisms were found 

(Sahney et al., 2010).

The most unique aspect o f paleoecological research is its ability to provide 

ecological data for a given area when written or instrumental records do not exist and 

thereby indirectly extend climate records when the optimal ecological conditions o f taxa 

are understood. Paleoecology provides a unique temporal perspective on patterns, causes, 

and rates o f ecological change due to natural hydrologic and climatic variability, as well 

as anthropogenic activity (Willard & Cronin, 2007). Paleoenvironmental reconstructions 

primarily utilize subfossil assemblage data from biological proxies such as pollen, 

ostracods, chironomids, diatoms, foraminifera and cladocera. Tree rings, and even 

geochemical proxies for aquatic or atmospheric conditions can also be used, allowing 

direct comparisons o f biological and physical patterns (Willard &  Cronin, 2007). If 

aspects o f an abiotic component in a past ecosystem can be studied directly or 

reconstructed indirectly, these variables can be regarded as a set o f  predictors or forcing 

functions within the past ecological system under study, provided the community is 

responsive to these factors. The biotic components o f  the system can thus be viewed as 

response variables (Birks et al., 2010). Relative species abundance and species richness 

describe key elements of biodiversity (Hubbell, 2001). Relative species abundance is a 

component o f biodiversity and refers to how common or rare a species is relative to other 

species in a defined location or community (Hubbell, 2001). The relative abundance o f 

each species is dependent upon changes in the relative abundance o f other species within 

the defined community, but the total relative abundance must always equal 100 percent

21



(Hubbell, 2001). The relative abundance o f a particular species w ithin a community will 

be greater if  conditions are found to be optimal for that species, w hile relative abundance 

o f those species with suboptimal conditions will be less in comparison. Species richness 

is simply the number o f different species represented in an ecological community, 

landscape or region. It is a count o f species, and it does not take into account 

the abundances o f the species or their relative abundance distributions (Colwell, 2009). 

Important ecological processes and properties such as the nature o f  biotic responses to 

environmental change, base-line conditions, thresholds, resilience, and ecosystem novelty 

can then be deduced from the paleoecological record (W illis & Bhagwat, 2009; Willis et 

al. 2010).

Most paleoecological research has focused only as far back as the last two million 

years (the Quaternary period), because older environments are less well represented in 

the fossil record due to loss or distortion via the fossilization process or diagenesis o f the 

enclosing sediments (Taylor & Wilson, 2003). Many studies concentrate on the Holocene 

epoch (~11,000 years), or the last glacial stage o f the Pleistocene epoch (from 50,000 to 

10,000 years ago) as paleoecological studies are dependent upon the length o f cores that 

can be retrieved from lakes and the time span that these cores represent (Sahney et al., 

2010). Only since the first half o f  the 20th century have scientists used fossils preserved in 

lake and bog sediments and the composition as well as physical properties o f these 

sediments as a basis for the quantitative reconstruction o f the past local and regional 

environment (Birks et al., 2010). The early studies o f Blytt (1881), Iversen (1944), von 

Post (1946), and others using plant macrofossils, animal remains, pollen assemblages,
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and peat stratigraphy laid the foundation for many o f the current quantitative 

paleoecological reconstructions (Willard & Cronin, 2007).

2.7 Chironomids as paleoecological indicators

The suitability o f chironomids for paleolimnologieal/paleoecological research can 

be summarized as follows: 1) chironomid faunas o f lakes are highly diverse (generally 

high numbers o f both species and individuals in lake sediments); 2) the environments 

potentially occupied by chironomids are extremely varied because o f  the ability o f 

individual chironomid species to tolerate large environmental gradients o f  pH, salinity, 

depth, oxygen concentration, temperature and productivity (Armitage et al., 1995). 

However, while the Chironomidae family is broadly tolerant of a  variety o f conditions, 

individual species are adapted to particular ecological conditions and habitats making it 

possible to relate species abundance to particular environmental conditions; 3) the 

chitinous head capsules o f the moulted skins are preserved in lake sediment and are 

usually abundant enabling continuous, high precision, fine resolution studies; 4) 

identification o f the remains to genus and often species level is possible; 5) due to the 

ecological requirements o f  the taxa, the subfossil record is indicative o f the ecological 

conditions at the time of sedimentation; 6) successional changes in the chironomid fauna 

are documented in the sediment and 7) such faunal successions are indicative o f changing 

ecological conditions during lake development. Thus, subfossil chironomids, in much the 

same manner as other biological proxies including cladocera and diatoms, provide 

valuable information on the environmental conditions during lake ontogeny (Hofmann, 

1988).
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Geographically, Chironomidae are the most widely ranging family o f aquatic 

inverterbrates with their distribution exceeded only by aquatic collembolans and mites 

(Armitage et a l ,  1995). In terms o f freshwater aquatic insects, Chironomidae contain the 

largest number o f aquatic species, and comprise roughly 25% of the freshwater 

macroinvertebrate group (Cure, 1985). Estimates o f global species richness, range from 

approximately 8,000 to more than 20,000 species (Coffman, 1995). The Chironomidae 

consists o f  ten subfamilies worldwide including Chilenomyiinae, Aphroteniinae, 

Buchonomyiinae, Telmatogetoninae, Podominae, Diamesinae, Prodiamesinae, 

Orthocladiinae, Tanypodinae and Chironomidae with the last three most commonly 

encountered in freshwater ecosystems and are the focus o f this study (Porinchu & 

MacDonald, 2003).

A number o f studies including McGarrigle (1980), Pinder (1980) and Winnell & 

White (1985) have identified substrate as an important determinant o f chironomid 

community composition and distribution. Chironomids tend to associate with particular 

substrates during their larval stage. Aquatic vegetation has been suggested to increase the 

amount o f potentially available benthic habitat and most studies indicate a positive 

relationship between the presence o f macrophytes and chironomid taxon abundance and 

diversity (Porinchu & MacDonald, 2003). Members o f both Orthocladiinae and 

Chironominae, which have been identified in the Mackenzie D elta area, have been found 

to prefer plant tissue and submerged wood for habitat over other subtrates (Cranston & 

Oliver, 1987).

Chironomids are holometabolous insects, meaning they experience complete 

metamorphosis during their lifetime from egg-larvae-pupae to adults (Porinchu &

24



MacDonald, 2003) (Fig. 1). During their lifetime chironomid larvae produce four moults 

(known as instars) o f which the head capsules o f  three are preserved in the sediment 

(Stahl, 1969).

ADULTEGG MASS

ADULT SWARM

EGG MASSES

Sediment Core

HEAD CAPSULE^
'  INSTAR 
LARVAL STAGES

PUPAE

Figure 1 - Typical life cycle o f aquatic Chironomidae (Porinchu & MacDonald, 2003)
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It typically takes a few days to a month for the eggs to hatch and the first o f four 

larval instars to emerge (Porinchu & MacDonald, 2003). The larvae undergo ecdysis 

(shedding o f the exoskeleton) three times which results in the second to fourth instars.

The majority o f the larval period is spent in the fourth larval instar stage where the larvae, 

which appear maggot-like in form, range from 1 to 20 mm in length (Porinchu & 

MacDonald, 2003). While the pupal phase is relatively brief, it is during this phase that 

the larvae metamorphose into the adult form. Adult chironomids appear quite similar to 

mosquitoes, though they lack scales on their wings and lengthy proboscis. Adult males 

form aerial swarms into which females enter, pair-off and mate (Porinchu & MacDonald, 

2003).) In temperate regions, a life cycle can be completed in one year, as compared to 

several years in high latitude regions. It has been documented that some o f the most 

common chironomid taxa in cold, arctic waters take 2 to 3 years to complete one 

generation (Porinchu & MacDonald, 2003).

Typically, only the remains o f  the 3 rd and 4th instar tend to  be preserved well 

enough in lake sediments for identification (Porinchu & M acDonald, 2003). However, 

there are certain constraints on the identification o f chironomid head capsule remains. 

Chironomid taxonomy is primarily based on characteristics of adult males, so in many 

cases it is impossible to identify a complete larva to species (Hofmann, 1988). In 

subfossil material, the body o f the larva is missing and often the head capsule is rarely 

complete since the antennae are generally absent. In many specimens only the ventro

lateral part o f the head capsule with the mentum remains intact (Fig. 2) and as a result, 

for some taxa including subfossil Chironominae and Orthocladiinae, identification is 

possible only to the generic rather than species level (Armitage et al., 1995). This may
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have implications with regards to the accuracy o f which a particular taxa is identified and 

may make it more difficult to conduct paleoenvironmental reconstructions without 

narrowing down the specific environmental optima o f a particular species.

Ventromental
Plates

Antennal
Pedestal

Mentum

Figure 2 - Images o f  Corynocera oliveri type-1 chironomid head capsules taken from 
DZO-29. Distinguishing features include the 3D shape o f the m entum with 3 median 
teeth and 4 lateral teeth on different focal planes. Antennal pedestal lacks any basal spur.
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The ecology o f  Arctic organisms is particularly interesting as the Arctic 

environment provides severe and potentially limiting stresses related to dissolved oxygen 

content, organic matter content, salinity and temperature (Gajewski et al., 2005). While it 

has long been recognized that correlations can be established between the types o f 

chironomid found in the profundal zone o f lakes and the trophic status o f the lake, little 

information appears to be available on the manner in which interactions between the 

measure o f trophic status are related to the composition o f the chironomid community in 

shallow water habitats, particularly in Arctic regions. In addition, it is not well 

understood how the various biotic and abiotic parameters interact to control the structure 

and composition of shallow water chironomid communities in Arctic lakes and ponds 

(Clair & Paterson, 1974). Several o f these could potentially be lim iting in the Arctic, 

where the sediments tend be inorganic and the climate includes low  temperatures, a short 

ice-free season and periods o f 24-hour darkness. These conditions vary in time and space, 

affecting the distribution and abundance o f Arctic chironomid organisms (Gajewski et 

al., 2005).

Although chironomids are most commonly used in paleolimnological studies to 

reconstruct lake productivity, they have also proven to be good indicators o f fluctuating 

salinity concentrations in lake environments (Hofmann, 1988). There are a number o f 

physiological adaptations, including osmotic regulation, which chironomids have 

developed that enable them to tolerate moderate salinities (Porinchu & MacDonald, 

2003). While most chironomids are limited to freshwater environments, some taxa such 

as Cricotopus/Orthocladius and Tanypus, are associated with saline environments and 

can be found at salinities exceeding 10,000 mg L '1 (W alker et a l ,  1995). It is generally

28



accepted that diatoms are slightly better salinity indicators than chironomids, however the 

siliceous remains o f diatoms and chrysophytes are often destroyed by dissolution in 

saline lake sediments (Walker et al., 1995). In these circumstances, the chitinous remains 

o f chironomids may provide the only available means to document salinity as well as to 

document ecological changes in lakes (W alker et al., 1995).

2.8 Documented ecological impacts o f storm surges

Periodic pulses o f saltwater into freshwater ecosystems w ill influence the survival 

and community composition o f a range o f biota. Although such dramatic increases in 

chloride concentrations may be rapid and short-lived, the consequences to the freshwater 

ecology are still relatively unknown (Nielsen et al., 2003). An understanding o f  the rates 

and processes o f colonization and stabilization o f aquatic communities is o f importance 

in predicting the recovery o f habitats from natural perturbations such as storm surges 

(Clair & Paterson, 1974).

There have been numerous studies that have documented chironomid distributions 

in lake sediments from the boreal and treeline regions o f North America (Walker, 1990; 

Walker & MacDonald, 1995; Olander et al., 1997, 1999; Lotter e t al., 1999; Brooks & 

Birks, 2000), and several recent chironomid-based studies from the Arctic (Quinlan et al., 

2005; Rolland et al., 2008; Porinchu et al., 2009). W ooller et al. (2003) show that the 

5180  values in head capsules o f  chironomid larvae are equilibrated with the 5180  o f the 

lake water in which they live and that chironomid 5 lsO can be used to provide 

quantitative estimates o f past changes in mean annual air temperature. Porinchu et al. 

(2009) describes the distribution o f midges in a suite o f  88 lakes in the central Canadian 

Arctic, in order to develop a quantitative inference model for average July air
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temperature. These lakes spanned five vegetation zones, with the southern-most lakes 

located in boreal forest and the northern-most lakes located in mid-Arctic tundra. 

Porinchu et al. (2009) found that a chironomid-based inference model, based on a two- 

component weighted average-partial least squares (WA-PLS) approach, provided robust 

performance statistics with a high coefficient o f  determination, low  root mean square 

error o f prediction and low maximum bias. That application o f the quantitative midge- 

based inference model provided the first quantitative estimates o f  the thermal conditions 

that existed during the Holocene. Sedimentary records from three Canadian high Arctic 

ponds on Ellesmere Island, spanning the last several thousand years, show major shifts in 

pond communities within the last ~200 years according to Quinlan et al. (2005). These 

examples o f paleolimnological research indicate that Chironomidae populations rapidly 

expanded and greatly increased in community diversity beginning in the 19th century. 

These invertebrate changes coincided with striking shifts in algal (diatom) populations, 

indicating strong food-web effects because o f  climate warming and reduced ice-cover in 

ponds. In a 2008 study conducted by Rolland et al. (2008), Chironomidae found in a 

Southampton Island (Nunavut, Canada) lake were utilized in an attempt to refine the 

knowledge o f Holocene climatic variability in this region. This study, which was mainly 

based on fossil chironomid interpretations, suggested that there was no significant 

warming at that site since -7000 yr BP. This is consistent with reconstructions further 

south in Quebec (Rolland et al., 2008), but contrasts with reconstructions obtained from 

the higher Arctic, and suggests that Southampton Island has not yet been influenced by 

climate warming trends that have been documented throughout the Arctic region. These 

are just a few examples o f the important chironomid work that has been conducted in the
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Arctic region during the past decade. However, chironomid-based research in these 

remote Arctic regions is ongoing and is vital to gain a better understanding o f how 

climate change has and continues to impact both the physical, biological and ecological 

components o f the Arctic system. To date, chironomids have not been previously used to 

examine the ecological impacts o f storm surges in the Arctic. This is where this study 

differs from other Arctic chironomid-based studies, and offers the potential to assess the 

fragility o f an Arctic ecosystem.

In a different region, in what was found to be the only other study similar to ours, 

Clair & Paterson (1974) examined two 90-cm sediment cores from Front Lake, New 

Brunswick, in an attempt to understand the ecological effects o f  a  saltwater intrusion on a 

freshwater chironomidae community. Clair & Paterson (1974) determined that the 

chironomid community consisted o f at least 24 species prior to a saltwater storm surge. If 

it is assumed that the destruction o f the original community has not modified the trophic 

potential o f the habitat, then the question is raised as to whether the community that will 

become established upon removal o f the disturbance will be identical to the pre

disturbance community (Clair & Paterson, 1974). Following the dilution o f the saltwater 

and a return to fresh water conditions, 23 species recolonized the lake, o f which 22 

occurred prior to the saltwater intrusion. Clair and Paterson (1974) concluded that the 

chironomid community established in Front Lake, both before and after the saltwater 

intrusion, had essentially identical species composition, relative abundances o f each 

species and species diversity indices. The chironomid assemblage above 5 cm was found 

to be essentially identical to the assemblage seen below 67 cm, prior to the saline
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inundation, in the 90 cm Front Lake core. Ultimately, the impacts o f  the storm surge did 

not significantly change the composition o f the chironomid community in Front Lake.

However, the Front Lake, NB region is a very different environment than that o f 

the Mackenzie Delta. Most importantly, the region lacks permafrost where chlorides can 

be sequestered for long periods o f time, providing an ample source o f chlorides to aquatic 

systems for potentially long periods o f time. Additionally, most flooding in the 

Mackenzie Delta is the result o f  spring break-up and is a freshwater flood. The timing of 

break-up and the spring freshet in the Mackenzie Delta is controlled by conditions in 

more southern regions well upstream o f the Mackenzie Delta (M arsh & Hey, 1994). As 

snow melts and temperatures warm in the southern headwaters o f  the Mackenzie and Peel 

Rivers, a flood o f water moves north into the still frozen M ackenzie Delta. W ater levels 

rapidly rise and ice jam s cause additional flooding (Marsh & Hey, 1994). However, lakes 

that are not connected to the delta channels remain ice covered during this flooding. As a 

result, the influx o f freshwater into these still frozen lakes (some o f which may be frozen 

to the bottom) is inhibited. Summer flooding in the Mackenzie D elta is normally due to 

storm surge events. As storms move across the region, powerful northwest winds can 

push saline water into the delta and flood low-lying lakes. Some o f the lakes that were 

flooded in the 1999 storm surge that impacted the outer M ackenzie Delta, still have 

chloride readings >100 mg L '1 and in some cases >5000 mg L '1 (Table 1). Similarly, soils 

in the impacted region continue to have high soil soluble chloride levels (Kokelj et al., 

2012). Therefore, it appears that recovery in Arctic systems impacted by storm surges 

may take considerably longer than in more temperate coastal regions.
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Table 1. Select physical and chemical variables from five lakes in the outer Mackenzie Delta, including study lakes DZO-29 and 
DZO-30, ordered according to distance from the coast (according to Table 1 from Thienpont et al., 2012). Samples for water 
chemistry analysis were collected using a helicopter in August 2009, from the centre o f the lakes approximately 1.0 m below the 
surface.

Lake ID Latitude
(°N)

Longitude
(°W)

Impacted 
or not?

Surface
Area
(ha)

Distance
from
coast
(km)

Cond.
(pS/cm)

pH n o 3-
(mg/L)

DOC
(mg/L)

Ca2+
(mg/L)

Na*
(mg/L)

cr
(mg/L)

so42-
(mg/L)

TP-F
(pg/L)

DZO-2 69 10' 
55.5"

135 58' 
59.1" Impacted 126.3 3.57 14955 8.08 0.44 8.1 244 2750 5920 716 8.0

DZO-29 69 09' 
20.5"

135 56' 
52.1" Impacted 3.5 6.49 12722 8.01 0.38 9.8 251 2270 5030 496 10.2

DZO-30 69 09' 
12.5"

135 57' 
02.0" Impacted 8.7 7.25 6855 8.19 0.27 12.9 125 1120 2530 208 10.7

T-34 69 17' 
28.6"

135 31' 
48.4"

Partially
Impacted 75.3 7.58 567.8 8.57 0.14 9.5 33.3 57.8 120 44 12.3

DZO-3 69 07' 
54.1"

135 57' 
08.1" Impacted 22.6 7.86 3090 8.63 0.28 13.1 79.9 475 1000 89 15.0

C-28 69 04' 
05.5"

134 54’ 
52.9"

Not
Impacted 228.8 42.99 240.1 8.5 0.12 9.6 23.9 6.1 7.7 34 9.5
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3.1 Introduction

The Arctic region has experienced some o f the most dramatic impacts o f global 

climate change, including significant temperature increases, decreasing sea ice extent and 

melting permafrost (Hudak & Young, 2001). Declining sea ice coverage is among the 

best quantified and most dramatic o f  the changes occurring in the Arctic since the late 

1970s (Comiso et al., 2008). Not only has climatic warming caused a decrease in the 

extent, and thickness o f  sea ice, but recent warming has also led to  an increase in the 

frequency and intensity of cyclonic activity in Arctic regions (Comiso, 2006). These 

changes could potentially have major consequences on already vulnerable Arctic 

ecosystems.

The Mackenzie Delta is a sensitive region, whose climate and physical 

environment are influenced by the adjacent Beaufort Sea (Prowse et al., 2006). Due to 

recent climatic warming, an increased frequency and intensity o f  Arctic cyclones is 

anticipated (Sepp & Jaagus, 2011). In the outer Mackenzie Delta, coastal inundation by 

strong storm surges during the ice-free season is an important agent o f disturbance 

(Manson & Solomon, 2007). Periodic pulses o f saltwater associated with storm surges 

into this freshwater-dominated ecosystem could influence the survival o f a range of biota. 

In most instances these impacts, especially increases in chloride concentration, are rapid 

and short-lived but, the consequences for freshwater biota are not fully understood 

(Nielsen et al. , 2003).

In September 1999, a large storm and associated storm surge swept saltwater 

approximately 30 km inland at the outer Mackenzie Delta front. Nearly 200 km 2 o f the 

outer Mackenzie Delta was impacted by this storm surge event (Solomon et al., 2000;
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Pisaric et a l ,  2011; Kokelj et a l, 2012). This sudden influx o f saltwater altered the 

freshwater-adapted terrestrial and aquatic systems that typify the outer Mackenzie Delta, 

and freshwater lakes and ponds were rapidly converted to brackish or saltwater systems 

(Pisaric et a l ,  2011). However, the direct ecological impacts o f storm  surges across this 

region have not been extensively studied, as these storms are spatially variable and have 

not been well documented, due to intermittent or completely absent instrumental records.

Paleolimnology provides a unique opportunity to assess the  ecological impacts on 

these coastal lake systems. To date, only a few studies have been conducted to examine 

the direct ecological impacts o f saltwater inundations on biological communities in the 

outer Mackenzie Delta. Using diatoms preserved in a small lake (DZO-29) located 

approximately 4 km from the Mackenzie Delta front, Pisaric et a l  (2011) showed a 

striking shift from freshwater-adapted to brackish diatom taxa as a result o f the 

September 1999 storm surge. Pisaric et al. (2011) also concluded that the ecological 

significance o f this event was unprecedented in the -1000  year history o f their study lake 

with diatoms indicating that no other ecologically-significant saline intrusion had 

occurred in the lake’s -1000 year history. The spatial extent of the ecological impacts on 

these lake systems was illustrated by Thienpont et a l  (2012). Upon examination, the 

diatoms from five impacted lakes at the delta front, show synchronous increases in the 

relative abundance o f brackish-water diatom taxa coincident w ith the timing o f the 1999 

storm surge. No similar changes occurred at a control lake located approximately 30 km 

inland from the delta front. Deasley et al. (2012) provided further evidence of the 

ecological impact o f the 1999 storm surge, examining cladocera remains from another 

small lake (DZO-30) in the outer Mackenzie Delta. The cladocera occupy a higher
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trophic level than diatoms, but were impacted in a similar manner following the 1999 

event (Deasley et al., 2012).

In this study, we analyze chironomid remains from two impacted lakes in the 

outer Mackenzie Delta (DZO-29 and DZO-30) as well as one control lake situated 

outside the impacted zone (C-27) o f the 1999 storm surge. Our objectives are (1) to 

quantify the impacts the 1999 storm surge had on the abundance and community 

composition o f chironomids in these freshwater lakes. In particular, we are interested in 

determining if  chironomid communities were eliminated or if  their species assemblages 

were altered following the sudden salinization o f these lakes; and (2) determining if 

ecological recovery has occurred in the decade since the storm surge. Ultimately, this 

research will also improve our knowledge and understanding regarding the salinity 

tolerances o f chironomid species in coastal Arctic lake systems. Given the transient and 

sensitive nature o f delta ecosystems, climate change and its associated changes in 

frequency and intensity o f  saltwater intrusions are likely to have increasingly important 

ecological impacts on these Arctic systems in the future (Marsh & Schmidt, 1993).

3.2 Methods

3.2.1 Site Description

The Mackenzie Delta is a productive alluvial ecosystem located on the Beaufort 

Sea coast o f Canada’s Northwest Territories (Fig. 3). It spans approximately 13,000 km2, 

making it the world’s second largest Arctic delta and the largest cold region delta in 

North America (Marsh & Schmidt, 1993; Goulding et al., 2009; Bum & Kokelj, 2009).

It is a feature of the Holocene comprised o f sediments deposited by the Mackenzie and
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Peel Rivers (Rampton, 1988). Topographic relief throughout the delta is low with 

surfaces within 10-20 km o f the coast being less than 0.5 m above sea level. The low 

relief that characterises the outer Mackenzie Delta makes the region highly susceptible to 

high magnitude storm surge events (Cahoon, 2006). The study site for this project is 

located adjacent to the Beaufort Sea and approximately 130 km northwest of the town of 

Inuvik, NWT and approximately 120 km west o f the hamlet o f Tuktoyaktuk, NWT.

Vegetation in the outer Mackenzie Delta is dominated by willows (Salix sp.) and 

alders {Alnus sp.) which grow on aggrading point bars, while sedges (Cyperaceae) and 

mosses dominate the poorly drained wetlands away from the stream channels (Mackay, 

1963) (Fig 4-9). Active-layer thickness ranges from about 60 cm in sedge wetlands to 

more than 120 cm in willow communities on aggrading point bars (Johnstone & Kokelj, 

2007).

The nearest climate station to our study site is located at Tuktoyaktuk, to the east 

o f the Mackenzie Delta. It has been operational since 1948 (Johnstone & Kokelj, 2007). 

The climate in this region is characterized by cold winters up to eight months in duration 

and short, cool summers (Bum, 2009). Mean January temperature is -212°C and mean 

July temperature is 10.9°C (Environment Canada, 1971-2000 climate normals). Regional 

differences in air temperature arise between inland sites such as Fort McPherson and 

cooler conditions at the coast due to the persistence o f  sea ice in early summer, and the 

contrast in albedo between boreal forest (<0.3) and tundra (0.75) as daily solar radiation 

increases in mid to late winter (Burn & Kokelj, 2009). Mean annual air temperatures and 

total precipitation are -7.3°C and -9.8°C and 310 mm and 151 m m  at Fort McPherson and 

Tuktoyaktuk, respectively (Bum & Kokelj, 2009). Late winter snow depths at
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Tuktoyaktuk are less than 40 cm and throughout the year, coastal conditions tend to be 

drier than farther inland (Environment Canada, 2005). Local patterns o f  snow 

accumulation are related to topography or vegetation because winds redistribute the snow 

(Mackay & Mac Kay, 1974).

Sea ice in the Beaufort Sea is present for the majority o f the year, with a short ice- 

free period along the coast occurring in late summer from August to September (Sepp & 

Jaagus, 2011). The channels o f the Mackenzie River become ice free much earlier, in late 

May to early June (Marsh & Hey, 1994).

3.2.2 Field Methods

Lake selection was determined using a combination of satellite and ground 

observations. DZO-29 (unofficial name) is a small (-3 .5  ha), equant basin with a 

maximum depth o f approximately 4.1 m (69° 09’ 20.5”N, 135° 5 6 ’ 52.1”W). DZO-30 

(unofficial name) has a slightly larger surface area (~8.7 ha), is m ore elongate and is 

approximately 1.8 m in depth (69° 09’ 12.5”N, 135° 57’ 02.0”W). Both lakes are located 

near the delta front, approximately 4 km from the present day coastline and within the 

1999 surge affected area. C-27 (unofficial name) has a maximum depth o f approximately 

3 m, surface area o f -258 ha and is located approximately 28 km  inland, and beyond the 

area impacted by the 1999 storm surge (69° 06' 41.64”N, 135° 18' 15.12”W). C-27 serves 

as a control site for this study (Fig. 3).

Sediment cores were collected from DZO-29 and DZO-30 in July 2010, and C-27 

in August 2009, using a Maxi-Glew gravity corer, with an internal diameter o f 7.62 cm 

(Glew, 1988) and extruded using a high-resolution extruding device (Glew et al., 2002) 

(Fig. 4-9). Sediment cores from DZO-29, DZO-30 and C-27 m easured 45.5 cm, 25.5 cm
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and 16.5 cm in length, respectively. Cores from each lake were sectioned at 0.25 cm 

intervals for the top 5 cm o f the core, and 0.5 cm intervals below a  depth o f 5 cm. 

Samples were placed in Whirlpak® bags and shipped to the Carleton University 

Palaeoecology Laboratory where they were stored at 4°C until analysis.
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Figure 3 -  Enlarged map of study region (left) in the outer Mackenzie Delta, Northwest Territories, Canada. The black circles with 
labels indicate the approximate position of the lakes discussed in this study, while those without labels were sampled for use in 
another study. The black box within the map delineates the approximate area impacted by the 1999 storm surge. DZO-29 and DZO-30 
are located within the impacted zone while C-27 is more than 20 km outside the impacted zone. The smaller map (right) indicates the 
location o f the study area (red box) within the broader context of the Mackenzie Delta region in the Northwest Territories, Canada.
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Figure 4 - Vegetation affected by 1999 storm surge surrounding DZO-29 (taken July 2010). Greenish-coloured areas suggest minor 
recovery by vegetation (most noticeably sedges (Cyperaceae) and mosses), while brown areas indicate dead vegetation. The vast 
majority o f willow (Salix sp.) and alder (Alnus sp.) bushes in the surge impacted zone remain deceased to this day.
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Figure 5 -  This image shows the severity o f the impacted vegetation of the outer Mackenzie Delta ‘dead zone’ (taken August 2011). 
Green patches indicate new areas of growth (sedges (Cyperaceae) and mosses), while the brown and grey areas indicate the extent of 
the dead vegetation. Prior to the 1999 storm surge event, the entire field of view would have been covered in green sedges 
(Cyperaceae) and mosses as well as willow (Salix sp.) and alder (Alnus sp.) shrubs.

43



Figure 6 -  Aerial view of the outer Mackenzie Delta ‘dead zone’ depicting the spatial variation of saltwater impact on the 
region’s lakes and vegetation (taken August 2011).
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Figure 7 -  Collection o f cores from DZO-29 (taken July 2010).
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Figure 8 -  Vegetation affected by 1999 storm surge surrounding DZO-30 (taken July 2010).
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Figure 9 -  Aerial view o f the most northern portion of the ‘dead zone’ with its sparse vegetation and multitude of small lakes and 
ponds (taken August 2011).
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3.2.3 Chronological dating and laboratory analyses

3.2.3.1 210Pb chronology development

Cores C-27 and DZO-30 were dated at MyCore Scientific Inc (Deep River, ON, 

Canada). Alpha counting using 210Po was used to determine sediment age for core DZO- 

30 with the CRS model used for sediment age determination. The granddaughter o f 2l0Pb 

is 210Po (Flynn, 1968). 210Po decays with a half-life o f 138 days and emits an alpha 

particle. These emissions can be detected by alpha spectrometry and can be combined

■jao OOQ
with isotope dilution using Po or Po to increase the accuracy o f the analysis. The 

radioactive decay o f 210Po emits an alpha particle that has energy o f 5.3 MeV, while the 

energy o f the 209Po alpha particle is about 5.1 MeV (Flynn, 1968). Particles emitted at 

these two energies can be identified using the alpha spectroscopy system. The system 

consists o f  a surface barrier detector, preamplifier, amplifier, m ixer router, analog to 

digital converter, multi-channel analyzer, and appropriate com puter software (Flynn, 

1968). The samples are counted for periods o f 0.25 to 2 days depending upon the activity 

o f 2l0Pb in the samples. The activity o f 210Po in the sample is determined from the ratio of 

the total counts o f 209Po to 2l0Po and from the quantities o f sediment and 209Po added to 

the sample. Blanks and standards are measured to verify the performance o f all aspects of 

the procedures and the instrumentation. The 209Po standard that is added to each sample 

also serves as an excellent internal standard to monitor the quality o f  the analysis. Details 

are presented in Flynn (1968) and Evans and Rigler (1980) with modifications described 

in Comett et al. (1984) and Rowan et al. (1995).
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It is important to note that all dates are approximate. 210Pb, a radioactive form of 

lead, is one of the last elements created by the radioactive decay o f  the isotope uranium- 

238 (238U) and decays with a half-life o f about 22 years (Appleby & Oldfield, 1978). As 

such this dating method accurately covers the past period o f approximately 75-100 years. 

Since it takes about 7 half-lives, or 150 years for the Pb in a sample to reach near-zero 

radioactivity, it is no longer considered an accurate dating m ethod for longer timespans 

(Appleby & Oldfield, 1978).

3.2.3.2 Chironomid analysis

Sediments were prepared for the analysis o f chironomid remains using standard 

procedures outlined in Walker et al. (1995). Samples were first placed in 5% KOH and 

heated for 30 minutes at low temperature (~30°C), then gently sieved through an 80 pm 

mesh. For each interval, approximately 50 head capsules (Quinlan & Smol, 2001) were 

picked from the processed sediment, using a Bolgorov tray, and mounted on microscope 

slides using Permount®. The amount o f  wet sediment used ranged from 1.0 g to 5.0 g to 

obtain the minimum of 50 chironomid head capsules recommended for statistical 

analyses (Quinlan and Smol, 2001). Unfortunately, a uniform am ount o f sediment could 

not be used for each sample as previous studies conducted on the same cores depleted the 

available sediment. Due to low head capsule counts in selected intervals in all 3 cores, 

adjacent 0.25 cm intervals were amalgamated into 0.5 cm intervals. This ensured that all 

depths in the cores were analyzed throughout and that each interval contained as close to 

50 head capsules as possible, while still maintaining reasonably high resolution for 

analysis.
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Identification o f  chironomids was performed at 200 to 400x magnification using a 

Nikon Eclipse 80/ light microscope. A taxonomic guide o f key distiniguishing head 

capsule features prepared by Oliver and Rousell (1983) was used to identify chironomids 

to the lowest taxomomic level based on available head capsule features. Due to the 

abundance o f broken, partially missing or disintegrated head capsules, in some cases 

identification could only be made to the genus level.

3.2.3.3 Statistical analysis

For each interval, relative abundances o f each taxon based on count data as well 

as the total number o f chironomid individuals per gram o f dry sedim ent per year 

(chironomid accumulation rate) were calculated to estimate changes in chironomid 

density through time. Relative abundance stratigraphic plots including all chironomid 

taxa, were prepared for each core using the computer program C2 (Juggins, 1991).

During the creation o f the stratigraphic plots, chironomid taxa were ordered from lowest 

to highest salinity tolerances based on criteria by Walker et al. (1995). Constrained 

incremental sums of squares (CONISS) cluster analysis was conducted using the rioja 

package (Juggins, 2012) in the R statistical program (R Core Team, 2012) on the 

complete chironomid count datasets for each lake. This was done to better illustrate the 

main biostratigraphic zones o f change within the cores (Bennett, 2006). The significance 

o f the CONISS zones was determined using the broken stick model (Bennett, 2006).

In addition, inferred average July air temperatures were calculated using the 

original interpolated count data. Taxa names were replaced with corresponding taxa code 

names from Barley et al. (2006). July temperature reconstructions were calculated for 

each o f the 3 cores using the transfer function presented Barley et al. (2006) that was
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developed from a northwest North American training set consisting o f midge 

assemblages and data for 17 environmental variables collected from 145 lakes across 

Alaska, British Columbia, Yukon, Northwest Territories, and the Canadian Arctic 

Archipelago. This was performed using the statistical program R and is plotted on the 

relative abundance plots for all 3 lakes. The inferred temperatures from all 3 lakes were 

also plotted against the actual average July air temperature for Inuvik as provided by 

Environment Canada. A Loess smoother, a locally weighted polynomial regression, was 

applied to the Inuvik temperature data in order to more easily identify the trend in the 

average July air temperature data. Correlations between the inferred average July air 

temperature reconstructions and the 5-year running average o f the raw Inuvik 

temperature data was calculated using the Pearson Product M oment Correlation (PPMC) 

method. Moving averages are commonly used with time series data in order to smooth 

out short-term fluctuations and highlight longer-term trends or cycles (Chou, 1975).

Taxon richness was calculated using rarefied uninterpolated count data, as well as 

rarefied interpolated count data o f all taxa for each o f the 3 lakes. Smol (1981) indicates 

that calculating taxon richness in paleolimnology is difficult using uninterpolated data as 

the time steps between samples are not always the same and suggests that interpolation of 

the data to create equal time steps between samples is an attempt to address this problem. 

Interpolated count data for each lake was determined using AnalySeries software 

(Version 2.0.4). Rarefaction is based on a statistical procedure that is used to calculate the 

number o f species expected in a sub-sample o f individuals selected at random from a 

larger sample (Koellner et al., 2004). Rarefaction was used to calculate taxon richness as 

opposed to other diversity measures as it can be used to standardize samples that differ in

51



terms of individual or plot size (Koellner et a l., 2004). This cannot be done by simple 

linear interpolation, because the relationship between richness and count size is not linear 

(Birks & Line, 1992). It removes the unavoidable bias in richness estimates caused by 

differing count sizes, separating the possible effects o f  sample size on variability from 

true ecologically-meaningful differences (Birks & Line, 1992).

3.3 Results

3.3.1 Physical nature o f  DZO-29, DZO-30 and C-27

The physical appearance o f the sediment from DZO-29, DZO-30 and C-27 was 

similar. Sediment from all 3 cores was greyish-brown in colour throughout, with no 

visible laminations. Interestingly, reddish-coloured sediments w ere noted at various 

intervals throughout all 3 cores. Lead-210 dating indicates that sedimentation rates o f the 

two dated cores are comparable (Fig. 10). Sedimentation rates fo r impacted lake DZO-30 

range between 4 and 10 year cm '1. Control lake, C-27, has sim ilar sedimentation rates 

(ranging between 3 and 9 year cm '1) as DZO-30 until a depth o f  -1 0  cm. Below 10 cm, 

the sedimentation rate o f the two dated cores increases to above 10 year cm '1 and must be 

used with caution as the error becomes too large for the dates to be considered reliable. 

Due to the relatively short length o f the C-27 core, background 210Pb levels were not 

reached and the average activity o f 214Bi was used to estimate the background 210Pb 

activity (Appleby & Oldfield, 1978). Unfortunately, due to the lack o f available sediment 

from DZO-29 following chironomid analysis, it was not possible to date this core for the 

purpose o f this study.
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Figure 10 -  Suggested age-depth relationships for sediment cores DZO-30 (blue line) and C-27 (red line) using 2l0Pb ages (constant 
rate of supply (CRS) model).
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3.3.2 Chironomid assemblage changes fo r  lake DZO-30

Thirteen chironomid taxa were identified in the 25.5-cm long sediment core from 

DZO-30 (Table 2). CONISS analysis o f  DZO-30 chironomid head capsule counts 

indicates that there are two significant breaks in the chironomid assemblage data (Fig. 

11a) resulting in 3 distinct zones. The first significant change in the chironomid 

assemblage occurred at a core depth o f 13.75 cm. Zone 1 extends from the base o f the 

core to 13.75 cm, and is dominated by Cricotopus/Orthocladius w ith relative abundances 

ranging from 30 to 50% and Chironomus accounting for -20%  o f  indentified head 

capsules. Corynocera oliveri type-1, Procladius and Par at any tarsus, Pseudochironomini 

and Sergentia have very low abundances (<10%), while Tanytarsus and Psectrocladius 

have abundances o f -20% .
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Table 2. Indicates the presence or absence o f select chironomid taxa in study lakes DZO- 
29, DZO-30 and C-27.
Chironomid Taxon DZO-29 DZO-30 C-27

Paratany tars us Present Present Present
(Thienemann & Bause, 1913)
Tanytarsus (van der Wulp, 1874) Present Present Present
Tanytarsus lugens-type Present Absent Absent
(Kieffer in Thienemann & Kieffer, 1916)
Corynocera oliveri type 1 Present Present Present
(Zetterstedt, 1838)
Cryptotendipes (Kieffer, 1913) Present Present Absent
Dicrotendipes (Kieffer, 1913) Present Absent Absent
Microtendipes (Kieffer, 1915) Present Present Present
Chironomus (Meigen, 1803) Present Present Present
Chironomus anthracinus-type Present Present Present
(Zetterstedt, 1860)
Chironomus plumosus-type Present Absent Absent
(Linnaeus, 1758)
Endochironomus (Kieffer, 1918) Present Absent Absent
Sergentia (Kieffer, 1922) Present Present Present
Stempellinella/Zavrelia (Brundin, 1949) Present Absent Absent
Cladotanytarsus mancus-type Present Absent Absent
(Kieffer, 1921)
Cricotopus/Orthocladius Present Present Present
(van der Wulp, 1874)
Psectrocladius {Kieffer, 1906) Present Present Present
Pseudochironomini (Malloch, 1915) Present Present Present
Procladius (Skuse, 1889) Absent Present Present
Cryptochironomus (Kieffer, 1918) Absent Present Absent

DZO-30 Zone 2, which occurs between 13.75 cm and 3.25 cm (~AD 2000) is 

marked by distinct decreases in Cricotopus/Orthocladius, Psectrocladius and 

Chironomus, to relative abundances <20%. At approximately the same time Corynocera 

oliveri type-1 becomes more abundant accounting for 25 to 50% o f all identified head 

capsules. Also notable in Zone 2 is the complete disappearance o f  Procladius from the 

lake.

DZO-30 Zone 3, from 3.25 cm (~ AD 2000) to the top o f  the core (~AD 2010), 

was once again dominated by Cricotopus/Orthocladius, but also by Paratanytarsus with
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relative abundances ranging from 20% to upwards o f 50%. Zone 3 is also distinguished 

by the almost complete disappearance o f  Sergentia as well as the dramatic decrease in the 

relative abundance o f Corynocera oliveri type-1 from abundances greater than 25% in 

Zone 2 to less than 10% in Zone 3. Chironomus remains low in abundance (<10%), while 

the relative abundances o f Pseudochironomini, Tanytarsus, Chironomus anthracinus- 

type, remained relatively constant throughout the core.

The July air temperature reconstruction for core DZO-30 indicates that 

temperatures peak at ~23 cm around 12°C, followed by a decrease to an average of 

approximately 11 °C between 22 and 17 cm (Fig. 1 la  and 12). This is followed by an 

increase in average temperature to ~12°C at 14 cm. From a depth o f  approximately 14 cm 

until 6.5 cm, temperatures remain relatively stable around 11.5 °C, with a slight increase. 

Above 6.5 cm, temperatures become more variable with a noticeable drop to -1 0  °C at 

approximately 4.25 cm (-A D  1995). In Zone 3, average July air temperature remains 

variable, with a notable drop to 10.5°C at approximately 2.75 cm (-A D  2001) followed 

by a sharp increase to 11.5°C and remains high until the top of the core (-A D  2010).

This reconstructed average July air temperature record is plotted along with the average 

July air temperatures, as provided by Environment Canada dating back to 1926 (Fig. 12).

The Pearson Product Moment Correlation calculated, based on the 5 year moving 

average for DZO-30 was, r = 0.13, p = 0.24.

Total CAR o f all taxa in DZO-30 indicates an increase in the concentration o f 

chironomid head capsules following the 1999 storm surge event at -2 .50  cm (-A D  2003) 

to concentrations exceeding 300 to upwards o f 500 head capsules g '1 year'1 (Fig. 13a). No 

large increase in CAR was seen prior to the 1999 storm surge event and chironomid head
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capsule concentrations were generally found to be below 100 head capsules g '1 year'1 for 

the majority o f the core.

Taxon richness in DZO-30 ranged between 6 and 10 taxa (Fig. 14a). A decrease 

in taxon richness to 7 taxa occurred in the early 1930s (~11.25 cm ), but is followed by a 

general increase to a peak o f approximately 10 taxa in the early 1980s (-6.0-6.5 cm). 

There is a drop in richness prior to the 1999 event at 4.0 cm (-A D  1998). Following the 

1999 storm surge, taxon richness in DZO-30 suggests an overall decreasing trend.

3.3.3 Chironomid assemblage changes fo r  lake DZO-29

Seventeen chironomid taxa were identified in the 45.5-cm sediment core o f DZO- 

29 (Table 2).

Three significant shifts in chironomid assemblages were identified by CONISS 

for DZO-29 (Fig. 1 lb). DZO-29 Zone 1 extends from the base o f  the core to -3 7  cm. The 

zone is dominated by Cricotopus/Orthocladius with relative abundances o f -20-40% , and 

Paratany tarsus with abundances between -10-30% , while Corynocera oliveri type-1 and 

Sergentia are less common attaining relative abundances o f  only —5% and 10%, 

respectively.

DZO-29 Zone 2 extends from -3 7  to 9 cm core depth and is characterised by a 

slight increase in Tanytarsus abundances and a more significant change in the relative 

abundance o f Corynocera oliveri type-1 from values o f -5 %  in Zone 1 to upwards o f 20- 

40% in Zone 2. Concomitant with these changes, are decreases in the relative abundance 

o f Cricotopus/Orthocladius (from -20-40%  to < 20%) and Paratanytarsus (-10-20%  to 

<5% early in Zone 2) (Fig. lib ) .
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Zone 3 which occurs from a depth o f - 9  cm to the top of the core is broken into 2 

subzones, 3a and 3b. Zone 3a, from -9  cm to -4 .25cm is marked by a distinguishable 

increase in the relative abundance o f Cricotopus/Orthocladius from  -10-20%  in Zone 2 

to up to -30%  in Zone 3a as well as the complete disappearance o f  Sergentia and 

Corynocera oliveri type-1 (Fig. 1 lb). Prior to Zone 3, Sergentia had remained relatively 

constant throughout the core at -5-15% . In addition, Paratany tarsus becomes more 

abundant in Zone 3a accounting for 20-40% o f the chironomid assemblages in this zone. 

Zone 3b, which extends from -4 .25 cm to the top of the core, is differentiated from Zone 

3a due to the rapid and dramatic rise in the relative abundance o f  Cricotopus\ 

Orthocladius from <30% to >30% as well as increased abundances o f Tanytarsus.

In much the same manner as that o f DZO-30, the July air temperature 

reconstruction for core DZO-29 suggests that temperatures peak at ~12°C around 23 cm, 

then decrease to an average o f approximately 10.5 to 11 °C between 22 and 16 cm (Fig. 

12b). This is followed by an increase in average temperature to ~12°C at 15 cm. From a 

depth o f approximately 15 cm until 6 cm, there is an overall general decrease in the 

average July air temperature with a noticeable drop to - 9  °C at approximately 6 cm. 

Following this sudden drop, the average July air temperature becomes more variable, 

increasing rapidly to approximately 11°C at -4  cm, before decreasing once again.

Finally, the chironomid inferred temperature reconstruction increases sharply to 

~14°C at the top o f the core. The reconstructed average July air temperature record for 

DZO-29 is also consistent with the average July air temperature data as provided by 

Environment Canada as well as the reconstruction from DZO-30. Using the Pearson 

Product Moment Correlation between the records, the DZO-29 temperature
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reconstruction was also not found to be correlated to the Inuvik temperature record (r -  - 

0.036, p = 0.75).

CAR for all taxa in DZO-29 total less than -100  head capsules g '1 year'1 from the 

bottom o f the core until -4  cm. An abrupt increase in CAR to between 400 and 700 head 

capsules g '1 year'1) occurs from -4  cm to the top o f the sediment core (Fig. 13b).

Taxon richness is relatively constant throughout the core, ranging from 5 to 8 species, but 

does indicate an increase until a depth o f  approximately 9 cm based on the uninterpolated 

as well as interpolated count data incorporating all taxa (Fig. 14b). Taxon richness peaks 

at a depth o f -25  cm and -13.5-16.5 cm at a maximum o f 8 taxa, but drops rapidly to 

approximately 2 taxa at -4-5.5 cm depth. Taxon richness in DZO-29 quickly recovers to 

6 taxa at -2.75 cm, before dropping dramatically to 3 taxa at 2.25 cm. There appears to 

be a recovery to -7  taxa near the very top o f  the core at - lc m . Overall, taxon richness is 

found to be lower above a depth o f 9 cm (Fig. 14b).

3.3.4 Chironomid assemblage changes fo r  lake C-27

In the 16-cm long sediment core from control lake (C-27), situated outside the 

storm surge impacted zone, eleven chironomid taxa were identified o f which nine are 

present in all 3 cores (Table 2). C-27 had no significant shifts in the chironomid 

assemblage as determined by CONISS (Fig. 11c). The core was dominated by 

Chironomus throughout, ranging in abundances from 30 to 40%, followed by 

Cricotopus/Orthocladius with relative abundances consistent around 20%. With the 

exception o f Paratanytarsus and Procladius, the remaining 8 taxa found in the core, have 

relative abundances below 10%, though Procladius disappeared completely from the 

record at a depth o f approximately 5cm (-A D  2000). Unlike the changes in chironomid

59



assemblages recorded in DZO-29 and DZO-30, there were no significant increases of 

Par at any tarsus near the top of the C-27 sediment core. There was an increase in one 

sample in the relative abundance o f Cricotopus/Orthocladius, however this increase 

could be due to changes in the relative abundance o f other chironomid types such as 

Chironomus, Par at any tarsus and Tanytarsus which all decrease a t the same time. In 

addition, there was no noticeable decrease or disappearance of Sergentia  which occurred 

in both cores from the impacted zone.

The inferred average July air temperature reconstruction for control core C-27 

indicates an overall decreasing trend in temperature and was less variable then those o f 

impacted cores DZO-29 and DZO-30 (Fig. 1 lc). Unfortunately, the record from C-27 is 

short, only 16cm in length and does not extend beyond the 20th century. Therefore, it fails 

to capture the more variable conditions recorded in DZO-29 and DZO-30 at the likely 

termination o f the Little Ice Age. Overall, the reconstructed July air temperature record 

for C-27 is comparable with those from DZO-29 and DZO-30 as well as the July air 

temperature data, as provided by Environment Canada (Fig. 12). The PPMC calculated 

for C-27 based on 5-year moving averages is r = 0.18, p=0.10.

CAR o f all taxa for C-27 remained below 100 head capsules g '1 year'1 from the 

base o f the core until -  7cm (-A D  1916 to -1990 AD) where it increases to -  300 to 400 

head capsules g '1 year’1 until —4 cm (~AD 2002). Between ~ 4 cm  and -  1.5 cm (-A D  

2002 to -A D  2008) CAR returns to below 100 head capsules g '1 year'1, but increases 

dramatically to greater than 400 head capsules g '1 year'1 from -1 .5  cm to the top o f the 

core (-A D  2008 to -A D  2010) (Fig. 13c). Taxon richness in C-27 was less variable then 

that for DZO-29 and DZO-30, ranging between 6 and 9 taxa, bu t remained relatively high

60



at -9  taxa throughout the majority o f the core with no discernible decrease following the 

1999 storm surge event (Fig. 14c). Abrupt decreases in taxon richness to 6 taxa occurred 

at -14.5 cm (-A D  1932), -9  cm (-A D  1985), -8  cm (-A D  1987) and -3 .50  cm (-A D  

2004).
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Figure 1 la  -  Relative abundance diagrams for the chironomid taxa from impacted lake DZO-30. Taxa are organized from left to right 
according to their increasing salinity tolerances. Cluster analysis was used to determine the main zones of change in species 
assemblage, and is displayed next to the plots. The solid black lines delineate chironomid community zones as determined by 
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inferred by the chironomid data (using a transfer function from Barley et al. (2006)).
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calculated by R software (version 0.94.110) using chironomid count data o f all taxa for
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Figure 14b -  Uninterpolated (red) and interpolated (blue) taxon richness plots as
calculated by R software (version 0.94.110) using chironomid count data o f all taxa for
impacted lake DZO-29.
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calculated by R software (version 0.94.110) using chironomid count data o f all taxa for
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3.4 Discussion

3.4.1 Chironomid response to the 1999 storm surge event

The chironomid data from DZO-30 is consistent with the dramatic shifts in 

diatom assemblages in DZO-29 following the rapid inundation o f  saltwater in September 

1999 (Thienpont et a l, 2012) and suggest similar ecosystem impacts. The marked 

decrease in the relative abundances o f Sergentia and Corynocera oliveri type -1 and the 

dramatic increase in Cricotopus/Orthocladius and Paratanytarsus abundances following 

the 1999 surge indicate the storm surge had an immediate ecological impact on 

chironomid communities living in these lakes. Despite having a low  temperature optima 

of 10.3°C, Sergentia is highly intolerant o f saline conditions and survives only under 

dilute salinity levels (0-100 mg L '1) (W alker et al., 1995). Thus its disappearance after 

the storm surge and the rapid transition to higher salinity levels (in  excess o f 1000-5920 

mg L’1 C1‘ in some instances (Table 1)), is not surprising and illustrates the ecological 

impact this event had on chironomid communities living in these lakes. After the rapid 

inundation o f saline/brackish water in September 1999, Paratanytarsus and  

Cricotopus/Orthocladius, two cold water, saline-tolerant taxa (W alker et al., 1995), 

became abundant in DZO-30 and both continue to be important components o f the 

chironomid assemblage o f this lake to present day. It is important to note that although 

Paratanytarsus is shown in the relative abundance plots to have a lower salinity optima 

then the salt-adapted Cricotopus/Orthocladius taxa, Paratanytarsus could only be 

identified to the genus level and as such it should b kept in mind that species within this 

genus can be abundant over a broad salinity range (0-15,000 mg L"1).
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In core DZO-29, a significant shift in chironomid assemblages occurred at a depth 

o f 9 cm and is represented by the nearly identical changes in the chironomid assemblage 

described in the dated sediment core from DZO-30. The rapid and dramatic decreases in 

Corynocera oliveri type-1, and Sergentia coupled with increases in the relative 

abundances o f Paratanytarsus and Cricotopus/Orthocladius suggest that the chironomid 

assemblage change occurring at 9 cm in DZO-29 is likely an ecological response to the 

1999 storm surge, but must be viewed with caution due to the lack o f dating control.

The difference in the depths o f the assemblage changes between cores DZO-29 

and DZO-30 is likely due to differing sedimentation rates between the two lakes, but 

without dates associated with DZO-29, this is speculative. However, sedimentation rates 

are known to differ greatly not only between lakes with close proximity to one another 

(Hatfield et al., 2008), but also from cores from different parts o f  the same lake 

(Callendar & Robbins, 1993). This is due to a number o f factors including the 

morphology o f the lake bottom, sediment focusing, occurrence o f  complete mixing (e.g. 

spring and autumn mixing), wave action, sediment sliding on slopes and the random 

redistribution o f sediments (Tylmann, 2004). In general, sedimentation rates at any given 

site are variable with respect to time periods and are variable between coring locations

9 1 0(Van Metre et al., 2001). Although Pb dating was performed on another core from 

impacted lake DZO-29, it was determined that the sedimentation rates between these 

cores were sufficiently different that it was not possible to apply that chronology to the 

core used in this study. This is not entirely surprising given the tw o cores were collected 

in different years and from different locations within the lake.
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Analysis o f sodium and chloride concentrations from water and soil samples 

within the impacted zone, indicate soils and lakes remain highly saline more than a 

decade later, suggesting chemical recovery has been very slow to occur (Pisaric et al., 

2011; Table 1). Recent measurements o f  chloride concentrations in lake water from 

DZO-29 and 30 are in the range o f 2,500 to 5,900 mg L '1 (Pisaric et a l, 2011). Few 

chironomid taxa are able to withstand these highly saline conditions, although 

Cricotopus/Orthocladius are one o f few chironomid taxa that are known to tolerate 

salinity levels exceeding 10,000 mg L '1 (W alker et a l ,  1995). W alker et al. (1995) found 

that in lakes o f southern British Columbia, Cricotopus/Orthocladius is uncommon at 

salinities below 150 mg L’1 and common, but never dominant, in lakes with salinities 

ranging from 150-600 mg L’1. At salinities exceeding 10,000 mg L’1, 

CricotopuslOrthocladius usually composes >75% of the fauna (W alker et a l ,  1995). 

Thus, the relatively high abundance o f Cricotopus/Orthocladius (-20-40% ) as well as 

salt-tolerant Paratanytarsus, near the surface of both cores reflects the continued 

presence o f saline/brackish conditions in these impacted lakes, over a decade after the 

storm surge occurred.

Conversely, control lake C-27, which was likely not impacted by the 1999 storm 

surge, does not indicate any significant shifts in chironomid community composition 

during the approximate 110-year period represented by the sediment core. Based on the 

chironomid assemblages preserved in Lake C-27, there does not appear to be any clearly 

discernible ecological impacts o f the 1999 storm surge similar to  those that occurred in 

Lakes DZO-29 and DZO-30. For example, in C-27 there were no decreases in Sergentia 

or Corynocera oliveri type -I. However, Corynocera oliveri type -1 was not abundant in
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Lake C-27 at anytime during the period recorded in the lake sediment core. Both o f these 

chironomid types are salt-intolerant taxa, and both experienced significant declines in 

abundance in lakes DZO-29 and DZO-30 following the 1999 storm surge. Further, there 

was no significant increase in the salt-tolerant taxa Paratanytarsus. Cricotopus/ 

Orthocladius increased slightly in C-27 following 1999. While a storm surge impact on 

this lake which is located far from the coast is not likely, this cannot be completely ruled 

out. Saline water pushed well into the Mackenzie Delta during this storm event (Kokelj 

et al., 2012). It is common during periods with strong onshore winds such as those that 

occurred during the storm in September 1999 (Kokelj et al., 2012) for water levels within 

the delta to rise as water from the Beaufort Sea pushes into the delta. Therefore, it is 

possible that as Beaufort Sea water pushed into the delta, minor flooding could have 

resulted, allowing some saline water to reach C-27. The impacts o f this are very short 

lived however, as indicated by the chironomid relative abundances in C-27. Cricotopus/ 

Orthocladius relative abundances decreased to pre-1999 levels by -2002/2003 which is 

very different than those changes recorded in DZO-29 and DZO-30.

3.4.2 Temperature change, ice cover and changing aquatic communities

Deasley et al. (2012), studying the ecological impact o f the 1999 storm surge on 

cladocera in lake DZO-29, indicated that while the cladocera community was affected by 

the 1999 event, earlier changes in cladocera relative abundance indicated a gradual shift 

from benthic to pelagic production. These changes are consistent with post-1850 climate 

warming, making this the likely explanation for the major assemblage changes in the 

cladoceran record prior to the 1999 storm surge. This is also consistent with the 

chironomid data from DZO-30 and DZO-29. While there were significant changes in the
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chironomid assemblages o f DZO-30 and DZO-29 (most likely) at the time o f the 1999 

storm surge, there were other changes in the chironomid communities that occurred prior 

to the surge event. Corynocera oliveri type-1, a salt-intolerant species with an optimum 

temperature o f 12.3°C (Barley et al., 2006) is abundant prior to 1999. Post-1999, 

Cricotopus/ Orthocladius and Paratanytarsus, two salt-tolerant taxa with lower 

temperature optima of 11.1 °C (Barley et al., 2006), dominated the chironomid 

assemblage. These trends suggest that regional temperature change may be the driver o f 

chironomid community change prior to the 1999 storm surge.

Additional evidence o f regional warming during the late 1800s and early 1900s in 

the Mackenzie Delta region and northwest Canada more broadly, has also been 

documented using tree ring growth records. Tree-ring width and maximum latewood 

density chronologies from latitudinal treeline sites along the Coppermine River in the 

Northwest Territories (NWT), in the Thelon River Sanctuary, Nunavut (D ’Arrigo et al., 

2009) and along East channel o f the Mackenzie Delta, Northwest Territories (Porter et 

a l, 2009) all suggest a period o f warming commenced in the m id to late 1800s in 

response to the end o f Little Ice Age conditions. This suggests that prior to the shift to 

Cricotopus/Orthocladius dominated assemblages in ~1999, regional temperature change 

may have been driving the shifts in the chironomid communities o f DZO-30 and DZO- 

29. After September 1999 and the rapid shift to saline conditions in many lakes o f the 

outer Mackenzie Delta, salinity concentrations now dictated the chironomid assemblages 

o f these lakes. However as previously mentioned for DZO-29, the lack o f Pb210 dates 

precludes a definitive attribution o f the 1999 storm surge.
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Inferred July air temperatures based on the chironomid data suggest that 

temperatures in this region have fluctuated between 10-12°C during the 20th century (Fig. 

1 la  and c) and possibly between 9-10°C prior to the 20th century (Fig. 1 lb).

Interestingly, the temperature reconstructions are in good agreement with actual air 

temperatures recorded at Tuktoyaktuk and Inuvik during the 30-year period from 1971- 

2000. Average July temperature for Tuktoyaktuk from 1971-2000 is 11°C while July 

temperature at Inuvik is slightly warmer at 14.2°C (Environment Canada Climate 

Normals, 1971-2000). Disentangling the impact o f  temperature versus salinity changes 

on the chironomid communities in the uppermost sediments o f the records from DZO-29 

and DZO-30 is difficult and makes interpretation o f the chironomid inferred temperature 

after 1999 complicated. However, comparing the chironomid data with previously 

published records o f cladocera and diatoms from these lakes, it appears that the increased 

salinity concentrations resulting from the 1999 storm surge now override the response of 

chironomid communities to changing temperature regimes. Although this study was not 

initially designed for the reconstruction o f air temperatures, the inferred July air 

temperatures from the chironomid data are in good agreement w ith measured 

temperatures from Inuvik and Tuktoyaktuk during recent decades.

High latitude lakes are known to be responsive to climate change, as even slight 

warming results in decreased ice cover and longer growing seasons, having implications 

for algae and other organisms (Scrimgeour et al., 1994). Lake ice has a significant effect 

in these ecosystems (Smol et a l, 2005). For example, during colder periods, lakes will 

retain more extensive ice covers that may persist throughout the short Arctic summer, 

resulting in only a small, shallow moat o f open water. With warm er temperatures, more
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of the central raft o f snow and ice will melt, exposing additional, deeper open-water 

habitats for algal and other biological growth (Smol & Douglas, 2007). With continued 

warming, all the ice may melt, resulting in a dramatically altered physical, chemical, and 

biological environment, including different regimes o f  light penetration, mixing, gas 

exchange, and other characteristics (Smol & Douglas, 2007). As a  result, an increase in 

primary production may lead to a greater density o f biological organisms preserved in the 

sediments (Smol & Douglas, 2007). In DZO-29 and DZO-30 we see this trend illustrated 

by an overall increase in total CAR throughout both cores. The total CAR o f impacted 

core DZO-30 is clearly confounded by the 1999 storm surge (Fig. 13a), and although 

there are no dates associated with impacted core DZO-29, the m arked increase o f total 

CAR at approximately 9 cm, which is consistent with the timing o f  the significant change 

in chironomid assemblage, suggests that perhaps this is additional evidence o f the 

ecological impact o f the 1999 storm surge. The increase in chironomid accumulation rate 

is not as pronounced in the control lake C-27, located further inland and outside o f the 

impacted zone, however an increasing trend throughout the record is observed 

nonetheless (Fig. 13c).

To date, the majority o f paleolimnological research has focused on algal 

indicators o f environmental change (primarily diatoms) (W alker et al., 1995). However, 

if  the impacts o f climate change can lead to pronounced ecosystem shifts at the lowest 

trophic levels, it is not difficult to envision similar shifts at higher trophic levels that 

depend on the primary producers, indicating strong food-web linkages (Smol & Douglas, 

2007). As temperatures continue to increase and as thresholds o f  ice cover, habitat 

availability and thermal stratification are surpassed, aquatic community composition
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turnover is predicted to be significant and regime shifts towards new  ecological states 

may occur (Smol et al., 2005).

The overall trend and timing o f chironomid assemblage changes in impacted lake 

DZO-30 and DZO-29 prior to the 1999 storm surge suggests that these changes may be 

driven by regional warming across the study area. This conclusion is supported by diatom 

(Thienpont et al., 2012), cladocera (Deasley et al., 2012) and grain size data (Vermaire et 

al., 2013), all o f which imply that changing regional temperatures were driving 

chironomid community composition until the 1999 surge when changes in salinity 

became the dominant control o f chironomid assemblages in the impacted lakes. Despite 

lacking dating control, the similarity in the changing com position o f chironomid 

assemblages in Lakes DZO-29 and DZO-30, suggest that similar climatic and 

environmental drivers were responsible for the chironomid community changes in both 

lakes before and after the 1999 storm surge event.

3.5 Conclusion

Located in an ecologically sensitive region, the freshwater ecosystems o f the outer 

Mackenzie Delta are susceptible to rapid saltwater inundations resulting from storm 

surges (Pisaric et al., 2011; Kokelj et al., 2012). As sea-ice cover decreases and the open 

water season lengthens, the frequency and intensity o f  storms in the Arctic region is 

expected to increase due to climatic warming. This makes assessing the ecological 

impacts o f salt water intrusions on aquatic ecosystems critical in  understanding the 

controls o f community composition within these lake systems.
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A sediment core from impacted lake DZO-30 indicated tha t chironomid 

communities were not eradicated following the 1999 storm surge, however the 

chironomid composition did not return to pre-intrusion community makeup. Chironomid 

analysis shows that there were significant changes to the chironomid communities i 

following the 1999 storm surge, from a less salt-tolerant community dominated by 

Corynocera oliveri type-1 to a cold water, highly salt-tolerant Cricotopus/Orthocladius 

and Paratanytarsus-dominated assemblage. These salt-tolerant taxa persist in the most 

recent sediments o f  the lake, likely due to the elevated salt concentrations in these lakes 

as indicated by analysis o f recent water samples collected more than  a decade after the 

1999 storm surge event. These persistent saline conditions suggest that ecological 

recovery is occurring extremely slow if  at all. However, a significant shift in the 

chironomid assemblage deeper in the core and dated to the early 20th century or late 19th 

century, suggests the influence o f warming climatic conditions o n  chironomid 

communities. The prevalence o f Corynocera oliveri type-1 and Sergentia, as well as 

previously discussed changes in diatom communities all suggest that regional warming 

across the Mackenzie Delta and more broadly across the Arctic, were driving the early 

changes in the chironomid communities in both lakes DZO-29 and DZO-30. After the 

1999 storm surge, salinity levels have become the primary controlling factor of 

chironomid communities in the outer Mackenzie Delta lake systems.

Although lake DZO-29, which is also located in the surge impacted zone but lacks 

dating control, the similar changes in chironomid community assemblages in Lake DZO- 

29 to those recorded in Lake DZO-30, suggests the timing of these changes were likely 

synchronous and being driven by similar climatic and environmental controls. Without
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210Pb dates, it is difficult to conclusively say that the decreases in the relative abundances 

o f Corynocera oliveri type-1 and Sergentia and the dramatic increase in Cricotopus/ 

Orthocladius and Paratanytarsus that occurred at a depth o f approximately 9 cm are a 

result of the 1999 storm surge. However, it can be cautiously concluded that this is the 

case, and that similar to DZO-30, the chironnomid assemblage prior to 9 cm is driven by 

regional warming trends, while above 9 cm salinity takes over as the dominant control. 

Not surprisingly, no similar changes in chironomid assemblages w ere observed at control 

lake, C-27, located much further inland, suggesting that this lake has most likely not been 

impacted by the 1999 storm surge.

As environmental thresholds are exceeded with continued rising temperatures in 

the Arctic region, aquatic community composition turnover is predicted to increase, and 

regime shifts toward new ecological states may occur (Smol et al., 2005). This research 

provides evidence o f ecological changes in chironomid assemblages related to climate 

change in the Canadian Arctic. It suggests that as temperatures continue to increase as a 

result of climatic warming, and as storm surges become a greater risk to freshwater 

coastal ecosystems, critical changes in chironomid assemblages have and will likely 

continue to occur.
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Chapter Four 

Conclusion

4.1 Study conclusions

The Arctic has experienced dramatic change in many physical and environmental 

variables in recent decades due to significant increases in temperature. Warming in the 

Arctic has not only resulted in a decrease in the extent and thickness o f sea ice (Stroeve, 

2012), but sea level is on the rise (Intergovernmental Panel on Climate Change, 2007) 

and the frequency and intensity o f Arctic storms appears to be increasing (Manson & 

Solomon, 2007). With more available open water and a longer open-water season, storm 

waves and surges are posing a greater risk for low-lying coastlines.

The Mackenzie Delta along the Beaufort Sea coast, spanning an area o f more than 

13,000 km2, is the second largest Arctic delta, smaller only than the Lena River Delta in 

Russia. One o f the most important features o f  the Mackenzie D elta is the 25,000+ 

freshwater lakes that are situated within its boundaries (Marsh & Hey, 1994). Freshwater 

flooding across the outer Mackenzie Delta is common, occurring annually during the 

spring freshet (Goulding et al., 2009). Terrestrial and aquatic ecosystems throughout the 

Mackenzie Delta are tolerant o f  spring flooding since most o f these systems are still 

dormant, or in the case o f lakes, remain cutoff due to the persistence o f ice cover at the 

time o f the spring freshet (Marsh & Hey, 1994). Conversely, marine intrusions associated 

with storm-induced surges appear to be less common and occur during the warmer part of 

the season when lakes are ice free and vegetation is not dormant (Solomon et al., 2000; 

Pisaric et al., 2011). Marine storm surges can produce flooding levels 1-2 m above the
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low-lying land surfaces o f the outer Mackenzie Delta, which is vulnerable to such 

saltwater inundations.

In September 1999, an intense storm surge left nearly 200km 2 o f the Mackenzie 

Delta front impacted due to a massive saltwater intrusion, causing the freshwater lakes 

and ponds to rapidly shift to brackish or saltwater systems. Therefore, assessing the 

ecological impact o f  salt water intrusions on freshwater aquatic ecosystems is critical in 

understanding the influence o f these rapid disturbances, especially in remote Arctic lake 

systems. This is particularly important for this region given the impending likelihood o f 

increasing industrial activities.

Chironomids provide a wealth o f information on the ecological characteristics of 

a lake system through time, and as such have become increasingly popular amongst 

paleolimnologists to classify lakes in terms o f their trophic status or biological 

productivity and to quantitatively reconstruct past ecological changes in lake conditions 

(Porinchu & MacDonald, 2003). Due to the capacity o f chironom ids to tolerate large 

gradients in pH, salinity, depth, oxygen concentration, temperature and productivity as 

well as their near global distribution and abundance, makes them highly suitable for 

paleolimnological/paleoecological research. In addition their chitinous head capsules are 

normally well-preserved and easily recovered and identified w ith practice. Through the 

use o f fossil chironomid remains found in lake sediments, this study was able to provide 

new and exciting ecological data concerning storm surge im pacts for this region where 

written or instrumental records are short and often incomplete.

Sediment core DZO-30, located within the surge impacted area, indicated that 

although chironomid communities were not eradicated following the 1999 storm surge,
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chironomid community composition did not return to pre-intrusion assemblages. In 

Thienpont et al. (2012), the diatom assemblages in DZO-30 show that the 1999 storm 

surge resulted in significant impacts to the freshwater ecosystems with minimal recovery. 

Chironomid analysis from impacted lake DZO-30 supports this finding as it indicates a 

dramatic shift from a less saline-tolerant assemblage dominated by Corynocera oliveri 

type-1 and Sergentia, to a Cricotopus/Orthocladius and Paratanytarus-dominated 

assemblage, with much greater salt tolerances. Cricotopus/Orthocladius and 

Paratanytarus continue to dominate to the top o f the core which is likely due to the 

elevated salinity levels that now characterise these lakes more than a decade after the 

surge event. The ecological impact o f the 1999 storm surge is also illustrated by the 

gradual increase in total chironomid accumulation rate over time with the most notable 

increase occurring after the 1999 storm surge event.

While impacted lake DZO-29 has not been dated, the chironomid community 

changes in Lake DZO-29 are similar to those occurring in DZO-30. Though the 

significant shift in chironomid assemblage occurred deeper in the core at a depth o f 9 cm, 

possibly due to differing sedimentation rates, the rapid loss of Corynocera oliveri type-1 

and Sergentia and dramatic increase in the relative abundance o f  Cricotopus/ 

Orthocladius and Paratanytarsus suggests that these changes are likely driven by the 

impacts o f the 1999 storm surge. No similar changes in chironomid assemblages were 

observed at the control site C-27, located much further inland. A  slight increase in total 

CAR throughout time does not appear to be related to the 1999 storm surge, suggesting 

that this lake has likely not been impacted by the 1999 storm surge.
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The discovery o f significant shifts in the chironomid communities o f DZO-29 and 

DZO-30 much deeper in the core, prior to the 1999 storm surge, suggest the chironomid 

assemblages o f these lake were influenced by other environmental variables until the time 

of the 1999 storm surge, possibly regional warming. Following the surge event, it appears 

that salinity became the primary driver o f  chironomid community composition within 

impacted lakes DZO-29 and DZO-30. Previously studied cladoceran and diatom data 

from this region is also consistent with the chironomid data, suggesting that regional 

temperatures were likely exerting significant control on the biological communities found 

in these lakes until the 1999 storm surge.

The intense and ongoing impact to aquatic ecosystems in the outer Mackenzie 

Delta and the continued dominance o f salt-toleran/ Paratanytarsus and 

Cricotopus/Orthocladius in both impacted lakes for the past decade, suggests that 

ecological recovery has been extremely slow. In terms o f salinity concentrations, these 

lake systems appear to now support saline-tolerant chironomid taxa as there has been no 

recovery from the saline conditions. This study highlights the importance o f better 

understanding the ecological changes happening in the Arctic, and adds to the evidence 

that even the world’s northern ecosystems are being impacted by climatic warming.

4.2 Future research

There remains an enormous amount o f research to be conducted regarding the 

ecological impacts o f storm surges in remote Arctic regions. Future research possibilities 

could include the collection o f an additional core from DZO-29 for dating purposes, the 

collection of cores from additional lakes and ponds in the outer Mackenzie Delta for high 

resolution chironomid analysis as well as other biological proxies to examine the full
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scope o f the ecological impact o f the 1999 storm surge at various trophic levels. 

Additional chironomid research would also help to better understand the limiting factors 

which influence chironomids in these harsh environments and how  they are responding to 

ever-changing climatic conditions. While this study examined chironomid remains in 

short cores from two 1999 storm surge impacted lakes, it would be beneficial to examine 

changes in chironomid communities across even longer tim escales to fully comprehend 

the range o f ecological response o f  these organisms to climatic and environmental 

change.

The use o f  chironomids in paleoecology appears to be a valuable and useful 

technique in documenting past ecological changes associated w ith the impacts o f a 

warming climate. It is hoped that future paleoeocological reconstructions will provide a 

clearer and more accurate interpretation o f earlier ecological conditions not only in the 

Western Canadian Arctic, but in circumpolar Arctic regions.
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