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Abstract  

Cultural eutrophication, the addition of excess nutrients to an aquatic system, is a 

significant water quality concern that often promotes excess algal growth and deep-water 

oxygen depletion. Deep-water oxygen also influences internal nutrient loading and is an 

important parameter used to assess cold-water fish habitat, though long-term data are 

often unavailable. Chironomid (Diptera: Chironomidae) assemblages have been shown to 

change with deep-water oxygen concentrations and can therefore be used to reconstruct 

these missing data sets. This thesis used paleolimnological techniques to analyze inferred 

whole-lake primary production, sedimentary chironomid assemblages, and inferred 

volume-weighted hypolimnetic oxygen to determine how cold-water fish habitat has 

changed through time. I will also examine whether biological recovery after nutrient-

targeting remediation was introduced was evident in sedimentary chironomid 

assemblages. I focused on two lakes with increasing inferred whole-lake primary 

production (Muskrat and Stoco lakes, Ontario) and one lake with decreasing inferred 

primary production (Lac Duhamel, near Mont Tremblant, Québec) over time. The 

majority of change in response to elevated inferred whole-lake primary production is 

evident in littoral taxa and head capsule concentrations, though oxy-conforming 

profundal taxa (e.g. Micropsectra) did respond to increased whole-lake primary 

production. Overall, deep-water oxygen recovery after nutrient-targeting remediation was 

not evident in the sedimentary chironomid assemblages and that there were generally 

only subtle responses to elevated whole-lake primary production. Many of our lakes had 

historically low deep-water oxygen concentrations that were suboptimal for cold-water 

fish throughout their sedimentary records, with two lakes experiencing modest declines 
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after there were increases in whole-lake primary production. These paleolimnological 

data can be used to set realistic mitigation targets for deep-water oxygen conditions and 

cold-water fish habitat restoration.
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Chapter 1: General Introduction and Literature Review 

Cultural eutrophication, often driven by excess phosphorus loading in southern 

Ontario and Québec lakes (Schindler 1977), is a significant water quality issue that can 

alter the ecological function and structure of aquatic environments. Elevated primary 

production and cyanobacterial dominance, coupled with decreased species richness, 

species evenness, light penetration, and deep-water oxygen levels, are typical side effects 

of eutrophication (Davidson and Jeppesen 2013, O’Neil et al. 2012, Schindler 2006). The 

recreational use and deep-water fish habitat of many Canadian lakes are particularly 

affected by elevated primary production, as algal blooms may prompt beach closures and 

generally increase the biological oxygen demand at the sediment-water interface, 

depleting deep-water oxygen that is vital for cold-water fish. 

Dissolved oxygen (DO) concentrations depend on the balance between oxygen 

contributions from atmospheric gas exchange or photosynthesis and oxygen depletion 

from chemical or biological oxidation. Relatively high levels of microbial activity in the 

hypolimnion can rapidly deplete deep-water oxygen, which can develop into hypoxia 

(DO <4 mg/L) or anoxia (DO <1 mg/L; Smol 2008). Excess organic matter, including 

dissolved organic carbon (e.g. Brothers et al. 2014), can provide large amounts of 

substrate for microbial activity and decomposition, resulting in rapid deep-water oxygen 

depletion in eutrophic lakes compared to oligotrophic systems (e.g. Barica and Mathias 

1979). Deep-water oxygen during the summer period is a complex water quality variable 

influenced by many factors other than algal biomass, including the duration of 

stratification, lake morphometry, and lake thermal properties (Brodersen and Quinlan 

2006). 
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Lake sediments represent a large phosphorus pool in comparison to the water 

column, and the physical, biological or chemical internal loading of nutrients has been 

discussed as a positive-feedback mechanism for eutrophication (e.g. Pettersson 1998). 

For example, in Lake Erken, which has low external phosphorus loading, a large 

proportion of internal phosphorus loading was attributed to shifts between the resting to 

the active colonial stages of Gleotrichia echinulata (Pettersson 1998). In addition, lakes 

with high biological oxygen demand at the sediment-water interface or undergoing 

prolonged periods of stratification develop anoxia that promotes the release of nutrients 

and other contaminants from the sediments (Luder et al. 2006, Nürnberg 1995). For 

example, redox recycling can control the release of trace metals such as Zn and Cu, as 

they co-precipitate with sulfides (e.g. FeS) and are removed from the water column under 

reducing and often anoxic conditions (Hamilton-Taylor et al. 1996), but also promote the 

release of phosphorus under appropriate conditions (Nürnberg 1984). Lakes with anoxic 

hypolimnia have lower phosphorus retention and the internal loading of legacy nutrients 

can preclude recovery from eutrophicat0ion by perpetuating algal blooms (Nürnberg 

1984).  

Thermal and physical properties may also determine the development, duration 

and extent of anoxic conditions. The duration of thermal stratification, which prevents 

mixing because of a thermal density gradient, isolates the hypolimnion from atmospheric 

renewal and promotes the development of anoxia. Nürnberg (1995) found that average 

nutrient concentrations and lake shape (the ratio of mean depth to lake surface area) 

explained the majority of variance in anoxia factor in 56 central Ontario lakes: deeper, 

more productive lakes had larger anoxia factor values. Thermal properties and dynamics - 
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including stratification length, thermal stability, and thermocline depth - are also 

important to understand fluctuations in DO conditions. Jankowski et al. (2006) examined 

the effect of a severe heat wave (+4.4 °C higher than the long-term summer mean from 

1956-2002) on thermal stability and deep-water oxygen in two deep, productive Swiss 

lakes. Lower hypolimnetic temperatures and higher epilimnetic temperatures (compared 

to the long-term mean) generated higher thermal stability and decreased monthly mean 

hypolimnetic oxygen concentrations (Jankowski et al. 2006). However, it is important to 

note that both lakes were prone to deep-water anoxia, and Lake Greifensee was typically 

anoxic below 5 m (maximum depth of 32 m) prior to the 2003 heat wave (Jankowski et 

al. 2006), which may not reflect the DO dynamics in moderately deep lakes. Foley et al. 

(2012) demonstrated increased hypolimnetic anoxia over a 41-year monitoring record of 

a moderately deep (maximum depth of 14.5 m) lake was related to earlier stratification 

onset and lengthened isolation of the hypolimnion from atmospheric gas exchange rather 

than the rate of oxygen depletion, which tended to decrease. The depth of winter 

convective mixing also contributes to the development of seasonal anoxia during 

thermally stratified periods (Foley et al. 2012), which is related to oxygen renewal at the 

sediment-water interface and often less effective in deeper lakes (Barica and Mathias 

1979). Overall, winter and summer thermal conditions, mixing depth, and stratification 

duration are important contributors to the development of deep-water anoxia and can be 

affected by multiple environmental stressors.  

Most Canadian lakes are affected by multiple interacting stressors, resulting in 

complex ecological responses that can differ from those of only one stressor due to 

additive or synergistic effects (Christensen et al. 2006, Ormerod et al. 2010, Smol 2008, 
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Vinbrooke et al. 2004, Yan et al. 2004). Accelerated climate warming is an emerging, 

pervasive stressor with poorly understood direct (e.g. physiological) and indirect (e.g. 

changes in habitat structure or food availability) impacts on biological communities 

(Keller 2007). Warming air temperatures (IPCC 2013) are expected to influence 

precipitation patterns and reduce seasonal ice cover, stimulating earlier algal blooms, 

longer algal growing seasons, and altering food availability for benthic invertebrates 

(Adrian et al. 2009). Shifts in thermal structure, water colouration (e.g. increased 

concentrations of dissolved organic carbon) and thermal stratification patterns (Keller et 

al. 2005) may alter deep-water habitat, which is vital for cold-stenothermic species, 

including Lake Trout (Salvelinus namaycush; Evans 2007, Schindler et al. 1990). There 

is a lack of long-term data to support effective science-based management of freshwater 

resources, especially as the magnitude and number of environmental stressors increases 

over time (Smol 2008). 

Paleolimnology 

Forestry, agriculture, urbanization, and industrial development have shaped the 

Canadian landscape and its resources over the past ~150-200 years. Despite this, there 

remains considerable uncertainty regarding the long-term relationship between 

environmental quality and anthropogenic disturbances because long-term records are 

often absent. Paleolimnology involves inferring past environmental conditions using 

biological, chemical and physical indicators preserved in lake sediments and is a 

powerful tool to examine eutrophication, acidification, and climate change (Smol 2008). 

Lake sediments accumulate allochthonous and autochthonous materials that can be used 

to study changes in internal lake processes and watershed conditions through time. 



 

 

5 

 

Depending on the spatiotemporal scale of the research question, paleolimnological 

reconstructions can span years, decades, centuries, or millennia. Therefore, 

paleolimnology is a useful tool for the assessment of reference conditions and ecological 

recovery from environmental stressors (Smol 2008). Biological paleoindicators are 

chosen based on their response to the environmental factors being studied. 

Trophic conditions often change gradually, making paleolimnological studies 

vital to establish the magnitude of fluctuations in water quality, as well in establishing the 

nature and direction of change. Eutrophication and longer ice-free periods are expected to 

increase levels of primary production (Schindler et al. 2016) which can be tracked using 

whole-lake chlorophyll a from the sediment record, inferred using visual range 

spectrophotometry (Michelutti et al. 2010, Michelutti and Smol 2016, Wolfe et al. 2006). 

Other potential effects of eutrophication, including hypolimnetic anoxia, can be tracked 

using the chitinous subfossils of non-biting midges (Quinlan and Smol 2001, Stewart et 

al. 2013).  

Invertebrate Subfossils as Paleoindicators 

Biological proxies are useful in reconstructing pre-disturbance environmental 

conditions in the lake and its catchment. Diptera (true flies) are well represented in the 

sedimentary record of most lakes. The chitinous remains of many groups, including 

chironomids (Chironomidae), chaoborids (Chaoboridae), and black flies (Simuliidae), are 

common and taxonomically distinguishable to the genus level in most cases. Chitin is an 

abundant structural molecule that is found in the cuticles of most invertebrates (Cauchie, 

2002). These structures can remain chemically stable for millennia (Stankiewicz et al. 

1997). 
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Chironomids as paleoindicators of oxygen 

The larvae of chironomids (Diptera: Chironomidae), also referred to as non-biting 

midges, are ubiquitous in almost all lakes, though their habitat can also include moist 

soil, mosses, or streams depending on the taxon (Walker 2001). Larval head capsules are 

identifiable to the species level, though specific components that may or may not be 

preserved with the head capsule are often required to differentiate species within a 

specific taxon (e.g. mandibles are required to differentiate species within Tanytarsus). 

The duration of the chironomid lifecycle varies with latitude and altitude, but most 

temperate chironomids are univoltine or bivoltine, completing one or two generations per 

year (Walker 2001). As such, individuals develop under the environmental conditions 

present in the lake until they emerge as flying adults. Chironomid larvae are 

predominately benthic, though some are at least partially planktonic (e.g. Sergentia), with 

a wide range of tolerances to temperature and oxygen conditions (Walker 2001).  

In lakes, the majority of chironomid taxa inhabit the littoral zone or shallow areas 

of the lake where rooted macrophytes thrive, providing complex habitats for various taxa 

with similar niches to co-exist (Brodersen and Quinlan 2006, Walker 2001). In contrast, 

the profundal environment is more homogeneous, and the primary controls of profundal 

chironomid assemblages are deep-water oxygen conditions, substrate type, and food 

quality (Brodersen and Quinlan 2006). Their feeding guilds include detritivores, grazers 

(typically on diatoms), burrowers (into either macrophytes or submerged wood), and 

omnivores that prey on other benthic invertebrates (typically the Tanypodinae; Walker 

2001). 
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Sedimentary chironomid assemblages have been used to reconstruct a variety of 

environmental variables including July air temperature (e.g. Larocque and Hall 2003), 

trophic status (e.g. Brodersen and Lindegaard 1999, Brooks et al. 2001), lake water depth 

(e.g. Luoto 2009) and deep-water oxygen (e.g. Quinlan and Smol 2001). Chironomids 

respond physiologically to changes in temperature, as pupation, emergence, growth and 

feeding of larvae are influenced by temperature (Walker and Mathewes 1989). There are 

species-specific optima for water temperature (Walker et al. 1997) and specific 

distributions related to latitudinal (Walker et al. 1997) and altitudinal (Walker and 

Mathewes 1989) gradients that have been used to reconstruct climatic change in Europe 

(Heiri et al. 2011) and North America (Rolland et al. 2008). However, temperature 

reconstructions may be affected by long-term changes in lake water depth or oxygen 

availability, as many applications of chironomid-temperature calibration sets are on a 

millennial scale (Larocque and Hall 2003, 2004). Reconstructions of past-trophic status 

have previously been linked to chironomid-inferred total phosphorus (TP; Brooks et al. 

2001) or chlorophyll a (Brodersen and Lindegaard 1999). Brooks et al. (2001) noted that 

DO and anoxia were important variables in their constrained correspondence analyses, 

and the indirect effect of eutrophication on macrophyte abundance, turbidity and 

hypolimnetic anoxia may contribute to the chironomid-TP relationship. The chironomid-

chlorophyll a relationship demonstrated by Brodersen and Lindegaard (1999) in shallow 

Danish lakes did not include DO as a potential predictor variable in their model selection 

and focused on the indirect effect of eutrophication on littoral habitat availability. 

However, lake morphology complicates the relationship between TP or chlorophyll a and 

sedimentary chironomid assemblages during eutrophication (Langdon et al. 2006). Clerk 
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et al. (2000) reconstructed TP in southern Ontario lakes and found that chironomid-based 

reconstructions underestimated TP concentrations. Further, Little et al. (2000) 

demonstrated that chironomid-based inferences of TP reductions were complicated by 

persistent hypoxia in Gravenhurst Bay, Ontario. Further investigations determined that 

DO contributed to chironomid responses during eutrophication, and also explained why 

chironomid communities failed to reflect improvements in TP concentrations (Little et al. 

2000).  

The importance of oxygen concentrations was further demonstrated in shallow 

ponds, where depth had a minor role in chironomid responses to eutrophication or 

persistent, recurring deep-water hypoxia that could be mediated by many interacting 

factors (such as mixing depth, temperature, mixing frequency, and oxygen saturation). 

Oxygen levels in shallow lakes are often high due to consistent wind mixing and 

chironomid assemblages are primarily littoral and often controlled by changes in food 

quality, habitat availability and/or trophic interactions following eutrophication 

(Brodersen and Quinlan 2006). Littoral taxa are often oxy-conforming with few 

adaptations for hypoxia tolerance (Brodersen et al. 2008). Stewart et al. (2014) used 

paleolimnological techniques to examine sewage-impacted ponds in the High Arctic and 

determine whether nutrients or oxygen were driving sedimentary chironomid 

assemblages. Despite eutrophication and high-nutrient conditions as inferred from 

sedimentary diatoms through time in High Arctic ponds, sedimentary chironomid 

assemblages including taxa with high oxygen optima, such as Micropsectra, and low 

relative abundances of anoxia-tolerant taxa, including Chironomus plumosus and 

Procladius (Quinlan and Smol 2001, Stewart et al. 2013, 2014).  
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Effective quantitative chironomid-environment relationships rely on the 

stenotopic distribution of chironomid taxa to form distinct taxonomic assemblages that 

are dependent on physiological constraints. Oxygen is an explanatory variable throughout 

calibration sets for climate, trophic status and water depth, likely due to differences in 

responses to environmental change between oxy-conforming or oxy-regulating 

chironomid taxa. For example, Brodersen et al. (2004) experimentally compared anoxia-

tolerant (Procladius, Chironomus and Dicrotendipes) and hypoxia-intolerant 

(Heterotrissicladius and Micropsectra) taxa from West Greenland to determine their 

species-specific oxy-regulatory capacity with high interspecific comparability. Profundal 

taxa that have high deep-water oxygen optima (Quinlan and Smol 2001) are generally 

oxy-conformers (e.g. Micropsectra) or moderate oxy-regulators (e.g. 

Heterotrissicladius), whereas taxa with low deep-water oxygen optima (Quinlan and 

Smol 2001) are often moderate oxy-regulators (e.g. Procladius) or significant oxy-

regulators (e.g. Chironomus). Oxy-regulating taxa have a number of physiological (e.g. 

hemoglobin production and large body size in Chironomus) or behavioural strategies 

(e.g. ventilation strategies, migration, or reduced metabolic rate) to tolerate low-oxygen 

conditions (Brodersen et al. 2004, Panis et al. 1996).  

Paleolimnologists have taken advantage of the physiological relationships 

between chironomid taxa and deep-water oxygen conditions to create quantitative 

transfer functions to reconstruct deep-water oxygen. Chironomids have been used to 

reconstruct volume-weighted hypolimnetic dissolved oxygen concentrations and the 

seasonal duration of anoxia (e.g. Quinlan and Smol 2001). Changes in the assemblage 

composition of chironomids in lakes undergoing eutrophication are often linked to 
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concurrent changes in deep-water oxygen. Increased nutrient inputs often lead to 

increased primary production, which results in deep-water oxygen depletion as algal 

biomass is decomposed at the sediment-water interface and can consequently generate 

hypoxic or anoxic conditions. Under low-oxygen conditions, oxy-conforming taxa (e.g. 

Micropscetra) generally decline and are replaced by oxy-regulating taxa (e.g. 

Chironomus; Brodersen et al. 2008, Little et al. 2000, Quinlan and Smol 2002, Stewart et 

al. 2013). Quinlan and Smol (2001) applied paleolimnological techniques to examine 

chironomid assemblages from the surface sediments of 54 lakes on the Ontario Boreal 

Shield, where modern VWHO varied from anoxic (0.01 mg/L) to saturated (10.6 mg/L).  

Chaoborids as indicators of deep-water anoxia 

Chaoborids (Diptera: Chaoboridae) are invertebrate predators with a similar life 

history to chironomids. They are primarily planktonic and able to regulate their position 

in the water column using hydrostatic organs for diel migrations from the epilimnion into 

the hypolimnion (Walker 2001). Chitinized mandibles are the identifiable remains of 

chaoborids in the sedimentary record (Uutala 1990). The presence of certain taxa, 

especially Chaoborus americanus, have been used to reconstruct past fish populations 

(Uutala 1990; reviewed in Sweetman and Smol 2006). In lakes with fish, chaoborids may 

escape predation by using hypoxic or anoxic hypolimnetic waters as refugium, making 

them useful indicators of anoxic conditions (Quinlan and Smol 2010). 

Other invertebrate indicators 

A number of other benthic invertebrate groups may be used as paleoindicators, 

though most studies have focused on chironomids and chaoborids. This thesis also 

explores the application of Simuliidae (Chapter 2) as indicators of past hydrological 
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patterns, though this group is rarely reported in paleolimnological studies despite having 

a world-wide distribution (i.e. Currie and Walker 1992). Most Simuliidae are 

rheophilous, dwelling almost exclusively in streams but their remains may be preserved 

in lake sediment cores when appropriate depositional conditions exist. This typically 

occurs in lakes with strong river influences, or when the coring site occurs close to the 

inflow of a large river (Currie and Walker 1992). Many species are filter-feeders, 

preferring to cling to hard surfaces and feed on fine organic matter (Walker 2001). 

Chitinous hypostomae (equivalent to chironomid head capsules) are generally identifiable 

to the genus level (Currie and Walker 1992). 

Thesis Objectives  

The overall objective of this thesis was to investigate the role of whole-lake 

primary production, trophic status, and remediation on chironomid assemblages in a 

broad spectrum of lakes located on the Boreal Shield or on transitional zones between the 

Shield and Mixedwood Plains ecozones over the past ~150 years. Each chapter explores 

long-term trends in benthic invertebrate assemblages using trends in whole-lake primary 

production from inferred chlorophyll a, chironomid assemblages, and chironomid-

inferred volume-weighted hypolimnetic oxygen.  

 Following this brief introduction, in Chapter 2, I examined downcore chironomid, 

black fly and chaoborid assemblages to assess their response to remediation efforts after a 

period of cultural eutrophication in a metal-impacted lake near Tweed, Ontario. The aim 

of this study was to determine how chironomids respond in a multi-stressor system after 

remediation efforts were installed targeting nutrients. I aimed to track the onset and 

potential recovery of the lake from cultural eutrophication using a sediment core taken 
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from the deepest point of the lake. The sedimentary record was relatively short, covering 

the past ~70 years, but captured the eutrophication history of the lake, though changes in 

the chironomid assemblage were primarily subtle. Simuliidae disappeared from the 

sedimentary record in the 1990s, which may reflect changes in river influence and 

depositional environments. 

 In Chapter 3, I examined downcore chironomid assemblages from a large, deep 

eutrophic lake in Whitewater Region, Ontario, over the past ~200 years. The aim of this 

study was to assess long-term trends in oxygen conditions and potential changes in water 

quality after nutrient-reducing remediation efforts began in a naturally productive system 

using chironomid assemblages. Recent perceived changes in water quality, including 

algal and cyanobacterial blooms, excessive algal growth, and beach closures, prompted 

concerns regarding a Lake Trout (Salvelinus namaycush) population.  

 In Chapter 4, I examined downcore midge assemblages from a small, deep ultra-

oligotrophic lake near Mont Tremblant, Québec, in a small watershed with minimal 

human development. The aim of this study was to determine the richness and structure of 

chironomid communities over time in a nutrient-poor system. 

 In Appendix A, I examined “top-bottom” (present-day and pre-impact) sediment 

sample pairs of midge assemblages from three small, deep Boreal lakes (trophic statuses 

ranging from oligotrophic to meso-eutrophic) in southern Québec to explore spatial 

changes in primary productivity (VRS-inferred chlorophyll a) and hypolimnetic oxygen. 

The chironomid abundances in these cores were too low to complete a downcore 

analysis. Instead, the top and bottom intervals were combined and I examined coarse 
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changes in inferred-hypolimnetic oxygen, sedimentary chironomid assemblages, and 

VRS-inferred chlorophyll a through time.  

 Overall, I have examined chironomid assemblages from lakes across a broad 

trophic gradient to assess how human impacts have influenced aquatic systems, from 

eutrophication and remediation to historically ultra-oligotrophic lakes.  
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Chapter 2: Low-oxygen conditions persist in Stoco Lake (Tweed, Ontario, CA) 

after sewage treatment installation as inferred from sedimentary 

Chironomidae, Chaoboridae, and Simuliidae (Diptera) subfossil assemblages 

Abstract 

Stoco Lake is a multi-stressor system, having been impacted by upstream mining 

activities from 1885 until the 1960s, as well as by cultural eutrophication beginning in the 

mid-1800s. Excess algal growth, including cyanobacterial blooms, prompted water 

quality studies and the installation of a sewage treatment system for the Village of Tweed 

in the 1970s. However, it is difficult to determine the effectiveness of mitigation efforts 

as little long-term water quality information is available. In this paleolimnological study, 

I examined primarily subfossil midge (Diptera: Chironomidae and Chaoboridae) 

assemblages and midge-inferred volume-weighted hypolimnetic oxygen (MI-VWHO) 

conditions in Stoco Lake over the past ~70 years, with supporting information gained 

from larval black fly (Diptera: Simuliidae) remains and visual range spectroscopy (VRS)-

inferred chlorophyll a. Increases in VRS-inferred whole-lake primary production 

coincided with a switch from a profundal- to littoral-dominated chironomid assemblage 

and higher head capsule density, likely relating to changes in littoral production linked to 

nutrient enrichment. MI-VWHO was relatively stable through the sediment record 

indicating hypoxia since the ~1950s. This interpretation was supported by the relative 

stability of chaoborid assemblages. The presence of taxa with high oxygen optima (i.e. 

Micropsectra) in a system with observed modern hypolimnetic anoxia in July may be 

related to intermittent well-oxygenated periods or to changes in river flow, supported by 
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the occurrence and disappearance of Simuliidae in the sedimentary record. The midge 

assemblages of Stoco Lake do not clearly indicate biological recovery in response to 

remediation and nutrient management efforts.  
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Introduction 

Cultural eutrophication, or the enrichment of nutrients in aquatic systems due to 

anthropogenic activities, is a widespread and well-studied problem that affects many 

Canadian lakes (Smith 2003). Changes in algal production and reducing external nutrient 

loading are primary management concerns in most systems experiencing or recovering 

from eutrophication (Schindler et al. 2016, Smith and Schindler 2009). The addition of 

limiting nutrients (i.e. total phosphorus) often increases algal biomass which may later 

decompose at the water-sediment interface, increasing the hypolimnetic biological 

oxygen demand (e.g. Charlton 1980).  Dissolved oxygen depletion in the profundal zone 

can also occur naturally due to lake morphometry and thermal stratification (Jankowski et 

al. 2006), though anthropogenic disturbances are typically viewed as the main 

anthropogenic drivers of volume-weighted hypolimnetic oxygen (VWHO) depletion 

(Frossard et al. 2013, Rabalais et al. 2010) resulting in hypoxia (VWHO <4 mg/L) or 

anoxia (VWHO <1 mg/L).  

Hypolimnetic anoxia is both a symptom of, and contributor to, eutrophication as it 

can promote the internal loading of nutrients and redox-sensitive contaminants from the 

sediments, delaying chemical recovery from eutrophication (Nürnberg 1984, Nürnberg et 

al. 1985, Carignan and Nriagu 1985). Recovery from eutrophication is often defined as 

the restoration of past nutrient levels or positive biological changes that reflect improved 

water quality (including improved deep-water oxygen conditions), but recovery 

trajectories can be complicated by the influence of multiple stressors, including climate 

change (Smol 2010). 
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Long-term monitoring data that encompasses pre-impact environmental data are 

often absent in lakes experiencing or recovering from cultural eutrophication, requiring 

indirect techniques to establish long-term trends necessary for lake management 

decisions. Paleolimnology uses biological, chemical and physical indicators stored in lake 

sediments to extend the temporal scale of modern monitoring records. The fossil record 

of lake sediments can directly track biological changes and indirectly reconstruct past 

environmental variables using transfer functions, as well as other quantitative and 

qualitative assessments (Smol 2008).  

Autochthonous indicators such as invertebrate remains, algal fossils and pigments 

are important biological proxies of changes in primary production and higher trophic 

levels. For example, visual range spectroscopy (VRS) has been broadly applied to 

reconstruct whole-lake primary production from the sedimentary record by tracking 

chlorophyll a and its main degradation products (Michelutti et al. 2010, Michelutti and 

Smol 2016, Wolfe et al. 2006). Meanwhile, midges are often used as bioassessment tools 

to assess environmental change (Brodersen and Quinlan 2006). Aquatic larval stages of 

chironomids (Diptera: Chironomidae) are known to be responsive to the secondary 

effects of land-use alteration, and especially to changes to habitat structure, food 

availability, and hypolimnetic oxygen (Brodersen and Quinlan 2006, Quinlan and Smol 

2001a). The abundance and assemblage composition of chironomid larvae in profundal 

sediments have often been linked to hypolimnetic oxygen availability (Brodersen et al. 

2004, 2008, Francis 2001, Little and Smol 2001, Quinlan and Smol 2001a), and inference 

models have been developed to reconstruct past VWHO conditions from subfossil 

chironomid assemblages (Quinlan and Smol 2001a). Chaoborids (Diptera: Chaoboridae) 
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are also used to examine long-term changes in anoxia (Quinlan and Smol 2010) and fish 

presence (Sweetman and Smol 2006).  For example, smaller chaoborids (e.g. C. 

(Sayomyia) or C. trivittatus) use poorly oxygenated waters as refugium from fish 

predation and therefore can be used as an indirect indicator of anoxia (Quinlan and Smol 

2010).  

In contrast, black fly larvae microfossils (Diptera: Simuliidae) are rarely reported 

in paleolimnological studies but may indicate river influence (Currie and Walker 1992).  

Black fly larvae are generally rheophilic, attaching to rocky substrate in plankton-rich 

rivers or streams (Currie and Walker 1992). Klink (1989) attributed the relatively recent 

disappearance of simuliids from the Rhine River to contaminants and anthropogenic 

development, indicating that they may be useful lotic indicators of environmental change, 

though hypostomae were recovered at high abundances in comparison to those found in 

lake sediments. Larval black fly remains may move into lentic sediments when the 

depositional environment is appropriate (running water is not usually conducive to 

deposition) and may be physically focused with other littoral remains into the 

paleolimnological record of the deepest point (Currie and Walker 1992, Francis 2001, 

Heiri 2004).  

Often rheophilic chironomid and simuliid taxa are present in low abundances in 

northern lake sediments (combined contributing <10% of the total assemblage; Currie 

and Walker 1992, Wilson and Gajewski 2004). Wilson and Gajewski (2004) examined 34 

lakes in southwestern (Boreal) Yukon and found only two lakes, Little Louise and Otter 

Falls lakes, where rheophilic taxa (including simuliids) occurred. Otter Falls is a wide 

area of a river system and receives inflow from a larger, deeper lake, and the presence of 
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rheophilic taxa was interpreted as river influence (Wilson and Gajewski 2004). Similarly, 

Luoto (2010) examined the dipteran subfossil assemblages in Lake Pieni-Kauro and the 

Saavanjoki River in Finland, rarely recovering Simulium hypostomae in lake and river 

sediments (2.7% of total remains enumerated). Simuliidae hypostomae were found at low 

abundances (~5%) in littoral, sub-littoral and profundal samples (Luoto 2010). Simulium 

was a large component of the lotic assemblage (~20% relative abundance), co-occurring 

with Heterotrissicladius marcidus-type, Pscetrocladius (Psectrocladius) sordidellus-

type, and Thienemanniella clavicornis-type at similar relative abundances (Luoto 2010).  

There is a lack of information on interpreting the presence of simuliids in lake 

sediments, partially because little is known about (i) depositional biases (i.e. whether 

certain taxa preserve better or are carried further from the river source), (ii) how many 

individuals are required to represent the simuliid assemblages, and (iii) their 

environmental optima for physiochemical conditions. In addition, few studies identify 

hypostomae beyond the family level reducing the specificity of an environmental 

response to inferred change, likely due to a lack of European keys for identification and 

due to their relative rarity. As such, the presence of Simuliidae in lake sediment is often 

broadly simplified to indicating the presence or change of river influence in lentic 

environments. 

Here I examine the midge and simuliid assemblages of a ~70-year lake sediment 

record from Eastern Ontario, Canada, that has experienced multiple environmental 

stressors (including metal contamination, climate change, and eutrophication) to assess 

the impacts of recent nutrient loading and remediation. I (i) assessed how VRS-inferred 

whole-lake primary production has changed; (ii) determined whether benthic invertebrate 
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assemblages have changed, and if so, what limnological changes can be inferred from 

any taxonomic changes; (iii) assessed whether midge-inferred VWHO has changed; (iv) 

explored changes in simuliid assemblages; and (v) assessed whether a recovery is evident 

in chironomid assemblages since nutrient remediation began. 

Methods 

Site description 

Stoco Lake (44.47° N, 77.29° W) is a relatively shallow (Zmax = 11 m, Zmean = 4 

m) and small (SA = 0.53 km2) lake near Tweed, Ontario, Canada. Cultural eutrophication 

from diffuse sources, cyanobacterial blooms, excess algal growth, hypolimnetic anoxia 

and hence susceptibility to internal loading are ongoing lake management concerns 

(additional water chemistry in Table 2.S1, Figure 2.S1; MOE 2012).  

The lake has a relatively warm hypolimnion (bottom temperature in August 2011 

= 14°C) that has historically supported warm water fisheries (MOE 2012). Stoco Lake 

experienced weak dimictic stratification in the deeper southern basin during the 1984 

sampling season, with fall mixing occurring in late August to early September (MOE 

1984, 2012). Recent (2011) lake water measurements indicate that the lake is alkaline 

(pH 7.9) and mesotrophic (spring epilimnetic TP = 14.5 µg/L; MOE 2012). Secchi 

measurements from 1984 indicate poor water clarity at 1.2 m, with average 

measurements after 1997 ranging from 2.1 m to 2.4 m (MOE 2012).  

Tweed and its surrounding area have a complex geology, including drumlin and 

esker formations, a granite-limestone ecotone, and many commercially viable mineral 

deposits (gold, silver, actinolite, marl, and marble; SLSP 2017). Much of the Stoco Lake 
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watershed is on the Canadian Shield with poorly developed soils and thin till; agricultural 

activities are most prevalent in areas with limestone bedrock and on isolated pockets of 

suitable soils on the Shield (Quinte Conservation 2008). The region was first settled in 

the 1830s, supported by lumber, mining and agricultural industries, though the first 

permanent cottages were built on Stoco Lake in the early-1900s (SLSP 2017, TACOC 

2016). A number of industries were present on Stoco Lake beginning in the mid-1850s, 

including lumber mills, firework factories, and mineral production (SLSP 2017).  

Between 1850 and 1940, the majority of the original forests were removed, though 

incentivised reforestation efforts along the upper Moira River watershed occurred 

between 1905 and 1948 (SLSP 2017).  

The water chemistry in Stoco Lake is dominated by its major tributary, the Moira 

River (MOE 1984). The watershed – including that of the Moira River, Sulphide Creek 

and Clare River – has an area of approximately 2,230 km2, with the Moira River 

eventually flowing into Lake Ontario. The majority of the catchment, including areas in 

close proximity to Stoco Lake, is agriculturally developed (SLSP 2017). The sub-

watershed of the Clare River, which flows into the northeast side of Stoco Lake, is also 

mostly agricultural (SLSP 2017).  Approximately 50% of the upper Clare River drainage 

basin is comprised of wetlands, mixed forests and low-lying areas (MOE 2012, SLSP 

2017). High flow periods typically occur in spring with low flow conditions common in 

the summer (MOE 2012), though more flow is occurring from December to January than 

in the 1970s (Figure 2.S2). Lower spring runoff volumes and greater winter flow is 

expected as regional climate changes (Quinte Conservation 2008, SLSP 2017). Spring 

freshet rapidly carries and flushes nutrients through Stoco Lake (MOE 2012); spring ice 
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jams may allow for higher nutrient influxes due to flooding and reduced flow. The closest 

upstream water control structure is located at the outlet of Moira Lake, approximately 12 

km from the inlet of Stoco Lake before the Black River joins the Moira River (SLSP 

2017). There are also two weirs constructed in the 1970s located at the East and West 

Outlets of Stoco Lake (Caton’s seasonal and Chapman’s permanent weirs, respectively; 

SLSP 2017).  

Mining and mineral production have been important to Tweed and towns in the 

region since the mid-1800s, and especially the Deloro-Stellite mining site (SLSP 2017). 

The Moira River flows through Deloro 35 km northwest of Stoco Lake, which was the 

first plant worldwide to produce cobalt commercially (SLSP 2017). Mining activities at 

Deloro began in the late-1860s, releasing a wide variety of metals – including As, Ni, and 

Co – into the environment as by-products of production until the closure of the site in the 

1960s (MOE 2012). Sediment grabs from the inlet of the Moira River on Stoco Lake 

have metal concentrations (i.e. As, Fe, Ni, and Zn) lower in concentration than upstream 

sediments, but approaching or above severe effect levels, though there were no apparent 

effects on benthic invertebrates or fish populations in the Moira River or Stoco Lake 

(MOE 2001, 2012); occasional exposure to these levels will likely not pose a human 

health risk (CCME 2014).  

Core collection and chronology 

A 29 cm core was retrieved from the deepest point of Stoco Lake (Figure 2.1) on 

July 25, 2017 using a Uwitec gravity corer (internal diameter of 6.8 cm) and shipped to 

Université Laval, Laval, Québec, where it was split vertically. One half of the core was 

sectioned at 1-cm intervals in the lab and frozen at -20 °C prior to shipment to PEARL, 
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Queen’s University, Kingston, ON, for further analyses. Freeze-dried sediment was dated 

via gamma spectroscopy at PEARL by applying a constant rate of supply (CRS) model 

(Appleby and Oldfield 1978) to unsupported 210Pb activities in conjunction with 137Cs 

markers. 210Pb dates and the 137Cs peak, marking the 1963 height of nuclear weapons 

testing, agree within 10 years. The sediment core contained ~70 years of sedimentary 

history (~1950-2017 CE; Figure 2.S3), which provides adequate information to assess the 

potential recovery of Stoco Lake from eutrophication, but does not capture pre-impact 

(i.e. eutrophication, land clearance, or regional mining activity) sediments. 

Dipteran remains 

Midge remains were processed following the methods described in Walker 

(2001). Briefly, subsampled sediments were warmed at ~80 °C on a hotplate in a solution 

of 5% potassium hydroxide to disaggregate the sediment, then washed through a 100-µm 

mesh sieve using deionized water. Chironomid head capsules and chaoborid mandibles 

were picked from a Bogorov tray and slides were permanently mounted using Entellen®. 

A minimum of 40-50 chironomid head capsules were identified to the lowest possible 

taxonomic level (Anderson et al. 2013, Brooks et al. 2007, Uutala 1990) at 100×-400× 

magnification under brightfield illumination to properly characterize the chironomid 

assemblage (Quinlan and Smol 2001b). Black fly larvae were identified to the lowest 

possible taxonomic level following Currie and Walker (1992). Structurally, Simuliidae 

subfossil hypostomae are somewhat similar to chironomid head capsules, in that they 

consist of a median tooth, sublateral teeth, lateral serrations, and hypostomal setae 

(Currie and Walker 1992).  Chironomid taxa were classified as profundal or littoral taxa 

was based on known habitat preferences (Brooks et al. 2007, Saether 1979, Quinlan and 
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Smol 2001a). The chironomid assemblages were expressed in relative abundance for later 

inferences and statistical analyses.  Chironomid assemblage structure was examined 

using cluster analysis and a stratigraphically constrained incremental sum of squares of 

Euclidian distances (CONISS; Grimm 1987) followed by the application of a broken 

stick model (Bennett, 1996) to identify important stratigraphic zones in the assemblages 

(Oksanen et al. 2017).  

Past VWHO concentrations were inferred from the sedimentary chironomid and 

chaoborid assemblages using the calibration set described in Quinlan and Smol (2001a, 

2010). The late-summer VWHO calibration set compared chironomid assemblages of 

surface sediments with measured oxygen records from 54 sites located in southern 

Ontario and used weighted averaging and classical deshrinking in their model (VWHO 

range: 0.01 mg/L to 10.6 mg/L; r2 = 0.65, RMSE = 1.9 mg/L; r2
jack = 0.54, RMSEPjack = 

2.15 mg/L; Quinlan and Smol 2001a, 2010). Analogue methods (Simpson 2012; 

Appendix E) were used to validate the reconstruction by examining Bray-Curtis 

dissimilarities to compare the fossil and calibration data sets. Our analysis indicates that 

some caution should be used when interpreting the reconstruction (8 of 28 samples were 

“good” analogues, falling within <10th percentile of distances; the remaining 20 samples 

are “poor” analogues, and should be interpreted with caution). 

VRS-Inferred Whole Lake Primary Production 

Visible range spectroscopy (VRS) was used to infer sedimentary chlorophyll a 

concentrations and its main degradation products through time in order to track past 

changes in whole lake primary production, providing information on shifts in lake trophic 

status (Michelutti et al. 2010). Freeze-dried sediments were sub-sampled such that a 50 
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mL glass scintillation vial has at least 1 mm of sediment. The sediments were scanned 

using a Rapid Content Analyzer (FOSS NIRSystems Inc.) operating over a range of 400-

2,500 nm.  

Results 

In total, 1,379 whole chironomid head capsules from 36 taxa (Appendix B) were 

recovered from the 26 analyzed sediment intervals from periods prior to sewage 

treatment plant installation (~1975, 9 cm) and after installation. Throughout the period of 

time represented by the sediment core (~1950-2017), the chironomid assemblages were 

primarily composed of littoral taxa (60-80%; Figure 2.2, 2.3E). The dominant littoral 

taxon was Tanytarsus (25% mean relative abundance, 42% maximum relative 

abundance), with macrophyte-associated taxa, including Labrundinia, Dicrotendipes, and 

Glyptotendipes, found at lower abundances (~5-15% relative abundance). Polypedilum 

and Cricotopus decline abruptly from average relative abundances of 10-12% to <5% in 

the 1980s and 1960s, respectively (Figure 2.2).  

The relative abundances of semi-aquatic or lotic taxa associated with streams and 

shoreline erosion, Chaetocladius and Smittia-Parasmittia, are stable through the 

reconstructed period at ~10% abundance each (Brooks et al. 2007; Figure 2.2). The 

profundal assemblages was dominated by Procladius (~30% relative abundance) until 

~1960 (18.5 cm), but also included Sergentia, Micropsectra and Chironomus at mostly 

low (<10%) abundances through time. After ~1960, the relative abundance of Procladius 

dropped to 15-20% and Tanytarsus became dominant (25-30% relative abundance; 

Figure 2.2). This switch in dominance coincides with an increase in VRS-inferred whole-

lake primary production in ~1955, that continues through time, although at a slower rate 
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after ~1980 (Figure 2.3A). Midge-inferred VWHO (MI-VWHO) has remained stable and 

hypoxic through time (min = 1.6 mg/L, mean = 2.5 mg/L, max = 3.7 mg/L; model RMSE 

± 1.9 mg/L; Figure 2.3G), driven by the dominance of Procladius and the presence of 

other low-oxygen tolerant species such as Chironomus, Glyptotendipes, and 

Dicrotendipes (Brooks et al. 2007, Quinlan and Smol 2001a, Saether 1979). 

Taxonomic changes in the chironomid assemblage were generally subtle in the 

sediment core, though trends in other components of the assemblage were less stable, 

including head capsule concentration, the ratio of littoral to profundal taxa, and the 

relative abundance of Simuliidae in the sediment record (Figure 2.3H, 2.4). The 

concentration of chironomid head capsules increased through time, reaching a maximum 

of 246 HC/g dried sediment at ~1970s (7.5 cm; Figure 2.3D). The flux of head capsules 

also increased through time after ~1990 (6 cm; Figure 2.3D) The average ratio of littoral 

and profundal chironomid taxa was ~2.1 through the core. Lower values generally 

occurred before ~1960 (16 cm) when Procladius, a profundal taxon (Brooks et al. 2007), 

was dominant, and higher values occurring above ~1965 (14 cm; Figure 2.3E), 

coinciding with a change in dominance from Procladius to Tanytarsus. This also 

indicates that littoral taxa have been consistently prevalent through the core and become 

increasingly abundant after ~1965 (14 cm). Around this time, in the late-1960s, VRS-

inferred chlorophyll a began to increase, doubling in concentration from ~1956 (20 cm) 

to the surface of the core (Figure 2.3A). Most change in VRS-inferred chlorophyll a 

occurred between ~1956 (20 cm) to ~1970, after which the rate of increase declined and 

VRS-inferred chlorophyll a concentrations were relatively stable (Figure 2.3A).  
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Principal component analysis (PCA) was used to characterize chironomid 

assemblage change through time, though little directional change is evident (Figure 2.S5). 

Principal component axis 1 (λ = 0.16; Figure 2.3B) appears to track the change in 

dominance from Procladius to Tanytarsus during the late-1950s (18.5cm), coincident 

with increases in the concentration and flux of chironomid head capsules. Principal 

component axis 2 (λ = 0.12; Figure 2.3C) was not changing directionally through time 

and is likely tracking the subtle oxygen-mediated changes in the chironomid assemblage.    

Other invertebrate remains were also recovered, including 263 Chaoborus 

mandibles and 33 Simuliidae hypostomae (Figure 2.3H, 2.4). The Chaoborus assemblage 

was composed of primarily C. (Sayomyia)-type mandibles, with a small proportion of the 

chaoborid assemblage composed of C. flavicans. Chaoborid remains were distributed 

relatively evenly and remained mostly stable throughout the core (maximum recovered 

per interval = 21 mandibles; Figure 2.3E). The recovered black fly assemblage was 

composed of Simulium and Prosimulium throughout the core with a maximum of 7 

hypostomae recovered at 17 cm (~1960) and no remains were found above 5 cm (~1993; 

Figure 2.3H). 

Discussion 

The overall goal of this paleolimnological analysis was to examine how long-term 

oxygen and chironomid assemblages in Stoco Lake responded to the installation of a 

sewage treatment plant in the 1970s, in an attempt to curb excess nutrient influx and 

control algal growth. Paleolimnological techniques were used to provide continuously 

integrated environmental information from ~1950 to 2017, before and after the 

installation of a sewage treatment plant in the 1970, which may be useful for lake 
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managers, contribute to our understanding of multi-stressor lake systems and improve our 

understanding of how chironomids respond to nutrient remediation. Several 

environmental changes, such as river flow, precipitation, and/or temperature, may 

contribute additional stress and hinder recovery. The region is getting warmer and wetter 

(Figure 2.S4; ECCC 2018), which may provide an influx of diffuse nutrients from the 

watershed that were not targeted in previous remediation efforts.  

Regional population increases and agricultural intensification in the 1940s-1960s, 

as well as the potential recovery from eutrophication after the installation of a sewage 

treatment plant, may be assessed in this study of the past ~70 years. Whole-lake primary 

production is increasing after the late-1950s, likely influenced by nutrient influxes and 

possibly mediated by a changing climate. The increases in whole-lake primary production 

indicate that the majority of change occurred between the 1960s and mid-1970s, which is 

just before the sewage treatment plant was completed. At this time, annual mean 

temperatures were also slightly higher than previous years, despite little deviation from 

the 1866-2006 average temperature, and precipitation was ~10-15 mm/year lower than 

the 1866-2006 average (Figure 2.S4), which may have contributed to increased algal 

biomass. Gradual increases in Corynoneura, a biofilm-scraping taxon, begin at ~1955 (21 

cm) and declines in macrophyte-associated taxa, such as Polypedilum, occur in ~1960 (16 

cm; Anderson et al. 2013, Brooks et al. 2007), coincide with a rapid increase in VRS-

inferred chlorophyll a. The increase in whole-lake primary production, concurrent with 

declines in macrophyte-associated taxa and increases in scraping taxa, potentially 

indicates an increase in periphytic or pelagic production relative to macrophyte 

abundance (Jeppesen et al. 2000). The littoral taxa in the Stoco Lake sedimentary record 
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are mostly stable in abundance, with changes likely related to increasing whole-lake 

primary production as reflected in the VRS-inferred chlorophyll a record. 

There are few major taxonomic changes in the chironomid assemblages, with the 

shift in dominance from a profundal to a littoral taxon being the largest. The Procladius-

dominated assemblage transitioned to a Tanytarsus-dominated chironomid assemblage 

~1960 (16 cm), shortly after VRS-inferred chlorophyll a began to increase.  The 

transition between Procladius and Tanytarsus in ~1960 (18.5 cm) may be related to 

worsening oxygen conditions that reduced the relative abundance of profundal taxa 

(Hoffman 1988, Quinlan et al. 1998) and/or increased habitat availability in the littoral 

zone within macrophytic growth often associated with productive, low-turbidity systems 

(Clerk et al. 2000). Similarly, the short-term increase of head capsule concentration in 

~1970 (10 cm) may be related to increased food or habitat availability in the littoral zone, 

as the ratio of littoral:profundal taxa also increases slightly around this time. If algal 

blooms occur earlier in the year due to early warming of water temperatures or longer 

ice-free periods, periods of high flow may correspond with periods of high biomass in the 

surface waters, which would be rapidly flushed from the system. Changes in the timing or 

dominance of certain algal groups may also affect food availability in the profundal 

benthos and for predatory chironomids such as Procladius, which consume primarily 

oligochaetes and other zooplankton, but also detritus and diatoms (Baker and McLachlan 

1979). 

Profundal habitat is relatively simple, in contrast to the heterogenous littoral zone; 

changes in oxygen or food availability are more likely to drive changes in the profundal 

community than other aspects of habitat structure, such as macrophyte abundance 
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(Brodersen and Quinlan 2006). The profundal community of Stoco Lake was composed 

primarily of Micropsectra, Sergentia, Chironomus and Procladius. Highly productive 

lakes with moderate oxygen depletion are commonly characterized by a 

Chironomus/Procladius profundal assemblage (e.g. Brodersen and Quinlan 2006, 

Meriläinen et al. 2000, Saether 1979). A profundal community may be reduced or 

extirpated in lakes with severe hypolimnetic oxygen depletion (Hoffman 1988, Langdon 

et al. 2010, Quinlan et al. 1998). Higher algal biomass in the littoral zone may alter the 

availability of decaying plant matter in the profundal zone and especially if macrophytes 

are increasing in diversity, abundance or density, though this is not known in Stoco Lake. 

Sergentia is tolerant to moderate oxygen depletion (Quinlan and Smol 2001a) and is 

mostly stable throughout the record, supporting that there has been little change in deep-

water oxygen conditions through time. The reconstruction of MI-VWHO in Stoco Lake 

does not change directionally through time, despite increases in whole-lake primary 

production, with a mean inferred concentration of 2.5 mg/L (minimum = 1.6 mg/L, 

maximum = 3.7 mg/L; model RMSE ± 1.9 mg/L) indicating continued hypoxic 

conditions through the sedimentary record. Lower abundances of profundal taxa after 

~1960 (16 cm) until ~2008 (3 cm) may be related to worsening late-summer deep-water 

oxygen depletion. Stable but low abundances of Chironomus, as well as the gradual 

decline of Procladius and Micropsectra, may further indicate worsening late-

stratification oxygen depletion as the assemblage is potentially losing profundal taxa.  

Chironomus, an indicator of anoxic conditions, is also present throughout the 

record in low abundance. This may be due to generally oxygen-poor conditions 

precluding large profundal assemblages, inappropriate habitat or inadequate food 
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availability, or elevated metal concentrations in the sediment. Stoco Lake has elevated 

concentrations of metals, which would have implications for the benthos. This may be 

especially true for large, sediment-associated, filter-feeding taxa such as Chironomus 

more than planktonic or predatory taxa such as Micropsectra, Sergentia and Procladius 

due to their food source; Chironomus would consume more detritus and sediment than 

planktonic taxa that would consume surficial detritus, suspended organic matter, or other 

organisms (Ilyashuk et al. 2003). Similarly low abundances of Chironomus plumosus, 

often associated with low-oxygen hypolimnia (Quinlan and Smol 2001), were observed 

in productive high latitude bird ponds, though they were at highest abundance in seabird-

free sites (Michelutti et al. 2011). However, changes in nutrient inputs, pH and DIC were 

determined to be the primary factors influencing chironomid assemblages (Michelutti et 

al. 2011). Thienpont et al. (2016) examined multiple proxies in the sedimentary record of 

Pocket Lake, located near the now abandoned Giant Mine gold mining site in 

Yellowknife, NT, though it is important to note that As concentrations at Giant Mine are 

very much higher than those present in Stoco Lake. Cricotopus, a macrophyte-associated 

littoral taxon (Andersen et al. 2013, Brooks et al. 2007), increased from 10% to 40% 

relative abundance at the onset of metal (primarily As) contamination in Pocket Lake. 

Other taxa, including Polypedilum which is also typically associated with macrophytes 

(Andersen et al. 2013, Brooks et al. 2007), increased at the onset of mining, followed by 

a decline within ~20 years (Thienpont et al. 2016). While Chironomus was found at 

similar abundances, the littoral changes observed by Thienpont et al. (2016) were not 

clearly recorded in the Stoco Lake sediments. The relative abundances of Polypedilum 

and Cricotopus were relatively low (did not exceed 20% combined) and the observed 
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assemblage changes occurred in the 1960s, before the start of remediation at Deloro. 

Unfortunately, there is a lack of historical metals data for Stoco Lake, which would be 

needed to establish the contaminant history for the site.  

Overall, the sediment record available from the sediment core was relatively short 

and cannot establish midge assemblages prior to the establishment of the Deloro facility 

in the 1800s. Therefore, it is impossible to attribute changes in the chironomid 

assemblage specifically to the potential impacts of metals. Future studies may hopefully 

extend the sedimentary record in Stoco Lake to determine whether there are effects from 

regional mining activities.  

The persistence of Micropsectra and Sergentia in the sedimentary record could 

also indicate river or terrestrial influences or periodic occurrences of well-oxygenated 

habitat when they could colonize (Brodersen and Quinlan 2006). However, Micropsectra, 

a taxon with a relatively high oxygen optimum, abruptly declines in relative abundance at 

~1993 (5 cm), which would typically be interpreted as a decline in deep-water oxygen 

(Clerk et al. 2000, Quinlan and Smol 2001a), but may also be influenced by other factors 

such as river influence. The paleolimnological record of Stoco Lake contains four taxa 

typical of semi-aquatic or lotic habitats: Smittia-Parasmittia, Chaetocladius, 

Micropsectra (Anderson et al. 2013, Brooks et al. 2007, Saether 1979), and members of 

Simuliidae (Currie and Walker 1992). The occurrence of Chaetocladius throughout the 

sedimentary record would likely be related to a strong lotic influence from the Moira 

River, Clare River, and Sulphide Creek (Anderson et al. 2013, Luoto 2011). The 

occurrence of Smittia-Parasmittia, as a primarily terrestrial taxon (Anderson et al. 2013), 

may also be related to changes in water flow or level, or changes in erosion. 
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Micropsectra is typically classified as a profundal taxon with a high oxygen optimum 

(Quinlan and Smol 2001a, Saether 1979) which, based on modern monitoring records, 

should not have appropriate habitat in Stoco Lake due to late-summer anoxia (MOE 

2012). However, it has also been recorded at low abundances in stream studies where the 

environment is well-oxygenated (e.g. Fjellheim et al. 1993, Lancaster and Hildrew 1993) 

and where moderate metal contamination is present (Clements et al. 2000). The low 

abundance through time may be related to: (i) influx from local rivers or tributaries such 

as the Moira River or Sulphide Creek; (ii) colonization, when appropriate habitat exists, 

such as during spring or fall overturn (Brodersen and Quinlan 2006); and/or (iii) low 

taxonomic resolution due to incomplete remains (such as missing mandibles) potentially 

obscuring whether individuals belong to sublittoral, rheophilic, or profundal groups. 

Compared to other paleolimnological studies, Simuliidae hypostomae occurred relatively 

frequently in the sedimentary record until ~1990 (6 cm), likely due to the proximity of 

the coring site to the Moira River (e.g. Currie and Walker 1992). Simulium, the most 

abundant black fly larvae in Stoco Lake, are obligately rheophilic (Currie and Walker 

1992), and have been recorded at elevated abundances relative to other benthic 

invertebrates in metal-contaminated streams (Clements et al. 2000). The presence of 

rheophilic Simuliidae subfossils confirms that the Moira River has an influence on the 

water quality and sedimentary record in Stoco Lake, which appears to be changing over 

time as simuliids disappear from the record in ~1993. Decreased flow and a transition 

between spring- and winter-dominated peak flows from the Moira River (Figure 2.S2; 

ECCC 2018) may have changed the flushing rate from previous estimates, thereby 

reducing nutrient influx and allowing for the deposition of algal biomass in the riverbed 
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before reaching Stoco Lake. Alternately, it may also reduce water outflow, preventing the 

flushing of phytoplankton biomass, particulate matter, and increasing the strength and 

duration of thermal stratification. There is a lack of long-term records regarding stream 

flow in Stoco Lake and a general lack of knowledge on how Stoco Lake, with its water 

chemistry dominated by lotic flow, would respond to climatic change.  

 In summary, Stoco Lake is a multi-stressor system that has been impacted 

primarily by eutrophication from regional activities in the late-1950s, but does not show 

evidence of recovery in the sedimentary chironomid assemblages after the installation of 

a sewage treatment plant in 1973. Increases in VRS-inferred chlorophyll a beginning in 

the late-1950s indicated algal biomass increases indicative of cultural eutrophication. At a 

similar time, there was a change from profundal- to littoral-dominance in the chironomid 

assemblage, likely related to increased hypoxia and/or increased littoral habitat. The MI-

VWHO, however, did not substantially change through time, fluctuating around 2.5 mg/L 

since ~1950. Tanytarsus drove the change in dominance between the littoral and 

profundal taxa, while macrophyte-associated taxa mostly declined in the 1980s. The 

profundal taxa were primarily stable, though Procladius declined in the 1960s and 

Micropsectra declined after ~1993. Simuliidae remains were also observed until ~1993; 

they are atypical in lake sediments and likely indicate changing river inputs. The loss of 

simuliids in the sedimentary record co-occurs with lower and earlier flows than in the 

1970s from the Moira River which may indicate less river influence recently. The co-

variation of simuliids with semi-terrestrial or rheophilic/profundal chironomid taxa may 

assist in the interpretation of broadly-classified taxa (for example, at the genus level) or 

those that occur in known, measured unfavourable conditions that have not changed 
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substantially through paleolimnological analyses (such as Micropsectra existing in an 

oxygen-poor hypolimnion). Overall, this study demonstrates that changes to primary 

production were linked to changes in the chironomid assemblage but that attempts at 

remediation with the installation of the sewage treatment plant did not distinctly influence 

the assemblages, as low hypolimnetic oxygen levels persist to the present day.   
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Figures 

 

Figure 2.1. Map of Stoco Lake (44.472127°N, 77.294312°W), near the Village of Tweed, 

Ontario (town centre shaded with diagonal lines). The coring site is marked with ⨂, and 

the Deloro Mine Site is marked with an inverted triangle. 
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Figure 2.2. Relative abundances of subfossil chironomid (Diptera: Chironomidae) taxa 

that met the minimum exclusion criterion of >5%. Intervals highlighted in grey have 

counts below the minimum suggested for characterization of the sedimentary assemblage 

(<40–50 head capsules; Quinlan and Smol 2001b). Taxa are arranged by known habitat 

preference (shallow-water/littoral taxa to deep-water/profundal taxa; Saether 1979, 

Brooks et al. 2007).  
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Figure 2.3. Downcore analyses from Stoco Lake. The grey dashed line indicates the 

completion of the first sewage treatment plant (STP) in ~1975. (A) VRS-inferred 

chlorophyll a concentrations (mg/g dry sediment), with the dotted line denoting the 

average through time. Scores from the (B) first and (C) second principal component 

analysis of the chironomid assemblage. (D) The concentration of chironomid head 

capsules (whole head capsules per gram dry sediment) and flux of head capsules 

(HC/cm2/yr) over time. (E) The ratio of littoral to profundal (Litt:Prof) chironomid 

individuals. (G) The reconstructed concentrations of midge-inferred volume-weighted 

hypolimnetic oxygen ([MI-VWHO]). Error bars represent the model RMSE (±1.9 mg/L). 

Filled circles represent good analogue matches (Bray-Curtis distances below the 10th 

percentile; Simpson 2012). The dotted line denotes the average [MI-VWHO]. (H) The 

number of recovered black fly hypostomae (# Simul).  
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Figure 2.4. Examples of (A, B) Prosimulium spp. and (C) Simulium spp. black fly 

(Diptera: Simuliidae) hypostomae (Currie and Walker 1992) found throughout the Stoco 

Lake sedimentary record. Scale bars represent 50 µm in each panel.  
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Supplemental Figures 

 

Figure 2.S1. Dissolved oxygen profiles for the deepest basin of Stoco Lake from the 1984 

and 2011 sampling seasons (MOE 2012; Laurel Rudd, MECP, pers. comm.).  
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Figure 2.S2. Annual mean discharge (empty diamonds, right y-axis) and the seasonal 

proportion of discharge (columns; left y-axis) of the Moira River at Tweed, Ontario for 

years where 12 months of data was available (ECCC 2018).  
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Figure 2.S3. Dates estimated from a Constant Rate of Supply (CRS) model based on 

unsupported 210Pb activities and fitted to the 137Cs peak at 14.5 cm (due to radioisotope 

fallout in 1963), plotted with the standard errors associated from the linear interpolation 

of the model (left). Activity profiles (Bq/kg) of unsupported 210Pb (“Uns. Activity”), 

supported 210Pb (“Supp. Activity”) and 137Cs through time in Stoco Lake with their 

associated instrumental measurement errors (right).  
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Figure 2.S4. Temperature and precipitation records from the Belleville weather station 

from 1866-2006 (ECCC 2018).  Records where 12 months of data per year were not 

recorded are not included. (A) Annual temperature (°C) records and (B) deviations from 

the 1866-2006 mean annual temperature, calculated only from years where 12 months of 

data was available. (C) Annual total precipitation (mm) and (D) deviations from the 

1866-2006 mean total precipitation, calculated only from years where 12 months of data 

was available. 
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Figure 2.S5. Biplot (Axis 1 and 2) of a principle components analysis of chironomid taxa 

in Stoco Lake since the 1950s.  Taxa were untransformed prior to analysis, and only 

important taxa (>3% relative abundance in two or more sediment intervals with species 

scores greater than |0.6| or that change through the sediment record).  



 

 

62 

 

Table 2.S1. General water chemistry of Stoco Lake in 2011 (MOE 2012). 

Variable 

Measured Value 

Water Sample 
Sediment Sample 

(Eckman Grab) 

Conductivity 194 µS/cm  

Hardness 96 mg/L  

Alkalinity 90 mg CaCO3/L   

Calcium 30.3 mg/L  

Dissolved Organic Carbon 6.9 mg/L  

Total Suspended Solids 2.9 mg/L  

Arsenic  150 µg/g dwt 
 Note: “dwt” refers to dry sediment weight.
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Chapter 3: Assessing oxythermal Lake Trout (Salvelinus namaycush) habitat 

in Muskrat Lake (Cobden, Ontario) using sedimentary Chironomidae 

(Diptera) assemblages over the past ~200 years 

Abstract 

Muskrat Lake is a large, deep lake located on the Precambrian Shield near Cobden, 

Ontario. Nuisance algal blooms and poor hypolimnetic oxygen conditions prompted 

recent concerns over recreational use of the lake, with special concern paid to the natural 

Lake Trout (Salvelinus namaycush) population. I examined VRS-inferred chlorophyll a, 

sedimentary chironomid assemblages and chironomid-inferred volume-weighted 

hypolimnetic oxygen (CI-VWHO) using paleolimnological techniques to determine if the 

oxythermal habitat and primary production in Muskrat Lake has changed over the last 

~200 years. VRS-inferred chlorophyll a increased from ~1900 to ~1950 by a factor of ~3. 

The sedimentary chironomid record indicated that profundal taxa changed in ~1900, 

indicating worsening oxygen conditions, while macrophyte-associated littoral taxa 

declined ~1950, suggesting changes in macrophyte or epiphyte communities. CI-VWHO 

declines from ~1900 to ~2000, indicating suboptimal conditions for the growth, 

reproduction and survival of Lake Trout. Adequate oxythermal habitat may exist in 

shallower pelagic waters, where oxygen depletion is less likely to occur. Additional 

studies are needed to determine the likely drivers of recent nuisance algal blooms, as 

previously-studied sedimentary diatoms do not indicate substantial nutrient loading or 

increased thermal stability since the early-1800s. This study contributes to our 

understanding of long-term oxygen dynamics in Ontario Lake Trout lakes with nuisance 
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algal blooms, and our broader understanding of how chironomid assemblages respond to 

increased algal biomass through time.  
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Introduction 

Lake Trout (Salvelinus namaycush) are fish with high recreational, commercial, 

cultural and ecological value. Only 1% of Ontario lakes contain Lake Trout, representing 

one quarter of Lake Trout lakes worldwide. Found typically in deep, oligotrophic lakes, 

Lake Trout are widely distributed throughout the Boreal Shield. Lake Trout populations 

in southern Ontario are often heavily exploited, with the quality of many fisheries in 

decline (Evans 2007, Guzzo and Blanchfield 2017). Lake Trout are a sentinel species for 

environmental change because their slow growth, late maturation and narrow habitat 

requirements make them vulnerable to loss of optimum summer habitat (Plumb et al. 

2014). Optimal oxythermal habitat for Lake Trout is cold and well-oxygenated, optimally 

below 14°C, with volume-weighted hypolimnetic oxygen (VWHO) concentrations >7 

mg/L (Evans 2007, Plumb and Blanchfield 2009).  

Temperate Canadian lakes with sufficient depth often thermally stratify in the 

summer, which may compress optimal habitat as the thermocline develops and oxygen is 

depleted at or above the sediment-water interface (Arend et al. 2011). Low deep-water 

oxygen conditions might occur naturally in deep lakes where the renewal and saturation 

of oxygen is influenced by morphometric constraints (Brodersen and Quinlan 2006). 

Anthropogenic watershed development and clearing of riparian shoreline vegetation 

increases the influx of nutrients (such as phosphorus; Steedman and Kushneriuk 2000), 

which can promote high algal biomass and deplete deep-water dissolved oxygen prior to 

atmospheric renewal with fall mixing (Nürnberg 1995). Depletion of deep-water oxygen 

also promotes the development of anoxia and internal loading of nutrients, enhancing 
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algal growth that later decomposes, further worsening deep-water oxygen depletion 

(Nürnberg 1995).  

Climate warming also affects deep-water oxygen conditions by lengthening the 

duration of stratification (Foley et al. 2012) and enhancing thermal stability (Dobiesz and 

Lester 2009).  Lakes are likely to experience spatiotemporally heterogeneous responses to 

climate change in the future, but changes in thermocline depth, dissolved organic carbon 

transport from the catchment, precipitation and ice phenology are projected to have 

important implications for aquatic systems (Magnuson et al. 1997). This would 

subsequently influence littoral foraging, fall spawning patterns, and the volume of 

optimal habitat in northern Lake Trout populations, though the ability of Lake Trout 

populations to adapt to these changes are only now beginning to be understood (Guzzo 

and Blanchfield 2017).  

Lake managers often generate and evaluate environmental targets to mitigate the 

effects of environmental change, such as increasing temperatures or algal biomass, that 

could otherwise exacerbate the effects of overexploitation by reducing the availability of 

appropriate habitat leading to extirpation or detrimental metabolic consequences (Evans 

2007). Water quality management often focuses on reducing the influx of limiting 

nutrients from point-sources (e.g. sewage treatment plants or leaking septic systems) and 

diffuse sources which would have cascading effects on deep-water oxygen. 

Environmental monitoring in many regions began in the 1970s, after the initial impact 

from many stressors that could affect Lake Trout habitat, including gradual changes such 

as shoreline erosion or eutrophication, had become more obvious. Lake management is 

complicated by incomplete or short-term water quality records because there are no 
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known pre-impact reference conditions to set appropriate management targets (Smol 

1992).  

Paleolimnology is a powerful tool that uses biological, chemical and physical proxies 

stored in lake sediments to extend our understanding of pre-impact variability in 

biological communities. Biological proxies preserved in dated lake sediments can be used 

to quantitatively infer past water quality parameters, such as whole-lake primary 

production and volume-weighted hypolimnetic oxygen (VWHO). For example, visual 

range spectroscopy (VRS) has been widely applied to reconstruct whole-lake primary 

production from the sedimentary record by tracking chlorophyll a and its degradation 

products (Michelutti and Smol 2016). In addition, the aquatic larval stages of 

chironomids (Diptera: Chironomidae) are known to be responsive to the secondary 

effects of land-use alteration, and especially to changes to habitat structure, food 

availability, and hypolimnetic oxygen (Brodersen and Quinlan 2006, Quinlan and Smol 

2001a). The abundance and assemblage composition of chironomid larvae in profundal 

sediments have often been linked to hypolimnetic oxygen availability (Brodersen et al. 

2004, 2008, Francis 2001, Little and Smol 2001, Quinlan and Smol 2001a), and inference 

models have been developed to reconstruct past volume-weighted hypolimnetic oxygen 

conditions from subfossil chironomid assemblages (Quinlan and Smol 2001a). 

Here, I reconstruct past trends in chironomid assemblages and hypolimnetic 

oxygen over the past ~200 years in Muskrat Lake, Ontario, which is a large, deep Boreal 

Shield lake that has a natural Lake Trout population. The primary management concerns 

are excess algal growth (including cyanobacterial blooms) and low VWHO. Sedimentary 

diatoms indicate that productive (mesotrophic to eutrophic) conditions have been present 
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even prior to European colonization with minimal change (Brown and Smol 1985). The 

overall purpose of this study is to examine deep-water oxygen dynamics through time in 

order to assess how Lake Trout habitat may have been affected by European settlement 

since the 1850s. Specifically, I will determine (i) how overall lake production changed 

over the last two centuries and what were the likely primary causative factors; (ii) how 

sedimentary chironomid assemblages changed over time and what changes in Lake Trout 

habitat they indicate; and, (iii) whether these paleolimnological inferences can help set 

management targets and realistic mitigation goals. 

Methods 

Study Site 

 Muskrat Lake (45.678 °N, 76.908 °W) is a relatively large, single-basin system 

located in the Whitewater Region, Ontario, Canada, with the Town of Cobden on its 

southern shore (Figure 3.1). The lake has a maximum depth of 64 m, average depth of 

17.9 m and surface area of 12 km2, located in a catchment of 510 km2 underlain by both 

Precambrian Shield and sedimentary bedrock (Brown and Smol 1985). The Muskrat 

River flows through Muskrat Lake, starting in the Town of Renfrew and flowing north to 

the Ottawa River. The Snake River is the major tributary flowing first through the 

primarily forested Boreal Shield prior to arriving in the predominately agricultural and 

wetland-dominated Mixedwood Plains ecozone.  Muskrat Lake supports a variety of 

sport fish such as pike, walleye, and Lake Trout (OMNRF 2006). Excess algal growth 

and poor deep-water oxygen availability are of concern to the Lake Trout population, 

lake managers, and business owners. The occurrence of algal and cyanobacterial blooms 
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prompted further studies of past water quality and potential habitat degradation; 

cyanobacterial blooms that may produce cyanotoxins are a major concern as Muskrat 

Lake is the raw water source for the Town of Cobden. 

In Renfrew County, agriculture is an important component of the local economy 

and a long-time practice with European settlement occurring in the early-1800s.  

Agricultural practices, including watering livestock in water bodies and removal of 

riparian vegetation, remain common in the region, though practices are being 

continuously improved. The western shore of Muskrat Lake is predominantly 

agricultural, with many farms directly abutting either Muskrat Lake or the Snake River. 

Muskrat Lake was first settled by European loggers and farmers in the 1850s as 

interpreted from fossil pollen (e.g. Ambrosia) records (Brown and Smol 1985). In the 

1880s, the first railway was built, and Cobden was incorporated as a village in 1901.  

Core Chronology 

 A 36 cm sediment core containing ~200 years of accumulated sediment was taken 

on June 15th, 2017 from a depth of 33 m using a Glew (1989) gravity corer and sectioned 

into 0.5 cm intervals using a Glew (1988) extruder. Sediments were freeze-dried prior to 

analysis. Gamma spectroscopy was used to detect 210Pb activities in 33 sedimentary 

intervals through the core, after which a constant rate of supply (CRS) model was applied 

to estimate sediment ages from unsupported 210Pb activities, assuming a variable rate of 

sedimentation (Appleby and Oldfield 1978). A chronology below the core depth of 28 cm 

was estimated using a second order polynomial.  
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VRS-inferred Whole-lake Primary Production 

 Visible range spectroscopy (VRS) can track past changes in whole lake primary 

production by tracking sedimentary chlorophyll a and its main degradation products, 

providing information on shifts in lake trophic status (Michelluti et al. 2010, Michelutti 

and Smol 2016). Sediments were processed using standard methods (Michelutti et al. 

2005, Wolfe et al. 2006). Freeze-dried sediments were sieved through a 125-µm screen to 

equalize grain size, then scanned through a FOSS NIRSystem Model 6500 Rapid Content 

Analyzer operating over a range of 400-2500 nm. The concentration of chlorophyll a and 

its diagenetic products were inferred using spectral absorbance values from the 650-700 

nm range (Michelluti et al. 2010).  
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Sedimentary Chironomid Assemblages 
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 Invertebrate remains were processed following the methods in 

Walker (2001). Briefly, subsampled sediments were warmed at ~80 

°C on a hotplate in a solution of 5% potassium hydroxide for 30 

minutes to disaggregate the sediment, and washed through a 100-µm 

mesh sieve using deionized water. Head capsules were picked from a 

Bogorov tray and slides were permanently mounted using Entellen®. 

At least 40-50 chironomid head capsules (Quinlan and Smol 2001b) 

were identified to the lowest possible taxonomic level (Anderson et al. 

2013, Brooks et al. 2007) using a compound microscope set for 

brightfield illumination at 100×-400× magnification. Chironomids 

were further classified as profundal or littoral taxa was based on 

known habitat preferences (Brooks et al. 2007, Quinlan and Smol 

2001a, 2010, Saether 1979). The chironomid assemblages were 

expressed in relative abundance for later inferences, plotting, and 

statistical analyses.  Chironomid assemblage structure was examined 

using cluster analysis and stratigraphically constrained incremental 

sum of squares of Euclidian distances (CONISS; Grimm 1987) 

followed by the application of a broken stick model (Bennett 1996) to 

identify stratigraphic zones (Oksanen et al. 2017).  Past VWHO 

concentrations were inferred using the calibration set described in 
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Quinlan and Smol (2001a). The late-summer VWHO calibration set 

compared chironomid assemblages of surface sediments with 

measured oxygen records from 54 sites located in southern Ontario 

and used weighted averaging and classical deshrinking in their 

model (VWHO range: 0.01 mg/L to 10.6 mg/L; r2 = 0.65, RMSE = 1.9 

mg/L; r2
jack = 0.54, RMSEPjack = 2.15 mg/L; Quinlan and Smol 2001a, 

2010).Results 

Sedimentary chironomid assemblage trends 

In total, 50 chironomid taxa from 35 genera (total of 1795.5 whole head capsules 

recovered) were recorded from 33 intervals of Muskrat lake sediments, of which 16 taxa 

reached >5% in at least 2 intervals (count sheets in Appendix B, Tables B2a-d). The 

sedimentary chironomid assemblages recorded were dominated by littoral taxa, though 

the profundal taxa are tolerant of a wide range of oxygen conditions (Figure 3.2). 

Tanytarsus, a primarily littoral taxon (Brooks et al. 2007), is common (>30% relative 

abundance) throughout the sedimentary record. Corynoneura, a biofilm-scraping and 

macrophyte-associated taxon (Brooks et al. 2007), increases from the late-1700s and 

reaches a maximum relative abundance (~18%) in ~1970 before stabilizing at ~9% 

relative abundance (Figure 3.2). A similar trend is observed in Glyptotendipes 

(macrophyte-associated; Brooks et al. 2007) though the peak in abundance occurs in 

~1850 (~18% relative abundance) before declining to historically low abundances (~3%; 

Figure 2). Stempellina, a taxon with a high oxygen optimum (Quinlan and Smol 2001a), 

declines from ~9% relative abundance to sporadic occurrences after ~1950 (Figure 3.2). 
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Cricotopus, Cladopelma, Psectrocladius, and Microtendipes decline after ~2000 (Figure 

3.2). The profundal assemblage is mostly comprised of Micropsectra (15-30% relative 

abundance) and Procladius (5-20% relative abundance), with lower abundances of 

Sergentia and Chironomus (~5% relative abundance, occurring consistently throughout 

the record; Figure 3.2). Micropsectra (optimum = 6.1 mg/L, tolerance = 3.3-8.9 mg/L) is 

the dominant profundal taxon which declined from ~35% to ~20% relative abundance 

starting in ~1900 (Figure 3.2). Procladius increased from ~10% to ~20% coincident with 

changes in the relative abundance of Micropsectra, starting in ~1900 (Figure 3.2). Low 

abundances of Sergentia (DO optimum = 5.3 mg/L, tolerance = 2.6-8.0 mg/L) and 

Chironomus (optimum = 3.3 mg/L, tolerance = 0.3-6.3 mg/L; anoxia tolerant) are 

relatively stable throughout the sedimentary record (Figure 3.2). CONISS and broken-

stick analyses did not identify any clear stratigraphic zones in the assemblages.  

Trends in CI-VWHO 

CI-VWHO was relatively stable at ~5 mg/L until ~1900 (Figure 3.3). The largest 

decline in CI-VWHO occurred between ~1900 and ~1950, though the lowest 

reconstructed value occurred in ~2000 at ~3.1 mg/L (Figure 3.3). After ~2010, CI-

VWHO increased, approaching pre-1900 reconstructed values (Figure 3.3).  

Inferred-chlorophyll a trends 

VRS-inferred chlorophyll a concentrations in the Muskrat Lake sedimentary record 

were stable until ~1900 and reached its maximum value in ~1950 (Figure 3.4). VRS-

inferred chlorophyll a decreased slightly in the most recent sediments, though 

concentrations remained higher than pre-1950 conditions (Figure 3.4). 
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Discussion 

Overall, changes in the chironomid taxa of Muskrat Lake are subtle and lack clear 

directional changes, indicating that there has been little change in deep-water oxygen 

levels over the past ~200 years. The chironomid assemblages of Muskrat Lake are 

primarily littoral, with Tanytarsus being the most common taxon, with other littoral taxa 

typically associated with macrophytes. The profundal community is limited but contains 

taxa with both low and high oxygen optima, such as Procladius and Micropsectra, 

respectively. There was a three-fold increase in primary production (as inferred from 

sedimentary chlorophyll a) and a decline of ~1 mg/L in deep-water oxygen 

concentrations between ~1900 and the 1950s in Muskrat Lake.  

VRS-inferred chlorophyll a was elevated from pre-European colonization 

conditions since ~1950, indicating historically high primary production in the past ~70 

years. The gradual increase in VRS-inferred chlorophyll a may be related to deforestation 

and agricultural development (Quinlan and Smol 2002). However, algal blooms were 

first reported in the 1980s in Muskrat Lake, approximately 30 years after the peak in 

VRS-inferred chlorophyll a when multiple stressors, including climate warming, were 

occurring simultaneously. Mean annual air temperature began to increase in ~1940, 

crossing the 1889-2018 average annual air temperature (5.9 ºC) in Ottawa during the late-

1970s (Figure 3.5). Since 1980, the mean annual air temperature of Ottawa increased 

from 6.1 ºC to 7.4 ºC (Figure 3.5). There were concurrent declines in total snow and 

increases in total rain, with a net increase of ~8 mm in total annual precipitation (Figure 

3.5), indicating that the seasonality of precipitation, and likely ice phenology though no 

direct ice onset and break-up records are available, has changed since the 1980s. The 
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sedimentary diatom record of Muskrat Lake does not show a typical response to climate 

change and enhanced thermal stability, however, which would be inferred from 

increasing abundances of smaller, lightly silicified taxa (Brown and Smol 1985, Rühland 

et al. 2015). There may be additional mediating factors such as changes in wind direction 

or strength, carbon cycling or ice phenology (subsequently lengthening the summer 

stratification period) that may promote the relatively recent development of algal blooms, 

despite elevated VRS-inferred chlorophyll a recorded as early as the 1950s.  

In addition, enhanced internal loading under anoxic conditions may occur in the 

summer and winter stratification periods, resuspending bioavailable nutrients into the 

water column from the sediments to fuel algal biomass. CI-VWHO and the sedimentary 

midge assemblages suggest that low-oxygen conditions have existed throughout the 

reconstructed period, but that deep-water oxygen conditions also began to decline 

somewhat in ~1900, eventually decreasing by ~1 mg/L by ~2000. The continuous decline 

of CI-VWHO from ~1900 to ~2000 is likely due to the gradual accumulation of organic 

matter increasing the biological oxygen demand at the water-sediment interface 

(Brodersen and Quinlan 2006).  

Most of the littoral assemblage is dominated by macrophyte-associated taxa, 

which includes stem- or leaf-mining taxa and epiphyton/biofilm grazers (Pinder 1986). 

The lake currently has extensive macrophyte growth and large littoral areas, especially 

towards the lake outlet in the north. The common occurrence of macrophyte-associated 

taxa is consistent with other stratified lakes with extensive littoral area (e.g. Brodersen 

and Lindegaard 1999, Brodersen et al. 2001). Macrophyte-associated taxa generally 

reached their maximum relative abundances in ~1950 to ~1970, shortly after the peak in 
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VRS-inferred chlorophyll a. Glyptotendipes and Cricotopus began to decline in ~1960 

whereas Corynoneura, Microtendipes, and Dicrotendipes declined in ~2000, potentially 

indicating a change in macrophyte diversity or the availability of epiphyton. In a study of 

shallow Danish lakes, Cricotopus and Glyptotendipes were associated with Chara, 

Elodea, or in turbid systems lacking submerged vegetation, indicating that these taxa 

likely feed on microalgae and epiphyton as opposed to macrophyte tissues (Brodersen et 

al. 2001). In Muskrat Lake, the declines in biofilm-scraping taxa (Glyptotendipes and 

Cricotopus) could be associated with changes in turbidity or the proportion of epiphytic 

taxa to macrophytes around the peak of VRS-inferred chlorophyll a in ~1950, and more 

recent declines in macrophyte-associated taxa could be affiliated with the abundance or 

diversity of macrophytes, though there is little information on how this may have 

changed since ~2000.  

Overall increases in the relative abundance of littoral taxa – driven primarily by 

the increased relative abundance of Tanytarsus and declines in Micropsectra, a profundal 

taxon – may also be related to worsening deep-water oxygen conditions, which can 

extirpate profundal chironomid taxa with higher oxygen optima (Brodersen and Quinlan 

2006, Quinlan et al. 1998). The profundal chironomid assemblage suggests hypoxic 

conditions after ~1900, which corresponds to increases in VRS-inferred chlorophyll a 

concentrations. Chironomids vary in their oxy-regulatory capacities, with certain taxa 

(e.g. Chironomus) possessing various behavioural, morphological and/or physiological 

adaptations to environmental anoxia (Brodersen et al. 2004). The presence of oxy-

conforming taxa intolerant of anoxia (Micropsectra and Sergentia) throughout the record 

in low abundances suggest moderately-well oxygenated conditions. Micropsectra is an 
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oxy-conforming taxon found in well-oxygenated hypolimnia (Brodersen et al. 2004, 

Quinlan and Smol 2001) that inhabits the sub-littoral and profundal zone (Brooks et al. 

2007). The relative abundance of Micropsectra decreases by ~50% in ~1900, driven by a 

decline in Micropsectra pallidula-type (count data in Appendix B, Tables B2a-d) 

concurrent with increases in Procladius, an oxy-regulatory taxon tolerant of anoxic 

conditions (Brodersen et al. 2004, Quinlan and Smol 2001). The CI-VWHO 

reconstruction also reflects worsening oxygen conditions after ~1900, likely related to 

watershed development (Brown and Smol 1985, Quinlan and Smol 2002). Chironomids 

may change some time after the initial impact, which would be European colonization in 

~1850 in Muskrat Lake, as there may be delay between watershed impacts and declines 

in deep-water oxygen levels likely due to the accumulation of organic matter in the 

hypolimnion (Brodersen and Quinlan 2006, Quinlan and Smol 2002).  

Conclusions 

 I examined how VRS-inferred chlorophyll a, sedimentary chironomid 

assemblages and CI-VWHO have changed through time in Muskrat Lake, and especially 

as conditions have changed regarding deep-water oxygen Lake Trout oxythermal habitat. 

VRS-inferred chlorophyll a increased about 3-fold from ~1900 to ~1950. The 

sedimentary chironomid record indicated that profundal taxa also changed modestly 

~1900, indicating worsening oxygen conditions, while macrophyte-associated littoral 

taxa declined ~1950, likely indicating changes in macrophyte or epiphyte communities or 

the relative contribution of each to whole-lake primary production. In general, CI-VWHO 

indicates that suboptimal oxygen conditions for Lake Trout (>7 mg/L is optimal; Evans 

2007) have existed in Muskrat Lake since the early-1800s, though there has been a 
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further modest decline since ~1900. However, adequate oxythermal habitat may exist in 

shallower pelagic waters, where oxygen depletion is less likely to occur.  

In summary, deep-water oxygen conditions in Muskrat Lake have been poor since the 

early-1800s but worsened after ~1900. From a management perspective, Lake Trout 

populations have experienced similar environmental conditions (high algal biomass and 

low VWHO) since at least the 1950s. A realistic management target could consider that 

CI-VWHO did not exceed the provincial management target of 7 mg/L in the past ~200 

years and prepare for future stressors.  
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Figures 

 

 

Figure 3.1. Map of Muskrat Lake marking the coring location of 2017 Core 1A (coring 

depth = 33 m). 
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Figure 3.2. Relative abundances of the most abundant chironomid (Diptera: 

Chironomidae) sub-fossils identified in Core 1A from Muskrat Lake. Only taxa that met 

the minimum exclusion criteria of >5% abundance were plotted. Taxa are arranged by 

known habitat preference (shallow-water/littoral taxa to deep-water/profundal taxa; 

Brooks et al. 2007, Saether 1979).   
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Figure 3.3. Chironomid-inferred VWHO in core 1A from Muskrat Lake, ON (error bars 

represent the RMSE of the model, ±1.9 mg/L).  
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Figure 3.4. The VRS-inferred chlorophyll a profile of Core 1A from Muskrat Lake, ON.  
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Figure 3.5. Weather data for Ottawa (station 6105976, “Ottawa CDA”; ECCC 2018) 

spanning 1889 to 2006 (up to 2018 data for Mean Annual Air Temperature, MAAT). The 

solid grey line indicates the 1889-2018 mean value for each parameter. The dashed black 

line represents the fitted values of a general additive model, which reflects the overall 

trends in the raw data (grey solid points). 
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Chapter 4: Effects of European settlement and recent watershed development 

on sedimentary Chironomidae (Diptera) assemblages of a small, ultra-

oligotrophic Boreal lake 

Abstract 

Few paleolimnological studies have examined long-term dynamics of deep-water oxygen 

concentrations or chironomid assemblages in nutrient-poor, temperate lakes, with most 

analyses focussed on lakes exhibiting algal blooms or other signs of eutrophication.  

Here, I examine long-term trends in fossil midges from Lac Duhamel, a small, deep, 

ultra-oligotrophic lake located near Mont-Tremblant, Québec, that is valued for its 

recreational fisheries. The lake’s shoreline, however, is now densely populated and a 

highway was constructed in 1995, prompting concerns of eutrophication from lake 

residents. A paleolimnological approach was used to examine chironomid assemblages 

and reconstruct trends in midge-inferred volume-weighted hypolimnetic oxygen (MI-

VWHO), as well as whole-lake primary production, over the past ~300 years. Past whole-

lake primary production, which was reconstructed using visual range spectroscopy 

(VRS)-inferred chlorophyll a, declined slightly from between ~1918 (~4.5 cm) and 

~1967 (2.5 cm), increasing modestly in ~2009, likely in response to recent watershed 

development and regional changes to climate. The earliest sedimentary chironomid 

assemblage was similar to that of ~1946, and both were distinct from the remainder of the 

assemblages.  There were changes in macrophyte-associated or biofilm scraping taxa, 

potentially related to the recent invasion of Myriophyllum, watershed development and/or 

regional changes in climate. MI-VWHO was relatively stable through time, with recent 
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sediments showing a decline to ~3.2 mg/L (model RMSE ±1.9 mg/L). This indicates 

adequate, but suboptimal, oxygen conditions for trout throughout the sedimentary record. 

This study contributes to our understanding of assemblage changes in mid-trophic level 

organisms in Canadian Boreal Shield lakes with low productivity, and provides a long-

term context for lake managers and residents concerned with how watershed 

development has changed water quality over time in Lac Duhamel.   
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Introduction 

Cold-water fish species (e.g. salmonids) are important sportfish but have strict habitat 

requirements that are primarily constrained by temperature and dissolved oxygen 

conditions during periods of thermal stratification. Suboptimal conditions promote 

potentially deleterious behavioural and physiological responses (Evans 2007, Plumb and 

Blanchfield 2009). Deep oligotrophic lakes may have a substantial volume of cold-water 

fish habitat and, therefore, have a high recreational or cultural value. Long-term 

dynamics in deep-water oxygen of oligotrophic lakes, outside of the context of recovery 

from eutrophication or on longer temporal scales, are rarely reported but potentially 

valuable to lake managers as regional reference lakes for wide-scale environmental 

change (Little et al. 2000, Quinlan and Smol 2001a, Saether 1979). 

Paleolimnology uses biological, chemical and physical indicators stored in lake 

sediments to extend the temporal scale of modern monitoring records. The fossil record 

of lake sediments can directly track biological changes and indirectly reconstruct past 

environmental variables using transfer functions or qualitatively using the known 

ecological optima of indicators (Smol 2008). Long-term fluctuations in whole-lake 

primary production, oxygen, and benthic communities can provide information on how 

biota have responded to a variety of stressors.  

Visual range spectroscopy (VRS) has been broadly applied to reconstruct whole-lake 

primary production from the sedimentary record by tracking chlorophyll a and its main 

degradation products (Michelutti and Smol 2016). Chironomids (Diptera: Chironomidae) 

and chaoborids (Diptera: Chaoboridae) have aquatic larval instars that are common 

benthic invertebrates, important sources of food for fish, and provide important 
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ecosystem services by shredding or breaking down organic matter (Walker 2001). 

Midges are known to be responsive to the secondary effects of land-use alteration, and 

especially to changes to habitat structure, food availability, and hypolimnetic oxygen 

(Brodersen and Quinlan 2006, Quinlan and Smol 2001a). Most importantly, the 

abundance and assemblage composition of chironomid larvae in profundal sediments 

have often been linked to hypolimnetic oxygen availability (Brodersen et al. 2004, 2008, 

Francis 2001, Little and Smol 2001), and inference models have been developed to 

quantitatively reconstruct past volume-weighted hypolimnetic oxygen (VWHO) 

conditions from subfossil chironomid assemblages (Quinlan and Smol 2001a). Low 

oxygen conditions (hypoxia, VWHO <4 mg/L; Witmore et al. 1960; or, anoxia, VWHO 

<1 mg/L) exclude many organisms from inhabiting deeper regions of the hypolimnion or 

the profundal benthic zone (Nürnberg 1995). Lake morphometry and thermal 

stratification can naturally produce hypoxia (Jankowski et al. 2006), but anthropogenic 

disturbances are viewed as the main drivers of deep-water oxygen depletion and anoxia 

(Frossard et al. 2013, Rabalais et al. 2010).  

In addition, chaoborids have also been used to examine changes in fish presence 

(Sweetman and Smol 2006) and anoxia (Quinlan and Smol 2010). Chaoborids, especially 

larger genera (e.g. Chaoborus americanus), are a preferred food type of many 

planktivorous fish. Their presence or absence in the sedimentary record may represent 

changes in predation pressure (Sweetman and Smol 2006). Smaller chaoborids (e.g. C. 

(Sayomyia) or C. trivitattus) can survive fish predation by using poorly oxygenated 

waters as refugium (Sweetman and Smol 2006), making chaoborids useful indicators of 

anoxia (Quinlan and Smol 2010). 



 

 

95 

 

There are very few studies published on the limnology and paleolimnology of small 

lakes in the Laurentian Highlands in Québec, despite their recreational value and 

abundance on the landscape. Modern limnological studies of small lakes near Mont-

Tremblant have mainly focused on zooplankton spatial heterogeneity (Masson et al. 

2004), periphyton biomass (Lambert and Cattaneo 2008), catchment topography as a 

control on water chemistry (D’Arcy and Carignan 1997), and temporal changes in 

dissolved organic carbon over the past ~30 years (Couture et al. 2011). Paleolimnological 

studies are less common. For example, Vermaire et al. (2012) used a top-bottom 

paleolimnological approach to examine sedimentary diatom assemblages from for 37 

lakes around Sherbrooke, Québec, south of the St. Lawrence River. Ultimately, regional 

reductions in macrophyte abundance were linked to water level and nutrient fluctuations 

associated with high building densities in the lake catchments (Vermaire et al. 2012). On 

a longer time scale, chironomid-inferred paleoclimate and diatom-inferred wind activity 

in Lac du Sommet (northeast of Québec City) was examined over the past ~9500 years 

(Hausmann et al. 2011).  No paleolimnological studies have been published to date 

examining centennial-scale trends in cold-water fish habitat in the oligotrophic lakes of 

southwestern Québec. 

Lac Duhamel (46.142 °N, 74.635 °W), located near Mont-Tremblant, is especially 

vulnerable to water quality change because of its current ultra-oligotrophic state but 

relatively developed watershed. There are four primary concerns for water quality in Lac 

Duhamel: (i) eutrophication from shoreline development, (ii) impacts from highway 

runoff, (iii) the introduction of invasive species, and (iv) the quality of cold-water fish 

habitat. Most of these impacts have occurred very recently (since the mid-1980s). The 
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region was first colonized in the mid-1800s, with agriculture and forestry as the primary 

economic sectors. Massive regional deforestation occurred in the early-1900s, though 

there are no records of deforestation specifically in the lake’s small watershed and the 

steep slopes would likely have precluded agricultural development. However, the 

shoreline of Lac Duhamel is now densely populated relative to its small watershed size 

(area = 2.8 km2), though steep slopes (>30% grade) precluded development on the 

northern shore. Anthropogenic development and changes in climate, precipitation 

patterns, or ice phenology have the potential to alter water quality substantially, since Lac 

Duhamel is a deep, ultra-oligotrophic lake with a low renewal rate that is also located in a 

small catchment.  

The purpose of this paleolimnological study was to assess cold-water fish habitat 

through time, and to determine if recent environmental changes (highway construction, 

shoreline development and the introduction of Myriophyllum spp.) have influenced past 

primary production and chironomid assemblages. This study is part of an overall 

multiproxy analysis that will eventually incorporate sedimentary diatoms and 

cladocerans, thus limiting our overall interpretations at this time. I will examine (i) 

sedimentary midge assemblages to assess how mid-trophic level biota have responded to 

environmental change in an ultra-oligotrophic lake, (ii) inferred deep-water oxygen 

concentrations to determine how cold-water fish habitat may have changed, and (iii) 

trends in inferred water column chlorophyll a to determine how primary production has 

changed over the past ~300 years in Lac Duhamel. 
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Methods 

Site Description 

 Lac Duhamel (46.142 °N, 74.635 °W) is a small (SA = 0.52 km2), deep (Zmax = 29 

m, Zmean = 12 m, V = 6,170,000 m3) dimictic lake with two basins of similar depth 

located near Mont-Tremblant, Québec, Canada. Strong thermal stratification (Zthermocline = 

7-11 m) occurs from July to September annually, with a weak oxycline ([DO]epilimnetic = 

8-9 mg/L, [DO]bottom = 4-5 mg/L) and strong positive heterograde ([DO]maximum = 11 

mg/L) in the lower metalimnion (Genivar 2012). Lac Duhamel is classified as ultra-

oligotrophic ([TP]spring = <4 µg/L, Secchi = 8-12 m) and is relatively low in dissolved 

organic carbon (DOC = 2.7 mg/L in 2004) with low turbidity (0.5 NTUs; Biofilia 2004). 

There are several permanent and intermittent stream inlets to Lac Duhamel with one 

outlet draining to the Rivière du Diable with a water residence time of approximately 2 

years (Biofilia 2004). The lake is located on the Boreal Shield but has a low sensitivity to 

acidification due to its location (Dupont 1991) and alkalinity (measured at 40 mg 

CaCO3/L in 2004; Biofilia 2004).  

The combination of low nutrient availability, high proportion of development in 

the watershed, and relatively slow turnover rate may increase the sensitivity of Lac 

Duhamel to eutrophication (Biofilia 2004). Runoff from the recent installation of a 

highway has also caused local concern. Highway 117 connecting Mont-Tremblant to La 

Conception, was completed in 1995, resulting in 12% of the watershed being cleared for 

the construction. One of the main tributaries to Lac Duhamel runs under the highway. 

Though not measured prior to construction, chloride (48 mg/L in 2004) and conductivity 

throughout the water column (258 µS/cm in 2004) are relatively high for this region, 
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probably related to winter road salting on Highway 117 (Biofilia 2004). For example, 

within a 6 km radius of the lake, the only other lake with a conductivity above 60 µS/cm 

is Lac Maskinongé (Genivar 2012), which is near another two-lane highway. Elevated 

concentrations of orthophosphate were detected after the highway was completed 

(Biofilia 2004, IES 1995). Eurasian Milfoil (Myriophyllum spp.) was first detected in 

1991 and has since created dense macrophyte beds along the southern shore of the lake, 

generating concern regarding changes to water circulation at the outlet of the lake 

(Biofilia 2004). Finally, Lac Duhamel has been valued for its cold-water fisheries since 

the mid-1900s, with stocking records of brown trout (Salmo trutta) and Lake Trout 

(Salvelinus namaycush) dating to 1932 (“Répertoire des connaissances” 2006). 

Watershed development, the sensitivity of Lac Duhamel to eutrophication, and the 

introduction of invasive species have generated concern about the resident trout 

populations and the sustainability of their habitat. 

Core collection and chronology 

One 28-cm core was retrieved from a depth of 26 m in the southeastern basin Lac 

Duhamel (46.142 °N, 74.635 °W; Figure 4.1) in July 2017 using a Uwitec gravity corer 

(internal diameter of 6.8 cm) and shipped to Université Laval, Québec City, Québec. The 

core was sectioned at 1-cm intervals in the lab and frozen at -20°C prior to shipment to 

PEARL, Queen’s University, Kingston, Ontario, for chironomid and chlorophyll a 

analyses. Sediment was freeze-dried prior to radiometric dating using an Ortec® high 

purity germanium gamma spectrometer (Oak Ridge, TN, USA) at PEARL. A constant 

rate of supply (CRS) model (Appleby and Oldfield 1978) was applied to unsupported 

210Pb activities using ScienTissiME software version 2.0.1 to estimate the chronology.  
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The sedimentary chronology beyond the past ~150 years was extrapolated using a 

second-order polynomial from the established 210Pb chronology. The sediment core 

contained ~300 years of sedimentary history (~1700s-2017 CE in the first 10 cm). 

Chironomid and chaoborid remains 

Sedimentary chironomid and chaoborid remains were processed following the 

methods described in Walker (2001). Briefly, subsampled sediments were warmed at ~80 

°C on a hotplate in a solution of 5% potassium hydroxide to disaggregate the sediment, 

then washed through a 100-µm mesh sieve using deionized water. Head capsules were 

picked from a Bogorov tray and placed onto a cover slip. Slides were then permanently 

mounted using Entellen®. A minimum of 40-50 midge (chironomid and chaoborid) head 

capsules (Quinlan and Smol 2001b) were identified to the lowest possible taxonomic 

level (Anderson et al. 2013, Brooks et al. 2007, Uutala 1990) using a compound 

microscope set for brightfield illumination at 100×-400× magnification. Two intervals 

had fewer than 40 midge head capsules (0.0-1.0 cm and 5.0-6.0 cm). Further chironomid 

classification as profundal or littoral taxa was based on known habitat preferences 

(Brooks et al. 2007, Quinlan and Smol 2001a, Saether 1979). The chironomid 

assemblages were expressed in relative abundance for later inferences and statistical 

analyses.  Chironomid assemblage structure was examined using cluster analysis and 

constrained incremental sum of squares of Euclidian distances (CONISS; Grimm 1987) 

followed by the application of a broken stick model (Bennett 1996) to identify 

stratigraphic zones (Oksanen et al. 2017, R Development Core Team 2016). Past VWHO 

concentrations were inferred from the sedimentary chironomid and chaoborid 

assemblages using the calibration set described in Quinlan and Smol (2001a, 2010). The 
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late-summer VWHO calibration set compared chironomid assemblages of surface 

sediments with measured oxygen records from 54 sites located in southern Ontario and 

used weighted averaging and classical deshrinking in their model (VWHO range: 0.01 

mg/L to 10.6 mg/L; r2 = 0.65, RMSE = 1.9 mg/L; r2
jack = 0.54, RMSEPjack = 2.15 mg/L; 

Quinlan and Smol 2001a, 2010). 

VRS-Inferred Whole Lake Primary Production 

VRS was used to infer concentrations of sedimentary chlorophyll a (including its 

isomers and its main diagenetic products) through time to track past changes in whole 

lake primary production, providing information on shifts in lake trophic status (Michelluti 

and Smol 2016). Freeze-dried sediments were sub-sampled and sieved through 125-µm 

mesh to equalize particle size and transferred to a 50 mL glass vial. The sediments were 

scanned using a Rapid Content Analyzer (FOSS NIRSystems Inc.) operating over a range 

of 400-2,500 nm. Absorbance values from the 650-700 nm wavelength range were used 

to infer past trends in chlorophyll a as well as its isomers and main phaeopigments using 

a linear model (Michelutti et al. 2010, Wolfe et al. 2006). 

Results 

Prior to the mid-1900s, VRS-inferred chlorophyll a was relatively stable (Figure 4.2). 

However, by the mid-1900s, VRS-inferred chlorophyll a declined about two-fold (Figure 

4.2). VRS-inferred chlorophyll a showed a recent increase in whole-lake primary 

production starting in ~1967 to concentrations approaching those found in the early-

1800s (Figure 4.2).  

A total of 390.5 chironomid head capsules and 88 chaoborid mandibles were 

recovered from 9 sediment intervals (Appendix B: Tables B3a,b). The chaoborid 
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assemblages were composed of Chaoborus (Sayomyia) and C. trivitattus. The chironomid 

assemblages have gradually, but distinctly, changed through the sedimentary record, even 

though CONISS and the broken stick analyses did not indicate significant stratigraphic 

zones in the chironomid assemblage (Figure 4.2). The sedimentary assemblages in ~1700 

and ~1946 were similar in that they were primarily composed of littoral taxa at small 

relative abundances (Figure 4.2, Appendix B: Table B3a,b). The dominant taxa 

throughout the core were profundal taxa, though the littoral assemblages were more 

diverse (Figure 4.2). The profundal community was characterized by Sergentia (most 

common taxon at ~30-40% relative abundance) and Micropsectra (~10% relative 

abundance) throughout the record (Figure 4.2). Micropsectra was absent in the top 

interval (~2009; Figure 4.2). Sergentia reached a minimum abundance in ~1946 (~15% 

abundance; few chironomid head capsules were recovered from this interval) but 

increased to 30% abundance at the top of the core (Figure 4.2). Taxa present deeper in the 

core that were absent at the top (i.e. Dicrotendipes notatus-type and Polypedilum) are 

typically sediment-associated (Figure 4.2; Anderson et al. 2013, Brooks et al. 2007).  

Eurytopic taxa such as Tanytarsus (~15-20% relative abundance) and Derotanypus 

(<10% relative abundance) were present without major change throughout the record 

(Figure 4.2). Overall, the diversity of the chironomid assemblage was stable at an average 

of 17 taxa per interval, except for the top interval (~2009) which had only 9 taxa though 

this may have been influenced by low chironomid counts (Appendix B: Table B3a,b).  

The concentration of chironomid head capsules increased from 120 HC/g dwt 

(head capsules per gram of dried sediment) to 231 HC/g dwt from ~1690 to ~1918, after 
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which it declined to 102 HC/g dwt in ~1967. The concentration of head capsules reached 

a minimum in the surface sediments at 37 HC/g dwt. 

Chironomid-inferred volume-weighted hypolimnetic oxygen (CI-VWHO) inferences, 

which excludes the proportion of Chaoborus mandibles often used to indicate anoxic 

conditions (Quinlan and Smol 2010), were generally stable through time at an average of 

5.5 mg/L (range: 4.6-6.5 mg/L). Midge-inferred volume-weighted hypolimnetic oxygen 

(MI-VWHO), which includes Chaoborus in the inference, was also relatively stable 

through time (Figure 4.2). However, at the top of the core, MI-VWHO was 3.7 mg/L, 

approaching the lowest inferred value from ~1690 (2.6 mg/L).  

Discussion 

 This study is part of a multi-proxy examination of past environmental conditions 

in Lac Duhamel, and therefore interpretations in this thesis are based solely from the 

sedimentary chironomid assemblages and VRS-inferred chlorophyll a.  Once my 

collaborators complete their paleolimnological studies, I should be able to provide more 

detailed reconstructions of this lake’s history. The overarching purpose of this study was 

to assess long-term trends in the cold-water fish habitat of currently ultra-oligotrophic 

Lac Duhamel by reconstructing MI-VWHO using paleolimnological techniques and 

examining long-term trends in sedimentary midge assemblages.  

Our overall results indicate that the sedimentary chironomid assemblages and MI-

VWHO have been relatively stable since ~1700, but there were modest changes in VRS-

inferred chlorophyll a. However, based on one basal point, it appears that pre-European 

(~1700s, 9.5 cm; Figure 4.2) conditions were considerably different from most of the 
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remainder of the sedimentary record. VRS-inferred chlorophyll a was also relatively high 

in the deepest sediment interval and was at a similar level to the top of the core (~2009). 

The chironomid assemblages were composed almost entirely of littoral taxa at low 

relative abundances (<10%), many rare taxa (<4% relative abundance) totalling 20% of 

the assemblage, and only two profundal taxa (Chironomus with 2% relative abundance 

and Micropsectra at 12% relative abundance; Appendix B). The chaoborid assemblage 

was composed of Chaoborus (Sayomyia) and C. trivitattus. Both CI- and MI-VWHO 

were relatively low in comparison to the rest of the sedimentary record (4.6 and 2.6 

mg/L, respectively), with MI-VWHO driven lower by high relative abundances of 

chaoborids (ratio of chaoborids to chironomids of 0.15; Appendix D). It is possible that 

these profundal taxa were excluded from the epilimnion due to anoxia (Brodersen and 

Quinlan 2006, Quinlan et al. 1998). However, Micropsectra is a profundal taxon with a 

high oxygen optimum and VRS-inferred chlorophyll a was at similar levels as modern 

conditions, so it is more likely that food availability was a greater control on profundal 

taxa. Further investigation into the trophic status of the lake at this time using other 

biological proxies would provide additional information and help determine whether 

nutrients were adequate to potentially promote anoxic conditions. 

 Between ~1700 and ~1800, there was a large change in our paleolimnological 

proxies which may be related to early settlement and forest clearance. It is important to 

note that the earliest dates (6.5-9.5 cm) were extrapolated from a second-order 

polynomial and are a rough estimate of the sediment age. Forestry records for the Lac 

Duhamel watershed specifically are unavailable, but there would have been deforestation 

associated with early settlement. The watershed is very small relative to the surface area 
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of Lac Duhamel, so clear-cutting to settle around the shores may have altered littoral 

habitat structure (loss of leaf litter, branches), hydrology or erosion, and the thickness of 

the soil humus layer (Stockner et al. 2000). VRS-inferred chlorophyll a and MI- and CI-

VWHO are relatively stable in the ~1800s. However, the emergence of Sergentia 

(oxygen optimum = 5.3 mg/L, tolerance: 2.7-8.0 mg/L) as a common profundal taxon 

(38% relative abundance) changes the previous littoral-dominated structure of the 

chironomid assemblage and supports the conclusion that there was a well-oxygenated 

hypolimnion. Sergentia is stable until ~1918, when VRS-inferred chlorophyll a begins to 

decline. 

 Between ~1918 and ~1946, VRS-inferred chlorophyll a was notably low. Further 

studies involving diatoms may clarify how nutrient inputs may have changed during this 

period, but there are at least two possible explanations for this change: forest regrowth or 

forest clearance. In the case of forest clearance, declines in VRS-inferred chlorophyll a 

may be related to higher inorganic contributions to the sedimentary record from erosion 

after canopy loss, a reduction in allochthonous nutrient inputs as there would be less leaf 

litter and a thinner humus layer and hydrological change related to warmer stream 

temperatures (Stockner et al. 2000). Changes in turbidity and dissolved organic carbon 

inputs may have altered light availability for algae contributing to reductions in whole-

lake primary production. Deforestation is not likely to be driving the observed changes 

due to incongruencies with head capsule concentrations and taxonomic changes in the 

chironomid assemblages.  

In the case of deforestation, I would expect a reduction in littoral taxa, as there 

would be a loss of habitat heterogeneity (loss of leaves and woody inputs), and a change 
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in sediment structure relating to erosional inputs. Rather, the sedimentary chironomid 

assemblages have higher proportions of littoral taxa and are similar to those found in 

~1700 with high head capsule concentrations. There is also a reduction in the 

contribution of profundal taxa, declining from ~50% relative abundance in ~1830 to 

~20% by ~1946, which is likely related to a combination of reduced food availability as 

nutrients are taken up by re-growing trees and higher habitat complexity (leaf litter, 

woody debris) or availability in the littoral. The reduction of profundal taxa is unlikely to 

be related to anoxia (e.g. Quinlan et al. 1998) because Sergentia and Micropsectra persist 

through the record, without the typical transition from taxa with high oxygen optima to 

anoxia-tolerant taxa with low oxygen optima (Brodersen and Quinlan 2006).  

There is minimal change in CI-VWHO between ~1918 and ~1946, though there 

are modest increases in MI-VWHO that are likely related to changes in the chaoborid 

community. The chaoborid assemblage remains stable until ~1946, when Chaoborus 

trivitattus disappears from the sedimentary record. C. trivitattus is a relatively large 

chaoborid taxon with a limited ability to migrate vertically, so it is generally found in 

lakes with limited fish populations (Sweetman and Smol 2006). They are often targeted 

by visual zooplanktivores and may disappear after fish stocking (Sweetman and Smol 

2006, Uutala and Smol 1996). C. (Sayomyia) is smaller and is able to undergo full 

vertical migration, allowing it to co-exist with fish populations (Sweetman and Smol 

2006). The earliest record of fish stocking was in the 1930s (“Répertoire des 

connaissances” 2006), so it is likely that stocked trout populations have precluded the 

recovery of C. trivitattus. Inferred chlorophyll a may have remained at low 

concentrations until ~1967 due to continued development or the stocking of trout which 
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could reduce the abundance of planktivores, increase zooplankton grazing activity 

(Carpenter et al. 1985, Stich and Brinker 2010). This could be examined further in future 

studies using cladoceran remains to examine reference conditions for fish predation and 

grazing pressures on algae (e.g. Korosi et al. 2008, Sweetman and Finney 2003), but 

cannot be adequately assessed using the biological proxies examined in this study. 

 The observed changes from ~1967 to ~2009 are subtler and may track watershed 

clearance and settlement. VRS-inferred chlorophyll a remains low until ~2009, when 

there is a modest increase. This may be related to climate warming and watershed 

clearance or increased nutrient inputs from highway construction. Climate warming 

would increase epilimnetic temperatures, with longer ice-free seasons promoting algal 

growth. Presumably, once the diatom data and other paleolimnological proxies are 

available, a more robust interpretation will be possible.  Subsequent declines in MI-

VWHO may be related to increased amounts of organic matter available for 

decomposition at the sediment-water interface after senescence, therefore increasing the 

biological oxygen demand at the sediment-water interface. Longer periods of ice-free, 

thermally stratified conditions then extend the duration of hypolimnetic isolation from 

atmospheric gas exchange (Dobiesz and Lester 2009, Foley et al. 2012). Both MI- and 

CI-VWHO match well in this period because there are fewer chaoborids to influence MI-

VWHO and both are relatively low in ~2009. Sergentia recovers to abundances found 

between ~1800 and ~1879, though the chaoborid assemblages do not fully recover. This 

may be due to the continued stocking and presence of trout because Chaoborus 

(Sayomyia), a smaller taxon able to co-exist with visual predators, is present at low 

abundances while C. trivitattus, the larger of the two taxa with limited vertical migration 
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(Sweetman and Smol 2006), does not re-occur. Many of the macrophyte-associated taxa 

present earlier in the record (e.g. Dicrotendipes and Polypedilum) are replaced by other 

macrophyte-associated or biofilm scraping taxa (e.g. Corynoneura and Cricotopus) by 

~2009, which may be related to the invasion of Myriophyllum in the late-1980s. The 

proliferation of Myriophyllum may change the diversity, density and availability of 

macrophytes for littoral taxa. 

  Our overall goal was to assess cold-water fish habitat through time by inferring 

MI-VWHO. As an ultra-oligotrophic system, most oxygen depletion would be expected 

to be associated with morphometric constraints rather than high algal biomass, though 

oxygen conditions may be especially sensitive to changes in generally very low levels of 

primary production (based on modern measurements). I have demonstrated that 

hypolimnetic oxygen conditions have not changed substantially through time, though 

concentrations are suboptimal for most trout. MI-VWHO increased between pre-

European settlement and ~1989 from 2.6 mg/L to 5.2 mg/L, however it has declined to 

3.7 mg/L at the top of the core (average = 4.1 mg/L, range: 2.6-5.5 mg/L), indicating mild 

hypoxia. Hypoxia promotes avoidance behaviours in many cold-water fish species, 

negatively affecting their metabolism and physiological state (Evans 2007). Given that 

chaoborids may have responded to fish stocking, it is also important to consider CI-

VWHO, which does not include chaoborids to reconstruct deep-water oxygen. CI-

VWHO is more stable (average = 5.5 mg/L, range = 4.6-6.5 mg/L) and indicates oxic 

conditions throughout the sedimentary record, though conditions still remain suboptimal 

for trout (Evans 2007).  Additional paleolimnological proxies being analyzed by other 

laboratories for this core may eventually elucidate further some of these relationships.  
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Figures 

 

Figure 4.1. Map of Lac Duhamel (inset) and local area, including the village of Mont-

Tremblant (shaded area). The deepest point (DP, depth = 24 m) and coring point (CP, 

depth = 26 m) of Lac Duhamel are noted with a star and ⨂ symbol, respectively. Major 

highways (marked with numbered trapezoids) and local roadways are represented by 

dotted lines. 
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Figure 4.2. Relative abundances of subfossil chironomid (Diptera: Chironomidae) taxa 

that met the minimum exclusion criterion of >4% relative abundance in more than two 

intervals. The category “Rare Chironomidae Taxa” are present at >5% relative abundance 

in at least one interval or are present in more than two intervals. The category “Very Rare 

Chironomidae Taxa” are present at <5% relative abundance in only one interval. Intervals 

highlighted in grey have counts below the minimum suggested for characterization of the 

sedimentary assemblage (<40–50 head capsules; Quinlan and Smol 2001b). Dates prior 

to 1850 are extrapolated from a second-order polynomial (marked with an asterisk, “*”) 

and rounded to the nearest decade (denoted by a tilde, “~”). Taxa are arranged by 

weighted average, with more recently abundant taxa on the left. Midge-

inferred/Chironomid-inferred volume-weighted hypolimnetic oxygen (MI-/CI-VWHO) 

with error bars representing the error of the model (± 1.9 mg/L; Quinlan and Smol 
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2001a), chironomid whole head capsule density ([HC]) and visual reflectance 

spectroscopy inferred chlorophyll a (VRS-Inf Chl a) are located to the right of the figure. 
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Chapter 5: General Discussion 

The overall objective of this thesis was to examine the long-term dynamics of 

chironomid assemblages, VRS-inferred chlorophyll a, and MI-VWHO in Boreal Shield 

lakes spanning a broad trophic gradient using paleolimnological techniques. My thesis is 

part of a multi-disciplinary research effort with several investigators, and additional 

paleolimnological proxies will eventually be available for these sediment cores to aid in 

overall interpretations.  The lakes examined in this thesis have individual management 

concerns stemming from symptoms of eutrophication (cyanobacterial blooms, excess 

macrophyte growth and end-of-summer deep-water oxygen depletion) and/or conditions 

that may exacerbate eutrophication such as heavily developed shorelines or low turnover 

rates.  

Chapter 2 examined a shallow, eutrophic lake with a relatively short sedimentary 

record (~70 years) to determine whether the installation of a sewage treatment plant 

influenced the chironomid assemblages and deep-water oxygen conditions over time. 

Chapters 3 and 4 examined deep lakes with Lake Trout (Salvelinus namaycush) 

populations, with a focus on reconstructing deep-water oxygen dynamics over at least the 

past 200 years. Chapter 3 examined a eutrophic lake where remediation to reduce nutrient 

loading (sewage treatment plant, agricultural drainage tiles, etc.) has occurred since the 

1980s. Chapter 4 focused on sedimentary chironomid assemblages and long-term deep-

water oxygen concentrations in an ultra-oligotrophic lake. 



 

 

119 

 

Chironomid responses to nutrient-targeting remediation 

The overarching research question of Chapters 2 and 3 was to determine if there 

was a biological response to the installation of sewage treatment plants and the 

introduction of other remediation efforts aimed at reducing nutrient influx. These 

chapters highlight how littoral chironomids and MI-VWHO respond to high primary 

production in lakes of different maximum depth. Stoco and Muskrat lakes experience 

algal and cyanobacterial blooms, excess macrophyte growth, and end-of-summer 

hypolimnetic oxygen depletion.  

Our results from Muskrat Lake (Chapter 3) suggest that deep-water oxygen 

conditions and the chironomid assemblages did not change in response to remediation, 

though chironomids changed with increases in VRS-inferred whole-lake primary 

production. Increasing concentrations of VRS-inferred chlorophyll a between ~1900 and 

~1950s was the largest driver of change in the chironomid assemblages during the 

reconstructed period, with the decline of Micropsectra and increase of Procladius in the 

profundal. The transition between chironomid taxa with high oxygen optima to low 

oxygen optima is consistent with previous studies (e.g. Brodersen and Quinlan 2006) and 

likely indicates worsening oxygen conditions some time after initial European 

colonization in ~1850. In more recent sediments, most of the changes were in the littoral 

chironomid assemblages, and especially in macrophyte-associated taxa (Dicrotendipes, 

Cricotopus).  

Stoco Lake (Chapter 2) is shallower than Muskrat Lake and had a lower, more 

stable reconstructed MI-VWHO through time, but had similar taxonomic changes. The 

sedimentary record of Stoco Lake spanned ~70 years, from the 1950s, when agricultural 
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intensification occurred in the region, to the present. The short sedimentary record 

provided a temporally high-resolution study of environmental change before and after the 

installation of a sewage treatment system to mitigate eutrophication. There is a distinct 

transition from predominately profundal assemblages to littoral-dominated assemblages 

in the 1960s. Recent changes indicate declines in macrophyte-associated taxa, which may 

indicate reduced diversity of habitat, turbidity, temperature or food type (e.g. larger 

particles to smaller detritus) in the littoral zone, though it is difficult to establish the most 

likely cause without additional information. The presence of Simuliidae macrofossils 

throughout the core was a novel finding that is not often reported in paleolimnological 

studies. The loss of Simuliidae macrofossils in ~1990s was interpreted as lower river 

flow between ~1970 and present, which was supported by monitoring data.  

In both lakes, the strongest signal of elevated VRS-inferred chlorophyll a was an 

increase in chironomid head capsule concentration. This may be related to increased food 

availability (Brodersen and Quinlan 2006) but changes in sedimentation rate or head 

capsule flux should also be considered in lakes experiencing eutrophication. Other 

parameters, including the ratio of littoral to profundal taxa and overall diversity, can help 

determine the extent, nature and direction of change associated with increased food or 

habitat availability. 

Chironomid assemblage changes in an ultra-oligotrophic lake 

Chapter 4 was a contrast to Chapters 2 and 3 in that I examined the long-term 

trends in deep-water oxygen and chironomids in an ultra-oligotrophic system instead of 

in eutrophic, high-productivity systems. The research purpose was similar to that of 

Muskrat Lake (Chapter 3): what were the trends in past deep-water oxygen conditions, 
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and were they adequate for cold-water fish? Lac Duhamel had no record of excess algal 

growth but has characteristics that may increase its vulnerability to eutrophication such as 

a small watershed, developed shoreline, and long retention time. 

Most of the change through time occurred in the littoral assemblages which was 

attributed to deforestation and forest re-growth. MI-VWHO was generally stable through 

time with recent declines, though suboptimal for the growth and development of cold-

water salmonids. This study also highlighted the importance of historical fisheries records 

in the interpretation of MI-VWHO. CI-VWHO was stable throughout the record, but MI-

VWHO, which was more variable through time, may have been influenced by the 

introduction of trout and higher predation pressures on chaoborid populations (e.g. 

Sweetman and Smol 2006).  

Examining sediment cores with poor chironomid counts 

Most chironomid-poor sediments were from oligotrophic or mesotrophic lakes, 

whereas the most eutrophic and ultra-oligotrophic lakes from those examined in this 

thesis had ample chironomids downcore to infer past oxygen and environmental trends. 

Appendix A provides details concerning three chironomid-poor cores that were 

considered for this thesis, but needed to have combined counts of two or more intervals, 

greatly reducing the temporal resolution of the analyses. The trends in these lakes are 

mostly consistent with those described in Chapters 2-4, as most change in the 

sedimentary chironomid assemblages occurred in littoral taxa.  
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Summary 

Eutrophication is an important process affecting many waterbodies worldwide. 

Excess algal growth (including nuisance algal, specifically cyanobacterial, blooms) and 

deep-water oxygen depletion are the primary management concerns associated with 

eutrophication. Deep-water oxygen is an important water quality parameter to understand 

internal loading of nutrients and cold-water fish habitat, though long-term records are 

often absent. This research suggests that the majority of change in deep lakes is evident in 

the littoral zone, though oxy-conforming profundal taxa (e.g. Micropsectra) are sensitive 

indicators of deep-water oxygen depletion often associated with increased whole-lake 

primary production. Biological recovery from eutrophication after nutrient-targeting 

remediation was not distinctly evident in the sedimentary chironomid assemblages or 

VRS-inferred chlorophyll a records in this thesis. Coupled with the effects of warmer, 

longer summers and changes to precipitation or hydrological patterns, the number of 

concurrent stressors adds complexity to lake management while increasing the 

importance of long-term data, even at only a broad or regional level, to decision-making 

processes.  
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Appendix A: Summary of Québec Lakes with Very Low Chironomid Counts 

Cores from three lakes (additional to those discussed in the body of the thesis) were also 

examined, but had low chironomid counts.  For completeness, a brief explanation of the 

interpretations begins on the next page. Combining the counts of up to 3 sediment 

intervals was necessary to reach a minimum of 40 head capsules (Quinlan and Smol 

2001b). The results of the chironomid identification (Figure A.1), midge-inferred 

volume-weighted hypolimnetic oxygen (MI-VWHO; Figure A.2A), visual range 

spectroscopy (VRS)-inferred chlorophyll a (Figure A.2B), and principle component 

analyses to determine or compare the driving taxa of each assemblage (Figure A.3) are 

presented here for Lake Pulse Lake IDs (LP) 06-103 (Lac-à-la-Croix; 48.396 °N, 71.780 

°W), LP 06-137 (Lac-des-Îles; 46.458 °N, 75.532 °W), and LP 08-120 (Lac-des-Chicots; 

46.796 °N, 72.522 °W). The raw data for VRS-inferred chlorophyll a and MI-VWHO are 

presented in Table A.1. The raw chironomid counts are found in Appendix B, Table B.4.  
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Study Purpose 

This study aimed to assess regional change in south-western Québec across lakes of 

varying trophic status using a downcore paleolimnological approach. Primarily, I aimed 

to examine sedimentary chironomid assemblages, VRS-inferred chlorophyll a, and MI-

VWHO. However, there were challenges with low chironomid counts, prompting the use 

of a top-bottom approach to assess broad changes from pre-European settlement to 

present day. Lac-à-la-Croix has a shorter sedimentary record (~70 years) and is more 

indicative of pre-agricultural intensification than of pre-European settlement. 

Methods 

Standard methods described in Chapters 2-4 were used to process and analyze VRS-

inferred chlorophyll a, sedimentary chironomid assemblages, and MI-VWHO for the top-

bottom samples (Figures A.2, A.3, A.S1; Table A.S1). The top 2-3 cm and bottom 2 cm 

of sediment was combined to reach the minimum recommended head capsule abundance 

for statistical inference (Quinlan and Smol 2001b). 

Results and Interpretations 

The lakes described in this Appendix (Figure A.1, Table A.S2) range in trophic status 

from oligotrophic to meso-eutrophic with chironomid head capsule concentrations of 

~18.5 HC/g dry sediment per cm (minimum [HC] = 9.7 HC/g dwt, maximum [HC] = 

26.7 HC/g dwt; Appendix B). LP 08-120 (meso-eutrophic) had the lowest head capsule 

concentrations and the smallest change in MI-VHWO (3.4 mg/L at the bottom to 3.7 

mg/L at the top of the core; Figure A.3A), but the most change in sedimentary 

chironomid assemblages between the top and bottom of the core, driven primarily by 
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changes in littoral taxa. There was an increase in Tanytarsus from 25% at the bottom of 

the core to 35% abundance at the top of the core (Figure A.2). There were modest 

increases (~5% change) in macrophyte associated taxa (Corynoneura, Microtendipes, and 

Pseudochironomus). Overall, these changes are likely related to increased food 

availability, as in Chapters 3-4.  

Both LP 08-120 (meso-eutrophic) and LP 06-137 (oligotrophic) recorded a 3-fold 

increase in VRS-inferred chlorophyll a between the top and bottom of the cores (Figure 

A.3B). The primary change in the chironomid assemblages of LP 06-137 was a decline in 

profundal chironomid taxa that are typically associated with mid- to high-oxygen 

conditions (e.g. Micropsectra; Figure A.2), which may signal worsening deep-water 

oxygen conditions (Quinlan et al. 1998, Quinlan and Smol 2001a). Corynoneura declined 

from ~18% relative abundance at the bottom of the core to ~5% at the top of the core, 

which may indicate changes in biofilm or periphyton availability. Macrophyte-associated 

taxa, such as Cryptochironomus, were present at the top of the core, though absent in the 

bottom of the core (Figure A.2), which may indicate changes in macrophyte community 

diversity or density. The MI-VWHO of LP 06-137 declined from 6.7 mg/L to 4.5 mg/L 

(Figure A.3A; Table A.S1). These trends are consistent with those expected of 

eutrophication, including declines in deep-water oxygen, reductions to the profundal 

community (e.g. Quinlan et al. 1998) and increased primary production (Wetzel 2001). 

The smallest amount of overall change occurred in LP 06-103, which is an oligo-

mesotrophic lake with a short sedimentary record (~70 years). MI-VWHO declined from 

4.5 mg/L to 3.6 mg/L (Figure A.2), with most changes in the chironomid assemblages 

occurring in the littoral taxa such as increases in Tanytarsus (modest increase of ~5%) 
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and Endochironomus (change from 0% to 15%; Figure A.2). The profundal assemblages 

did not change substantially (Figure A.2). This indicates stability through time in MI-

VWHO, though the increase in VRS-inferred chlorophyll a demonstrates that there may 

be increased primary production that have not elicited a response in the chironomid 

communities. 

 Overall, this study demonstrates some of the challenges of assessing chironomid 

assemblages: the three lakes described here are dissimilar but have very low chironomid 

head capsule counts. After combining the chironomid counts, there are variable levels of 

change in each lake. The consistent trend is an increase in VRS-inferred chlorophyll a.  

Two of the lakes recorded a decline in MI-VWHO. Further work is needed to determine 

what factors contribute to low chironomid counts in Boreal Québec lakes.  
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Figures 

 

Figure A.1. Map of (A) LP 06-103 (Lac-à-la-Croix), (B) 06-137 (Lac-des-Îles), and (C) 

08-120 (Lac-des-Chicots) relative to Ottawa (ON) and Montréal (QC). 
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Figure A.2. Relative abundances of subfossil midge (Diptera: Chironomidae, 

Chaoboridae) taxa. Taxa are arranged by known habitat preference (Anderson et al. 2013, 

Brooks et al. 2007, Saether 1979). 
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Figure A.3. Comparison of (A) MI-VWHO and (B) VRS-Inferred Chlorophyll a (VRS-

Inf Chl a) between the bottom (x-axis) and top intervals (y-axis) for each lake. Points 

below the dotted 1:1 line indicate a decline in (A) MI-VWHO over time and (B) VRS-Inf 

Chl a over time (B).  Similarly, points above the 1:1 line indicate an increase in (B) MI-

VWHO and (B) VRS-Inf Chl a over time.  
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Supplemental Figures 

 

Figure A.S1. Biplot (Axis 1 and 2) of a principle components analysis of chironomid taxa 

in LP 06-103, 06-137 and 08-120.  Taxa were untransformed prior to analysis, and only 

the more common taxa (>3% relative abundance in two or more sediment intervals with 

species scores greater than |0.6| or those that specifically change through the sediment 

record) are shown.  The “Top” (surface  0-2 cm) samples are indicated by solid symbols 

and “Bottom” (bottom 2-3 cm of the cores) are indicated by grey-filled symbols. A dotted 

arrow connects the bottom sample to the top sample for each lake.  
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Table A.S1. Raw data MI-VWHO, VRS-inferred chlorophyll a (“VRS-Inf Chl a”), the 

chaoborid to chironomid ratios (“Chao:Chir”) used in the oxygen reconstruction, and the 

proportion of taxa used for the oxygen inference (“%Inf”) for the tops and bottoms of LP 

06-103 (Lac-à-la-Croix), LP 06-137 (Lac-des-Îles), and LP 08-120 (Lac-des-Chicots). 

 
LP 06-103    LP 06-137 LP 08-120 

Top VRS-Inf Chl a (mg/g dwt) 0.042 0.037 0.042 

Bottom VRS-Inf Chl a (mg/g dwt) 0.027 0.011 0.014 

Top MI-VWHO (mg/L) 3.61 4.51 3.69 

Bottom MI-VWHO (mg/L) 4.50 6.70 3.40 

Top Chao:Chir 0.09 0.11 0.24 

Bottom Chao:Chir 0.11 0.06 0.12 

Top %Inf 100.0 77.3 88.0 

Bottom %Inf 95.4 93.5 90.6 

   



 

 

135 

 

Table A.S2. The coring sites, depths (Zmax), and age of bottom sample for the three low-

chironomid count Québec cores. 

Lake 
Zmax 

(m) 
Latitude Longitude 

Bottom 

Age 

Trophic 

Status 

Lac-à-la-Croix 

(LP 06-103) 
34 

48.396 

°N 
71.780 °W ~100 years Oligotrophic 

Lac-des- Îles 

(LP 06-137) 
40 

46.458 

°N 
75.532 °W 

>200 

years 

Oligo-

mesotrophic 

Lac-des-Chicots 

(LP 08-120) 
21 

46.796 

°N 
72.522 °W 

>200 

years 
Meso-eutrophic 
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Appendix B: Chironomid Counts 

All midge remains are enumerated as half head capsules (chironomids) or mandibles 

(chaoborids). 

Table B.1a-c contains chironomid counts for Stoco Lake, Ontario (Chapter 2). 

Table B.2a-d contains chironomid counts for Muskrat Lake, Ontario (Chapter 3).  

Table B.3a-b contains chironomid counts for Lac Duhamel, Québec (Chapter 4).  

Table B.4 contains chironomid counts for the figures in Appendix A (“Chironomid-Poor 

Québec Lakes”).  
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Table B.1a. Chironomid and chaoborid counts for Stoco Lake (continued in B.1b). 

Midpoint (cm) 

0
.5

 

1
.2

5
 

2
.5

 

3
.5

 

4
.5

 

5
.5

 

6
.5

 

7
.5

 

9
.5

 

Chironomus spp. 8 2 0 4 2 0 0 6 10 

Cladopelma lateralis-type 0 0 0 2 6 0 0 0 0 

Cryptochironomus 0 0 0 0 0 0 0 0 0 

Dicrotendipes spp. 6 0 0 0 4 8 6 2 2 

Endochironomus spp. 2 0 0 2 0 0 0 0 0 

Einfeldia dissidens-type 0 2 0 0 0 0 0 0 0 

Glyptotendipes spp. 4 0 0 2 0 0 0 2 2 

Microtendipes spp. 0 4 0 4 4 2 0 0 2 

Phaenopsectra spp. 0 0 0 0 0 0 0 0 0 

Polypedilum spp. 2 2 0 2 4 2 8 8 4 

Sergentia coracina-type 2 4 2 2 2 4 6 0 0 

Brillia 0 0 0 0 0 0 0 0 0 

Chaetocladius spp. 10 10 4 8 10 4 6 6 2 

Corynoneura spp. 8 6 4 14 12 16 8 10 10 

Cricotopus spp. 0 4 2 2 6 0 4 4 2 

Heterotrissocladius spp. 0 0 0 2 0 0 0 0 0 

Hydrobaenus conformis-type 0 0 0 0 0 0 4 0 0 

Nanocladius branchicolus-type 0 0 0 0 0 0 0 0 0 

Orthocladius spp. 0 0 0 2 0 0 0 0 0 

Parakiefferiella spp. 0 0 0 0 0 0 0 0 4 

Psectrocladius spp. 7 2 0 4 0 6 4 4 2 

Pseudorthocladius 0 0 0 2 0 0 0 0 0 

Smittia-Parasmittia 11 4 0 9 9 5 6 14 8 

Synorthocladius 0 0 0 0 0 0 0 0 0 

Thienemanniella spp. 0 0 0 0 0 0 0 0 0 

Pseudochironomus 0 2 0 0 0 0 0 0 0 

Derotanypus 2 0 0 4 2 2 0 0 0 

Labrundinia 0 0 0 0 0 2 0 0 4 

Procladius 16 18 4 28 22 12 12 16 8 

Cladotanytarsus mancus-type 0 0 0 2 2 0 0 0 0 

Constempellina-Thienemannioloa 4 2 0 0 0 0 0 4 0 

Micropsectra spp. 4 2 2 6 2 2 6 0 6 

Paratanytarsus spp. 6 2 0 0 0 0 0 2 2 

Rheotanytarsus 0 4 0 0 0 2 0 0 0 

Stempellina 0 0 0 0 0 2 0 0 0 

Tanytarsus spp. 31 24 0 32 25 22 22 26 26 

Total 123 94 18 133 112 91 92 104 94 

            
Chaoborus flavicans mandible 2 0 0 0 2 0 2 0 3 

Chaoborus (Sayomyia) mandible 8 7 5 10 16 7 6 10 7 

Chaoborus trivittatus mandible 4 1 0 1 0 0 0 2 1 
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Table B.1b. Chironomid and chaoborid counts for Stoco Lake (continued in B.1c). 

Midpoint (cm) 

1
0
.5

 

1
2
.5

 

1
3
.5

 

1
4
.5

 

1
5
.5

 

1
6
.5

 

1
7
.5

 

1
8
.5

 

1
9
.5

 

Chironomus spp. 6 10 0 0 0 2 0 6 2 

Cladopelma lateralis-type 0 0 2 2 0 0 0 0 0 

Cryptochironomus 0 0 0 0 0 0 0 0 2 

Dicrotendipes spp. 8 14 6 10 5 0 2 4 0 

Endochironomus spp. 0 4 0 0 0 0 0 2 0 

Einfeldia dissidens-type 0 0 0 0 0 0 2 2 0 

Glyptotendipes spp. 0 2 6 4 0 2 0 0 0 

Microtendipes spp. 0 0 2 0 0 0 0 6 0 

Phaenopsectra spp. 0 0 0 0 0 0 0 0 4 

Polypedilum spp. 8 0 2 6 3 6 4 12 6 

Sergentia coracina-type 0 2 4 4 5 0 4 6 2 

Brillia 4 2 2 4 0 2 2 0 0 

Chaetocladius spp. 12 6 2 4 0 6 12 8 12 

Corynoneura spp. 10 12 4 0 9 10 14 8 0 

Cricotopus spp. 2 4 2 4 3 8 8 4 6 

Heterotrissocladius spp. 2 2 0 0 0 0 0 4 0 

Hydrobaenus conformis-type 0 0 0 0 0 0 0 0 0 

Nanocladius branchicolus-type 0 0 0 0 0 0 0 4 0 

Orthocladius spp. 0 2 0 0 0 0 2 0 2 

Parakiefferiella spp. 0 0 0 0 0 0 0 0 0 

Psectrocladius spp. 2 6 2 4 5 0 6 4 2 

Pseudorthocladius 0 0 0 0 0 4 0 2 0 

Smittia-Parasmittia 4 5 6 12 10 2 8 12 2 

Synorthocladius 0 0 0 0 0 0 1 3 4 

Thienemanniella spp. 0 0 0 0 0 0 2 0 0 

Pseudochironomus 0 0 0 0 0 0 0 0 0 

Derotanypus 6 0 0 0 0 0 0 0 2 

Labrundinia 0 2 0 4 3 12 0 0 0 

Procladius 14 28 22 6 15 18 16 36 26 

Cladotanytarsus mancus-type 0 0 0 0 0 0 0 2 0 

Constempellina-Thienemannioloa 0 0 0 0 0 2 0 4 0 

Micropsectra spp. 4 6 4 8 10 4 10 6 4 

Paratanytarsus spp. 2 4 0 0 0 2 0 0 0 

Rheotanytarsus 0 0 0 0 0 0 2 0 0 

Stempellina 0 2 2 6 0 0 2 0 2 

Tanytarsus spp. 18 44 46 18 23 16 16 16 6 

Total 102 157 114 96 91 96 113 151 84 

 

   
   

     

Chaoborus flavicans mandible 6 5 0 0 3 0 0 0 2 

Chaoborus (Sayomyia) mandible 12 7 4 9 10 6 1 13 9 

Chaoborus trivittatus mandible 0 0 2 3 0 3 0 0 0 
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Table B.1c. Chironomid and chaoborid counts for Stoco Lake. 

Midpoint (cm) 

2
0
.5

 

2
1
.5

 

2
2
.5

 

2
3
.5

 

2
4
.5

 

2
5
.5

 

2
6
.5

 

2
8
.5

 

Chironomus spp. 0 4 6 2 2 2 4 6 

Cladopelma lateralis-type 0 0 0 0 0 0 0 2 

Cryptochironomus 0 0 0 4 0 0 0 2 

Dicrotendipes spp. 0 4 4 2 0 2 6 8 

Endochironomus spp. 0 0 0 0 0 0 0 0 

Einfeldia dissidens-type 0 0 0 0 0 0 0 0 

Glyptotendipes spp. 0 2 0 0 0 2 0 2 

Microtendipes spp. 2 0 2 2 0 4 0 0 

Phaenopsectra spp. 0 0 0 0 0 0 0 0 

Polypedilum spp. 4 14 2 4 4 4 0 6 

Sergentia coracina-type 0 4 4 4 2 2 0 8 

Brillia 0 0 0 0 0 0 0 0 

Chaetocladius spp. 4 2 2 6 8 10 8 8 

Corynoneura spp. 2 6 4 14 2 4 10 6 

Cricotopus spp. 10 0 4 2 6 4 6 8 

Heterotrissocladius spp. 0 0 0 0 0 0 0 0 

Hydrobaenus conformis-type 0 0 0 0 0 0 0 0 

Nanocladius branchicolus-type 0 0 0 0 0 0 0 0 

Orthocladius spp. 2 2 2 0 0 0 0 0 

Parakiefferiella spp. 0 0 0 0 0 0 0 0 

Psectrocladius spp. 0 2 0 6 4 6 0 6 

Pseudorthocladius 0 0 0 0 0 0 0 0 

Smittia-Parasmittia 0 4 4 8 4 4 4 8 

Synorthocladius 2 0 0 0 0 2 4 0 

Thienemanniella spp. 2 0 0 0 4 0 0 0 

Pseudochironomus 2 2 0 0 0 0 0 0 

Derotanypus 0 4 5 2 4 0 4 2 

Labrundinia 4 0 0 4 0 2 0 4 

Procladius 24 26 28 20 28 12 14 18 

Cladotanytarsus mancus-type 0 0 0 0 0 4 6 0 

Constempellina-Thienemannioloa 0 0 2 0 0 0 0 0 

Micropsectra spp. 6 6 6 0 6 6 4 6 

Paratanytarsus spp. 0 0 0 0 0 0 0 2 

Rheotanytarsus 0 0 2 0 0 0 4 2 

Stempellina 0 0 0 0 0 2 6 2 

Tanytarsus spp. 18 4 4 6 12 8 2 28 

Total 82 86 81 86 86 80 82 134 

 

      
   

 

Chaoborus flavicans mandible 2 4 3 0 3 0 1 10 

Chaoborus (Sayomyia) mandible 3 0 3 6 11 4 10 11 

Chaoborus trivittatus mandible 0 0 0 0 0 3 0 0 
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Table B.2a. Chironomid counts for Muskrat Lake (continued in B.2b). 

Midpoint (cm) 

0
.2

5
 

1
.2

5
 

2
.2

5
 

3
.2

5
 

4
.2

5
 

5
.2

5
 

6
.2

5
 

7
.2

5
 

8
.2

5
 

Chironomus anthracinus-type 0 2 6 0 2 0 6 2 0 

Chironomus plumosus-type 4 0 2 0 4 0 0 0 0 

Chironomini first instar 2 0 2 0 0 0 0 0 0 

Cladopelma lateralis-type 0 0 8 2 4 6 10 0 0 

Cryptochironomus 2 2 7 0 6 0 0 2 0 

Dicrotendipes nervosus-type 2 2 8 6 16 8 22 10 13 

Endochironomus albipennis-type 0 0 0 0 0 0 0 0 0 

Endochironomus impar-type 0 2 4 4 6 6 0 2 4 

Einfeldia dissidens-type 0 0 0 0 0 0 0 0 0 

Glyptotendipes severini-type 2 0 0 0 0 0 0 0 0 

Glyptotendipes pallens-type 8 0 8 0 4 4 2 4 2 

Microtendipes spp. 0 0 2 0 4 2 0 4 4 

Parachironomus varus-type 0 0 0 0 0 0 0 0 2 

Phaenopsectra flavipes-type 0 0 0 0 0 0 0 0 0 

Polypedilum convictum-type 2 0 0 0 0 0 0 0 0 

Polypedilum nubeculosum-type 0 4 0 0 0 4 2 0 0 

Polypedilum spp. 0 0 0 0 0 0 0 0 0 

Sergentia longiventris-type 0 6 2 0 2 0 0 2 2 

Zavreliella 0 0 0 0 2 0 0 0 0 

Corynoneura arctica-type 0 6 0 0 0 2 0 0 0 

Corynoneura lobata-type 6 0 10 0 10 12 4 6 6 

Corynoneura spp. 0 0 0 0 0 0 0 0 0 

Cricotopus spp. 0 1 2 2 2 8 4 4 0 

Cricotopus (Isocladius) sylvestris-type 0 0 0 0 0 0 0 0 0 

Cricotopus cylindraceus-type 0 0 0 0 0 0 0 0 0 

Eukiefferiella devonica-type 0 1 0 0 0 0 0 0 0 

Limnophyes-Paralimnophyes 0 0 0 0 2 0 0 0 0 

Orthoclad (indistinguishable) 6 0 0 0 0 0 0 2 0 

Parakiefferiella bathophilia-type 0 0 0 0 0 0 0 0 0 

Psectrocladius spp. 0 0 0 0 0 0 0 0 0 

Psectrocladius spp. 2 4 7 2 5 6 3 2 2 

Smittia-Parasmittia 0 0 7 0 0 0 2 0 0 

Pseudochironomus 2 0 0 0 0 0 0 0 2 

Derotanypus 2 0 0 0 0 0 0 0 0 

Labrundinia 0 0 0 0 0 0 0 0 2 

Procladius 0 18 25 19 0 14 18 12 14 

Cladotanytarsus mancus-type 1 0 0 0 0 2 0 0 0 0 

Cladotanytarsus mancus-type 2 0 0 6 0 0 0 0 0 0 

Cladotanytarsus mancus-type unknown 2 0 2 0 0 0 0 0 6 

Corynocera oliveri-type 0 0 0 0 0 0 0 2 0 

Micropsectra pallidula-type 0 8 18 4 10 6 2 4 8 

Micropsectra radialis-type 4 12 12 8 18 2 4 4 2 

Micropsectra spp. 0 0 0 0 0 0 0 0 0 

Paratanytarsus spp. 8 2 6 2 7 2 4 0 0 

Stempellina 0 0 2 0 0 2 0 0 0 

Tanytarsini (no pedestal) 4 0 0 0 0 0 0 0 0 

Tanytarsus chinyensis-type 6 0 0 0 0 0 0 0 0 

Tanytarsus lugens-type 0 0 0 0 0 0 0 0 0 

Tanytarsus mendax-type 2 0 0 0 0 0 0 0 0 

Tanytarsus spp. 34 54 48 32 24 57 44 22 22 

Total 100 124 194 81 130 141 127 84 91 
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Table B.2b. Chironomid counts for Muskrat Lake (continued in B.2c). 

Midpoint (cm) 9
.2

5
 

1
0

.2
5
 

1
1

.2
5
 

1
2

.2
5
 

1
3

.2
5
 

1
4

.2
5
 

1
5

.2
5
 

1
6

.2
5
 

1
7

.2
5
 

Chironomus anthracinus-type 4 2 0 0 2 0 0 0 5 

Chironomus plumosus-type 0 0 0 0 0 0 0 0 0 

Chironomini first instar 0 0 0 0 0 0 0 0 0 

Cladopelma lateralis-type 2 2 6 6 2 4 8 0 0 

Cryptochironomus 0 0 0 0 0 4 0 2 0 

Dicrotendipes nervosus-type 14 22 12 5 10 10 14 14 11 

Endochironomus albipennis-type 0 0 0 0 0 0 0 0 0 

Endochironomus impar-type 6 0 0 0 0 0 0 3 8 

Einfeldia dissidens-type 0 0 0 0 0 0 0 0 0 

Glyptotendipes severini-type 0 0 0 0 0 0 0 0 0 

Glyptotendipes pallens-type 4 12 0 10 2 8 2 16 6 

Microtendipes spp. 2 6 0 2 6 6 2 0 0 

Parachironomus varus-type 2 0 0 2 0 0 0 0 0 

Phaenopsectra flavipes-type 0 4 0 0 0 0 0 0 0 

Polypedilum convictum-type 0 0 0 0 0 0 0 0 0 

Polypedilum nubeculosum-type 0 0 6 0 4 0 0 0 2 

Polypedilum spp. 0 0 0 0 0 0 3 0 0 

Sergentia longiventris-type 0 2 6 0 2 0 0 6 0 

Zavreliella 0 0 0 0 0 2 0 0 0 

Corynoneura arctica-type 0 0 0 0 6 0 2 0 0 

Corynoneura lobata-type 6 7 4 8 8 20 6 2 4 

Corynoneura spp. 0 0 0 0 0 0 0 0 0 

Cricotopus spp. 6 0 6 0 4 2 2 2 6 

Cricotopus (Isocladius) sylvestris-type 0 0 0 0 0 0 0 0 0 

Cricotopus cylindraceus-type 0 0 0 0 0 2 0 0 0 

Eukiefferiella devonica-type 0 0 0 0 0 0 0 0 0 

Limnophyes-Paralimnophyes 0 0 0 0 0 0 0 0 0 

Orthoclad (indistinguishable) 0 0 0 0 0 1 0 0 0 

Parakiefferiella bathophilia-type 0 0 0 0 0 0 0 0 0 

Psectrocladius spp. 0 0 0 0 0 4 0 0 0 

Psectrocladius spp. 6 6 0 2 0 5 6 5 0 

Smittia-Parasmittia 0 5 0 0 0 0 0 0 0 

Pseudochironomus 0 2 0 0 0 4 0 0 0 

Derotanypus 0 0 0 0 0 0 0 0 0 

Labrundinia 0 4 0 0 0 0 0 0 0 

Procladius 14 14 12 6 16 6 10 6 6 

Cladotanytarsus mancus-type 1 0 0 0 0 2 0 0 0 0 

Cladotanytarsus mancus-type 2 0 0 0 0 0 2 0 2 0 

Cladotanytarsus mancus-type unknown 0 0 0 0 0 0 0 0 0 

Corynocera oliveri-type 0 0 0 0 0 0 0 0 0 

Micropsectra pallidula-type 8 12 4 0 14 4 2 8 4 

Micropsectra radialis-type 4 10 6 10 6 0 6 2 5 

Micropsectra spp. 0 0 0 0 0 0 0 0 0 

Paratanytarsus spp. 2 8 2 4 2 4 0 0 4 

Stempellina 2 2 0 0 0 0 0 0 2 

Tanytarsini (no pedestal) 0 0 0 0 0 0 0 0 0 

Tanytarsus chinyensis-type 0 0 0 0 4 0 0 0 0 

Tanytarsus lugens-type 0 0 0 0 0 0 0 0 0 

Tanytarsus mendax-type 0 0 0 0 0 0 0 0 0 

Tanytarsus spp. 28 53 18 26 50 24 38 16 20 

Total 110 173 82 81 140 112 101 84 83 
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Table B.2c. Chironomid counts for Muskrat Lake (continued in B.2d). 

Midpoint (cm) 1
8

.2
5
 

1
9

.2
5
 

2
0

.2
5
 

2
1

.2
5
 

2
2

.2
5
 

2
3

.2
5
 

2
4

.2
5
 

2
5

.2
5
 

2
6

.2
5
 

Chironomus anthracinus-type 0 2 4 0 4 2 2 6 4 

Chironomus plumosus-type 2 0 0 4 0 0 2 0 0 

Chironomini first instar 0 0 0 0 0 0 0 0 0 

Cladopelma lateralis-type 4 2 10 0 2 0 0 0 6 

Cryptochironomus 4 0 0 0 0 0 4 0 2 

Dicrotendipes nervosus-type 2 14 12 10 4 6 0 10 12 

Endochironomus albipennis-type 0 0 0 0 0 0 0 0 0 

Endochironomus impar-type 0 6 0 8 4 8 2 6 0 

Einfeldia dissidens-type 0 0 0 0 0 0 0 0 0 

Glyptotendipes severini-type 0 0 0 0 0 0 0 0 2 

Glyptotendipes pallens-type 14 4 12 4 10 4 0 0 10 

Microtendipes spp. 6 2 10 0 0 2 2 4 4 

Parachironomus varus-type 2 0 0 0 0 0 2 0 0 

Phaenopsectra flavipes-type 0 0 0 0 0 0 0 0 0 

Polypedilum convictum-type 0 0 0 0 0 0 0 0 0 

Polypedilum nubeculosum-type 0 0 0 0 0 0 0 0 0 

Polypedilum spp. 0 0 0 0 0 0 0 0 0 

Sergentia longiventris-type 2 2 0 0 4 0 0 4 2 

Zavreliella 0 0 0 0 0 0 0 0 0 

Corynoneura arctica-type 0 0 0 0 0 0 0 0 0 

Corynoneura lobata-type 6 6 2 0 6 0 4 0 6 

Corynoneura spp. 0 0 0 6 0 0 0 0 0 

Cricotopus spp. 0 10 3 6 4 6 0 0 0 

Cricotopus (Isocladius) sylvestris-type 0 0 0 0 0 0 0 0 0 

Cricotopus cylindraceus-type 0 0 0 0 0 0 0 0 0 

Eukiefferiella devonica-type 0 0 0 0 0 0 0 0 0 

Limnophyes-Paralimnophyes 0 0 0 0 0 0 0 0 0 

Orthoclad (indistinguishable) 2 0 0 0 0 0 1 0 0 

Parakiefferiella bathophilia-type 0 0 0 0 0 0 0 0 0 

Psectrocladius spp. 0 0 0 0 0 0 0 0 0 

Psectrocladius spp. 0 7 9 0 0 2 6 0 0 

Smittia-Parasmittia 2 0 6 0 0 0 0 0 0 

Pseudochironomus 0 0 0 0 2 0 2 0 0 

Derotanypus 2 0 0 0 0 0 0 0 0 

Labrundinia 0 0 0 0 0 0 0 0 0 

Procladius 6 2 36 6 6 6 2 8 10 

Cladotanytarsus mancus-type 1 0 0 2 0 0 0 0 0 0 

Cladotanytarsus mancus-type 2 0 0 0 0 0 0 0 0 2 

Cladotanytarsus mancus-type unknown 0 0 2 0 0 0 0 0 0 

Corynocera oliveri-type 0 0 0 0 0 2 0 0 2 

Micropsectra pallidula-type 6 4 12 8 4 22 20 20 12 

Micropsectra radialis-type 0 6 0 6 10 2 8 6 12 

Micropsectra spp. 0 2 0 0 0 0 8 0 0 

Paratanytarsus spp. 2 0 2 2 0 2 2 0 0 

Stempellina 2 6 8 2 2 2 6 0 0 

Tanytarsini (no pedestal) 2 0 0 0 0 0 0 0 0 

Tanytarsus chinyensis-type 0 0 0 0 0 0 2 0 0 

Tanytarsus lugens-type 0 0 0 0 0 0 2 0 0 

Tanytarsus mendax-type 0 0 0 0 0 0 0 0 0 

Tanytarsus spp. 24 28 72 18 22 22 16 18 32 

Total 90 103 202 80 84 88 93 82 118 
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Table B.2d. Chironomid counts for Muskrat Lake. 

Midpoint (cm) 27.25 28.25 30.25 32.25 34.25 35.75 

Chironomus anthracinus-type 2 4 8 4 2 4 

Chironomus plumosus-type 0 0 0 0 0 0 

Chironomini first instar 0 0 0 0 0 0 

Cladopelma lateralis-type 2 6 2 6 2 2 

Cryptochironomus 0 2 4 2 0 4 

Dicrotendipes nervosus-type 4 1 4 16 2 0 

Endochironomus albipennis-type 0 2 0 0 0 0 

Endochironomus impar-type 0 0 4 0 0 0 

Einfeldia dissidens-type 0 0 0 0 0 0 

Glyptotendipes severini-type 0 0 0 0 0 0 

Glyptotendipes pallens-type 2 10 4 10 10 8 

Microtendipes spp. 0 0 2 8 4 16 

Parachironomus varus-type 0 0 0 0 0 0 

Phaenopsectra flavipes-type 0 0 0 3 0 0 

Polypedilum convictum-type 0 0 0 0 0 0 

Polypedilum nubeculosum-type 4 0 0 0 0 4 

Polypedilum spp. 0 0 0 0 0 0 

Sergentia longiventris-type 0 2 0 0 0 0 

Zavreliella 0 0 0 0 0 0 

Corynoneura arctica-type 0 0 0 0 0 0 

Corynoneura lobata-type 0 2 2 2 2 2 

Corynoneura spp. 0 0 0 0 0 0 

Cricotopus spp. 5 0 0 2 0 4 

Cricotopus (Isocladius) sylvestris-type 0 0 0 0 2 0 

Cricotopus cylindraceus-type 0 0 0 0 0 0 

Eukiefferiella devonica-type 0 0 0 0 0 0 

Limnophyes-Paralimnophyes 0 0 0 0 0 0 

Orthoclad (indistinguishable) 0 1 2 0 0 0 

Parakiefferiella bathophilia-type 0 0 4 0 0 0 

Psectrocladius spp. 0 0 0 0 0 0 

Psectrocladius spp. 0 5 2 4 5 4 

Smittia-Parasmittia 0 0 0 6 0 0 

Pseudochironomus 0 2 0 0 0 0 

Derotanypus 0 0 0 0 0 0 

Labrundinia 0 2 2 2 0 0 

Procladius 6 4 6 10 10 2 

Cladotanytarsus mancus-type 1 0 0 0 0 0 0 

Cladotanytarsus mancus-type 2 0 0 0 0 0 0 

Cladotanytarsus mancus-type unknown 0 2 0 0 2 0 

Corynocera oliveri-type 0 0 0 0 0 0 

Micropsectra pallidula-type 19 16 8 37 22 10 

Micropsectra radialis-type 0 6 14 2 0 4 

Micropsectra spp. 0 2 0 0 0 0 

Paratanytarsus spp. 0 0 0 8 0 4 

Stempellina 8 0 0 0 6 0 

Tanytarsini (no pedestal) 0 1 2 0 0 0 

Tanytarsus chinyensis-type 0 4 0 0 0 0 

Tanytarsus lugens-type 0 0 0 0 0 0 

Tanytarsus mendax-type 0 0 0 0 0 0 

Tanytarsus spp. 28 22 26 50 28 24 

Total 80 96 96 172 97 92 
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Table B.3a. Chironomid counts for Lac Duhamel (continued in Table B.3b). 

Midpoint (cm) 

0
.5

 

1
.5

 

2
.5

 

3
.5

 

4
.5

 

5
.5

 

6
.5

 

7
.5

 

9
.5

 

Chironomus anthracinus-type 0 2 4 0 2 0 0 0 2 

Cryptochironomus 0 2 0 0 0 0 0 0 0 

Dicrotendipes nervosus-type 0 2 4 0 0 0 0 0 0 

Dicrotendipes notatus-type 0 0 0 0 0 0 6 10 6 

Endochironomus impar-type 0 0 0 0 0 0 2 0 0 

Einfeldia dissidens-type 0 0 0 0 0 0 0 0 2 

Glyptotendipes barpipes-type 0 0 0 0 0 0 0 0 4 

Glyptotendipes severini-type 0 0 0 2 0 0 0 0 0 

Microtendipes pedellus-type 0 0 0 2 0 0 0 0 0 

Microtendipes spp. 0 2 4 0 0 0 2 0 2 

Pagastiella 0 0 0 2 0 0 0 0 0 

Parachironomus varus-type 0 2 0 0 0 0 0 0 0 

Phaenopsectra spp. 0 4 4 2 0 0 12 10 0 

Polypedilum nubeculosum-type 0 0 2 0 3 2 5 0 6 

Polypedilum nubifer-type 0 0 0 0 3 0 0 0 0 

Polypedilum sordens-type 0 0 2 0 0 0 0 0 0 

Sergentia coracina-type 12 22 24 6 22 24 48 38 0 

Sergentia longiventris-type 0 4 0 0 0 0 0 0 0 

Unidentifiable Chironomini 0 0 0 2 0 0 0 0 0 

Abiskomyia 0 0 0 0 0 0 6 0 0 

Chaetocladius dentiforceps-type 6 8 6 0 2 2 4 2 0 

Corynoneura carriana-type 10 4 4 0 7 8 2 4 0 

Corynoneura lobata-type 0 0 0 4 0 0 0 0 0 

Corynoneura spp. 0 0 0 0 0 0 0 0 4 

Cricotopus (Isocladius) type C 2 0 0 0 0 0 0 0 0 

Cricotopus cylindraceus-type 0 6 0 0 0 2 0 0 0 

Cricotopus trifascia-type 0 0 0 4 0 0 0 0 0 

Eukiefferiella devonica-type 0 0 0 0 0 0 0 0 2 

Heterotrissocladius maeaeri-type 0 0 0 0 3 0 2 0 0 

Parachaetocladius 0 0 0 0 0 0 0 2 0 

Parakiefferiella triquetra-type 0 0 0 0 0 0 0 2 2 

Parakiefferiella spp. 0 0 0 4 0 0 0 0 0 

Psectrocladius flavus-type 0 0 0 0 0 0 0 2 0 

Psectrocladius calcaratus-type 0 0 0 0 0 2 0 0 0 

Psectrocladius septentrionalis-type 0 0 0 2 0 0 0 0 0 

Pseudosmittia 0 0 0 0 3 0 0 0 2 

Smittia-Parasmittia 0 0 0 12 9 0 0 12 10 

Thienemanniella spp. 0 0 0 0 2 0 0 0 0 

Pseudochironomus 0 0 0 0 3 0 0 0 0 
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Table B.3b. Chironomid and chaoborid counts for Lac Duhamel. 

Midpoint (cm) 0
.5

 

1
.5

 

2
.5

 

3
.5

 

4
.5

 

5
.5

 

6
.5

 

7
.5

 

9
.5

 

Derotanypus 2 2 0 8 5 0 0 8 2 

Macropelopia 0 2 8 4 0 2 10 0 6 

Labrundinia 0 0 0 2 3 0 2 0 0 

Procladius 0 0 0 2 0 0 4 0 4 

Cladotanytarsus mancus-type 1 0 4 0 0 0 2 0 0 0 

Cladotanytarsus mancus-type 2 4 0 0 0 0 0 2 0 0 

Constempellina-Thienemannioloa 0 0 2 0 0 2 0 0 2 

Micropsectra junci-type 0 0 0 0 0 0 2 0 0 

Micropsectra pallidula-type 0 0 0 0 3 0 0 0 2 

Micropsectra radialis-type 0 0 0 2 5 0 4 0 2 

Micropsectra spp. 0 8 6 8 0 2 8 2 6 

Paratanytarsus spp. 0 0 2 8 0 0 2 2 2 

Paratanytarsus austriacus-type 0 0 0 2 0 0 0 0 0 

Rheotanytarsus 2 0 0 0 0 0 0 0 0 

Stempellina 0 0 0 1 3 0 0 0 0 

Stempellina-Zavrelia 0 0 0 0 5 0 0 0 0 

Tanytarsus chinyensis-type 0 0 0 0 2 0 0 0 0 

Tanytarsus gracilentis-type 2 2 2 0 4 0 0 0 2 

Tanytarsus latctescens-type 0 0 0 0 0 0 0 0 2 

Tanytarsus pallidicornus-type 1 0 8 0 0 0 0 0 0 0 

Tanytarsus spp. 4 8 12 10 5 12 12 5 10 

Total 44 92 86 89 94 60 135 99 82 

           

Chaoborus (Sayomyia) mandible 4 2 6 0 1 10 14 0 6 

Chaoborus trivittatus mandible 0 0 0 0 11 3 8 15 8 
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Table B.4. Chironomid and chaoborid counts for the top-bottom sets (LP 06-103, 08-120, 

and 06-137). 

 

06-103 

top 

06-103 

bottom 

08-120 

top 

08-120 

bottom 

06-137 

top 

06-137 

bottom 

Chironomus anthracinus-type 2 0 0 0 4 0 

Cladopelma laccophila-type 0 0 0 2 0 0 

Cladopelma lateralis-type 0 0 0 4 0 0 

Cryptochironomus 2 2 0 4 4 0 

Dicrotendipes nervosus-type 22 12 2 8 4 0 

Endochironomus impar-type 18 0 0 0 0 0 

Glyptotendipes pallens-type 0 0 0 4 0 2 

Microchironomus 0 0 0 0 2 0 

Microtendipes spp. 4 10 4 4 4 2 

Parachironomus varus-type 0 0 4 0 2 0 

Phaenopsectra type A 0 4 0 2 6 4 

Polypedilum nubeculosum-type 0 4 0 0 0 0 

Polypedilum nubifer-type 2 0 0 6 0 2 

Polypedilum spp. 0 0 0 0 2 0 

Sergentia longiventris-type 4 2 0 4 4 4 

Chaetocladius dentiforceps-type 2 5 0 2 0 4 

Corynoneura spp. 18 12 8 8 2 16 

Cricotopus spp. 0 2 0 0 2 4 

Heterotrissocladius spp. 0 2 0 2 0 10 

Hydrobaenus conformis-type 0 0 0 0 2 0 

Psectrocladius (Allopsectrocladius) 

flavus-type 
0 0 0 0 4 0 

Pseudosmittia 0 0 0 2 0 0 

Smittia-Parasmittia 4 4 2 2 4 8 

Pseudochironomus 2 0 2 0 0 0 

Macropelopia 0 0 4 2 6 2 

Guttipelapia 0 0 2 0 0 0 

Labrundinia 0 0 0 2 0 0 

Procladius 8 4 0 8 4 0 

Larsia 0 0 0 0 0 2 

Cladotanytarsus mancus-type 1 12 0 0 0 0 2 

Constempellina-Thienemannioloa 5 0 0 0 4 4 

Micropsectra spp. 20 6 2 2 8 40 

Stempellina 0 4 0 0 0 0 

Tanytarsus spp. 32 14 20 17 20 18 

Total 157 87 50 85 88 124 

       

Chaoborus flavicans mandible 5 4 5 4 1 2 

Chaoborus (Sayomyia) mandible 2 1 1 1 4 2 
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Appendix C: Dating Results and Radioisotope Activities 

 

Table C.1 contains radioisotope activities (137Cs, supported 210Pb, unsupported 210Pb), 

estimated dates using the Constant Rate of Supply Model and their associated errors by 

midpoint depth (“Midpt”) for Stoco Lake (LP 08-160). 

Table C.2 contains radioisotope activities (137Cs, supported 210Pb, unsupported 210Pb), 

estimated dates using the Constant Rate of Supply Model and their associated errors by 

midpoint depth (“Midpt”) for Muskrat Lake. 

Table C.3 contains radioisotope activities (137Cs, supported 210Pb, unsupported 210Pb), 

estimated dates using the Constant Rate of Supply Model and their associated errors by 

midpoint depth (“Midpt”) for Lac Duhamel (LP 06-133). 

Table C.4 contains radioisotope activities (137Cs, supported 210Pb, unsupported 210Pb), 

estimated dates using the Constant Rate of Supply Model and their associated errors by 

midpoint depth (“Midpt”) for Lac-à-la-Croix (LP 06-103). 

Table C.5 contains radioisotope activities (137Cs, supported 210Pb, unsupported 210Pb), 

estimated dates using the Constant Rate of Supply Model and their associated errors by 

midpoint depth (“Midpt”) for Lac-des-Îles (LP 06-137). 

Table C.6 contains radioisotope activities (137Cs, supported 210Pb, unsupported 210Pb), 

estimated dates using the Constant Rate of Supply Model and their associated errors by 

midpoint depth (“Midpt”) for Lac-des-Chicots (08-120). 
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Table C.1. Radioisotope activities versus midpoint depth (“Midpt”) for Stoco Lake (Lake 

Pulse Lake ID 08-160/LP 08-160). 

Midpt 

(cm) 

Unsupported 
210Pb 

activity 

(Bq/kg) 

Unsupported 
210Pb error 

(Bq/kg) 

Supported 
210Pb 

activity 

(Bq/kg) 

Supported 
210Pb 

error 

(Bq/kg) 

Year 

(CRS) 

Error 

(CRS) 

137Cs 

activity 

(Bq/kg) 

137Cs 

error 

(Bq/kg) 

0.50 625.68 56.41 77.57 6.33 2014.6 0.35 62.10 6.02 

1.50 636.49 56.71 71.97 6.06 2007.6 0.83 60.66 5.98 

2.50 558.39 64.19 66.24 7.92 2001.2 1.11 74.73 8.63 

3.50 528.30 52.16 68.08 6.41 1993.3 1.38 57.01 5.92 

4.50 517.05 49.82 71.74 5.88 1980.6 1.72 71.02 6.29 

10.50 257.94 45.35 81.67 6.74 1968.7 1.95 106.28 8.93 

14.50 189.23 41.13 71.14 6.54 1961.6 1.97 146.87 11.52 

18.50 88.06 35.42 69.87 6.06 1957.3 1.94 128.85 9.82 

22.50 95.54 22.62 59.21 4.02 1953.4 1.90 25.72 3.09 

25.50 55.16 26.66 58.44 4.69 1949.7 1.66 14.28 3.41 

26.50 10.86 27.43 59.32 4.82   7.52 3.23 

28.50 0.00 22.69 52.39 4.12   6.51 2.58 
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Table C.2. Radioisotope activities versus midpoint depth (“Midpt”) for Muskrat Lake. 

Midpt 

(cm) 

Unsupported 
210Pb 

activity 

(Bq/kg) 

Unsupported 
210Pb error 

(Bq/kg) 

Supported 
210Pb 

activity 

(Bq/kg) 

Supported 
210Pb 

error 

(Bq/kg) 

Year 

(CRS) 

Error 

(CRS) 

137Cs 

activity 

(Bq/kg) 

137Cs 

error 

(Bq/kg) 

0.25 703.99 65.07 25.32 10.01 2017.4 0.75 23.94 6.27 

0.75 731.30 68.33 35.26 10.80 2017.0 0.76 20.70 6.57 

1.25 656.59 55.94 23.44 8.05 2016.1 0.76 33.59 5.60 

1.75 569.65 50.99 18.68 7.78 2015.1 0.78 36.65 5.45 

2.25 563.53 52.89 23.91 8.54 2014.0 0.80 28.07 5.62 

3.25 584.85 52.10 19.68 7.95 2012.9 0.81 34.34 5.62 

4.25 521.95 52.98 29.58 8.81 2010.5 0.90 37.30 6.07 

5.25 456.80 48.18 11.27 8.07 2008.1 0.99 38.20 5.79 

6.25 501.55 45.79 7.61 6.54 2005.6 1.09 32.32 4.73 

7.25 538.01 50.80 15.47 8.11 2002.8 1.23 35.69 5.66 

8.25 471.23 50.04 20.56 8.65 1999.4 1.42 46.61 6.29 

9.25 464.34 54.02 17.98 9.54 1996.0 1.65 38.79 6.47 

10.25 315.36 40.84 21.25 7.29 1992.6 1.90 40.92 5.40 

12.25 357.37 39.89 20.18 7.38 1989.3 2.17 52.07 5.73 

14.25 347.55 45.06 14.39 8.40 1981.8 2.87 60.58 6.91 

16.25 192.56 36.30 21.67 7.46 1971.0 4.15 115.02 8.65 

18.25 96.07 36.90 18.72 8.25 1958.8 6.20 165.47 11.82 

20.25 120.09 31.75 21.55 6.95 1949.8 8.05 157.71 10.61 

24.25 67.49 21.39 23.47 5.59 1940.2 10.49 5.72 2.73 

28.25 11.76 21.67 30.33 5.16 1898.2 31.74 0.15 2.79 

32.25 35.30 20.92 26.53 4.82   0.00 2.47 

35.75 45.24 20.25 20.59 4.57    2.91 2.52 
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Table C.3. Radioisotope activities versus midpoint depth (“Midpt”) for Lac Duhamel (LP 

06-133). 

Midpt 

(cm) 

Unsupported 
210Pb 

activity 

(Bq/kg) 

Unsupported 
210Pb error 

(Bq/kg) 

Supported 
210Pb 

activity 

(Bq/kg) 

Supported 
210Pb 

error 

(Bq/kg) 

Year 

(CRS) 

Error 

(CRS) 

137Cs 

activity 

(Bq/kg) 

137Cs 

error 

(Bq/kg) 

0.50 1799.68 119.54 40.60 9.33 2009.2 0.88 4.69 0.00 

1.50 795.34 59.10 34.28 6.72 1988.5 2.51 7.66 3.99 

2.50 176.24 22.84 21.42 3.97 1966.7 5.55 7.70 4.29 

3.50 191.94 43.11 26.41 8.63 1946.2 10.83 5.33 0.00 

4.50 168.13 41.98 29.85 9.07 1918.8 25.07 5.17 0.00 

5.50 93.46 72.78 22.41 15.60 1879.3 77.62 8.60 0.00 

6.50 0.00 61.56 21.13 13.73 1834.6 288.73 8.00 0.00 

8.50 0.00 58.31 20.46 13.68 1834.6 244.77 7.34 5.93 

10.50 19.63 39.29 7.88 8.73 1759.6 2231.39 5.10 0.00 
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Table C.4. Radioisotope activities versus midpoint depth (“Midpt”) for Lac-à-la-Croix 

(LP 06-103). 

Midpt 

(cm) 

Unsupported 
210Pb 

activity 

(Bq/kg) 

Unsupported 
210Pb error 

(Bq/kg) 

Supported 
210Pb 

activity 

(Bq/kg) 

Supported 
210Pb 

error 

(Bq/kg) 

Year 

(CRS) 

Error 

(CRS) 

137Cs 

activity 

(Bq/kg) 

137Cs 

error 

(Bq/kg) 

0.50 222.38 26.39 33.34 3.76 2015.4 0.31 17.46 2.66 

1.50 223.87 27.26 37.45 4.11 2010.5 0.76 20.32 2.89 

2.50 177.70 23.62 32.78 3.57 2005.4 1.07 20.91 2.67 

3.50 214.12 36.33 31.78 5.52 1999.3 1.47 24.79 4.21 

4.50 151.23 23.83 31.15 3.64 1992.2 1.82 26.03 2.98 

7.50 101.96 37.14 38.71 6.20 1986.4 1.99 25.85 4.92 

13.50 113.74 20.43 31.54 3.27 1980.6 2.19 27.80 2.72 

27.50 87.80 18.58 33.66 3.07 1974.9 2.40 42.90 3.13 

30.50 89.99 20.82 36.91 3.63 1969.4 2.55 70.40 4.60 

31.50 82.79 18.93 38.31 3.36 1963.0 2.74 103.27 5.77 

32.50 33.37 15.10 25.58 2.63 1958.1 2.89 127.55 6.79 

33.50 47.70 23.29 36.74 4.10 1954.0 2.41 73.59 5.20 

34.50 23.57 18.15 27.27 3.19 1949.7 1.67 63.02 4.24 
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Table C.5. Radioisotope activities versus midpoint depth (“Midpt”) for Lac-des-Îles (LP 

06-137). 

Midpt 

(cm) 

Unsupported 
210Pb 

activity 

(Bq/kg) 

Unsupported 
210Pb error 

(Bq/kg) 

Supported 
210Pb 

activity 

(Bq/kg) 

Supported 
210Pb 

error 

(Bq/kg) 

Year 

(CRS) 

Error 

(CRS) 

137Cs 

activity 

(Bq/kg) 

137Cs 

error 

(Bq/kg) 

0.50 938.56 67.21 38.58 6.07 9.81 2007.8 42.20 5.12 

1.50 438.01 47.61 34.05 6.19 33.21 1984.4 66.82 6.29 

2.50 254.24 42.34 39.03 6.16 52.21 1965.4 109.92 8.41 

3.50 137.97 34.24 30.38 5.58 71.58 1946.1 59.89 5.64 

4.50 60.85 31.00 17.72 5.25 90.57 1927.1 15.16 3.91 

5.50 52.73 25.16 22.68 4.27 106.10 1911.5 7.54 2.85 

6.50 52.33 24.54 25.60 4.35 137.10 1880.5 0.67 2.67 

8.50 0.00 35.04 24.31 6.15 210.47 1807.2 3.47 4.08 

10.50 2.74 29.49 26.25 5.21 231.50 1786.1 0.00 3.15 

12.50 0.00 29.23 27.85 5.11   0.00 3.29 

14.50 0.00 27.43 26.11 5.13   0.17 3.19 

16.50 0.00 27.63 23.06 4.93   0.00 3.06 
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Table C.6. Radioisotope activities versus midpoint depth (“Midpt”) for Lac-des-Chicots 

(LP 08-120). 

Midpt 

(cm) 

Unsupported 
210Pb 

activity 

(Bq/kg) 

Unsupported 
210Pb error 

(Bq/kg) 

Supported 
210Pb 

activity 

(Bq/kg) 

Supported 
210Pb 

error 

(Bq/kg) 

Year 

(CRS) 

Error 

(CRS) 

137Cs 

activity 

(Bq/kg) 

137Cs 

error 

(Bq/kg) 

0.5 374.47 36.18 20.67 3.93 2012.6 0.70 2.42 2.71 

1.5 231.62 25.75 17.45 2.86 2003.3 1.44 6.23 2.42 

2.5 130.26 37.95 26.40 5.43 1996.2 2.10 10.39 4.48 

3.5 199.70 31.40 14.93 4.01 1987.8 2.83 6.48 3.19 

4.5 195.53 32.65 23.69 4.23 1973.8 4.27 7.85 3.38 

6.5 140.30 29.89 19.00 4.27 1953.5 7.46 11.27 3.61 

10.5 111.80 26.63 19.63 3.88 1917.3 20.40 18.68 3.35 

14.5 0.00 32.03 30.20 5.27 1846.3 122.64 50.62 6.03 

18.5 7.55 23.39 21.92 3.69 1822.9 140.07 98.16 7.19 

32.5 0.64 17.90 20.27 2.91   0.00 1.98 

33.5 0.00 17.62 22.01 2.96   1.03 1.97 

34.5 10.58 22.02 20.18 3.40   1.82 2.47 
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Appendix D: Full VRS-inferred Chlorophyll a and MI-VWHO Data 

Table D.1 contains the visual range spectroscopy (VRS)-inferred chlorophyll a and 

midge-inferred volume weighed hypolimnetic oxygen (MI-VWHO) data from Stoco 

Lake (LP 08-160). 

Table D.2 contains the VRS-inferred chlorophyll a and MI-VWHO data from Muskrat 

Lake. 

Table D.3 contains the VRS-inferred chlorophyll a and MI-VWHO data from Lac 

Duhamel. 

Table D.4 contains the downcore VRS-inferred chlorophyll a data from Lac-à-la-Croix 

(06-103). 

Table D.5 contains the downcore VRS-inferred chlorophyll a data from Lac-des-Îles (LP 

06-137). 

Table D.6 contains the downcore VRS-inferred chlorophyll a data from Lac-des-Chicots 

(LP 08-120).  
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Table D.1. VRS-inferred chlorophyll a (“VRS-Inf Chl a”), MI-VWHO, the ratio of 

chaoborids to chironomids (“Chao:Chir”) used in the oxygen reconstruction, and the 

proportion of taxa used in the inference model (“%Inf”) by midpoint depth (“Midpt”) for 

Stoco Lake (LP 08-160). 

Midpt  

(cm) 

VRS-Inf Chl a 

(mg/g dwt) 

MI-VWHO 

(mg/L) Chao:Chir %Inf 

0.5 0.047 2.14 0.23 100.0 

1.5 0.046 2.74 0.17 96.1 

2.5 0.045 2.43 0.16 97.0 

3.5 0.043 2.67 0.16 94.5 

4.5 0.041 1.56 0.32 98.5 

5.5 0.043 2.42 0.15 95.9 

6.5 0.045 2.95 0.17 96.0 

7.5 0.042 2.22 0.23 96.6 

9.5 0.044 2.74 0.23 94.3 

10.5 0.042 2.16 0.35 100.0 

12.5 0.034 2.54 0.15 98.8 

13.5 0.035 3.17 0.11 100.0 

14.5 0.032 2.95 0.25 96.3 

15.5 0.031 3.14 0.29 92.3 

16.5 0.030 2.68 0.18 81.3 

17.5 0.026 3.66 0.02 98.2 

18.5 0.022 2.30 0.17 94.0 

19.5 0.019 1.98 0.23 94.3 

20.5 0.019 3.20 0.12 95.4 

21.5 0.018 3.18 0.09 95.6 

22.5 0.018 2.71 0.15 93.1 

23.5 0.017 1.67 0.13 89.6 

24.5 0.017 2.08 0.31 90.4 

25.5 0.018 2.00 0.17 95.5 

26.5 0.018 1.73 0.26 95.9 

28.5 0.019 2.02 0.31 96.1 
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Table D.2a. VRS-inferred chlorophyll a (“VRS-Inf Chl a”), MI-VWHO, the ratio of 

chaoborids to chironomids (“Chao:Chir”) used in the oxygen reconstruction, and the 

proportion of taxa used in the inference model (“%Inf”) by midpoint depth (“Midpt”) for 

Muskrat Lake (continued in next table). 

Midpt 

(cm) 

VRS-Inf Chl a 

(mg/g dwt) 

MI-VWHO 

(mg/L) Chao:Chir %Inf 

0.25 0.053 5.03 0.00 92.0 

0.75 0.078    
1.25 0.072 5.39 0.00 100.0 

1.75 0.073    
2.25 0.069 4.29 0.00 99.0 

2.75 0.074    
3.25 0.080 4.46 0.00 100.0 

3.75 0.080    
4.25 0.078 4.76 0.00 100.0 

4.75 0.079    
5.25 0.078 3.68 0.00 100.0 

5.75 0.079    
6.25 0.083 3.42 0.00 100.0 

6.75 0.083    
7.25 0.082 4.11 0.00 97.6 

7.75 0.084    
8.25 0.085 3.80 0.00 97.8 

8.75 0.089    
9.25 0.079 3.69 0.00 100.0 

9.75 0.080    
10.25 0.089 4.99 0.00 95.4 

10.75 0.086    
11.25 0.083 4.25 0.00 100.0 

11.75 0.079    
12.25 0.075 3.96 0.00 100.0 

12.75 0.075    
13.25 0.075 4.87 0.00 100.0 

13.75 0.080    
14.25 0.082 3.54 0.00 95.5 

14.75 0.078    
15.25 0.079 3.69 0.00 100.0 

15.75 0.086    
16.25 0.095 4.17 0.00 100.0 

16.75 0.077    
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Table D.2b. VRS-inferred chlorophyll a (“VRS-Inf Chl a”), MI-VWHO, the ratio of 

chaoborids to chironomids (“Chao:Chir”) used in the oxygen reconstruction, and the 

proportion of taxa used in the inference model (“%Inf”) by midpoint depth (“Midpt”) for 

Muskrat Lake. 

Midpt 

(cm) 

VRS-Inf Chl a 

(mg/g dwt) 

MI-VWHO 

(mg/L) Chao:Chir %Inf 

17.25 0.075 3.81 0.00 100.0 

17.75 0.075    
18.25 0.072 3.59 0.00 97.8 

18.75 0.069    
21.75 0.036    
22.25 0.032 4.28 0.00 100.0 

22.75 0.027    
23.25 0.026 5.10 0.00 100.0 

23.75 0.024    
24.25 0.022 6.43 0.00 98.9 

24.75 0.021    
25.25 0.020 5.36 0.00 100.0 

25.75 0.021    
26.25 0.021 4.52 0.00 100.0 

26.75 0.022    
27.25 0.024 5.48 0.00 100.0 

27.75 0.024    
28.25 0.025 4.89 0.00 96.9 

28.75 0.025    
29.25 0.027    
29.75 0.027    
30.25 0.028 5.47 0.00 95.8 

30.75 0.028    
31.25 0.030    
31.75 0.032    
32.25 0.029 5.35 0.00 97.1 

32.75 0.028    
33.25 0.028    
33.75 0.027    
34.25 0.026 5.07 0.00 100.0 

34.75 0.026    
35.25 0.026    
35.75 0.025 4.68 0.00 100.0 
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Table D.3. VRS-inferred chlorophyll a (“VRS-Inf Chl a”), MI-VWHO, the ratio of 

chaoborids to chironomids (“Chao:Chir”) used in the oxygen reconstruction, and the 

proportion of taxa used in the inference model (“%Inf”) by midpoint depth (“Midpt”) for 

Lac Duhamel (LP 06-133). 

Midpt 

(cm) 

VRS-Inf Chl a 

(mg/g dwt) 

MI-VWHO 

(mg/L) Chao:Chir %Inf 

0.5 0.041 3.68 0.083 95.8 

1.5 0.029 5.17 0.021 93.6 

2.5 0.025 4.81 0.065 87.0 

3.5 0.025 5.51 0.000 91.0 

4.5 0.034 4.04 0.113 97.2 

5.5 0.049 3.20 0.178 97.3 

6.5 0.057 4.27 0.140 84.7 

7.5 0.057 3.86 0.132 86.0 

9.5 0.049 2.65 0.146 91.7 
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Table D.4. VRS-inferred chlorophyll a (“VRS-Inf Chl a”) by midpoint depth (“Midpt”) 

for Lac-à-la-Croix (LP 06-103). Top-bottom MI-VWHO data can be found in Appendix 

A, Table 1. 

Midpt  

(cm) 

VRS-Inf Chl a 

(mg/g dwt) 

0.5 0.043 

1.5 0.041 

2.5 0.036 

3.5 0.035 

4.5 0.032 

5.5 0.033 

6.5 0.034 

7.5 0.031 

8.5 0.038 

9.5 0.038 

10.5 0.036 

11.5 0.038 

12.5 0.038 

13.5 0.034 

14.5 0.033 

15.5 0.031 

16.5 0.036 

17.5 0.036 

18.5 0.035 

19.5 0.035 

20.5 0.035 

21.5 0.035 

22.5 0.035 

23.5 0.035 

24.5 0.033 

25.5 0.030 

26.5 0.033 

27.5 0.033 

28.5 0.030 

29.5 0.029 

30.5 0.029 

31.5 0.023 

32.5 0.021 

33.5 0.027 

34.5 0.026 
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Table D.5. VRS-inferred chlorophyll a (“VRS-Inf Chl a”) by midpoint depth (“Midpt”) 

for Lac-des-Îles (LP 06-137). Top-bottom MI-VWHO data can be found in Appendix A, 

Table 1. 

Midpt  

(cm) 

VRS-Inf Chl a 

(mg/g dwt) 

0.5 0.037 

2.5 0.017 

6.5 0.013 

8.5 0.011 

10.5 0.011 

12.5 0.011 

14.5 0.010 

16.5 0.011 

18.5 0.011 

20.5 0.012 

22.5 0.009 

24.5 0.010 

26.5 0.010 

28.5 0.010 

32.5 0.010 

34.5 0.010 

36.5 0.009 
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Table D.6. VRS-inferred chlorophyll a (“VRS-Inf Chl a”) by midpoint depth (“Midpt”) 

for Lac-des-Chicots (LP 08-120). Top-bottom MI-VWHO data can be found in Appendix 

A, Table 1. 

Midpt  

(cm) 

VRS-Inf Chl a 

(mg/g dwt) 

0.5 0.048 

1.5 0.035 

2.5 0.042 

3.5 0.042 

4.5 0.032 

5.5 0.031 

6.5 0.031 

7.5 0.039 

8.5 0.027 

9.5 0.028 

10.5 0.026 

11.5 0.022 

12.5 0.028 

13.5 0.030 

14.5 0.029 

15.5 0.025 

16.5 0.027 

17.5 0.031 

18.5 0.032 

19.5 0.032 

20.5 0.032 

21.5 0.027 

22.5 0.028 

23.5 0.026 

24.5 0.027 

25.5 0.030 

26.5 0.032 

27.5 0.023 

28.5 0.019 

29.5 0.021 

30.5 0.013 

31.5 0.012 

32.5 0.013 

33.5 0.014 
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Appendix E: Model Validation 

A fundamental assumption of quantitative paleolimnological reconstructions 

based on surface calibration sets (space-for-time substitution) is that the environmental 

conditions at the time of the observed fossil assemblage can be represented by similar 

modern assemblages. There are a number of methods to assess whether it is appropriate 

to apply a calibration set to downcore subfossil assemblages. I assessed the 

appropriateness of the Quinlan and Smol (2001, 2010) inference model for hypolimnetic 

oxygen on the three focal cores of this thesis using three techniques: examining the 

proportion of taxa used in the inference that were also in the training set; using passive 

ordination to determine whether the chironomid assemblages were reasonably within 

those of the calibration set; and analogue methods to determine how dissimilar the 

training set sites were to the subfossil downcore assemblages. 

All subfossil data sets contained >80% of taxa found in the training set (values 

<90% were from Lac Duhamel), with most of the subfossil samples containing >90% of 

the taxa found in the Quinlan and Smol (2001, 2010) training set, indicating that the 

inference model and subfossil chironomid assemblages were composed of similar taxa 

(Appendix D). 

I further assessed whether it was appropriate to apply the model to the subfossil 

data sets by (i) plotting the subfossil data set passively on to a principle components 

analysis of the calibration set using the ‘timetrack’ function of the ‘analogue’ package v. 

0.17-1 in R v. 3.4.3 (Simpson and Oksanen 2018) and (ii) using analogue matching to 

identify how dissimilar the species assemblages of the subfossil data sets were to those of 
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the Quinlan and Smol (2001, 2010) calibration set based on Bray-Curtis distances 

(Simpson 2012).  

The passive ordination showed that Stoco Lake and Lac Duhamel (Figures E.1A 

and E.1C) were tightly clustered with little taxonomic change through time, and that their 

downcore chironomid assemblages were within the assemblages of the calibration set. 

The passive ordination of Muskrat Lake (Figure E.1B) showed a range of assemblages 

through the sedimentary record, all of which were within the assemblages of the 

calibration set. 

Analogue methods are primarily applied to diatom analyses which are often more 

speciose than invertebrate analyses (Simpson 2012). There are no established cut-offs to 

determine at which level of dissimilarity a chironomid assemblage is a good or poor 

analogue match to the model. As such, I used the upper limit that defines a “good 

analogue” for downcore diatom reconstructions which is the 10% percentile (Simpson 

2012). Most of the assemblages were somewhat similar to the calibration set (<20% 

percentile; Figure E.2). Stoco Lake had the most very poor (>20% percentile) intervals 

compared to the calibration set (9/27 subfossil intervals were above the 20% percentile; 

Figures E.2 and E.3A), though Muskrat Lake had many poor or very poor analogue 

matches (>10% percentile; Figures E.2 and E.3B). The majority of sediments from and 

Lac Duhamel (Figure E.3C) were below the 10% percentile. 

Overall, the calibration set matches well with the downcore chironomid 

assemblages, though some caution should be taken with interpreting changes in midge-

inferred volume-weighted hypolimnetic oxygen where there are poor or very poor 

analogue matches.  



 

 

 

Figure E.1. Biplots of principle components analyses for the calibration sites (open black 

circles; Quinlan and Smol 2001, 2010) with subfossil downcore data (closed black 

triangles) plotted passively for (A) Stoco Lake, (B) Muskrat Lake, and (C) Lac Duhamel.  
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Figure E.2. Comparison of good (<10% percentile) and very poor (>20% percentile) 

analogue samples expressed as the percent of total intervals analysed compared by lake. 

In total, 69 intervals were analysed: 27 from Stoco Lake, 33 from Muskrat Lake, and 9 

from Lac Duhamel.   
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Figure E.3. The minimum Bray-Curtis dissimilarity distances comparing the subfossil 

downcore chironomid assemblages to the calibration set surface chironomid assemblages 

(Quinlan and Smol 2001, 2010) for (A) Stoco Lake, (B) Muskrat Lake, and (C) Lac 

Duhamel. The 1%, 5%, and 20% percentiles are marked with dotted grey lines, with the 

10% percentile marked with the dotted black line.  
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