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Abstract 

Environmental conditions can lead to mercury accumulations in fish that are highly 

variability among spatially close lakes in Ontario, Canada.  Mercury methylation caused by 

sulfate reduction can influence total mercury concentrations in fish (THgfish).  Kahshe and 

Mountain lakes were chosen to assess temporal trends of THgfish and using paleolimnological 

tools described the lake environment in terms of total mercury (THgsed), total sulfur (TSsed), 

chromium-reducible sulfur (CRSsed), and chrysophyte-inferred lake-water pH (CI-pH). 

THgfish were standardized by length (LS-THgfish) to identify trends and make comparisons 

with archived fish from the Royal Ontario Museum.  In Kahshe Lake, LS-THgfish for 30-cm 

smallmouth bass and 40-cm walleye displayed peak concentrations in the early 1980s (0.74 +/- 

0.17 µg/g d.w; n=41 and 1.40 +/- 0.42 µg/g d.w; n=16, respectively) with clear declines starting 

in 1999 (0.33 µg/g d.w +/- 0.13, n=12).  At Mountain Lake, LS-THgfish in smallmouth bass (0.31 

– 0.45 µg/g) and walleye (0.30 – 0.49 µg/g) were low and stable through the period of 

observation. Peak concentrations at Kahshe Lake were over 300% higher than the 1926 archival 

sample (0.22 µg/g d.w, 22.1 cm total length), while the 1948 Mountain Lake sample (0.28 µg/g, 

24.4 cm total length) is consistent with modern concentrations. 

As expected from LS-THgfish , THgsed was higher in Kahshe Lake, although enrichment 

was seen at both sites. Temporal trends for TSsed and CRSsed diverged with enrichment in Kahshe 

Lake and depletion in Mountain Lake.  CI-pH showed minimal temporal changes.  Although 

trends of CRSsed indicate sulfate is processed differently among the lakes, geochronology 

highlighted a consistent spatio-temporal relationship between THgfish and CRSsed.  This strongly 

supports a relationship between sulfate reduction rates and Hg methylation, independent of 

THgsed and pH. Therefore, if THgfish is used as an indicator of aquatic health CRSsed may be a 

useful tool for rapid assessment. 
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Chapter 1 

Introduction 

Environmental and Biological Monitoring 

 Environmental monitoring programs have been developed in order to: i) define 

baseline conditions of natural areas, ii) monitor environmental changes through time, and 

iii) promote water quality (Cullen, 1990).  Knowledge of environmental baselines 

become useful for describing how the environment has been changed by recreational, 

industrial, and cultural uses of aquatic resources.  

 Fish are often used as biomonitors in lakes, integrating changes from many aspects 

of their environment.  This is useful to assess biological and chemical processes. In a 

recent study on Isle Royale in Lake Superior, contaminant concentrations in fish were 

linked to changing atmospheric conditions (Drevnick et al., 2007).  A combined approach 

to environmental monitoring can use indicators of water quality, sediment quality, and 

biological biomarkers. While human impacts on the environment have been successfully 

assessed using these methods, site selection, sample storage, and sample identification are 

important considerations (Lange and Lambert, 1995) when datasets are combined for 

making biological interpretations (Cullen, 1988).  

 The location of interest may be selected to limit variability based on naturally 

occurring controls.  The naturally occurring environment may have positive and negative 

controls related to biological processes thus improving the reliability of the result.  Sites 

should be characterized prior to sampling in order to ensure that the planned sampling 

will address the question at hand.  For the study by Drevnick et al. (2007), the remote 
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location of Isle Royale had limited point sources of contamination, which established the 

role of atmospheric deposition as the main source of mercury (Hg) to the lakes. The site 

offers controlled observations of Hg uptake in fish where both Hg and sulfate arise 

through atmospheric deposition. Therefore, the environment of interest has provided an 

additional weight of evidence linking atmospheric sulfate deposition to Hg accumulation.   

 Many long-term environmental monitoring programs have been in place since the 

1970’s and are an excellent source of data for developing temporal trends.  Even so, 

inherent challenges exist when using those databases for biological comparisons.  One of 

these challenges is a discontinuous temporal record whose sampled species change over 

time.  Consequently, a demand is created for archived samples to fill the gaps in data.  

Archived samples and datasets then become essential for developing high-quality results.  

Studies that develop baseline conditions add an important temporal component.   

 It was recently shown that preserved museum fish samples are useful to monitor 

changes from historical baselines (Hill et al., 2010).  Investigations on preservation of 

largemouth bass showed that while Hg concentrations increase initially, those changes 

asymptote shortly after preservation (Hill et al., 2010).  This allows for the effective use 

of museum samples based on the understanding of the preservation effects. When 

museum samples are combined with other environmental monitoring tools, as in 

Drevnick et al. (2007), the long-term impacts of environmental processes on biological 

systems can then be described over decades. 
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 Paleolimnology techniques provide the opportunity to describe the past 

environmental conditions in relation to archived historical fish samples, often spanning 

decades to centuries.  The paleolimnological approach uses changes in chemical, physical 

and biological remains in sediments to infer past environmental conditions (Smol, 2008).  

When lakes receive contaminants through either direct deposition to the surface or runoff 

from the watershed sediments store a temporal record. Mercury is quickly incorporated 

into lake sediments due to the chemical bonds formed with organic matter (OM) entering 

the lake. With 98% of total Hg (THg) in surface sediments being associated with iron and 

manganese oxides (Canario et al., 2007), tight chemical bonds prevent Hg diffusion 

within the sediment (Lockhart et al., 2000).  From sediment records Hg flux has shown 

enrichment throughout the world; 170% in the Arctic, 180% in the subarctic, and 260% 

in mid-latitude lake sediments when comparing recent to the pre-industrial fluxes (Muir 

et al., 2009).  The global trend of Hg enrichment appears to be caused by increases in 

atmospheric deposition.   

 

Mercury: The Atmospheric Pollutant  

Mercury is a liquid at ambient temperatures and is highly volatile.  This volatility 

results in the long-range transport and distribution of Hg to remote areas.  When regional 

sources of Hg are not apparent, global atmospheric conditions become relevant.  

Residence time of total Hg in lakes is on the order of days compared to an atmospheric 

residence times with potential for years Hines and Brezonik (2007).  Although natural 

sources add measurable concentrations to the global mercury budget (Barghigiani et al., 
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1990), anthropogenic emissions in the last century have significantly increased relative to 

natural sources (Fitzgerald et al., 1998).  

The use of Hg in chlor-alkali plants, waste incineration, coal and peat combustion 

and metal smelting all emit Hg to the atmosphere (Lindqvist et al., 1991).  The risks 

associated with mercury became well known when the 1956 industrial disaster in 

Minamata Bay, Japan affected hundreds of people (Ishikawa and Ikegaki, 1980).   In 

North America, from 1850 to 1950, industrialization led to increased local, regional, and 

global distributions of Hg (Fitzgerald, 1998).  In Canada however, it wasn’t until the late 

1970s that provincial networks began monitoring atmospheric contaminants.  

Currently, anthropogenic Hg deposition is highest in temperate regions with 

concentrations decreasing towards the poles (Schroeder and Munthe, 1998). Estimates of 

pre-industrial atmospheric flux for northern USA were approximated at 0.09 – 0.15 

ng/m
2
/yr (Swain et al., 1992). In Ontario, estimates from lakes sediments deposited prior 

to 1900 had an average Hg concentration of 100 + 47 ng/g based on 171 lakes (Mills et 

al., 2009).  The difference in concentrations observed between atmospheric and sediment 

phases results from Hg focusing.  These descriptions of spatial and temporal Hg 

distribution identify the sources and magnitude Hg reaching the environment.  Sources of 

mercury reaching aquatic systems often take one of two pathways either through 

atmospheric deposition (Knightes et al., 2009) or terrestrial run off (Mitchell, 2008).  

Once Hg has reached an aquatic system it begins to undergo chemical and biological 

cycling that direct concentrations into two main components; sediments and biota. 
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Mercury Cycling: From Atmosphere to Biota  

The environmental fate of Hg includes several chemical forms influenced by 

chemical oxidation and reduction (Aastrup et al., 1991; Lindqvist, 1991; Meili, 1991). 

Chemical species of Hg include elemental Hg (Hg
0
), inorganic (Hg

2+
), and 

methylmercury (MeHg) (Mackay et al., 1995; Qureshi, 2009).  

Hg
0
 is stable under mild oxidizing and reducing conditions and in a study by 

Slemr et al. (1985) Hg
0
 was found to be greater than 90% of atmospheric Hg.  Prior to 

1850, the putative year when the Industrial Revolution started, the inland lakes of western 

Ontario experienced lower mercury fluxes of 15.2 µg/m
2
/yr (Drevnick et al., 2011). In 

post-industrial times, the peak flux reached 68.4 µg/m
2
/yr in the late 1980s and modern 

estimates have shown 20% declines to 55.8 µg/m
2
/yr from recent sediments (Drevnick et 

al., 2011).  Hg
0
 may be oxidized in the atmosphere by ozone (Hall, 1995) or chlorine to 

Hg
2+

 and can dissolve into atmospheric water (Lin and Pehkonen, 1998).  Interconversion 

between chemical species may also occur in atmospheric or surface waters (Qureshi, 

2009). 

Reactions in sediments play an important role in the speciation of mercury. 

Mineralization of organic matter (OM) in sediments consumes oxygen, making iron (Fe) 

and manganese (Mn) important electrons acceptors.  The enrichment of Mn in surface 

sediments indicates a reducing environment and suggests more anoxic sediments occur at 

greater depths in the sediment (Lockhart, 2000).  Anoxic environments are favorable for 

Hg methylation.  The lower variability in decomposition rates observed in the profundal 
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zone (den Heyer and Kalff, 1998) provides an opportunity to study this biogeochemical 

transformation, because oxygen concentrations influence MeHg production more so than 

temperature (Verta et al., 2010).   

Many metals are reduced in sediments by bacterial processes (Lovely, 1993).  

Bacteria, such as sulfur reducing bacteria (SRB) and iron reducing bacteria, utilize sulfate 

and other terminal electron acceptors for metabolic energy (Quatrini et al., 2006).  

Several pathways of MeHg production involve microorganisms as an intermediate 

(Sparling, 2009).  SRB methylate Hg, and therefore, under anoxic conditions as 

sedimentary THg (THgsed) concentrations increase, it is expected that the rate of MeHg 

production also increases. The reduction of sulfate and production of MeHg are strongly 

influenced by low oxygen concentrations in the hypolimnion (Verta et al., 2010).  In a 

small boreal lake, a mixing experiment by Rask et al. (2010) related biogeochemical 

changes in sulfate to temperature and oxygen in meta- and hypolimnia to find that sulfate 

concentrations decreased below the lake oxycline and MeHg concentrations increased.  

 

Production of MeHg by in-lake process and conditions are important for Hg the 

transformations that occur throughout the environment. For example, low lake-water pH 

can result in an increase in MeHg (Gilmour and Henry, 1991); while acidification of 

sediments can lead to a suppression of methylation rates (Steffan et al., 1988).  As such, 

the chemical perspective shows how low-pH waters favor the interconversion of 
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dissolved Hg towards MeHg, while the biological perspective demonstrates limitations of 

bacterial activity under a low-pH sediment environment thus inhibiting Hg methylation. 

Furthermore the location of peak MeHg production can migrate vertically within 

the water column in relation to lake-water anoxia (<0.5 mg/L) (Eckley and Hintelman, 

2006).  The importance of oxidation-reduction reactions for Hg methylation may help 

explain variations in temporal trends of Hg concentrations in fish of fresh water lakes.   

Therefore discussions on Hg availability in sediments and accumulation in fish should 

always include descriptions on the limnological state of oxygen and pH. 

 

Bioaccumulation, Biomagnification, and Bioavailability  

Fish are exposed to Hg principally through concentrations in water and the diet. 

The overall effect is a magnification of Hg within fish.  This magnification can occur at 

different magnitudes among taxonomic groups, including humans, with known variations 

in Hg related to size, age and growth rates (Lavigne et al., 2010; Chumchal et al., 2010). 

MeHg biomagnifies such that an increase of MeHg concentration occurs with each 

trophic level in the food web (Campbell et al., 2008), resulting in highest concentrations 

observed in top predators. A number of studies have shown increased bioaccumulation of 

Hg due to environmental variables, such as declines in lake-water pH.  For example, 

Scheuhammer and Graham (1999) observed that concentrations of Hg in pumpkinseed 

(Lepomis gibbosus) from a neutral lake (0.18 µg/g) were much lower than Hg 

concentrations for the same fish species sampled from a nearby lake with a lower pH 
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(0.58 µg/g).  To further understand Hg uptake in fish, a study at the Experimental Lakes 

Area (ELA) in northwest Ontario loaded isotopically-labelled Hg into the lake. The 

report concluded that lowering atmospheric Hg will lead to declines in biotic Hg; 

however, MeHg continues to be formed from legacy Hg well after deposition (Orihel et 

al., 2008).   

To monitor the changes in biotic Hg, THg in fish (THgfish) is routinely measured. 

This measurement is used as an indicator of aquatic health as well as a tool to inform fish 

consumption advisories.  In fish tissues, Hg is commonly measured as THg, although 

generally 80-99% is present as MeHg (Bloom, 1992; Downs et al., 1998).  As 

understanding of Hg methylation continues to grow in regard to the roles of atmospheric 

deposition and limnological characteristics, monitoring trends of THgfish will identify 

environmental conditions that support the healthy recovery of lakes.    

 

Why does Hg decline in some lakes but not others? 

With the province-wide decline of THgfish over time in Ontario, it may be 

expected that atmospheric deposition of Hg has also declined within the same period.  

When atmospheric data are not available, sediment records of Hg have been used to 

approximate atmospheric depositions (Engstrom et al., 1997; Carignan et al., 2003).  If 

atmospheric Hg deposition has not declined, then conditions of pH, oxygen, and 

methylation may be influencing concentrations in fish.  To address this, the 

paleolimnological approach will be used to assess the importance of key environmental 
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variables associated with declines in THgfish.  Biological remains of algae (Cumming et 

al., 1992) and contaminant concentrations (Smol, 2008) found in lake sediments will be 

used to describe temporal changes in environmental pH, sulfur compounds and mercury 

concentrations.  For example, scaled chrysophytes have been characterized for 

environmental optima and tolerance to lake-water pH (Cumming et al., 1992; Siver, 

2003), thereby allowing reconstructions of past lake-water pH.  In the case of chemical 

profiles, hydrological and geochemical factors may causes changes over time (Cooke et 

al., 2010).  As previously discussed, Hg tends to remain stable with sediments (Lockhart, 

2000); however, sedimentary sulfur can be influenced during early diagenesis as oxygen 

penetrates across the sediment-water interface (Eimers et al., 2006).  

Annual monitoring has shown significant reductions in sulfate deposition as much 

as 40% from 1980 levels due to emission reductions (Jeffries et al., 2003) and sulfate 

concentrations have declined up to 50% in surface-waters near Sudbury, Ontario from 

1970 to 1999 (Snucins et al., 2001).  This lowering of sulfate (SO4
2-

) in water may inhibit 

Hg methylation (Gilmour and Henry, 1991). This decline can begin to reverse 

acidification in some lakes, while the lower supply of SO4
2-

 to sediments results in less 

sulfide production (Kerry et al., 1991).  As a consequence of these changes in 

atmospheric sulfur, work at Isle Royale in Lake Superior was able to demonstrate a link 

between declines in sulfur deposition and declines of THgfish (Drevnick et al., 2007).  

In the present study, our objectives are to: i) describe temporal trends of THgfish 

(smallmouth bass and walleye) from two Ontario lakes from which museum and modern 
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fish have been analyzed; ii) describe the trends in THgsed, lake-water pH, and changes in 

rates of sulfate reduction as inferred by CRSsed in lake sediment cores from the same two 

lakes used in i) above, and; iii) identify factors that may account for any differences in 

THgfish between two lakes. 
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Figure 1.1 Conceptual model of mercury (Hg) and sulfate transport from the atmosphere 

into sediments and methyl mercury accumulation in fish. Abbreviations: SO2 = sulfur 

dioxide; SO4
2-

 = sulfate; Hg
0
 = elemental mercury; Hg

2+
 = inorganic mercury; MeHg =  

Methylmercury; CRS = chromium-reducible sulfides; ES = elemental sulfur; AVS = acid 

volatile sulfides;  FeS2 = pyrite. 
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Chapter 2 

Divergent fish mercury trends in two south-central Ontario lakes and 

the relationship to changes in atmospheric sulfate deposition 

1.1 Introduction 

Mercury (Hg) is ubiquitous in the environment as it is found in air, water, 

sediments and biota across the globe.  Anthropogenic emissions coupled with the 

volatility of elemental Hg and the long half-life of Hg in the atmosphere has resulted in 

increased Hg concentrations in remote locations. Hg can be transformed from elemental 

(Hg
0
) to organic-Hg and inorganic Hg, such as Hg

2+
 and Hg sulfides (Mackay et al., 

1995; Qureshi, 2009).  Inorganic Hg in anoxic lake sediments can undergo methylation 

resulting in methylmercury (MeHg) formation (Sparling, 2009).  MeHg is a toxic and 

persistent form of mercury that is bioavailable and bioaccumulative in aquatic 

environments. As a result, MeHg will biomagnify in fish as well as in humans and 

wildlife through fish consumption.  

Atmospheric deposition and physical characteristics of aquatic environments have 

been linked to trends of Hg accumulation in fish.  At Isle Royale in Lake Superior, a 

decline in sulfate deposition was linked to reduced rates of Hg bioaccumulation in fish 

(Drevnick et al., 2007).  Sulfur has been implicated in Hg cycling with respect to 

distribution, conversion, and bioavailability. It is expected that Hg bioaccumulation in 

fish may be declining in south-central Ontario due to large (>40%) declines of 

atmospheric sulfate deposition since the early 1970s (Aherne et al., 2006).  Temporal 
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records of Hg and other elements and compounds can be derived from lake sediments and 

consequently can be used to provide insight to temporal changes in Hg accumulation in 

fish.   

Microorganisms in sediments of aquatic ecosystems catalyze MeHg formation 

and increase Hg bioavailability. Two groups responsible for Hg methylation are sulfur-

reducing bacteria (SRB) and iron-reducing bacteria (Gilmour and Henry, 1991; Schaefer 

et al., 2011).   These bacteria cause the formation of metal sulfides by using iron or 

sulfate as terminal electron acceptors in anoxic environments. These sulfides can be 

passively taken up by some SRB and FeRB leading to the methylation of Hg as a 

byproduct (Sparling, 2009; Schaefer et al., 2011). While research continues to improve 

the understanding of this pathway, enhanced MeHg production by SRB is thought to be 

an important mechanism influencing the availability of Hg in aquatic ecosystems (Benoit 

et al., 1999). 

THg in fish (THgfish) are often higher than Hg in food sources or the surrounding 

water.  For omnivorous and predatory species, such as smallmouth bass (Micropterus 

dolomieu) and walleye (Sander vitreus), diets consisting of fish and invertebrates become 

the main source of Hg. Hg exposures are highest in piscivorous fish and this process of 

food web Hg magnification can begin in lake sediments as indicated by concentrations 

found in benthic invertebrates (Chumchal et al., 2011). To describe changes in THgfish 

through time, consideration must be given to changes in atmospheric deposition, 

watershed size, and physio-chemistry of lakes as well as fish ecology. 
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Paleolimnology is the science that uses physical, chemical and biological remains 

in sediment cores to infer past environmental conditions (Smol, 2008).  This technique 

assumes that deep sediments are oldest and are overlain by younger material. 

Geochronology is the science used to establish a depth-time profile from lake sediments.  

The temporal trends in fish (Monson, 2009), sediment Hg (Lucotte et al., 1995), sediment 

sulfur compounds (Drevnick et al., 2007) and lake-water pH (Cumming et al., 1992) as 

inferred by paleolimnological techniques, can help to address changes in THg in fish 

(THgfish). The objectives of this study are to: i) describe temporal trends of THg 

accumulation in smallmouth bass and walleye in two lakes from south-central Ontario 

based on modern collections and museum archives; ii) to use lake sediment to reconstruct 

past trends in THg (THgsed), sulfur, and pH from the same two lakes, and; iii) to integrate 

the findings from both techniques to identify environmental variables that may influence 

THgfish.  

1.2 Methods 

1.2.1 Site Selection and Description 

 Site selection was based on selecting lakes with a large number of fish sampling 

records, multiple species represented in years sampled, and the number of years sampling 

was conducted. Data was sourced from the Sport Fish Contaminant Monitoring Program 

(SFCMP) run by the Ontario Ministry of Environment which began monitoring lakes 

based on frequency of angling and known pollution. This subset of the database included 

over 3000 records from more than 30 lakes sampled since 1973.  Additionally, over 1300 
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combinations of lakes and fish species from the ichthyological collections held by the 

Royal Ontario Museum (ROM) were assessed to identify lakes with pre-1970 fish 

collections.   

After reviewing databases from both the SFCMP and the ROM, two lakes were 

identified for this study. Kahshe (N 44° 51.831’ W 79° 15.900’) and Mountain Lake (N 

44°58.569’ W 78° 42.769’) are less than 50 km apart and share similar regional 

atmospheric conditions. Kahshe Lake has a larger surface area and watershed area 

compared to Mountain Lake; however, Mountain Lake is deeper giving both lakes similar 

volumes (Table 1).  Additional physiochemical data from July 2009 is presented in Table 

1.   

The local geology of central Ontario is described in detail by Sangster et al. 

(1992).  Briefly, the Grenville Province is composed of metamorphosed rock and mineral 

occurrences outlined by the Central Metasedimentary Belt subdivision.  Named for the 

transition from high-grade metamorphic rock to metasedimentary rock-types, the region 

has many sulfur and metal deposits including Hg, Fe, Pb, Cu and Au.  The variation in 

lake sediments of THgsed ranged two orders of magnitude in this region; this was 

attributed to the influence of natural processes  (Rasmussen et al., 1998). However, 

spatial patterns of THgsed were further explained by mean annual precipitation based on 

171 lakes (Mills et al., 2009).  Consequently, atmospheric sources of Hg are a more likely 

source than the surrounding geology.  
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1.2.2 Fish Methods 

The fish most frequently sampled from these lakes were smallmouth bass 

(Micropterus dolomieu) and walleye (Sander vitreus).  Fish were caught using hook and 

line as well as other MOE/OMNR methods.  Data for a total of 91 smallmouth bass and 

103 walleye were compiled from the SFCMP (1977-2003), museum collections (1926 – 

1948), and a field trip to Kahshe Lake during a fishing derby where fish were contributed 

to the project (2010). This allowed comparisons to be made through three time periods 

for which both fish and sediment records were available.  The archival period is 

represented by museum fish samples acquired before 1977 (n=2), the period of peak 

sulfate deposition is represented by OMOE samples collected between 1977 and 1984 

(n=63), and the modern samples are represented by 1999-2003 OMOE collections and 

sampling from July of 2010 at Kahshe Lake (n=26).   These periods were assessed for 

each lake and species to increase the effective sample size and the strength of 

interpretations (Table 2).  Skin-free dorsal muscle tissue (up to ~10 cm
3
, depending on 

the size of the fish) was dissected from fresh fish. Small skin-free preserved fish tissue 

samples (< 1 cm
3
) were obtained from the ichthyology collection of the Royal Ontario 

Museum.  All fish muscle samples were stored in acid washed vials at -20°C and dried at 

low temperatures (<60°C) using calibrated clean-room drying ovens.  Fish tissues were 

microwave-digested using a MARS system from CEM.  A solution of equal volumes 

hydrogen peroxide and nitric acid were sealed in Teflon tubes and microwaved.  From 

the microwave digestate, 2ml were diluted into 8ml of Millipore water. A subsample of 
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the diluted fish digestate was then analyzed for THg using cold vapour-flameless atomic 

absorption spectroscopy (CVFAAS) a Tekran 2600 Hg analyzer following the US EPA 

Method 1631 (US EPA 2002; OMOE, 2006). The detection limit was 0.15 ng/L. 

Elemental Hg was measured in the acid digestate following reduction of inorganic 

mercury and re-oxidization with stannous chloride.  

1.2.3 Quality Control and Quality Assurance for THg Analyses 

 To assure confidence in the reported THgfish, quality control measures were 

applied throughout the analysis including: method blanks, calibration blanks, a 

calibration curve, precision recovery tests, extraction efficiency tests, matrix spikes and 

sample duplicates.   

Method and calibration blanks tested reagents for contamination and were limited 

to concentrations less than 0.3 part per trillion (ppt); blank corrections were not applied to 

sample concentrations.  However, calibration blank values were included in all 

calibration curves which also included six concentration points between 0.5 – 100 ppt 

with linear coefficients of determination above 0.99.    Duplicate samples of fish and 

sediment (n=8) were run to assess THg distribution within experimental samples in order 

to determine homogeneity and to describe variability throughout the sample runs.  To 

assure consistency of CVFAAS, the initial precision recovery was recorded and 

compared to ongoing precision recovery tests at least every 20 samples with an 

acceptable range of recovery falling between 85 - 115%.  Extraction efficiency was tested 

using certified reference materials (CRMs) from the National Research Council Canada 
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Institute for National Measurement Standards.  For extraction in fish tissues, 80 – 120% 

recovery was acceptable from dogfish muscle DORM-3, dogfish liver DOLT-3, and 

lobster hepatopancreas TORT-2 (n=9).  As a final assurance of precision and accuracy for 

the CVAFS matrices, spikes of 250% THg were added to samples with known 

concentrations, with good recoveries.  

1.2 Sediments 

1.2.1 Collection and Radiometric Dating 

Sediment cores were collected in the July of 2009 using an Uwitec gravity corer 

in the deep basins and were extruded at 0.5-cm intervals through a 38-cm core from 

Kahshe Lake and a 24-cm core from Mountain Lake. Extruded sediment slices were 

stored in whirl-paks at 4ºC in a cold room until analysis begun.  Radiometric dating was 

used to establish the chronology of sediment cores from Kahshe and Mountain lakes.  

Briefly, sediment intervals were freeze-dried and sealed in individual tubes for gamma 

dating. The activity of 
210

Pb, 
214

Bi, and 
137

Cs were measured at the Paleoecological 

Environmental Assessment and Research Lab for 80 000s by an EG&G Ortec germanium 

crystal well-detector following the approach described in Schelske et al. (1994).  Age 

estimates were calculated using a constant rate of supply model of unsupported 
210

Pb and 

were calculated based on the Binford (1990) computer program. 
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1.2.2 Elemental Analysis 

Sediments were measured for concentrations of total sulfur (TSsed) and total lead 

(TPbsed) (Kahshe, n=36; Mountain, n=35), total mercury (THgsed) and chromium 

reducible sulfur (CRSsed) (Kahshe, n=25; Mountain, n=13).  Concentrations for organic 

sulfur compounds (OrgSsed) were calculated by subtracting CRSsed from TSsed.  Dry 

sediment samples were weighed into acid-cleaned microwave tubes and digested in a 3:1 

solution of nitric and hydrochloric acid using a CEM Microwave Accelerated Reaction 

System.  Digested sediments were filtered and the digestate was homogenized for serial 

dilution. Sediment digestates were analyzed in the same manner as the fish digestates for 

THg.  Similar QA/QC was applied for THg analysis in sediments including measurement 

of seven duplicate samples. For sediments, 80 – 120% extraction recovery was deemed 

acceptable from the CRM MESS-3 (n=6).  

Total sulfur concentration and total lead concentrations in sediment samples were 

obtained using inductively coupled plasma optical emission spectrometry (ICP-OES) in 

the Analytical Services Unit at Queen’s University.  After hot-acid digestion in a 

hydrochloric and nitric acid combination, sediments were filtered through 64-µm filter 

paper.  Eleven duplicates of sediment intervals were analyzed and no deviations outside 

of an accepted 20% difference were found. 

CRS was measured as three components; acid volatile sulfides, elemental sulfur, 

and pyrite. The CRS determination traps sulfur through a replacement reaction for further 

analysis by iodometric titration (Hsieh et al., 2002).  The detection limit was 0.032 µg/g 
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(dry weight).  Due to limited sample mass no duplicates were analyzed for Kahshe Lake. 

Limitations of sample mass allowed two sediment intervals to be analyzed in duplicate 

from Mountain Lake. Duplicate samples of CRSsed from deep sediments were within 2%, 

while in surface sediments were duplicates varied by 26%. 

 

1.2.3 Biological Fossil Analysis 

Scaled chrysophytes were assessed at 25 intervals through Kahshe Lake and 5 intervals in 

Mountain Lake (Appendix E) to determine if any change in lake-water pH could be 

detected based on changes of scaled-chrysophyte composition in the two lakes between 

1850 and 2010.  Scales were separated from the organic matter of sediments by digestion 

in a 1:1 molar ratio HNO3 and H2SO4. Subsequent removal of the acid and preparation of 

slides were done using standard techniques (e.g. Cumming et al., 1992). A Leica DMRB 

microscope (X1000 magnification) was used to identify scales to the species level based 

on standard taxonomic references (Takahashi, 1978; Nicholls, 1982, 1988; Siver, 1991). 

Lake-water pH reconstructions were based on a simple tolerance–weighted average 

model based on observed pH tolerance ranges for each scaled chrysophyte species based 

on the model of Cumming et al. (1992). 
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1.3 Data Analysis 

1.3.1 Normalizing THgfish data  

A challenge with the monitoring and museum datasets for fish is that the fish sizes 

span a wide range of lengths and weights (and often weights are not reported). For 

example, smallmouth bass ranged in total length from 15.1 – 51.2 cm and walleye from 

20.6 – 72.3 cm (Table 3). It becomes necessary to find a way to normalize THgfish to a 

standard size in order to enable comparisons through time and between lakes.  The 

relationship between THgfish and total fish length (TL) has been used to make normalized 

comparisons of concentrations at a standard length (McMurtry et al., 1989).  Strong 

positive correlations have been shown when comparing methods of regression and 

length-specific standard (Monson, 2009, SI). With the linear relationship of log THgfish 

and total fish length, the explanatory variable predicts a response variable based on 

estimated rates of change (Figure 2.2).  The slope measures that rate of change, while the 

intercept gives a response value when the explanatory variable is 0.  In this case, it is 

possible for the intercept to yield an impossible negative concentration.  Therefore, 

inferences must be limited to the range of observed length in fish to avoid negative 

values.   
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  By using an average of the ratio between THgfish and TL, the length-specific 

(LS) standard fish Hg concentrations can be calculated.  A normalized length (x) is 

selected from within the range of observation is multiplied by LS-THgavg. 

LS-THg = [THgfish]  

            TL 

 

LS-THgavg = LS-THg/n 

 

LSx-THg = x  *  LS-THgavg  

 

Standard deviation is then obtained in the traditional method with a correction for length.  

For the purposes of making temporal comparisons, the description of variability improves 

the ability to understand changes in LS-THgavg.  

 

1.3.2 Graphing biomonitoring data 

With only a single smallmouth bass (n=1) representing the archival period (e.g. 

pre-1970 start of the Ontario Sportfish Monitoring Program) for each lake, these 

important individuals are used as a qualitative baseline for THgfish, although dealing with 

a single data point presents major challenges in data analysis.  Boxplots were graphed for 

the mean, 75
th

 percentile, and 95
th

 percentile in order to compare peak and present LS-

THgavg for smallmouth bass and walleye in each lake (Figure 2.3).  The mean LS-THgavg 

was also plotted with 95% confidence intervals for both smallmouth bass and walleye, 

including the THg of the archival fish to display temporal changes (Figure 2.4). 
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1.3.3 Calculating Sediment Enrichment Factors and Correlation 

Sediment profiles of Hg concentrations have been used to monitor present 

conditions in the environment. Enrichment describes the condition of increased surface 

sediment concentrations relative to background concentrations (Mills et al., 2009).  For 

this study, “background concentrations” are described as the region within the sediment 

core that represents a stable past environment.  In Kahshe Lake, this region was found in 

sediments below 30cm; while at Mountain Lake, this region is represented by sediments 

below 20cm.  The top 5cm of each core was considered surface sediments and average 

“surface” THgsed concentrations were calculated from all analyzed layers in the top 5cm.  

The following equation was used to calculate the enrichment factor: 

 

EF = [THg]top 5-cm 

         [THg]stable past 

 

Finally, Pearson correlation coefficients (r) were determined to describe the 

strength and direction of potential linear associations between numeric sediment 

variables.  Values ranged from -1 to 1.  A value of zero indicated no linear association 

was present.  For this study r > 0.70 described strong linear association, 0.40 < r < 0.69 

was moderately linear, and r < 0.39 weakly linear.  
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2.0 Results 

2.1 Mercury patterns and variability in fish 

The LS-THgavg for both smallmouth bass and walleye (0.74 and 1.48 µg/g 

respectively) were highest in Kahshe Lake (Table 3). Although THgfish increased with 

length for both species, the 95% confidence interval is 0.11µg/g greater in walleye 

compared to smallmouth bass.    While THgfish are 0.02 – 1.15 µg/g lower in Mountain 

Lake, the variability in smallmouth bass is similar to that observed in Kahshe Lake (0.02-

0.04 µg/g).  The largest difference in variation between the two lakes is seen among 

walleye at 0.17 µg/g (Table 3).   

In Kahshe Lake, LS-THg in smallmouth bass (n=7) in 2010 was more than 50% 

lower than peak LS-THg.    With peak LS-THg in 1981, concentrations were observed to 

be lower in both 1978 and 1999 (Figure 2.4).  However, when comparing an archival fish 

from 1926 to 2010 LS-THg of smallmouth bass from Kahshe Lake, the museum fish Hg 

concentration was within range of the 2010 fish data.  Similarly in Mountain Lake, the 

THg of the archived smallmouth bass was 0.28 µg/g and is within the range of values 

seen for more modern fish (Table 3). 

2.2 
210

PbActivity and Dating Using a Constant Rate of Supply Model 

Total 
210

Pb activity declines to a constant activity with depth in lake sediment; 

however, the depth at which this constant 
210

Pb activity is reached differs by 20cm 

between lakes (Figure 2.5).  Exponential declines of unsupported 
210

Pb are seen in 

response to the cumulative dry mass in sediment cores from both lakes (Figure 2.5).   
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Sedimentation rates in Mountain Lake averaged less than 0.021 g/cm
2
/year compared to 

0.027 g/cm
2
/year of Kahshe Lake.  Based on the constant rate of supply model, 

210
Pb 

dates are approximately linear in relation to core depth; however, the due to the slow 

sedimentation rate of Mountain Lake increased uncertainty is associated with age 

estimates (Figure 2.5).  Supporting data is available in Appendix G. 

 

2.3 Independent validation of sediment age 

In the sediment core from Kahshe Lake the 
137

Cs activity peaks prior to TPbsed. 

The 
137

Cs activity peak occurs at approximately 1960 and is followed by a TPbsed peak 

around 1980 (Figure 2.5).  In Mountain Lake, TPbsed and 
137

Cs concentrations increase 

through surface sediments to the sediment-water interface (Figure 2.5).  

 

2.4 Sediment enrichment and correlation 

THgsed profiles from Kahshe Lake provide trends over the last 130 years and 

showed significant correlations with CRS but not TS (Appendix F). Enrichment factors 

for THgsed and TSsed in Kahshe Lake display a 3-fold increase from 1950 to present.  

From 1986 to 2008, THgsed plateau between 0.34 – 0.45 µg/g, while TSsed rose from 

archival concentrations (~ 4 mg/g) to a maximum of 15 mg/g in 2008 (Figure 2.3).  The 

greatest enrichment was seen with CRSsed reaching a 9-fold increase from 1993 (Figure 

2.3).  Recently, a greater than 50% decline (~3 mg/g) is seen from the peak concentration 

(6.5 mg/g). In Mountain Lake, fewer sediment intervals were analyzed due to slow 

sedimentation rate. However, similar 3-fold enrichment of THgsed exists compared to 
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Kahshe Lake although the maximum concentration (0.09 µg/g) is much lower (Figure 

2.vi). TSsed (0.84 mg/g) is also lower in Mountain Lake and concentrations have a 

depletion trend rather than enrichment (Figure 2.6).  This depletion trend is also found 

with CRSsed beginning with the maximum concentration of 1.7 mg/g in ~1880.   

In Kahshe Lake sediments strong positive linear associations are seen between 

THgsed and CRSsed (r
2
=0.79, p<0.001) and THgsed and OrgSsed (r

2
=0.58, p<0.001).  In 

Mountain Lake strong positive associations are seen between TSsed and CRSsed (r
2
=0.90, 

p<0.001) and TSsed and OrgSsed (r
2
=0.71, p<0.001). 

 

2.5 Inferred pH from scaled chrysophyte assemblages  

Inferred pH based on chrysophyte assemblages vary from a pH of 6.5 to 7.0 in 

Kahshe Lake, and from 6.9 to 7.3 in Mountain Lake (Figure 2.6).  In Kahshe Lake, there 

is a decline in Mallomonas species including: M. duerrschmidtiae, M. psuedocoronata, 

and M. caudata (Appendix E).  This decline was mirrored by an increase in Synura taxa, 

which was dominated by S. sphagnicola.    There are no large changes in the assemblages 

of Mountain Lake.  The dominant species are M. duerrschmidtiae and S. petersenii 

(Appendix E).   

Discussion 

3.1 Long-term trends of THgfish and paleolimnological reconstructions of THgsediment 

The study lakes located within 50 km of one another share similar precipitation 

patterns and deposition of contaminants.  The common airshed suggests a shared pattern 

of Hg and S deposition.  The larger watershed area of Kahshe Lake allows for higher 
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concentrations of Hg to be focused towards lake sediments; however, the magnitude of 3-

fold THgsed enrichment is similar in both lakes.  This is consistent with other findings in 

the study region where THgsed enrichment ranged from 1.67 to 5 in 20 lakes (El Bilali et 

al., 2002). This indicates that in-lake differences will have a more important bearing on 

Hg concentrations and biogeochemistry than any difference in atmospheric sources of Hg 

and S. 

The relationship between THg and fish length is well known for many freshwater 

fish (Rask and Metsala, 1991; Parks et al., 1994; Simoneau et al., 2005; Campbell et al., 

2008).  In Kahshe Lake, significant differences in LS-THgavg were observed over time. 

Despite more than 200% difference in THgsed between the two lakes (0.27µg/g in 

Mountain compared to 0.087 µg/g in Kahshe), THgsed appeared to have little influence on 

THgfish.  Presently, the smallmouth bass between study lakes display a 0.02µg/g 

difference in THg. When comparing species, the concentrations in walleye are higher 

than in smallmouth bass in Kahshe Lake (Table 3).  This is consistent with findings for 

aquatic systems where higher trophic positions within food webs are consistently 

associated with higher THgfish (Campbell et al., 2008).  Increases in prey Hg substantially 

raise predator burdens (Stafford and Haines, 2001); however, a full food web study was 

not conducted for either lake during either peak or present periods.  

The temporal changes of THgsed in study lakes correspond with the timing of 

increases in anthropogenic Hg to other inland lakes of Ontario and North America 

(Drevnick et al., 2011; Monson et al., 2011).  The direct addition of Hg to surface waters 
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leads to rapid integration into biological communities including fish (Harris et al., 2007; 

Orihel et al., 2008). Therefore the three-fold Hg enrichment seen in the sediments of 

Mountain and Kahshe lakes were expected to be associated with an increase in THgfish. 

While the THgsed enrichment factor could explain the increase in THgfish from baseline 

conditions in 1920-40’s, the stability of THgsed since the 1980s suggests that LS-THgfish 

would not have changed from 1980 to present if sediment concentrations were the only 

factor. 

In Kahshe Lake, strong associations between THgsed and CRSsed in lake sediments 

suggest a common source of both Hg and sulfur, in this case, through atmospheric 

deposition. While this relationship was not evident for Mountain Lake, it is not likely the 

result of an alternate source for either Hg or sulfur.  In Mountain Lake, strong 

associations between TSsed and both OrgSsed and CRSsed suggest that the amount of 

CRSsed observed in the sediment core is dependent on TSsed.  Therefore, as sediment 

oxidation allows sulfate diffusion away from sediments into pore waters, CRSsed trends 

will be affected. As CRSsed fluctuates with TSsed, the relationship between THgsed and 

CRSsed becomes weakened due to the continued stability of THgsed.  If Hg were more 

mobile, we would expect to find that the THgsed-CRSsed relationship also be found in 

Mountain Lake as THgsed would also be lost to the water column.      
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3.2  THgfish and inferred lake-water pH regimes 

Environmental factors have been previously reported to influence Hg 

bioavailability from lake sediments, such as Hg deposition (Orihel et al., 2008), sulfate 

reduction rates (Drevnick et al., 2007), and lake-water pH (Scheuhammer and Graham, 

1999).   

Chrysophyte-inferred lake-water pH trends show that the annual lake average did 

not fall below a pH of 6.5 (Figure 2.6) at any time, and there were no consistent changes 

in sediment core trends.   Previous studies have found that decreasing lake-water pH from 

5.6 to 5.2 impacted fish Hg concentrations compared to circumneutral lakes 

(Scheuhammer and Graham, 1999).  Although there was an increase in synuran taxa in 

both lakes (Synura sphagnicola in Kahshe Lake, and Synura petersenii in Mountain 

Lake, Appendix E) these changes are more consistent with changes that are related to 

climate, such as lake stratification (Hyatt et al., 2010).  Given that there have been 

minimal changes in inferred pH, we conclude that pH has not been a significant factor 

influencing Hg dynamics in either Kahshe or Mountain lake.  

 

3.3 Insights from Sulfate Reduction 

Although atmospheric Hg and sulfate deposition increased along a similar 

trajectory, sulfate deposition began to decline in the late 1970s (Jeffries et al., 2003; 

Aherne et al., 2006), whereas THgsed in Kahshe Lake plateaued from 1984 to 2008 

(Figure 2.6). With modern THgsed largely unchanged, trends of atmospheric sulfur 
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deposition may best explain differences in THgfish.  To estimate trends in Hg methylation, 

sulfate reduction rates were measured as CRSsed and two patterns were revealed.  CRSsed 

in Kahshe Lake followed the trend of atmospheric S deposition increasing until 1993, 

while in Mountain Lake CRSsed was in decline well before 1889 (Figure 2.6).  As sulfur 

retention in sediments of the study lakes are quite different, these trends help explain the 

differences in THgfish in the two study lakes.  

The enrichment of TSsed in Kahshe Lake sediments relative to 1920’s baseline 

levels indicates increased sulfate availability in surface sediments.  High sulfate 

concentrations in sediments are associated with increased potential for microbially-

mediated reduction of sulfate, and as a result Hg methylation (Gilmour et al., 1992).  

Concentrations near the sediment-water interface can results from increased 

anthropogenic sulfur contributions or early sediment diagenesis of sulfur compounds. 

With historical trends of atmospheric sulfur deposition declining, enrichment of sulfur in 

Kahshe Lake is most likely a diagenetic effect.  The chemical oxidation-reduction cycling 

that occurs facilitates dissolution and precipitation of sulfur compounds.  Concentrations 

of sulfur compounds in Mountain Lake are expected to be lower than Kahshe Lake and 

due to the slower sediment rates, the depletion of CRSsed is not surprising. Depletion of 

TSsed can occur as a result of internal sulfate loading into bottom waters, and the trend 

observed in sediments has previously been reported as a ‘pre-pollution norm’ (Manning 

et al., 1988; Drevnick et al., 2009).  In the case of Mountain Lake, slow sedimentation 

rates allow increased oxygen penetration into sediments. This oxidation allows sulfur to 
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dissolve into pore waters ultimately being released into the water column (Eimers et al., 

2006).  This trend of limited sulfur retention described here supports the role of sulfate 

reduction rates as a driver of change in THgfish.   

In Kahshe Lake, the changes in THgfish follow the trend of CRSsed.  THgfish from 

Kahshe Lake is consistent with the standard in-lake Hg methylation mechanism which is 

limited by sulfate reduction. This evidence not only supports the relationship between 

CRSsed and Hg methylation in sediments, but the positive relationship between THgfish 

and CRSsed described by Drevnick et al. (2007) in the eight lakes studied at Isle Royale.  

The stability of THgfish in Mountain Lake through time may represent the lower limits of 

control on mercury methylation by sulfur, as when sulfur is not retained in sediments 

there is little or no change in THgfish.  

  

Conclusion 

While the sampling intensity required for effective long-term bio-monitoring 

poses challenges for establishing guidelines for fish consumption in Ontario, this 

paleolimnological approach may provide an effective alternative using analyses of TSsed, 

TPbsed, CRSsed and THgsed in dated sediments as part of a guideline for aquatic health.  

Ontario freshwater lakes are exposed to a wide range of environmental conditions that 

increase the variability of THgfish.  Scaled chrysophyte assemblages showed little change 

in CI-pH through the lake history, but certain chrysophyte species exhibited population 

shifts in recent sediments likely related to climate change.  THgsed stability within 
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sediment cores was confirmed by the presence and absence of a relationship with CRSsed, 

under two limnological conditions and compared with known atmospheric sulfur 

deposition trends.  Although sulfur mobility breaks down the relationship between THgsed 

and CRSsed in high oxygen environments, it was seen that LS-THgavg consistently 

followed the trend of sulfate reduction as observed by CRSsed.  

  This assessment of THgfish revealed two trajectories for Hg accumulation; i) 

stable THgfish limited by depletions of CRSsed in an environment of increasing THgsed, 

and ii) temporal THgfish fluctuations associated with CRSsed through an environment of 

stable THgsed. While current trends indicate stable and declining THgfish, CRSsed 

represents a proxy for sulfate reduction that is also useful in estimating temporal LS-

THgavg trends.  As sulfur deposition to Ontario water bodies is regulated, historical 

sediment burdens may become important under conditions of sulfur release. Further 

investigations into the relationships that link Hgsed and Ssed transformations during early 

diagenesis may help to estimate Hg accumulation in fish.   
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Table 1 Summary of select physiochemical variables for Kahshe and Mountain lakes 

sampled in July 2009. 

 Lake 

Limnological Characteristics Kahshe Mountain 

Latitude (N)  44° 51.831’ 44° 58.569’ 

Longitude (W) 79° 15.900’ 78° 42.769’ 

Surface Area (km
2
) 8.3 3.19  

Watershed Area (km
2
) 32.7 10.3 

Volume (m
3
) 4.1 x 10

7
  4.4 x 10

7
 

Max Depth (m) 20 31.4 

Hypolimnetic O2 Concentration (mg/L)* 4 8 

Average pH* 5.75 6.95 

*Chemical measures were taken through the water column prior to sediment collection. 
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Figure 2.1 Location of Kahshe and Mountain lakes in the Province of Ontario.  (Map 

from Robyn Kelly, data from Land Information Ontario)  
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Table 2 Sample size of two fish species (Micropterus dolomieu; smallmouth bass and 

Sander vitreus; walleye) available for a temporal study on total mercury in fish tissue. 

“Archival” indicates that the fish are from the Royal Museum of Ontario. Fish collected 

between 1977 to 2003 are from the Ontario Ministry of Environment Sportfish 

Contaminants Monitoring Program. Fish collected in 2010 are from a field trip to the lake 

during a fishing derby where people contributed fish samples to the project. 

 Kahshe Lake Mountain Lake 

Time 
Period 

Smallmouth 
bass 

Walleye Smallmouth 
bass 

Walleye 

 Year Sample 
Size 

Year Sample 
Size 

Year Sample 
Size 

Year Sample 
Size 

Archival 1926 1 NA NA 1948 1 NA NA 
Peak 
Deposition 

1977 
1978 
1981 

5 
21 
15 

1978 
1981 

14 
2 

1981 
1984 

5 
17 

1981 
1984 

 

18 
20 

Present 1999 
2010 

5 
7 

2010 1 2003 14 2001 
2003 

28 
20 
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Figure 2.2 Log total mercury concentrations (µg/g) in fish tissues of smallmouth bass 

(Micropterus dolomieu; n=91) and walleye (Sander vitreus; n=103). The coefficient of 

determination for each species was 0.26 and 0.87 with p=<0.001 and <0.001 and slopes 

of 0.047 and 0.078, respectively.   
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Figure 2.3 Comparison of length normalized total mercury concentrations. (A) 

Smallmouth bass from Kahshe Lake, 1977-1981 (n= 41) and 1999 – 2010 (n=12). (B) 

Walleye from Kahshe Lake, 1978-1981 (n=16), only a single walleye (THg= 0.28 µg/g) 

was available for present day (not include in the graph). (C) Smallmouth bass from 

Mountain Lake, 1981-1984 (n=22) and 2003 (n=14). (D) Walleye from Mountain Lake 

1981-1984 (n=38) and 2001 – 2003 (n=48). 
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Table 3 Temporal summary of length-standardized (smallmouth bass normalized to 30-

cm, and walleye normalized to 40-cm) total mercury concentrations in fish  

Time Period Archival Peak Present Peak Present 

Lake Species Smallmouth bass Walleye 

Kahshe Sample Size 1 41 12 16 1 

 Total Length 
Range (cm) 

22.1 22.5 – 
51.2 

15.1 – 
36.7 

50.9 – 
72.3 

46.0 

 Average THgfish 
(µg/g) 

0.22 0.74 0.33 1.48 NA 

 95% 
Confidence 
Interval 

NA  +/- 0.17 +/- 0.13 +/- 0.28 NA 

Mountain Sample Size 1 22 14 38 48 

 Total Length 
Range (cm) 

24.4 29.8 – 
44.8 

25.0 – 
43.7 

22.5 – 
61.5 

20.6 – 
51.2 

 Average THgfish 
(µg/g) 

0.28 0.42 0.31 0.33 0.36 

 95% 
Confidence 
Interval 

NA +/- 0.15 +/- 0.17 +/- 0.11 +/- 0.12 
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Figure 2.4 Temporal record of length-standardized total mercury concentrations (µg/g) in 

two species, smallmouth bass () and walleye () in Kahshe (left) and Mountain (right) 

lakes, 95% confidence intervals are shown when sample size permits calculation.   
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Figure 2.5 Geochronology from sediments in Kahshe (Top) and Mountain (Bottom) 

Lakes.  Unsupported Pb-210 activity () leading to inferred dates of deposition () are 

displayed in panels on the left. Independent validation of geochronology by Cs-137 () 

activity and total lead () concentrations are shown in panels to the right.
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Figure 2.6 Geochemical profiles through Kahshe () and Mountain Lake (). Concentrations of total mercury (A), total sulfur (B), 

and chromium-reducible sulfur (C); as well as chrysophyte-inferred pH (D)



 47 

References 

Aherne, J., Larssen, T., Cosby, B. J., & Dillon, P J. (2006). Climate variability and 

forecasting surface water recovery from acidification: modelling drought-induced 

sulphate release from wetlands. Science of the Total Environment, 365, 186-199.  

Binford, M.W. (1990). Calculation and uncertainty analysis of 
210

Pb dates for PIRLA 

project lakes sediment cores. Journal of Paleolimnology, 3, 253-267. 

Benoit, J. M., Gilmour, Cynthia C., Mason, R. P., & Heyes, A. (1999). Sulfide controls 

on mercury speciation and bioavailability to methylating bacteria in sediment pore 

waters. Environmental Science & Technology, 33, 951-957.  

Campbell, L., Verburg, P., Dixon, D., & Hecky, R. (2008). Mercury biomagnifications in 

the food web of Lake Tanganyika, Science of the Total Environment, 402, 184-191. 

Chumchal, M. M., Rainwater, T. R., Osborn, S. C., Roberts, A. P., Abel, M. T., Cobb, G. 

P., Smith, P. N., Bailey, F. C. (2011). Mercury speciation and biomagnifications in 

the food web of Caddo Lake, Texas and Louisiana, USA, a subtropical freshwater 

ecosystem. Environmental Toxicology and Chemistry, 30, 1153-1162. 

Cumming, B. F., & Smol, J P. (1992). Scaled chrysophytes (Chrysophyceae and 

Synurophyceae) from Adirondack drainage lakes and their relationship to 

environmental variables. Journal of Phycology, 28, 162-178. 

Drevnick, P. E., Canfield, D. E., Gorski, P. R., Shinneman, A. L. C., Engstrom, D. R., 

Muir, D. C. G., et al. (2007). Deposition and cycling of sulfur controls mercury 

accumulation in Isle Royale fish. Environmental Science & Technology, 41, 7266-

7272.  



 

 

  48 

Drevnick, P. E., Otter, R. R., Gorski, P. R., Long, D. T., Canfield, D. E., & Oris, J. T. 

(2009). Lake-specific responses in sedimentary sulphur, after additions of copper 

sulphate to lakes in Michigan, USA. Lakes & Reservoirs: Research & Management, 

14, 193-201.  

Drevnick, P., Engstrom, D., Driscoll, C., Swain, E., Balogh, S., Kamman, N., Long, D., 

Muir, D., Parsons, M., Rolfhus, K., & Rossmann, R. (2012). Spatial and temporal 

patterns of mercury accumulation in laustrine sediments across the Laurentian Great 

Lakes region. Environmental Pollution, 141, 1- 9 

Eimers, M. C., Paterson, A. M., Dillon, P. J., Schiff, S. L., Cumming, B. F., & Hall, R. I. 

(2006). Lake sediment core records of sulphur accumulation and sulphur isotopic 

composition in central Ontario, Canada lakes. Journal of Paleolimnology, 35, 99-

109.  

El Bilali, L., Rasmussen, P.E., Hall, G.E.M., & Fortin, D. (2002). Role of sediment 

composition in trace metal distribution in lake sediments. Applied Geochemistry, 17, 

1171-1181. 

Gilmour, C. C., & Henry, E. A. (1991). Mercury methylation in aquatic systems affected 

by acid deposition. Environmental Pollution, 71, 131-169.  

Gilmour, C.C., Henry, E.A., & Mitchell, R. (1992). Sulfate stimulation of mercury 

methylation in freshwater sediments, Environmental Science and Technology, 26, 

2281-2287 



 

 

  49 

Harris, R. C., Rudd, J. W. M., Amyot, M., Babiarz, C. L., Beaty, K. G., Blanchfield, P. J., 

et al. (2007). Whole-ecosystem study shows rapid fish-mercury response to changes 

in mercury deposition. Proceedings of the National Academy of Sciences of the 

United States of America, 104, 16586-16591. 

Hsieh Y.P., Chung S.W., Tsau Y.J., & Sue C.T. (2002). Analysis of sulfides in the 

presence of ferric minerals by diffusion methods. Chemical Geology, 182, 195-201 

Hyatt, C. V., Paterson, A. M., Cumming, B. F., Smol, J. P. (2010).  Factors related to 

regional and temporal variation in the distribution of scaled chrysophytes in north-

eastern North America : Evidence from lake sediments. Nova Hedwigia, 136, 87-

102. 

Jeffries, D. S., Brydges, T. G., Dillon, P J, & Keller, W. (2003). Monitoring the results of 

Canada/U.S.A. acid rain control programs: some lake responses. Environmental 

Monitoring and Assessment, 88, 3-19.  

Lockhart, W. L., Macdonald, R. W., Outridge, P. M., Wilkinson, P., DeLaronde, J. B., & 

Rudd, J. W. M. (2000). Tests of the fidelity of lake sediment core records of 

mercury deposition to known histories of mercury contamination. Science of the 

Total Environment, 260, 171-180. 

 

Mackay, D., Wania, F., & Schroeder, W. (1995). Prospects for modeling the behavior and 

fate of mercury, globally and in aquatic systems. Water, Air, & Soil Pollution, 80, 

941-950. 



 

 

  50 

Manning, P. G., Murphy, T. P., Mayer, T., & Prepas, E. E. (1988). Effect of copper 

sulfate on pyrite formation in reducing sediments. Canadian Mineralogist, 26, 965-

972. 

McMurtry, M. J., Wales, D. L., Scheider, W. A., Beggs, G. L., & Dimond, P. E. (1989). 

Relationship of mercury concentrations in lake trout (Salvlinus namaycush) and 

smallmouth bass (Micropterus dolomieui) to the physical and chemical 

characteristics of Ontario lakes. Canadian Journal of Fisheries and Aquatic 

Sciences, 46, 426 - 434. 

Mills, R. B., Paterson, A. M., Lean, D. R. S., Smol, J. P., Mierle, G., & Blais, J. M. 

(2009). Dissecting the spatial scales of mercury accumulation in Ontario lake 

sediment. Environmental Pollution, 157, 2949-2956. 

Monson, B. (2009). Trend reversal of mercury concentrations in piscivorous fish from 

Minnesota lakes: 1982-2006. Environmental Science & Technology, 43, 1750-1755.  

Monson, B., Staples, D., Bhavsar, S., Holsen, T., Schrank, C., Moses, S., McGoldrick, 

D., Backus, S., & Williams, K. (2011). Spatiotemporal trends of mercury in walleye 

and largemouth bass from the Laurentian Great Lakes Region. Ecotoxicology, 20, 

1555-1567. 

Nicholls, K. (1982). Mallomonas species (Chrysophyceae) from Ontario, Canada 

including descriptions of two new species. Nove Hedwigia, 34, 80-124. 



 

 

  51 

Nicholls, K. (1988). Additions of Mallomonas (Chrysophyceae) flora of Ontario, Canada, 

a checklist of North American Mallomonas species. Canadian Journal of Botany, 

66, 349-360. 

Ontario Ministry of the Environment. (2006). The determination of mercury in 

biomaterials by cold vapour-flameless atomic absorption spectroscopy (CV-AAS); 

Ontario Ministry of the Environment: Toronto, Ontario, 2006. 

Orihel, D. M., Paterson, M. J., Blanchfield, P. J., Bodaly, R. A., Gilmour, C. C., & 

Hintelmann, H. (2008). Temporal changes in the distribution, methylation, and 

bioaccumulation of newly deposited mercury in an aquatic ecosystem. 

Environmental Pollution, 154, 77-88.  

Parks, J.W., Craig, P.C., & Ozburn, G.C. (1994). Relationships between mercury 

concentrations in walleye (Stizostendion vitreum) and northern pike (Esox lucius): 

Implications for modeling and biomonitoring, Canadian Journal of Fisheries and 

Aquatic Science, 51, 2090-2104. 

Qureshi, A., MacLeod, M., Scheringer, M., & Hungerbühler, K. (2009). Mercury cycling 

and species mass balances in four North American lakes. Environmental Pollution, 

157, 452-462.  

Rask, M., & Metsala, R. (1991). Mercury concentrations in northern pike, Esox lucius L., 

in small lakes of Evo Area, Southern Finland. Water, Air, & Soil Pollution, 56, 369-

378. 



 

 

  52 

Rasmussen, P. E., Villard, D. J., Gardner, H. D., Fortescue, J. A. C., Schiff, S. L., Shilts, 

W. W. (1998). Mercury in lake sediments of the Precambrian Shield near Huntsville, 

Ontario, Canada. Environmental Geology, 33, 170-182. 

Sangster, A.L., Gauthier, M., & Gower, C.F. (1992). Metallogeny of structural zones, 

Grenville Province, northeastern North America. Precambrian Research, 58, 401-

426. 

Schaefer, J. K., Rocks, S. S., Zheng, W., Liang, L., Gu, B., & Morel, F. M. M. (2011). 

Active transport, substrate specificity, and methylation of Hg(II) in anaerobic 

bacteria. Proceedings of the National Academy of Sciences of the United States of 

America, 108, 8714-8719. 

Schelske, C., Peplow, K., Brenner, M., & Spencer, C. (1994). Low-background gamma 

counting: applications for 
210

Pb dating of sediments. Journal of Paleolimnology, 10, 

115-128 

Scheuhammer, A. M., & Graham, J. E. (1999). The bioaccumulation of mercury in 

aquatic organisms from two similar lakes with differing pH. Ecotoxicology, 8, 49-

56. 

Simoneau, M., Lucotte, M., Garceau, S., & Laliberte, D. (2005). Fish growth rates 

modulate mercury concentrations in walleye (Sander vitreus) from eastern 

Canadian lakes, Environmental Research, 98, 73-82. 

Siver, P. (1991). The biology of Mallomonas: morphology, taxonomy and ecology. 

Kluwer Academic Publishers, The Netherlands. 



 

 

  53 

Smol, J.P. (2008). Pollution of Lakes and Rivers: A Paleoenvironmental Perspective 2
nd

 

Edition. Blackwell Publishing, Oxford. pp. 383 

Sparling, R. (2009). Mercury methylation made easy. Nature Geoscience, 2, 92-93. 

Stafford, C. P. & Haines, T. A. (2001). Mercury contamination and growth rate in two 

piscivore populations. Environmental Toxicology and Chemistry, 20, 2099-2101. 

Takahashi, E. (1978). Electron microscopical studies of the Synuracae (Chrysophycese) 

in Japan. Tokia University Press, Tokyo. pp.194 

USEPA. 2002. Method 1631, Revision E: Mercury in water by oxidation, purge and trap, 

and Cold Vapor Atomic Fluorescence Spectrometry, EPA-821-R-02-019; United 

States Environmental Protection Agency, Washington, DC, 2002. 

 

 

 

 

 

 

 

 

 



 

 

  54 

Chapter 3 

General Discussion and Conclusions 

Concentrations of Hg Sediment Profiles Reflect Changes in Atmospheric Deposition 

 Recent mercury (Hg) enrichment in the surface sediments from Kahshe and 

Mountain lakes corresponds to the expected changes of atmospheric Hg deposition 

patterns since the 1850s.  Similar results have been seen in the study region with rapid 

changes in Hg concentrations in surface sediments followed by steady declines through 

the remaining sediment core (Rasmussen et al., 1998; Mills et al., 2009).  Previously, wet 

and dry deposition to terrestrial and aquatic environments were suggested to describe the 

differences in THgsed between Kahshe and Mountain lake; however, Rasmussen et al. 

(1998) found that, in the shared study area, neither relative watershed size nor 

sedimentation rate explained the between lake differences in THgsed.  If the exceptionally 

slow sedimentation rates of Mountain Lake and large difference in watershed to surface 

area are not expected to account for the observed differences, then additional information 

on in-lake processes is required.  The capability of in-lake processes to effect profiles 

within lake sediments were seen in the comparison of total sulfur (TSsed) between study 

lakes.  The divergent trends, depletion and enrichment, are related to the release of sulfur 

from sediments into bottom water under favorable conditions (Eimers et al., 2006).  

Sulfide oxidation has been identified as one process preventing lake sediments from 

accurately reflecting sulfate deposition trends (Drevnick et al., 2009).  The declining 

sulfur trend in lake sediments from Mountain Lake show are characteristics of a ‘pre-
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pollution norm’ (Bindler et al., 2008) and may account for the consistently low THgfish 

that is found in this lake. 

 

Potential Factors Influencing Changes in THgfish 

In Kahshe Lake, THgfish in smallmouth bass increased from 1926 to a peak in 

1981 followed by a decline to 2010.  THgfish in walleye also show a clear decrease from 

1978 to 2010.  This recent decline has resulted in THgfish equivalent to concentrations 

found in the museum specimen from 1926.  Although effects of specimen preservation in 

museums are relevant, the expectation is that changes due to preservation would cause an 

overestimate of THgfish  (Poulopoulous, personal communication) not an underestimate, 

suggesting that the preserved 1926 fish would still be significantly lower than THgfish 

during peak depositions of S and Hg. 

In-lake processes known to influence THgfish have included Hg methylation by 

sulfate-reducing bacteria (Kerry et al., 1991), acidification (Scheuhammer and Graham, 

1999) and fish ecology.  For this study, length standardization was used to limit THgfish 

variability associated with differences in fish length thus enabling comparisons among 

fish within the same lake, between both lakes and to temporal environmental records 

made available from sediment cores.  Reconstructions of pH and chromium-reducible 

sulfur (CRSsed) concentrations provided evidence for the relationship between CRSsed and 

THgfish.  Chrysophte-inferred (CI) pH indicates that little or no change has been seen in 

over 100 years.  As a result, no interactions between CRSsed and CI-pH are expected to 
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alter the trends of THgfish.  However, this interaction may be of interest for further studies 

in relation to the link between Hg methylation and sulfate reduction.     

Relating CRS to THgfish 

Sulfate reduction rates are estimated by CRSsed in sediments (Drevnick et al., 

2007) and in Kahshe Lake reduction rates follow the expected trend of atmospheric 

sulfate deposition (Aherne et al., 2006).  The recent decline in CRSsed occurred as THgfish 

declined to a modern low.  This supports the positive relationship between CRSsed and 

THgfish described by Drevnick et al. (2009) at Isle Royale.  Although the pathways of Hg 

methylation are still poorly understood, it appears that changes in atmospheric 

depositions can have significant impacts on THgfish.   

 

SUMMARY 

1. Several trends in THgfish are present in central Ontario lakes.  Some lakes, like Kahshe 

Lake, responded to increases in atmospheric depositions of Hg and S with increases in 

THgfish. An equal response of decline in THgfish was also observed when atmospheric 

deposition declined. Yet Mountain Lake, which received similar atmospheric inputs, 

showed temporal consistency of THgfish. In this lake, THgfish have been low and remained 

consistent through changing environmental conditions.   

 

2.  When direct measurement of atmospheric sulfur deposition is unavailable, the state of 

the oxycline in lakes can support the accumulation of atmospheric signals in lake 
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sediments. Low oxygen concentrations near lake sediments, as found at Kahshe Lake, 

allow for CRSsed accumulation. These conditions allowed trends expected from 

atmospheric depositions to be observed.  In nutrient-poor lakes, such as Mountain Lake, 

high oxygen concentrations in the hypolimnion prevent CRSsed accumulation. As a result, 

this condition at the sediment-water interface contributes to temporal S depletions and the 

appearance of ‘pre-pollution norms’ in lake sediments.  

 

3.  CRSsed displayed two different accumulation trends in study lakes of central Ontario.  

First, the depletion has been described as a ‘pre-pollution norm’ (Bindler et al., 2008; 

Drevnick et al., 2007; Manning, 1988) and second, accumulations that reflect trends of 

atmospheric sulfur deposition.  Although these patterns can represent orders of magnitude 

differences in the amount of CRSsed present within sediments, LS-THgfish respond 

similarly to both conditions.  The positive linear relationship found between CRSsed 

(0.016-6.49 mg/g) and LS-THgavg (0.3-1.84 µg/g) was consistent in both lakes and 

demonstrates rationale for recent declines in THgfish. 
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Appendix A 

Water Chemistry Summary  

Table A1. Results of a vertical profile of temperature, dissolved oxygen and pH taken 

from the center of Kahshe Lake on July 22, 2009 using a Hydrolab DS5 water quality 

Multiprobe. 

Depth From Waters 

Surface (m) 

Temperature  

(° C) 

Dissolved Oxygen 

(mg/L) 

pH 

 

0 24.03 8.63 6.58 

1.00 23.00 9.1 6.75 

2.06 22.03 9.21 6.73 

3.11 20.69 8.72 6.45 

4.16 20.21 8.13 6.25 

5.18 18.87 6.62 5.94 

6.22 16.11 4.99 5.71 

7.24 14.57 4.62 5.58 

8.28 13.13 4.23 5.51 

9.36 12.23 4.39 5.46 

10.35 11.77 4.19 5.46 

11.22 11.44 4.30 5.41 

12.22 11.02 4.23 5.39 

13.21 10.67 4.125 5.37 

14.09 10.54 4.19 5.36 

15.26 10.19 4.25 5.36 

16.27 9.7 4.415 5.35 

17.17 8.80 5.40 5.31 

18.40 7.81 4.69 5.25 

19.21 7.57 2.60 5.24 

20.19 7.41 0.88 5.61 
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Table A2. Results of a vertical profile of temperature, dissolved oxygen and pH taken 

from the center of Mountain Lake on July 21, 2009 using a Hydrolab DS5 water quality 

Multiprobe. 

Depth From Waters 

Surface (m) 

Temperature 

(° C) 

Dissolved Oxygen 

(mg/L) 

pH 

 

0 20.76 9.595 7.6 

1.045 20.64 9.51 7.61 

2.175 20.465 9.525 7.58 

3.505 20.273 9.433 7.46 

5.428 19.4 9.36 7.07 

6.59 16.24 9.315 6.67 

7.74 12.83 8.89 6.4 

8.72 11.95 8.73 6.3 

9.955 11.02 8.415 6.19 

15.47 8.05 7.89 6.03 
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Appendix B 

Summary of Mercury Biomonitoring  

 

Table B1. Summary of fish data from Kahshe Lake used in the assessment of changes in 

Hg in smallmouth bass and walleye. Year and month indicate time of sampling. Fish 

from 1926 were collected from the Royal Museum of Ontario.  Data for fish sampled 

between 1977 and 2003 are from the Ontario Ministry of Environment Sportfish 

Contaminant Monitoring Program. Fish sampled in 2010 were from contributions by 

volunteers participating in a fishing derby. 

Species Year Month Sample 
Size (n) 

Range 
of Total  
Length 
(cm) 

Range of 
observed 
THg 
concentation 
(µg/g) 

THg 
concentation 
in standard 
length fish 
(µg/g) 

95% 
CI 

Smallmouth 
bass 

1926* ~ 1 22.1 0.22 NA NA 

 1977 ~ 5 24.1 – 
38.1 

0.32 – 0.97 0.72 +/- 
0.30 

 1978 ~ 21 24.3 – 
46.2 

0.27 – 1.31 0.62 +/- 
0.09 

 1981 ~ 15 22.5 -
51.2 

0.39 – 2.10 0.87 +/- 
0.13 

 1999 ~ 5 15.1 – 
35.1 

0.08 – 0.53 0.34 +/- 
0.19 

 2010 July 7 18.3 – 
36.7 

0.14 – 0.42 0.32 +/- 
0.07 

Walleye 1978 ~ 14 50.9 – 
72.3 

1.36 – 3.65 1.84 +/- 
0.22 

 1981 ~ 2 63.5 – 
68.4 

2.2 – 2.7 NA NA 

 2010* July 1 46.0 0.21 NA NA 
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Table B2. Summary of fish data from Mountain Lake used in the assessment of changes 

in mercury in smallmouth bass and walleye. Year and month indicate time of sampling. 

Fish from 1926 were collected from the Royal Museum of Ontario.  Data for fish 

sampled between 1977 and 2003 are from the Ontario Ministry of Environment Sportfish 

Contaminant Monitoring Program. 

Lake Year Month Sample 
Size (n) 

Range 
of Total  
Length 
(cm) 

Range of 
observed 
THg 
concentation 
(µg/g) 

THg 
concentation 
in standard 
length fish 
(µg/g) 

95% 
CI 

Smallmouth 
bass 

1948* ~ 1 24.4 0.28 NA NA 

 1981 ~ 5 35.0 – 
44.8 

0.20 - 0.88 0.45 +/- 

0.24 

 1984 ~ 17 29.8 – 
43.6 

0.22 – 0.76 0.39 +/- 

0.06 

 2003 ~ 14 25.0 – 
43.7 

0.11 – 0.91 0.31 +/- 

0.17 

Walleye 1981 ~ 18 24.5 – 
61.5 

0.11 – 1.10 0.41 +/- 
0.14 

 1984 ~ 20 22.5 – 
60.0 

0.07 – 0.83 0.30 +/- 
0.07 

 2001 ~ 28 20.6 – 
50.9 

0.07 – 1.00 0.43 +/- 
0.10 

 2003 ~ 20 29.8 – 
51.2 

0.12 – 0.98 0.49 +/- 
0.13 
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Appendix C 

Method Comparison of Regression and Standardization of Fish 

Mercury Concentration by Length 

 

Figure C 1 A comparison of fish mercury standardization methods by length. The linear 

regression model uses a line of best fit between length and concentration to approximate a single 

concentration from the dataset (x-axis) while the standard-length fish mercury concentration uses 

an average of the ratio of length and concentration to estimate concentrations at a specified length 

(y-axis). See Methods in Chapter 2 for detailed discussion of this approach. 
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Appendix D 

Paleolimnological Assessment of Lake Sediments 

Table D 1 Paleolimnological assessment of Kahshe Lake sediments. Sediment core 

wassampled July 22, 2009. Depth = the layer of sediment extruded from a sediment core, Year = 

the inferred date from 
210

Pb chronology for a given depth, pH = chrysophyte inferred pH, Hg = 

concentration of total mercury, TS = concentration of total sulfur, CRS = concentration of 

chromium reducible sulfur, Org-S = concentration of organic sulfur 

Depth 

(cm) 

 

Year 

 

pH 

 

Sedimentation 

Rate (g/cm
2
/yr) 

Hg  

(µg/g) 

 

TS (mg/g) 

 

CRS 

 (mg/g) 

 

Org-S 

(mg/g) 

 

0.5 2009 6.6 NA 0.27 12.974 NA NA 

1.5 2008 6.7 NA 0.32 15.093 NA NA 

2 2008 6.7 0.0198 0.42 NA 2.938 11.61 

2.5 2007 6.9 0.02175 NA 14.002 4.23 9.772 

3 2006 7 0.0237 0.39 NA 3.466 8.775 

3.5 2005 7 0.02136 NA 10.48 3.539 6.941 

4 2004 6.9 0.01902 0.44 NA 3.714 7.181 

4.0dup 2004 6.9 0.01902 0.25 NA NA NA 

4.5 2002 6.9 0.02034 0.44 11.31 4.294 7.016 

5 2000 6.9 0.02165 0.44 NA 4.222 7.932 

5.5 1998 6.8 0.02335 0.45 12.999 5.816 7.183 

5.5dup 1998 6.8 0.02335 0.23 NA NA NA 

6 1996 NA 0.02504 0.44 NA 4.822 7.772 

6.5 1993 6.8 0.02488 0.42 12.188 6.487 5.701 

6.5Dup NA NA NA NA 11.29 NA NA 

7 1991 NA 0.02472 0.4 NA 5.471 5.758 

7.0dup 1991 NA 0.02472 0.42 NA NA NA 

7.5 1988 6.9 0.03118 0.39 10.27 4.684 5.586 

8 1986 NA 0.03764 0.34 NA 4.216 6.486 

8.0dup 1986 NA 0.03764 0.43 NA NA NA 

8.5 1984 6.8 0.038535 0.41 11.134 4.43 6.704 

8.5dup 1984 6.8 0.03854 NA NA NA NA 

9 1983 NA 0.03943 0.29 NA 2.594 7.538 

9.5 1982 6.7 NA 0.29 9.131 2.084 7.047 

9.5dup 1982 6.7 NA NA 8.281 NA NA 

10.5 1976 6.6 NA 0.27 7.972 NA NA 

11.5 1970 6.7 0.0331 NA 7.002 NA NA 

11.5dup 1970 6.7 0.0331 0.22 NA NA NA 

12.5 1965 6.7 NA NA 7.292 NA NA 

13.5 1960 6.6 NA NA 6.911 NA NA 
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Depth 

(cm) 

 

Year 

 

pH 

 

Sedimentation 

Rate (g/cm
2
/yr) 

Hg  

(µg/g) 

 

TS (mg/g) 

 

CRS 

 (mg/g) 

 

Org-S (mg/g) 

 

14.5 1956 6.6 0.025635 NA 6.793 NA NA 

15 1951 NA 0.02827 0.2 1.74 NA NA 

15.5 1949 6.5 NA NA 9.224 NA NA 

16 1946 NA 0.02937 0.19 1.75 NA NA 

16.0dup 1946 NA 0.02937 0.24 NA NA NA 

16.5 1944 6.7 NA NA 6.672 NA NA 

17 1943 NA 0.02561 NA NA 0.33 6.448 

17.5 1939 6.8 NA NA 6.883 NA NA 

18 1935 NA 0.01756 NA NA 0.54 6.05 

18.5 1931 6.8 NA NA 6.296 NA NA 

19 1926 NA 0.01709 NA NA 0.849 5.17 

19.5 1921 6.8 NA NA 5.742 NA NA 

20 NA NA NA 0.16 NA NA NA 

20.5 NA NA NA NA 4.862 NA NA 

21 NA NA NA 0.036 16.8 NA NA 

21.5 NA NA NA NA 5.463 NA NA 

22.5 NA NA NA NA 5.626 NA NA 

23 NA NA 0.03871 0.11 NA NA NA 

23.5 NA NA NA NA 4.343 NA NA 

23.5dup NA NA NA NA 3.96 NA NA 

23 NA NA NA NA 4.5 NA NA 

24.5 NA NA NA NA 3.78 NA NA 

25 1860 NA 0.01154 0.11 NA 0.696 3.081 

25.5 NA NA NA NA 3.774 NA NA 

25.5dup NA NA NA NA 3.862 NA NA 

26.5 NA NA NA NA 3.646 NA NA 

27 NA NA 0.03692 NA NA 0.579 3.041 

27.5 NA NA NA NA 3.594 NA NA 

27.5dup NA NA NA NA 3.925 NA NA 

28.5 NA NA NA NA 3.384 NA NA 

29.5 NA NA NA NA 2.965 NA NA 

30 NA NA NA 0.2 NA 0.225 2.612 

30.5 NA NA NA 0.044 2.71 NA NA 

31.5 NA NA NA NA 2.836 NA NA 

32.5 NA NA NA NA 2.619 NA NA 

33 NA NA NA 0.14 NA 0.356 2.419 

33.5 NA NA NA NA 2.931 NA NA 

34.5 NA NA NA NA 2.632 NA NA 

35 NA NA NA 0.085 NA NA NA 

35.5 NA NA NA NA 2.766 NA NA 

35.5dup NA NA NA NA 2.718 NA NA 

36 NA NA NA NA NA 0.13 2.562 
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Depth 

(cm) 

 

Year 

 

pH 

 

Sedimentation 

Rate (g/cm
2
/yr) 

Hg  

(µg/g) 

 

TS (mg/g) 

 

CRS 

 (mg/g) 

 

Org-S 

(mg/g) 

 

36.5 NA NA NA NA 2.619 NA NA 

36.5dup NA NA NA NA 2.487 NA NA 

37.5 NA NA NA NA 3.476 NA NA 

38 NA NA NA 0.085 NA 0.16 3.184 

38.5 NA NA NA NA 3.212 NA NA 

40 NA NA NA 0.15 NA NA NA 
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Table D 2 Paleolimnological assessment of Mountain Lake sediment. Sediment core was 

sampled July 21, 2009. Depth = the layer of sediment extruded from a sediment core, 

Year = the inferred date from 
210

Pb chronology for a given depth, pH = chrysophyte 

inferred pH, Hg = concentration of total mercury, TS = concentration of total sulfur, CRS 

= concentration of chromium reducible sulfur, Org-S = concentration of organic sulfur 

Depth (cm) 

 

Year 

 

pH 

 

Sedimentation Rate 

(g/cm
2
/yr) 

Hg  

(µg/g) 

 

TS 

(mg/g) 

 

CRS 

 (mg/g) 

 

Org-S 

(mg/g) 

 

1 2008 7.2 0.02015 0.087 0.844 0.016 0.828 

2 1999 7.1 0.01928 0.072 0.853 0.021 0.832 

3 1979 6.9 0.01805 0.06 1.23 0.378 0.852 

4 1954 7.3 0.02034 0.028 1.18 0.909 0.271 

5 1889 7.1 0.007877 0.026 1.9 1.703 0.197 

6 NA NA NA 0.019 3.01 1.461 1.549 

6.0dup NA NA NA NA 2.6 NA NA 

7 NA NA NA 0.015 3.63 2.873 0.757 

8 NA NA NA 0.0256 8.52 5.496 3.024 

9 NA NA NA 0.0284 12.5 6.729 5.771 

10 NA NA NA 0.0294 11.1 NA NA 

11 NA NA NA 0.0253 9.6 NA NA 

12 NA NA NA 0.0483 10.4 6.463 3.937 

13 NA NA NA 0.0387 12 NA NA 

14 NA NA NA 0.0127 12.3 6.874 5.426 

15 NA NA NA 0.0232 12.7 NA NA 

16 NA NA NA 0.037 14.1 6.655 7.445 

17 NA NA NA 0.0343 11.2 NA NA 

17.0dup NA NA NA 0.045 11.8 NA NA 

18 NA NA NA 0.0158 14.1 8.53 5.57 

19 NA NA NA 0.0302 16 NA NA 

20 NA NA NA 0.0364 14.8 12.27 2.53 

21 NA NA NA 0.156 4.77 NA NA 

22 NA NA NA 0.0227 14.4 11.895 2.505 

23 NA NA NA 0.0489 14.8 NA NA 

24 NA NA NA 0.0779 14.6 8.962 5.638 

24.0dup NA NA NA 0.0278 14.9 NA NA 
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Appendix E 

Stratigraphy and Raw Data for Scaled Chrysophytes 

 

Figure E 1 Stratigraphy of scaled chrysophytes in the sediment core collected from 

Kahshe Lake in July 2009.  Common taxa are defined as those present as greater than 1% 

of all scales observed or 1% relative abundance. See Methods in Chapter 2 for details on 

the identification and counting of scaled chrysophytes. 

 

 

Core Depth (cm) 

Percent Abundance 

M. duerrschmidtiae 
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Table E 1 Raw counts of scaled chrysophytes collected in July 2009 from a Kahshe Lake 

sediment core. Intervals were extruded from the sediment-water interface to 20.5cm, 

every 0.5cm.  Scaled chrysophytes were identified based on species and a minimum of 

400 individuals were recorded.   

Depth (cm) 0.0-0.5 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 
M. 

duerrschmidtiae 33 33 24 19.33 13 21 27 

M. crassisquama 8 12 6 4.33 10 12 15 
M. 

pseudocoronata 2 4 4 4.33 4 5 6 

M. lychenensis 0 0 0 0 0 0 0 

M. elongata 0 0 0 1 5 0 1 

M. caudata 10 4 3 3 5 8 5 

M. hamata 4 6 7 1 1 0 3 

M. punctifera (L) 0 0 0 0 0 0 1 

M. acaroides 2 0 0 0 0 0 0 

M. transylvanica 0 0 0 1 0 0 0 

M. insignis 0 0 0 0 1 0 0 

M. ‘small’ spp. 26 20 12 13 18 5 9 

M. medium 0 0 0 0 0 0 0 

M.hondonii 0 0 0 0 0 0 0 

S. sphagnicola 105 214 269 293 277 303 266 

S. echinulata 153 75 68 39 43 47 56 

S. petersenii 66 42 32 27 30 34 34 

S. spinosa ft long 17 4 6 2 6 2 4 

S. uvella 19 8 6 9 11 19 12 

S. lapponica 0 0 0 0 2 2 3 

C. longspina  3 7 4 2 3 6 3 
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Total 448 429 441 418.99 429 464 445 

Microspheres 215 113 92 74 128 57 55 
 

Depth (cm) 4.0-4.5 4.5-5.0 5.0-5.5 6.0-6.5 7.0-7.5 8.0-8.5 9.0-9.5 
M. 

duerrschmidtiae 26.66 21 28 25 18 43 59 

M. crassisquama 10.66 14 6 0 5 6 1 
M. 

pseudocoronata 3.66 3 2 3 1 6 13 

M. lychenensis 0 0 0 0 1 0 0 

M. elongata 1 2 2 0 0 0 0 

M. caudata 5 11 3 5 5 7 10 

M. hamata 4 5 9 5 2 2 1 

M. punctifera (L) 0 0 1 0 0 0 2 

M. acaroides 0 0 0 0 0 0 0 

M. transylvanica 0 0 0 0 1 0 0 

M. insignis 0 0 0 0 0 0 0 

M. ‘small’ spp. 6 8 6 7 3 1 3 

M. medium 0 0 0 0 0 0 1 

M.hondonii 0 0 0 0 0 0 0 

S. sphagnicola 264 282 176 225 207 156 139 

S. echinulata 52 45 36 25 33 47 42 

S. petersenii 25 32 31 20 29 28 19 

S. spinosa ft long 6 9 3 4 1 1 5 

S. uvella 25 9 12 13 11 16 14 

S. lapponica 1 3 0 0 0 0 0 

C. longspina  1 3 4 2 0 0 0 

Total 430.98 447 319 334 317 313 309 

Microspheres 89 98 57 71 66 44 72 
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Depth (cm) 

10.0-

10.5 

11.0-

11.5 

12.0-

12.5 

13.0-

13.5 

14.0-

14.5 

15.0-

15.5 

16.0-

16.5 
M. 

duerrschmidtiae 55 53 67 45 70 88 48 

M. crassisquama 1 3 3 3 8 2 0 
M. 

pseudocoronata 15 13 27 4 14 16 22 

M. lychenensis 3 0 1 1 4 1 1 

M. elongata 0 0 0 0 0 0 0 

M. caudata 4 11 6 7 4 7 7 

M. hamata 1 1 0 0 0 1 0 

M. punctifera (L) 0 0 0 0 0 0 0 

M. acaroides 0 0 0 0 0 0 0 

M. transylvanica 0 0 0 0 0 0 0 

M. insignis 0 0 0 0 0 0 0 

M. ‘small’ spp. 5 1 5 3 5 2 4 

M. medium 2 0 0 0 0 0 0 

M.hondonii 0 0 0 0 0 0 4 

S. sphagnicola 129 144 126 153 134 153 146 

S. echinulata 58 50 43 53 43 43 46 

S. petersenii 16 23 16 30 15 11 20 

S. spinosa ft long 0 1 1 1 1 1 1 

S. uvella 13 10 7 6 7 3 4 

S. lapponica 0 0 0 0 0 0 0 

C. longspina 1 1 0 0 0 0 0 

Total 303 311 302 306 305 328 303 

Microspheres 92 79 66 43 70 93 33 
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Depth (cm) 

17.0-

17.5 

18.0-

18.5 

19.0-

19.5 

20.0-

20.5 
M. 

duerrschmidtiae 47 69 83 89 

M. crassisquama 5 13 15 10 
M. 

pseudocoronata 28 31 46 46 

M. lychenensis 4 2 5 6 

M. elongata 0 2 0 0 

M. caudata 6 5 13 13 

M. hamata 0 1 1 1 

M. punctifera (L) 0 0 0 0 

M. acaroides 0 0 0 0 

M. transylvanica 0 2 0 1 

M. insignis 0 0 0 0 

M. ‘small’ spp. 8 9 6 6 

M. medium 2 0 0 0 

M.hondonii 0 0 1 0 

S. sphagnicola 47 84 48 35 

S. echinulata 50 62 62 57 

S. petersenii 36 21 16 23 

S. spinosa ft long 0 1 1 1 

S. uvella 3 11 8 12 

S. lapponica 0 0 0 0 

C. longspina 0 1 0 0 

Total 236 314 305 300 

Microspheres 69 60 66 77 
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Figure E 2 Stratigraphy of scaled chrysophytes in the sediment core collected from 

Mountain Lake in July 2009.  Common taxa are defined as those present as greater than 

1% of all scales observed or 1% relative abundance. See Methods in Chapter 2 for details 

on the identification and counting of scaled chrysophytes. 
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Table E 2 Raw counts of scaled chrysophytes collected in July 2009 from a Mountain 

Lake sediment core. Intervals were extruded from the sediment-water interface to 4.5cm, 

every 0.5cm.  Scaled chrysophytes were identified based on species and a minimum of 

100 individuals were recorded, due to low frequency of observed scales.   

Depth (cm) 0.0-0.5 1.0-1.5 2.0-2.5 3.0-3.5 4.0-4.5 
M. 

duerrschmidtiae 29 41 38 38 42 

M. crassisquama 2 4 5 7 10 
M. 

pseudocoronata 6 6 4 18 11 

M. elongata 2 1 1 2 3 

M. caudata 2 5 4 1 4 

M. ‘small’ spp. 3 0 0 0 1 

M. medium 0 1 0 2 0 

S. sphagnicola 5 2 2 0 0 

S. echinulata 14 13 14 15 13 

S. petersenii 24 20 24 13 11 

S. spinosa ft long 1 1 3 1 2 

S. uvella 1  1 2 1 

S.curtispina 12 10 4 9 5 

Total 101 104 100 108 103 

Microspheres 54 69 97 192 188 
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Appendix F 

Pearson correlation coefficients between sediment characteristics 

 

Table F 1 Assessment of correlation among elements found in Kahshe Lake sediment. 

Abbreviations: THg = Total mercury; CRS = Chromium reducible sulfur; OrgS = 

Organic sulfur compounds.  

 CRS OrgS TS 

THg 0.88 0.76 0.35 

CRS  0.57 0.62 

OrgS   0.58 

 

Table F 2 Validation of correlation findings among Kahshe Lake sediment 

characteristics. Abbreviations: THg =Total mercury; CRS = Chromium reducible sulfur; 

OrgS = Organic sulfur compounds; TS = Total sulfur; N = sample size; Df = degrees of 

freedom; R = correlation coefficient.  

Kahshe THg:CRS THg:OrgS THg:TS CRS:OrgS CRS:TS OrgS:TS 

N 18 18 13 25 8 8 

Df 16 16 11 23 6 6 

R  0.88 0.76 0.35 0.57 0.62 0.58 

test 

statistic 

7.41 4.68 1.24 3.33 1.94 1.74 

Critical 

value 

2.12 2.12 2.2 2.06 2.45 2.45 

Null 

Hypothesis 

Reject Reject Fail to 

reject 

Fail to 

Reject 

Fail to 

Reject 

Fail to 

Reject 

P >0.0001 0.001>P>0.0001     
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Table F 3 Assessment of correlation among characteristics in Mountain Lake sediment. 

Abbreviations: THg = Total mercury; CRS = Chromium reducible sulfur; OrgS = 

Organic sulfur compounds.  

 CRS OrgS TS 

THg -0.28 -0.13 -0.29 

CRS  0.63 0.95 

OrgS   0.84 

 

Table F 4 Validation of correlation findings among Mountain Lake sediment 

characteristics. Abbreviations: THg = Total mercury; CRS = Chromium reducible sulfur; 

OrgS = Organic sulfur compounds; TS = Total sulfur; N = sample size; Df = degrees of 

freedom; R = correlation coefficient. 

Mountain THg:CRS THg:OrgS THg:TS CRS:OrgS CRS:TS OrgS:TS 

N 16 16 26 16 16 16 

Df 14 14 24 14 14 14 

R  -0.28 -0.13 -0.29 0.63 0.95 0.84 

test 

statistic 

-1.09 -0.49 -1.48 3.04 11.38 5.79 

Critical 

value 

2.14 2.14 2.06 2.14 2.14 2.14 

Null 

Hypothesis 

Fail to 

Reject 

Fail to 

Reject 

Fail to 

Reject 

Fail to 

Reject 

Reject Reject 

P     0.01>P>0.001 >0.0001 

 


