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  Abstract 

 Recent surface-water surveys suggest that high nutrient concentrations and nuisance 

algae remain an issue in the St. Lawrence River Area of Concern (AOC) at Cornwall, Ontario, 

particularly in the tributaries and nearshore zones of Lake St. Francis (LSF). Although extensive 

remedial actions have been completed in Cornwall and the surrounding area since its designation 

as an AOC, activities have primarily targeted the reduction of industrial and municipal pollution 

to the St. Lawrence River, with much less attention given to eutrophication. It remains unclear 

whether remedial actions first implemented in the 1990s have resulted in decreases to algal 

production and compositional changes to algal assemblages in the nearshore zones of LSF. This 

thesis employs a paleolimnological approach to provide a historical context for the present-day 

nutrient concentrations in LSF, as well as to determine whether actions associated with the 

Remedial Action Plan developed for the AOC have influenced algal community composition and 

concentrations.  A sediment core was collected near the north shore of LSF and was examined 

for changes in the fossil diatom (Bacillariophyceae) assemblages, diatom concentrations, 

pigment concentrations, organic matter content, and ratios of stable isotopes (δ15N and δ13C). 

Diatom and pigment concentrations increased in the uppermost intervals of the core, suggesting 

that overall production has risen in the last few decades. Diatom assemblages were dominated by 

benthic taxa throughout the core. One significant change to the diatom relative abundances was 

observed, occurring at a depth corresponding to the late-1950s. Stable isotopes suggested a 

steady increase in agricultural activity since the mid- to late-20th century and a large input of 

terrestrial organic material to the aquatic ecosystem circa 1960. It is likely that intensive flooding 

resulting from the construction of the Moses-Saunders Power Dam upstream of Cornwall led to 

an influx of organic material from the catchment in the late-1950s, co-occurring with a diatom 
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assemblage shift. The recent increase in algal production is likely attributable to increased 

nutrient concentrations resulting from intensive agricultural activity in the contributing 

watersheds. It is unlikely that delisting goals for eutrophication in the AOC will be reached 

without a drastic change in current practices. 
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Chapter 1 

General Introduction 

1.1 Great Lakes Areas of Concern 

The Laurentian Great Lakes, the St. Lawrence River, and their drainage basins support more 

than 45 million people throughout more than 3,000 km from the headwaters of Lake Superior 

eastward to the Gulf of St. Lawrence at the Atlantic Ocean (Environment and Climate Change 

Canada, www.ec.gc.ca/stl). As human population and industrial activity increased across the 

Great Lakes-St. Lawrence Basin during the 20th century, municipalities began to experience 

degradation of water quality and environmental health. In 1972, amidst growing concerns over 

deteriorating water quality in the international waters of the Great Lakes and the St. Lawrence 

River, the federal governments of Canada and the United States signed the first version of the 

Great Lakes Water Quality Agreement (GLWQA), setting a series of common objectives 

towards which the two nations should work with the aim of improving water quality 

(International Joint Commission, 1972).  

Since the 1970s, 43 Areas of Concern (AOCs) have been described under the GLWQA, 

prioritizing remediation for regions that have experienced significant impairments of beneficial 

uses from local anthropogenic activities (Anderson et al., 1992; International Joint Commission, 

2012). For each AOC, a three-stage remedial action plan (RAP) was developed to restore 

beneficial uses to the area that had been impaired by biological, chemical, or physical changes to 

the aquatic ecosystem (Dreier et al., 1997). Fourteen beneficial use impairments (BUIs; Table 1) 

are described in the GLWQA, outlining changes to the biota, sediment quality, restrictions on 

recreational activities, and drinking water-quality issues that can be attributed to changes to the 
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aquatic environment as a result of anthropogenic influences (International Joint Commission, 

2012). The first stage of a RAP describes the environmental issues and beneficial use 

impairments (BUIs) affecting an area, the second stage outlines the measures to be implemented 

to restore beneficial uses, and the third stage is completed once beneficial uses have been fully 

restored (Dreier et al., 1997). 

1.2  The St. Lawrence River AOC 

The St. Lawrence River near Cornwall, Ontario, is the easternmost AOC designated by the 

International Joint Commission, encompassing the St. Lawrence River and its tributaries from 

the Moses-Saunders Power Dam in Cornwall to the eastern outflow of Lake St. Francis (LSF) 

near Salaberry-de-Valleyfield, Quebec (Figure 1; Anderson et al., 1992). As these waters include 

both Canadian and U.S. jurisdictions, two separate RAP teams were developed: one at Cornwall 

and another at Massena, New York (Anderson et al., 1992). The Stage 1 RAP report for the 

Cornwall AOC was completed in 1992 and described the environmental problems afflicting this 

AOC. Dominant industries in the city of Cornwall through the 1980s included a pulp and paper 

mill, chemical processing plants, and rayon and cellophane production facilities (Anderson et al., 

1992). These industries acted as point sources for contaminants to the St. Lawrence River, 

contributing high concentrations of organic pollutants, heavy metals, and suspended solids 

(Anderson et al., 1992). Fishing pressure from sport and commercial fisheries, along with a 

subsistence fishery by the Mohawks of Akwesasne, influenced fish populations, particularly 

contributing to a decline in sturgeon (Anderson et al., 1992). Finally, several beneficial uses were 

affected by the dredging of the St. Lawrence River for Seaway construction (1954-1959), which 

impacted fish populations, macrophyte growth, and fish and wildlife habitat by altering the 

hydrology of the river (Anderson et al., 1992). The Stage 2 RAP report, released in 1997, 
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described the then-current status of the BUIs in the Canadian section of the AOC, among which 

10 were considered impaired or requiring further study (Dreier et al., 1997). The report updated 

the environmental conditions of the AOC and outlined the criteria that must be met to delist the 

region as an AOC. From these criteria, the RAP team recommended a set of 64 remedial actions 

to restore beneficial uses to the region, including actions designed to reduce pollution from 

various sources, control habitat modifications, and educate the public about the environmental 

issues facing the area (Dreier et al., 1997). The implementation of many of these remedial 

actions has resulted in improvements to the majority of the BUIs, although three remain impaired 

as of September 2010 (Table 1), one of which is the presence of eutrophication that has resulted 

in undesirable algae in the tributaries and nearshore zones of LSF (Environment Canada and 

Ontario Ministry of the Environment, 2010). 

1.3 Eutrophication in the AOC 

Eutrophication is a state of nutrient enrichment in aquatic environments, resulting in 

excessive growth of algae and the potential for hypoxic or anoxic waters and related fish kills 

(Correll, 1998). Although algae produce oxygen gas through photosynthesis, the decomposition 

of organic material upon death is an oxidative process, consuming dissolved oxygen in the water. 

When large amounts of organic material are degraded simultaneously, as in the case of algal 

blooms, dissolved oxygen can be depleted, leading to anoxic conditions and further harming 

aquatic life (Wetzel, 2001). Although rivers and streams frequently remain well-oxygenated 

except in the most eutrophic conditions, portions of rivers can become anoxic if water retention 

times are long enough (Correll, 1998), for instance in fluvial lakes such as LSF. In addition to 

deleterious effects as a result of oxygen depletion, algal blooms can be toxic to both the aquatic 

biota and human populations if they contain certain species of cyanobacteria (Carmichael, 2001). 
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Genera such as Anabaena, Oscillatoria, Microcystis, and others can produce various neuro- and 

hepatotoxins, capable of inducing liver disease, neurological impairment, and even death (Paerl 

and Huisman, 2009). 

Although hydrological changes and climate change have been associated with eutrophication 

(Jeppesen et al., 2010; Whitehead et al., 2009), the primary influence has long been accepted as 

nutrient enrichment, specifically increases in phosphorus, which tends to be the limiting nutrient 

in freshwater systems (Schindler, 1977). Sources of high phosphorus loadings include industrial 

effluent, urban wastewater discharges, and runoff from agricultural areas, particularly where 

fertilizers have been applied (Wetzel, 2001). When fertilizers high in nutrients are applied to 

crops, only a fraction of those nutrients are taken up by the plant, with the rest remaining in the 

soil (Carpenter et al., 1998). Rainfall and surface-water runoff transport those nutrients, as 

leached soluble forms or adsorbed onto soil particles, through the catchment into the receiving 

water body (Carpenter et al., 1998). Phosphorus accumulated in the water can be stored in the 

bottom sediments, a source of internal phosphorus loadings under reducing conditions (Wetzel, 

2001). However, if oxygenated conditions are maintained at the sediment-water interface, as is 

typical of rivers and streams, phosphorus is unlikely to be released from the sediments (Correll, 

1998). 

In LSF, increased nutrient loadings from the watersheds, changes to the river hydrology, and 

climate change have all been suggested as sources of eutrophication and algal blooms (Anderson 

et al., 1992; The St. Lawrence River (Cornwall) RAP Team, 1995). Much of the land use in the 

contributing watersheds is devoted to agricultural activities, particularly east of the city of 

Cornwall (Figure 1). Increased nutrient loadings from tributaries have been observed in the Great 

Lakes following rain events, where surface runoff has carried nutrient-rich soils into receiving 
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waters (Great Lakes Commission, 2012). Hydrological modifications to the St. Lawrence River 

have included the construction of the St. Lawrence Seaway, which involved dredging the main 

shipping channel to a depth of 26 metres, and the construction of the Moses-Saunders Power 

Dam upstream of Cornwall, which has regulated water levels since 1959. The main channel of 

the St. Lawrence River is predominantly influenced by Lake Ontario flows, and does not 

frequently experience high nutrient concentrations, whereas the tributaries and the nearshore 

zone of LSF, which is influenced by the tributaries, experience problematic eutrophication and 

algal blooms, and are considered impaired (Carignan et al., 1994; Environment Canada and 

Ontario Ministry of the Environment, 2010). 

Though eutrophication was initially deemed an issue in the AOC in 1992 (Anderson et al., 

1992) and remained an ongoing concern at the time of the most recent BUI status update in 2010 

(Environment Canada and Ontario Ministry of the Environment, 2010), very little monitoring has 

been done to evaluate the state of the algal communities and the concentrations of nutrients in the 

AOC over the last 25 years. The most extensive data collection has been carried out by the St. 

Lawrence River Institute of Environmental Sciences since 2010, with the collection of surface-

water samples in transects perpendicular from the shore to 1 kilometre into the river to assess 

total phosphorus (TP) and phytoplankton concentrations (Bramburger, 2014; Savard et al., 2015, 

2013). These samples have indicated consistently high TP concentrations, frequently above the 

provincial water-quality objective, and have found occurrences of toxin-producing 

cyanobacteria. Prior to 2010, water-quality data were not collected systematically in this region, 

and though a few studies measured TP concentrations in LSF or its tributaries (Pilon and 

Chrétien, 1991; Richman et al., 1997), it is unclear how algal communities and nutrients in the 

nearshore zones of LSF have changed since the implementation of the RAP. Though more algal 
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samples cannot now be collected from the 1990s and 2000s, a record of their presence can be 

reconstructed from river sediments. Provided that the sediment has remained relatively 

undisturbed, paleolimnological approaches can be applied to LSF to examine how algal 

assemblages have responded to the implementation of the RAP, and how those communities 

have changed over time. 

1.4 Paleolimnology 

Paleolimnology uses the physical, chemical, and biological information contained in the 

sedimentary profiles of inland aquatic systems to reconstruct past environmental conditions 

(Smol, 2008). The study of paleolimnology is based on the law of superposition, which states 

that in sedimentary profiles, younger sediments are deposited on top of older ones, therefore 

allowing temporal trends to be reconstructed (Smol, 2008). Many paleolimnological studies 

follow the same basic study design: collecting a sediment sample, often a core, from a freshwater 

system of interest; subsampling by stratigraphic depth; identifying the approximate age of each 

subsample using radiometric dating; identifying and counting the taxa of interest in each 

subsample; and interpreting changes in biological proxies (Smol, 2008). Various indicators that 

are preserved in the sediments can be used to infer past environmental conditions, including the 

siliceous group of algae known as diatoms (Bacillariophyceae; Battarbee et al., 2002), algal 

pigments (Leavitt and Hodgson, 2001), and stable isotopes (Meyers and Ishiwatari, 1993). 

Compared to the collection of individual water samples, paleolimnological techniques provide 

the opportunity to examine a more continuous, integrated evaluation of water quality and the 

responses of select taxonomic groups (Reavie et al., 2014; Smol, 1992). Applying 

paleolimnological methods to the nearshore areas of LSF should allow for a more thorough 

investigation into changes in the algal communities in the region by supplying a continuous 
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record of data, facilitating the characterization of assemblages before, during, and after the 

implementation of the RAP. 

1.4.1 Fluvial Systems 

The vast majority of paleolimnological studies have been carried out in lentic systems, 

where sediment accumulates predictably, usually with little to no resuspension of material, 

offering a continuous record of the lake history (Smol, 2008). Fewer studies have examined 

paleolimnological records of lotic systems, as high energy systems such as flowing rivers do not 

deposit sediment as consistently and reliably as do deep lakes (Reavie and Edlund, 2010). 

However, some paleolimnological investigations of river systems have been successfully 

completed (e.g., Reavie et al., 1998; Reavie and Baratono, 2007), demonstrating that sediment 

cores representative of the aquatic ecosystem can be collected if sites are chosen carefully. 

Fluvial lakes, that is, areas where the river widens enough that flow slows down and 

sedimentation might occur (Smol, 2008), present one such possibility. 

In the St. Lawrence River, LSF is the first of three fluvial lakes east of the Moses-Saunders 

Power Dam (Cornwall, ON), presenting opportunities for sediment deposition. Several 

paleolimnological investigations have been completed in this region, the majority of which have 

examined the deposition of contaminants such as organic pollutants (Carignan et al., 1994; 

Kaiser et al., 1990), trace metals (Carignan et al., 1994), and mercury (Delongchamp et al., 

2009), primarily as a result of industrial processes along the riverfront. In addition, assemblages 

of diatoms preserved in the sediments of LSF have been examined in order to reconstruct a 

history of nutrient concentrations and substrata available for algae in this portion of the St. 

Lawrence River (Reavie et al., 1998). These previous paleolimnological studies, along with 

information about historical hydrological modifications to the river (Morin and Leclerc, 1998), 
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sedimentation rates and zones of accumulation (Carignan and Lorrain, 2000), and surface 

substrata on the riverbed (Morin et al., 2001) can help to identify areas in LSF from which 

reliable sediment records might be obtained. 

1.5 Thesis Objective 

The objective of this thesis is to assess the degree to which algal communities in the 

nearshore areas of LSF have changed since the implementation of the RAP in the early 1990s. 

Although some surface-water sampling has been conducted in recent years, the response of algal 

assemblages to actions implemented as part of the RAP has not been examined, despite ongoing 

concerns regarding high nutrient concentrations in the AOC, algal blooms, and recent 

occurrences of toxin-producing cyanobacteria (Bramburger, 2014; Environment Canada and 

Ontario Ministry of the Environment, 2010; Savard et al., 2015, 2013). To delist the St. 

Lawrence River as an AOC, beneficial uses must be restored to all 14 BUIs described in the 

GLWQA (International Joint Commission, 2012), including the eutrophication and undesirable 

algae BUI. Assessing the state of BUIs frequently involves extensive data collection and costly 

monitoring programs, which can be challenging for taxa such as algae that respond to numerous 

environmental factors (Reid and Ogden, 2006). A paleolimnological approach will both 

supplement the existing data on algal assemblages in the nearshore areas of LSF and provide an 

integrated sample of the responses of algal communities to environmental change over the last 

few decades, which could be particularly helpful given the high variability in TP concentrations 

reported in this region. 
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Table 1. Beneficial Use Impairments (BUIs) described in the Great Lakes Water Quality 

Agreement (International Joint Commission, 2012) and current status in the St. Lawrence River 

Area of Concern (Environment Canada and Ontario Ministry of the Environment, 2010). 

 

Beneficial Use Impairment 
Currently impaired in St. Lawrence River 

Area of Concern? 

Restrictions on fish and wildlife consumption Yes, for fish consumption 

Tainting of fish and wildlife flavour No 

Degradations of fish and wildlife populations No 

Fish tumours or other deformities No 

Bird or animal deformities or reproduction 

problems 
No 

Degradation of benthos No 

Restrictions on dredging activities No 

Eutrophication or undesirable algae 
Yes, in tributaries and Lake St. Francis 

nearshore 

Restrictions on drinking water consumption, or 

taste and odour problems 
No 

Beach closings No 

Degradation of aesthetics No 

Added costs to agriculture or industry No 

Degradation of phytoplankton and zooplankton 

populations 
No 

Loss of fish and wildlife habitat Yes 
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Figure 1. A) The Laurentian Great Lakes and St. Lawrence River with inset indicating towns of interest and the Area of Concern (the hatched 

area). B) Sampling location (indicated by the “X”), St. Lawrence River bathymetry, and nearby tributaries. C) Bathymetry of the St. Lawrence 

River within the Area of Concern, land use of the nine major contributing watersheds in Ontario to the St. Lawrence River, and locations of nearby 

dams and Cornwall wastewater treatment plant (WWTP); the extent of panel B is indicated by the rectangle.
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Chapter 2 

A Paleolimnolgical Assessment of Eutrophication Trends in the St. Lawrence 

River Area of Concern Over the Past 70 Years 

2.1 Introduction 

Within the Laurentian Great Lakes Basin, 43 Areas of Concern (AOCs) have been 

identified by the International Joint Commission as regions that have experienced environmental 

degradation as a result of biological, chemical, or physical changes to the aquatic ecosystem 

(Dreier et al., 1997; International Joint Commission, 2003a). The St. Lawrence River near 

Cornwall, Ontario, is the easternmost AOC, where environmental issues have arisen from 

industrial activities, fishing pressure, and anthropogenic modifications to the waterway, such as 

the construction of the St. Lawrence Seaway (Anderson et al., 1992). Two Remedial Action 

Plans (RAPs) were developed for the St. Lawrence River AOC at Cornwall and Massena, New 

York, serving to identify and remediate beneficial use impairments (BUIs; International Joint 

Commission, 2012) in the Canadian and U.S. portions of the AOC, respectively. Within the 

Canadian section of the AOC (hereafter referred to as “the AOC”), many of the identified 

environmental issues have been remediated through regulations and local action, such as 

reductions in concentrations of harmful bacteria along the waterfront, management of fish 

populations, and restrictions on industrial discharges to the waterway (Environment Canada and 

Ontario Ministry of the Environment, 2010). However, eutrophication and the presence of 

undesirable algae (e.g., toxic cyanobacterial blooms) remain problematic issues in the AOC, 

particularly in the nearshore zones and tributaries of the fluvial lake known as Lake St. Francis 

(LSF) (Environment Canada and Ontario Ministry of the Environment, 2010). 
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 Eutrophication is a state of nutrient enrichment in aquatic environments, resulting in 

excessive growth of algae and potential for hypoxic or anoxic waters and related fish kills 

(Correll, 1998). In addition to deleterious effects as a result of oxygen depletion, algal blooms 

containing certain species of cyanobacteria may release toxins into the water, a further threat to 

both the aquatic biota and human populations (Carmichael, 2001). In freshwater systems, 

phosphorus is typically the limiting nutrient for algal growth (Schindler, 1977); over the last 

several decades, legislation has been passed to decrease phosphorus content of wastewater 

effluent to help reduce algal blooms. As a result, goals for minimizing eutrophication are 

frequently set as total phosphorus (TP) concentrations (e.g., Dreier et al., 1997) or loadings (e.g., 

Dolan and Chapra, 2012).  However, other factors including changes in hydrology and climate 

have also been suggested to be associated with eutrophication (Jeppesen et al., 2010; Whitehead 

et al., 2009). 

Increased nutrient loadings from the LSF watersheds, changes to the hydraulics of the 

system from seaway construction, and climate change have all been suggested as contributing 

sources of the nuisance eutrophication and algal blooms in the AOC (Anderson et al., 1992; The 

St. Lawrence River (Cornwall) RAP Team, 1995). Although the majority of the water in LSF 

originates in Lake Ontario, with only 5% coming from tributaries in Ontario and New York State 

(Anderson et al., 1992), the large proportion of agricultural land in the watersheds influencing 

the AOC has resulted in increased nutrient loadings to LSF from its tributaries, particularly 

following increased rainfall from storm events (Great Lakes Commission, 2012). Targets for 

remediation of eutrophication in the AOC were originally based on the Ontario Provincial Water 

Quality Objectives (PWQO) and stated that mean summer concentrations of TP at the LSF 

tributary mouths and in constantly flowing segments of the tributaries should be at or below 30 
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μg/L, and that there should be no fish kills that are associated with eutrophication (Dreier et al., 

1997). Only the tributaries and nearshore zones of LSF are considered impaired; TP 

concentrations in the main channel of the river have been consistently recorded below the 

PWQO of 30 μg/L, described as the benchmark at which excessive macrophyte growth will be 

reduced in lotic systems (Ontario Ministry of the Environment and Energy, 1994). Recently, the 

target for TP concentrations in the nearshore zone was updated to < 20 μg/L, with tributary goals 

varying between 35 and 60 μg/L, depending on the amount of agricultural land in the watershed 

(J. Ridal, pers. comm.; AECOM Canada Ltd., 2009). 

In recent years, monitoring of TP concentrations and phytoplankton community composition 

has been undertaken at the mouths of major tributaries and in the nearshore zones of the northern 

shore of LSF. With only a few exceptions, the majority of sampling events indicate that TP 

concentrations remain elevated in these regions, impeding the eventual delisting of the St. 

Lawrence River as an AOC. Furthermore, recent intensive surface-water sampling within the 

watersheds contributing to LSF found consistently elevated TP concentrations, with both means 

and medians for the sampling period well above the delisting objective of 20 μg/L (Waller et al., 

2016).  

While it appears as though eutrophication remains problematic in the nearshore zones and 

tributaries of LSF, there are two major weaknesses when examining the available monitoring 

data. The first issue is that, prior to the 2010s, water-quality data have only been sporadically 

collected in this region (Pilon and Chrétien, 1991; Richman et al., 1997), with very few studies 

(e.g., Reavie and Smol, 1997) examining the structure of algal communities. The nearest 

provincial stream water-quality monitoring site to LSF is in the Raisin River, several kilometres 

upstream of the tributary mouth, where data collected since 1976 indicate that TP concentrations 
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have been consistently above 30 μg/L, though highly variable (Ministry of the Environment and 

Climate Change, 2014). The second issue is that monitoring will only produce a “snapshot” of 

current conditions; even frequent monitoring (which can be costly) will not effectively integrate 

environmental conditions (Smol, 1992). As a result of the lack of continuous data, particularly 

with so little data collected prior to 2010, it remains unclear if and how algal communities in the 

nearshore zones of LSF have responded to the remedial actions applied to the river and its 

watersheds since the early 1990s, when the RAP began. Though more algal samples cannot now 

be collected from the 1990s and 2000s, a record of their presence has been preserved in the river 

sediment. Provided that the sediment has remained relatively undisturbed, paleolimnological 

approaches can be applied to LSF to examine how algal assemblages have responded to the 

implementation of the RAP, and how those communities have changed over time. Compared to 

the collection of individual water samples, paleolimnological techniques provide the opportunity 

to examine a more continuous, integrated evaluation of the responses of select taxonomic groups 

to changes in water quality (Smol, 1992). Applying paleolimnological methods to the nearshore 

areas of LSF should allow for a more thorough investigation into changes in the algal 

communities in the region by supplying a continuous record of data, facilitating the 

characterization of assemblages before, during, and after the implementation of the RAP. 

Various indicators can be used to infer historical conditions in paleolimnological studies, 

provided they are adequately preserved in the sediment. Concentrations of photosynthetic 

pigments have been shown to reliably indicate historical algal populations despite high rates of 

degradation (Leavitt, 1993), while relative abundances of fossil diatom assemblages have been 

used since the early 20th century to infer past environmental conditions in aquatic ecosystems 

(see Battarbee et al., 2002 for a review). Absolute concentrations of fossil diatoms have more 
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recently begun to be examined as a tool for inferring past production. Concentrations of diatoms 

preserved in the sediment are strongly correlated with sedimentary diatom pigments (Bunting et 

al., 2016) and mirror aquatic production trends represented in sedimentary diatom relative 

abundances (Cumming et al., 2015). Stable isotopes have also been used to successfully infer 

nutrient sources for historical changes in aquatic production, as well as watershed agricultural 

production and associated forest clearing (e.g., Hodell and Schelske, 1998). 

The objective of the current study is to assess the degree to which algal communities in the 

nearshore areas of LSF have changed since the implementation of the RAP in the early 1990s. 

Although some surface-water sampling has been conducted in recent years (e.g., Savard et al., 

2015; Waller et al., 2016), the response of algal assemblages to actions implemented as part of 

the RAP has not been examined, despite ongoing concerns regarding high nutrient 

concentrations in the AOC, algal blooms, and recent occurrences of toxin-producing 

cyanobacteria (Bramburger, 2014; Environment Canada and Ontario Ministry of the 

Environment, 2010; Savard et al., 2015, 2013). To delist the St. Lawrence River as an AOC, 

beneficial uses must be restored to all 14 BUIs described in the Great Lakes Water Quality 

Agreement (International Joint Commission, 2012), including the eutrophication and undesirable 

algae BUI. Assessing the state of BUIs frequently involves extensive data collection and costly 

monitoring programs, which can be challenging for taxa such as algae that respond to numerous 

environmental factors (Reid and Ogden, 2006). A paleolimnological approach will supplement 

the existing data on algal assemblages in the nearshore areas of LSF and provide an integrated 

sample of the responses of algal communities to environmental change over the last few decades, 

which could be particularly helpful given the high variability in TP concentrations reported in 

this region. 
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2.2 Methods 

2.2.1 Study Area 

The St. Lawrence River at Cornwall, Ontario marks the end of the international section of 

the waterway, just downstream of the Moses-Saunders Power Dam. East of the city of Cornwall, 

the river widens into Lake St. Francis for 50 km before narrowing again as it passes around 

Grande-Île, near Salaberry-de-Valleyfield, Quebec (Figure 1). Lake St. Francis covers 

approximately 233 km2, with a mean depth of 6 metres and a total volume of 2.8 km3 (Fortin et 

al., 1994). Maximum depth occurs at approximately 26 metres in the dredged shipping channel, 

and the mean water residence time in LSF is three days (Anderson et al., 1992). Water level is 

maintained ± 30 cm in this portion of the St. Lawrence River by the Moses-Saunders Power Dam 

upstream and the Beauharnois hydroelectric generating station downstream (Anderson et al., 

1992). Maximum and minimum water levels in the St. Lawrence River are set by the 

International Joint Commission, and are maintained primarily to stabilize Lake Ontario water 

levels and to ensure adequate levels for navigation, hydroelectric power generation, and flood 

control (Yee et al., 1990). Approximately 95% of the flow in LSF comes from Lake Ontario, 

with the remainder originating from tributaries on the north and south shores (Anderson et al., 

1992). Little mixing occurs across the main shipping channel, which divides the north and south 

portions of LSF, each of which is differently influenced by tributaries carrying contaminants and 

nutrients (International Joint Commission, 2003b). As a result, the main channel and the flows 

north and south thereof can be considered to be three distinct water bodies, with different 

tributary inputs and resulting water chemistry (Dreier et al., 1997). On the northern shore, nine 

Ontario watersheds drain into LSF, the largest of which, the Raisin River watershed, covers over 

400 km2 and is highly agricultural (Figure 1c; Fortin et al., 1994).  
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In the deep, fast-flowing channels of the river, sedimentation does not reliably occur 

(Carignan and Lorrain, 2000), making the collection of a sediment core representative of past 

conditions unlikely from deeper sites. Several areas in LSF were dredged or had dredged 

material deposited on them when the shipping channel was created as part of the construction of 

the St. Lawrence Seaway in the 1950s (Morin and Leclerc, 1998); such areas were avoided for 

the current study to try to ensure a continuous, undisturbed sedimentary record. In the AOC, five 

sedimentation basins have been described (Lorrain et al., 1993), two of which are on the northern 

side of the main channel of the St. Lawrence River and are likely to be influenced by flows from 

the northern tributaries. Sediment cores with reliable dating profiles suggesting that permanent 

sediment deposition is occurring have previously been collected from both of these basins 

(Carignan and Lorrain, 2000). The more westerly of these two basins, located just east of 

Lancaster, Ontario, is in a portion of the river that has seen extensive water-quality monitoring 

take place since 2010 (Bramburger, 2014; Savard et al., 2015, 2013). Both the availability of 

recent monitoring data and the known sedimentation characteristics of the basin influenced the 

selection of this site for sample collection.  

2.2.2 Sample Collection 

A sediment core was collected on May 5th, 2016 from the St. Lawrence River near 

Lancaster, Ontario (74°27’47”W, 45°08’07”N; Figure 1b) using a modified gravity corer (Glew, 

1989) with an internal diameter of 7.62 cm. As the tributaries and nearshore zones of LSF remain 

impaired for the eutrophication and undesirable algae BUI (Environment Canada and Ontario 

Ministry of the Environment, 2010), it was important that a site be selected that is influenced by 

tributary inputs. The site location within the sedimentation basin was approximately 900 metres 

from shore, 2.5 kilometres downstream from the outlet of the Raisin River. As this site lies 
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within one kilometre of shore, it is more likely to be influenced by the tributaries; previous 

surface-water samples collected by Savard et al. (2015) indicated that TP concentrations one 

kilometre out from the north shore of LSF were not above the PWQO of 20 μg/L, even when the 

concentrations nearer to shore along the same transect were above this benchmark, likely 

indicating less influence from the tributaries farther from shore. Previous research in LSF has 

also suggested that wave action might resuspend sediments at depths of less than 2 metres 

(Lepage et al., 2000), and others have reported that sedimentation likely does not occur in LSF at 

depths of less than 4 metres (Carignan and Lorrain, 2000). The collected core was sampled from 

a depth of 5 metres to minimize resuspension issues and associated sediment mixing.  The 

location chosen for sample collection is likely one of only a few locations in this section of LSF 

that is close enough to shore to be influenced by tributary inputs, yet deep enough to experience 

permanent sediment deposition without resuspension. 

The collected core was sectioned in the field into 0.5 cm increments which were bagged 

and transported in a cooler to Queen's University for analyses. Samples were stored in the dark at 

4°C while awaiting analyses. 

2.2.3 Analyses 

Subsamples were taken for determination of sediment ages using gamma spectroscopy, 

pigment concentrations using high performance liquid chromatography (HPLC), organic matter 

content via loss-on-ignition (LOI), stable isotopes analysis using mass spectrometry, and diatom 

assemblages using light microscopy. 

2.2.3.1 Chronology 

 The sediment core chronology was determined using gamma spectroscopy to measure the 

activities of total 210Pb, 214Pb and 214Bi (proxies of supported 210Pb), and 137Cs following the 
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methods of Schelske et al. (1994) in 25 intervals throughout the core. Sediments were first freeze 

dried, from which moisture content was determined, then approximately 1 gram of weighed, 

dried sediment was added to tubes, which were sealed with 2-Ton® Epoxy and left for two weeks 

so that in situ decay of 226Ra could stabilize. A constant rate of supply (CRS) model (Appleby 

and Oldfield, 1978) was used to resolve sediment ages using unsupported 210Pb activity in 

conjunction with 137Cs activity, an independent indicator of the year 1963 (Appleby, 2002). 

2.2.3.2 Pigments 

Subsamples of wet sediment were taken for determination of photosynthetic pigment 

concentrations from 37 intervals throughout the core, and were frozen prior to analysis. Pigment 

extraction and chromatography followed the protocol outlined in Leavitt and Hodgson (2001). 

Frozen samples were freeze dried and approximately 0.05 g of dried sediment were placed in an 

acetone solution to extract pigments. Extracted samples were allowed to dry in the absence of 

oxygen, then dissolved in a mobile solvent for HPLC analysis. Pigment concentrations are 

reported as nmol per gram organic matter. 

2.2.3.3 Organic matter and stable isotopes 

Percent organic matter was determined through standard loss-on-ignition procedures 

(Dean, 1974) in 25 intervals throughout the sediment core. Briefly, 0.08-0.09 g of freeze dried 

sediment was weighed for each interval analyzed, then combusted at 550°C in a muffle furnace 

for four hours to determine organic content. Samples were then ignited at 950°C for two hours to 

determine percent carbonate content. Stable isotopes of δ15N and δ13C and elemental nitrogen 

and carbon content in the sediment were determined using mass spectrometry of 0.01-0.015 g of 

freeze-dried sediment in 37 intervals throughout the core, following the methods of (Savage et 

al., 2010). Mass spectrometric analyses were performed using a Thermoquest (Finnigan-MAT) 
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Delta PlusXL mass spectrometer interfaced with a Carlo Erba NC2500 elemental analyzer 

(Savage et al., 2010). Stable isotope results are presented as per mille differences in the ratios of 

15N:14N and 13C:12C compared to known standards for each element (Savage et al., 2010). 

Sediment elemental composition is reported as the molar ratio of C:N, as determined through the 

elemental analyzer. 

2.2.3.4 Diatoms 

Diatom slurries were prepared using an acid digestion procedure. Briefly, approximately 

0.2-0.3 g of wet sediment, taken every 1.0 cm, were subsampled into 20-mL glass scintillation 

vials for diatom analysis, for a total of 38 subsamples. Weighed subsamples were mixed in a 

50:50 (molar) solution of sulphuric and nitric acids overnight, then digested in a hot water bath at 

70°C for eight hours. Diatoms were allowed to settle for 24 hours, followed by aspiration of the 

clear water above the settled diatoms, refilling of the scintillation vials with double-deionized 

water, and agitation of the diatoms. Samples were rinsed eight times, until the pH was the same 

as the deionized water, as verified with litmus paper. Samples were then spiked with a solution 

of microspheres (mean diameter = 7.9 μm) of known concentration (34,000 microspheres/mL). 

Samples were plated on coverslips in a series of four dilutions and allowed to evaporate, after 

which they were fixed permanently to slides using Naphrax®, a medium with a high refractive 

index (>1.7). 

 Diatom valves were identified and enumerated using a Leica (DMRB model) microscope 

fitted with a 100x fluotar objective (numerical aperture of objective = 1.3) and using differential 

interference contrast optics at 1000x magnification. Diatoms were identified to species wherever 

possible, or to the lowest possible taxonomic classification. Valves were counted until a 

minimum of 400 valves were enumerated, or, if the concentration of valves was exceptionally 
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low, until five transects were completed. Primary taxonomic keys used for diatom identification 

were Krammer and Lange-Bertalot (1991a, 1991b, 1988, 1986) and Reavie and Smol (1998). 

 A constrained incremental sum of squares (CONISS; Grimm, 1987) was performed using 

the software R (R Core Team, 2015) with the packages rioja (Juggins, 2015) and vegan 

(Oksanen et al., 2015) to determine the main zones of diatom assemblages in the core. CONISS 

is a hierarchical, agglomerative clustering method that examines distances between samples in 

multivariate space. It groups together pairs of samples that minimize the distance between the 

samples and their centroid, in such a way that the total sum of squared distances is minimized 

across all groupings. Diatom abundances were Hellinger-transformed (Rao, 1995) prior to 

CONISS analysis using Euclidean distance. Hellinger distances have been recommended for 

general use in clustering and ordination of quantitative species abundance data as an alternative 

to untransformed Euclidean distances to minimize distortions in Euclidean distance that can 

occur when zero values are present (Legendre and Birks, 2012; Legendre and Gallagher, 2001; 

Legendre and Legendre, 2012). A broken stick model of the CONISS results (Bennett, 1996) 

was used to determine the number of reliable zones in the stratigraphic sequence. 

2.3 Results 

2.3.1 Chronology 

The total 210Pb activity decreased from the top of the sediment core, and followed an 

exponential decay (R2 = 0.83; Figure 2.1a). Both 214Pb and 214Bi activities remained relatively 

constant throughout the core, and are consistent with previously collected sediment cores from 

LSF which have reported supported 210Pb activities of approximately 20 Bq/kg (Carignan and 

Lorrain, 2000). 137Cs activity reached a distinct peak at a depth of 18.25 cm. The moisture 
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content of the core decreased from approximately 85% at the top of the core to 60% at the 

bottom of the core. 

A CRS model was used to determine sediment ages and sedimentation rates from the 

unsupported 210Pb activities. CRS-inferred ages for intervals in the sediment core appear to be 

reliable until approximately 30 cm, corresponding to approximately the year 1940, when error 

increased substantially as a result of low unsupported 210Pb activities (Figure 2.1). Below this 

depth, the error was too large to make any meaningful inferences regarding specific age-depth 

relationships, although it seems likely that this depth range represents some time period prior to 

(and possibly including) the 1940s (Figure 2.1b). Between approximately 20 and 25 cm, the 

sedimentation rate appears to have increased, although the error is large. This increase matches 

with an unexpected dip in the total 210Pb activity at a depth of 22.25 cm (Figure 2.1a). In the CRS 

model, the year 1963 was fixed to 18.25 cm depth; though the 137Cs activity and the CRS dates 

based on 210Pb, 214Pb, and 214Bi agreed independently with this marker, the point was set as a 

secondary anchor of known age within the model. Between the surface of the core and 10 cm, 

error decreased substantially, and it appears as though the year 1990, a point approximately 

midway between the designation of LSF as an AOC and the release of the Stage 1 RAP report, 

occurs at a depth of 9 cm. 

2.3.2 Pigments 

All pigments analysed indicated a rise in concentration towards the surface of the core, 

particularly in the uppermost three to five intervals (Figure 2.2), although the signal was stronger 

in some pigments (e.g., echinenone) than others (e.g., beta-carotene). Additionally, several 

pigments (canthaxanthin, beta-carotene, phaeophytin a, chlorophyll b, phaeophytin b, lutein-

zeaxanthin, alloxanthin, and diatoxanthin) recorded a smaller, local maximum at depths ranging 



23 

 

from 10.5 to 15 cm. Pigments that were not detected in the sediment included oscillxanthin 

(cyanobacteria from the family Oscillatoriaceae), aphanizophyll (N2-fixing cyanobacteria), 

myxoxanthophyll (colonial cyanobacteria), and okenone (purple sulphur bacteria) (Leavitt and 

Hodgson, 2001). The ratio of chlorophyll a to phaeophytin a increased towards the surface of the 

core, particularly in the top four intervals (Figure 2.2; see Appendix A for chlorophyll a and 

phaeophytin a concentrations).  

2.3.3 Organic matter and stable isotopes 

The percent organic matter remained relatively constant throughout the core, varying 

between 8% and 13% (Figure 2.3). The δ15N signal was fairly stable from the bottom of the core 

until approximately 20 cm (ca. early 1960s) at 5‰, then increased consistently to the top of the 

core, where it reached 7‰. The δ13C jumped from approximately -23‰ at the bottom of the core 

to -16‰ at a depth of 25 cm (ca. early 1950s), gradually stabilizing at -20‰ upwards from 

approximately 20 cm (Figure 2.3). The C:N ratio followed a similar trajectory to the δ13C signal, 

starting at approximately 15, spiking to 23 at a depth of 25 cm, then gradually decreasing until 

the top of the core, when it reached a value of 10 (Figure 2.3). 

2.3.4 Diatoms 

From the bottom of the core, diatom absolute abundance increased from under 

approximately 100,000 valves per gram dry weight below a depth of 17 cm to a small plateau 

between 9.5 to 15 cm depth (approximately 300,000 to 850,000 valves per gram dry weight), 

before increasing rapidly towards the surface, for a maximum concentration between 4 and 6 

million valves per gram dry weight (Figure 2.4a). 

 The diatom assemblage composition was divided into dominant (Figure 2.4b) and 

subdominant (Figure 2.4c) taxa. Dominant diatom taxa were defined as those that comprised at 
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least 5% of the sample (by count) in at least five intervals (Figure 2.4b), while subdominants 

were defined as other taxa that accounted for at least 2% of the sample in at least two intervals 

(Figure 2.4c). Only one significant change in clustering through the CONISS analysis was 

identified through the broken stick model, which occurred at a depth of 23.25 cm. The older 

assemblage was characterized by higher abundances of Fragilaria construens, Sellaphora 

submuralis, Achnanthes clevei, and Cocconeis neothumensis. Above 23.25 cm, several taxa 

became much more prevalent, including Achnanthidium minutissimum, F. capucina, C. 

placentula, Navicula cryptotenella, and Nitzschia fonticola. Other taxa, such as Amphora 

pediculus, Staurosirella pinnata, Pseudostaurosira brevistriata, and Planothidium lancolatum, 

were present in relatively high abundances throughout the core. Diatoms identified were 

predominantly benthic taxa. 

2.4 Discussion 

Though it can be difficult to collect reliable sediment cores from complex fluvial 

systems, an accurate, continuous historical record can be obtained from the sediment if sufficient 

thought is put into site selection (Carignan and Lorrain, 2000; Reavie and Baratono, 2007). The 

210Pb dating profile obtained in the current study suggests that consistent sedimentation occurred 

at the sampling location for at least the last 70 years, and provided a reliable depth-time 

relationship, suitable for the questions asked in the current study. Given these dates, both the 

photosynthetic pigment concentrations and the diatom concentrations suggest that an increase in 

primary production occurred at this location over the last 10 years. Furthermore, the ratio of C to 

N indicates that the sources of increased production are primarily aquatic. It appears as though an 

increase in agricultural activity in the contributing watersheds (inferred through the increase in 

δ15N), with an associated influx of nutrients, has led to an increase in aquatic production in the 
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nearshore regions of LSF. Diatom assemblage data did not change with the recent increase in 

production, although one major community shift was identified in the core, likely associated with 

construction of the Moses-Saunders Power Dam and the dredging of the river for construction of 

the St. Lawrence Seaway (1954-1959). Diatom species identified were almost exclusively 

benthic taxa, with no characteristic eutrophic species found in any significant abundances. 

 The pigment data suggest that two periods of increased production have occurred at the 

sample collection site: the first, in the early- to mid-1970s, and the second more recently, at the 

top of the core in the past 10 years. The older maximum is evident in most (though not all) 

pigments analysed, encompassing the majority of the algal groups present including 

cyanobacteria (e.g., canthaxanthin), chlorophytes (e.g., chlorophyll b), diatoms (e.g., 

diatoxanthin), and overall production (β-carotene). The location of this local maximum correlates 

with the period of problematic eutrophication that occurred in the Great Lakes in the mid-20th 

century (Beeton, 1965), which has previously been recognized in sediment cores from LSF 

through the appearance of eutrophic diatom taxa (Reavie et al., 1998). It is difficult to know for 

certain whether the Great Lakes eutrophication at this time is the cause of the increase in pigment 

concentrations seen in the current study or whether more local factors contributed to the increase 

in production. In this region, historical surface water-quality monitoring data are limited; nutrient 

monitoring of the Raisin River, a major tributary near the sampling location of the current study, 

only extends back to 1976 and indicates that high (> 30 μg/L) and variable TP concentrations 

have occurred since 1976 (Ministry of the Environment and Climate Change, 2014). Without 

monitoring data extending back prior to 1976, it is difficult to discern a cause for the increase in 

pigment concentrations, though the presence of this signal across various pigments makes it 

likely that this signal represents a true increase in production during this time.  
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The increase in production in the top three to four intervals of the core is seen across all 

pigments, though is confounded with issues of pigment degradation; some pigments are much 

more labile than others once deposited in sediment and will more readily degrade into other 

compounds. It is possible that some recently deposited pigments are recorded at higher 

concentrations than their older counterparts because they have not yet degraded. Disentangling 

signals in the pigment concentrations that represent true increases in production from those that 

are artifacts of degradation processes is vital to drawing conclusions about eutrophication. 

Factors that increase rates of degradation include exposure to light, oxygen, and increased 

temperatures (Leavitt, 1993). Given that the study site is a relatively shallow location in a fluvial 

system that supports benthic algal communities, recently deposited sediments are likely exposed 

to oxygenated water and sufficient light that promote pigment degradation. As such, changes in 

pigment concentrations due to degradation should be critically evaluated.  

The pigments beta-carotene, canthaxanthin, echinenone, alloxanthin, and lutein-

zeaxanthin are among the most stable pigments; chlorophyll b, phaeophytin b, diatoxanthin, and 

fucoxanthin are less stable; and chlorophyll a is the most unstable of the pigments presented 

(Figure 2.2; Leavitt and Hodgson, 2001). The ratio of chlorophyll a to phaeophytin a, a stable 

degradation product of chlorophyll a, provides an index of preservation that can be used to 

interpret trends in the core. The high ratio of chlorophyll a to phaeophytin a in the top few 

centimetres of the core relative to the rest of the samples (Figure 2.2) indicates that degradation 

processes have not yet been completed in the uppermost sediments. Though the ratio of 

chlorophyll a to phaeophytin a cannot be used to apply quantitative corrections to other pigments 

(Leavitt and Hodgson, 2001), it can be used to identify intervals where one should use more 

caution in interpreting trends, as well as indicate a maximum amount of degradation for 



27 

 

pigments that are more stable than chlorophyll a. From the bottom to the top of the core, the 

chlorophyll a to phaeophytin a ratio increases 4- to 5-fold (Figure 2.2). As all of the other 

pigments recorded are less labile than chlorophyll a, a 4- to 5-fold change in concentration from 

the bottom to the top of the core should, in theory, represent more than the maximum amount of 

change in pigment concentrations that could be attributable to pigment degradation in the other 

pigments. Beta-carotene, canthaxanthin, echinenone, alloxanthin, and lutein-zeaxanthin are 

among the most stable pigments, thus the amount of change attributable to pigment degradation 

should be even lower than that seen in the other pigments. Unfortunately, it is difficult to 

quantify exactly what the effect of degradation might be, however the concentrations of other 

pigments can still be examined to decide, based on the index of chlorophyll a degradation, 

whether one would expect such a change in pigment concentrations as a result of degradation 

alone. The majority of pigments have at least a 3- to 4-fold increase in concentration from the 

bottom to the top of the core, with some (e.g., echinenone) being much higher (Figure 2.2). 

Given that all of these pigments are more stable than chlorophyll a, a 4-fold increase in 

concentration is higher than what would be expected due to degradation alone; it is likely that the 

change in fossil pigment concentrations reflects increases in production.  

The most pronounced increase in pigments in recent years was observed with 

echinenone, a cyanobacterial pigment that represents a measure of total cyanobacteria (Leavitt 

and Hodgson, 2001). This increase correlates with an increase in reports of algal blooms and 

toxic cyanobacteria (Bramburger, 2014; Savard et al., 2015, 2013), though algal blooms were not 

as prevalent in 2013 and 2014 (Waller et al., 2016). Interestingly, the same sharp increase at the 

top of the core was not seen in canthaxanthin, the other stable cyanobacterial pigment measured, 

though a slight increase was observed. The different responses of these two pigments might be 
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attributable to their representation of different fractions of the cyanobacterial community, with 

echinenone indicating total cyanobacteria and canthaxanthin representing mainly colonial 

cyanobacteria (Leavitt and Hodgson, 2001). Lutein-zeaxanthin also demonstrated a sharp rise in 

concentration near the surface of the core, likely attributable to high concentrations of 

cyanobacteria; it is difficult to differentiate the signals of lutein and zeaxanthin, as they tend to 

coelute from chromatographic columns (Hurley and Armstrong, 1991), hence they are frequently 

reported as one group. Given the concurrent sharp increase in concentration of echinenone, it is 

likely that zeaxanthin, an indicator of total cyanobacteria (Leavitt and Hodgson, 2001), is driving 

the increased lutein-zeaxanthin signal at the top of the sediment core. It is possible that 

chlorophytes (i.e., lutein) also increased towards the surface, though it is difficult to infer for 

certain as the other chlorophyte pigments, chlorophyll b and its degradation product phaeophytin 

b, are less stable than lutein, making direct comparisons of trends hard to interpret  (Leavitt and 

Hodgson, 2001). An increase in cyanobacterial abundance in recent years could be due to several 

factors favouring cyanobacterial growth, including high nutrient concentrations (Downing et al., 

2001) and warmer temperatures (Paerl and Huisman, 2009). From recent monitoring 

(Bramburger, 2014; Savard et al., 2015, 2013) it is clear that nutrient concentrations, particularly 

phosphorus, have been high in the nearshore areas of LSF in recent years. Furthermore, spring 

water temperatures in the St. Lawrence River increased between 1993 and 2009 (National 

Oceanic and Atmospheric Administration, 2016). Although monthly mean water temperatures 

have remained below 25°C, a generally accepted threshold for optimal growth rates of 

cyanobacteria (Paerl and Huisman, 2009), the temperature increase in the spring months may 

promote cyanobacterial growth. 
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Both fucoxanthin and diatoxanthin are found in diatoms, dinoflagellates, and 

chrysophytes, though showed strikingly different patterns in the collected sediment core. 

Fucoxanthin concentrations decreased quickly from a maximum at the top of the core and were 

not detected below 15 cm, while diatoxanthin was present throughout the core, with a local 

maximum around 15 cm possibly correlating with the increased concentrations seen in other 

pigments (e.g., canthaxanthin, chlorophyll b) as well as an increase in absolute diatom 

concentration at this depth (see below). Diatoxanthin concentrations increased substantially in 

the top four intervals, though some of that increase might be due to incomplete degradation. It is 

possible that the brief, almost exponential fucoxanthin signal at the top of the core is a result of 

degradation; though some have reported fucoxanthin to be a relatively stable pigment, of a 

similar stability as diatoxanthin and chlorophyll b (Leavitt and Hodgson, 2001), others have 

cautioned against using it as a fossil indicator, noting that it is amongst the most labile 

photosynthetic pigments and reporting sharp decreases from surficial sediments downcore 

(Hurley and Armstrong, 1991). It is possible that fucoxanthin did not preserve as well as 

diatoxanthin in the collected sediment core, particularly given that the conditions at the study site  

were favourable for pigment degradation (e.g., ample light reaching the sediment, oxygenated 

waters; Leavitt, 1993). 

Though the percent organic material did not change much throughout the core, the 

sources of organic material have varied, as indicated by changes to the C:N ratio. The molar ratio 

of carbon to nitrogen in sediment can be examined to infer the original sources of organic matter; 

nonvascular, aquatic photosynthetic organisms such as algae typically have C:N values between 

4 and 10, the C:N ratios of vascular terrestrial plants are generally greater than 20, and values in 

between indicate mixed (both allochthonous and autochthonous) sources of organic material 
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(Meyers and Ishiwatari, 1993). At the bottom of the core, prior to the 1940s, mixed sources are 

likely, followed by a substantial increase in the C:N ratio in the mid-1950s to predominantly 

terrestrial sources, then gradually lowering to the surface, at which point algal sources of organic 

matter appear to dominate (Figure 2.3). The trends seen in δ15N and δ13C are not correlated with 

each other (Pearson’s r = 0.045, p > 0.05), however each appears to match up with different 

portions of the C:N signal: δ15N shows a steady increase towards the surface of the core which is 

similar to the decline in the C:N ratio starting at approximately 1960, while δ13C has a sharp 

increase at the same time as the C:N ratio increase in the 1950s (Figure 2.3). Interpreting these 

changes in meaningful ways is difficult as several factors, or combinations thereof, may have 

influenced stable isotope ratios. Additionally, uncertainty in the sediment chronology increases 

substantially in the 1950s (Figure 2.1). However, given the site history, several explanations are 

possible. An increase in δ15N could be indicative of an increase in agricultural activities; 

previous research from smaller rivers in the St. Lawrence River basin has found that changes to 

δ15N in aquatic food webs is positively correlated with changes to the amount of agricultural area 

in the watershed (Anderson and Cabana, 2005). Similarly, δ15N values of nitrate in streams have 

been positively correlated with the amount of agricultural area in the catchment (Harrington et 

al., 1998). Given the concurrent decline in the C:N ratio, it seems most likely that an increase in 

nutrients (inferred from an increase in agricultural activity, indicated by the rising δ15N signal) 

carried from the watershed, led to an increase in algal production in the aquatic system, rather 

than increased inputs from terrestrial sources (e.g., terrestrial plant material). Though historical 

data regarding the amount of agricultural land in contributing watersheds is lacking, current land 

use indicates that many of the eastern watersheds in the AOC are predominantly agricultural 

lands (Figure 1c), and even in the early 1990s, the largest contributing watershed (which drains 
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into LSF just west of the sampling location for the current study) was considered highly 

agricultural (Fortin et al., 1994).  

The increase in δ13C that lines up with the increase in the C:N ratio may have been 

influenced by several factors. Different fractions of δ13C typically cannot be used to differentiate 

aquatic from terrestrial sources of organic matter, but can be used to identify changes to the types 

of plants contributing to primary production based on different photosynthetic pathways used 

(Meyers and Ishiwatari, 1993). Typically, C3 plants, which carry out photosynthesis using the 

Calvin-Benson pathway, produce organic matter with a carbon isotopic shift of roughly -28‰, 

while C4 plants use the Hatch-Slack pathway, producing a δ13C shift of around -14 ‰ (Meyers 

and Ishiwatari, 1993). The sharp increase in the proportion of δ13C in the 1950s might indicate an 

increase in the proportion of C4 plants (e.g., corn) in the watershed; the concurrent increase in 

the C:N ratio suggests an increase in terrestrial loading. Several factors might account for these 

changes. The first possibility is that extensive flooding as a result of construction of the Moses-

Saunders Power Dam in the mid-1950s caused an increase in plant matter draining into the 

catchment, some of which may have been C4 plants. Upstream of the dam, more than 75 km2 of 

land was flooded on July 1st, 1958, much of it agricultural land, to prepare for the operation of 

the Moses-Saunders Power Dam in 1959 (Macfarlane, 2014). It is possible that flooded 

terrestrial plant matter was washed downstream, leading to an increase in the C:N ratio. 

Similarly, after construction of the dam, water levels downstream near the widening of LSF 

increased by approximately 0.5 metres (Environment Canada, 2014a), which may have 

additionally served to increase the loading of terrestrial organic matter to the aquatic ecosystem. 

Though the increase in the C:N ratio appears to start slightly before construction of the dam 

began (Figure 2.3), the high uncertainty associated with the chronology at this depth in the core 
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(Figure 2.1b) puts the increase within the possible range of dates. The severity and acuteness of 

the change in the C:N ratio make it likely that some traumatic event over a short period of time 

occurred, such as flooding. The second possibility is a drastic change in agricultural crop 

production, which could have included a sharp increase in crop production, a shift to C4 plants 

(such as corn) as dominant agricultural crops, or both. An agricultural shift could potentially 

account for the observed increase in δ13C in the 1950s/1960s. It is also possible that the 

concurrent increase in the C:N ratio could be explained by agricultural activity, particularly if a 

large amount of forested land was cleared for agriculture. Unfortunately, land-use data from this 

time period are not available, and though it is clear that agriculture currently dominates much of 

the landscape in the contributing watersheds (Figure 1) and that corn (a C4 plant) is a dominant 

crop (pers. obs.), it is unclear whether a rise in agricultural activity or a switch to corn production 

coincided with the increase in δ13C and the C:N ratio observed in the current study. It seems 

most likely that the construction of the dam led to flooding which increased the amount of plant 

matter draining into the system over a relatively abrupt amount of time.  

The changing sources of organic matter are important for interpreting the history of the 

catchment from an ecological perspective, but are also important when considering 

concentrations of photosynthetic pigments. As pigments are reported as concentrations per gram 

organic matter, the changing sources of this organic matter could influence the interpretation of 

the pigment analyses. That is, perhaps the shift towards increased production seen in the 

pigments is merely a result of higher autochthonous inputs of organic matter towards the top of 

the core, rather than overall increased production. However, standardizing the C:N ratios of each 

interval to the mean C:N across all intervals is highly correlated to the untransformed results for 

almost all pigments (r > 0.95, p < 0.001), with the exception of diatoxanthin which has a slightly 



33 

 

lower correlation (r = 0.86, p < 0.001). Given these high correlations, it is likely that the trends 

seen in the pigments are not highly influenced by changes to the sources of the organic matter, as 

indicated by the C:N ratio. See Appendices A and B for the untransformed and standardized 

pigment data, respectively. 

 The diatom concentration data calculated from the known concentration of microspheres 

mirror the signal seen in the pigment concentrations. The diatom concentration signal (Figure 

2.4a) support both pigment trends described above: the local maximum in the 1970s, seen as a 

sharp increase in diatom concentration at approximately 15 cm depth, and the increase at the top 

of the core. It is possible that some of the decrease in the diatom signal downcore is due to 

frustule breakage or dissolution but, as with the pigments, it is difficult to quantify what 

proportion of the concentration change is attributable to breakage and dissolution. Indices of 

diatom preservation have previously been developed, based on the observer’s dichotomous 

classification of individual valves as pristine or dissolved (Ryves et al., 2001), but such metrics 

were not employed in the current study. Broken valves were present throughout the core, though 

in higher abundances at greater depths. Partially dissolved valves were primarily observed 

toward the bottom of the core. A paleolimnological investigation examining diatom 

concentrations from sediment cores at various depths did not report decreases in diatom 

concentration to nearly the same extent as seen in the current study (Anderson, 1990). Several 

dominant taxa in the current study, present in relatively high abundances at various depths in the 

core, were also present in the Anderson (1990) study (e.g., Cocconeis placentula, Fragilaria 

spp.), further supporting the rise in diatom abundance towards the surface of the core as a true 

signal representing environmental conditions and not simply an artifact of breakage or 

dissolution. The similar patterns of increased production represented across multiple indicators 
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(both the diatom and the pigment concentrations) suggest that the increases in production in the 

1970s and in the past 10 years are reflections of actual increases to production in the nearshore 

environment of LSF.   

 Retroactively determining the causes of these two periods of increased production 

without reliable monitoring data is difficult. The more recent increase in production has 

particular relevance to the delisting of the St. Lawrence River as an AOC, and attempting to 

discern the primary driving factors to this production signal will help to determine which 

management practices would be most appropriate to improve the eutrophication BUI. A 

summary of potential causative factors are discussed below, and are additionally presented in 

Table 2.  

 Given the high proportion of agricultural land use in the contributing watersheds (Figure 

1), the increasing δ15N signal (Figure 2.3), and the positive relationships that have previously 

been found between the amount of agricultural land in a watershed and the δ15N values of stream 

nitrate (Harrington et al., 1998; Mayer et al., 2002) and aquatic biotic tissues (Anderson and 

Cabana, 2005), it seems likely that nutrient inputs associated with agricultural activity have 

increased algal production. Furthermore, recent modelling of nutrient inputs to watersheds 

draining into the St. Lawrence River found increases to net anthropogenic inputs of nitrogen and 

phosphorus throughout the 20th century, with inputs from fertilizers increasing over the last ~50 

years (Goyette et al., 2016). However, it is difficult to determine what proportion of the increase 

in production might be attributable to local agricultural practices. As the watersheds contributing 

to the northern nearshore zone of LSF are covered in the Goyette et al. (2016) study, it would be 

useful to obtain the modelling results specifically for those watersheds and assess how nutrient 

inputs related to agriculture (e.g., fertilizer use) might have changed. Although TP data have 
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been collected in the Raisin River since 1976, it is difficult to know how this tributary combines 

with other flows to influence the site from where the sediment core was collected. Flow 

modelling of the major contributing tributaries to the northern shore of LSF would be help 

determine which portions of the nearshore zone are likely to be most affected by activities in the 

watersheds. Combining flow modelling with the nutrient modelling described above might allow 

for the determination of priority areas for nutrient monitoring in the LSF nearshore. 

 Potential effects of a changing global climate on algal production in this region should 

also be considered, primarily in terms of warming temperatures (and associated longer growing 

seasons) and changes to precipitation patterns and tributary flow. A study of ice cover in the 

northern hemisphere found that lakes and large rivers have experienced later freeze dates and 

earlier thaw dates, translating to approximately 13 more days of ice-free cover between 1846 and 

1995 (Magnuson et al., 2000); it is likely that this trend has continued to increase in the last 20 

years. A longer growing season could account for the increase in production in the last decade 

found in the current study, though it is likely that an increase in nutrients would have a stronger 

effect on production than a warming climate. Variance partitioning in paleolimnological 

investigations of diatom assemblages has previously been used to determine the relative 

influences of climate and nutrient enrichment on assemblage composition, and several studies 

have found TP concentrations (Lotter, 1998) and resource use (e.g., cropland area; Hall et al., 

1999) to be more important predictors than climate of fossil diatom assemblage changes. 

Furthermore, average water temperature during the ice-free period in the upper St. Lawrence 

River appears not to have changed between 1993 and 2009, although seasonal trends (i.e., an 

increase in spring water temperatures) are apparent (National Oceanic and Atmospheric 

Administration, 2016). Unfortunately, consistent water temperature data from near the current 
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study site are not available before or after the 1993-2009 time period. It is unlikely that climate 

alone could increase production in the last decade. Though warming air temperatures may be 

interacting with increased nutrient inputs, it is impossible to parse out the relative influences of 

nutrients alone versus interaction effects with climate within the confines of the current study 

design. 

 Other local factors, such as the Cornwall wastewater treatment plant upstream of the 

study site, effluent from local industries, and intensive shoreline development may have also 

contributed to the increase in production in the last 10 years and should be more extensively 

investigated. Nutrient inputs from these sources should be quantified and compared to estimates 

of nutrient inputs from the watersheds, combined with flow modelling to determine how inputs 

to the river in the Cornwall area might affect water quality in the northern nearshore of LSF. 

Increased runoff from deforestation (from conversion of forest into cropland, housing 

developments, solar farms, etc.) should be estimated in conjunction with changes in land use 

(using, for example, remote sensing). Nutrient inputs from septic systems along the northern 

shore of LSF should also be quantified. 

 As discussed above, the period of increased production in the 1970s may have resulted 

from nutrient-rich waters flowing downstream from the eutrophied Great Lakes. A small decline 

in pigment concentrations after this period can be seen before concentrations increase again in 

recent years (Figure 3), appearing to occur around the 1980s/early 1990s. This decline may have 

been a result of phosphorus controls being implemented as part of the Great Lakes Water Quality 

Agreement (1972), either locally from reduced effluent concentrations in nearby Cornwall or 

resulting from the recovery of the Great Lakes, but may also have been affected by the 

introduction of the zebra mussel (Dreissena polymorpha), which began heavy colonization of the 
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upper St. Lawrence River in 1990-1991 (Wormington et al., 1993). Zebra mussels are filter 

feeders and can help to reduce phytoplankton biomass (Reeders and Bij de Vaate, 1990; Strayer 

et al., 1999). However, zebra mussels do not feed on attached algae, which may in fact 

experience a period of growth and increased productivity after zebra mussel invasion, resulting 

from greater light penetration due to decreases in phytoplankton (Strayer et al., 1999). Given that 

the diatom taxa encountered in the current study were predominantly benthic, it appears more 

likely that the decrease in concentrations of select pigments is a result of greater controls on 

effluent nutrient concentrations rather than the concurrent appearance of the zebra mussel. 

 The dominant and subdominant diatom species encountered were almost entirely benthic 

taxa, including many epiphytic species (Figure 2.4). Only one significant change to the 

assemblage composition was identified through the stratigraphically constrained hierarchical 

cluster analysis, which occurred at a depth of 23.25 cm, corresponding to the late 1950s. Two 

major changes to the aquatic ecosystem occurred at this point: the construction of the Moses-

Saunders Power Dam and the dredging of the St. Lawrence River, both occurring from 1954-

1959. Dam construction can influence downstream aquatic ecosystems in many ways, including 

increasing macrophyte growth in response to reductions in flow variability (Bunn and 

Arthington, 2002). Though federal monitoring data suggest that flow has increased somewhat 

since the construction of the Moses-Saunders Power Dam and the Seaway, monthly flow 

variability has not changed (Environment Canada, 2014b, 2014c). However, variability in water 

levels appears to have decreased in LSF as a result of mandated water level regulation 

(Environment Canada, 2014a): in accordance with International Joint Commission regulations, 

water levels below the dam have been maintained ± 30 cm since dam construction (Dreier et al., 

1997; Yee et al., 1990). Previous research in LSF has suggested that an increase in epiphytic 
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diatom taxa and inferred higher macrophyte coverage occurred in the mid-20th century, possibly 

attributable to a decrease in the variability of the water level resulting from Seaway construction 

and the construction of a canal and dam system at the eastern end of LSF (Reavie et al., 1998). 

While some epiphytic taxa in the current study were observed to be more abundant after this time 

(e.g., Cocconeis placentula), others (e.g., Achnanthes clevei) have since decreased, while others 

still (e.g., Staurosirella pinnata) have remained at approximately the same relative abundances 

prior to and after dam construction. 

 Interestingly, the increases in diatom and pigment concentrations recorded in the core 

(both the increase circa the 1970s and the recent increase in the last 10 years) are not represented 

in the diatom relative abundance data. Previous sediment cores collected from LSF and analysed 

for diatom compositional data found inferred nutrient trends that matched the 1960s-1970s peak 

in production in the Laurentian Great Lakes. Specifically, Reavie et al. (1998) collected three 

sediment cores from the eastern end of LSF in the early 1990s, in which eutrophic taxa such as 

Stephanodiscus binderanus var. oestrupii were recorded in substantial abundances. In the current 

study, no statistically significant diatom assemblage changes were noted during the two observed 

periods of increased production that were identified with the pigments (Figure 2.2) and the 

diatom concentrations (Figure 2.4a). Despite reports in recent years of algal blooms, toxin-

producing cyanobacteria, and high TP concentrations (Bramburger, 2014; Savard et al., 2015, 

2013; Waller et al., 2016), no characteristic eutrophic species were noted in any significant 

abundance. 

 In the current study, algal production was found to have increased in the last 10 years, 

inferred through fossil photosynthetic pigment concentrations and diatom concentrations. Both 

pigment and diatom concentrations also indicated an increase in aquatic production that lines up 
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chronologically with the period of eutrophication in the Great Lakes prior to the introduction of 

phosphorus controls. Diatom assemblage composition data did not note any major changes in 

recent years, with the only significant change likely attributable to the construction of the Moses-

Saunders Power Dam and the St. Lawrence Seaway in the 1950s. None of the indicators 

examined reported any improvement to the algal communities in the nearshore zone of LSF as a 

result of remedial actions since the RAP was implemented in the early 1990s, and it appears as 

though conditions likely became more productive. It is possible that a warming climate has 

played a role, however given the increase in δ15N and the predominance of agricultural activity, 

it appears as though nutrient enrichment from the watershed remains the most likely factor for 

the increase in algal production. Though numerous controls have gone into reducing point source 

TP inputs (e.g., upgrading the wastewater treatment plant at Cornwall), it seems unlikely that the 

RAP goal of 20 µg/L TP will be achieved without greater reductions in nutrients emanating from 

non-point sources in the contributing watersheds.  
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Table 2. Potential causes of increases to algal production in the northern nearshore zone of Lake 

St. Francis and recommendations for future work. 

 
Possible Cause Evidence Recommendations 

High nutrient 

concentrations 

in tributaries 

 Increase in δ15N  associated 

with agricultural land use 

(Anderson and Cabana, 2005; 

Harrington et al., 1998; Mayer 

et al., 2002)  

 High nutrient concentrations 

recently reported across local 

watersheds (Waller et al., 

2016) 

 Modelling of St. Lawrence 

River watersheds indicates 

increases in net anthropogenic 

inputs of nitrogen and 

phosphorus over the past 

century (Goyette et al., 2016) 

 Obtain data from Goyette et al. (2016) 

study for the watersheds that 

contribute to the Lake St. Francis 

nearshore 

 More fully investigate how land use 

has changed in this region (e.g., 

amount of land that has been 

converted from forest to cropland, 

total amount of deforestation, etc.) 

over past ~50 years, could be done 

using remote sensing techniques 

 Complete flow modeling to determine 

influence of tributaries on nearshore 

areas of Lake St. Francis 

Climate change  Ice-free period has increased 

by approximately two weeks 

in large rivers in the northern 

hemisphere (1846-1995; 

Magnuson et al., 2000) 

 

 Model how tributary flows might 

change under different climate 

scenarios and how that might affect 

delivery of nutrients to the Lake St. 

Francis nearshore 

 Assess proportion of production signal 

that can be accounted for by climate 

by taking another sediment core from 

a different area, less affected by 

tributary inputs 

Intensive 

shoreline 

development 

 Septic tanks likely used for 

many houses along shoreline 

 Determine number of residences along 

shore, when they were constructed, 

and estimate nutrient inputs to river 

Municipal and 

industrial 

contributions 

 Nutrient inputs upstream of 

study site might account for 

some of the increase in 

production 

 Complete flow modelling to determine 

how inputs from Cornwall might 

affect nearshore zone 

 Quantify how nutrient inputs from 

major contributors (e.g., industries, 

wastewater treatment plant) have 

changed over the past 25 years 

Zebra mussels 

(Dreissena 

polymorpha) 

 Zebra mussels began heavy 

colonization of Lake St. 

Francis in the early 1990s; by 

filtering the water, they might 

have allowed for an increase 

in benthic production as more 

light could reach the sediment  

 Conduct a survey of zebra mussel 

densities in the nearshore region of 

Lake St. Francis and/or obtain data on 

zebra mussel densities and water 

clarity from the literature 
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Figure 2.1. A) Activities and errors of the four radioisotopes, by depth in the sediment core, measured through gamma spectroscopy. 

B) Inferred year, sedimentation rate, and associated errors as calculated through the constant rate of supply (CRS) model.  
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Figure 2.2. Concentrations of photosynthetic pigments (per gram organic matter) throughout the 

sediment core. Secondary y-axis indicates year inferred from the constant rate of supply (CRS) 

dating model. The box indicates inferred years during which the Moses-Saunders Power Dam 

was constructed (1954-1959). Top panel: more stable pigments, defined as a category 1 (Leavitt 

and Hodgson, 2001). Bottom panel: more labile pigments, defined as a category 2 (Leavitt and 

Hodgson, 2001) and ratio of chlorophyll a to phaeophytin a, an indicator of the extent of pigment 

degradation. 
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Figure 2.3. Percent organic matter and ratios of stable isotopes by depth and year inferred 

through the constant rate of supply (CRS) dating model. The box indicates inferred years during 

which the Moses-Saunders Power Dam was constructed (1954-1959).
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Figure 2.4. A) Diatom concentrations by depth and year inferred through the constant rate of 

supply (CRS) dating model. B, C) Relative abundances of the dominant (B) and subdominant (C) 

diatom species observed in the core. The dotted red line represents the significant assemblage 

change identified by the broken stick model and constrained incremental sum of squares. The 

box indicates inferred years during which the Moses-Saunders Power Dam was constructed 

(1954-1959). 
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Chapter 3 

General Discussion 

The objective of this thesis was to assess whether the structure and abundance of algal 

assemblages in the nearshore zone of Lake St. Francis (LSF) have changed since the 

implementation of the Remedial Action Plan (RAP) in the early 1990s, to more fully evaluate the 

state of the eutrophication Beneficial Use Impairment (BUI) in the St. Lawrence River Area of 

Concern (AOC). To answer this question, paleolimnological techniques were employed. The 

collection of a sediment core provided a historical perspective for current environmental 

conditions, and additionally served to integrate the responses of algal assemblages to changes in 

water-quality conditions over time. The results of the analyses presented in Chapter 2 indicate 

that eutrophication has not improved since 1990, and that algal abundances have increased in the 

last 10 years, likely in response to elevated nutrient loads from the heavily agricultural 

catchment. The only significant compositional change in diatom assemblages occurred in the 

mid-1950s to early-1960s, co-occurring with the construction of the Moses-Saunders Power Dam 

and the St. Lawrence Seaway. 

 The vast majority of paleolimnolgical studies are carried out in lakes, where sediment 

accumulates predictably and a single sediment core is typically representative of the aquatic 

ecosystem (Smol, 2008). In lotic systems, much more care is needed during site selection as 

high-energy flowing waters have a greater potential to resuspend sediments and disrupt the 

continuity of the sedimentary history. Although the core collected in Chapter 2 proved to have a 

reliable sedimentary chronology, this thesis would have been stronger if conclusions had been 

drawn from multiple cores; when carrying out paleolimnological studies of complex fluvial 

systems, the collection of multiple cores has been recommended to account for an increased 
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spatial heterogeneity of bottom sediments in rivers (Reavie et al., 1998) and differences in water 

quality from contributing tributaries (Reavie and Baratono, 2007). For instance, three sediment 

cores collected from within a few kilometres of one another at the eastern end of LSF were 

shown to have different dominant taxa (Reavie et al., 1998). Additionally, many of the dominant 

taxa reported by Reavie et al. (1998) were not identified in the core collected in Chapter 2 of this 

thesis, despite all cores being collected from the same fluvial lake in the St. Lawrence River. 

Collecting multiple cores from LSF would allow for an investigation into the strength of the 

conclusions drawn in this thesis; specifically, it would be worthwhile to evaluate whether the 

increases in production circa the 1970s and over the last 10 years, as well as the mid-20th century 

diatom assemblage shift, are represented in other sediment cores. It would also be of interest to 

collect cores from near the outflows of different major tributaries to assess the influences of the 

major watersheds in the region, however such a sampling design would be limited by the 

proximity of sedimentation zones to tributary mouths. Assessing increases in production across 

different sites should be considered for the sedimentation basin that was sampled in Chapter 2; it 

would also be valuable to revisit the sedimentation basin cored by Reavie et al. (1998), both to 

compare the two sedimentation basins, and to evaluate recent changes at the eastern end of LSF.  

 Collecting more sediment cores from the same basin in LSF would be useful for 

assessing the inherent spatial heterogeneity of the system and its effects on algal assemblages, 

but could also be designed to evaluate the impacts of water level. When the Moses-Saunders 

Power Dam was built in the 1950s, it served to both increase and stabilize downstream water 

levels (Environment Canada, 2014a). It is likely that one or both of these effects influenced the 

shift in diatom assemblage composition identified in Chapter 2 of this thesis. It would be 

possible to evaluate the impact of these water-level changes on algal assemblages through the 
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collection of sediment cores in a transect perpendicular to shore. Diatom stratigraphies from 

cores collected at gradually increasing depths could be compared to determine potential 

influences of changes in depth versus changes in water level stability. The presence of an 

assemblage shift in the 1950s across all collected cores, consistent with the findings of this 

thesis, would likely indicate that some factor associated with dam or Seaway construction, such 

as an increase in water level stability, influenced diatom assemblage composition. The absence 

of an assemblage change would raise even more questions, potentially prompting a reevaluation 

of the core collected for this thesis. It would be of particular interest to examine whether, in the 

period of assemblage stability since dam construction, diatom assemblages change along a depth 

gradient, specifically whether there is an assemblage shift after a certain water depth. Given that 

the diatom shift observed in this thesis was from one predominantly benthic assemblage to a 

different benthic assemblage, cores should be collected from the photic zone, as a shift to 

planktonic taxa would be expected in deeper waters. 

 The results of this thesis also stress the importance of using multiple proxies in 

paleoecological studies. Diatom assemblage composition expressed as relative abundances alone 

would not have indicated any recent increase in production, as no dominant characteristic 

eutrophic species were found at any point in the sediment core; contrarily, evaluating only 

photosynthetic pigments would not have indicated the shift in assemblage composition that 

coincided with the construction of the Moses-Saunders Power Dam. Furthermore, without the 

diatom concentration signal paralleling that of the pigments, it would be harder to justify the 

recent increase in pigment concentrations as a true increase, rather than an artifact of incomplete 

pigment degradation processes. Examining stable isotopes helped to bolster an increase in 

agricultural activity (evaluated through δ15N) as a potential cause for the increased production, as 
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well as to recognize a drastic change in organic material entering the system (δ13C and the C:N 

ratio) aligning with construction of the Moses-Saunders Power Dam. 

 Since the original designation of the Great Lakes AOCs, seven regions have been delisted 

(three of which are in Canada), with two more considered to be “in recovery” (Environment and 

Climate Change Canada, www.ec.gc.ca/raps-pas/). To be delisted, an AOC must rigorously 

demonstrate that none of the 14 BUIs are considered impaired, using a defensible scientific 

methodology (George and Boyd, 2007). However, guidelines for delisting of each of the 14 BUIs 

provided by the International Joint Commission (IJC) are somewhat qualitative, sometimes 

without any clear indication of ecological components that could be measured (George and 

Boyd, 2007). For the eutrophication BUI, the delisting criterion is defined as the point at which 

there are no persistent water-quality issues that are attributable to cultural eutrophication (George 

and Boyd, 2007). In the St. Lawrence River AOC, the RAP originally designated a goal for the 

eutrophication BUI based on the Provincial Water Quality Objectives (PWQO), specifically 

aiming for Total Phosphorus (TP) concentrations less than 30 μg/L with no fish kills associated 

with eutrophication (Dreier et al., 1997). The goal for TP has since been updated to less than 20 

μg/L for the nearshore zone and between 35 and 60 μg/L for tributaries, with greater TP 

concentrations allowed in more agricultural watersheds (J. Ridal, pers. comm.; AECOM Canada 

Ltd., 2009). While these are quantitative, measurable goals, there are issues associated with using 

the single metric of TP concentration to evaluate the state of a complex issue such as 

eutrophication. Once the environmental issues in this AOC had been described and actions had 

been suggested to remediate the impaired BUIs, no monitoring plan was implemented to address 

eutrophication. With the exception of one provincial water quality monitoring station in the 

Raisin River, water-quality data were not collected consistently in the tributaries or nearshore 
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zone of LSF until recently. When eutrophication was originally described as an issue and the TP 

goal set as a target for remediation, a plan should have been devised to monitor TP 

concentrations across a network of locations of interest, with the locations and sampling 

frequency decided based on watershed characteristics and standard scientific practices. Other 

metrics could have also been considered alongside TP that would have helped to indicate water-

quality degradation or recovery, such as water clarity, dissolved-oxygen concentrations, and 

algal concentrations in the water column. 

 Site-specific characteristics should also be considered when setting remediation targets, 

including historical conditions and land-use practices. Unfortunately, historical data from the 

tributaries and nearshore zones of LSF are lacking, so it is difficult to set pre-disturbance 

conditions as a remediation target. However, given that TP concentrations have been consistently 

elevated in the Raisin River since 1976 (Ministry of the Environment and Climate Change, 

2014), and that production appears to be increasing in the nearshore zone of LSF in recent years 

(Chapter 2), it is perhaps worth considering the achievability of a 20 μg/L target for TP 

concentrations in the nearshore zone. Although targets for TP in the tributaries have since been 

updated to reflect more achievable goals for heavily-developed watersheds (AECOM Canada 

Ltd., 2009), these waters will eventually affect the nearshore zones of LSF, and it is reasonable 

to expect that it will be more difficult to achieve the delisting goal of 20 μg/L in nearshore areas 

near the outlets of tributaries with high TP concentrations.  

Though an AOC should be working towards delisting, it is important not to declare an 

issue remediated without sufficient data. The eutrophication BUI has not been well-studied in the 

St. Lawrence River AOC over the last 25 years, though it would be feasible to fill this 

information gap through a combination of methodologies. First, other water-quality metrics, such 
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as water clarity and algal assemblage composition, should be considered alongside TP. Second, 

an intensive water-quality monitoring protocol should be implemented to determine which 

regions are in the greatest need of remediation efforts. Finally, further sediment cores should be 

collected from different locations in the AOC, particularly to evaluate whether an increase in 

production is evident over the last 10 years. A combination of these tactics should ensure a more 

thorough evaluation of the state of the eutrophication BUI in the St. Lawrence River AOC, as 

well as provide some historical perspective to the current conditions. 

Many different parties in the Cornwall area have been involved in the RAP, several of 

which could assist with further monitoring of the nearshore zone of LSF and its tributaries. The 

St. Lawrence River Institute of Environmental Sciences (SLRIES) is likely the best-suited 

candidate for monitoring of nearshore water-quality conditions, with adequate materials (e.g., a 

motorboat, accreditation for TP analysis, etc.) and experience in the collection of surface-water 

samples for analyses of nutrients and algal assemblages in nearshore areas (Bramburger, 2014; 

Savard et al., 2015, 2013). Although the TP concentration is the primary required metric for 

delisting, composition of algal assemblages should be identified if resources are available to do 

so. The Raisin River Conservation Authority would be an appropriate partner to collect samples 

for tributary monitoring, as they have already begun a tributary monitoring program in the local 

watersheds (J. Ridal, pers. comm.). Ultimately, the International Joint Commission will decide 

whether to delist an AOC; the members of the RAP team at Cornwall should work together to 

devise a monitoring plan that will produce enough high-quality data such that it will be possible 

to determine whether there remain any persistent water-quality issues that are associated with 

cultural eutrophication. Currently, data are still lacking in the nearshore zone and tributaries of 

LSF to accurately assess the state of the eutrophication BUI across the AOC, though the results 
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of the current study suggest that eutrophication is still problematic in the nearshore area of LSF. 

Given these results and the monitoring data that are still needed, delisting the St. Lawrence River 

as an AOC would be inappropriate at this time. 
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Appendix A: Pigment Concentrations (nmol/g organic matter) and Chlorophyll a  : Phaeophytin a  Ratio

Midpoint 

Depth (cm)
Fucoxanthin Diatoxanthin Alloxanthin Canthaxanthin Echinenone Lutein Chlorophyll b 

1.25 202.755 26.749 29.337 10.069 29.984 118.876 27.855
2.25 170.830 23.913 31.820 8.219 29.127 119.247 21.481
3.25 132.726 29.096 42.983 10.692 24.855 121.837 27.306
4.25 117.979 31.884 35.704 13.865 2.787 113.149 30.718

5.25 44.478 19.453 11.719 8.721 1.556 49.377 18.513
6.25 33.615 18.581 15.955 4.631 1.948 55.684 14.896
7.25 18.766 19.533 13.014 7.350 2.138 67.014 16.324
8.25 19.333 19.136 16.814 6.661 1.943 67.386 15.960
9.25 16.313 19.814 10.665 5.440 2.346 62.467 9.072

10.75 24.863 20.757 19.390 6.957 2.602 76.102 14.425
11.75 14.247 23.748 6.145 6.886 1.839 67.827 11.537
12.75 0.000 26.529 10.121 9.985 1.819 70.296 16.040

13.75 6.171 21.165 12.528 6.447 2.004 62.932 16.263
14.75 5.756 31.382 19.523 3.875 1.652 61.075 10.542
15.75 0.000 25.916 9.945 3.317 1.664 48.804 7.773
16.75 0.000 30.076 19.365 2.819 0.842 52.718 5.973

17.75 0.000 18.044 9.592 3.988 1.473 47.201 5.605
18.75 0.000 24.032 11.617 3.615 0.988 34.795 6.486

19.75 0.000 24.461 10.001 4.346 1.889 41.943 7.638
20.75 0.000 21.869 6.900 2.288 0.943 34.972 4.838
21.75 0.000 19.616 2.228 2.336 0.793 31.735 3.824

22.75 0.000 20.520 3.701 3.462 2.050 32.450 6.197
23.75 0.000 15.122 0.620 2.403 0.996 22.854 5.690

24.75 0.000 17.023 8.728 2.722 0.420 30.925 2.004

25.75 0.000 10.864 5.193 1.594 0.361 17.471 1.723

26.75 0.000 7.067 0.975 1.177 0.204 9.382 0.000
27.75 0.000 24.930 6.403 3.226 1.171 37.402 7.530

28.75 0.000 29.281 9.872 5.276 1.302 36.427 4.307
29.75 0.000 28.049 8.598 3.474 0.701 39.404 3.082
30.75 0.000 12.719 5.183 3.262 0.954 27.680 7.403

31.75 0.000 12.323 4.020 1.443 0.962 25.678 3.279
32.75 0.000 12.261 7.084 1.943 0.665 29.485 3.657
33.75 0.000 11.588 7.991 2.597 1.194 31.635 5.964

34.75 0.000 12.866 8.101 2.078 0.274 31.048 3.047
35.75 0.000 13.406 9.532 2.107 1.070 31.272 6.820
36.75 0.000 7.909 0.598 1.262 0.464 19.431 2.399
37.75 0.000 12.166 4.838 2.250 1.185 26.455 3.584
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Appendix A: Pigment Concentrations (nmol/g organic matter) and Chlorophyll a  : Phaeophytin a  Ratio

Midpoint 

Depth (cm)
1.25
2.25
3.25
4.25

5.25
6.25
7.25
8.25
9.25

10.75
11.75
12.75

13.75
14.75
15.75
16.75

17.75
18.75

19.75
20.75
21.75

22.75
23.75

24.75

25.75

26.75
27.75

28.75
29.75
30.75

31.75
32.75
33.75

34.75
35.75
36.75
37.75

Phaeophytin b Beta-carotene Chlorophyll a Phaeophytin a
Chlorophyll a : 

Phaeophytin a
163.635 24.851 374.144 142.038 2.634
173.808 38.890 357.846 158.724 2.255
158.926 27.704 304.733 132.994 2.291
152.869 34.558 219.240 144.420 1.518

136.987 16.862 77.018 113.718 0.677
134.856 25.626 85.374 74.294 1.149
127.121 36.230 64.831 60.106 1.079
114.466 29.965 62.906 55.091 1.142
107.192 17.428 55.871 67.474 0.828

148.184 36.274 75.126 63.784 1.178
131.173 20.860 48.912 38.058 1.285
172.495 27.092 43.175 78.192 0.552

151.513 26.006 35.052 68.808 0.509
91.116 19.041 26.619 62.842 0.424
93.945 12.394 20.907 20.326 1.029
61.786 4.122 16.722 24.102 0.694

87.670 13.325 21.488 40.420 0.532
87.399 6.829 16.504 34.423 0.479

142.330 17.213 19.731 57.338 0.344
63.227 10.922 14.037 31.973 0.439
62.511 6.241 11.483 29.237 0.393

102.429 8.459 16.941 32.881 0.515
61.678 6.528 10.523 12.640 0.832

56.413 6.317 8.522 15.921 0.535

58.688 4.253 6.841 28.059 0.244

8.918 4.926 1.686 22.652 0.074
78.626 12.539 15.011 30.316 0.495

74.133 10.569 14.511 27.967 0.519
61.679 10.421 5.471 19.659 0.278
68.574 7.254 12.495 28.837 0.433

52.005 8.818 11.504 6.435 1.788
68.177 12.281 12.948 34.941 0.371
62.111 7.715 13.326 20.501 0.650

32.702 7.165 8.048 11.202 0.718
69.627 4.318 13.310 29.804 0.447
48.956 6.362 8.636 19.930 0.433
66.065 5.906 14.915 21.197 0.704
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Appendix A: Pigment Concentrations (nmol/g organic matter) and Chlorophyll a to Phaeophytin a 

Ratio 
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Appendix B: Pigment Concentrations Standardized to Mean C:N Ratio (nmol/g organic matter)

Midpoint 

Depth (cm)
Fucoxanthin Diatoxanthin Alloxanthin Canthaxanthin Echinenone Lutein Chlorophyll b 

1.25 296.014 39.052 42.831 14.701 43.776 173.554 40.667
2.25 263.000 36.816 48.988 12.653 44.842 183.586 33.071
3.25 190.864 41.841 61.811 15.375 35.742 175.205 39.267
4.25 167.603 45.295 50.722 19.696 3.959 160.741 43.639

5.25 57.985 25.360 15.278 11.370 2.028 64.372 24.135
6.25 43.022 23.780 20.419 5.927 2.493 71.267 19.064
7.25 22.971 23.910 15.930 8.997 2.618 82.034 19.983
8.25 24.298 24.050 21.132 8.371 2.442 84.693 20.059
9.25 18.881 22.934 12.344 6.297 2.715 72.303 10.500

10.75 28.628 23.901 22.326 8.011 2.996 87.629 16.610
11.75 15.759 26.269 6.797 7.618 2.034 75.029 12.763
12.75 0.000 28.392 10.832 10.686 1.947 75.232 17.167

13.75 6.689 22.942 13.580 6.988 2.172 68.214 17.628
14.75 5.952 32.451 20.188 4.007 1.709 63.156 10.901
15.75 0.000 25.173 9.660 3.222 1.616 47.406 7.550
16.75 0.000 26.892 17.314 2.520 0.753 47.137 5.340

17.75 0.000 18.146 9.646 4.011 1.481 47.468 5.637
18.75 0.000 22.941 11.090 3.451 0.943 33.215 6.191

19.75 0.000 21.605 8.833 3.838 1.668 37.046 6.746
20.75 0.000 20.317 6.410 2.126 0.876 32.491 4.495
21.75 0.000 16.817 1.910 2.003 0.680 27.207 3.278

22.75 0.000 16.014 2.889 2.702 1.600 25.324 4.836
23.75 0.000 10.700 0.439 1.700 0.705 16.172 4.026

24.75 0.000 12.702 6.513 2.031 0.314 23.075 1.495

25.75 0.000 7.494 3.582 1.099 0.249 12.051 1.189

26.75 0.000 5.176 0.715 0.862 0.150 6.872 0.000
27.75 0.000 19.682 5.055 2.547 0.925 29.528 5.944

28.75 0.000 24.355 8.211 4.389 1.083 30.299 3.582
29.75 0.000 27.100 8.307 3.357 0.677 38.071 2.978
30.75 0.000 12.871 5.245 3.301 0.965 28.010 7.491

31.75 0.000 12.938 4.221 1.515 1.010 26.959 3.442
32.75 0.000 12.818 7.406 2.031 0.695 30.824 3.823
33.75 0.000 11.870 8.186 2.660 1.223 32.406 6.109

34.75 0.000 13.412 8.445 2.166 0.285 32.366 3.176
35.75 0.000 14.099 10.024 2.216 1.126 32.888 7.173
36.75 0.000 8.245 0.623 1.315 0.483 20.256 2.501
37.75 0.000 12.373 4.920 2.288 1.205 26.905 3.645
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Appendix B: Pigment Concentrations Standardized to Mean C:N Ratio (nmol/g organic matter)

Midpoint 

Depth (cm)
1.25
2.25
3.25
4.25

5.25
6.25
7.25
8.25
9.25

10.75
11.75
12.75

13.75
14.75
15.75
16.75

17.75
18.75

19.75
20.75
21.75

22.75
23.75

24.75

25.75

26.75
27.75

28.75
29.75
30.75

31.75
32.75
33.75

34.75
35.75
36.75
37.75

Phaeophytin b Beta-carotene Chlorophyll a Phaeophytin a

238.901 36.281 546.236 207.369
267.584 59.872 550.919 244.362
228.541 39.840 438.215 191.250
217.169 49.093 311.457 205.166

178.587 21.982 100.407 148.252
172.596 32.798 109.266 95.084
155.613 44.351 79.361 73.578
143.866 37.661 79.062 69.240
124.069 20.173 64.668 78.098

170.629 41.769 86.505 73.445
145.102 23.075 54.105 42.099
184.608 28.995 46.207 83.683

164.229 28.188 37.994 74.583
94.220 19.690 27.525 64.982
91.254 12.039 20.309 19.744
55.245 3.685 14.952 21.551

88.165 13.400 21.609 40.648
83.430 6.519 15.755 32.860

125.712 15.203 17.427 50.644
58.741 10.147 13.041 29.705
53.592 5.350 9.845 25.066

79.935 6.602 13.221 25.661
43.643 4.619 7.446 8.944

42.094 4.714 6.359 11.880

40.481 2.934 4.719 19.354

6.532 3.608 1.235 16.591
62.074 9.899 11.851 23.934

61.661 8.791 12.070 23.262
59.592 10.068 5.286 18.994
69.392 7.341 12.644 29.180

54.599 9.258 12.078 6.756
71.272 12.839 13.536 36.527
63.625 7.903 13.651 21.001

34.091 7.469 8.389 11.678
73.225 4.541 13.998 31.344
51.034 6.632 9.003 20.776
67.189 6.007 15.168 21.558
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Appendix B: Pigment Concentrations Standardized to Mean C:N Ratio (nmol/g organic matter) 
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Appendix C: Loss on Ignition Data

Midpoint Depth (cm) % Organic % Carbonate

0.75 12.61 3.21

1.75 12.06 5.78

2.75 12.00 2.55

3.75 9.50 3.25

3.75 10.58 2.76

4.75 9.67 2.47

5.75 9.58 2.54

6.75 9.25 2.52

7.75 8.22 2.25

8.75 8.23 2.51

9.75 8.04 2.31

10.25 8.08 2.81

12.25 10.40 3.66

14.25 9.82 3.68

16.25 9.67 4.66

18.25 10.29 4.57

20.25 9.59 5.66

22.25 9.74 5.31

24.25 8.43 6.47

26.25 9.14 7.04

28.25 8.98 5.72

30.25 12.34 2.87

32.25 12.32 2.09

34.25 12.04 1.95

36.25 11.51 2.20

38.25 9.37 2.25

69



Appendix D: Stable Isotope Data

Midpoint Depth 

(cm)
Weight (mg) δ15NAIR δ13CVPDB μg N μg C %N %C C/N

1.25 14.95 7.01 -19.70 77.83 734.05 0.52 4.91 11.00

2.25 11.70 7.17 -20.30 79.21 708.41 0.68 6.05 10.43

3.25 12.94 7.13 -20.49 71.00 679.81 0.55 5.25 11.17

4.25 10.60 6.51 -20.76 53.61 519.64 0.51 4.90 11.31

5.25 12.15 6.66 -20.36 52.34 552.84 0.43 4.55 12.32

6.25 10.64 6.70 -19.97 43.74 470.61 0.41 4.42 12.55

7.25 14.05 6.63 -19.40 45.94 516.69 0.33 3.68 13.12

8.25 13.92 6.40 -19.71 50.20 549.95 0.36 3.95 12.78

9.25 14.44 6.25 -19.45 46.20 549.58 0.32 3.81 13.88

10.75 13.26 6.35 -19.88 49.33 589.85 0.37 4.45 13.95

11.75 13.04 6.00 -20.30 52.95 659.06 0.41 5.05 14.52

12.75 10.26 5.91 -20.57 42.27 543.81 0.41 5.30 15.01

13.75 11.40 5.82 -21.05 48.16 611.75 0.42 5.37 14.82

14.75 12.02 5.95 -20.17 47.49 632.31 0.40 5.26 15.53

15.75 14.59 5.57 -19.47 53.85 763.32 0.37 5.23 16.54

16.75 13.24 5.37 -19.43 47.52 731.72 0.36 5.53 17.97

17.75 10.71 5.50 -20.47 46.69 639.30 0.44 5.97 15.97

18.75 14.45 5.11 -20.53 57.07 823.12 0.39 5.70 16.83

19.75 14.49 5.15 -18.70 49.49 771.48 0.34 5.32 18.19

20.75 12.95 5.16 -20.30 51.61 764.89 0.40 5.91 17.29

21.75 13.19 5.03 -18.36 42.97 690.20 0.33 5.23 18.74

22.75 10.21 5.34 -16.96 29.59 522.13 0.29 5.11 20.58

23.75 11.24 5.30 -16.29 29.53 574.59 0.26 5.11 22.70

24.75 14.78 5.41 -17.32 39.37 726.50 0.27 4.92 21.53

25.75 12.99 5.17 -16.23 33.16 661.90 0.26 5.10 23.29

26.75 14.82 5.45 -16.03 42.30 795.25 0.29 5.37 21.93

27.75 10.09 5.44 -16.21 29.47 514.03 0.29 5.09 20.35

28.75 10.67 5.41 -18.56 32.95 545.49 0.31 5.11 19.31

29.75 14.47 5.29 -21.45 55.19 786.59 0.38 5.44 16.63

30.75 14.63 5.30 -23.09 58.98 802.56 0.40 5.49 15.87

31.75 11.17 5.20 -23.46 48.22 632.34 0.43 5.66 15.30

32.75 10.81 5.02 -23.59 48.14 633.99 0.45 5.86 15.37

33.75 12.06 5.06 -23.31 51.01 685.63 0.42 5.69 15.68

34.75 11.14 5.23 -22.91 47.93 633.14 0.43 5.68 15.41

35.75 12.58 5.20 -22.41 46.50 608.76 0.37 4.84 15.27

36.75 14.48 5.33 -22.79 55.07 727.41 0.38 5.02 15.41

37.75 14.85 5.48 -22.77 55.68 753.81 0.37 5.08 15.80
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Appendix E: Diatom Counts

0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Achnanthes clevei  Grunow 2 8 8 10 6 8 11 14 5 11 13 7 19 10 16 12 9 1 4 1 3

Achnanthes conspicua  Mayer Platessa conspicua  (Mayer) 

Lange-Bertalot

1 5 3 5 8 6 4 1 1 7 1 3 3 1 4 1

Achnanthes exigua  Grunow Achnanthidium exiguum 

(Grunow) Czarnecki

2

Achnanthes grana  Hohn & 

Hellermann

Planothidium granum 

(Hohn & Hellermann) Lange-

Bertalot

6 3 1 5 3 3 3 1 2 4

Achnanthes  cf. grischuna 

Wuthrich

Psammothidium grischuna 

(Wuthrich) Bukhtiyarova & 

Round

2

Achnanthes helvetica  (Hustedt) 

Lange-Bertalot

Achnanthidium helveticum 

(Hustedt) Monnier, Lange-

Bertalot, & Ector

1 2

Achnanthes lanceolata 

(Brébisson ex Kützing) Grunow

Planothidium lanceolatum 

(Brébisson ex Kützing) 

Lange-Bertalot

11 19 10 15 14 8 8 14 14 13 20 13 14 8 23 14 14 5 7 4 6

Achnanthes  cf. lauenburgiana 

Hustedt

Achnanthidium 

lauenburgianum  (Hustedt) 

Monnier, Lange-Bertalot, & 

Ector

1

Achnanthes levanderi  Hustedt Psammothidium levanderi 

(Hustedt) Bukhtiyarova & 

Roung

Achnanthes minuscula  Hustedt 2 4 4 4 9 3 8 1 3 6 4 2 1 2

Achnanthes minutissima 

Kützing

Achnanthidium 

minutissimum  (Kützing) 

Czarnecki

53 49 65 58 39 28 27 39 28 20 32 39 21 19 20 24 19 1 4 6 8

Achnanthes oestrupii  (Cleve-

Euler) Hustedt

Achnanthes suchlandtii  Hustedt Karayevia suchlandtii 

(Hustedt) Buktiyarova

Achnanthes cf. ziegleri Lange-

Bertalot

Achnanthes  sp. (?) 2 6 4 1 1 2

Amphora inariensis  Krammer 11 10 16 24 18 10 19 17 35 15 19 29 10 8 16 16 10 6 5 5 3

Amphora libyca  Ehrenberg 5 1 3 4 1 4 2 7 4 4 3 5 2 3 1 1 4

Amphora pediculus  (Kützing) 

Grunow ex Schmidt

55 49 78 72 76 50 87 99 107 50 53 50 97 94 69 68 56 12 21 23 19

Amphora thumensis (Mayer) 

Krieger

Halamphora thumensis 

(Mayer) Levkov

Amphora  sp. (?) 2 4

Aulacoseira distans/alpigena*

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 71



Appendix E: Diatom Counts

Achnanthes clevei  Grunow

Achnanthes conspicua  Mayer Platessa conspicua  (Mayer) 

Lange-Bertalot

Achnanthes exigua  Grunow Achnanthidium exiguum 

(Grunow) Czarnecki

Achnanthes grana  Hohn & 

Hellermann

Planothidium granum 

(Hohn & Hellermann) Lange-

Bertalot

Achnanthes  cf. grischuna 

Wuthrich

Psammothidium grischuna 

(Wuthrich) Bukhtiyarova & 

Round

Achnanthes helvetica  (Hustedt) 

Lange-Bertalot

Achnanthidium helveticum 

(Hustedt) Monnier, Lange-

Bertalot, & Ector

Achnanthes lanceolata 

(Brébisson ex Kützing) Grunow

Planothidium lanceolatum 

(Brébisson ex Kützing) 

Lange-Bertalot

Achnanthes  cf. lauenburgiana 

Hustedt

Achnanthidium 

lauenburgianum  (Hustedt) 

Monnier, Lange-Bertalot, & 

Ector

Achnanthes levanderi  Hustedt Psammothidium levanderi 

(Hustedt) Bukhtiyarova & 

Roung

Achnanthes minuscula  Hustedt

Achnanthes minutissima 

Kützing

Achnanthidium 

minutissimum  (Kützing) 

Czarnecki

Achnanthes oestrupii  (Cleve-

Euler) Hustedt

Achnanthes suchlandtii  Hustedt Karayevia suchlandtii 

(Hustedt) Buktiyarova

Achnanthes cf. ziegleri Lange-

Bertalot

Achnanthes  sp. (?)

Amphora inariensis  Krammer

Amphora libyca  Ehrenberg

Amphora pediculus  (Kützing) 

Grunow ex Schmidt

Amphora thumensis (Mayer) 

Krieger

Halamphora thumensis 

(Mayer) Levkov

Amphora  sp. (?)

Aulacoseira distans/alpigena*

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable) 21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

2 12 6 8 4 4 5 9 5 14 17 11 11 10

1 4 4 4 8 4 3 1 2

2 3 2

2 2 1 2

2 5 2 2 2 4 1 4 7 4 5 6 20 4 7 5 20

1 1

1

2 1

8 4 1 4 1 1 6 3

2

1

1

1 3 1 2 2 1

13 2 1 4 1 6 2 8 5 5 9 11 6 10 16

5 2 1 1 3 4 1 2 2

13 9 12 8 6 4 4 7 17 3 6 19 22 20 24 14 12

1

2

2 3 4 2

Midpoint depth (cm)

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 72



Appendix E: Diatom Counts

0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

Aulacoseira  cf. ambigua 

(Grunow) Simonsen

Aulacoseira crassipunctata 

(Krammer)

Aulacoseira granulata 

(Ehrenberg) Simonsen

Aulacoseira  cf. islandica 

(Müller) Simonsen

1 1

Aulacoseira italica  (Ehrenberg) 

Simonsen

Aulacoseira  cf. subarctica 

(Müller) Hayworth

Aulacoseira  sp. (?) valve 2

Aulacoseira  sp. (?) girdle 1 3 1 1

Brachysira  cf. zellensis 

(Grunow) Round & Mann

Caloneis bacillum  (Grunow) 

Cleve

4

Caloneis silicula  (Ehrenberg) 

Cleve

1

Cocconeis disculus  (Schumann) 

Cleve

1 1

Cocconeis neodiminuta 

Krammer

1 1

Cocconeis neothumensis 

Krammer

1 1 21 4 27 12 7 5 7 2 10 7 2 4 4 5 4 4

Cocconeis pediculus  Ehrenberg 2 1 2 2 2 1 4 2 2 5 1

Cocconeis placentula 

(Ehrenberg) Grunow

29 35 36 43 38 32 32 35 25 29 20 25 27 28 44 42 27 14 12 11 14

Cocconeis  sp. (?)

Cyclostephanos  sp. (?) 1

Cyclotella bodanica  var. 

lemanica  (Müller ex Schroter) 

Bachmann

Cyclotella meneghiniana 

Kützing

1

Cyclotella ocellata  Pantocsek 2 1 1 2 1

Cyclotella  sp. (?) 1

Cymatopleura solea  (Brébisson) 

Smith

2 2

Cymbella affinis  Kützing 3 4 2 1 1 1 3 1 1 1 3 2 2 4 4 4 4

Cymbella caespitosa  (Kützing) 

Brun

1 5 3 1 4 4 4 4 5 6 2 7 5 4 3 2 1

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 73



Appendix E: Diatom Counts

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Aulacoseira  cf. ambigua 

(Grunow) Simonsen

Aulacoseira crassipunctata 

(Krammer)

Aulacoseira granulata 

(Ehrenberg) Simonsen

Aulacoseira  cf. islandica 

(Müller) Simonsen

Aulacoseira italica  (Ehrenberg) 

Simonsen

Aulacoseira  cf. subarctica 

(Müller) Hayworth

Aulacoseira  sp. (?) valve

Aulacoseira  sp. (?) girdle

Brachysira  cf. zellensis 

(Grunow) Round & Mann

Caloneis bacillum  (Grunow) 

Cleve

Caloneis silicula  (Ehrenberg) 

Cleve

Cocconeis disculus  (Schumann) 

Cleve

Cocconeis neodiminuta 

Krammer

Cocconeis neothumensis 

Krammer

Cocconeis pediculus  Ehrenberg

Cocconeis placentula 

(Ehrenberg) Grunow

Cocconeis  sp. (?)

Cyclostephanos  sp. (?)

Cyclotella bodanica  var. 

lemanica  (Müller ex Schroter) 

Bachmann

Cyclotella meneghiniana 

Kützing

Cyclotella ocellata  Pantocsek

Cyclotella  sp. (?)

Cymatopleura solea  (Brébisson) 

Smith

Cymbella affinis  Kützing

Cymbella caespitosa  (Kützing) 

Brun

21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

Midpoint depth (cm)

2 1

1

2 1

1 1

1

1

1 1 1 1 1

4 1 1 1 3 1

1

1

1 1 1 1

5 6 3 5 3 1 3 4 4 12 9 5 8 3 3

3

18 3 2 4 1 3 3 4 3 1 10 2 2

1

1 1 1

1

1 1

1

2

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 74
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0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

Cymbella cistula (Ehrenberg) 

Kirchner

1 2

Cymbella cymbiformis  Agardh 1

Cymbella cf. gracilis 

(Ehrenberg) Kützing

1

Cymbella helvetica  Kützing 2 1

Cymbella minuta  Hilse 1 2

Cymbella perpusilla  Cleve-Euler Encyonema perpusilla 

(Cleve-Euler) Mann

Cymbella proxima  Reimer 2 1 1

Cymbella reichardtii Krammer Encyonema reichardtii 

(Krammer) Mann

1

Cymbella silesiaca  Bleisch Encyonema silesiacum 

(Bleisch) Mann

1 2 4 3 2 1 1 2 3 2 3 1 3 1 1

Cymbella sinuata  Gregory Reimera sinuata  (Gregory) 

Kociolek & Stoermer

1

Cymbella  sp. (?) 1 2 1 2 2 2

Cymbellonitzschia diluviana 

Hustedt

2 1 1 3 1 2 1

Denticula elegans  Kützing

Denticula tenuis  Kützing

Denticula  sp. (?) girdle 2

Diatoma ehrenbergii  Kützing 4 6 5 5 2 2 3 2 2 8 3

Diatoma tenue var. elongatum 

Lyngbye

Diatoma elongata 

(Lyngbye) Agardgh

4 2 3 1 1 2

Diatoma vulgaris  Bory 5 1 2 2 3 1 3

Diploneis oculata  (Brébisson) 

Cleve

1

Epithemia adnata  (Kützing) 

Brébisson

1 1 1 2 1

Epithemia hyndmanii  Smith

Epithemia  sp. (?)

Eunotia diodon  Ehrenberg

Eunotia intermedia  (Krasske ex 

Hustedt) Nörpel & Lange-

Bertalot

Eunotia  sp. (?) 2

Fragilaria  cf. bicapitata  Mayer Fragilariforma bicapitata 

(Mayer) Williams & Round

2

Fragilaria brevistriata  Grunow Pseudostaurosira 

brevistriata  (Grunow) 

Williams & Round

25 41 34 19 17 23 71 17 27 1 45 24 22 28 18 15 35 7 25 27 10

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 75
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Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Cymbella cistula (Ehrenberg) 

Kirchner

Cymbella cymbiformis  Agardh

Cymbella cf. gracilis 

(Ehrenberg) Kützing

Cymbella helvetica  Kützing

Cymbella minuta  Hilse

Cymbella perpusilla  Cleve-Euler Encyonema perpusilla 

(Cleve-Euler) Mann

Cymbella proxima  Reimer

Cymbella reichardtii Krammer Encyonema reichardtii 

(Krammer) Mann

Cymbella silesiaca  Bleisch Encyonema silesiacum 

(Bleisch) Mann

Cymbella sinuata  Gregory Reimera sinuata  (Gregory) 

Kociolek & Stoermer

Cymbella  sp. (?)

Cymbellonitzschia diluviana 

Hustedt

Denticula elegans  Kützing

Denticula tenuis  Kützing

Denticula  sp. (?) girdle

Diatoma ehrenbergii  Kützing

Diatoma tenue var. elongatum 

Lyngbye

Diatoma elongata 

(Lyngbye) Agardgh

Diatoma vulgaris  Bory

Diploneis oculata  (Brébisson) 

Cleve

Epithemia adnata  (Kützing) 

Brébisson

Epithemia hyndmanii  Smith

Epithemia  sp. (?)

Eunotia diodon  Ehrenberg

Eunotia intermedia  (Krasske ex 

Hustedt) Nörpel & Lange-

Bertalot

Eunotia  sp. (?)

Fragilaria  cf. bicapitata  Mayer Fragilariforma bicapitata 

(Mayer) Williams & Round

Fragilaria brevistriata  Grunow Pseudostaurosira 

brevistriata  (Grunow) 

Williams & Round

21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

Midpoint depth (cm)

1 3 1

2

1 2

2 2 2

1 1 1

1 1

1 1

1

1 1 1

1

1 1 1

1

1

1 1 1

34 6 4 5 13 5 15 10 13 21 33 13 23 13 13 19 14

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 76
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0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

Fragilaria brevistriata  var. #1 

SLR Reavie & Smol

1

Fragilaria capucina 

Desmazières

39 43 50 23 29 11 9 8 5 10 15 10 17 12 11 29 12 24 18 4

Fragilaria capucina var. 

mesolepta

1 9 11 2 3 5 2 1 7

Fragilaria construens 

(Ehrenberg) Grunow

5 1 12 2 2 1 18 18 6 2 10 7 10 1 3 4

Fragilaria construens  f. venter 

(Ehrenberg) Hustedt

Staurosira venter 

(Ehrenberg) Cleve & Möller

3 42 6 14 26 17 8 8 4 6 6

Fragilaria construens  f. binodis 

(Ehrenberg) Hustedt

Staurosira binodis 

(Ehrenberg) Lange-Bertalot

35 2 9 15 9 3

Fragilaria exigua  Grunow Fragilariforma exigua 

(Grunow) Kelly

1

Fragilaria famelica  (Kützing) 

Lange-Bertalot

Fragilaria fasciculata (Agardh) 

Lange-Bertalot

Tabularia fasciculata 

(Agardh) Williams & Round

1 1

Fragilaria leptostauron 

(Ehrenberg) Hustedt

Staurosirella leptostauron 

(Ehrenberg) Williams & 

Round

2 2 2 5

Fragilaria parasitica  (Smith) 

Grunow

Pseudostaurosira parasitica 

(Smith) Morales

3

Fragilaria parasitica var. 

subconstricta  Grunow

Pseudostaurosira parasitica 

var. subconstricta  (Grunow) 

Morales

2

Fragilaria pinnata  Ehrenberg Staurosirella pinnata 

(Ehrenberg) Williams & 

Round

33 33 24 52 40 70 32 25 74 49 84 31 45 22 29 43 30 38 16 14 23

Fragilaria robusta  (Fusey) 

Manguin

Staurosira robusta  (Fusey) 

Lange-Bertalot

1 4 3 1 2 9

Fragilaria tenera  (Smith) Lange-

Bertalot

1

Fragilaria ulna (Nitzsch) Lange-

Bertalot

Ullnaria ulna  (Nitzsch) 

Compère

1

Fragilaria  sp. (?)

Fragilaria  sp. unknown girdle† 56 39 51 83 67 30 98 46 39 50 36 72 43 48 106 56 103 18 14 22 30

Gomphoneis herculeana 

(Ehrenberg) Cleve

2 1 2 2 2

Gomphonema affine  Kützing 2

Gomphonema amoenum  Lange-

Bertalot

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 77
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Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Fragilaria brevistriata  var. #1 

SLR Reavie & Smol

Fragilaria capucina 

Desmazières

Fragilaria capucina var. 

mesolepta

Fragilaria construens 

(Ehrenberg) Grunow

Fragilaria construens  f. venter 

(Ehrenberg) Hustedt

Staurosira venter 

(Ehrenberg) Cleve & Möller

Fragilaria construens  f. binodis 

(Ehrenberg) Hustedt

Staurosira binodis 

(Ehrenberg) Lange-Bertalot

Fragilaria exigua  Grunow Fragilariforma exigua 

(Grunow) Kelly

Fragilaria famelica  (Kützing) 

Lange-Bertalot

Fragilaria fasciculata (Agardh) 

Lange-Bertalot

Tabularia fasciculata 

(Agardh) Williams & Round

Fragilaria leptostauron 

(Ehrenberg) Hustedt

Staurosirella leptostauron 

(Ehrenberg) Williams & 

Round

Fragilaria parasitica  (Smith) 

Grunow

Pseudostaurosira parasitica 

(Smith) Morales

Fragilaria parasitica var. 

subconstricta  Grunow

Pseudostaurosira parasitica 

var. subconstricta  (Grunow) 

Morales

Fragilaria pinnata  Ehrenberg Staurosirella pinnata 

(Ehrenberg) Williams & 

Round

Fragilaria robusta  (Fusey) 

Manguin

Staurosira robusta  (Fusey) 

Lange-Bertalot

Fragilaria tenera  (Smith) Lange-

Bertalot

Fragilaria ulna (Nitzsch) Lange-

Bertalot

Ullnaria ulna  (Nitzsch) 

Compère

Fragilaria  sp. (?)

Fragilaria  sp. unknown girdle†

Gomphoneis herculeana 

(Ehrenberg) Cleve

Gomphonema affine  Kützing

Gomphonema amoenum  Lange-

Bertalot

21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

Midpoint depth (cm)

8 10 9 1 1 3 2 1

1

7 1 8 7 2 7 2 13 11 9 8 18 10 2

9 2 4 1 4 6 13 7 5 25 11 18 1

2 1 7

1 1 5 2 4

1

1

1 2 1 1 3 2 2

17 12 21 9 11 16 13 19 20 22 19 33 36 23 17 35

1

1 1 1

24 4 11 4 13 10 11 3 31 8 14 26 2 8 18

2

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 78
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0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

Gomphonema angustatum 

Kützing

1 2 1 1 2

Gomphonema gracile 

Ehrenberg

1

Gomphonema minutum 

(Agardh) Agardh

1 1 1 1 1 3 2 1 1 2

Gomphonema olivaceum 

(Hornemann) Brébisson

1 2

Gomphonema parvulum 

(Kützing) Kützing

1 2

Gomphonema pumilum 

(Grunow) Reichardt & Lange-

Bertalot

1 3 1

Gomphonema  sp. (?) 3 4 4 2 2 3 2 4 6 6 2 1

Gyrosigma acuminatum 

(Kützing) Rabenhorst

4 1 1 2 3 1 3

Gyrosigma attenuatum 

(Kützing) Rabenhorst

1 3 1 1 1

Gyrosigma strigilis  (Smith) 

Griffin & Henfrey

2 2 1 1 3

Gyrosigma sp. (?) 1 1 3

Mastogloia smithii (Thwaites ex 

Smith)

Mastogloia  sp. (?) 2

Melosira  sp. (?) 2

Meridion circulare (Greville) 

Agardh

3 1 1

Navicula capitata  (Ehrenberg) 

Ross

Hippodonta capitata 

(Ehrenberg) Lange-Bertalot, 

Metzeltin, & Witkowski

1 1

Navicula capitata  var. 

hungarica  (Grunow) Ross

Hippodonta hungarica 

(Grunow) Lange-Bertalot, 

Metzeltin, & Witkowski

Navicula capitatoradiata 

Germain

1 2

Navicula cari  Ehrenberg 1 1

Navicula clementis  Grunow Placoneis clementis 

(Grunow) Cox

1 2 1 1 1

Navicula cocconeiformis 

Gregory ex Greville

Cavinula cocconeiformis 

(Gregory ex Greville) Mann 

& Stickle

1

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 79
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Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Gomphonema angustatum 

Kützing

Gomphonema gracile 

Ehrenberg

Gomphonema minutum 

(Agardh) Agardh

Gomphonema olivaceum 

(Hornemann) Brébisson

Gomphonema parvulum 

(Kützing) Kützing

Gomphonema pumilum 

(Grunow) Reichardt & Lange-

Bertalot

Gomphonema  sp. (?)

Gyrosigma acuminatum 

(Kützing) Rabenhorst

Gyrosigma attenuatum 

(Kützing) Rabenhorst

Gyrosigma strigilis  (Smith) 

Griffin & Henfrey

Gyrosigma sp. (?)

Mastogloia smithii (Thwaites ex 

Smith)

Mastogloia  sp. (?)

Melosira  sp. (?)

Meridion circulare (Greville) 

Agardh

Navicula capitata  (Ehrenberg) 

Ross

Hippodonta capitata 

(Ehrenberg) Lange-Bertalot, 

Metzeltin, & Witkowski

Navicula capitata  var. 

hungarica  (Grunow) Ross

Hippodonta hungarica 

(Grunow) Lange-Bertalot, 

Metzeltin, & Witkowski

Navicula capitatoradiata 

Germain

Navicula cari  Ehrenberg

Navicula clementis  Grunow Placoneis clementis 

(Grunow) Cox

Navicula cocconeiformis 

Gregory ex Greville

Cavinula cocconeiformis 

(Gregory ex Greville) Mann 

& Stickle

21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

Midpoint depth (cm)

1 2 1 1 2

2

2 1

2

4 2 6 6

2 2 1 2 1 1 3 2 1 2

1 1 2 1 1 2 3 1 2 4 1 2

1 1 1 1

1 1

1 1 2 2 3

1

2

1 2 4 1 1

1 2

1

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 80
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0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

Navicula  cf. costulata  Grunow Hippodonta costulata 

(Grunow) Lange-Bertalot, 

Metzeltin, & Witkowski

1

Navicula cuspidata  (Kützing) 

Kützing

Craticula cuspidata 

(Kützing) Mann

Navicula cryptocephala  Kützing 2 2 1

Navicula cryptotenella  Lange-

Bertalot

11 3 13 6 12 6 11 5 10 2 5 10 9 11 9 2 5 2 2 5

Navicula cryptotenelloides 

Lange-Bertalot

3 4 5 7 3 3 6 8 3 5 8 5 6 2 8 2 11 3 2 2

Navicula decussis  Østrup Navigeia decussis  (Østrup) 

Bukhtiyarova

4 1 1 1 3 3 4 2 1 1 2 1 3

Navicula  cf. diluviana  Krasske Cymbellafalsa diluviana 

(Krasske) Lange-Bertalot & 

Metzeltin

1

Navicula  cf. elginensis 

(Gregory) Ralfs

Placoneis elginensis 

(Gregory) Cox

Navicula  cf. gregaria  Donkin 2 2

Navicula halophila  (Grunow) 

Cleve

Craticula halophila 

(Grunow) Mann

5 6 1 4 6 1 7 3 2 5 5 5 8 5 3 6 2 1 3 2

Navicula jaernefeltii  Hustedt Cavinula jaenefeltii 

(Hustedt) Mann & Stickle

2

Navicula cf. jentzschii  Grunow

Navicula lanceolata  Ehrenberg 8 6 7 20 3 5 6 6 1 4 1 3 4 6 2 2 2

Navicula margalithii Lange-

Bertalot

2

Navicula minima  Grunow 2 2 3 4 2 8 1 6 4 6 2 5 1 6 3

Navicula cf. modica  Hustedt Navigeia modica  (Hustedt) 

Bukhtiyarova

2 3

Navicula phyllepta  Kützing 1

Navicula plausibilis  Hustedt Luticola plausibilis  (Hustedt 

ex  Simonsen) Mann

Navicula  cf. protracta 

(Grunow) Cleve

1 2 1

Navicula pseudanglica  Lange-

Bertalot

Placoneis pseudanglica  Cox 3

Navicula pseudoscutiformis 

Hustedt

Cavinula pseudoscutiformis 

(Hustedt) Mann & Stickle

Navicula pseudotuscula  Hustedt Aneumastus stroesei 

(Østrup) Mann

1 1

Navicula  cf. pupula  Kützing Sellaphora pupula  (Kützing) 

Mereschkovsky

2 1

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 81
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Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Navicula  cf. costulata  Grunow Hippodonta costulata 

(Grunow) Lange-Bertalot, 

Metzeltin, & Witkowski

Navicula cuspidata  (Kützing) 

Kützing

Craticula cuspidata 

(Kützing) Mann

Navicula cryptocephala  Kützing

Navicula cryptotenella  Lange-

Bertalot

Navicula cryptotenelloides 

Lange-Bertalot

Navicula decussis  Østrup Navigeia decussis  (Østrup) 

Bukhtiyarova

Navicula  cf. diluviana  Krasske Cymbellafalsa diluviana 

(Krasske) Lange-Bertalot & 

Metzeltin

Navicula  cf. elginensis 

(Gregory) Ralfs

Placoneis elginensis 

(Gregory) Cox

Navicula  cf. gregaria  Donkin

Navicula halophila  (Grunow) 

Cleve

Craticula halophila 

(Grunow) Mann

Navicula jaernefeltii  Hustedt Cavinula jaenefeltii 

(Hustedt) Mann & Stickle

Navicula cf. jentzschii  Grunow

Navicula lanceolata  Ehrenberg

Navicula margalithii Lange-

Bertalot

Navicula minima  Grunow

Navicula cf. modica  Hustedt Navigeia modica  (Hustedt) 

Bukhtiyarova

Navicula phyllepta  Kützing

Navicula plausibilis  Hustedt Luticola plausibilis  (Hustedt 

ex  Simonsen) Mann

Navicula  cf. protracta 

(Grunow) Cleve

Navicula pseudanglica  Lange-

Bertalot

Placoneis pseudanglica  Cox

Navicula pseudoscutiformis 

Hustedt

Cavinula pseudoscutiformis 

(Hustedt) Mann & Stickle

Navicula pseudotuscula  Hustedt Aneumastus stroesei 

(Østrup) Mann

Navicula  cf. pupula  Kützing Sellaphora pupula  (Kützing) 

Mereschkovsky

21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

Midpoint depth (cm)

1

4 2

1 1

2 1

2

1 2 1

3 3

2

2 1 2

4 2 2 2 2 1 2 1 7 3 6 6 5 6 7

1

1

1 1 1

2 1

1 1 1

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 82
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0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

Navicula cf. rotunda Hustedt Sellaphora rotunda 

(Hustedt) Wetzel, Ector, 

Van de Vijver, Compère, & 

Mann

3 4

Navicula schadei  Krasske Sellaphora schadei 

(Krasske) Wetzel, Ector, Van 

de Vijver, Compère, & 

MannNavicula schoenfeldii  Hustedt Geissleria schoenfeldii 

(Hustedt) Lange-Bertalot & 

Metzeltin

1

Navicula scutelloides  Smith 1 1 1 4 1 1 1

Navicula seminulum  Grunow Sellaphora seminulum 

(Grunow) Mann

2 1 1 2 2 1

Navicula  sp. 2 SLR Reavie & 

Smol

13 7 14 12 12 7 8 7 11 6 8 14 12 4 12 3 8 4

Navicula subminuscula 

Manguin

Craticula subminuscula 

(Manguin) Wetzel & Ector

2 5 7 4 1 5 3 6 1 5 1 1 1 3

Navicula submuralis Hustedt Sellaphora submuralis 

(Hustedt) Wetzel, Ector, 

Van de Vijver, Compère, & 

11 9 8 8 5 5 3 13 5 9 8 19 7 12 21 17 5 4 3 12

Navicula  cf. subplacentula 

Hustedt

Navicula subrotundata  Hustedt Sellaphora subrotundata 

(Hustedt) Wetzel, Ector, 

Van de Vijver, Compère, & 

1 2 2 2 1 2 3 1 2 1

Navicula  sp. (?) 3 4 4 2 2 3 5 5 2 1 1 12 1 2 1

Neidium ampliatum  Ehrenberg 

(Krammer)

1

Neidium binodis  (Ehrenberg) 

Hustedt

1

Neidium dubium  (Ehrenberg) 

Cleve

1 1

Neidium iridis (Ehrenberg) 

Cleve

Nitzschia amphibia  Grunow 4

Nitzschia angustata  (Smith) 

Grunow

Tryblionella angustata 

Smith

2 2 2

Nitzschia  cf. bacillum  Hustedt 2

Nitzschia capitellata  Hustedt 2 1

Nitzschia dissipata  (Kützing) 

Rabenhorst

2 3 8 3 3 2 1 2 1 3 2

Nitzschia fonticola  Grunow 18 12 2 2 3 1 1 4 2 10 2 4 1 7 4 2 2

Nitzschia frustulum  (Kützing) 

Grunow

4 9 4 2 5 1 4 2 2 4 4

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 83
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Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Navicula cf. rotunda Hustedt Sellaphora rotunda 

(Hustedt) Wetzel, Ector, 

Van de Vijver, Compère, & 

MannNavicula schadei  Krasske Sellaphora schadei 

(Krasske) Wetzel, Ector, Van 

de Vijver, Compère, & 

MannNavicula schoenfeldii  Hustedt Geissleria schoenfeldii 

(Hustedt) Lange-Bertalot & 

Metzeltin

Navicula scutelloides  Smith

Navicula seminulum  Grunow Sellaphora seminulum 

(Grunow) Mann

Navicula  sp. 2 SLR Reavie & 

Smol

Navicula subminuscula 

Manguin

Craticula subminuscula 

(Manguin) Wetzel & Ector

Navicula submuralis Hustedt Sellaphora submuralis 

(Hustedt) Wetzel, Ector, 

Van de Vijver, Compère, & 

Navicula  cf. subplacentula 

Hustedt

Navicula subrotundata  Hustedt Sellaphora subrotundata 

(Hustedt) Wetzel, Ector, 

Van de Vijver, Compère, & 

Navicula  sp. (?)

Neidium ampliatum  Ehrenberg 

(Krammer)

Neidium binodis  (Ehrenberg) 

Hustedt

Neidium dubium  (Ehrenberg) 

Cleve

Neidium iridis (Ehrenberg) 

Cleve

Nitzschia amphibia  Grunow

Nitzschia angustata  (Smith) 

Grunow

Tryblionella angustata 

Smith

Nitzschia  cf. bacillum  Hustedt

Nitzschia capitellata  Hustedt

Nitzschia dissipata  (Kützing) 

Rabenhorst

Nitzschia fonticola  Grunow

Nitzschia frustulum  (Kützing) 

Grunow

21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

Midpoint depth (cm)

2 1

1

1

2 2 2 1 2 1 2 1 1 2 8 2

1 2 2 1 1 1 2

4 1

1 2 1 5 2 1 3 5 3 1 3 1 7

9 2 8 3 7 3 8 7 9 11 13 10 6 14 5 8 14

2

1 2 1 1 4 2 6 1

1 2 5 1 1

2

1

7 2

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 84



Appendix E: Diatom Counts

0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

Nitzschia heufleriana  Grunow 1 1 1

Nitzschia linearis  Smith 1 1 2 2

Nitzschia palea  (Kützing) Smith 2 2 2

Nitzschia pumila  Hustedt 2

Nitzschia pura  Hustedt 1

Nitzschia recta  Hantzsch ex 

Rabenhorst

1 2 1 1 1 1 1 2

Nitzschia scalaris  (Ehrenberg) 

Smith

Tryblionella scalaris 

(Ehrenberg) Silver & 

Hamilton

Nitzschia sigmoidea (Nitzsch) 

Smith

2 1

Nitzschia  sp. (?) 5 10 2 14 9 10 2 1 4 1 2 5 2 2

Ophephora  cf. pacifica 

(Grunow) Petit

6 4 10 3 2 3 3 4 5 5 5

Orthoseira  sp. (?) 1

Pinnularia borealis  Ehrenberg

Pinnularia maior (Kützing) 

Rabenhorst

2

Pinnularia stomatophora 

(Grunow) Cleve

Pinnularia  sp. (?) 1 1

Rhoicosphenia abbreviata 

(Agardh) Lange-Bertalot

3 2 1 2

Rhopalodia gibba  (Ehrenberg) 

Müller

Stauroneis anceps  Ehrenberg

Stauroneis  cf. tackei (Hustedt) 

Krammer & Lange-Bertalot

1

Stephanodiscus alpinus Hustedt 1

Stephanodiscus  cf. binderanus 

(Kützing) Krieger

Stephanodiscus  cf. medius 

Håkansson

1

Stephanodiscus  cf. niagarae 

Ehrenberg

Stephanodiscus  sp. (?) 1 1 1

Surirella minuta Brébisson ex 

Kützing

Surirella sp. (?) 1

Tabellaria flocculosa  (Roth) 

Kützing

1

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 85
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Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Nitzschia heufleriana  Grunow

Nitzschia linearis  Smith

Nitzschia palea  (Kützing) Smith

Nitzschia pumila  Hustedt

Nitzschia pura  Hustedt

Nitzschia recta  Hantzsch ex 

Rabenhorst

Nitzschia scalaris  (Ehrenberg) 

Smith

Tryblionella scalaris 

(Ehrenberg) Silver & 

Hamilton

Nitzschia sigmoidea (Nitzsch) 

Smith

Nitzschia  sp. (?)

Ophephora  cf. pacifica 

(Grunow) Petit

Orthoseira  sp. (?)

Pinnularia borealis  Ehrenberg

Pinnularia maior (Kützing) 

Rabenhorst

Pinnularia stomatophora 

(Grunow) Cleve

Pinnularia  sp. (?)

Rhoicosphenia abbreviata 

(Agardh) Lange-Bertalot

Rhopalodia gibba  (Ehrenberg) 

Müller

Stauroneis anceps  Ehrenberg

Stauroneis  cf. tackei (Hustedt) 

Krammer & Lange-Bertalot

Stephanodiscus alpinus Hustedt

Stephanodiscus  cf. binderanus 

(Kützing) Krieger

Stephanodiscus  cf. medius 

Håkansson

Stephanodiscus  cf. niagarae 

Ehrenberg

Stephanodiscus  sp. (?)

Surirella minuta Brébisson ex 

Kützing

Surirella sp. (?)

Tabellaria flocculosa  (Roth) 

Kützing

21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

Midpoint depth (cm)

1

1

2 1

2 1 5 3

1

1

2

2

1

2

1 2 1 3 2 2 1 2

1 2

1 1 3 1

1

1

1

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 86



Appendix E: Diatom Counts

0.75 1.75 2.75 3.75 4.75 5.75 6.75 7.75 8.75 9.75 10.75 11.75 12.75 13.75 14.75 15.75 16.75 17.75 18.75 19.75 20.75

Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Midpoint depth (cm)Midpoint depth (cm)

Unknown pennates 23 54 24 39 38 43 27 37 17 23 37 28 38 36 26 39 31 17 21 17 24

Unknown centrics 1 3 1 1 9 1 1 2 1 2 2

Total diatoms 478 514 611 607 556 416 536 444 520 385 483 473 481 410 516 506 494 186 212 200 213

Microspheres 86 90 114 128 111 97 178 204 189 207 95 136 145 197 130 495 529 983 302 595 583

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 87
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Taxon (as per Krammer & Lange-

Bertalot, 1991a, 1991b, 1988, 

1986; Reavie & Smol, 1998)

Updated species name (if 

applicable)

Unknown pennates

Unknown centrics

Total diatoms

Microspheres

21.75 22.75 23.75 24.75 25.75 26.75 27.75 28.75 29.75 30.75 31.75 32.75 33.75 34.75 35.75 36.75 37.75

Midpoint depth (cm)

27 12 23 11 8 17 22 14 28 16 28 25 34 32 19 12 23

2 4 1 1 4 3 2 2 5 1 10 5 6 3

249 102 139 78 82 79 135 104 160 163 220 200 276 245 202 169 218

726 438 601 649 490 836 574 389 457 593 411 402 480 887 487 386 518

* Aulacoseira distans  and A. alpigena  could not be reliably distinguished and thus were combined

† See Appendix F 88
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Appendix F: Fragilaria 

Different varieties of Fragilaria species (reported in Appendix E) were combined into 

species complexes for the purposes of reporting relative abundances in the current thesis (Figure 

2.4). 

When identifying and enumerating diatom valves, there were frequently occurrences of 

Fragilaria in girdle view that could not be identified to species-level taxonomy. These valves 

were divided into the most abundant Fragilaria species that could not be consistently identified 

in girdle view, based on relative proportions in each interval. The most commonly occurring 

Fragilaria species were F. brevistriata, F. capucina, F. construens, and F. pinnata. However, F. 

capucina and F. construens could be reliably identified in girdle view; unknown Fragilaria 

valves in girdle view were assigned to one of F. brevistriata, F. construens f. venter, or F. 

pinnata. The sum of the counts of these three species was determined for each interval, then the 

relative proportion for each species was calculated, e.g.: 

𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝐹.  𝑝𝑖𝑛𝑛𝑎𝑡𝑎 =  
𝑐𝑜𝑢𝑛𝑡𝐹.  𝑝𝑖𝑛𝑛𝑎𝑡𝑎

∑(𝑐𝑜𝑢𝑛𝑡𝐹.  𝑝𝑖𝑛𝑛𝑎𝑡𝑎, 𝑐𝑜𝑢𝑛𝑡𝐹.  𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑒𝑛𝑠 𝑓.𝑣𝑒𝑛𝑡𝑒𝑟, 𝑐𝑜𝑢𝑛𝑡𝐹.  𝑏𝑟𝑒𝑣𝑖𝑠𝑡𝑟𝑖𝑎𝑡𝑎)

In a given interval, the relative proportion of each of the three Fragilaria species was 

multiplied by the number of unknown Fragilaria valves in girdle view, then added to the count 

for each species. 



Appendix F: Fragilaria

Original 

count
Proportion

Proportion 

* unknown 

count

New 

count

Original 

count
Proportion

Proportion 

* unknown 

count

New 

count

Original 

count
Proportion

Proportion 

* unknown 

count

New 

count

0.75 56 25 0.41 22.95 48 3 0.05 2.75 6 33 0.54 30.30 63

1.75 39 41 0.55 21.61 63 0.00 0.00 0 33 0.45 17.39 50

2.75 51 34 0.34 17.34 51 42 0.42 21.42 63 24 0.24 12.24 36

3.75 83 19 0.27 22.21 41 0.00 0.00 0 52 0.73 60.79 113

4.75 67 17 0.27 18.08 35 6 0.10 6.38 12 40 0.63 42.54 83

5.75 30 23 0.25 7.42 30 0.00 0.00 0 70 0.75 22.58 93

6.75 98 71 0.61 59.47 130 14 0.12 11.73 26 32 0.27 26.80 59

7.75 46 17 0.40 18.62 36 0.00 0.00 0 25 0.60 27.38 52

8.75 39 27 0.21 8.29 35 26 0.20 7.98 34 74 0.58 22.72 97

9.75 50 1 0.02 1.00 2 0.00 0.00 0 49 0.98 49.00 98

10.75 36 46 0.35 12.74 59 0.00 0.00 0 84 0.65 23.26 107

11.75 72 24 0.33 24.00 48 17 0.24 17.00 34 31 0.43 31.00 62

12.75 43 22 0.33 14.12 36 0.00 0.00 0 45 0.67 28.88 74

13.75 48 28 0.48 23.17 51 8 0.14 6.62 15 22 0.38 18.21 40

14.75 106 18 0.38 40.60 59 0.00 0.00 0 29 0.62 65.40 94

15.75 56 15 0.23 12.73 28 8 0.12 6.79 15 43 0.65 36.48 79

16.75 103 35 0.54 55.46 90 0.00 0.00 0 30 0.46 47.54 78

17.75 18 7 0.14 2.57 10 4 0.08 1.47 5 38 0.78 13.96 52

18.75 14 25 0.61 8.54 34 0.00 0.00 0 16 0.39 5.46 21

19.75 22 27 0.57 12.64 40 6 0.13 2.81 9 14 0.30 6.55 21

20.75 30 10 0.26 7.69 18 6 0.15 4.62 11 23 0.59 17.69 41

21.75 24 34 0.57 13.60 48 9 0.15 3.60 13 17 0.28 6.80 24

22.75 4 6 0.33 1.33 7 0.00 0.00 0 12 0.67 2.67 15

23.75 11 4 0.15 1.63 6 2 0.07 0.81 3 21 0.78 8.56 30

24.75 5 0.28 0.00 5 4 0.22 0.00 4 9 0.50 0.00 9

25.75 4 13 0.52 2.08 15 1 0.04 0.16 1 11 0.44 1.76 13

26.75 5 0.20 0.00 5 4 0.16 0.00 4 16 0.64 0.00 16

27.75 13 15 0.44 5.74 21 6 0.18 2.29 8 13 0.38 4.97 18

28.75 10 10 0.34 3.45 13 0.00 0.00 0 19 0.66 6.55 26

29.75 11 13 0.28 3.11 16 13 0.28 3.11 16 20 0.43 4.78 25

30.75 3 21 0.42 1.26 22 7 0.14 0.42 7 22 0.44 1.32 23

31.75 31 33 0.58 17.95 51 5 0.09 2.72 8 19 0.33 10.33 29

32.75 8 13 0.34 2.74 16 25 0.66 5.26 30 0 0.00 0.00 0

33.75 14 23 0.34 4.81 28 11 0.16 2.30 13 33 0.49 6.90 40

34.75 26 13 0.27 6.90 20 0.00 0.00 0 36 0.73 19.10 55

35.75 2 13 0.24 0.48 13 18 0.33 0.67 19 23 0.43 0.85 24

36.75 8 19 0.51 4.11 23 1 0.03 0.22 1 17 0.46 3.68 21

37.75 18 14 0.29 5.14 19 0.00 0.00 0 35 0.71 12.86 48

Fragilaria brevistriata Fragilaria pinnataFragilaria construens f. venter

Unknown 

Fragilaria 

count

Midpoint 

depth 

(cm)
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