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Abstract 

Algonquin Provincial Park (APP), located in south-central Ontario, spans an area of 

7,635 km2 and is a destination for over 800,000 visitors a year. These visitors include cottage 

owners, as cottages have been leased in APP since the early 1900s. In October 2017, policy 

makers at the Ontario Ministry of Resources and Forestry (MNRF) announced the renewal of 

cottage leases until December 2038, following a review process that included public consultation. 

However, the impacts of these cottages and other current and historic anthropogenic stressors on 

lake ecosystems are not yet well understood. To address this knowledge gap, paleolimnological 

methods were used to assess whether anthropogenic stressors have affected APP lakes over the 

past ~200 years. Using diatom assemblage composition, alongside spectrally-inferred chlorophyll 

a and lake-water total organic carbon (TOC) concentrations from 210Pb-dated sediment cores 

collected from five lakes, we determined pre-industrial (baseline) conditions and examined 

whether historical catchment disturbances (e.g., logging, cottages, commercial establishments), as 

well as regional climate change, have registered a response in the sedimentary records. To help 

distinguish the effect of catchment development from natural variability, comparisons were made 

between three lakes (Cache, Canoe, Smoke) that support cottages and commercial establishments 

and two remote reference lakes (McIntosh, Welcome). Additionally, Cache Lake was included in 

a productivity experiment in which large quantities of fertilizer were added between 1946 and 

1947. In general, diatom assemblage changes were modest in all lakes, except for a clear response 

to the nutrient manipulations in Cache Lake. In all lakes, early 19th century diatom compositional 

changes together with trends in chlorophyll a and TOC appear to be a response to logging in the 

region. Importantly, we found little evidence that cottages have made a discernible impact on 

these lakes.  
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Chapter 1: Introduction and Literature Review 

 Algonquin Provincial Park 

Algonquin Provincial Park (hereafter referred to as “APP”; Figure 1-1), one of Canada’s 

oldest protected areas, spans almost 7,700 km2 in south-central Ontario (Figure 1-2). The Park 

provides habitat to over 1,000 vascular plant species and more than 200 non-migratory vertebrate 

species (OMNR, 1998). Prior to its designation as a park, APP consisted of 18 townships. In 

1893, it was designated a national park, coming under provincial jurisdiction in 1913 as 

Algonquin Provincial Park (OMNR, 1998). APP is bound by Highway 11 to the west, Highway 

62 running north-south along the southern peak, the Trans-Canada Highway to the north 

(Highway 17), and Highway 60 which extends 63 km through the southern portion of the park 

(OMNR, 1998).  

1.1.1 Geology and the formation of the lakes of Algonquin Provincial Park 

Algonquin Provincial Park exhibits various landscape features characteristic of historic 

glacial ice and meltwater interaction (Ford & Geddes, 1986). The deposits left by these 

interactions are imbedded within the resistant, structurally complex bedrock terrain composed of 

Precambrian metamorphic and igneous rock, characteristic of the Canadian Shield (Ford & 

Geddes, 1986). The elevation of APP ranges from 150 m above sea level (asl) in the southeast 

portion to approximately 590 m asl in the centre of the park, creating what is known as the 

Algonquin Dome (Figure 1-3) (Chapman & Putnam, 1984). The Algonquin Dome characterizes 

APP’s hydrology, vegetation, and microclimates (Algonqiun Eco Watch, 2009), and intercepts 

nearly orthogonally with the Frontenac Arch (Figure 1-2).  

The Algonquin Dome currently contains the headwaters of five major secondary 

watershed systems including the Amable du Fond to the north, the Muskoka River to the 

southwest, and the Petawawa, Bonnechere, and the Madawaska rivers draining to the east and 



 

 

2 

south (Guillet, 1969). Eight major river systems drain radially from the Algonquin Dome and 

flow in three main directions: south into Lake Ontario, west into Georgian Bay (Lake Huron), and 

east into the Ottawa River.  

Approximately 15,000 years before present (BP), APP was covered by an ice sheet that 

extended into parts of the northern United States. These ice sheets are commonly known as the 

Laurentide Ice Sheet (LIS), and their movement removed soil and gouged the bedrock surface 

(Guillet, 1969). As the glaciers retreated, meltwater formed lakes at the edge of the ice sheets and 

outlets were dammed by the ice (Ridgway et al., 2017). The largest of the lakes was known as 

Lake Algonquin, of which Lakes Nipissing and Huron (Georgian Bay) are the current remnants 

(Guillet, 1969). Meanwhile, the east arm of APP was flooded by waters from the Atlantic Ocean 

because of the extensive weight of the ice pressing down on the land mass. The later draining of 

Lake Algonquin carried glacially deposited sediment towards the Ottawa Valley, leaving the east 

side of APP with predominantly thick sandy outwash deposits of sediment, while the west side of 

APP was left unconsolidated and largely consisted of the thick gravel (till) that was deposited by 

the glaciers across the entire park (Strickland, 2006). The extensive glacial activity experienced 

within APP has contributed to its complex topographic features, biodiversity, cultural history, 

vital water source availability, and now serves as an important economic and ecological resource 

for the province (Strickland, 2006). 

 Potential impacts of cottage leases on APP lakes 

1.2.1 Cottages lot leasing history 

  Located less than 300 km from Toronto, ON, APP serves as a popular destination for 

over 800,000 tourists each year (OMNR, 1998). Tourists come to experience the beauty of the 

landscape, along with a variety of recreational activities including camping, hiking, canoeing, 

visiting museums, and other day trips. These activities, in combination with the facilities and 
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infrastructure that support them, exert pressures on the ecological values APP was established to 

protect (OMNR, 2013).  

Following the construction of Highway 60 in the 1930s, APP experienced a surge in 

tourism that resulted in the provincial government further increasing the amount of commercially 

available land for leasing (MacKay, 2018). Development of APP land continued, reaching a peak 

of 454 cottage leases by 1954, eventually prompting the formation of the first Ontario Provincial 

Parks Act in 1974. This Act stated that no additional leases were to be issued, and existing leases 

would be phased out over a twenty-one-year period. However, concerns were raised regarding the 

potential of the phase-out approach to disproportionately affect cottage lease holders. Leases were 

subsequently extended until 1986, and then again until 2017. In 2017, a decision was made to 

extend the leases until December 2038, at which point leasing policies will be reassessed 

(OMNR, 2012). Inland lakes in APP currently support a total of 303 cottage lots with 326 

cottages. About 90% of these cottages are on lakes that lie along the Highway 60 corridor.  

1.2.2 Septic tanks and nutrient enrichment 

In nutrient-poor lakes that typify the Canadian Shield, phosphorus has been documented 

as the most common limiting nutrient for algal growth (Schindler, 1974). It is therefore logical to 

investigate potential anthropogenic sources of phosphorus that lay within the catchment of 

cottage lakes. Regarding the catchments of APP, most concern has been directed towards sewage 

disposal systems of the cottages (e.g., septic systems, holding tanks, outhouses). A recent review 

suggested that phosphorus inputs from septic tank effluent may be less of a concern than once 

thought at sites within the Precambrian Shield (Robertson et al., 2019). However, studies 

focusing on septic systems from older homes have shown that, in some cases, phosphorus loading 

from septic tank effluent may increase, particularly in older (> 20-40 years old) or poorly 

maintained systems (Gilliom & Patmont, 1983). MNRF last inspected 243 lot sewage systems 

between 2007 and 2010 and found that fifty-eight lots had greywater discharging to the ground 
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surface, two lots had greywater running directly into the lake, and fifteen lots had outhouses that 

needed to be repaired (OMNR, 2018). Furthermore, 59% of the lots had either a cottage or 

outhouse that was less than 15 m from a water body (OMNR, 2018). Given that most of the 

cottages in APP were built before 1950, it is not unreasonable to suspect that aging septic tanks 

may be a potential source of phosphorus loading. Currently, Ontario Parks’ guidelines require 

septic tanks be inspected every five years and be placed no closer than 15 m from the shoreline, 

as outlined in the Ontario Building Code. This is to prevent pathogens harmful to humans from 

entering the water (Ontario Parks, 2016; OMNR, 2018), but may also reduce phosphorus loading. 

 Other potential stressors on APP lakes 

1.3.1 History of logging in Algonquin Provincial Park 

Algonquin Provincial Park was first logged in 1830, largely for square timber including 

red and white pine, but these activities were restricted to Round Lake (Algonquin Forestry 

Authority, 2020). However, it did not take long for logging to increase dramatically in the park, 

as it quickly became the most profitable use of the land. Over time, concern arose for the well-

being of APP, and in 1884 the United Fruit Growers Association of Ontario pushed for Robert 

Phipps to be appointed as the Clerk of Forestry in Ontario’s Department of Agriculture, who 

would go on to propose APP as a Forest Reserve in 1884 (MacKay, 2018).  

Legislation changed over time, particularly with recognition of APP as a national park in 

1894, and the subsequent shift to Algonquin Provincial Park in 1913. Shortly after the 

establishment of Algonquin National Park, foresters lobbied the Ontario government in 1899 to 

change the legislation that limited them to only cutting pine, despite growing concern for the 

impact on APP. Ultimately, foresters were successful and were granted permission to cut spruce, 

hemlock, black and yellow birch, black ash, and tamarack. By 1910, Park Superintendent George 

Bartlett was receiving complaints from guests at the Highland Inn on Cache Lake that logging 

was occurring next to the establishment. To address this, Bartlett proposed that the Ontario 
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government start buying out lumber limits, such as the Munn and Pembroke Lumber Company 

limits next to the Highland Inn (MacKay, 2018). These efforts were interrupted by World War I, 

after which logging once again became the backbone of the regional economy through the 1920s 

and 1930s. During this time, sawmills were constructed within APP, including one on Canoe 

Lake. In 1939, timber harvesting and development activities returned to Cache Lake and cottagers 

once again raised concerns. World War II further interfered with conservation efforts as it created 

a need for yellow birch. Logging accelerated thereafter as the process became more mechanized 

(MacKay, 2018).  

Currently, there are no timber mills operating within APP’s boundaries. Instead, 

harvested wood is sent to 14 mills located in surrounding communities (Cumming, 2010). The 

Algonquin Park Master Plan was created in 1974 and included the establishment of the 

Algonquin Forestry Authority (AFA). The AFA’s Forest Management Plan (FMP) is updated 

every decade and specifies the amount and type of timber harvesting permitted within APP, 

according to region, and outlined by species composition. Currently, APP includes a 

recreation/utilization zone (65.3% by area) in which logging is permitted and allows three types 

of harvesting: selection systems (~50% of systems seen in APP), uniform shelterwood systems 

(~49% of systems in APP), and clear cutting (< 0.5% of systems in APP) (OMNR, 2013). Most 

cutting relies on selection and uniform shelterwood systems, in which mature or undesirable trees 

are removed individually, or where most mature trees are removed, but allowing some to remain 

to provide a canopy to support the growth of new trees. Once an area has been cut, APP has a 25-

year cutting cycle during which forest regeneration is possible (Cumming, 2010). Logging is not 

allowed in areas of the park that contain cottages.  

As logging has been such an important part of APP’s history, it is worth considering its 

impacts in my paleolimnological study. The clearance and removal of forests within the 

catchments of these lakes can be detrimental. For example, small lakes may experience a 
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deepening of the epilimnion as a result of the increased wind exposure, which may promote 

phytoplankton growth and compositional changes in the summer when the lake is stratified 

(Cantin et al., 2011). More commonly, deforestation within the catchment of lakes can increase 

export of allochthonous materials from the watershed, resulting in short-term changes in pH, 

DOC and trophic status (Räsänen et al., 2007). Additionally, afforestation/reforestation may also 

result in the reduction of allochthonous inputs (Allen & Chapman, 2001). These changes may be 

more gradual, occurring over years to decades. 

1.3.2 Acidification as a stressor 

The lakes of APP have experienced acid deposition similar to other lakes in southern 

Ontario, largely in response to Sudbury smelting and from the long-range transport of acid 

emissions from industrial activities in the American Midwest (Meyer-Jacob et al., 2019). The 

lakes in this study are situated on Precambrian bedrock, and therefore have a low buffering 

capacity due to low mineral weathering rates and shallow soils, meaning the lakes are sensitive to 

acid deposition (Dillon et al., 2007). Therefore, acid rain will have a disproportionate impacts on 

these lakes due to their bedrock composition that may make the lakes susceptible to changes in 

biotic and chemical variables (Garrison & Wakeman, 2000).  

Importantly, stressors within a lake/catchment do not act in isolation and can often interact in 

complex and surprising ways (Keller, 2009). For example, one possible impact related to long-

term acidification is the long-term depletion of calcium in catchment soils and waterbodies. In 

APP, this has led to the localized near extirpation of crayfish in some lakes. Hadley et al. (2015) 

used paleolimnology to examine the long-term environmental history of four small lakes in 

southwestern APP that had shown declines in crayfish abundance since the 1980s. They 

determined that calcium declines, which are strongly influenced by acid deposition, were likely 

responsible for the reduced populations of crayfish (Hadley et al., 2015). Calcium declines in the 

lakes were found to have begun as early as the 1960s resulting from the depletion of calcium 
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from the catchment soils. Despite the recent recovery in pH of some lakes, calcium 

concentrations remain low in many lakes, and continue to decline (Hadley et al., 2015). This 

suggests that the lakes of APP may not be fully recovered from the impacts of acid deposition. 

1.3.3 The formation and maintenance of Highway 60 

Another potential impact to lakes in APP comes from the construction, maintenance and 

use of roadways/ highways. In the early twentieth century, there were few roads in APP and those 

that did exist were used mainly for logging (MacKay, 2018). APP was not very accessible to the 

public until the construction of Highway 60, which began in October of 1933 and was completed 

by late 1936 (MacKay, 2018). The maintenance of the roads currently remains a concern in APP. 

For example, road salt used in the winter months may be delivered onto the ice or into drainage 

ditches that may ultimately be transported into downstream lakes during spring runoff. Chloride 

levels may eventually reach the point where they become toxic to aquatic life within APP lakes. 

Furthermore, lake hypolimnia may release large amounts of stored phosphorus if they become 

anoxic with increased salinization and reduced mixing, potentially leading to more algal blooms 

(Findlay & Kelly, 2011). 

1.3.4 Climate change as a stressor 

Climate change is an important regional stressor that may also be affecting lake 

ecosystems in APP. Regional meteorological data obtained from the Madawaska Climate Station 

(45o30ʹ00.0ʺN, 77o58ʹ48.0ʺW; ~ 30 km east of Cache Lake) indicate an increase in mean annual 

air temperature of 1.04 oC over the past ~100 years (Figure 1-4) (Vincent et al., 2020). The 

impacts of climate change on temperate dimictic lakes have been widely studied and documented 

(Rühland et al., 2015; Woolway et al., 2021). Climate change influences several important 

physical, biological, and chemical properties of freshwater systems (Palmer et al., 2014; Adrian 

et al., 2009; Winder & Sommer, 2012). For example, increasing temperatures can influence the 

depth, duration, and intensity of water column stratification, and can affect the timing and 
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duration of ice-free periods (Palmer et al., 2014; Woolway et al., 2021; Stainsby et al., 2011). 

Ice-free periods influence several lake parameters, including pH and primary production (Yao et 

al., 2013; Cahill et al., 2005). Earlier ice-off periods could lead to phenological changes such as 

longer and stronger periods of lake thermal stratification (Woolway et al., 2020; Woolway et al., 

2021), meaning more mechanical energy (i.e. wind) will be required to mix the lake. 

 The need for paleolimnology  

An understanding of past environmental and limnological conditions (i.e. prior to 

catchment development) is essential to better assess the impacts of multiple stressors on the lakes 

of APP. Ideally, long-term environmental and water quality data could be used to provide a 

regional assessment of environmental changes; however, these monitoring datasets are rare and 

do not exist for most lakes in APP. Furthermore, when monitoring data do exist, they rarely 

extend back to the onset of known environmental stressors (Hall & Smol, 1996; Smol, 2019). 

Paleolimnology is a multi-disciplinary science that uses physical, chemical, and biological 

information preserved in sediment profiles that accumulate over time from allochthonous and 

autochthonous sources (Smol, 2008). Environmental proxies consist of a variety of reliable 

biological indicators (including diatoms) with known ecological optima and have been used to 

reconstruct lake conditions such as pH (Birks et al., 1990), total phosphorus (Hall & Smol, 2010), 

and climate (Rühland et al., 2008; Rühland et al., 2015). 

 Diatoms (Class Bacillariophyceae) are a group of algae whose taxonomically diagnostic 

siliceous cell walls (frustules) are typically well preserved in sediments and are robust indicators 

of environmental change (Smol & Stoermer, 2010). The relative abundances of species follow 

distributions that can be predicted via their ecological preferences to factors such as the length 

and strength of thermal stratification (Rühland et al., 2008; Battarbee et al., 2000), nutrient 

concentrations (Juggins et al., 2013; Smol & Stoermer, 2010), and pH (Bradbury, 1986; Dixit et 

al., 1988), amongst many other variables (Smol and Stoermer, 2010). Diatoms are also ubiquitous 
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in aquatic systems and respond quickly to shifts in environmental stressors due to their short 

lifespans. 

The sediment record can be obtained using multiple types of coring techniques, with 

sediment cores typically taken from the deepest portion of a lake (Smol & Cumming, 2000). 

After retrieving a core, it can be stored in whole, or sectioned into fine (e.g., 0.25 - 0.5 cm) or 

coarser intervals, depending on the resolution the researcher is interested in obtaining (Smol & 

Cumming, 2000). These intervals can then be dated using radiometric techniques to develop a 

chronology for the sediment core (Appleby, 2001). Often in paleolimnology, 210Pb is used for 

radiometric dating as a half-life of ~22 years makes it suitable for dating sediment from the last 

~200 years (Schelske et al., 1994). 

A previous paleolimnological study of APP lakes used diatoms to explore the impacts of 

cottages using a top-bottom (before-after) approach (Rampone, 2018). Top-bottom studies 

compare two discrete points in time, with the top and bottom intervals of a sediment core 

representing current, and pre-industrial (i.e. pre-disturbance) conditions, respectively (Smol, 

2008). The top-bottom approach allows for an examination of a large number of lakes, providing 

a regional assessment of environmental change (Rühland et al., 2003). Rampone (2018) 

concluded that there were no significant differences in diatom assemblage shifts between 

developed and reference lakes. However, slightly higher relative abundances of epipelic diatom 

taxa were observed in modern assemblages, whereas somewhat higher relative abundances of 

epiphytic taxa were noted in pre-industrial assemblages, suggesting there may have been a 

modest impact of shoreline development (Rampone, 2018). 

Top-bottom paleolimnological studies provide a “snapshot” of changes but cannot 

pinpoint the timing of change and do not give any information on continuous long-term trends in 

limnological parameters (Smol, 2008). For more comprehensive assessments, detailed downcore 

analyses are required in which proxy assemblages preserved in contiguous or well-spaced 
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intervals from dated sediment cores are examined from a subset of regionally representative lakes 

(Smol, 2008). The downcore approach is commonly used to assess various limnological 

parameters including cultural disturbances and changes in trophic status (Smol, 2008), pH 

reconstruction (Charles & Smol, 1988), establishing lake-drought indices (Laird et al., 1998), and 

assessing the long-term impacts of climate change on lake ecosystems (Battarbee, 2000), amongst 

many other applications. 

 Selection of Lakes in Algonquin Provincial Park 

The five APP lakes in this study (Figure 1-1) are temperate, dimictic lakes with an 

average maximum depth of 28.5 m (21.9 - 40 m), and surface areas ranging from 254 - 366 ha. 

The lakes are oligotrophic according to CCME guidelines (Table 1-1) (CCME, 2004), based on 

water samples collected in August 2015. Two of the lakes are included as reference systems 

(Welcome and McIntosh lakes) and are located 30 km south and 16 km north of the Highway 60 

corridor, respectively (Figure 1-1). The reference lakes do not have cottages and are generally 

isolated from current or historic anthropogenic stressors (apart from logging). Thus, apart from 

backcountry camping, they are less impacted by recreational and other anthropogenic activities. 

In contrast, the developed study lakes (Cache, Canoe, and Smoke lakes) are situated along the 

Highway 60 corridor, are easily accessible by car, and support cottages and commercial 

establishments (Figure 1-1; Table 1-2). Basic limnological parameters for each study lake are 

given in Table 1-1. 

 Thesis Objectives and Design 

In my thesis, I use downcore diatom assemblage changes in three developed lakes 

(Cache, Canoe, and Smoke lakes) and two reference lakes (McIntosh and Welcome lakes) in APP 

to assess any possible anthropogenic impacts, with a particular focus on the long-term effects of 

cottages on water quality. Additionally, I examined the long-term biological effects of a 

productivity experiment, where large quantities of fertilizer were added to Cache Lake between 
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1946 and 1951. These five lakes were previously included in a 50-lake top-bottom diatom-based 

paleolimnological study by Rampone (2018). Collectively, my research will attempt to answer the 

following questions: 

1. Has water quality changed in the five lakes (three developed, two reference) since 

the onset of European settlement in the region? 

2. If changes are detected, do these changes align temporally with any recorded 

anthropogenic stressor event, or events? 

My thesis adds to existing research using diatoms as proxies of environmental change in 

Precambrian Shield lakes, with particular emphasis on quantifying the impacts of cottages on the 

lakes of Algonquin Park, and differentiating anthropogenic and climatic stressor responses. 

Furthermore, my project contributes to the collective knowledge that should be considered when 

future decisions are made regarding the extension of cottage leases in APP. 
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 Tables 

Table 1-1 Measured variables for the five study lakes in Algonquin Provincial Park, ON, Canada. Superscripted “*” denotes parameters directly 

recorded by Rampone et al. and colleagues in August 2015. All other values were retrieved from Ontario.ca report in 2018. Trophic status index 

data were obtained from the Canadian Council of Ministers of the Environment (2004). 

Lake Impact or 
Reference 

Max 
Depth 

(m) 

Surface 
Area 
(ha) 

pH* DOC* 
(mg/L) 

DIC* 
(mg/L) 

TP* 
(µg/L) 

TN* 
(µg/L) 

TIN* 
(mg/L) 

TN:TP* Secchi 
Depth* 

(m) 

Trophic 
Status 

McIntosh Ref. 28 332.9 6.3 5.65 0.6 6.05 256 4 43 2.5 Oligotrophic 

Welcome Ref. 21.9 254.9 6.8 4.65 1.0 3.5 260 14 74 5.2 Oligotrophic 

Cache Imp. 34.1 286 6.8 4.77 1.2 4.0 223 20 56 6.12 Oligotrophic 

Canoe Imp. 38.4 366.4 6.6 4.7 0.9 5.5 233 14 42 3.3 Oligotrophic 

Smoke Imp. 40 327.8 6.8 3.7 1.1 3.3 236 14 72 4.6 Oligotrophic 
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Table 1-2 Number of shoreline developments on the cottage lakes of Algonquin Provincial Park 

(OMNR, 2013). “*” denotes study lakes. 

Watershed Lake Name No. of 

Cottage Lots 

No. of Commercial 

Establishments (# Lots) 

No. of 

Campgrounds 

No. of Designated 

Interior Campsites 

2EB–11 Bonita 1 - - - 

2EB–11 Brûlé 2 - - 3 

2EB–11 *Canoe* 48 1(11) - - 

2EB–11 Joe 6 - - 19 

2EB–11 Little Joe 1 1(1) - 1 

2EB–11 *Smoke* 89 - - - 

2EB–11 Tea 10 1(3) 1 - 

2EB–11 

Total 

N/A 157 3(15) 1 23 

2EB-15 Rain 1 - - 14 

2EB-15 

Total 

N/A 1 - - 14 

2JE-D4 Kioshkokwi 3 - 1 24 

2JE-D4 Manitou 2 - - 46 

2JE-D4 North Tea Lake 1 - - 71 

2JE-D4 

Total 

N/A 6 - 1 141 

2KB-01 Cedar 10 - 1 25 

2KB-01 Radiant 4 - - 9 

2KB-01 

Total 

N/A 14 - 1 34 

2KB-02 Grand 2 - 1 21 

2KB-02 

Total 

N/A 2 - 1 21 

2KB-08 Cauchon 1 - - 13 

2KB-08 Little Cauchon 5 - - 6 

2KB-08 

Total 

N/A 6 - - 19 

2KD-01 *Cache* 62 2(3) - - 

2KD-01 Galeairy 1 - - 22 

2KD-01 Lake of Two 

Rivers 

6 1(2) 1 - 

2KD-01 Rock 24 - 1 18 

2KD-01 Source 15 1(1) - - 

2KD-01 Whitefish 9 - 1 3 

2KD-01 

Total 

N/A 117 4(11) 3 43 

Grand 

Total 

N/A 303 7 7 295 
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 Figures 

 

Figure 1-1 A thematic map of Algonquin Provincial Park showing the location of reference lakes (squares) and developed lakes (circles) included 

in this study. 
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Figure 1-2 A Digital Elevation Model (DEM) of southern-Ontario highlighting the Algonquin Dome (right). Thematic map of Algonquin 

Provincial Park (left). 
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Figure 1-3 A detailed Digital Elevation Model (DEM) of Algonquin Provincial Park (left) and a thematic map of Algonquin Provincial Park 

(right). 
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Figure 1-4 Mean annual air temperature trend over a ~100-year timeline from Madawaska, Ontario, the climate station closest to Algonquin 

Provincial Park fit with linear regression (data retrieved from Vincent et al., 2020).
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Chapter 2: Materials and Methods 

 Downcore sediment sampling 

 The sediment cores used in this study were retrieved by Rampone and colleagues in 

August 2015 as part of a top-bottom regional assessment of the lakes of APP (Rampone, 2018). 

All cores were retrieved from the deepest basin of each lake using a Glew gravity corer (Glew 

1989), with coring locations identified using bathymetrical maps and confirmed with a handheld 

sonar depth sounder. For my study, the impacted lakes were accessed by car, and the reference 

lakes were accessed by floatplane. Once the cores were obtained, they were extruded and 

sectioned into Whirl-pak® bags into 0.5 cm contiguous intervals for the entire sequence using a 

Glew extruder (Glew, 1988). As sediment cores were being extruded, colour changes and any 

other distinct features (e.g., chironomids, twigs, leaves etc.) were recorded. Once extruded, the 

cores were stored in coolers and driven to the Ontario Ministry of Environment, Conservation and 

Parks’ Dorset Environmental Science Centre (DESC), before being shipped to the 

Paleoecological Environmental Assessment and Research Laboratory (PEARL) at Queen’s 

University in Kingston, Ontario, Canada, for analysis. At PEARL, the samples were stored in a 

cold room at ~4°C until processed for analysis.  

 At each site, a Yellow Springs Instrument (YSI) model-58 multi-meter was used to 

record both temperature and dissolved oxygen profiles at discrete one-meter depth intervals. As a 

measurement of water clarity, Secchi depth was determined using the methods outlined by 

Ingram et al. (2006). Integrated water samples were then collected using a 2 L composite 

sampler, lowered from the lake surface to the Secchi depth and once again raised to the surface 

(Ingram et al., 2006). All the water samples obtained were analyzed at the chemistry laboratory at 

DESC using standardized OMOECC methods to obtain numerous chemical parameters  (CCME, 

2016).  
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 210Pb and 137Cs radioisotopic dating 

 Core chronologies were developed using 210Pb gamma spectroscopy at the PEARL 

facilities at Queen’s University. The samples were prepped following the procedures outlined in 

Schelske et al. (1994). Prior to 210Pb analysis, sediment samples were freeze dried, noting the dry 

weight and percent moisture of each interval. For each core, fifteen to twenty samples were 

selected for analysis from the entire length of each core. For each sediment interval analyzed, 

approximately 0.5 - 0.7 g of freeze-dried sediment from each interval was placed into a plastic 

gamma tube before being sealed with 2-Ton Epoxy® and allowed to sit for at least two weeks. 

This ensures equilibrium between 226Ra and 214Bi was reached before being placed into the 

gamma counter. For each sample, activities of 210Pb, 137Cs, and 214Pb (a proxy for 

supported/background 210Pb) were measured with an Ortec high-purity Germanium detector. 137Cs 

serves as an independent chronological marker, marking the height of the radioactive fallout from 

the atmospheric testing of nuclear weapons, prior to a global moratorium in 1963 (Smol & 

Stoermer, 2010). In some cases, this independent marker can be used to corroborate 210Pb 

estimates. The sediment age was based on estimates of unsupported 210Pb (total 210Pb minus 

supported 210Pb) using the constant rate of supply (CRS) model which assumes a constant rate of 

supply of unsupported 210Pb to the sediment (Appleby, 2001; Cabeza et al., 2000).  

 Diatom preparation 

Given that the five sediment cores used in this study are part of a larger study of lakes in 

APP, some samples were freeze-dried and others remained as wet sediment. Approximately 0.2-

0.5 g of wet sediment or ~0.02 g of freeze-dried sediment was used for each diatom sample and 

placed into glass scintillation vials. Sediment samples were digested using a 50:50 molar ratio 

concentration of sulphuric acid (HSO4) and nitric acid (HNO3) to remove any organic materials, 

leaving only siliceous materials. The diatom slurries were then left to sit for ~24 hours before 

removing the supernatant by aspirating. Deioninzed water was then added to each vial and the 
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slurry was allowed to settle again. This rinsing procedure was repeated five to seven times until a 

litmus test indicated that the samples were not acidic. The diatom slurries were then plated onto 

glass coverslips, with four dilutions made for each interval. The samples were allowed to dry at 

room temperature and then mounted onto microscope slides using the diatom mounting medium, 

Naphrax®.  

Diatoms slides were analyzed using oil immersion under 1000x magnification on a Leica 

DMRB microscope equipped with differential inferential contrast (DIC) optics. Diatoms were 

taxonomically identified to the variety level when possible, using several taxonomic references. 

In most instances, Krammer and Lange-Bertalot (1986 to 1991) were used. A minimum of 250 

valves were counted for each sample. The raw diatom counts were expressed as percent 

abundances relative to the total number of diatoms counted in each sample. The most common 

diatom taxa were stratigraphically displayed using the computer program C2 (Juggins, 2007). To 

highlight trends, and for clarity of graphical display, some taxa were grouped together if they 

displayed similar trends over time, often from the same genus. However, all statistical analyses 

were performed on the non-grouped diatom data. 

 Chlorophyll a pigment analysis and VNIRS-inferred TOC 

 Visible reflectance spectroscopy-inferred chlorophyll a (VRS-Chl a) analysis was 

performed for each interval of all five cores using 0.2 - 0.5 g of dried sediment. The sediment 

samples were passed through a 125 µm sieve to remove any large matter from the samples 

(Michelutti et al., 2010). The samples were placed into glass cuvettes before being placed in a 

FOSS NIRSystem model 6500 rapid content analyzer for spectral analysis using Visible 

Reflectance Spectroscopy (VRS). The VRS method measures both chlorophyll a as well as its 

byproducts as it is broken down through diagenesis (Nelligan et al., 2016; Michelutti et al., 

2010). Using the same sieved samples, visible-near-infrared spectroscopy was used to infer lake 

water total organic carbon (VNIRS-TOC), using a calibration model developed from 78 Sudbury 
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lakes and 36 lakes from the Experimental Lakes Area. The model relates the VNIR spectra of 

lake surface sediments and corresponding surface-water TOC concentrations (Meyer-Jacob et al., 

2019). For both VRS-Chl a and VNIRS-TOC, downcore trends are reported as z-scores. 

 Statistical analyses 

2.5.1 Biostratigraphical zonation 

 Stratigraphically constrained cluster analysis (CONISS) was completed in R using the 

package ‘rioja’ (Juggins, 2017).  CONISS is a form of cluster analysis that can be used in 

paleolimnological downcore analyses to quantitatively identify zones of change between 

contiguous intervals (Grimm, 1987). To determine the number of important stratigraphical zones, 

a broken-stick test was performed (Bennett, 1996). Zonation using the broken-stick test involves 

partitioning the total variance into components. The total variance is denoted as length, n, and can 

be divided into n-1 randomly positioned markers (Bennett, 1996). Therefore, the length of the 

individual segments represents the proportion of the total variance that can be attributed to that 

zone. If the reduction in variance exceeds what is expected under the model, the zone is 

designated as significant, as it accounts for more variance than would be expected if the data 

samples were arranged at random (Bennett, 1996). 

2.5.2 Principal Curves and Generalized Additive Models 

 All analyses in this section were performed using R packages mgcv (Wood, 2011), 

ggplot2 (Wickham, 2016), analogue (Simpson, 2007), and gratia (Simpson, 2020). Principal 

curves (PrC) were used to summarize changes in diatom assemblage composition over time. PrC 

is an ordination technique that fits a smooth curve through multivariate data, and, in contrast to 

principal component analysis (PCA), PrCs need not be composed of linear predictor variables 

(De'ath, 1999). For this reason, PrCs can capture a greater degree of the variation in multivariate 

data when compared to PCA or correspondence analysis (CA). This is especially true when there 
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is one dominant gradient found within the data (Simpson & Birks, 2012). Given that PrCs assume 

a large portion of the variance in the compositional species data is explained by a single gradient, 

a logical place to begin is using the first principal component axis (Simpson, 2018). The 

complexity of the smoothing splines was allowed to vary, and the spline effective degrees of 

freedom (EDF) was determined using generalized Cross Validation (GCV) (Simpson & Birks, 

2012). 

 Once the principal curve was generated, a generalized additive model (GAM) was 

projected onto the PrC scores as a response variable. Given that paleoecological data are typically 

irregularly spaced in time and non-linear, GAMs are appropriate for estimating trends in diatom 

assemblage compositional change over time (Simpson & Birks, 2012). GAMs are an extension of 

generalized linear models (GLMs) and can provide a better fit to the data by relaxing parametric 

constraints (Efron & Tibshirani, 1991). Rather than being a function of predictor variables 

established a priori, GAMs are estimated from the data themselves, and are therefore said to be 

data-driven, as opposed to model-driven. This makes GAMs extremely flexible and ideal for 

visualizing trends in data (Simpson, 2018). 

 The PrC scores were modeled separately with estimated 210Pb ages as the only covariate. 

Spline selection was not specified, instead, the default thin-plate regression spline in R was used 

as well as restricted maximum likelihood (REML) to determine appropriate EDF. For all datasets, 

a Gaussian distribution was used, and models were fit using a continuous-time first-order 

autoregressive [CAR(1)] correlation structure (Simpson & Birks, 2012). Essentially, a CAR(1) 

models the correlation between any two residuals as an exponentially decreasing function of time 

(Simpson, 2018). This allows the model to accommodate dates irregularly spaced in time 

(Simpson, 2018). Periods of significant change were then estimated by determining where the 

rates of change along the first derivative were non-zero (Simpson, 2018).  
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Chapter 3: Results 

 210Pb and 137Cs radioisotopic dating 

 Total 210Pb activities in all cores reached supported/background levels (using 214Pb 

activity as the proxy) between 20 and 25 cm (Figure 3-1), as is typical for lakes in south-central 

Ontario (Dillon, Scholer, & Evans, 1986). Initial 210Pb activities ranged from 1600 to 3000 Bq/kg 

for all five cores and showed clear exponential declines in activity with core depth (Figure 3-1). 

Estimated dates were corroborated with peaks in 137Cs activity, which were well defined in every 

core, corresponding with the global moratorium on atmospheric nuclear weapons testing in 1963. 

Given that 210Pb activities reached equilibrium background/supported 210Pb levels within the 

length of each of the five cores, I am confident that each core contains pre-disturbance conditions 

(pre-industrial). 

 Changes in diatom assemblage composition since pre-industrial times 

3.2.1 Developed lakes (Cache, Canoe, and Smoke) 

 The three developed lakes were species-rich and had high relative abundances of 

planktonic (open water) and tychoplanktonic (e.g. algae that are especially dependent on 

turbulence to remain in the water column, such as large Aulacoseira taxa) diatoms that dominated 

the assemblages over the past ~200 years in all sediment cores. Benthic taxa were generally a 

minor component of the assemblages, although relative abundances of epiphytic Cymbella taxa 

were notable throughout the Cache Lake record (Figure 3-2). With few exceptions, fluctuations in 

relative abundances among diatoms that dominated the assemblages in all five sediment records 

(including Discostella stelligera, Asterionella formosa, Tabellaria flocculosa str. IIIp, Lindavia 

bodanica var. lemanica and Aulacoseira taxa (A. ambigua and A. subarctica)), were subtle over 

time (Figure 3-2; Figure 3-3; Figure 3-4).  
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Cache Lake, a developed lake that was also manipulated with fertilizers in the 1940s, was 

species-rich, with a total of 125 diatom taxa identified. Six biostratigraphic zones were identified 

by CONISS (four main zones and two subzones), four of which were deemed important by the 

broken-stick analyses in the Cache Lake diatom record (Figure 3-2). Diatom assemblages at the 

bottom of the core (Zone I: 43 cm to 30.25 cm; pre-industrial) were dominated by Aulacoseira 

taxa (particularly A. ambigua and A. subarctica), Discostella stelligera, Tabellaria flocculosa 

strain IIIp, as well as notable abundances of benthic taxa including several Cymbella sensu lato 

(s.l.) taxa, and Achnanthes (s.l.) taxa (Figure 3-2). The same taxa dominate Zone IIa (30 cm to 25 

cm (~1878 -extrapolated 210Pb date)), but after 25 cm the transition to Zone IIb is marked by a 

decline in the “all other Aulacoseira” grouping with a concurrent increase in Aulacoseira 

ambigua and A. subarctica taxa that peaked within this zone at 23 cm (~1904), thereafter 

declining to the end of Zone IIb. The largest compositional shift in the Cache Lake diatom record 

occurred at the transition from Zone IIb to Zone III (18.25 cm; ~1942, which corresponds to the 

time of the fertilization experiment) where D. stelligera abruptly declined to trace relative 

abundances, replaced by elongate planktonic Fragilaria tenera (mean relative abundance = 7.5%) 

that previously occurred in trace abundances (Figure 3-2).  Zone IVa (12 cm to 6 cm; ~1973 to 

~1999) is characterized by an increase in A. ambigua. After 8 cm (~1990), a decline in A. 

subarctica with a concurrent increase in a variety of planktonic Fragilaria taxa after 9 cm 

(~1986). Elongate planktonic Fragilaria tenera remained prominent in this zone. At the transition 

to Zone IVb (6 cm to 0.25 cm; ~1999 to 2015), F. tenera decreased to trace relative abundances, 

whereas A. ambigua reached peak abundances of ~50% at ~4 cm (~2005), declining thereafter to 

the end of this zone (i.e. 2015). The groupings of all other Achnanthes (s.l.) and all other 

Aulacoseira (s.l.) taxa returned to modest relative abundances from ~2005 to the top of the core 

(~2015). Diatom shifts identified by CONISS generally align with periods of notable change in 

VRS-Chl a (primary production) and VNIRS-TOC concentrations (Figure 3-2). The principal 
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curve (PrC) based on diatom relative abundances explained 29.7% of the variation of the 

assemblage composition data, and closely followed the trends of A. ambigua throughout the core 

(Figure 3-2). The GAM applied to the PrC identified a period of significant change in the Cache 

Lake diatom record between ~1953 (16.25) to 2015 (top of the core). 

A total of 87 taxa were identified in the Canoe Lake diatom record. CONISS identified 

four biostratigraphic zones; one subzone and three zones that were deemed important through 

broken-stick analysis (Figure 3-3). In general, diatom compositional changes throughout the 

Canoe Lake sediment core were subtle, with minor fluctuations among dominant taxa over time. 

Zone I (36 cm to19 cm; pre-industrial to ~1951) diatom assemblages were dominated by 

Discostella stelligera, Asterionella formosa, Tabellaria flocculosa strain IIIp, and A. ambigua. 

These taxa remained dominant, with modest declines in the relative abundances of A. ambigua, A. 

formosa and concurrent modest increases in T. flocculosa str. IIIp, D. stelligera and A. 

minutissimum distinguishing Zone II (19 cm to 12 cm; ~1951 to ~1987) from Zone I (Figure 3-3). 

In addition, relative abundances of the benthic Fragilaria (s.l.) group and the Eunotia group 

underwent minor declines during Zone II. Zone IIIa (12 cm to 3.5 cm; ~1987 to 2012) is 

delineated by subtle compositional changes including minor decreases in the relative abundances 

of D. stelligera and T. flocculosa str. IIIp, with concurrent minor increases in A. formosa, A. 

ambigua and the Navicula (s.l.) grouping, the latter appearing for the first time above trace 

abundances (Figure 3-3).  Zone IIIb (3.5 cm to 0 cm; ~2012 to 2015) consists of subtle increases 

in D. stelligera, A. formosa, and L. bodanica var. lemanica, and A. ambigua with concurrent 

decreases in T. flocculosa strain IIIp, the other Tabellaria taxa grouping, the benthic Fragilaria 

(s.l.) group and the Navicula (s.l.) group (Figure 3-3). The principal curve explained 30.1% of the 

variation in the species data, and the GAM identified two brief but significant intervals of change 

on the PrC between 36 cm to 33 cm (pre-industrial era), and between ~21 cm to 17 cm (~1939 to 

~1967) (Figure 3-3).  
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 A total of 98 taxa were identified in the Smoke Lake diatom record. CONISS identified 

five zones of which four were deemed important by broken-stick analysis; therefore, I conclude 

that there are four main diatom stratigraphic zones and one subzone (Figure 3-4). Similar to the 

Canoe Lake sediment record, diatom compositional changes throughout the Smoke Lake record 

were subtle, with minor fluctuations among dominant taxa over time, although changes in the 

more recent sediments are more notable. Zone I (41 cm to 35 cm, pre-industrial) diatom 

assemblages were dominated by A. formosa, D. stelligera, T. flocculosa strain IIIp, A. ambigua, 

and L. bodanica var. lemanica (Figure 3-4). The two most abundant taxa, D. stelligera, and T. 

flocculosa strain IIIp, cumulatively accounted for ~50% of the assemblage composition in Zone I 

(Figure 3-4). The transition to Zone II (35 cm to 20 cm (~1905)) is characterized by a decrease in 

the “all other Aulacoseira” grouping and modest declines in the relative abundances of A. 

formosa and the Achnanthes (s.l.) group (Figure 3-4). In Zone IIIb (12.5 cm to 8 cm; 1948 to 

1978), there is a minor increase in F. tenera (mean relative abundance = 2.6%), beginning at 12.5 

cm (~1948), similar to Zones I and II. D. stelligera briefly increases in this subzone, whereas A. 

formosa decreases and the Achnanthes (s.l.) group declines to trace relative abundances (Figure 

3-4). CONISS results indicated that the largest change in the Smoke Lake diatom record occurred 

at the transition from Zone IIIb to Zone IV (8 cm; ~1978) In this zone D. stelligera relative 

abundances decreased abruptly from ~30% to 10% relative abundance, whereas F. tenera relative 

abundances (mean relative abundance of 6.9%) increased with the highest abundances in the top 

two intervals of the sediment core (1 cm to 0.25 cm; ~2013 to 2015). The Achnanthes (s.l.) group 

also increase in the top two sedimentary intervals. Despite relatively subtle variations in the 

diatom record, the GAM indicated three periods of significant change on the principal curve: 38 

cm to 34 cm (pre-industrial), 17 cm to 15 cm (~1916 to ~1927), and from 11 cm to 0.25 cm 

(~1960 to ~2015). The principal curve explained 34.5% of the variance in the species data for 

Smoke Lake (Figure 3-4). 
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3.2.2 Reference lakes (Welcome and McIntosh lakes) 

 The Welcome Lake diatom record was species-rich and contained a total of 112 

identified taxa. Only two important CONISS zones were identified by broken-stick analysis in 

this diatom record (Figure 3-5). In general, diatom compositional changes throughout the 

Welcome Lake sediment core were subtle, with minor fluctuations among dominant taxa over 

time. Zone I (36 cm to 13.5 cm; pre-industrial to 1908) diatom assemblages were dominated by 

D. stelligera, T. flocculosa strain IIIp, and A. ambigua. The transition to Zone II (13.5 cm; 1908) 

is marked by an increase in the relative abundance of A. ambigua from a mean relative abundance 

in Zone I of 20% to a mean relative abundance in Zone II of ~30% (Figure 3-5) as well as an 

increase in Lindavia bodanica var. lemanica (mean relative abundance = ~9%) to the top of the 

core (~2015). Concurrently, there were subtle declines in the relative abundances of D. stelligera 

(from a mean relative abundance of 24.5% in Zone 1 to 20.5% in Zone 2), T. flocculosa str. IIIp 

(from a mean relative abundance of 24.2% in Zone 1 to 20.4% in Zone 2), and A. minutissimum 

in Zone II (Figure 3-5). The principal curve for Welcome Lake explained 27.4 % of the variation 

in the diatom data, with the GAM-estimated period of change overlapping the CONISS break 

from 19 cm to 14 cm, (1857 (extrapolated 210Pb date) to 1899) (Figure 3-5). 

 There were 94 taxa identified in the McIntosh Lake diatom record. CONISS and broken-

stick analysis identified three important diatom zones (Figure 3-6). Similar to other APP study 

lakes, compositional changes throughout the McIntosh Lake sediment core were subtle, with 

minor fluctuations among dominant taxa over time. A. ambigua, A. lirata, A. distans, T. 

flocculosa strain IIIp, L. bodanica var. lemanica, D. stelligera, Cymbella (s.l.) taxa, and 

Achnanthes (s.l.) taxa, were abundant throughout Zone I (29 cm to 15 cm; pre-industrial to 

~1913) (Figure 3-6). Zone II (15 cm to 8.25 cm; 1913 to 1954) is characterized by an increase in 

D. stelligera and A. ambigua mean relative abundances from 13.5% to 19% and 12% to 18%, 

respectively, whereas A. distans declined to trace abundances, from a mean relative abundance of 

6.7% in Zone I. In Zone III (8.25 cm to 0.25 cm; 1954 to ~2015), A. lirata gradually decreased to 
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trace abundances at the top of the core. Aulacoseira distans, L. bodanica var. lemanica, 

Achnanthes (s.l.) taxa, the benthic Fragilaria (s.l.) grouping, and Navicula (s.l.) taxa show subtle 

increases in Zone III (Figure 3-6). In the top two intervals of the McIntosh Lake core (top 1.0 cm 

of core; 2008 to 2015), Cymbella (s.l.) taxa, Achnanthes (s.l.) taxa and L. bodanica var. lemanica 

relative abundances decreased. The GAM—fitted PrC accounted for 48.3% of the variance and 

detected three intervals of significant change: 23 cm to 19 cm (1860 (extrapolated 210Pb date) to 

1886 (extrapolated 210Pb date)), 17 cm to 14 cm (1899 to ~1919), and from 7 cm to the top of the 

core (~1961 to 2015) (Figure 3-6).  

 Chlorophyll a pigment analysis and VNIRS-inferred Total Organic Carbon 

 VRS-Chl a and VNIRS-TOC trends were similar in Cache Lake, Canoe Lake, and 

Welcome Lake (Figure 3-7). In general, background VRS-Chl a and VNIRS-TOC trends were 

relatively constant (Zscore = ~0) prior to European settlement in the region. In three of the lakes 

(Cache, Canoe, and Welcome), VRS-Chl a decreased rapidly in the mid- to late-1800s, reaching 

minimum values in the early- to mid-1900s. Following this decline, VRS-Chl a increased steadily 

to the top of the sediment cores, eventually beyond background concentrations (Figure 3-7). 

Unlike the other three sediment records, VRS-Chl a in Smoke and McIntosh lakes did not show 

marked declines in the late-1800s / early-1900s but did increase beginning in the mid-1900s.  

Trends in VNIRS-TOC concentrations (Figure 3-7) declined in all lakes beginning in the 

late-1800s / early-1900s, showing their lowest values in the ~1950s (Smoke, McIntosh lakes). 

TOC trends in McIntosh Lake also recorded a sudden decrease in ~1970, before quickly 

increasing once again. In the reference lakes (Welcome and McIntosh), current TOC levels have 

not yet surpassed background concentrations. In general, all lakes have shown a gradual increase 

in both chlorophyll a and TOC since the ~1970s (Figure 3-7).
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 Figures 

 

Figure 3-1 210Pb and 137Cs radioisotope temporal trends of the five sediment cores dated from Algonquin Provincial Park (Rampone, 2018). Top 

and bottom X axes represent 137Cs and 210Pb activity scales, respectively. 
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Figure 3-2 Cache Lake stratigraphy showing shifts in taxa over time. Taxa are ordered left to right in order of decreasing CCA scores. 210Pb 

estimated dates using the CRS model are shown on the left. The principal curve (PrC) fitted with a GAM is shown next to VRS-Chl a (Circles) and 

VNIRS-inferred TOC (triangles) trends, with bolded regions indicating periods of significant change. Far right shows CONISS results for the core, 

with resultant zones separated by horizontal black lines. Italicized dates with an asterisk denote extrapolated 210Pb dates. 
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Figure 3-3 Canoe Lake stratigraphy showing shifts in taxa over time. Taxa are ordered left to right in order of decreasing CCA scores. 210Pb 

estimated dates using the CRS model are shown on the left. The principal curve (PrC) fitted with a GAM is shown next to VRS-Chl a (Circles) and 

VNIRS-inferred TOC (triangles) trends, with bolded regions indicating periods of significant change. Far right shows CONISS results for the core, 

with resultant zones separated horizontal black lines. Italicized dates with an asterisk denote extrapolated 210Pb dates. 
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Figure 3-4 Smoke Lake stratigraphy showing shifts in taxa over time. Taxa are ordered left to right in order of decreasing CCA scores. 210Pb 

estimated dates using the CRS model are shown on the left. The principal curve (PrC) fitted with a GAM is shown next to VRS-Chl a (Circles) and 

VNIRS-inferred TOC (triangles) trends, with bolded regions indicating periods of significant change. Far right shows CONISS results for the core, 

with resultant zones separated by horizontal black lines. Italicized dates with an asterisk denote extrapolated 210Pb dates. 
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Figure 3-5 Welcome Lake stratigraphy showing shifts in taxa over time. Taxa are ordered left to right in order of decreasing CCA scores. 210Pb 

estimated dates using the CRS model are shown on the left. The principal curve (PrC) fitted with a GAM is shown next to VRS-Chl a (Circles) and 

VNIRS-inferred TOC (triangles) trends, with bolded regions indicating periods of significant change. Far right shows CONISS results for the core, 

with resultant zones separated by horizontal black lines. Italicized dates with an asterisk denote extrapolated 210Pb dates. 
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Figure 3-6 McIntosh Lake stratigraphy showing shifts in taxa over time. Taxa are ordered left to right in order of decreasing CCA scores. 210Pb 

estimated dates using the CRS model are shown on the left. The principal curve (PrC) fitted with a GAM is shown next to VRS-Chl a (Circles) and 

VNIRS-inferred TOC (triangles) trends, with bolded regions indicating periods of significant change. Far right shows CONISS results for the core, 

with resultant zones separated by horizontal black lines. Italicized dates with an asterisk denote extrapolated 210Pb dates. 
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Figure 3-7 VNIRS - TOC and VRS - Chl a profiles for all of the study lakes. Solid red line denotes an estimate of the onset of logging in the 

catchments of each lake (~1860). Italicized dates with an asterisk denote extrapolated 210Pb dates. Onset of logging estimated using extrapolated 

dates nearest to 1860 (approximate onset of catchment logging)
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Chapter 4: Discussion 

The main focus of my study was to assess whether the establishment of cottages and 

commercial buildings since the beginning of the 20th century have affected water quality in APP 

lakes. I focused on whether the diatom records registered a response to these important catchment 

activities including whether there is evidence of changes in nutrient status. Following my 

discussion on cottage impacts, I also discuss other potential stressors, including whether diatoms 

register responses to logging starting in the mid-19th century, highway construction in the early 

20th century, fertilizer manipulation, acid deposition (beginning in ~1880), and regional climate 

warming. 

 Have cottages and/or commercial establishments impacted APP lakes? 

In general, there were only muted changes in diatom assemblage composition since pre-

industrial times in all the cores collected. Based on the proxy trends from my five APP lake 

sediment records, there was no strong evidence that cottages have negatively impacted the water 

quality of these lakes since their establishment in APP in 1905. Diatom compositional changes 

were minimal over the past ~200 years, suggesting that these lakes have remained oligotrophic 

over the past two centuries (with the possible exception of Cache Lake; see below). Moreover, 

despite decades of cottage development on three of these lakes, current lakewater total 

phosphorus (TP) concentrations are still very low (ranging from 3.0 µg/L to 5.5 µg/L), indicative 

of nutrient-poor, oligotrophic systems. There were no clear differences between developed and 

remote, reference lakes, supporting the conclusion that cottages and commercial establishments 

have not notably affected lake water quality. These conclusions are consistent with the earlier 

findings of a top-bottom paleolimnological analysis of 54 APP lakes (including my five study 

lakes) that likewise found no discernable impacts in lakes with cottage leases (Rampone, 2018).   
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Cottages in APP rely on the use of septic tanks, holding tanks, or outhouses, many of which 

are aging, and were a potential source of nutrient enrichment (Rosenberger et al., 2008; Moore et 

al., 2003). Nutrient enrichment can be a concern with increased shoreline residential development 

and land-use change (Rosenberger et al., 2008), but there was no evidence from diatom 

assemblages of a change in nutrient status in any of the developed lakes (but see below for 

impacts of fertilization experiment on Cache Lake). A total of 243 APP cottage septic systems 

were inspected between 2007 and 2010, and 58.5% of these lots had either a sewage system or an 

outhouse that needed to be repaired (OMNR, 2013). However, peer-reviewed studies and 

technical reports over the past three decades have shown that phosphorus from septic systems 

located within acid, sandy soils (typical of the Precambrian Shield and APP) may be significantly 

retained (Robertson et al., 1998; Robertson, 2003). For example, a comprehensive review of 

phosphorus retention in soils from 24 septic systems in Ontario, undertaken over a 30-year 

period, reported that phosphorus removal averaged 97% in non-calcareous environments, relative 

to septic tank concentrations (Robertson et al., 2019).  

Subtle increases in the relative abundance of heavy-celled Aulacoseira species, minimal 

changes in benthic fragilarioid abundance, decreases in D. stelligera, and minimal increases in 

elongate planktonic taxa such as T. flocculosa str IIIp, and A. formosa during the period of 

shoreline development on the developed lakes were not distinct from the subtle changes observed 

in these same taxa in the sediment records from the two reference lakes. This suggests that, 

although the lakes have changed naturally over time, or in response to other local or regional 

anthropogenic stressors, shoreline development has not substantially impacted developed lakes. 

Although these trends were not identical in all five lakes in this study, there were no consistent 

patterns based on a site’s classification as a developed or reference lake. 

The lack of a clear nutrient loading signal in the diatom records of this study is in 

agreement with the findings of Rampone (2018), who concluded that the five APP lakes in this 
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study had low sensitivity to increased nutrient inputs, based on a total phosphorus sensitivity 

index, generated using Ontario’s Lakeshore Capacity Model (Paterson et al. 2006). Rampone 

(2018) estimated that cottages contributed less than 2%, on average, of the total TP load to my 

study lakes (Table 4-1). As this analysis was based on a worst-case scenario (i.e., assuming zero 

retention of phosphorus in watershed soils), the contribution from septic systems is likely even 

lower. The majority of the TP loads was from atmospheric deposition and natural runoff 

(including natural upstream sources).  

  Other stressors on APP lakes 

4.2.1 Has logging (since ~1860) had an influence on APP lakes? 

Compositional changes in catchment vegetation resulting from logging/land clearance 

can produce complex interactions with lake ecosystems (Likens & Bormann, 1974; Whitehead et 

al., 1989). The compositional changes in diatom assemblages in all cores of my study do not 

point toward a substantial impact of logging in APP, which began in the southern portion of APP 

around the 1860s. At most, subtle increases in A. ambigua during periods of higher water clarity 

(lower inferred DOC) may be the result of increased light penetration and increased wind speed 

(from land clearance) (Bradbury et al., 2002; Hawryshyn et al., 2012). Even though fluctuations 

among diatom taxa during this time are subtle, more importantly, the diatom assemblages in the 

study lakes do not show compositional changes consistent with what we would expect as a 

response to timber harvesting. 

However, although the diatom assemblages show possible muted responses to timber 

harvesting, such as the increases in heavily silicified taxa, many of the VNIRS-TOC and VRS-

Chl a profiles show evidence of an impact-recovery signal. Cache, Smoke, and Welcome lakes all 

have relatively low VNIRS- TOC and VRS- Chl a concentrations during the period of widespread 

logging in this part of APP (Figure 4-1; Figure 4-2; Figure 4-3). Various mechanisms may 

account for this trend. For example, land clearance/ logging would have reduced the amount of 
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leaf litter on the forest floor. Leaf litter typically accounts for a large portion of the carbon 

introduced to boreal lakes (Kreutzweiser et al., 2008). Therefore, a reduction in leaf litter due to 

logging may have contributed to the declining trends in TOC.  Overall production may have also 

declined, as inferred by trends in the Chl a concentrations, as early successional forests would 

have likely taken up most of the nutrients (Likens and Borman, 1974). With a change in 

forestry/logging practices to more selective timber harvesting in 1900, regrowth of trees in 

previously logged areas would require large uptakes of nutrients from the catchment soil 

(Pennock & Kessel, 1997). This may have sustained the decreasing trend in both TOC and Chl a 

(~1860). This has the potential to dramatically reduce the amount of carbon and phosphorus 

exported into lake ecosystems (Pennock & Kessel, 1997).  

Importantly, the diatom assemblages in our lakes do not show compositional changes 

consistent with what we would expect with potential eutrophication as a response to timber 

harvesting. At most, subtle increases in A. ambigua during periods of higher water clarity (lower 

DOC) may be supported by increased light. 

4.2.2 Has Hwy 60 construction and maintenance impacted APP lakes? 

In addition to the impacts of cottages on the water quality of the three developed lakes in 

my study, I found no evidence that the construction of Highway 60 (in the 1930s) had a 

discernible effect on the diatom assemblages. Highway 60 was not paved until late 1948 but was 

still not open in the winter months (and therefore salt was not applied) until 1952 (MacKay, 

2018). On average, approximately 4 to 7 million tons of salt are applied to Canadian roads 

annually (Valleau et al., 2020). Conductivity measurements were taken for all my study lakes in 

2015 and had an average conductivity of 23.4 µS/cm (Developed lakes had an average of 27.2 

µS/cm and reference lakes had an average of 17.85 µS/cm), with the highest conductivity found 

in Cache Lake (34.7 µS/cm). Moreover, developed lakes had an average Cl concentration of 2.1 

mg/L, and reference lakes had an average Cl concentration of 0.18 mg/L. Although the higher 
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conductivity and Cl- concentrations in developed lakes is likely due to road salt application or 

shoreline disturbance, it is important to note that all study lakes displayed Cl concentrations well 

below Canadian Water Quality Guidelines for chronic exposures (120 mg/L) (CCME, 2011). 

Therefore, it is unlikely that the ongoing maintenance of Highway 60 has had a substantial impact 

on the developed lakes in this study. 

4.2.3 Impacts of the fertilization experiment on Cache Lake in the 1940s 

In an experiment investigating the factors controlling productivity in lakes, with a 

particular interest in increasing fish populations in response to complaints from anglers of poor 

fishing conditions, five tons of 12-24-12 (N-P-K) fertilizer was added to the shallow-water area 

of Cache Lake. Fertilizer was added in both 1946 (July) and 1947 (spread out over three dates; 

June 26, July 22, and August 12), for a total of 10 tons of fertilizer added to the lake (Langford, 

1950; MacKay, 2018; United States Department of the Interior Fish and Wildlife Services, 1953; 

Stewart & Rohlich, 1967; Fry, 1959; Departments of Lands and Forests, 1955). This equates to 

roughly twenty times the normal annual TP load of Cache Lake per year (Table 4-1).   

Of the five lakes in this study, Cache Lake registered the most pronounced shifts in 

diatom assemblage composition in the sedimentary record, which coincided with the fertilization 

experiment. For example, the abrupt decline to trace abundances of the previously dominant D. 

stelligera coincident with the fertilization in the 1940s (Figure 4-4) is an expected response for 

this taxon. Discostella stelligera is often reported to have a negative relationship to nutrients, with 

modern distributions of the taxon found in higher abundances in oligotrophic lakes (Rühland et 

al., 2003; Rühland et al., 2015).  D. stelligera is a small, centric diatom typically characteristic of 

oligotrophic lakes and its high surface area to volume ratio enable it to take up nutrients 

efficiently (Pasciak & Gavis, 1974). A regional TP calibration set developed by Hall and Smol 

(1996) for lakes in the Muskoka-Haliburton region of south-central Ontario determined a TP 

optimum of 6.49 µg/L for D. stelligera.  Based on these various lines of evidence, the sharp 
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decline in the relative abundance of D. stelligera coincident with the 1940s fertilization 

experiment, indicates the sensitivity of this taxon to nutrient additions. Indeed, D. stelligera 

remained at trace abundances for the remainder of the record. 

 The equally abrupt rise in the elongate planktonic taxon F. tenera (previously in trace 

abundances) at the time of the fertilization is interesting. This taxon is often reported to flourish 

in contaminated lakes, particularly from metal pollution (Ruggiu et al., 1998; Greenaway et al., 

2012). However, F. tenera has also been reported to increase during the past few decades in 

remote oligotrophic lakes in the Peruvian Andes (Michelutti et al., 2015) and in oligotrophic 

lakes of the Hudson Bay Lowlands (Rühland et al., 2013), which the authors linked to longer and 

warmer ice-free periods and increased periods of thermal stratification. Fragilaria tenera has also 

been reported to increase with nutrient additions (Noble et al., 2021). It may be that F. tenera has 

a relatively wide tolerance to nutrients and pollutants and can respond to numerous stressors. The 

complexity of this interesting response requires further examination but is outside the scope of the 

main objectives of my thesis.  

There is evidence that this fertilization experiment in the 1940s has had long-lasting 

effects on the ecology of Cache Lake. In 1952, approximately five years after the fertilization 

experiment, the water from Cache Lake was deemed to be undrinkable, presumably as a result of 

toxicity as the result of an algal bloom from the nutrient addition (MacKay, 2018). There is also 

evidence of the long-lasting effects of fertilization from the sedimentary record. For example, 

during the 1970s, A. ambigua notably increases in relative abundance. This taxon is typically 

characteristic of more productive lakes (Manoylov et al., 2009), with a TP optimum of ~22.6 

µg/L in calibration sets generated from Ontario lakes (Clerk et al., 2000; Reavie et al., 1995). The 

most recent intervals of the Cache Lake diatom record continue to display large abundances of A. 

ambigua, and trace abundances of D. stelligera, suggesting that the lake has not recovered from 
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the experimental fertilization (e.g., legacy nutrients are still being recycled in the system), and/or 

the fertilizer additions shifted the lake to a new, stable ecological state. 

4.2.4 Has acidification had an influence on APP lakes? 

Although some lakes within the Precambrian Shield have not yet recovered from the 

widespread acidification events that began in the late-1800s (Hadley et al., 2015; Gray & Arnott, 

2009), my five lakes do not show any shifts in diatom assemblage composition that would 

suggest the lakes have been impacted by acidification. My study lakes are currently circumneutral 

with a mean pH of 6.7, and there were no shifts in diatoms that indicated acidification of the 

lakes. Similar responses were recorded by top-bottom studies carried out within the APP region 

(Rampone, 2018; Barrow et al., 2014). Rampone (2018) reported that the lakes of APP were 

characterized by taxa with similar pH preferences between pre-industrial and modern (2015) 

sediment, and diatom-inferred pH suggested that lakes had a similar, if not greater pH than they 

did pre-industrially. Moreover, VNIRS-TOC trends suggest that TOC concentrations dropped 

earlier than would be expected from an acidification signal (with the exception of Smoke and 

McIntosh Lakes), as has been recorded in other Ontario lakes impacted by acidification (Meyer-

Jacob et al., 2019). 

4.2.5 Has regional climate change affected diatom assemblages in APP lakes? 

 Overall, there were only muted changes in diatom assemblage composition in all the 

cores collected since pre-industrial times. In general, the lakes recorded recent increases in 

planktonic taxa consistent with climate warming over the past few decades (Rühland et al., 2015). 

Planktonic taxa also remained abundant throughout the core records. For example, D. stelligera 

was commonly a dominant, although on occasion this taxon did decrease in relative abundance 

with partial replacement of other planktonic taxa such as F. tenera. 

 Large shifts in diatom assemblages were not typically encountered in pre-impact 

sediment, with the most dramatic shifts occurring since ~1930s in most lakes. Three of the PrCs 
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(Cache, Smoke, and McIntosh lakes) had the largest diatom changes over the last ~50 years. 

These findings agree with trends in other south-central Ontario lakes in the Muskoka-Haliburton 

region, which have also shown greater differences between modern (i.e., mid-2000s) diatom 

assemblages and those from 1992, than between pre-industrial sediments and 1992 sediments 

(Hadley et al., 2013). Accelerated climatic warming has previously been proposed as the 

dominant factor influencing assemblage composition in these lakes.  

The relative abundance of D. stelligera increased slightly in two of the lakes (McIntosh 

Lake and Canoe Lake) but decreased in the other three cores. As noted above, an increase in D. 

stelligera has often been associated as a response to climate warming, but, as the Rühland et al. 

(2015) emphasize “context is key”. This is because increased warming may increase the strength 

and length of thermal stratification, thereby favoring taxa with higher surface area to volume 

ratios. However, these increases in my lakes are very subtle, and have to be taken within the 

context of the diatom assemblages already thriving in the study lakes when accelerated warming 

was initiated. For example, in some lakes, small Cylotella/Discostella species may be replaced by 

elongated planktonic diatoms such as T. flocculosa str IIIp , A. formosa , or F. tenera, as they 

have some of the lowest sinking velocities of all diatoms and therefore remain in the water 

column longer (Morales & Rosen, 2013; Rühland et al., 2015; Michelutti et al., 2015; Sivarajah 

et al., 2016). In my lakes, Discostella species were replaced by F. tenera in Cache Lake and 

Smoke Lake. Furthermore, in Cache Lake and Welcome Lake, the decrease in Discostella species 

was accompanied by an increase in A. ambigua. 

Notable early increases in the relative abundance of A. ambigua in Welcome, Cache, and 

McIntosh lakes occurs around ~1900. Often, the increase in A. ambigua was accompanied by a 

corresponding decrease in other Aulacoseira species, implying that A. ambigua may be 

responding to a different stressor (Figure 4-4). Favot et al. (2019) used similar paleolimnological 

approaches on Dickson Lake, a remote, oligotrophic lake in APP, in response to recent algal 
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blooms. They detected a subtle increase in Aulacoseira taxa, and a decrease in planktonic D. 

stelligera. Favot and colleagues (2019) determined that there were no shifts in the diatom 

assemblages that could be attributed to nutrient enrichment and concluded that Dickson Lake may 

exhibit conditions capable of supporting ecophysiologically different taxa such as periods of 

strong mixing and periods of stratification (Favot et al., 2019).  

Diatoms are highly seasonal and are mainly present in both the spring and the fall months 

as the water column is mixed (Koster & Pienitz, 2006). The vertical mixing of the water column 

allows the cycling of nutrients and suspends diatoms into the photic zone (Koster & Pienitz, 

2006). However, certain diatoms are more common than others depending on the thermal and 

chemical properties of the lake at a given time. Therefore, it may be that natural seasonal 

variability within my study lakes highly favors ecophysiologically different taxa such as D. 

stelligera and A. ambigua. 

 Overall, the changes in all cores appear to be muted other than the increases in A. 

ambigua and a disappearance of Discostella stelligera in Cache Lake, possibly in response to 

nutrient addition through experimental fertilization in 1946 and 1947. Additionally, subtle 

increases in ecophysiologically different taxa may be a result of seasonal fluctuations in 

environmental variables capable of changing diatom species composition in lakes, and therefore 

may be a result of natural variability within the lake ecosystems.  

 Summary and Conclusions 

Although diatom assemblage changes were recorded in the five study lakes, some of the 

largest changes occurred in my reference lakes.  None of the diatom changes could be directly 

attributed to any specific anthropogenic stressor such as cottage development, as the observed 

changes in developed lakes do not largely differ from remote reference lakes.  

The most notable shifts in diatom compositional changes included a dramatic increase in 

A. ambigua percent relative abundance, and a brief rise in F. tenera concurrent with the addition 
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of ten tons of N-P-K fertilizer to Cache Lake. This was accompanied by a decrease in D. 

stelligera to the point where it was no longer recorded in the core after ~1950. Cache Lake clearly 

recorded the impacts of the experimental manipulation. 

 The results from this study are important in assessing the historic and current impacts of 

recreational, commercial, and developmental activities on lakes in APP, and on south-central 

Ontario lakes in general. Although this study could not attribute any negative impacts to cottages, 

policy makers should continue to make informed decisions that align with the results of the series 

of studies that have been completed within APP. The decision to renew cottage leases in APP 

until 2038 in stipulation with shoreline protection rules is supported by this study, but should 

continue to be assessed using various other scientific approaches. Future lease renewals should be 

similarly assessed using the breadth of scientific literature available at that time. 

Future studies should reconstruct a variety of other important limnological parameters 

using a multi-proxy approach. Diatoms are typically useful in reconstructing nutrient 

concentrations, as well as lake thermal properties and acidity. However, the inclusion of other 

indicators can expand understanding of limnological and water quality changes over time. For 

example, chironomids are commonly used to reconstruct deepwater oxygen concentrations, and 

cladoceran remains have been used to assess changes in grazing pressures and calcium trends. 

These studies may provide a more integrated view of these complex systems and can aid in the 

identification of vulnerable lakes.  
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 Tables 

Table 4-1 Phosphorus loads for the three cottage lakes determined using the Lakeshore Capacity 

Model (Rampone, 2018). 

 Cache Lake Canoe Lake Smoke Lake 

Total P Load (kg/yr) 257.51 557.75 574.39 

Natural P Load (kg/yr) 226.23 533.97 570.88 

Shoreline Development Load (kg/yr) 31.28 23.78 3.51 
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 Figures 

 

Figure 4-1 VNIRS - TOC and VRS - Chl a profiles for all of the study lakes. Solid red line denotes an estimate of the onset of logging (~1860). 

Italicized dates with an asterisk denote extrapolated 210Pb dates. Onset of logging estimated using extrapolated dates nearest to 1860 (approximate 

onset of catchment logging).  
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Figure 4-2 Smoke Lake stratigraphy showing shifts in taxa over time. Taxa are ordered left to right in order of decreasing CCA scores. 210Pb 

estimated dates using the CRS model are shown on the left. The principal curve (PrC) fitted with a GAM is shown next to VRS-Chl a (Circles) and 

VNIRS-inferred TOC (triangles) trends, with bolded regions indicating periods of significant change. Far right shows CONISS results for the core, 

with resultant zones separated by horizontal black lines. Italicized dates with an asterisk denote extrapolated 210Pb dates. 
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Figure 4-3 Welcome Lake stratigraphy showing shifts in taxa over time. Taxa are ordered left to right in order of decreasing CCA scores. 210Pb 

estimated dates using the CRS model are shown on the left. The principal curve (PrC) fitted with a GAM is shown next to VRS-Chl a (Circles) and 

VNIRS-inferred TOC (triangles) trends, with bolded regions indicating periods of significant change. Far right shows CONISS results for the core, 

with resultant zones separated by horizontal black lines. Italicized dates with an asterisk denote extrapolated 210Pb dates. 
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Figure 4-4 Cache Lake stratigraphy showing shifts in taxa over time. Taxa are ordered left to right in order of decreasing CCA scores. 210Pb 

estimated dates using the CRS model are shown on the left. The principal curve (PrC) fitted with a GAM is shown next to VRS-Chl a (Circles) and 

VNIRS-inferred TOC (triangles) trends, with bolded regions indicating periods of significant change. Far right shows CONISS results for the core, 

with resultant zones separated by horizontal black lines. Italicized dates with an asterisk denote extrapolated 210Pb dates. 
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Appendix A Age-depth profile plots and CRS sedimentation rate plots for all lakes included in 

my study 
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Appendix B Summary plots for all five lakes including dominant and ecologically important taxa alongside Chl a, DOC, C:D ratio, 

PCA Axis 1, PCA Axis 2, and the Principal Curve. CONISS-defined zones superimposed (black lines) 

 

 

Cache Lake Summary Plot 



 

66 

 

 

 

Smoke Lake Summary Plot 
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Canoe Lake Summary Plot 
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McIntosh Lake Summary Plot 
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Welcome Lake Summary Plot 
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Appendix C CANOCO 5 PCA outputs 

Table C-1 CANOCO 5 PCA outputs for Cache Lake (A), Canoe Lake (B), Smoke Lake (C), McIntosh Lake (D), and 

Welcome Lake (E). 

 



 

71 

 

Table C-1 Continued  
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Appendix D GAM/PrC summary plots 
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Appendix E Raw count data 

 

Table E-1 Cache Lake 
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Table E-1 (Continued) 
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Table E-1 (Continued)  
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Table E-1 (Countinued) 
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Table E-1 (Continued) 
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Table E-1 (Continued) 
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Table E-1 (Continued)
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Table E-2 Canoe Lake 
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Table E-2 (Continued) 
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Table E-3 Smoke Lake 
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Table E-3 (Continued) 
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Table E-3 (Continued) 
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Table E-3 (Continued) 
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Table E-4 Welcome Lake 
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Table E-4 (Continued) 
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Table E-5 McIntosh Lake 

 

 

 



 

98 

 

Table E-5 (Continued) 
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Appendix F Percent relative abundance data 

Table F-1 Cache Lake 
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Table F-1 (Continued) 
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Table F-1 (Continued) 
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Table F-1 (Continued) 
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Table F-1 (Continued) 
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Table F-1 (Continued) 
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Table F-1 (Continued) 
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Table F-1 (Continued) 
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Table F-2 Canoe Lake 
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Table F-2 (Continued) 
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Table F-3 Smoke Lake 
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Table F-3 (Countinued) 
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Table F-3 (Continued) 
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Table F-3 (Continued) 
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Table F-4 Welcome Lake 
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Table F-4 (Continued) 
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Table F-5 McIntosh Lake 
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Table F-5 (Continued) 

 

 

 

 

 


