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Abstract 

The Kawartha lakes region has experienced many impacts from human activities 

since the European settlement in early 1800s including damming, logging, agricultural 

activities, fisheries, urbanization, and the introduction of exotic species. The temperature 

has also increased with regional warming by over a degree Celsius. In this study I used 

the cores collected from a previous paleolimnological study that sought to understand 

how primary production changed in these lakes over the last ~200 years in three 

Kawartha region lakes (Cameron, Pigeon and Stoney lakes) using changes in diatoms and 

subfossil pigments. The previous study concluded that all three lakes experienced cultural 

eutrophication, beginning in the early 1800s, with only Cameron Lake potentially 

experiencing a less nutrient-rich conditions since c. 1940 according to the diatoms. This 

study assessed the cumulative impact of the multiple stressors on subfossil cladoceran 

over the last ~200 years by analysing the Cladocera assemblages and the changes in the 

size structure of Bosmina and Daphnia species. Major restructuring of cladoceran 

assemblages occurred c. 1830 in all three lakes with increases in the abundance of 

Chydorus brevilabris, suggesting that damming in c. 1830 was an important factor. 

Pigeon Lake remained stable in cladoceran assemblages after damming while Cameron 

and Stoney lakes exhibited increases of ~20-30% abundance of pelagic Daphnia spp. c. 

1940-50s. The inconsistency in the timing of Daphnia spp. rising among lakes indicates 

potential interactions between environmental changes related to climate change, 

eutrophication, and other anthropogenic stressors. A recent return of Cladocera 

composition to pre-industrial conditions was seen in Cameron Lake. Changes in size of 

the dominant Bosmina and Daphnia spp. showed little consistency among lakes. These 
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results support previous findings that nutrient enrichment related to multiple factors has 

resulted in large and significant changes to Kawartha region lakes. This information 

provides the context for setting realistic restoration goals.  
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Chapter 1: General Introduction 

Canada has an abundance of freshwater lakes, rivers, streams, and wetlands, with 

over 9% of the surface area of the country covered by freshwaters (Meybeck 1995, 

Lehner and Döll 2004). Canadian lakes are susceptible to a variety of anthropogenic 

stressors such as deforestation, hydrological alterations by dams, agricultural activities, 

and urbanization. All these activities could accelerate the loading of nutrients to lakes, 

possibly leading to enhance lake production (Reckhow and Chapra 1983). Forests have 

been cleared for many purposes such as the economic benefit of forestry, but also for 

open land for agriculture, human settlements, and industrial activities. Such activities can 

cause shifts on the landscape (i.e., conversion of forests to grasslands and loss of 

wetlands), increases in soil erosion, and resultant changes to water quality and aquatic 

ecosystems (e.g., Hill 1976, Burden et al. 1986, McAndrews and Boyko-Diakonow 1989, 

Hall and Smol 1996, Patterson and Kumar 2000, Watchorn et al. 2008). Hydrological 

alterations including dams and locks have been undertaken to provide for improved 

navigation, irrigation, and flood control, but can also result in undesirable changes to the 

aquatic environment. However, dams can lead to changes in water level and flooding of 

adjacent terrestrial areas that can re-shape the aquatic community structure by changing 

aquatic habitats and supplying sources of nutrient loadings (Baxter 1977, French and 

Chambers 1997, Paragamian 2002, Hambright et al. 2004, Agostinho et al. 2008). For 

example, transportation corridors often involve deepening and widening rivers and lakes 

with resultant changes to benthic habitat (Limburg et al. 2001). Moreover, deforestation 

and hydrological alterations can result in enhanced nutrient loading, as can landscape 

changes related to settlements, agriculture, and industrialization (Hasler 1947, Kira 
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1993). A major consequence of nutrient enrichment from human activities is enhanced 

primary production, a phenomenon termed cultural eutrophication. Cultural 

eutrophication can cause major alterations to aquatic systems including harmful algal 

blooms, a decrease in water potability, and enhanced biological oxygen demand that can 

cause oxygen depletion in lakes, with major impacts to aerobic organisms (Reckhow and 

Chapra 1983, Kira 1993, Carpenter et al. 1998, Anderson et al. 2002). 

The transformation of aquatic communities from human activities has been noted 

in many lakes worldwide, and in southern Ontario for over 200 years. Although the 

indigenous populations have long inhabited the lands before European settlement, the 

influence of early communities on aquatic ecosystems were considered relatively minor 

(Turner 1994, Bakowsky and Riley 1992, Butt et al. 2005), but with some exceptions 

(e.g., Ekdahl et al. 2007). Environmental changes in aquatic ecosystems have generally 

increased over time since the first European settlements during the late 1700s and have 

continued to the present in this region (Warner et al. 1989, Butt et al. 2005, Reavie et al. 

2006). 

The Kawartha region of Ontario (Canada) is characteristic of a region that has 

experienced changes in aquatic environments from multiple anthropogenic stressors since 

the arrival of European settlers in early 1800s (Mallory 1994, Adams and Taylor 2009, 

Peterborough Field Naturalist 2011, Conolly 2016, Berger 2018). These activities have 

included forest clearing, logging, dam construction, agricultural development, and the 

impacts of permanent settlements, starting in the early-to-mid nineteenth century and 

continuing to today (Adams and Taylor 2009, Conolly 2016). These anthropogenic 

activities have likely impacted the lake ecosystems in several ways including: a) changes 
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to the hydrologic flow from dam construction that started in the 1830s and resultant 

increases in nutrient inputs from flooded terrestrial regions; and b) from watershed 

activities (e.g., logging, agriculture) and human settlement causing an increased nutrient 

loading to lakes and leading to enhanced lake production. Additionally, climate warming 

and enhanced precipitation on these large and relatively shallow lakes could also 

contributed to increases in primary and secondary producers, and other direct or indirect 

changes associated with climate (e.g., changes in ice cover, seasonality, and wind 

intensity). Other local (e.g., changes in fishery practices) and regional factors (e.g., 

deposition of sulphate and nitrate) could also caused changes in aquatic communities 

over the last ~200 years. 

Today, several Kawartha region lakes are part of the Trent-Severn Waterway 

(TSW, including all the lakes in this study) that connects Georgian Bay to the Bay of 

Quinte into Lake Ontario, a project that was completed in 1918 (Parks Canada 2019). The 

construction of the TSW has resulted in hydrological alterations from the build of dams, 

locks, and mills, that started in 1833. The construction of the TSW has caused physical 

changes, such as deepened channels and higher water levels (Adams and Taylor 2009). 

The construction of dams facilitated the transport of logs from forest harvesting that has 

started in the 1830s, and remained a dominant activity until the late 1800s, leading to a 

denudation of forests prior to the decline in forestry activities in the region (Adams and 

Taylor 2009, Peterborough Field Naturalist 2011). Most of the watersheds in the 

Kawartha region were described as either open cultivation or barrens by a survey in 1913 

(Conolly 2016).  



 

 

4 

 

Damming and forest clearance activities altered the natural hydrology of the 

Kawartha region lakes, by changing infiltration and run-off rates (Adams and Taylor 

2009, Peterborough Field Naturalist 2011). New dam construction and forestry activities 

declined dramatically by the end of nineteenth century due to unsustainable forest 

extraction and problems with flood-control (Adams and Taylor 2009, Peterborough Field 

Naturalist 2011). Afforestation and natural regeneration of forests occurred throughout 

the 1920s and 1930s and has restored the woodlands (Mallory 1994, Adams and Taylor 

2009, Conolly 2016). However, locks remained important in several main lakes for 

navigation and tourism, which was promoted as an alternative source of economic 

activity (Adams and Taylor 2009, Peterborough Field Naturalist 2011). Today, private 

lake cottages and tourism are the major economic activities in the Kawartha region.  

Fisheries in the Kawartha region have changed over the past ~200 years. Initially, 

many Kawartha region lakes had commercial fisheries that began in the mid 1800s and 

continued to the early 1900s, when they started to decline and stopped, as tourism 

became the dominant local industry, and recreational fishing became more important 

(Mallory 1994, Peterborough Field Naturalist 2011, Berger 2018). Recently, angling 

pressure on some species such as bass has been increasing; however, there is little 

evidence of declines in fish populations with except for walleye, a species that was 

introduced into Kawartha Lakes in the 1920s and 1930s, and increased in abundance, 

prior to their recent decline in the 1980s (Ontario Ministry of Natural Resources 2008, 

Adams and Taylor 2009, Berger 2018).  

 The history of European settlement in the Kawartha region suggested that large 

changes to terrestrial and aquatic habitats has occurred after the arrival of settlers from 
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activities due to logging, damming, land clearance, agriculture, and other human 

activities. Such changes have contributed to the cultural eutrophication of many 

Kawartha region lakes (Laird and Cumming, 2018). An enhanced base of primary 

producers should result in an enhanced biomass of secondary producers, and potential 

changes in community composition of secondary producers, including the zooplankton 

community (Vinebrooke et al. 2003, Petchey et al. 2004). However, the composition of 

secondary producers could also be vulnerable to disturbance and alteration in the 

hydrology through changes in available habitat (e.g., deeper channels and elevated water 

levels), changes in fish composition, changes in climate, and the introduction of exotic 

species such as walleye (in c. 1920-30s) and zebra mussels (in c. 1990s). These potential 

stressors could have direct and/or indirect changes on zooplankton communities (Zhu et 

al. 2006, Brown et al. 2012).  

The Kawartha Lakes Stewards Association (KLSA) has long been concerned with 

the negative impacts associated with eutrophication from human activities, including 

increases in algal production that has been observed and associated increases in 

potentially toxic cyanobacteria (KLSA 2012). To better assess and make remediation 

decisions on the current nutrient conditions and ecosystem integrity, information on pre-

disturbance states and historical changes are needed to provide baseline references 

conditions (Smol 1992). Consistent water chemistry measurements have been collected in 

the Kawartha region for almost 20 years, including monthly measurements on total 

phosphorus (TP) started in 2002 by Lake Partner program. Before the early 2000s, only 

sparse measurements of TP values from the ice-free seasons in 1972 and 1976 were 

measured from Ministry of the Environment and Ministry of Natural Resources (MOE-
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MNR 1976). However, the short time window covered from these studies and changes in 

detection limits and methodologies between these two datasets make them insufficient to 

evaluate human-related impacts, because human activity from settlers predates the 

monitoring data almost 200 years. To evaluate the impact of settlement on aquatic 

ecosystems and water quality, a much longer record of observation is necessary for 

assessing changes. Fortunately, paleolimnological approaches can be used reconstruct 

past ecological assemblages and through them, insights into historical environmental 

conditions. 

Paleolimnology is one of the only reliable methods to extend the timeframe that is 

missing in most long-term monitoring programs. Paleolimnology is the science that uses 

the physical, chemical, and biological remains in sedimentary sequences to reconstruct 

the past ecological and environmental history of a lake (Smol 1992, Meyers and Teranes 

2001). Laird and Cumming (2018) applied a paleolimnological approach based on the use 

of diatom assemblages, subfossil pigments to reconstruct changes in primary producers to 

help understand how nutrients and production changed in three large Kawartha region 

Lakes (Cameron Lake, Pigeon Lake and Stoney Lake) over the past ~200 years. Briefly, 

the diatom assemblages and algal composition suggested increases in algal production 

and nutrient levels in Pigeon and Stoney lakes, whereas changes in Cameron Lake were 

more complicated. In Cameron Lake, the trends in diatom assemblages have indicated an 

initial period of enhanced production after human settlement followed by a recovery to 

lower levels of production, and the subfossil pigments suggested post-1970 changes in 

algal species composition. 
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This study builds on the cores and framework of Laird and Cumming (2018) and 

assesses how cladoceran assemblages have changed over the last ~200 years in same 

three Kawartha region lakes (Cameron Lake, Pigeon Lake and Stoney Lake). 

Specifically, this study uses a paleolimnological approach to: a) determine the extent of 

change in cladoceran assemblages in these three lakes over the last ~200 years; b) assess 

if changes in cladoceran assemblages show a consistent pattern between lakes; and c) 

based on the timing and degree of cladoceran assemblage changes, understand the 

potential contributions of various stressors (changes in the watershed, lake and climate). 

To assess the potential influence of changes in fish communities on Cladocera 

communities, changes in the body size of the dominant planktonic cladoceran taxa were 

also assessed over the last ~200 years in these cores. 

We hypothesized that: a) the damming in the 1830s has caused significant 

changes in the cladoceran assemblages due to elevated water level and rapid nutrient 

loading; and b) the cumulative impact of other multiple stressors related to eutrophication 

(likely caused by watershed disturbance and climate change) has led to increased overall 

abundances of cladocerans. 

This study provides information on how cladoceran assemblages changed over the 

past ~200 years in response to cumulative stressors, and the structure of cladoceran 

assemblages prior to European settlers. How Cladocera assemblages have changed over 

the last ~200 years in relation to the timing of the watershed activities and meteorological 

records will give insights on the potential interaction of the multiple stressors that have 

impacted Kawartha region lakes. Knowledge of baseline conditions provides a reliable 
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estimate of pre-disturbance analogues for cladoceran assemblages that can assist in 

conservation and remediation strategies for Kawartha region lakes.  
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Chapter 2: Literature Review  

Anthropogenic Stressors and Paleolimnology 

The impact of anthropogenic stressors on aquatic communities is an area of active 

research. In many regions, there are numerous co-occurring stressors and ways to assess 

their cumulative impact. The lack of long-term high-quality monitoring data over decades 

has seen a rise in the use of paleolimnological techniques to assess the timing and 

magnitude of changes in aquatic systems, especially in cases related to studies where 

enhanced lake production is an expected outcome. Paleolimnological approaches also 

have the potential to establish ecological conditions of aquatic communities before the 

onset of large-scale anthropogenic stressors, thus providing important insights on 

potential remediation targets. However, because a handful of stressors have the potential 

to influence production in lakes (e.g., hydrological changes, land clearance, settlement, 

agriculture, climate, etc.) and the temporal covariances might exist in many of these 

stressors, it is difficult to determine the relative importance of various factors solely by 

paleolimnological approaches (Christensen et al. 2006, Hecky et al. 2010). Additionally, 

the co-occurrence of multiple anthropogenic stressors can sometimes have complex 

interactive effects on community structure (Grant 2002, Klerks 2002), due to ecology 

trade-offs (Kneitel and Chase 2004) and differences in ecosystem resistance among 

trophic levels (Vinebrooke et al. 2003, Petchey et al. 2004). Consequently, interactions 

between stressors cannot be easily distinguished because the response is likely 

nonadditive and either higher (i.e., synergistic) or lower (i.e., antagonistic) than additive 

expectations due to a series of possible complex net effects (Folt et al. 1999, Hoffman et 

al. 2003, Przeslawski et al., 2005). Such potential interactions between stressors have led 
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to uncertainty when predicting the response of ecosystems based on empirical knowledge 

gained from manipulative experiments or modeling (Christensen et al. 2006, Quinlan et 

al. 2018).  

Paleolimnological approaches can also be used in conjunction with appropriate 

reference systems to reduce the complexity of potential stressors (i.e., using remote lakes 

that were not impacted by stressors of interest) to gain insights into the importance of 

various stressors (Arseneau et al. 2016). However, as all lakes have been affected by 

climate change, the reference lake approach that only covers recent monitoring records 

failed to provide data before the onset of anthropogenic climate change (Smol 2010). 

Looking for coherent responses in lakes could point to important regional stressors. 

However, the Kawartha region lakes have been impacted by many potential local and 

regional stressors over time. 

Paleolimnology represents a powerful tool to study long-term ecological changes 

in biological communities over a longer period. Paleolimnology uses the biological, 

chemical, or physical proxy data in well-dated sedimentary sequences to reconstruct past 

conditions on ecological communities of primary (i.e., algae) and secondary producers 

(i.e., invertebrates), as well as on other limnological changes (Smol 1992, Meyers and 

Teranes 2001). Changes in these communities over time represents the cumulative 

change from all potential stressors. Sediment materials accumulate on the bottom of the 

lake from both within the lake (autochthonous) or from outside (allochthonous) the lake, 

thereby representing a valuable archive of past communities from the lake and 

surrounding region. Paleolimnological approaches provide the ability to: a) extract large 

amounts of information about past ecological and environmental conditions inferred from 
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the sediment record at a resolution that is guided by the investigator and the available 

sediment record; b) span a timeframe set by the investigator, which often includes the 

start of anthropogenic stressors in North America (Smol 2008); and c) enables a 

consistent methodology to be used over time (Quinlan et al. 2008). The changes in 

community assemblages that is obtainable through paleolimnological studies represents 

the cumulative changes in a community over time. Trajectories of different 

environmental stressors (i.e., explanatory variables) can be used to understand the 

importance of potential stressors related to the cumulative response of the assemblage (or 

individual indicator taxa) over time.  

The most widely used biological proxies of past aquatic conditions in 

paleolimnology studies are from primary producers (e.g., diatoms, chrysophyte scales, 

and pigments) and assemblages of invertebrates (e.g., cladocerans and chironomids). 

Pollen in sediment cores can be used to provide information on past vegetation. These 

biological proxies can provide information on how the communities have changed over 

time (e.g., biodiversity, production, nutrients, and changes in habitat), and may be able to 

infer past changes in limnologically important changes in water chemistry (e.g., salinity, 

acidity, deep water oxygen, and other sources of pollution) and physical conditions (e.g., 

temperature and lake depth) (Last and Smol 2001, Smol et al. 2001a, 2001b). Chemical 

changes in cores (e.g., metals, stable and radioactive isotopes, organic matter, carbon, and 

nitrogen ratios etc.) can provide information processes from within and outside of the 

lakes, and information that can be used to date the cores (e.g., 210Pb and 137Cs). Finally, 

physical indicators (e.g., elemental composition, minerology, charcoal, etc.) would 
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provide information on important changes in erosion and fires over time that may be 

related to catchment development or changes in climatic conditions. 

Cladocera as a Paleo-Indicator 

The focus of this study is on the response of cladocerans to multiple stressors in 

three Kawartha lakes over the last ~200 years to gain a more detailed understanding on 

human-induced ecological changes in the Kawartha region. Cladocera, commonly known 

as water-fleas, are a widely used order of invertebrates (subphylum: Crustacea; class: 

Branchiopoda) in paleoecological studies. There are several basic characteristics that 

make cladocerans valuable paleoecological indicators: a) they are ubiquitous and 

abundant in most freshwater habitats and form an important component of the 

zooplankton community; b) Cladocera have short generation times, and asexual 

reproduction, allowing them to respond quickly to environmental changes; c) their 

chitinous remains of body parts (e.g., carapaces, headshields and post-abdomens etc.) are 

preserved well in most lake sediments and can be taxonomically diagnostic to at least the 

genus level (Frey 1960, Smol 1992); and d) the tolerance and optima of cladocerans to 

environmental factors has been reasonably well documented. As such, studies using the 

remains of subfossil Cladocera are a widely used and are accepted techniques to assess 

changes in zooplankton composition in response to anthropogenic activities (Korhola and 

Rautio 2001). Cladocerans also occupy an intermediate position in the food web, between 

primary producers and planktivorous fish or invertebrate predators (e.g., copepods). Their 

susceptibility to both ‘bottom-up’ (resources regulated) and ‘top-down’ (predation 

stressed) food-web effects that make them useful in studying both processes in a lake 

system (Hessen et al. 1995). Consequently, their responses in species composition, 
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relative abundances (i.e., assemblages) and size structures can be used to infer water 

quality variables (e.g., Korhola 1999, Hann and Turner 2000, Chen et al. 2010) as well as 

predatory intensities (e.g., Jeppesen et al. 2002, Alexander and Hotchkiss 2010) 

respectively. 

Cladocera assemblages have been used to reconstruct changes in TP and trophic 

status in paleolimnology as mostly qualitative and sometimes quantitative bioindicators 

(Boucherele and Züllig 1983, Holfmann 1987, Whiteside and Swindoll 1988, Korhola 

1999, Bos and Cumming 2003, Chen et al. 2010). Experiments suggest that higher 

phosphorus levels are likely to cause higher growth rates for Daphnia spp. (Urabe et al. 

1997, Elser et al. 2000) and phosphorus requirements might be different between genera 

(Schulz and Sterner 1999). However, changes in trophic levels can affect Cladocera 

assemblages in direct and indirect ways (i.e., changes in food quantity and quality, or 

changes in habitat between pelagic and littoral conditions). High algal biomass caused by 

eutrophication favours certain Cladocera spp. (i.e., typically spp. with large body size or 

specific diet) largely by providing abundant food resources and strengthens their 

competition ability among others (Boucherele and Züllig 1983, Holfmann 1987, Hann et 

al. 1994, Chen et al. 2010). Moreover, TP levels can indirectly affect cladoceran 

assemblages by changing the food quality (Sterner et al. 1993, Plath and Boersma 2001) 

and quantity (Geller and Müller 1981, Gliwicz 1990), and habitat availability of 

cladocerans (Whiteside 1970, Hofmann 1987, Tremel et al. 2000, Mushet et al. 2019). 

For instance, habitat of pelagic and littoral cladoceran can be largely altered by 

eutrophication that leads to increases in phytoplankton abundance and detrital particle 

while decreases in rooted macrophyte densities and water transparency (Whiteside 1970). 
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Mushet et al. (2019) has highlighted the deep-water anoxia associated with 

eutrophication may provide refugia for large-bodied Daphnia spp. and thus relief the 

predation pressure from planktivorous fish, however the utilization of anoxia refugia has 

a trade-off with reproduction (Nebeker et al. 1992). Dominance of Chydorus brevilabris 

and C. biovatus has been routinely observed under eutrophic and hypereutrophic 

conditions (Bos and Cumming 2003, Nevalainen and Luoto 2013). As a littoral 

Cladocera, C. brevilabris attaches to substrates and prey as an algal scraper when in less 

trophic systems while it expands the habitat to open water by filter-feeding on 

phytoplankton, detritus, and bacteria in more eutrophic systems (de Eyto 2001). Besides 

of C. brevilabris, other species such as Daphnia ambigua, D. pulex and Bosmina 

longirostris have showed greater abundance with increasing nutrients and biological 

production in certain lakes, while other species such as Acroperus harpea, Alonella nana, 

A. excise were found in less productive lakes (Bos and Cumming 2003, Luoto et al. 2008, 

Liu et al. 2009, Nevalainen and Luoto 2013, Labaj et al. accepted). Cladocera 

assemblages are also largely affected by changes in their life form (e.g., benthic, littoral, 

and pelagic) with shifts from benthic to pelagic production being common as a lake 

becomes enriched in nutrients (Jeppesen et al. 2000, 2001; Davidson et al. 2011, 

DeSellas et al. 2011). As Cladocera are sensitive to lake depth with higher abundances of 

pelagic species, including Daphnia and Bosmina spp., it became more abundant in deeper 

lakes (Korhola et al. 2000, Amsinck et al. 2006, Labaj et al. accepted). Furthermore, 

changes in cladoceran assemblages can also be due to changes in fish density through 

top-down effects and macrophyte coverage that serves as refuges (Jeppesen et al. 2001, 

Davidson et al. 2010, Bennion et al. 2015).  
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Several cladoceran species may also function as indicators of predation intensity 

through top-down effects (Brooks and Dodson 1965, Zaret and Kerfoot 1975, Kitchell 

and Kitchell 1980, Jeppesen et al. 2001, 2002). The cladoceran genus Bosmina and 

Daphnia has been suggested to be effective indicators of predation intensity in 

paleolimnological studies (Nilssen and Sandøy 1990; Palm et al. 2005, Korosi et al. 

2008, 2010, Alexander and Hotchkiss 2010). As predators, planktivorous fish and 

invertebrates can have different size-selective effects on cladocerans. Planktivorous fish 

prefer the largest available Cladocera (e.g., Daphnia spp.), which are more visible thus 

easier to catch (e.g., Brooks and Dodson 1965, Zaret and Kerfoot 1975, Palm 2005). In 

contrast, invertebrate predators (e.g., copepods) that are limited by their own body size 

(i.e., gape-limited predation) tend to select small-bodied Bosmina spp. that the predators 

can handle and manipulate easily to shorten prey handling time and save energy (Kerfoot 

1975, Zaret and Kerfoot 1975). Thus, small-bodied individuals are favoured when 

planktivorous fish dominant as predators, while large-bodied individuals would be 

favoured when invertebrate predators predominant, and when planktivore abundance is 

lower. 

Cyclomorphosis can be a useful strategy for Cladocera when they face predation. 

For example, Bosmina and Daphnia spp. can alter their body size and appendage length 

seasonally to minimize predation under changing predation intensity. This rapid response, 

thus high sensitivity, also relates to their effectiveness as paleo-indicators of predation 

intensity. However, the hard-shelled Bosmina spp. generally has more well preserved 

body parts (e.g., carapaces, headshields, mucros, antennules and mandibles) in sediment 

than that of soft-shelled Daphnia spp. (typically only post-abdominal claws and ephippia 
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are preserve well) (Frey 1960). Thus, more predation information could be inferred from 

Bosmina spp. compared to Daphnia spp. remains in sediment samples (Frey 1986). The 

appendages of Bosmina spp. including antennules and mucros may elongate when 

predation is intense causing impaired swimming ability, but overall reduced mortality 

(Post et al. 1995). It also has been suggested that short Bosmina spp. appendages 

dominate when fish predation is overwhelming, whereas the opposite happens when 

invertebrate predation is substantial (Kerfoot 1977, O'Brien and Schmidt 1979). In all, 

size measures on both appendages and main bodies provide indirect indication on both 

intensity and types of predation. Nonetheless, the validation of this relationship has been 

inconclusive due to the fact that the size appears to be affected by other factors such as 

calcium and pH levels (Labaj et al. 2013, 2014), thus caution must be taken when 

interpreting such information on changes in size structure. 

Previous study 

This study has focused on Cladocera assemblages and size structures in three 

sediment cores from each of Cameron, Pigeon, and Stoney lakes in the Kawartha region 

that has been previously used in Laird and Cumming (2018), which provides the 

foundation for this study. The previous study by Laird and Cumming (2018) mainly 

investigated diatom assemblages, diatom-inferred total phosphorus (DI-TP), and 

pigments using both a high performance liquid chromatography (HPLC) and a 

multiwavelength fluorescence detector. Their study also analysed organic matter and 

elements using inductively coupled plasma mass spectrometry (ICP-MS). Laird and 

Cumming (2018) summarized changes in lake primary production and nutrient levels 

likely because of European settlement in the Kawartha region over the last ~200 years. 
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This study will investigate further information on the cumulative changes in cladoceran 

assemblages over the last ~200 years.  

The three study lakes were selected to be representative of this region and include 

gradients in watershed land-use and nutrient levels. Changes in proxies including DI-TP 

and primary production were inferred for all lakes through diatom assemblages and 

pigment profile through time. In the core from Cameron Lake, there were distinct 

increases in eutrophic planktonic diatoms (primarily Aulacoseira ambigua and other 

Aulacoseira spp.) in the early 1800s. Background DI-TP estimates increased by ~6 µg·L-1 

from pre-1800 estimates of ~10 to 14 µg·L-1 post European settlement in late 1800s and 

early 1900s. After 1940, the abundance of A. ambigua decreases from over 20% to trace 

amounts as other taxa indicative of lower nutrient conditions (Asterionella formosa and 

Fragilaria crotonensis) increase, and values of DI-TP decreased to near background 

levels by the top of the core (2016) (Laird and Cumming 2018). In contrast, the profiles 

of chlorophyll a did not show large changes in the Cameron Lake core, but there were 

post-1960 increases in overall algal production (chlorophyll a and ꞵ-carotene) and lutein 

(green algae).  

All proxies from the Pigeon Lake core indicated a consistent pattern of post-1800 

eutrophication. The diatoms assemblages indicated relatively stable background DI-TP 

inferences between 10 and 15 µg·L-1 in the pre-1800 sediments, which increased between 

1820 to 1920 to >20 µg·L-1, after which they remained high and stable. The pre-1820 

diatom assemblage contained the oligotrophic diatom, Aulacoseira distans, which 

subsequently declined as it was replaced by higher abundances of the eutrophic diatom 

taxon A. ambigua and Aulacoseira granulata spp. This post-1850 eutrophication was 
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supported by parallel increases in both diatom concentrations and increases in both 

spectrally and HPLC-inferred increases in overall algal production (mainly through 

chlorophyll a).  

The diatoms in the core from Stoney Lake indicated a background DI-TP value of 

between 15 and 22 µg·L-1 prior to 1800, after which values increased to between 20 and 

25 µg·L-1 (Laird and Cumming 2018). Dates on the Stoney Lake sediment core have been 

subsequently corrected based on the identification of a distinct rise in Ambrosia pollen at 

a depth of ~40 cm in this study. Hence, the initial rise in the more eutrophic planktonic 

diatom taxon, A. ambigua, followed by post-1900 increases in A. granulata suggested 

that background TP concentrations were between 15 and 20 µg·L-1. The pigments in the 

Stoney Lake core did not show a clear pattern of cultural eutrophication, but there was a 

post-1990 increase in cyanobacteria. Overall, cultural eutrophication caused by increased 

nutrient loading from human activities was likely related to the observed changes in lake 

production. Climate change that was considered significant in this region has both 

increased temperature and shortened ice cover period, and thus likely also contributed to 

the observed changes and should be taken into consideration in this study (Laird and 

Cumming 2018). 

  



 

 

19 

 

Chapter 3: Methods and Materials 

Study Sites 

The three study lakes in this study include Cameron, Pigeon and Stoney (also 

referred to as “Stony” in some documents) lakes. These lakes were chosen by B. 

Cumming and W. Napier of Kawartha Lakes Stewards Association (KLSA) following 

conversations with Professor P. Frost of Trent University. The KLSA is a non-profit, 

volunteer organization that represents 24 cottager associations on more than a dozen 

lakes along the TSW. They are broadly concerned with public education and research on 

Kawartha region lakes. The key roles of KLSA include: monitoring phosphorus, water 

clarity and E.coli levels in the Kawartha Lakes; providing education about the importance 

of protecting lakes in the Kawartha region; support/conduct research to understand 

research on the dynamics of Kawartha region lakes to identify problems and seek 

solutions; and developing partnerships with multiple stakeholders to further the above 

objectives (KLSA 2019). 

Physical Description 

Paleolimnological research on Cameron, Pigeon and Stoney lakes began because 

of the interests of KLSA in understanding how the nutrient status in key lakes changed 

over the last ~200 years. The study lakes were selected to represent gradients of 

watershed activities and lake-water conditions: a) differences in land use, with basins 

from mainly agricultural catchments (Cameron Lake), catchments with forest and 

agriculture (Pigeon Lake), and predominantly forested catchments (Stoney Lake); and b) 

nutrients level, from a lower-nutrient lake (Cameron Lake) in the west to the more 

nutrient-rich lakes (Pigeon and Stoney lakes) to the east (Fig. 1).  

https://klsa.wordpress.com/about/
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Figure 1: Map showing the location of the three Kawartha lakes studied and surrounding 

land using conditions. Cores used in this study were collected between May 10 and 13, 

2016 from the locations marked by “×”. The solid circles represent the sites and their ID 

numbers from lake partner program (from Laird and Cumming 2018). 
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The study lakes are relatively large (surface area of Cameron, Pigeon and Stoney 

Lake are ~13, 53.4, and 28.3 km2 respectively) but shallow lakes (mean depth: 6.3, 3, 5.9 

m; maximum depth: 18.3, 17.4, 32 m, in the order of Cameron, Pigeon and Stoney lakes) 

(White 2006). The bedrock underlining the study lakes is mainly Ordovician sedimentary 

limestone, except for only the northernmost margin of Pigeon and Stoney lakes that are 

found on Precambrian igneous and metamorphic rock of Canadian Shield (Ontario 

Geological Survey 1991, Todd and Lewis 1993, Peterborough Field Naturalist 2011). 

Water flows from the west to the east through Kawartha region Lakes (i.e., from 

Cameron Lake to Stoney Lake) as they situated along the TSW, which connects Georgian 

Bay to the Bay of Quinte. Cameron Lake is an upstream lake mostly surrounded by 

agriculture. Pigeon Lake, located downstream of Cameron and Sturgeon lakes, has its 

basin covered by forests in northern regions of the watershed while agricultural activities 

are prominent in the south. However, the drainage basin of Pigeon Lake drains the largest 

area of agricultural region among the three study lakes (White 2006). Stoney Lake is a 

downstream lake of Pigeon Lake surrounded by mostly forest and receives several fresh 

inputs from the forest in its north, yet it has a much smaller drainage basin than that of 

the other two study lakes. 

Water Chemistry 

Cameron Lake has a TP concentration typically < 10-12 µg·L-1 but as high as 15 

µg·L-1 (Lake Partner Program in 2002-2016, Laird and Cumming 2018). TP of Pigeon 

Lake were between of 10-22 µg·L-1 but as high as 25-30 µg·L-1 (in 2002-2016). Stoney 

Lake has a TP value typically between 10 and 20 µg·L-1 but as high as 25 µg·L-1, which 

is slightly lower than that of upstream Pigeon Lake (in 2002-2016). Downstream lakes 

are generally concentrated with nutrients carried by water flows, the lower TP level of 
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Stoney Lake is due to the low-nutrient inflows from the northern forests as well as its 

drainage basin being smaller in area. Notably, these monitoring data from the Lake 

Partner Program were collected since 2002 and the TP measurements were generally 

increased from spring to late summer. There are only two TP measurements on these 

lakes in the 1972 and 1976 but suggest TP values were generally higher than the Lake 

Partner Program data, possibly reflecting improvement in wastewater treatment plants in 

the mid 1970s (MOE-MNR 1976). However, the paucity of samples, and older test 

methodologies make comparisons difficult. 

Both early (1976) and recent (2013-2018) summer month dissolved oxygen (DO) 

monitoring profiles show anoxia in the hypolimnion of the study lakes during summer (at 

depth of 15 m in Cameron Lake, 16 m in Pigeon Lake and 32 m in Stoney Lake in early 

profiles; at depth of 14 m in Cameron Lake, 13.5 m in Pigeon Lake, 9 m in Stoney Lake 

in recent profiles). As expected, the surface DO levels were at ~8-12 mg·L-1 in all three 

lakes (MOE-MNR 1976, Kawartha conservation 2015a, 2018a, Baxter and Castro 2020). 

Continuous chloride monitoring data 1966-2013 that is available in Cameron 

Lake shows an increase in chloride concentration from ~3 mg·L-1 to recent 7 mg·L-1 

(Appendix Aa, Dugan et al. 2017) over the past 50 years. Summer chloride 

concentrations in 1976 and 2019 in three study lakes (Appendix Ab, MOE-MNR 1976, 

Lake Partner Program 2020) show increases in chloride concentration in all study lakes 

with the largest increases seen in Pigeon Lake (from ~4 to ~14 mg·L-1) while the lowest 

in Cameron Lake (from ~3 to ~7 mg·L-1). In contrast, Heney Lake, a reference lake in the 

Muskoka region situated about 70-km northwest of Kawartha region, has a chloride 
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concentration of 0.91 mg·L-1 (Valleau et al. 2020), suggesting chloride levels were 

elevated in all three study lakes since the 1960s. 

Sediment Cores and Time-Depth Profiles 

The sediment cores were used to provide a history of change in lake trophic status 

over the last ~200 years (Laird and Cumming 2018). Sediment cores were collected from 

each lake (see Fig. 1 for coring locations) between on May 10th and 13th, 2016 by B. 

Cumming, C. Barouillet and B. Elmslie. The collected cores were 58, 52 and 56 cm in 

total length for Cameron, Pigeon and Stoney lakes, respectively, and were sectioned at 

0.5-cm intervals shortly after collection. Sectioned cores were then stored at 4°C in the 

Paleoecological Environmental Assessment and Research Laboratory (PEARL) cold-

room at Queen’s University, Kingston. The total wet weight of each core section was 

measured for all sectioned cores before sub-sampling. Intervals of every two centimeters 

were prepared for gamma spectroscopy, diatom, and pigments analysis. The inference of 

DI-TP from the diatom assemblage composition in each core was based on a phosphorus 

model that estimated taxa optima and was developed from 268 freshwater lakes 

(Cumming et al., 2015). 

Initial chronological models that were developed for cores from Cameron, Pigeon 

and Stoney lakes were based on short-lived radioisotopes including 210Pb and 137Cs (Laird 

and Cumming 2018). Measuring 210Pb activity is a widely used technique to date 

relatively recent cores as it has a half-life of ~22 years. Peaks of 137Cs are commonly 

used as reference time horizons in the cores and are due to the peak deposition of this 

isotope from atmospheric tests of atomic bomb which peaked in c. 1963. Samples that 

were assessed for radiometric testing were first dried in the freeze drier at PEARL to 
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determine the dry mass of the sediment intervals. Dried samples were then placed in 

tubes and weighted before being sealed with epoxy and allow to sit for two weeks before 

gamma dating to allow the equalization of 214Bi with 226Ra. Activities of total 210Pb, 

137Cs, and supported 210Pb were determined following the procedures and similar 

equipment described in Schelske et al. (1994). Activities of unsupported 210Pb were later 

estimated and used for chronology profiles using constant rate of supply (CRS) model 

(Appleby and Oldfield 1978) via the MATLAB programme ScienTissME (M. Scheer, 

unpublished) calibrated to International Atomic Energy Agency (IAEA) standards 312 

and 385. Chronology models are based on cumulative dry weight with depth in the core. 

Peaks of 137Cs, if observed, were used as the tie points when estimating chronology 

models. 

Because 210Pb activities were relatively low in the cores, it was difficult to 

confidently determine the age of older sediment interval (Appendix. C). To improve the 

age-depth models, pollen analyses on the cores were undertaken to identify the timing of 

European settlement in cores, based on locating the rise in Ambrosia pollen. Rises in 

Ambrosia pollen are broadly indicative of the European settlement horizon (Bassett and 

Terasmae 1962). The pollen analysis was done by C. Gushulak in 2019 using the 

methods and taxonomy identification guides laid out in Elmslie et al. (2020). Distinct 

increases in Ambrosia pollen occurred in the cores from Cameron, Pigeon, and Stoney 

lakes at a core depth of 20, 23, and 44 cm, respectively (C. Gushulak, unpublished data, 

Appendix. B). These depths of Ambrosia rise were used as tie points (represent 1830 ±10 

years) in the time-depth chronology models to develop more reliable time-depth profiles 

based on historical records of European settlement in the Kawartha region. The new date-
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depth profiles in the cores of Cameron and Pigeon lakes were extrapolated to the 1780s, 

which represents the bottommost date of the Pigeon Lake core. 

Cladocera analysis 

In this study, samples were processed for Cladocera remains at 2-cm intervals 

starting from 0.5 cm for Cameron and Pigeon lakes, whereas samples from Stoney lake 

were processed every 4-cm due to the higher sedimentation rate in this lake (i.e., the 

depth of the Ambrosia rise in the core from Stoney Lake was approximately twice the 

depth of the Ambrosia rise seen in the cores from Cameron and Pigeon lakes). 

The analysis of subfossil Cladocera followed the protocols outlined in Frey 

(1986) and Korhola and Rautio (2001). About 1 g of wet sediment from each depth was 

weighted out before being placed in a 250-mL beaker with 150 mL of 10% KOH 

(weight/volume) solution at ~60-70°C for 30 mins, and gently stirred. The mixtures were 

then sieved through a 37 μm mesh, after which the residue retained on the screen was 

backwashed with double deionized water into 12 mL glass vials, followed by the addition 

of 3 drops of safranin-glycerin solution. Approximately 50 μL of well-stirred mixture was 

then pipetted onto slides at each of the four separated spots for each sample to ensure 

sufficient cladoceran remains for counting. This procedure was repeated three times to 

adequately concentrate the remains. The slides were warmed to 70-80°C on a slide 

warmer to remove the water. Samples were then allowed to be further dried at the room 

temperature for 12 to 24 hrs. The areas of cladoceran remains were then mounted by 

glycerin jelly, and covered with coverslips and allowed to set for 24 hrs. The cladoceran 

remains on the slides were identified and enumerated using standard taxonomic 

references (Korosi and Smol 2012a, b, Szeroczyñska and Sarmaja-Korjonen 2007) under 
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20× magnification. Each coverslip was counted in its entirety to avoid any bias from non-

random distribution of remains. If a minimum count of 70 cladoceran were not 

enumerated, additional slides were made (Kurek et al. 2010). All cladoceran remains 

such as headshields, carapaces, and the post abdomens were counted and listed separately 

for each taxon, however only the most frequent body part that indicating the greatest 

individual numbers was used to estimate the final abundance of each genera. 

Only the major taxa of greater than 1% relative abundance were used for further 

analysis. The relative abundances of Cladocera were then calculated and stratigraphically 

constrained zones were calculated based using a chord distance as a measure of similarity 

using a stratigraphical constrained cluster analysis (CONISS, Grimm 1987) using the 

program R. CONISS is a hierarchical agglomerative cluster analysis that is constrained in 

a continuous stratigraphic order. The number of significant CONISS zones were 

determined by broken stick model that estimates the expected variance (represented by 

sum of squares) of randomly grouped samples in a series of group number. The zone 

number of in the initial CONISS of the correct stratigraphic order that has variance higher 

than the randomly ordered sequences are considered significant (Bennett 1996). 

The concentrations (# of individual per gram of dry weight) of each species were 

also calculated, and fluxes (# of individual per cm2 per year) were based on the 

sedimentation rates calculated from the time-depth profiles. Changes in the relative 

abundances, concentrations, and flux were used to provide more information on 

cladoceran assemblages changes.  

The size of the dominant planktonic cladocerans were measured using the same 

slides prepared to provide information on possible changes in planktivore predators and 
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other possible driving factors over the last ~200 years. Measurements included: the 

carapace width (CW), antennule, and mucro length (AL and ML, respectively) of 

Bosmina spp., and post-abdominal claw length (PCL) of Daphnia spp. Measurements 

were made on samples from the cores of the three study lakes, for a total of 12 size-to-

date datasets. General additive models (GAMs), a regression-based method that is 

especially suitable for irregular-spaced time series data like in this study, were used on 

the various size measurements to summarize any trends through time and significant 

periods of change (Hastie and Tibshirani 1986, Simpson 2018). GAMs were used also 

because this technique is not sensitive to the subjectivity of the more commonly used 

Local Polynomial Regression (LOESS) models in pre-setting window size and fitted 

polynomials (Simpson 2018). The GAMs used: a gamma error distribution and a log link 

function to avoid negative estimations; thin-plate regression splines as basis splines; 

restricted maximum likelihood (REML) to determine spline degree of freedom; and 

generalised cross-validation (GCV) as the smoothness selection for the curves. Initially, 

models were all fitted with a continuous-time first-order autoregressive (CAR(1)) 

correlation structure, as suggested by Simpson (2018), to account for autocorrelation 

between time-series data. Autocorrelation functions (ACF) and partial autocorrelation 

functions (PACF) were also used to test the degree or existence of autocorrelation in all 

size-time datasets thus whether CAR(1) is needed. All statistical analyses were carried 

out in R (version 3.6.1), and packages used included rioja (version 0.9-21, Juggins 2019), 

analogue (version 0.17-4, Simpson 2020) and mgcv (version 1.8-32, Wood 2020).  
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Chapter 4: Results 

The depth-time profiles were based on the 210Pb activities with ties to the 137Cs 

peaks and 1830 settlement horizon based on the Ambrosia rise of the cores from Cameron 

and Stoney lakes, and the 210Pb activities and the Ambrosia rise for the core from Pigeon 

Lake (Fig. 2), since there was not a distinct 137Cs peak in the core from Pigeon Lake 

(Appendix C). As expected, the error in the date in core increases with depth. Profiles for 

all three lakes were examined over the same time frame from c. 1780-2016. The age-

depth models also demonstrated different sedimentation rates in the cores from the three 

lakes. The sedimentation rates in the cores from Cameron and Stoney Lake were 

approximately linear with time, with higher sedimentation rates in Stoney Lake, whereas 

the sedimentation rates in Pigeon Lake increased drastically since c. 1940 (Fig. 2).  
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Figure 2: Depth-time models for the sediment cores from Cameron, Pigeon and Stoney lakes based on 210Pb activities and reference 

markers for the peak in 137Cs peak and the Ambrosia rise for 1963 and 1830, respectively. CRS model were used, and the errors were 

based on a Poisson distribution. For the core from Pigeon Lake, the 137Cs peak was not pronounced and was not included in the 

model. The dashed lines represent extrapolation to the Ambrosia rise. 
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In total, 32 cladoceran taxa were identified in the core from Cameron Lake, 27 

taxa were identified in Pigeon Lake core, and 22 taxa identified in Stoney Lake core. The 

same dominant taxa (i.e., Bosmina spp., Chydorus brevilabris, Daphnia spp., and Alona 

spp.) were found in the cores from the three Kawartha lakes (Figs. 3, 4, and 5). Bosmina 

spp. (a pelagic cladoceran) comprised most assemblages in the cores from all three lakes, 

followed by C. brevilabris (a littoral species commonly associated with higher levels of 

nutrients), and then Daphnia spp. (a pelagic group) (Figs. 3, 4 and 5). 
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Figure 3: Relative abundance (A), concentrations (B) and flux (C) of the dominant 

Cladocera taxa to depth in Cameron Lake. Estimated dates were marked on the left side, 

and diatom-inferred total phosphorus by Laird and Cumming (2018) were demonstrated 

on the right side of each stratigraphy. The zones were calculated from CONISS cluster 

analysis on the cladoceran relative abundance data. 
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Figure 4: Relative abundance (A), concentrations (B) and flux (C) of the dominant 

Cladocera taxa to depth in Pigeon Lake. Estimated dates were marked on the left side, 

and diatom-inferred total phosphorus by Laird and Cumming (2018) were demonstrated 

on the right side of each stratigraphy. The zones were calculated from CONISS cluster 

analysis on the cladoceran relative abundance data. 
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Figure 5: Relative abundance (A), concentrations (B) and flux (C) of the dominant 

Cladocera taxa to depth in Stoney Lake. Estimated dates were marked on the left side, 

and diatom-inferred total phosphorus by Laird and Cumming (2018) were demonstrated 

on the right side of each stratigraphy. The zones were calculated from CONISS cluster 

analysis on cladoceran relative abundance data. 
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In Cameron Lake, three significant zones (zones A1, A2, and B) were identified 

(Fig. 3). Bosmina spp. dominated the assemblages over the last ~200 years but decreased 

in relative abundance starting in ~1830s. C. brevilabris increased to between 20-30% 

relative abundance between 1830 and 1910 (Zone A2) from less than 10% pre-1830 and 

declined in the 1950s, when Daphnia spp. became relatively more abundant (Fig. 3A). 

However, over the last 40 years, Daphnia spp. showed a slight decrease in relative 

abundance, as Bosmina spp. begin to increase. The changes in C. brevilabris followed the 

same pattern as the changes in the diatom-inferred total phosphorus (DI-TP) (Fig. 3A). 

Concentrations and flux data showed similar trends to the relative abundance data (Fig. 

3B and 3C).  

The core from Pigeon Lake was also dominated by pelagic Bosmina spp., which 

was relatively more abundant prior to 1830 (Zone A). Only two zones (i.e., zones A and 

B) were identified in Pigeon Lake core with the separation occurring at c. 1830 (Fig. 4). 

In c. 1830, there was only a 5-10% increase in the relative abundance of C. brevilabris, a 

small increase in Daphnia spp. and a corresponding decrease in Bosmina spp., which has 

remained relative stable since c. 1950 (Fig. 4A). In contrast, the concentrations and flux 

data from the Pigeon Lake core showed a strong increase in all taxa (Fig. 4B and 4C), a 

trend that paralleled the DI-TP (Fig. 4). 

In Stoney Lake, Bosmina spp. was also the dominant group prior to 1830s (Fig. 

5a). An increase in the relative abundance of the littoral cladoceran, C. brevilabris, 

occurred c. 1830 (transition from Zone A to Zone B1; Fig. 5A) followed by increases in 

Daphnia spp. c. 1900 (transition between Zone B1 to Zone B2), while the relative 

abundance of Bosmina taxa declined thorough the entirety of Zone B (Fig. 5A). Like 
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changes in the Cameron Lake core, the concentrations and flux of C. brevilabris and 

Daphnia spp. increased, but Bosmina spp. decreased (Fig. 5B, C). The changes in 

Cladocera have generally followed the monotonically increasing trend in DI-TP which 

increases throughout the core (Fig. 5). Overall, the core of Cameron Lake showed more 

complex pattern of change in Cladocera assemblages than the other two lakes that 

showed similar major shifts in c. 1830s. 

Size measurements were made on Bosmina spp. (CW, ML, and AL) and on the 

PCL of Daphnia spp. in the three study lakes (Fig. 6). The ACF and PACF functions 

indicated that autocorrelation was not an issue (Appendix D). Based on the 

recommendation of Simpson (2018), the observational weights, that represented by the 

time length corresponding to each sample (as each sample was of 0.5-cm depth), were 

used to account for autocorrelation instead of the autocorrelation function (CAR(1)) on 

the GAMs fitted (Fig. 6).  
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Figure 6: Cladocera sizes (from the left to the right: carapace width, mucro length and antennule length of Bosmina spp. and post-

abdominal claw length of Daphnia spp.) to 210Pb age for Cameron (A), Pigeon (B) and Stoney Lake (C). Only five models were 

successfully fit using GAMs which are shown with 95% confidence intervals. Periods of significant change (if present) are marked 

with thickened blue line. 
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Five size-year datasets (out of 12 in total) were fitted with GAMs. Significant 

trends were only fitted in two of four measurements in Cameron Lake core (Fig. 6A). In 

Cameron Lake core, GAM on Bosmina ML (effective degree of freedom/edf = 5.86, F = 

29.80, p = 1.06×10-4) showed significant decline in 1921-1962, and GAM on Daphnia 

PCL (edf = 1.00, F = 12.18, p =5.83×10-3) presented constant significant increase after 

the 1780s (Fig. 6A). No significant trends were detected in the core from Pigeon Lake 

(Fig. 6b). As for Stoney Lake core, GAM on Bosmina CW (edf = 4.49, F = 3.39, p 

=4.53×10-3) showed no significant change, GAM on Bosmina ML (edf = 4.38, F = 9.47, 

p = 1.83×10-3) demonstrated significant decline in 1928-1957, and that of the Bosmina 

AL (edf = 1.00, F = 32.88, p = 7.33×10-5) has been continuously increasing after the 

1780s (Fig. 6C). Clearly, the size of Bosmina and Daphnia spp. did not show any 

consistent changes either between lakes or through time (Fig. 6). However, the constant 

increase in PCL of Daphnia spp. in Cameron Lake and the AL of Bosmina in Stoney 

Lake were identified as significant over time (Fig. 6A and 6C). 
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Chapter 5: Discussion 

Both shared and unique patterns in cladoceran assemblages were observed in the 

cores from the three study lakes over the last ~200 years. Shared patterns include 

increases in C. brevilabris abundance and increases in Daphnia spp. abundance following 

the rise in C. brevilabris. Notably, the littoral taxon C. brevilabris has increased in both 

relative abundance, concentration, and flux c.1830 in all three lakes, coinciding with the 

time of earliest damming activities. As C. brevilabris has been largely associated with 

eutrophic conditions (Bos and Cumming 2003, Nevalainen and Luoto 2013), theses 

synchronized increases among lakes are likely caused by rapid nutrient loading by the 

flooding of terrestrial area in damming activities. The start of regional eutrophication 

since damming is further supported by the highly synchronous increases of DI-TP values 

in c. 1830 as documented in diatom analysis from the same cores (Laird and Cumming 

2018). The abundance of pelagic Daphnia spp. has slowly increased in all study lakes 

generally after the initial rise of C. brevilabris. However, this increase was delayed to c. 

1940-50s in cores from Cameron and Stoney lakes compared to the almost contemporary 

increase in the Pigeon Lake core following the damming in c. 1830. The lack of 

synchronicity in increases of Daphnia spp. is likely a result of complex effects related to 

multiple anthropogenic stressors instead of being mainly driven by damming activities. 

Last but not the least, decreases in the relative abundance of Bosmina spp., the most 

abundant group of cladocerans in all lakes, began to occur in all three lakes c. 1830. 

Size measurements on the dominant cladoceran remains over the past ~200 years 

were used as a proxy of potential changes in fish predation over time. The inconsistency 

of changes in size measurements over the last ~200 years across lakes suggests that there 
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was no common/regional mechanism driving these changes among lakes. However, in 

the core from Cameron Lake, PCL of Daphnia spp. increased over time possibly 

suggesting a decrease in planktivore predation (Palm 2005). In Stoney Lake, there was a 

monotonic increase in AL of Bosmina spp. in the core that could indicate a potential 

decline predation from invertebrates (O'Brien and Schmidt 1979, Post et al. 1995). 

The Kawartha region has been impacted from multiple regional (e.g., climate, 

acidic deposition) and local disturbances that could result in changes to changes in 

Cladocera assemblages over the last ~200 years. These multiple stressors have led to 

enhanced loading of nutrients or changes in lake level, which further caused an increase 

in lake production, and associated changes in habitat, food supply, and water clarity, all 

of which could result in compositional changes in cladoceran communities (Fig. 7).  
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Figure 7. Conceptual diagram illustrating the possible anthropogenic stressors (Climate change, damming, watershed disturbances 

and changes to fisheries) that could possibly result in changes to physical and chemical environments and eventually cause changes in 

Cladocera assemblage composition. 
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Damming activities, which began in the 1830s, has resulted in an increase in 

water level, and the enhanced nutrient loading associated with decomposition of 

terrestrial vegetation and formation of new littoral habitats. Damming activities are 

contemporaneous with the shift to the littoral taxon C. brevilabris, which is also 

associated with more eutrophic environment, decline in relative abundance of pelagic 

Bosmina spp., and the initial rise in Daphnia spp. 

The subsequent onset of additional watershed-specific activities (settlement, 

agriculture, and forestry) has likely contributed to an ongoing eutrophication and might 

have caused different time of changes in Daphnia spp. after c. 1830. The cladoceran 

assemblages in the core from Pigeon Lake has remained relatively stable after c. 1830, 

suggesting continued high nutrient loads since that time, likely from a variety of sources 

related to watershed disturbance and climate change. In contrast, further increases in 

Daphnia spp. occurred in the cores from Cameron and Stoney lakes c. 1940-50s. 

Notably, the recent cladoceran assemblages in Cameron Lake is like the background 

condition, which is mirrored by a return to lower DI-TP values in this lake (Laird and 

Cumming 2018). Such changes suggest that changes back to pre-industrial cladoceran 

assemblages is not unrealistic (Arseneau et al. 2016), even though the present-day 

climate is much warmer than pre-settlement conditions (Laird and Cumming 2018). 

However, the mechanism of this return remains inconclusive considering that Cameron 

Lake is the only study lake displayed a return to background conditions. 

The rise and fall of C. brevilabris are highly correlated with DI-TP trends, which 

is not surprising because C. brevilabris is associated with high TP values in lakes today 

(Bos and Cumming 2003, Nevalainen and Luoto 2013). It is somewhat a surprise that 
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large-bodied Daphnia spp. increase in abundance over time, resulting in an increase of its 

proportion in pelagic taxa, despite of a likely declined pelagic/littoral taxa ratio over time 

in all study lakes. However, the lack of consistent patterns in the size analysis of 

dominant cladoceran over time suggests that changes in fish predation are likely different 

between the study lakes. Given the timing of change in Bosmina spp. and C. brevilabris 

are both c. 1830 in all study lakes while the timing of the changes in Daphnia spp. varies 

between the lakes, it is reasonable to suggest that increases in Daphnia spp. is associated 

with environmental changes that are potentially unique between these lakes. Potential 

mechanisms that could result in higher abundances of Daphnia spp. include climate 

change (e.g., changes related indirectly to increases in air temperature, extended growing 

seasons, and decreases in winds), cultural eutrophication (e.g., improved food availability 

and increase in hypoxic regions that can serve as refugia), other anthropogenic changes 

(e.g., increased road salt inputs and/or changes in fish composition and/or abundance), 

and/or possible interactions between these factors (Fig. 7). These possible factors are 

discussed in more details below. 

Climate Change 

Long-term changes in wind intensity and extended growing seasons are factors 

associated with climate change, which may have contributed to increases in Daphnia spp. 

in our study lakes through direct and indirect mechanisms. Several authors have 

quantified decreases in wind speed over the last 50-70 years. For example, Wan et al. 

(2010) used corrected wind speed data to overcome inconsistences in height and 

parameter of measurements and showed that near-surface wind intensity has been 

declining in a slow but relative constant rate during 1953-2006, decreasing by 



 

 

43 

 

approximately 1 km·h-1 in monthly mean wind speed. Similarly, Ashtine et al. (2016) 

documented a decrease in wind speed of 0.72 km·h-1·yr-1 in the Kawartha region from 

1980-2010. Also, monitoring data from Trent University weather station (located 10 km 

east from the south end of Pigeon Lake) showed a 1969-1980 normal maximum hourly 

speed of 70 km·h-1 while a 1981-2010 normal of 47 km·h-1, displaying a decrease of over 

30% (Government of Canada, 2020). Decreased wind speed can lead to less water 

turbulence and possibly resulting in a competitive advantage of the larger-bodied 

Daphnia spp. over the small-bodied species such as Bosmina spp. (Härkönen et al. 2014, 

Zhou et al. 2016). This is because the large-bodied Daphnia spp. have stronger 

swimming ability and better control of movement, especially when there are less passive 

movement forces (Kiørboe and Saiz 1995). If decreased turbulence resulted in clearer 

water because of less erosion of shoreline area and decreased rate of particle 

resuspension, the advantage of being a larger-bodied would decrease because predation 

from visually feeding planktivores would increase (Zaret and Kerfoot 1975). Moreover, 

the negative effects brought about by turbulence appeared to be more potent for Daphnia 

spp. in comparison to the smaller Bosmina spp. (Ragodzkie and Bryson 1953, G.-Tòth et 

al. 2011). However, erosional particles in water were found to make Daphnia spp. less 

efficient in filtering food even when food is abundant (G.-Tòth 1984, G.-Tòth et al. 

1986). 

Kawartha lakes have experienced increases in temperature over recent decades as 

well as a longer ice-free period (i.e., later freeze up in the fall, and earlier ice off in the 

spring (Zhang et al. 2000, Duguay et al. 2006)). Longer ice-free seasons could provide 

higher chances for the large-bodied Cladocera to accumulate mass potentially giving 
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them an increasing competitive advantage over smaller-bodied Bosmina spp. (de 

Senerpont Domis et al. 2013). Warming climate, on the other hand, has more complex 

and indirect effects on Cladocera assemblages due to the interactions with bottom-up 

process (Kattel et al. 2008, Sweetman et al. 2008) and other watershed disturbances. 

Strong and distinct response of Cladocera assemblages to rising temperature has been 

exclusively observed in high-latitude (e.g., Thienpont et al. 2015) and high-altitude (e.g., 

Nevalainen et al. 2014, Labaj et al. 2017) environments. For instance, Nevalainen et al. 

(2014) noted distinctly declined Daphnia spp. in two remote and oligotrophic lakes in an 

Austria alpine area. This has been attributed to greater competitive strength Bosmina spp. 

gained through water coloration caused by increased dissolved organic carbon (DOC). 

The decline of Daphnia spp. has also been associated with lower water level, prolonged 

ice-free seasons and slightly enhanced nutrient associated with the warming climate, and 

potential heavier predation pressure on Daphnia spp. due to later fish stocking 

(Nevalainen et al. 2014). Similar changes and attributions have also been documented in 

the remote “Ring of Fire” lakes in the Far North of Ontario (Jeziorski et al. 2015). 

In lakes at lower altitude and latitude with warmer climate, regional differences in 

watershed disturbance (usually multiple stressors) may be an important factor on 

Cladocera assemblage changes (e.g., DeSellas et al. 2011). For example, as a factor 

strongly associated with the warming climate, DOC could largely affect the response of 

Cladocera to climate change. Given the strong negative correlation between light 

penetration and DOC concentration (Ask et al. 2009), lakes with higher DOC are likely 

to have coloured water, which could decrease predation pressure on large-bodied 

Daphnia spp. from visually feeding planktivores. Climate change has been implicated for 
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recent increases in Bosmina spp. in Adirondacks and eastern Canada (Arseneau et al. 

2011, Armstrong and Kurek 2018). In contrast, the long-term DOC increase associated 

with climate warming has been speculated to contribute to Daphnia spp. increasing in 

lakes in southern-central Ontario (DeSellas et al. 2011). This study likely resembles to 

the later circumstance considering that water clarity has declined as suggested by 

increases in primary production and measured declines in Secchi depth measurements 

since 1995 (Laird and Cumming 2018). However, the relationship between warmer water 

temperatures and Cladoceran changes has been questioned when minimally disturbed 

lakes are compared between regions, with one region experiencing increases in Bosmina 

and the other experiencing decreases (Barouillet et al. in preparation). 

Eutrophication 

In the study lakes, the long-term eutrophication is caused by increases in nutrient 

loads to lakes related to watershed disturbance (i.e., flooding related to damming, 

forestry, agriculture, and urbanization), as well as climate change (i.e., higher production 

associated with warmer conditions and/or enhance loading of DOC due to increase in 

precipitation). Food abundance and composition can also change as a lake becomes more 

eutrophic, which leads to increased decomposition and consumption of deep-water 

oxygen concentrations. Increased deep-water hypoxic zones can favour the large-bodied 

Daphnia spp. because they are more tolerant to hypoxic conditions relative to other 

Cladocera (Wright and Shapiro 1990). Bottom-up processes and elevated nutrient levels 

can result in less transparent waters, anoxia refugia, and changes in food quality (Sterner 

et al. 1993) and quantity (Geller and Müller 1981, Gliwicz 1990), which are all factors 

that could increase the relative abundance of Daphnia spp. 
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Elevated phosphorus levels after the 1830s may have resulted in more abundant 

algae that favours the more efficient grazer Daphnia spp. (Butler et al. 1989). Enhanced 

production of algae could increase the production and survival of Daphnia spp. by 

providing an excessive amount of food (e.g., Abrantes and Gonçalves 2003, Guo et al. 

2019). Large-bodied Daphnia spp. require more food to maintain a large population in 

comparison to smaller species (Nandini and Sarma 2003). It is worth noting that some 

studies have suggested that a decreased feeding rate of Daphnia spp. can occur when 

food quantity is too high (Persson et al. 2007, Guo et al. 2019). However, our study lakes 

are mesotrophic with TP values between ~10-20 mg·L-1. It is therefore likely that 

increase food abundance could favour Daphnia spp. over the smaller pelagic Bosmina 

spp.  

It is important to note that food quality of Cladoceran also matters (Sterner et al. 

1993). Algal community composition varies in a consistent matter as nutrients increase, 

partially due to the interspecific difference in growth rate, which also influences the 

biochemical composition of algae (Goldman et al. 1979, Moal et al. 1987). Laboratory 

experiments suggest that Daphnia spp. fed with low-P food grow at slower rates than 

Daphnia fed with P-rich food (e.g., Sterner et al. 1993, Elser et al. 2001, Hessen et al. 

2013), even though the feeding rate might increase to compensate when the content 

phosphorus in food is low (Sterner et al. 1993, Plath and Boersma 2001). However, the 

stoichiometric knife-edge hypothesis suggests that the growth rate of Daphnia spp. can 

decrease when the C:P in algae is either too high or too low (moderate C:P is ~120; Plath 

and Boersma 2001, Elser et al. 2016, Guo et al. 2019). This may explain why Daphnia 

growth rate is impaired in high phosphorus lakes when the C:P content is low (e.g., 
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Currier and Elser 2017). In lakes with toxic cyanobacteria, the feeding rate of Daphnia 

spp. can be reduced (Zhu et al. 2013). Undoubtedly, the mechanisms underpinning 

relationship between Cladocera growth and food nutrient/quality is complex.  

Deep-water anoxic condition usually corresponds with eutrophication, where 

increased algal abundance leads to consumption of oxygen upon decomposition in the 

bottommost water, the hypolimnion of the lakes. Hypolimnetic anoxic condition was 

observed at depth of 14 m in Cameron Lake, 13.5 m in Pigeon Lake, and 9 m in Stoney 

Lake based on oxygen profiles taken recently (during August, 2013 in Cameron Lake; 

July, 2014 in Pigeon Lake, and August, 2018 in Pigeon Lake) (Kawartha conservation 

2015a, 2018a, Baxter and Castro 2020). The Lake partner Program TP monitoring data 

also show higher nutrients in Pigeon and Stoney lakes in the late summer prior to fall 

overturn, suggesting internal loading of nutrients from an anoxic hypolimnion (Appendix 

E). Cameron Lake, the study lake with the lowest levels of nutrients, does not currently 

show seasonal fluctuations in phosphorus (Appendix E). The hypoxic zones can serve as 

temporary refugia for Daphnia spp. especially during the day when they can escape 

predation pressure from visual-feeding planktivores. Larsson and Lampert (2011) have 

investigated the use of hypoxic zone by Daphnia pulicaria as refugia using mesocosms, 

resulting in an enhanced survival of the Daphnia spp., due to a decrease in predation rate. 

The high tolerance of various Daphnia spp. to hypoxic environments below 1 mg·L-1 DO 

is widely recognized (Wright and Shapiro 1990, Nebeker et al. 1992, Field and Prepas 

1997) and has been attributed to their ability to synthetize hemoglobin when oxygen is 

low (Weider and Lampert 1985). Their survival takes advantage of the inability of most 

fish to survive in areas of low DO (typically ~2-4 mg·L-1; Ekau et al. 2010). The 
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hypolimnion of the study lakes may have become increasing hypoxic as these lakes 

eutrophied over time (Laird and Cumming 2018). Mushet et al. (2019) suggested that 

increased Daphnia spp. following the stocking of rainbow trout in four lakes was 

paradoxical to the traditional top-down control of planktivores on zooplankton, where 

large-bodied cladoceran would be selectively preyed upon by planktivores. Mushet et al. 

(2019) concluded that hypoxic refuges in the bottom waters of a lake, brought on by 

enhanced nutrient loading from damming, was the most likely the explanation.  

Other Anthropogenic Factors 

Other anthropogenic stressors in the Kawartha region could have 

directly/indirectly impact on the cladoceran assemblages. For example, elevated water 

levels from damming and decreases in planktivorous fish due to angling might result in 

more Daphnia spp. as previously explained. Cultural eutrophication can enhance the 

abundance of Cladocera through both direct and indirect processes. Recent studies have 

also suggested that increases in osmotic stress from road salt could favour Daphnia spp. 

over the more sensitive Bosmina spp. (Valleau et al. 2020). All our study lakes have seen 

increases in road salt starting in the 1940s-1950s. 

Application of road salt began in 1938 and became increasingly used in the 1950s 

in North America (Kelly et al. 2010). Runoff from roads has resulted in the salinization 

of many freshwater lakes (Winter et al. 2011, Dugan et al. 2017). Elevated chloride 

concentrations can stress aquatic organisms and causes issues related to osmotic stress 

(Elphick et al. 2011). A recent research (Arnott et al. 2020) noted an inhibited survival 

and neonate production of Daphnia spp. under high chloride concentration (5-40 mg/L) 

in soft water lakes. The chloride monitoring data of our study lakes since the 1960s 
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suggest elevated chloride concentrations of ~4-10 mg·L-1 (Appendix A). Based on the 

timing of Daphnia spp. rising in Cameron and Stoney lakes being c. 1950s, the elevated 

chloride concentrations may be linked to the increased salinity. Daphnia spp. are more 

tolerant to chloride than Bosmina spp. (Bos et al. 1999, Valleau et al. 2020), and Daphnia 

spp. gain even better chloride-tolerance with more food provided and in harder water 

(Elphick et al. 2011, Brown and Yan 2015). However, the relative abundance of Daphnia 

spp. in Pigeon Lake has remained low but stable since c. 1830 suggesting other factors 

are responsible. This complexity can be further explained by the interactions between 

chloride toxicity to food quantity and water hardness. Brown and Yan (2015) found that 

if the trophic level (represented by food quantity) were elevated from oligotrophic (0.2 

mg·L-1 of carbon) to eutrophic (1.0 mg·L-1 of carbon) conditions, the tolerance of 

Daphnia spp. to chloride would vastly increase from a LC50 of 55 mg·L-1 to 248 mg·L-1. 

The nutrient level is apparently much higher than that in our study lakes, suggesting it is 

unlikely that Daphnia spp. would have decreased due to chloride toxicity. An increased 

resistance to chloride in Daphnia spp. was also found with increased water hardness 

(Elphick et al. 2011). Very similar changes in assemblages featured by increased C. 

brevilabris and Daphnia spp. while reduced Bosmina spp. and Alona spp. have been 

observed in nearby Muskoka region lakes that have been severely impacted by road salt 

implication (Valleau et al. 2020). The impacted lakes have very high chloride 

concentrations of 32.8-90.9 mg·L-1 compared to 0.5-1 mg·L-1 measured from several 

reference lakes in the Muskoka region. 

The Kawartha lakes used in this study are part of the TSW. The dams and locks 

used to create the TSW has increase water level and excessive nutrient loading from the 
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newly flooded terrestrial areas (Adams and Taylor 2009). Lake depth influences thermal 

stratification as well as habitat characteristics for freshwater species and is thought to be 

the single-most important factor shaping Cladocera communities (e.g., Korhola 1999 and 

Korhola et al. 2000). Daphnia spp. are associated with greater lake depth than other 

species (Amsinck et al. 2006, Labaj et al. accepted). The mean depth of Cameron, Pigeon 

and Stoney lakes are 6.3, 3, and 5.9 m, respectively, which are relatively shallow. 

However, elevated water levels associated with damming would have provided more 

habitat for Daphnia spp. with larger open water areas. These deeper waters also increased 

the chance of anoxia refugia. 

Predation pressure on Cladocera is important in shaping the assemblages and size 

structure. However, inconsistent trends in the size structure between lakes suggests that 

there has not been a consistent change in fish assemblages that has influenced the 

Cladocera assemblage in all three lakes. The Kawartha Lakes are in Fishery Management 

Zone (FMZ) 17, which is one of the most heavily fished zones in Ontario dominated by 

recreational fishing (Ontario Ministry of Natural Resources 2008). Both warm-water and 

cold-water fish are present in the study lakes. However, the native cold-water fish species 

such as lake trout, lake whitefish, lake herring, and brook trout underwent continuous 

declines since the European settlement due to the loss of habitat (Ontario Ministry of 

Natural Resources 2008, Kawartha Conservation 2015b, 2018b). The decline of walleye, 

after peak population in the 1920-30s, is thought to have declined due to habitat 

degradation. Over the years, cold-water fish have declined and warmwater fish, including 

bass and muskellunge, have increased (Ontario Ministry of Natural Resources 2008). The 

inconsistency of our size measurements somewhat agrees with these trends that the fish 
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predation showed no clear long-term changes on both pelagic Cladocera (i.e., Daphnia 

and Bosmina spp.). However, in the core from Cameron Lake, Daphnia spp. PCL of 

Daphnia spp. increased from ~120 to ~160 μm from ~1780 to 2016. This change may 

indicate reduced fish predation on Daphnia spp. in this lake. In the Stoney Lake core, the 

AL of Bosmina spp. increased from ~130 to ~160 μm over the last ~200 years, possibly 

indicating an increase in invertebrate predation. Both the cores from Cameron and Stoney 

lakes show more changes in Daphnia spp. than in Pigeon Lake. The lack of consistency 

in metrics of size structure suggest that predation by fish is an unlikely factor that 

explains common patterns of change in cladoceran assemblages over time. 
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Summary 

Conclusions 

Damming activities resulted in higher water levels and an increased loading of 

nutrients in the 1830s. These physical and chemical changes are likely why similar 

changes in the Cladocera assemblages occurred in the three study lakes at this time. The 

assemblage changes included increases in the abundance of C. brevilabris and Daphnia 

spp., and a decrease in Bosmina spp. abundance in all study lakes. As human 

development increased in the watersheds, the lakes became more productive, which has 

been supported by the changes in the diatom species composition. However, the time and 

magnitude of the response of Daphnia spp. was different among lakes. Pigeon Lake has 

shown a sustained and stable assemblages after the 1830s while the Cameron and Stoney 

lakes profiles showed further increases of Daphnia spp. c. 1940-50s. Compared to the 

shared changes c. 1830 in all study lakes that have been mainly caused by damming, the 

inconsistent timing of Daphnia spp. rising among lakes suggests the driving factors are 

likely related to a complex of multiple interactive environmental changes. Metrics of size 

structure change in dominant Cladocera body parts was not consistent among lakes. 

Although, the constant increase of Daphnia PCL in Cameron Lake and Bosmina AL in 

Stoney Lake indicated possible changes in predation pressure. 

In all, Cladocera assemblages has changed during the past ~200 years mainly due 

to a series of anthropogenic stressors brought about by European settlement since 1818. 

The Cladocera assemblages showed: a) relative quick shifts to more eutrophic C. 

brevilabris c. 1830 in all study lakes due to damming activities; b) much slower changes 

to more Daphnia spp. that were different in timing between lakes; and c) potentially 
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divergent changes in predation pressure among lakes. The results are consistent with the 

changes in production inferred since the settlement horizon from diatoms and pigments in 

the same sediment cores (Laird and Cumming 2018). In particular, the recent decreased 

DI-TP in Cameron Lake were also reflected in the recent changes of Cladocera 

assemblages, which showed a return to conditions very similar to pre-settlement 

baselines. This thesis provides important information to KLSA that can be used to 

understanding historical changes in aquatic conditions.  

Future Research 

A systematic year-round monitoring of Kawartha region lakes for chemical, 

physical biological changes would be useful. It would help to gain a better understanding 

of the modern relationships between assemblage composition, nutrient loading and 

changes in assemblage composition, and the potential importance of changes in 

biological composition related to changes in seasonality. This monitoring could possibly 

contribute to understanding the impacts of climate change and landscape disturbances on 

aquatic communities. Additionally, it would provide insights into assessing if lakes in this 

region are becoming more productive over time, in response to both future changes in 

climate and landscape disturbance. 

This study also suggests that changes in predation pressure from fish and 

invertebrates have likely not been similar among lakes over the last ~200 years. 

However, there were signs of changes in predation pressure in both Cameron and Stoney 

lakes. A better understanding of the modern fish communities and the food-web 

interactions could also result a more holistic understanding of the complex ecosystem 

dynamics in these lakes. The Kawartha region lakes are in FMZ 17, one of the most 
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heavily fished zones in Ontario, making the fish community susceptible to angling 

pressure changes. 

Additional proxies could also be assessed on the current cores to help verify the 

impact of damming activities on the three study lakes. Changes in terrestrial influence 

could be enhanced through the analysis and interpretation of stable isotopes of carbon 

(δ13C) and nitrogen (δ15N), and the ratio of C to N ratio in the cores. 
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Appendices 

Appendix A 

  

Appendix A: a) Chloride concentration of Cameron Lake, measured by Kawartha 

Conservation during 1966-2013, retrieved from Dugan et al. (2017). b) Chloride 

concentration of Cameron, Pigeon and Stoney Lake in 1976 and 2019, the data in 1976 

were retrieved from MOE-MNR (1976) and were measure during the June, averaged 

from multiple sites; data in 2019 were retrieved from Lake Partner Progam (2020) and 

were measured during June in Cameron Lake, July in Pigeon and Stoney Lake, averaged 

monthly. 
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Appendix B 

 

Appendix B (a): Relative abundance of dominant pollen taxa to depth in Cameron Lake with the comparison of previous date model 

and new date of Ambrosia rise shown. Pollen concentration is demonstrated on the right side. The blue rectangle indicates the depth 

of 20 cm corresponding to c. 1862 in the date model by previous study (Laird and Cumming 2018). The red rectangle represents the 

depth of 20 cm corresponding to c. 1830 according to the pollen analysis. 
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Appendix B (b): Relative abundance of dominant pollen taxa to depth in Pigeon Lake with the comparison of previous date model and 

new date of Ambrosia rise shown. Pollen concentration is demonstrated on the right side. The blue rectangle indicates the depth of 25 

cm corresponding to c. 1885 in the date model by previous study (Laird and Cumming 2018). The red rectangle represents the depth 

of 23 cm corresponding to c. 1830 according to the pollen analysis. 
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Appendix B (c): Relative abundance of dominant pollen taxa to depth in Stoney Lake with the comparison of previous date model and 

new date of Ambrosia rise shown. Pollen concentration is demonstrated on the right side. The blue rectangle indicates the depth of 27 

cm corresponding to c. 1856 in the date model by previous study (Laird and Cumming 2018). The red rectangle represents the depth 

of 44 cm corresponding to c. 1830 according to the pollen analysis.
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Appendix C 

 

Appendix C: Gamma activities of 210Pb and 137Cs to depth of sediment cores used to 

provide a chronology in Cameron, Pigeon and Stoney Lake. 210Pb backgrounds were 

determined by the intercepts with 214Bi activities. The top of background was denoted by 

blue dashed lines. Ambrosia rises by pollen analysis that represent c. 1830 are marked by 

dashed red lines. The green lines represent the first order exponential decay fitted to 
210Pb activities, and the coefficient of determination (r2) of Cameron, Pigeon and Stoney 

lakes are 0.91, 0.86 and 0.98, respectively. This graph is modified from Laird and 

Cumming (2018).   
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Appendix D

 

Appendix D: ACF and PACF of initial GAMs without accounting for autocorrelation 

using CAR(1) on five size measurement datasets from two lakes. 
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Appendix E 

 

Appendix E: Average monthly Lake Partner total phosphorus (TP) from various sample 

sites on three study lakes. From Laird and Cumming (2018). 


