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Abstract 

Eutrophication and algae production are an important lake management issue in rural Nova Scotia. 

In the past decade, there have been increasing instances of harmful algae bloom (HAB) events in 

previously unaffected surface water systems. Three major toxic cyanobacteria bloom events of 

Dolichospermum planctonicum were observed in Mattatall Lake in Cumberland County in 2014, 

2015 and 2016. The bloom events were considered unprecedented for Mattatall Lake because it is 

a rural headwater lake where this level of productivity had not been observed before. This project 

utilized a multifaceted approach to studying the environmental changes at Mattatall Lake to parse 

what factors, cumulative or recent, might have contributed to the HAB events. A multiproxy 

paleolimnological assessment, in combination with historic climate and land use analysis, water 

quality monitoring, and comparison to a nearby reference site with no history of algae blooms was 

applied. Through a weight of evidence approach it was found that Mattatall Lake has natural 

attributes that predisposed the lake to HAB vulnerability. These include the unique morphometry 

of the lake and how this influenced its ability support primary producers. When these 

vulnerabilities are superimposed by watershed destabilization and climate change, the risk of 

HABs occurring is amplified because the threshold for cyanobacteria habitability in Mattatall Lake 

is lowered. 
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Chapter 1 Introduction 

1.1 Context 

Freshwater are typically managed with the goal to either maintain the current environmental 

state, or, to alter the ecosystem to a more desirable state. In either case it is important to 

understand the range of natural variability for the system to provide context and guidance for 

management (Landres et al., 1999). The main approaches to studying environmental change in 

lacustrine environments include: (1) monitoring, (2) space for time substitution, (3) modelling, 

and (4) paleoenvironmental data (Smol, 2008).  

Monitoring in lakes typically involves sampling and testing for common water quality 

parameters of interest (temperature, pH, nutrients etc). Long term monitoring (repeated sampling 

over months or years) in the context of Nova Scotia (NS) lakes is limited, and non-existent for 

most lakes in rural areas (Johnston et al., 2021). In addition, monitoring data rarely have the 

duration and resolution to adequately account for natural variability (Smol, 2008). Space for time 

substitution utilizes a reference lake with similar characteristics to the study lake to represent 

past conditions. This is useful in the context of decoupling geogenic inputs from anthropogenic 

when there is a clear pollution source (e.g. Davidson et al., 2021). This method is weakened by 

assumptions that the lakes were similar in the past and respond similarly to natural and 

anthropogenic stressors.  

Mathematical modelling to hindcast past environmental conditions and predict future 

conditions is a popular tool for environmental managers. Models are based on current conditions 

and processes, can utilize limited monitoring data, and can be optimized and validated to present 

conditions. Models have been used in NS to predict phosphorus (P) loading from watersheds 

based on watershed characteristics, and validated against contemporary lake water sample data 

(Brylinsky, 2004; Johnston et al., 2021). This approach has been effective in predicting lake 

trophic states, but predictions lack precision and do not account for past natural variability.  

Paleoenvironmental data can be gathered from numerous environments in a variety of ways, 

but the commonality among them is sampling of relatively undisturbed consistent accumulation 

of matter (i.e. glaciers, ocean sediment basins, lake sediment basins, sedimentary rock units, peat 

bog accumulations etc.). The field of paleolimnology refers specifically to the study of lake 



2 

 

sediment basins. Paleoenvironmental data is a powerful tool that can be used in combination 

with the other environmental change study methods to resolve knowledge gaps of past 

environmental change, account for lacking monitoring data and evaluate model efficacy against 

actual historic data (Smol, 2008). Lake sediments are an integration of physical, chemical, and 

biological matter sourced from the lake pelagic and littoral zones and surrounding catchment 

drainage area. As sediments accumulate in lake basins, they are continually covered by 

succeeding layers (von Gunten et al., 1997). The character of these sediments is preserved as 

interaction with the overlying waterbody becomes limited in older layers as newer layers are 

added. Through extraction of sediment cores and analysis of proxy data, the record of past 

environmental change can be reconstructed at a resolution where natural variability can be 

observed (Smol, 1992).   

 Paleolimnology as an academic discipline has a long history, utilized first by geologists 

studying the lithified deposits of ancient lakes (Binford et al., 1983). In the mid-1900s ‘historical 

ecologists’ began to apply the same processes and concepts used in stratigraphy to the 

unconsolidated accumulations underlying modern lakes (Binford et al., 1983). Early 

paleolimnology studies focused on the ontogeny of lakes and used biological proxies such as 

diatoms and pollen that could be simply measured in both the water column and the lake 

sediments (Deevey, 1955; Walker, 1987). Geochemical methods arose in the 1960s as methods 

for extracting and analyzing elements in soils and sediments became available (Mackereth & 

Cooper, 1966). In the 1980s/90s focus began to shift to investigating human impacts. Diatom 

microfossils were used to study cultural eutrophication (Warwick, 1980) and acid rain (Battarbee 

et al., 1984) impacts on lakes. In more recent decades though, continued analytical and research 

advances in paleolimnology and adjacent environmental science fields has led to a proliferation 

of possible parameters and how they can be interpreted. Possible indicators outside the initial 

ecological focus of paleolimnology now include mineralogical (Last, 2001), inorganic 

geochemical (ex. elemental analysis, organic and inorganic carbon fractionation; Boyle, 2001), 

organic geochemical (ex. total organic carbon, total carbon/total nitrogen ratios, carbon/nitrogen 

stable isotopes, lignin oxidation products; Meyers & Teranes, 2001), and sedimentary pigment 

analysis (ex. chlorophylls and carotenoids; Leavitt & Hodgson, 2001). Modern paleolimnology 

studies aim to utilize multiple proxies from each sediment core which are carefully selected to 

inform investigators about specific conditions they are trying to better understand. It has been 
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suggested that the most defensible studies use geochemical analysis as a complement to 

biological indicators rather than using geochemistry independently (Boyle, 2001). This is 

because geochemical indicators can be influenced by overlying water chemistry, redox 

reactivity, and migration through the sediment post-deposition (Boyle, 2001). 

 Studies using biological proxies in combination with chemical and physical indicators 

have been demonstrated to be extremely informative. For example a paleolimnological study 

surveying several lakes in the Athabasca oil sands region of Alberta, Canada, demonstrated how 

these lakes have completely shifted in ecological state (Kurek et al., 2013). The study used a 

combination of proxies including polycyclic aromatic hydrocarbons, fossil pigments and 

paleoecological assessment of Cladoceran assemblages. Authors were able to establish critical 

information on baseline conditions in the study lakes and how oil sand development has 

impacted their function and ecology (Kurek et al., 2013).  

These multiproxy paleolimnological studies tend to be undertaken independently by 

specialized labs because the techniques are labour intensive and time consuming. This can often 

conflict with short monitoring and management timelines in industry (Landres et al., 1999). As 

such, paleoenvironmental data does not often appear in consulting or government reports 

(Dunnington, 2015). These industries rather rely on the other three methods (space for time, 

monitoring and modelling) which can be rapidly and cost-effectively implemented in a short 

timeline. Use of paleolimnology is also limited in application by the supply of those with the 

expertise to accomplish such studies. In depth knowledge of taxonomy and life histories of the 

biological proxies is essential, and this knowledge base is not readily accessible or transferrable 

to those most often charged with lake management responsibilities (i.e. government, consulting 

firms, stewardship associations). This creates a bottleneck where there is an abundance of lakes 

with issues that could be better managed if paleoenvironmental data were available, but 

relatively few labs with the resources to undertake a comprehensive paleolimnological 

investigation.  

 There has been an ever-rising need to use wholistic approaches to understanding human 

impacts on valuable and limited freshwater resources, as anthropogenic climate change and 

pollution has continued to increase with rising human population. Partnership between academic 

paleolimnological investigators and lake managers is imperative to effectively respond to these 
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needs. As previously asserted, though, the time-consuming nature of paleolimnology studies and 

limited taxonomic expertise can be factors preventing traditional paleolimnology from being a 

practical component of studies conducted by government and consulting agencies. However, 

rapid proxy analysis techniques that are more accessible have been continually growing in their 

defensibility and transmissibility (elemental analysis, fossil pigments, stable isotopes etc). These 

rapid analysis methods have their own deficiencies and reducing the number of proxies coming 

from a given lake sediment core may increase risk of false assumptions. However, this thesis will 

argue that such methods could be utilized in combination with other environmental change study 

methods already being employed by applied scientists and consulting agencies (i.e. modelling, 

monitoring, reference sites), and thus attenuating the risk of misinterpretation. Combining even 

limited sediment core data with other lines of evidence strengthens the collective by: 

• Improving the defensibility of estimated natural variability in study parameters, 

• Providing pre-disturbance targets for remediation goals that are relevant to the region 

and/or lake body, 

• Validating models such that they are not right for the wrong reasons, 

• Improving and supporting management recommendations with evidence, and, 

• Providing perspective on lake response/recovery to past historical events. 

An integrated approach to lake study using rapid and applied paleolimnology techniques, 

contemporary water quality monitoring data, watershed modeling and reference site comparison 

will be implemented through the course of this study. 

1.2 Study Area 

This study is focused on identifying the processes contributing to harmful algae blooms 

(HABs) in Mattatall Lake; a rural headwater lake on the border of Cumberland and Colchester 

counties in Nova Scotia, Canada (Figure 1.1). HABs were observed in Mattatall Lake in the fall 

of 2014 and 2015, and the summer of 2016 (Nguyen-Quang et al., 2016). Anecdotally, the HABs 

in 2014 and 2015 occurred in the last two weeks of September. The 2014 HAB dissipated before 

the lake froze, while the 2015 bloom persisted and the lake surface froze while algae were still 

present. The HAB in 2016 occurred in the first week of August. The dominant bloom species for 

all three HAB events was identified as Dolichospermum planctonicum (Nguyen-Quang et al., 

2016), formerly known as Anabaena planctonica (Kelly et al., 2021). This species of 
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cyanobacteria can potentially produce anatoxin-a (Chernova et al., 2019) which is neurotoxic to 

humans, wild, and stock animals (Aráoz et al., 2010). Effects of toxicity from anatoxin-a can 

range from rashes and gastrointestinal upset, to tremors, respiratory paralysis and death 

depending on the dose/mode of exposure (Aráoz et al., 2010). Cyanobacterial HABs are 

therefore concerning from a public health and safety perspective in both recreational and 

drinking water lakes. Concern for what mechanisms led to the proliferation of D. planctonicum 

in Mattatall Lake, and whether it could be a continued issue, prompted this study.  

Mattatall Lake (Figure 1.1) has a surface area of approximately 118.6 ha, with an 892 ha 

catchment (excluding the lake). It has a unique morphometry comprising three basins in series 

with constricted flow between them (Figure 1.1). The shoreline of Mattatall Lake is developed 

around the entirety of the lake with a mix of seasonal and permanent residential properties. Other 

land uses throughout the watershed have included forest harvesting and some agricultural 

activity.  

 The morphometry of Mattatall Lake was identified as a potentially pertinent factor in the 

formation of the HABs because two of the HABs originated from the southern most basin 

(CWRS, 2017). Therefore, a reference lake with similar water quality and watershed 

characteristics was selected to understand how a more typical single-basin lake has responded to 

similar regional/catchment development stressors. Angevine Lake was selected for this purpose. 

It is located 6.7 km from Mattatall Lake; has similar catchment characteristics in terms of forest 

cover, geology, and soil; has been affected by similar land alterations and regional stressors; and 

preliminary water sampling of the lakes indicated similar water chemistry (CWRS, 2017).  

Angevine Lake (Figure 1.1) has a surface area of 151 ha, with a 997 ha catchment 

(excluding the lake). The shoreline of Angevine Lake is partially developed with seasonal and 

permanent residential properties. 270 ha of land to the south of the lake is a designated nature 

reserve, and includes 1200 m of protected shoreline (Nova Scotia Environment, 2017). Other 

land uses in the watershed have included agricultural activities and forest harvesting.  
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Figure 1.1: Map of the study area including Mattatall and Angevine Lakes and their 

respective watershed boundaries. 

1.3 Thesis Objectives 

Mattatall Lake has not had an observed HAB since the onset of this study in 2018. Prior 

to the HAB events, Mattatall Lake would have been regarded as possessing low risk of 

eutrophication given that this area is not heavily developed by urban or agricultural land uses. 

The challenge of studying such a lake is that there is not an obvious change in the watershed or 

known direct input that appears to have spurred the HAB events, and there is no water quality 

data available both before and during the events. This contrasts with many HAB studies where 

the lakes are eutrophied and reliably bloom every year. Mattatall Lake offers the unique 

opportunity to study how long term, cumulative effects can influence deviations in productivity 

in a lake system. A multifaceted approach to studying the environmental changes at Mattatall 

Lake is required to parse what factors might have contributed to the HAB events. Considering 

these important attributes of this study, the following research question was posed: 
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Can factors contributing to HABs in Mattatall Lake be identified using an integration of 

environmental change study techniques? 

Based on this research question, we established the following research objectives: 

Objective 1: Compare the contemporary water quality and the history/extent of landscape 

disturbance of Mattatall and Angevine Lakes and their respective watersheds. 

Objective 2: Explore the role of climate in regulating lake characteristics from a regional 

perspective.  

Objective 3: Elucidate which factors could have led to the HABs in Mattatall Lake using a 

weight of evidence approach. 

Objective 4: Utilize paleoenvironmental data in combination with water quality monitoring, 

modelling and reference site comparison and assess the efficacy of using these tools 

together. 
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Chapter 2 Literature Review 

2.1 Lake Characterization 

 Lakes are described and distinguished by standard characterization systems. This allows 

lakes to be described by their general physical, chemical and biological qualities. 

Characterization is typically the first step in a lake study program because these characteristics 

are quick to determine, establish the expected biological and physical processes within the lake 

and enable comparison to other lakes. Two fundamental characteristics of a lake are the trophic 

state and mixing regime which are described in detail in the following section.  

2.1.1 Trophic State 

 Trophic status is a classification system based on nutrient concentrations and the 

biological productivity the lake is capable of sustaining (Dodds et al., 1998). The three basic 

trophic states that a lake could be categorized as are oligotrophic, mesotrophic and eutrophic. 

Oligotrophic lakes are low in nutrients, algal biomass and are generally clear watered with deep 

photic zones (Dodds et al., 1998). There are oligotrophic lakes that have low water clarity due to 

high total organic carbon (TOC) and humic acids which decrease water pH; such lakes have been 

referred to as dystrophic (Kerekes et al., 1989; Williamson et al., 1999). Eutrophic lakes exhibit 

high nutrient concentrations, support high algal biomass, low oxygen (hypoxia), and basic pH 

conditions (Dodds et al., 1998). Eutrophic lakes can develop HABs of noxious cyanobacteria 

which can lead to further lake water quality degradation. Mesotrophic lakes are an intermediate 

between the oligotrophic and eutrophic conditions. In the absence of human development and 

activity, lakes will naturally exist anywhere on the oligotrophic to eutrophic spectrum. Some 

lakes are inherently fertile due to naturally occurring high nutrient availability; this is often 

related to the type and weathering of bedrock and soils of the watershed. For instance, lakes in 

the undeveloped interior of British Columbia that have catchments underlain by P-rich deposits 

of Eocene volcanic rock have been recorded as having soluble reactive phosphorus (SRP) 

concentrations exceeding 250 µg/L and yearly algal blooms (Murphy et al., 1983). 

 Nutrient availability is the limiting factor for lake productivity and is therefore an 

important part of the trophic state definition. Key nutrients for primary producers are phosphorus 

(P) and nitrogen (N). Inorganic carbon in the form of bicarbonate can also be limiting, but is 

generally provided in sufficient quantities in lake systems through geogenic weathering and 
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diffusion of atmospheric carbon dioxide (Freedman, 2010). Production in any given lake can be 

limited by either or both P and N (Bunting et al., 2007; Schindler, 1977). Several studies have 

demonstrated that P limits productivity in most freshwater systems rather than N (Freedman, 

2010; Levine & Schindler, 2011; Schindler, 1978; Schindler, 1990). This is related to P not 

having a significant atmospheric transport component, and therefore must be supplied from the 

watershed. In contrast N can diffuse from the atmosphere and even be fixed by some primary 

producers, namely cyanobacteria (Kelly et al., 2021). Consequently, controlling P influx into 

lake systems is often the focus of lake resource management.  

 In addition to nutrient concentrations, chlorophyll-a (chl-a) and Secchi depth (SD) are 

used to define trophic status. Chlorophyll-a is a pigment found in oxygenic photosynthetic 

organisms, and concentrations of this pigment have been found to reliably characterize algal 

biomass in lake pelagic zones (Lyche-Solheim et al., 2013). In order to interpret chl-a 

concentrations effectively, a high spatial and temporal sampling frequency is required to account 

for phytoplankton community variation through space and time. Secchi depth measures the depth 

at which a black and white disk disappears/reappears in the water column. This measurement is 

subjective and operator dependent but has been demonstrated to correlate with water clarity and 

trophic state in clear water lakes (Brezonik et al., 2019). Given the simplicity and efficacy of SD 

measurement, it is used ubiquitously in lake studies. 

 The Organization for Economic Co-operation and Development (OECD) conducted a 

large-scale study quantifying the relationships between chl-a, total P (TP), total N (TN), and SD 

in lakes of varying trophic state. A Canadian supplementary report by Janus and Vollenweider 

(1981) compared the OECD study to a suite of Canadian lakes. They found that the relationship 

between chl-a and TP were similar, and thus trophic state threshold limits based on TP 

concentrations were developed (Janus & Vollenwelder, 1981). These trigger ranges were 

adopted by the Canadian Council of Ministers of the Environment (CCME) and are used across 

Canada (CCME, 2004). Trophic state threshold limits are summarized in Table 2.1. 
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Table 2.1: Summary of trophic state threshold limits. TP limits are from CCME (2004). 

Chlorophyll-a and Secchi depth limits are from Vollenweider and Kerekes (1982). 

Trophic status TP (µg/L) Chlorophyll-a (µg/L) Secchi depth (m) 

  Mean Max. Mean Max. 

Ultra-oligotrophic < 4 < 1.0 < 2.5 ≥ 12 ≥ 6 

Oligotrophic 4 – 10 < 2.5 < 8 ≥ 6 ≥ 3 

Mesotrophic 10 – 20 2.5 – 8.0 8 – 25 6 – 3 3 – 1.5 

Meso-eutrophic 20 – 35 -- -- -- -- 

Eutrophic 30 – 100 8 – 25 25 – 75 3 – 1.5 1.5 – 0.7 

Hypereutrophic > 100 > 25 > 75 ≤ 1.5 ≤ 0.7 

 

2.1.2 Thermal Mixing Regime 

 Thermal mixing regime refers to the pattern of lake temperature change within the water 

column throughout the year. Lakes in temperate regions (i.e. Nova Scotia) of sufficient depth are 

typically dimictic meaning that they “mix” twice a year following periods of stratification 

(Lennox et al., 2010). Stratification occurs in the summer months when air temperatures are 

high, resulting in the warming of the first several meters of the lake surface, this layer is known 

as the epilimnion (Freedman, 2010). Cooler, denser water sits below the epilimnion at the bottom 

of the lake in a layer known as the hypolimnion. The higher density of the hypolimnetic waters 

prevents mixing with above layers (Freedman, 2010). The epilimnion and hypolimnion are 

separated by a steep temperature and density gradient, this zone of rapid change is known as the 

metalimnion or thermocline. Oxygen and dissolved matter can diffuse across the metalimnion, 

but this process is slow (Freedman, 2010). Erstwhile organic material within the lake sediment or 

sinking from above water layers is decomposed, a process that depletes dissolved oxygen (DO) 

(Nürnberg, 1994). This can lead to hypoxic or anoxic conditions in the lake hypolimnion during 

stratification.  

 In the fall as the epilimnion cools with air temperatures, stratification is diminished and 

winds and/or storm events mix the hypolimnetic waters with overlying layers. Dimictic lakes 

will inversely stratify again in the winter months when ice covered, where the water column will 

cool upward toward the frozen ice surface. Dimictic lakes will mix again in the spring when the 
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lake ice thaws, thus completing the cycle (Freedman, 2010). Monomictic lake stratify/mix once a 

year, while polymictic lakes are typically shallow and do not stratify (Freedman, 2010).  

2.2 Climate Change and Lakes 

 Lakes are uniquely sensitive to changes in climate and landscape due to their fast 

turnover rates on an organismal to ecosystem scale (Adrian et al., 2009). As such, lakes have 

provided some of the earliest indications of the effect of current anthropogenic climate change 

through their integration, either directly or indirectly, of the influence of climate on the 

catchment (Adrian et al., 2009). Physical, chemical and biological limnological responses to 

climate change in temperate dimictic lakes will be discussed in the following section. 

2.2.1 Physical Impacts 

 The Intergovernmental Panel on Climate Change (IPCC) estimates that eastern North 

America has already experienced a 0.75-1.5 oC increase in average air temperature (Allen et al., 

2018). Lake water temperatures are intrinsically related to local air temperatures and have been 

demonstrated to closely follow climate seasonality (Filazzola et al., 2020). Stratification and 

spring turn over timing can also be impacted by shifting the timing of ice-off to earlier in the 

spring (Šporka et al., 2006). Earlier spring turn over and lake warming leads to an earlier onset of 

summer stratification, increasing the duration of this event. Epilimnetic water temperatures in 

lakes have effectively tracked with warming trends in North America, especially in the summer 

months (Arhonditsis et al., 2004; Butcher et al., 2015). Hypolimnetic waters do not respond as 

predictably, with temperature trends showing little change on average (Pilla et al., 2020). 

Increased warming epilimnetic water influences the density gradient of the water column, 

creating a greater density difference between top and bottom water layers, and thereby enhancing 

stratification stability (Paerl & Huisman, 2008). This can induce long-term shifts in the time-

period of stratification, thermocline depth, and turnover timing. These physical changes can 

impact nutrient cycling within the lake, oxygen concentrations in the hypolimnion and the 

distribution/composition of the biological community.  

2.2.2 Chemical Impacts 

 Lake water chemistry is partly determined by the terrestrial landscape surrounding the 

lake. Climate change alters precipitation (in terms of volume and intensity), weathering rates of 

bedrock/soil, and runoff from the landscape, thus altering the export of chemical constituents 
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from the catchment (Trenberth, 2011). Nutrient concentrations (N and P) could be altered as a 

result of these processes (Paerl & Huisman, 2009; Rogora et al., 2003). Attributing nutrient 

increases to increased weathering from climate warming has been demonstrated effectively in 

alpine lakes (Rogora et al., 2003). In a temperate setting like NS, disentangling climate driven 

nutrient influx from human and internal nutrient cycling mechanisms has not been explored.   

 Climate change has been found to have an evidential impact on dissolved organic carbon 

(DOC) concentrations in NS lakes (Zhang et al., 2010). A 2010 study utilized data from 55 lakes 

across 21 years and included 38 lakes in southern NS. Zhang et al. found that annual mean total 

solar radiation and monthly total precipitation explained 84 % of the variation in DOC across the 

study period. This indicates that DOC is responsive to climate forcing as it impacts the terrestrial 

environment, particularly in catchments where the DOC is supplied from allochthonous sources 

(Adrian et al., 2009; Zhang et al., 2010). Dissolved organic carbon concentrations have a major 

impact on the absorption of solar radiation within a lake, which has cascading effects on primary 

productivity (e.g. reduces productivity with increasing DOC), alters the bioavailability of some 

elements (phosphorus, iron and carbon), and complicates drinking water purification 

(Williamson et al., 1999). How climate change will alter DOC in lakes is regionally constrained 

but results in NS indicated that increased solar radiation reduces DOC, while increased 

precipitation increases DOC (Zhang et al., 2010). Lake recovery from acidification also interacts 

with these relationships in NS which will likely confound the effects of climate change, 

particularly in the highly acid rain impacted southern region of the province (Anderson et al., 

2017). 

 Dissolved oxygen is another important parameter in lakes that can be altered by climate 

change. Concentrations of DO in lakes are influenced by water temperature and thermal structure 

(Hanson et al., 2006). As these physical parameters shift in response to climate, DO will shift as 

a secondary response. In temperate dimictic lakes, response to a warming climate has led to an 

increase in the duration and stability of summer stratification. Under these conditions, oxygen 

depletion in the hypolimnion is driven by biological oxygen demand relating to bacterial 

respiration and decomposition of sediment organic matter (Smol, 2008). Increased primary 

productivity from eutrophication or climate drivers can compound this effect and speed the rate 

of oxygen depletion. Hypolimnetic hypoxia is an important lake management issue because it 
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has been attributed to an increase in internal P load and exacerbating or prolonging algal bloom 

issues despite external P load control (Nürnberg, 1995; Paterson et al., 2017a), which is 

discussed in greater detail in section 2.3.1 Internal Phosphorus Loading. Additionally, hypoxia 

prevents fish and other biota from inhabiting deep, cold waters of lakes where traditionally they 

might find refuge from high temperature surface waters (Smol, 2008). This could have important 

ramifications to inland fisheries in NS where cold water habitat maintenance is essential to the 

stability of economically valuable salmonid populations (Kurek et al., 2012). 

2.2.3 Biological Impacts 

 It has been well established that climate change has widespread and complex impacts on 

terrestrial and aquatic ecosystems. This includes lacustrine ecosystems where physical and 

chemical changes driven by climate have cascading impacts on the biological community hosted 

by these systems. To decouple climate impacts on biota from other factors such as resource 

availability, predation, human harvesting/pollution, and natural temporal variability is difficult 

(Adrian et al., 2009). Biota have numerous, and often poorly understood, responses to a variety 

of stressors, and these vary by species, location and space/time context. Despite these 

complications, planktonic organisms have been demonstrated to rapidly respond to temperature 

and DO alterations, and therefore, shift in community assemblage as climate has changed 

(Adrian et al., 2009; Enache et al., 2011; Michelutti et al., 2003). A paleolimnological study 

covering several lakes in the vicinity of Halifax, NS found that algal assemblages in 19 pristine 

lakes were consistent with limnological changes linked with climate warming (Ginn et al., 2015). 

Studies on how climate change might drive HABs found that cyanobacteria have a competitive 

advantage when epilimnetic water reaches temperatures in excess of 25 oC (Jöhnk et al., 2008; 

Paerl & Huisman, 2008), making warming water more susceptible to HABs. Tracking climate 

impacts on larger long-lived species becomes more complicated as their life history and 

movement between systems introduce more variables to consider. However, predictive 

modelling estimates that freshwater fish stocks in eastern Canada could suffer from major 

disruptions and further population depletion should average air temperature increase by 4.5 oC 

(Minns & Moore, 1992).  
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2.3 Trophic State Deviation 

Trophic states of lakes can be altered by a variety of factors. This section will review 

factors which may define the risk of trophic state change in dimictic lakes. Emphasis will be 

placed on factors which alter trophic state in the direction of eutrophication. 

2.3.1 Risk Factors 

 Identifying and quantifying factors that put a lake at risk for eutrophication and HABs 

has been an important component in the management of lake resources. When a lake eutrophies, 

remedial steps to reverse the process are challenging to implement and not always successful 

(Steffen et al., 2014). Identifying at risk lakes is imperative to preventing eutrophication and 

prioritizing the deployment of resources to manage these systems (Bennion et al., 2005; Johnston 

et al., 2021). Risk assessment integrates the comprehensive knowledge base of eutrophication 

drivers and applies this knowledge to existing lake/watershed systems to identify where action 

might be required.  

Where HABs are an expression of eutrophy, the factors that control algal growth must be 

taken into consideration when determining risk. The two most basic necessities for pelagic algal 

and bacterial growth are light availability and nutrient availability (Brylinsky, 2004). In stratified 

lakes, algae/cyanobacteria are mixed in the epilimnion. Therefore, if the thermocline depth is 

shallow and sufficient nutrients are available, algae/cyanobacteria will proliferate (Brylinsky, 

2004). In contrast, if the lake is deep and unstratified and/or the water colour is > 40 total colour 

units (TCU), algal/cyanobacterial growth will be suppressed by limited light availability 

(Brylinsky, 2004; Jones et al., 1988). Given the importance of light and nutrients, eutrophication 

risk assessment in NS has been focused on the drivers that might alter these two key parameters. 

The baseload of nutrient input into lakes is defined by inherent watershed characteristics 

such as the bedrock geology, soil and climate. NS has variable geology such that watersheds 

underlain by slow weathering granitic and metamorphic rock are generally low in nutrients and 

pH, while areas underlain by sedimentary rock lead to lakes with relatively higher nutrients and 

pH conditions (Johnston et al., 2021). Therefore, lakes underlain by sedimentary units may be at 

greater risk. Interfaced over these inherent watershed qualities is human activity. It has been 

widely established that anthropogenic alterations to watershed landscape and 

wastewater/septic/stormwater discharge are associated with increasing P influx into lakes 
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(Kleinman et al., 2011; Schindler, 1977; Steffen et al., 2014). This cultural eutrophication has 

been observed in NS in both rural (Campbell, 2021) and urban settings (Ginn et al., 2015).  

The within lake processes that contribute to HAB vulnerability include light penetration, 

stratification, and flushing rate. These are controlled by such inherent characteristics as the water 

colour, lake depth, morphometry, and flowrate into and out of the lake. Light penetration is 

controlled mainly by coloured DOC, where increasing DOC decreases light availability for 

primary production. In NS, DOC in lakes is typically from allochthonous sources and 

proportional to the surface area of wetlands in the watershed (Kerekes et al., 1989). Forest 

removal and other soil mobilizing activities can increase the export of DOC into the lake, 

whereas acidification can decrease DOC (Williamson et al., 1999; Yan et al., 1996). Increasing 

DOC can suppress algal growth and even mediate impacts of anthropogenic stressors, while 

decreasing DOC can have the opposite effect (Williamson et al., 1999). Thus, clear water lakes, 

and lakes that have stressors contributing to decreased DOC are at greater risk of eutrophication.  

Lake depth contributes to the ability of the lake to stratify. Johnston et al. (2021) 

conducted a study on eutrophication vulnerability assessment using 5 study lakes in northern NS 

and determined that in this climate, a depth greater than 7 m is sufficient for stable stratification. 

Lake depth is an inherent characteristic that might only be altered from drought conditions, or 

impoundment. In terms of flushing rate, lakes with swifter flushing rates are generally lower risk 

of eutrophication because the water is not retained with enough time for algal growth to occur 

(Jones & Elliott, 2007). Kerekes (1975) found that among a set of lakes in southern NS, lakes 

with flushing rates > 7 /yr were less vulnerable to pollution. This threshold was used in 

eutrophication risk screening by Johnston et al. (2021) successfully. Human activity in 

watersheds, such as the increasing area of impermeable surfaces or forest removal can alter 

flushing rates (Scott et al., 2019). This can destabilize the flow rate of the lake, creating periods 

of fast flushing, and periods of stagnation, though these effects are very site specific. Generally, 

though, stagnation of flow and drought conditions increase the risk of eutrophication (Paerl & 

Huisman, 2009).  

2.3.2 Internal Phosphorus Loading 

 Phosphorus is deposited in the lake sediment in organic and mineral forms; these are 

diagenically transformed into P adsorbed onto iron (Fe)-oxyhydroxides and other minerals 
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(Nürnberg et al., 2018). Excess P can then be supplied to the pelagic zone autochthonously 

through seasonal releases of P from the lake sediment. This is another important source of P that 

can enhance eutrophication, shift water bodies from P to N limitation and hamper efforts to 

restore eutrophied lakes (Nürnberg, 1994; Tammeorg et al., 2016).  

 Phosphorus release from lake sediment is typically associated with anoxia (when DO is < 

1.0 mg/L) at the sediment-water interface (James et al., 2015; Nürnberg, 1994). In temperate 

dimictic and monomictic lakes, DO depletion is greatest during stratification. This is when the 

oxygen demand from the degradation of organic matter and bacterial respiration at the lake 

sediment surface is greater than the rate at which oxygen is replaced via diffusion from overlying 

layers (Smol, 2008). This can happen both in summer and winter stratification events. In oxic 

conditions P is adsorbed to Fe-oxyhydroxides, as the redox potential at the sediment water 

interface shifts toward anoxia, the Fe-oxyhydroxides are reduced, leading to the desorption of P 

(Nürnberg et al., 2018). The P is then free to move into hypolimnion in the form of soluble 

reactive phosphorus (SRP). When the lake later mixes, this SRP can be distributed into the 

photic zone where it is available for uptake by photosynthetic biological agents (Nürnberg, 

1994).  

 There are many factors which contribute to the actual P retention vs. release from lake 

sediment that extend beyond redox controls. The ratio of Fe:P in the water column has an 

important role in dictating whether SRP can become entrained in surface water for biological 

uptake (James et al., 2015). Gunnars et al. (2002) found that when the hypolimnetic dissolved 

Fe:P ratio was > 2:1 (on a molar basis) and the water was reoxygenated the following reactions 

occurred: Fe2+ was oxidized and hydrolyzed to Fe-oxyhydroxide, SRP was swiftly scavenged by 

Fe-oxyhydroxides and these molecules eventually settled to the sediment. This cycle has been 

referred to as the ‘ferrous wheel’, and can be a principal control on whether hypolimnetic SRP 

will actually become available when resuspended (James et al., 2015). Notably, colloids of Fe-

oxyhydroxides with adsorbed P can be detected as SRP when measured using the Murphy and 

Riley (1962) ascorbic acid colorimetric method (James et al., 2015). This can lead to 

misinterpretation of available SRP, especially if samples are taken soon after lake turn-over and 

Fe:P ratios are unknown. In contrast, when Fe:P ratio is low (< 2:1 molar), SRP will not 
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completely bind to Fe-oxyhydroxides and will be available for biological uptake (Gunnars et al., 

2002; James et al., 2015).  

 Additionally, aluminium (Al) hydroxides can nearly permanently bind P in both 

watershed soils and in the lake sediment (Nürnberg et al., 2018). The presence of Al can 

therefore enhance P retention in lake sediment (Norton et al., 2006). Aluminium is especially 

effective at retaining P in nutrient-poor, low calcium (Ca) oligotrophic lakes (Norton et al., 

2006). Additionally, Al can be leached into lacustrine systems when lakes and watersheds are 

acidified from acid rain (Nürnberg et al., 2018). Acid deposition in NS has been successfully 

reduced by air pollution reduction legislation in North America (Sterling et al., 2020). However, 

studies have indicated that freshwater system recovery has been lagging, especially with respect 

to Al concentrations which have continued to increase (Sterling et al., 2020). Implications of 

how this might influence P retention in soils and lakes in the future is unknown. 

 Lake sediment composition can also control P retention regardless of the redox 

conditions in the overlying water. This has been observed in a number of lakes where oxidation 

of hypolimnetic water did not effect internal P cycling (Gächter & Wehrli, 1998; Hupfer & 

Lewandowski, 2008; Levine et al., 1986). Sediment control relates to each lakes unique 

sedimentation of organic matter, P, Al, Fe and the sulfide production by diagenic processes 

(Gächter & Müller, 2003; Hupfer & Lewandowski, 2008). Generally, lakes with high Fe and low 

sulfate concentration are less likely to release P from the lake sediment, even under anoxic 

conditions (Gächter & Müller, 2003). 

 Internal P loading processes have been related to larger and more sustained 

cyanobacterial HABs (O’Neil et al., 2012; Paerl & Huisman, 2009). This is because internal P 

loading can initiate a positive ecosystem feedback loop. An increase in productivity (whether 

through increased internal loading or external loading of P) leads to increasing sedimentation of 

organic matter, this can increase the extent of hypoxia in the profundal zone, and subsequently, 

increase internal P loading (Vahtera et al., 2007). The P released via internal P loading is readily 

available for biological uptake and therefore provides ready fuel for another HAB cycle (O’Neil 

et al., 2012; Vahtera et al., 2007).   
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2.4 Applied Paleolimnological Assessment  

For this thesis, sediment cores will be dated, and analysis will focus on proxies that will 

inform on productivity and geochemistry. The theory behind how these proxies are accumulated 

in the lake sediment, analyzed and interpreted will be discussed in the following section. A 

review of how sediment core data can be related to historical climate records is also discussed. 

2.4.1 Radiometric Dating 

 Having an accurate chronology of when sediment was deposited is critical to the 

interpretation of sediment archives. Recently deposited sediments in lakes (0 – 150 years old) are 

typically dated using 210Pb, a natural radioactive isotope of lead (Pb) with a half-life of 22.3 

years (Appleby, 2001). 210Pb is produced in the atmosphere as part of the 238U decay series 

(Appleby, 2001). 210Pb is deposited in lakes through precipitation and dry deposition. Once in the 

lake it is scavenged from the water column and deposited into the lake sediment (Appleby, 

2001). It is assumed that this flux of 210Pb is constant and has been related to rainfall and 

geographical location.  

2.4.2 Productivity 

 Productivity has been recorded and reliably tracked in lake sediments with the use of chl-

a (Michelutti & Smol, 2016). Chl-a is a photosynthetic pigment that is used for oxygenic 

photosynthesis (Papageorgiou, 2007). It is essential for photosynthesis in some phytoplankton, 

cyanobacteria and macrophyte vegetation. This pigment reflects blue-green light and is therefore 

the source of green colour observed in plants, algae and bacteria (Papageorgiou, 2007).  

In lakes, most primary producers, including those that contribute to HABs, use oxygenic 

photosynthesis and therefore contain chl-a. When these biota die, they will eventually fall into 

the lake sediment where they undergo degradation and incorporation into the lake sediment 

record (Carpenter et al., 1986; Leavitt & Hodgson, 2001). Although most of the algal/bacterial 

bodies will have disintegrated, the pigments (chl-a, derivatives and degradation products) will 

remain in the lake sediment (Leavitt & Hodgson, 2001). This residual chl-a may be considered a 

biochemical fossil that can trace the abundance of past primary productivity (Leavitt & Hodgson, 

2001). 

There are some processes within the lake water column that can disrupt detrital chl-a in 

the epilimnion from descending to be stored in lake sediment. Photodegradation is regarded as 
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having the greatest impact on chl-a survival because it can occur rapidly. Carpenter et al. (1986) 

found that detrital chl-a’ (a derivative of chl-a) had a half life of 0.52 ± 0.05 days in the photic 

zone. The implication is that pigments that remain suspended in the euphotic zone of the lake for 

more than a few days are mostly destroyed (Carpenter et al., 1986). Secondarily, grazing biota in 

the water column (i.e. zooplankton) can also be responsible for pigment removal, though this can 

be highly variable by lake (Carpenter et al., 1986).  

Multiple studies have demonstrated that reflectance spectroscopy is an effective method 

of obtaining concentrations of chl-a and its derivatives as apposed to high-performance liquid 

chromatography (Das et al., 2005; Michelutti et al., 2005; Michelutti & Smol, 2016). It is rapid, 

and non-destructive which is well suited to multi-proxy paleolimnological studies. Michelutti et 

al. (2010) demonstrated that visible ray spectroscopy (VRS) inferred chl-a effectively tracks 

trends in lake primary productivity and is not obscured by diagenic trends. They demonstrated 

this through sampling several lakes throughout North America (Ontario to Baffin Island) with 

well documented trophic histories and confirming that VRS chl-a followed these trends 

(Michelutti et al., 2010). 

2.4.3 Geochemistry 

 Major elements that lake sediments are comprised of are equivalent to those most 

abundant in Earth’s lithosphere, these include Al, silicon (Si), Fe, manganese (Mn), sodium (Na), 

potassium (K), titanium (Ti), Ca, magnesium (Mg), strontium (Sr), P and sulfur (S) (Cohen, 

2003).  Trace elements occur in low concentrations in lake sediment, and are more commonly 

used as indicators of anthropogenic pollution, these include: lithium (Li), zinc (Zn), copper (Cu), 

chromium (Cr), nickel (Ni), cobalt (Co), vanadium (V), arsenic (As), molybdenum (Mo), Pb, 

mercury (Hg) and selenium (Se) (Cohen, 2003). Concentrations of both major and trace elements 

can vary naturally through the sediment archive. Accumulation of these elements can be altered, 

though, when processes that deposit them are interceded by anthropogenic activity or long-term 

geogenic/biogenic change.  

 Landscape change within a lakes watershed, whether by forest removal, shoreline 

development, road and infrastructure development, or even land cover changes can be tracked 

using elements commonly found in clay minerals (Boyle, 2001; Mackereth & Cooper, 1966). 

These elements include Na, K, Al, Ti and Si (Mackereth & Cooper, 1966; Nesse, 2012). 
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Generally, landscape alterations of the watershed increase erosion and export of clastic material 

(Cohen, 2003). This is recorded in the sediment sequence as relative increasing concentration of 

the aforementioned elements. Titanium has been identified as the best representation of 

landscape change because it is a conserved element (Cohen, 2003; McHenry, 2009). Titanium 

does not often participate in chemical weathering reactions, does not have a major atmospheric 

transport mechanism, and is insoluble in most conditions (i.e. acidic to cirum-neutral freshwater; 

McHenry, 2009). Titanium has been used in many paleolimnology studies in NS to track 

landscape change, and results have been strongly related to known disturbance mechanisms in 

each lake’s respective watershed (Davidson et al., 2021; Dunnington et al., 2018; Tymstra et al., 

2013). Therefore, the main source of Ti to lake sediments is from direct transport and deposition 

of clastic material.  

 Elements can also be deposited into the lake, and subsequently the lake sediment, via 

atmospheric deposition. Stable Pb, Hg and V are examples of elements where accumulation in 

lake sediment has been closely related to atmospheric deposition mechanisms (Charles et al., 

1990; Cohen, 2003; Dunnington et al., 2018). Stable Pb is of particular interest because most 

lakes proximal to human habitation share a characteristic Pb curve associated with the 

combustion of leaded gasoline and augmented by longer range transport of industrial pollution 

(Gallagher et al., 2004). Leaded gasoline was discovered in 1921 (though the actual onset of 

public usage varies across North America), and the product was subsequently phased out in the 

1980s (Nriagu, 1990). Therefore, lake sediment cores typically have a peak concentration of Pb 

associated with the local peak usage of leaded gasoline, followed by a decline toward more 

modern sediments (Boyle, 2001; Dunnington et al., 2018; Gallagher et al., 2004). Dunnington et 

al. (2018) evaluated anthropogenic Pb atmospheric deposition in lakes across eastern North 

America (from Adirondack Mountains in New York, USA to NS, Canada). It was found that the 

Pb from gasoline may be the most important source in NS, rather than other industrial 

sources/long-range transport (Dunnington et al., 2018). Other work from these authors has 

indicated that the timing of peak leaded gasoline usage in NS is 1970-1990 (Dunnington, 2017). 

 Redox conditions at the bottom of the lake water column can affect the sequestration of 

certain elements. Redox state changes can either liberate or increase sequestration of some 

metals and nutrients (Cohen, 2003). Iron and Mn are particularly redox sensitive, both elements 
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are chemically similar (appearing side-by-side on the periodic table), but Mn dissolves more 

readily under reducing conditions, therefore the ratio of Mn:Fe can be useful in determining past 

redox conditions (Davison, 1993; Engstrom & Wright, 1984; Naeher et al., 2013). However, the 

cycling of these elements is complex and related to many factors that can often be site-specific 

like microbial activity, sediment composition and photo-chemical reactions (Davison, 1993). 

Iron and Mn redox driven sequestration can also be obscured by clastic deposition if these 

elements are present in the parent bedrock and soils of the watershed (Makri et al., 2021). 

Studies focussing on Mn sequestration have found that there are other processes this element can 

be indicative of. Schaller et al. (1997) found that Mn concentration peaks can record rapid 

oxidation events. Sudden artificial oxidation of a sediment surface led to a particulate Mn flux 

coming out of solution and being partially preserved in the lake sediment (Schaller et al., 1997). 

Koinig et al. (2003) were able to correlate Mn with organic matter accumulation. It was 

hypothesized that Mn concentrations could be controlled by reducing conditions caused by an 

increase in organic matter supply and subsequent oxygen depletion from organic mater 

degradation (Koinig et al., 2003). In summary, when using Fe and Mn as redox indicators it is 

important to consider the unique context of the lake being studied given the complexity of how 

these elements are deposited. 

2.4.4 Linkage with Climate Records 

 The use of historical instrumental climate records alongside paleolimnological datasets is 

useful in determining correlations among climate variables and shifting abundances of certain 

paleolimnological indicators. Climate datasets differ inherently from paleolimnological datasets, 

making comparison challenging. While climate data has clearly resolved time intervals (ex. air 

temperature recorded as daily, monthly or annual averages), the time interval represented by lake 

sediment sections can vary depending on compression and changing sedimentation rates 

(Paterson et al., 2017a). This means that any given sediment interval may represent one or 

several years of accumulation and dating of the sediments is not as accurate at climate records. 

Climate data therefore requires careful summarization in order to achieve optimal comparability 

with sediment core data.  

 Indirect comparison is a simplistic and qualitative approach that may be applied if 

statistical analysis is not a priority. This method was demonstrated by Michelutti et al. (2003) 
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when studying diatom responses to recent climatic changes in a lake in Nunavut, Canada. The 

authors assembled a long-term climate record and examined temperature and precipitation 

averages on a seasonal basis. They had found that diatom community assemblages had shifted 

consistently along with general climate changes from 1988 to 1997 (Michelutti et al., 2003).  

Favot et al. (2019) had a similar approach when studying productivity changes in a remote 

oligotrophic lake in northern Ontario. They used linear regression to summarize the rate of 

change in climate records across the whole time series (Favot et al., 2019). The climate analysis 

was interpreted alongside various biological indicators with the assumption that the lake hasn’t 

been significantly impacted by anthropogenic activity (Favot et al., 2019). Enache et al. (2011) 

core sampled several lakes in the remote and undisturbed Experimental Lakes Area of northern 

Ontario and analyzed for a range of biological proxies. These proxies were interpreted alongside 

water quality data and climate data. Statistical methods were used to understand water quality 

and biological indicator relationships, but assuming significant anthropogenic impacts had not 

occurred, authors qualitatively compared their findings to the climate records (Enache et al., 

2011). It was found that biological responses to climate warming varied among the lakes 

depending on morphometry and water quality (Enache et al., 2011).   
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Chapter 3 Methodology 

3.1 Climate Data Retrieval and Analysis 

 Climate data was gathered from Environment and Climate Change Canada (ECCC) 

weather station historical records. A record > 100 years was needed, so weather stations were 

selected based on proximity to the study area and duration of time the record covered. Stations 

that consistently recorded longer timespans of weather data (multiple decades) were favoured 

over ephemeral stations that only recorded a few years. The selected stations based on these 

criteria are described in Table 3.1. Three stations have existed in Truro NS since 1872 in close 

proximity to each other and less than 50 km away from the study area. The Truro NS records 

ended in 2002, and therefore were supplemented by Debert NS station records which began 

recording in 2003 at a closer proximity to the study area. In total, these stations provided a 148-

year record of daily temperature, precipitation, and maximum wind gusts (Table 3.1). The Truro 

NS stations 6490 and 6491 were located in the same place, therefore these stations were favoured 

in the years that overlapped with Truro NSAC NS 6492. 

Table 3.1: Selected ECCC weather stations, their relative distances from Wentworth, NS, 

and duration of record. 

Station Name Station ID Distance (km) Duration of Record Total Years Available 

Truro NS 6490 35.6 1872 – 1915 43 

Truro NSAC NS 6492 33.8 1910 – 1966 56 

Truro NS 6491 35.6 1960 – 2002 42 

Debert NS 42243 22.7 2003 – 2020 17 

 

 Mean daily minimum air temperatures were calculated for annual (12-month average), 

summer (June, July, August), fall (September, October, November) and winter (December, 

January, February) intervals for every year in the 148-year record. Daily minimum air 

temperatures were selected for analysis because they demonstrate the most pronounced increases 

over time across Canadian weather stations (Vincent et al., 2012) and, on an annual basis, have a 

profound impact on lake ice coverage (Filazzola et al., 2020). Linear regression was applied to 

the annual, summer, fall and winter mean daily minimum air temperatures to determine whether 

daily minimum air temperatures have increased across the record. Slopes were checked for 
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significance (where p < 0.05 was considered significant) prior to calculation of the net change in 

temperature. 

 Total daily precipitation was summed for every year in the 148-year record. Linear 

regression was applied to the yearly total precipitation to determine whether precipitation has 

changed across the 148-year record. The slope was checked for significance (where p < 0.05 was 

considered significant) prior to calculation of the net change in precipitation. 

 Daily maximum wind gust was the only windspeed parameter available across the Truro 

and Debert datasets. This parameter was not consistently reported, having one cluster of records 

from 1970 – 1990 from the Truro NS 6491 station and a second cluster from 2000 – 2020 from 

the Debert NS 42243 station. The available records were averaged for each year, and visual 

inspection indicated that the wind gust records were highly influenced by station location 

(Appendix A). Therefore, it was concluded that the windspeed records do not reliably predict 

changes in windspeed on a climactic scale given the limited data available; therefore these data 

were forsaken from further analysis/consideration. 

3.2 Lake Water Sampling 

3.2.1 Lake Morphometry 

 The bathymetry of Mattatall and Angevine Lakes was surveyed using point-by-point 

depth sounding devices. Mattatall Lake’s bathymetry was mapped by Dunnington and Redden in 

2018 using a Humminbird Helix 9 sounder with 83/200 Hz dual beam transducer (Johnson 

Outdoors, Inc., Racine, Wisconsin, USA).  

Angevine Lake bathymetry was determined using a Garmin echoMAP 50 dv combination 

fish finder/chart plotter (Garmin International, Inc., Olathe, Kansas, USA). The coordinates and 

associated depth measurements were imported as point features into ArcGIS Pro 2.3.0 (ESRI 

Inc., 2018). The waterbody boundary for Angevine Lake was obtained from the NS Topographic 

DataBase (1:10 000 scale; Government of Nova Scotia, 2021), and imported as a polyline feature 

into ArcGIS and assigned a reference depth of 0 m. The spot depths and waterbody boundary 

were then used to construct a digital elevation model (DEM) using the Topo to Raster tool. The 

DEM was then used to create contour lines with the Contour tool, which connects cells of equal 

elevation with a line. 
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 Lake volume was calculated using the Surface Volume tool in ESRI ArcMap 10.3.1. The 

volume was calculated between the DEM of the lake bathymetry and a reference surface of 0 m. 

Hypolimnetic water volume was calculated by creating a reference surface at the depth of the top 

of the hypolimnion for each lake in the summer sampling event. For the purpose of this study, 

the top of the hypolimnion was defined as the end of the thermocline, where the difference of 

temperature values between measurements was < 1 oC. The volume was calculated between the 

DEM of the lake bathymetry beneath the top of hypolimnion reference surface.  

Lake flushing rate was calculated using the following formulas: 

𝐹𝑙𝑢𝑠ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =  
𝑄

𝑉
 

𝑄 = (𝐴𝑤𝑠 ∗  𝑃𝑟 ∗ 𝑅𝐶) + ((𝑃𝑟 − 𝐸) ∗ 𝐴𝑙) 

where Q is the predicted outflow (m3/yr), V is the volume of the lake (m3), Aws is the area of the 

watershed (m2), Pr is the average annual precipitation (m/yr), RC is the average runoff 

coefficient, E is the lake evaporation (m/yr) and Al is the area of the lake (m2). Values for 

average annual precipitation, evaporation and runoff coefficient were based on long-term (20-

year) climate averages for the region and calculated by Johnston et al. (2021) for both Mattatall 

and Angevine Lakes. For both lakes, the Pr was 1.239 m/yr, E was 0.5 m/yr and RC was 0.7 

(Johnston et al., 2021). The value of Q is assumed to include all surface water and groundwater 

inputs into the lake.  

3.2.2 Water Quality Monitoring  

 Lake water quality at Mattatall and Angevine Lakes was established using parallel 

sampling and analysis techniques. Sampling events occurred on the same day for both lakes 

across the open water seasons in 2018 and 2019. Data was gathered from the water column at the 

deepest location in both lakes (Figure 3.1 and 3.2). Two additional locations were sampled at 

Mattatall Lake at the centre of the other two basins (Figure 3.1). Each sampling event took 

samples from the surface and bottom of the water column with several discrete samples in-

between. The amount and depth of samples were decided based on the thermal stratification 

structure of the lake at the time of sampling. 
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 Clean polyethylene sample bottles were triple rinsed in lake water prior to sample 

collection. Surface samples were taken by submerging and filling the sample bottle 50 cm below 

water surface. Grab samples at lower depths in the water column were taken using a 2.2 L PVC 

Kemmerer sampler. A portion of the lake water samples were volume weighted immediately 

following lake sampling and submitted to Bureau Veritas Bedford Environmental Laboratory in 

laboratory provided sample containers. Volume weighted samples were analyzed for a suite of 

parameters in the Routine Comprehensive Package analysis which included the following 

parameters: 

• pH • Total Aluminum (Al) 

• Total Alkalinity (as CaCO3) • Total Antimony (Sb) 

• Bicarb. Alkalinity (as CaCO3) • Total Arsenic (As) 

• Carb. Alkalinity (as CaCO3) • Total Barium (Ba) 

• Conductivity • Total Beryllium (Be) 

• Turbidity • Total Bismuth (Bi) 

• Colour • Total Boron (B) 

• Calculated TDS • Total Cadmium (Cd) 

• Hardness (as CaCO3) • Total Chromium (Cr) 

• Total Sodium • Total Cobalt (Co) 

• Total Potassium • Total Copper (Cu) 

• Total Magnesium • Total Iron (Fe) 

• Total Calcium • Total Lead (Pb) 

• Dissolved Sulphate • Total Manganese (Mn) 

• Dissolved Chloride • Total Molybedenum (Mo) 

• Reactive Silica • Total Nickel (Ni) 

• Nitrate-Nitrite (as N) • Total Phosphorus (P) 

• Nitrogen (Ammonia) • Total Selenium (Se) 

• Orthophosphate (as P) • Total Silver (Ag) 

• Total Phosphorus • Total Strontium (Sr) 

• Total Organic Carbon • Total Thallium (Tl) 

• Langelier Index (@ 20C) • Total Tin (Sn) 

• Langelier Index (@ 4C) • Total Titanium (Ti) 

• Saturation pH (@ 20C) • Total Uranium (U) 

• Saturation pH (@ 4C) • Total Vanadium (V) 

• Anion Sum • Total Zinc (Zn) 

• Cation Sum  
• Ion Balance (% Difference)  
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Chlorophyll-a, TP and SRP was analyzed at discrete depths. Chlorophyll-a samples were 

submitted to Dalhousie Oceanography Micro-Algal Production and Evaluation Laboratory and 

analyzed using the acidification (Lorenzen and Jeffrey, 1980) and Welschmeyer (Welschmeyer, 

1994) methods within 24 hrs of collection. These methods were modified slightly for freshwater 

media by extracting pigment with a 3:2 mixture of 90 % acetone:dimethyl sulfoxide. This 

mixture is effective in extracting pigment from species with thicker cell walls that are more 

commonly found in freshwater systems (Shoaf & Lium, 1976). Total phosphorus and SRP 

samples were analyzed at Dalhousie Centre for Water Resources Studies (CWRS) within 24 hrs 

of collection using the ascorbic acid digestion method described by Murphy & Riley (1962) for a 

low concentration detection range of 0.001 – 0.350 mg/L. 

3.2.3 In-situ Measurements 

In-situ water column temperature (oC), DO (percent and mg/L), conductivity (µS/cm) and 

pH were measured during each water sampling event at the locations referred to in Figure 3.1 

and 3.2. Measurements were taken using a YSI Model 600 sonde (YSI Inc., Yellow Springs, OH, 

USA) with 30 m cable at 1 m intervals of depth until 0.2 m above the bottom of the lake to avoid 

sediment disturbance. The YSI sonde pH and conductivity sensors were calibrated yearly, and 

the DO sensor was calibrated before each use. Secchi depths were taken using a 20 cm weighted 

Secchi disc to measure water transparency. The euphotic zone was calculated as 2.5 x SD (Green 

et al., 2015). Profiles taken at spring, summer and fall sampling events were selected for 

visualization in this thesis. The summer and fall sampling events selected were August 9, 2018 

and October 17, 2018, respectively for both lakes. Spring sampling events took place on May 8, 

2018 for Mattatall Lake and April 22, 2019 for Angevine Lake. Profiles for chl-a, TP and SRP 

from samples taken on the same days were also graphed in profile to observe changes in these 

parameters alongside the in-situ measurements. 
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Figure 3.1: Sampling locations and bathymetry of Mattatall Lake. Water quality sampling 

and in-situ measurements were taken at Basin 1, 2 and 3. A gravity core was collected at 

Basin 1. Water depth contours are shown at 1 m intervals.. 
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Figure 3.2: Sample location and bathymetry of Angevine Lake. Water quality sampling, in-situ measurements, and gravity 

core collection all occurred within the Central Basin. Water depth contours are shown at 1 m intervals.

 

2
9
 



30 

 

3.3 Landscape Change 

3.3.1 Landsat Imagery Collection 

Imagery covering the study area (Figure 1.1) were collected from the U.S. Geological 

Survey (USGS) Earth Explorer website (USGS, n.d.). The datasets for Landsat 5, 7 and 8 were 

selected at Collection 1, Level 2 to obtain images that have had been atmospherically corrected. 

Summer imagery with less than 10 % cloud cover was selected at approximately 8-year intervals 

between 1985 and 2018. With an additional image from October 2016 because a major clear cut 

and algal bloom event in Mattatall Lake occurred in this year (Table 3.2).  

Table 3.2: Metadata of Landsat Images used. 

Date ID Landsat Satellite Path Row 

1985/07/28 LT05_L1TP_008028_19850728_ 

20170219_01_T1 

4-5 TM 8 28 

1993/08/19 LT05_L1TP_008028_19930819_ 

20170117_01_T1 

4-5 TM 8 28 

2002/07/19 LE07_L1TP_008028_20020719_ 

20170129_01_T1 

7 ETM+ 8 28 

2009/08/15 LT05_L1TP_008028_20090815_ 

20161022_01_T1 

4-5 TM 8 28 

2016/10/16 LC08_L1TP_008028_20161005_ 

20170320_01_T1 

8 OLI/TIRS 8 28 

2018/07/07 LC08_L1TP_008028_20180707_ 

20180717_01_T1 

8 OLI/TRS 8 28 

  

3.3.2 Landcover Change Digitization 

Land cover change in each image was manually digitized into polygons using an infrared 

visualization to increase the contrast between vegetation and deforested areas. A feature was 

added to the attribute table of the polygon denoting the year of the imagery it was sourced from. 

3.3.3 Application of Normalized Difference Vegetation Index 

The Normalized Difference Vegetation Index (NDVI) was applied to each Landsat image 

using the Model Builder on ArcGIS Pro (Appendix A). The Visible Red (R) and Near Infrared 

(NIR) Bands from the Landsat files were input into the Raster Calculator. In the Raster 

Calculator the inputs were processed using the standard NDVI equation (Kriegler et al., 1969): 

𝑁𝐷𝑉𝐼 =  
𝑁𝐼𝑅 − 𝑅

𝑁𝐼𝑅 + 𝑅
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The result of the calculation gives each cell a number between -1 and +1. Values near -1 

indicate greater red reflection than NIR reflection, and thus, ground vegetation is unhealthy 

(ESRI Inc., n.d.). Values near +1 indicate greater NIR reflection than red reflection, indicating 

that vegetation is healthy (ESRI Inc., n.d.). To visually represent changes from one photo to the 

next through time, the NDVI raster from 2 subsequent satellite images were merged into a 

composite band layer. 

 A second approach was applied to better quantify forest cover variation. The model 

builder was used to again calculate the NDVI of two images. The two layers were then 

subtracted using the Raster Calculator. The resulting raster was then applied to the Greater Than 

Equal tool, which reclassified cells according to whether a logic statement is TRUE (1) or 

FALSE (0). The cells were reclassified according to whether they were greater than or equal to -

0.1 or not. The value -0.1 was selected through a trial-and-error process of detecting significant 

forest removal that was apparent in the raw imagery and composite band layers. The model 

(Appendix A) was designed to output separate rasters for Mattatall Lake watershed and 

Angevine Lake watershed such that the deforestation areas could be contrasted. Following 

processing, cell counts were taken from the attribute tables of the rasters to calculate the total 

area of each class (deforested or vegetated). 

3.3.4 Uncertainty 

There is inherent uncertainty associated with using Landsat surface reflectance imagery, 

mainly relating to resolution. Firstly, with respect to spatial resolution, the reflectance rasters are 

limited by a 30 x 30 m cell size. At this spatial resolution, details such as the exact perimeter of 

deforestation can be obscured. This limitation was disregarded due to the watershed scale of this 

study, and, because exact measurements were less important than understanding relative 

deforestation in two watersheds.  

Secondly, Landsat data was retrieved from three different satellites. This created 

uncertainty relating to variable radiometric resolutions when comparing images from Landsat 5 

to Landsat 7 or 8. Due to the range of study years, obtaining images from only one satellite was 

not possible since Landsat 5 was discontinued in 2013 (USGS, n.d.). The images originating 

from Landsat 8 have a greater radiometric resolution and slightly different band widths with 

respect to the R and NIR bands used for this study as compared to Landsat 5 and 7. This may 
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have added a slight bias to resulting NDVI calculations and comparisons among different 

satellite imagery. 

Thirdly, due to the nature of the images being dispersed and discrete captures in time, there 

is temporal resolution uncertainty. The evidence of deforestation in each image is closely related 

to how soon the activity took place before the image was captured. Some activity, especially at 

smaller scales, may not have been captured in this study.  

3.4 Sediment Sampling 

 Sediment cores were retrieved from Mattatall Lake on March 14, 2019 and from 

Angevine Lake on July 24, 2019 using a Glew gravity coring device (Glew, 1989). The cores 

were taken at the deepest point of each lake which was identified with bathymetric mapping 

(Figure 3.1 and 3.2). The cores were extruded directly following collection using a Glew 

portable extruding device (Glew, 1989) at 0.5 cm intervals. Sediment sections were then 

refrigerated at 4 oC until further processing. 

3.5 Sediment Analysis 

 Sediment sections from Mattatall and Angevine Lakes were analyzed in parallel. All 

analyses required dried sediment, so samples were dried for 48 hr at approximately 60 oC. 

Samples were weighed before and after drying to obtain water percentage and dry density of the 

sediment sections. The samples were then crushed and powdered with an impermeable clay 

mortar and pestle. Dried samples were placed in 60 mL plastic snap-cap vials and stored at room 

temperature until further analysis. 

3.5.1 210Pb Dating 

Dried sediment samples from Mattatall and Angevine Lake cores were sent to the 

Paleoecological Environmental Assessment and Research Laboratory (PEARL) at Queens 

University in Kingston, Ontario. Samples were selected spanning the length of both cores, 15 

from Mattatall Lake and 13 from Angevine Lake. Samples were prepared using methods 

described by Schelske et al. (1994). A germanium crystal detector was used to measure the 

gamma activities of the radioisotopes 210Pb and Cesium 137 (137Cs). The constant rate of supply 

(CRS) model was then applied to estimate ages of the sediment intervals (Appleby, 2001).  
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3.5.2 Total Metals 

 All dried sediment section samples from the Mattatall and Angevine Lake cores were 

analyzed for total metals using portable X-ray fluorescence (XRF) at Acadia University. The 

XRF device used was a Panalytical Epsilon 1 (Malvern Panalytical, Ltd., Malvern, United 

Kingdom) on the Lake Sediment Total program. The Lake Sediment Total program was 

developed using certified reference materials (CRMs) and internal standards that had been 

calibrated with inductively coupled plasma mass spectroscopy. Calibration of the Lake Sediment 

Total program followed methods established by Dunnington et al. (2019). Dried samples were 

kept in their 60 mL plastic vials, the cap was removed, and a plastic wrap film was secured to the 

top of the vial. The vial was then inverted over the x-ray window for approximately 3-4 minutes 

as analysis took place. Blanks and CRMs were used every session to ensure instrumental drift 

had not occurred. Every fifth sample was measured in triplicate to measure the precision of 

measurement for each element. The Lake Sediment Total program provided concentrations of 41 

elements. Metals selected for this study included total P, Fe, Mn, Pb and Ti. Phosphorus was 

selected to indicate past nutrient concentrations in the lake; Fe and Mn were selected to indicate 

redox shifts through time; Pb was selected as an indicator of atmospheric Pb deposition from 

combustion (and therefore human settlement); and Ti was selected as an indicator of clastic 

sediment input from the watershed.  

3.5.3 Chlorophyll-a 

 Dried sediment samples from the Mattatall and Angevine Lakes cores were prepared for 

VRS chl-a analysis by sieving the dried sediment through a 125 µm filter. Sieving was necessary 

to remove large particles that could influence the spectral qualities of the sediment (Michelutti & 

Smol, 2016). Approximately half of the samples from each core were selected (every second 

sample down the length of each core). Approximately 1 cm3 of sieved samples were then placed 

in 11.1 mL glass shell vials. Samples were sent to PEARL for analysis using a Model 6500 series 

Rapid Content Analyzer spectroradiometer, as described in Michelutti & Smol (2016). This 

method assumes that chl-a and its degraded products (chlorins) have similar spectral qualities, 

and therefore a bulk estimation of total chl-a can be inferred (Michelutti & Smol, 2016). 
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3.5.4 Statistical Methods 

All graphing and statistical analysis was completed using R (R Core Team, 2021). 

Principal components analysis (PCA) was applied to the sediment chl-a and geochemistry data to 

explore potential similarities and dissimilarities in the biogeochemistry of the Mattatall and 

Angevine Lake sediments across the entirety of both archives. Summarizing of the variables 

showed there were no zeros in the dataset. Each variable was then tested for normality using the 

Wilkes-Shapiro test (Peck, 2016), all were found to be not normal. Manganese was particularly 

skewed, so this variable was removed. The data was then centered and scaled to improve 

normality using the z-score method (Peck, 2016). Finally, PCA was applied to the data using the 

princomp() package and the default correlation matrix (R Core Team, 2021).  

General linear models (GLM) were applied to determine whether certain variables, or 

combinations of variables, were statistically correlated with chl-a in both lakes. Chlorophyll-a 

was treated as the dependent variable, while Ti, Fe, P and Pb were treated as independent 

variables. Manganese was not included because those data were heavily skewed. Before a model 

was created, the data was checked for collinearity using pair plots and correlation coefficients. 

Following this check, only uncorrelated variables were used in the model. The resulting model 

was then checked for accuracy using the adjusted R2. The model was then tested to ensure the 

assumptions of multivariate regression were satisfied. Assumptions and corresponding statistical 

tests were applied following the methods described by Field et al., (2012). The assumptions of 

multivariate regression and their corresponding tests are described below: 

1. Existence – This is assumed to be true and was not tested. 

2. Independence – That the predictor variables are independent of each other. This was 

tested using the Durbin-Watson test, where the null hypothesis is that variables do not 

autocorrelate. 

3. Linearity – There is a linear relationship between the dependent and independent 

variables. This was tested using Ramsey’s RESET test, where the null hypothesis is that 

there is linear relationship among the data. 

4. Homoscedasticity – That all variables have similar variation across all observations. This 

was visualized using a residuals vs. fitted plot, and tested using the Breusch-Pagan test, 

where the null hypothesis is that variances are equal. 
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5. Normality – That all variables have a normal distribution. This tested using the Shapiro-

Wilk’s test where the null hypothesis is that the data are normal. 

6. X is measured without error – This is assumed to be true and was not tested. 

Following assumption tests, both a forward and backward stepwise regression (Field et al., 

2012) was applied to obtain a more efficient model using a subset of the independent variables. 

The efficiency of the output models was assessed using Akeike information criterion (AIC; Field 

et al., 2012), and the accuracy of the models was assessed using the adjusted R2.   
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Chapter 4 Results and Discussion 

4.1 Weather and Climate 

Air temperature and precipitation data sourced from proximal ECCC weather stations in 

Truro and Debert, NS are summarized in the following sections. Windspeed data was insufficient 

for analysis, and was highly dependent on the weather station location rather than following 

regional patterns, as shown in Appendix A.  

4.1.1 Air Temperature 

A 148-year record of daily minimum air temperatures are summarised in Figure 4.1. Linear 

regression analysis found that for the Annual, Summer, Fall and Winter means, the mean daily 

minimum air temperature has increased by 0.93, 0.90, 0.70 and 1.98 oC, respectively (Figure 

4.1). Winter daily minimum air temperatures showed the most change since the beginning of 

record in 1873. The slopes of the linear models were significant (p < 0.05) for the Annual, 

Summer, Fall and Winter means, and are shown along with a 95 % confidence interval in Figure 

4.1. This average increase in temperature is consistent with the IPCC report on regional climate 

warming, which indicated an increase of 0.75-1.5 °C for eastern North America from 1990 - 

2015 (Allen et al., 2018).  

A LOESS curve with a span of 0.15 was applied to each temperature plot to aide in 

visualizing the variability and to reduce noise in temperature regime across the dataset (Figure 

4.1). Annual temperature fluctuations (Figure 4.1a) across the dataset generally oscillate on a 

decadal basis. This could relate to the North Atlantic Oscillation (NAO), where positive NAO 

index years are correlated with above average temperatures in eastern North America (Durkee et 

al., 2008). For example, the high temperatures in the late 1990s and early 2000s observed in 

Figure 4.1a align with positive NAO index years from 1998 to 2000 identified by Durkee et al. 

(2008). 

A ~ 1 oC increase in average annual air temperature can influence lake temperature, 

stratification, period of ice overage and turn-over timing (Filazzola et al., 2020). Winter months 

demonstrated the most warming of the seasons plotted. A warming climate in the winter month 

generally decreases winter ice coverage. Summer and Fall increases in air temperature can 

additionally increase the overall ice-free water temperatures, which can improve the habitability 

of the water for cyanobacteria (Enache et al., 2011). A 2020 study of 122 temperate Northern 
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Hemisphere lakes over a period of 78 years showed that the number of years that the lakes were 

ice-free has become more frequent. Ice-free years are closely related to winter air temperatures 

and climate oscillations (Filazzola et al., 2020). Several of the lakes included in this study were 

in Maine, USA, which has similar climate patterns to Nova Scotia (MacLeod & Korycinska, 

2019). Filazzola et al. (2020) also applied IPCC climate change scenarios to project the 

frequency of future ice-free events in the study lakes. Lakes are sensitive systems that are highly 

responsive to climate shifts and extremes (Filazzola et al., 2020), which has cascading 

consequences for both recreational and cultural activities as well as ecological response. Data for 

ice coverage periods in Mattatall and Angevine Lakes is not available, but future research could 

use observed winter air temperatures to estimate/predict ice coverage. 
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Figure 4.1: Average minimum air temperatures for Annual (A), Summer (B), Fall (C) and Winter (D) from 1873 to 2019. Blue 

regression lines are accompanied by a 95% CI in grey. A LOESS curve with a span of 0.15 is shown in black. Each plot is 

labelled with the overall change in air temperature for that plot. 
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4.1.2 Total Annual Precipitation 

A 148-year record of total annual precipitation is shown in Figure 4.2. Linear regression 

analysis was applied to determine the overall change in precipitation since the beginning of the 

record in 1873 to the end of record in 2019. Annual precipitation has not increased significantly 

across the record as indicated by the slope of the linear model not being significant.  

A LOESS curve with a span of 0.15 was applied to the plot in Figure 4.2 to aide in 

visualizing variability and reduce noise in the precipitation regime across the dataset. Similar to 

the temperature data, precipitation appears to fluctuate on a decadal basis. This sinusoidal pattern 

of precipitation may be partly related to the NAO, where positive NAO index years are 

associated with increased precipitation (Durkee et al., 2008). Positive NAO index years occurred 

from 1988 to 1995 (Durkee et al., 2008), and these align well with higher precipitation values 

observed in Figure 4.2. However, periods of increased precipitation do not always align with the 

positive NAO index years identified by Durkee et al. (2008). For instance, precipitation actually 

decreases in northern NS in the 1998-2000 positive NAO index years (Durkee et al., 2008). 

 

Figure 4.2 Total annual precipitation from 1873 to 2019. A blue regression line is 

accompanied by a 95% CI in grey, this line was not significant. A LOESS curve with a 

span of 0.15 is shown in black.  
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4.2 Lake Characteristics 

Mattatall and Angevine Lakes are described and compared based on their morphometry, 

water chemistry, trophic state, and in-situ chemistry profiles.  

4.2.1 Morphometry 

Mattatall and Angevine Lakes are of a similar size and maximum depth (Table 4.1). They 

also have a similar flushing rate of slightly less than twice a year. Angevine Lake flushes 1.75 

times per year, while Mattatall Lake flushes 1.99 times per year. Mattatall Lake contains three 

distinct basins, so a separate flushing rates were calculated for each basin according to the 

respective area draining into each respective basin. Basin 1 had the slowest flushing rate of 0.7 

times per year (Table 4.1). 

Table 4.1: Lake morphological characteristics 

Parameter Units Mattatall Angevine 

Lake Surface ha 118.6 151.2 

Volume 106 m3 4.34 6.34 

Max Depth m 11.0 14.6 

Mean Flushing Rate yr-1 Basin 1: 0.7 

Basin 2: 3.2 

Basin 3: 4.6 

1.75 

 

Mattatall and Angevine Lake differ in the number of distinct basins forming each lake. 

Angevine Lake has a singular elongated basin (Figure 3.2). In contrast, Mattatall Lake is a series 

of 3 basins, with the first (Basin 1) being the deepest. The surface area of the deep basin is small 

relative to the rest of the lake (Figure 3.2). The morphometry of these lakes influences the 

development of lake stratification in each lake uniquely. In Mattatall Lake, the volume of the 

hypolimnion is 1.61 x 105 m3 relative to a lake volume of 4.43 x 106 m3; therefore, hypolimnetic 

water occupies 3.63 % of the lake volume. These smaller deep basins with slow flushing rates 

tend to lead to the rapid development of anoxic conditions if depth is sufficient, as observed in 

many studies (James, 2017; Nürnberg et al., 2012; Paerl & Huisman, 2008; Vahtera et al., 2007). 

The volume of the hypolimnion in Angevine Lake is 3.29 x 105 m3, relative to a lake volume of 

6.34 x 106 m3; therefore, hypolimnetic water occupies 5.14 % of the lake volume. This is a larger 
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hypolimnion in contrast to Mattatall Lake. A larger hypolimnion with a swifter flushing rate 

(1.75 times per year) can resulting in prolonged oxic conditions during stratification.  

4.2.2 General Water Chemistry 

 A summary of water quality results for the 2018 and 2019 water sampling program at 

Mattatall and Angevine Lakes is presented in Table 4.2.  

 Mattatall Lake was circum-neutral with a mean pH of 6.8. Mean alkalinity, an indicator 

of the buffering capacity of the water, was 12 mg/L. Buffering capacity of lakes in Nova Scotia 

is highly dependent on the local geology. Lakes underlain by igneous and metamorphic bedrock 

have low buffering capacity, and typically have undetectable alkalinity (Underwood & Schwartz, 

1990). Since Mattatall Lake overlies sedimentary units, and has detectable alkalinity, its 

buffering capacity would be considered moderate for Nova Scotia surface waters (Underwood & 

Schwartz, 1990). Mattatall Lake has soft water, with a mean hardness of 13.3 mg/L (< 60 mg/L 

is considered soft) and total calcium was 4467 µg/L. Other parameters of interest that would 

have an influence on light penetration include TOC which was 5 mg/L, and colour which was 23 

TCU. Mattatall Lake would therefore be considered a clear to slightly coloured lake, where 

colour values ≤ 20 TCU are considered clear (Kerekes et al., 1990). In terms of nutrient 

concentrations, Mattatall Lake was classified as mesotrophic with respect to TP, with an average 

of 14 µg/L. The N:P ratio was 12, indicating the lake was not P deficient (Hecky et al., 

1993).This N:P value should be interpreted with caution as only 2 samples for nitrate-nitrite (as 

N) were above the detection limit of 0.050 mg/L (Table 4.2). These data indicate that Mattatall is 

a low N system. This might have relevance as the HAB that was dominant in Mattatall Lake, D. 

planctonicum, is from a genus of cyanobacteria that are able to fix N from the atmosphere, 

giving them a competitive advantage (Kelly et al., 2021). Therefore, sufficient P was all that was 

necessary to support the D. planctonicum bloom. 

 Angevine Lake was circum-neutral with a mean pH of 6.8. Mean alkalinity was 9 mg/L, 

which like Mattatall Lake is considered moderate for Nova Scotia surface waters (Underwood & 

Schwartz, 1990). Angevine Lake has soft water, with a mean hardness of 8.3 mg/L and total 

calcium was 2300 ug/L. Total organic carbon was 6.4 mg/L, and colour was 30.6 TCU. This was 

slightly higher than Mattatall Lake, but Angevine Lake would still be considered clear/slightly 

coloured (Kerekes et al., 1990). In terms of nutrient concentrations, Angevine Lake was 
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classified as mesotrophic with respect to TP, with an average of 12 µg/L. The N:P ratio was 11, 

indicating the lake was not P deficient (Hecky et al., 1993). Like Mattatall Lake, this value 

should be interpreted with caution because only 1 sample from Angevine Lake was above the 

nitrate-nitrite (as N) detection limit of 0.050 mg/L (Table 4.2). However, it can be generally 

inferred that Angevine Lake is a low N system. 

In summary, Mattatall Lake and Angevine Lake broadly share the following attributes: 

• Neutral pH 

• Soft water 

• Clear to slightly coloured water, low TOC 

• Mesotrophic TP concentrations 

• Low N concentrations 

4.2.3 Trophic status 

 The values of the parameters used to classify the trophic state (including TP, chl-a, and 

SD) of Mattatall Lake and Angevine Lake are summarized in Table 4.3. The trophic state as 

determined by these values is then summarized in Table 4.4 based on threshold ranges 

established by CCME (2004) and Vollenweider and Kerekes (1982). 

 Based on the evaluations in Table 4.4, both Mattatall and Angevine Lakes were 

determined to be oligo-mesotrophic. Total phosphorus in both lakes indicate that they are 

mesotrophic. Chlorophyll-a in Mattatall Lake indicates mesotrophic conditions while in 

Angevine Lake oligotrophic conditions are inferred. Secchi disk depth in both lakes were 

generally indicative of oligotrophic conditions.  

 Oligo-mesotrophic lakes are generally considered low risk for HAB events (Johnston et 

al., 2021). Therefore, Angevine Lake demonstrates seasonal patterns that would be expected of 

an oligo-mesotrophic lake, i.e. seasonal fluctuations in clarity and nutrient levels, some increased 

biological productivity in the late summer, but no HABs. For the time that Mattatall Lake has 

been observed (2017 – Present) it has followed the same pattern as Angevine Lake, with the 

exception of slightly more biological activity. Prior to 2017, the three HAB events that occurred 

were atypical of an oligo-mesotrophic lake and indicate that more complex processes are likely 

operating in this lake that are not captured within general trophic state classification.  
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Table 4.2: Summary of water quality parameters and their reporting detection limits 

(RDL) measured in Mattatall Lake and Angevine Lake. 

Parameter Units RDL Mattatall Lake Angevine Lake 

Min Max Mean n Min Max Mean n 

pH pH N/A 6.6 7.2 6.8 6 6.6 7.1 6.8 7 

Total Alkalinity (as CaCO3) mg L-1 5 12 12 12 3 8 10 9 5 

Conductivity uS cm-1 1.0 43.0 49.0 46.0 3 32.0 42.0 38.0 5 

Turbidity NTU 0.10 1.10 1.20 1.13 3 1.20 2.60 1.84 5 

Colour TCU 5.0 17.0 27.0 23.0 3 16.0 47.0 30.8 5 

Calculated TDS mg L-1 1.0 26.0 27.0 26.3 3 19.0 22.0 20.6 5 

Hardness (as CaCO3) mg L-1 1.0 13.0 14.0 13.3 3 7.8 9.0 8.3 5 

Total Sodium ug L-1 100 4000 4400 4167 3 3800 4400 4160 5 

Total Potassium ug L-1 100 430 490 453 3 440 480 460 5 

Total Magnesium ug L-1 100 500 550 520 3 580 670 614 5 

Total Calcium ug L-1 100 4300 4600 4467 3 2200 2500 2300 5 

Dissolved Chloride mg L-1 1.0 6.9 7.7 7.2 3 5.2 6.8 5.8 5 

Reactive Silica mg L-1 0.5 1.1 2.0 1.6 3 0.8 2.5 1.7 5 

Nitrate-Nitrite (as N) mg L-1 0.050 0.072 0.078 0.075 2 0.058 0.058 <0.058 1 

Total Phosphorus µg L-1 4 11 15 14 6 10 14 12 7 

Total Organic Carbon mg L-1 0.1 4.8 5.1 5.0 3 5.4 6.9 6.4 5 

Total Aluminum (Al) ug L-1 5.0 22.0 58.0 38.7 3 40.0 150.0 86.8 5 

Total Barium (Ba) ug L-1 1.0 31.0 33.0 32.0 3 22.0 26.0 23.8 5 

Total Cadmium (Cd) ug L-1 0.010 0.012 0.012 <0.012 3 0.110 0.110 <0.11 1 

Total Chromium (Cr) ug L-1 1.0 1.1 1.1 <1.1 3 1.1 2.1 <1.6 2 

Total Copper (Cu) ug L-1 2.0 0.6 1.7 1.0 3 0.6 0.8 <0.71 3 

Total Iron (Fe) ug L-1 50 91 110 100 3 110 210 156 5 

Total Manganese (Mn) ug L-1 2.0 20.0 35.0 25.3 3 34.0 120.0 56.0 5 

Total Strontium (Sr) ug L-1 2.0 12.0 14.0 13.0 3 11.0 13.0 11.6 5 
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Table 4.3: Parameter values for trophic state evaluation for Mattatall Lake and Angevine Lake. Mean values are presented as 

the mean ± standard deviation. 

Lake   

Anoxic zone 

thickness 

(m) 

pH 
Mean colour 

(TCU) 

Mean TP 

(µg/L) 

Mean Chl-a 

(µg/L)b 

Max Chl-a 

(µg/L)b 

Mean SDT 

(m) 

Max SDT 

(m) 

Mattatall 

Basin 1 1 6.8 23 ± 5 14 ± 1.4 3.3 ± 1.3 5 3.4 ± 0.3 3.8 

Basin 2 0 7 28 ± 9 14 ± 1.8 4.2 ± 2.2 8.2 3.4 ±  0.3 3.7 

Basin 3 1.3 7 27 ± 8 14 ± 1.9 3 ± 0.98 4.5 3.6 ± 0.4 4 

Angevinea   3.5 6.8 31 ± 12 12 ± 1.8 2.3 ± 1.1 3.9 3.2 ± 0.7 4.3 

aCombined data from the 2018 and 2019 open water seasons 

bWhole water column arithmetic mean 

Table 4.4: Trophic state classification of Mattatall and Angevine Lakes, where M = mesotrophic and O = oligotrophic. 

Lake  Total Phosphorous 
Chlorophyll-a Secchi Depth 

Mean Max Mean Max 

Mattatall Basin 1 

Basin 2 

Basin 3 

M 

M 

M 

M 

M 

M 

O 

M 

O 

O 

O 

O 

O 

O 

O 

Angevine  M O O M O 

 

 

4
4
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4.2.4 In situ Water Chemistry Profiles  

 In-situ water column profile data was taken from Basin 1 (the deepest basin) in Mattatall 

Lake (Figure 3.1). Water temperature profiles for Mattatall Lake are summarized in Figure 4.3. 

Mattatall Lake is completely mixed in the spring and fall but becomes stratified in the summer 

with the thermocline starting at 3 m depth and a hypolimnion from 6 m depth to bottom (Figure 

4.3). 

Water temperature profiles at Angevine Lake are also summarized in Figure 4.3. 

Angevine Lake was well mixed in the spring and fall. In the summer, the lake became stratified 

with the thermocline starting at 4 m depth and a hypolimnion from 8 m depth to bottom (Figure 

4.3). Water temperature appears to be overall cooler in Angevine Lake compared to Mattatall 

Lake in the spring. This is due to the spring sampling events taking place on different dates, 

Angevine Lake was sampled in April 2018, while Mattatall was sampled in May 2019.  

 The DO profiles at Mattatall Lake follow a similar pattern as the temperature data. 

Dissolved oxygen is near 100% saturation in the spring and fall when the lake is mixed. In the 

summer, the DO of the hypolimnion depleted to 0 % saturation (Figure 4.4). The profundal zone 

of Basin 1 in Mattatall Lake is relatively small and deep, and water flow through the basin is 

constricted. The stagnation of the hypolimnetic water is further exacerbated when the colder 

temperatures increase water density, preventing mixing with overlying water layers. Under these 

conditions any available oxygen is consumed by the degradation of organic matter 

(phytoplankton, humic acid molecules, etc.) within the lake sediments (Nürnberg, 1995). 

The DO profiles from the spring and fall at Angevine Lake showed that the lake was at 

100 % DO saturation throughout the water column, indicating the water was both well mixed and 

oxygenated (Figure 4.4). In the summer during stratification, the DO was at 100 % saturation in 

the epilimnion. The hypolimnion of Angevine Lake became hypoxic and approached 0 % 

saturation at the sediment-water interface. The deep basin of Angevine is large and elongated 

relative to the rest of the lake. While the hypolimnetic water is denser and did not likely mix with 

the water above, it has a greater volume relative to the surface area of lake sediment and it will 

take longer for the oxygen to be consumed by decomposers within the lake sediment. This 

contrasts with Mattatall Lake where 0 % DO was achieved through the entirety of the 

hypolimnion by the same sampling date (Figure 4.4; summer).



46 

 

 

 

Figure 4.3: Water temperature profiles for Mattatall and Angevine Lakes. 
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Figure 4.4: Dissolved oxygen profiles for Mattatall and Angevine Lakes.
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The TP in Mattatall Lake was observed to be < 0.02 mg/L throughout the water column 

in the spring and fall when that lake was mixed (Figure 4.5). In the summer, the TP was < 0.02 

mg/L except for the bottom sample collected above the sediment/water interface where TP 

increased to 0.125 mg/L (Figure 4.5). The SRP was below the detection limit of 0.001 mg/L for 

the spring and fall through the water column. In the summer, the SRP was below detection in the 

epilimnion and metalimnion, followed by a detectable concentration of 0.100 mg/L at the bottom 

of the water column (Figure 4.6).  

 The presence of higher concentrations of TP and SRP at the bottom of the water column 

is frequently observed in lakes where the hypolimnion becomes anoxic during summer 

stratification (Nürnberg et al., 2012; Tammeorg et al., 2017). The shift in redox conditions at the 

sediment water interface has been attributed to the release of P back into the water column from 

where it was formerly bound within the lake sediment. Gächter & Müller (2003) found that 

sediment P retention is also related to the availability of reactive Fe(II), S2- and PO4
3-. The ratios 

of these elements are further driven by the nature of the organic matter and particulate iron in the 

lake’s sediment (Gächter & Müller, 2003). In summary, lakes with high iron but low sulfate will 

have a greater capacity to permanently retain P regardless of redox conditions, while increased 

sulfide production could lead to more P release (Gächter & Müller, 2003). This more nuanced 

understanding of P release processes is important to consider in terms of whether artificial 

oxidation would be an effective method to control internal P loading in lakes (Gächter & Müller, 

2003; Tammeorg et al., 2017). For the purposes of this study, it can be surmised that anoxic 

stratification is occurring at Mattatall Lake and SRP is effectively being released. To summarize, 

the mechanism by which this P release is occurring is likely related to the redox conditions, but 

there could be other important geochemical processes influencing the release of P that are 

beyond the scope of current understanding at Mattatall Lake. 

The TP in Angevine Lake was observed to be between 0.01 and 0.015 mg/L in the spring, 

summer, and fall (Figure 4.5). There was some variability of TP concentrations throughout the 

water column in the profiles of each season. The summer TP profile (Figure 4.5) of Angevine 

Lake showed an increase in TP concentration at the bottom of the profile, which could indicate 

some P resuspension. However, the difference between the bottom sample, and samples from the 

rest of the water column was small (+ 0.005 mg/L). There are no profiles for SRP in Angevine 
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Lake because it was below the detection limit of 0.001 mg/L in the spring, summer and fall 

throughout the water column.  

 Since SRP does not occur at detectable concentrations in Angevine Lake, it is likely that 

this lake either (a) does not become anoxic, or is not anoxic long enough for SRP to be released 

from the lake sediment, and/or (b) the geochemistry of Angevine Lakes sediments is better suited 

to retaining P. In either case this is an important point of contrast between limnological 

conditions in Mattatall Lake and Angevine Lake. Angevine Lake demonstrates conditions that 

are typical in a single, large basin lake where stratification leads to oxygen depletion, but not to 

the extent that SRP is being resuspended from the lake sediment (Butcher et al., 2015). In 

contrast, Mattatall Lake has a low volume, constricted, deep basin where anoxia can occur earlier 

in the summer during stratification such that SRP can be effectively resuspended. While 

sediment geochemistry has an intrinsic role in this process, it is also controlled largely by basin 

morphometry. 
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Figure 4.5: Total phosphorus profiles for Mattatall and Angevine Lakes. 
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Figure 4.6: Soluble reactive phosphorus profiles for Mattatall and Angevine Lakes.
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Chlorophyll-a was present in concentrations of 4-5 µg/L through the water column of 

Mattatall Lake in the spring and fall, when the water was mixed (Figure 4.7). During summer 

stratification, chl-a concentrations in the epilimnion were 3.4 µg/L which were lower than in the 

spring and fall. These values decreased to < 2 µg/L in the hypolimnion and increased to ~ 4 µg/L 

in the lake bottom sample (Figure 4.7).  

 Photosynthetic organisms have access to light throughout most of Mattatall Lake’s water 

column because the depth of the euphotic zone is on average 8.5 m, with a recorded maximum 

depth of 9.5 m (Table 4.3). The chl-a profile in the summer can therefore be explained as a 

grouping of photosynthetic taxa in the top 5 m of the water column which are likely prevented 

from migrating deeper due to the thermocline, or perhaps the buoyancy of the species that were 

present (Regel et al., 2004). The time of day of sampling can also impact where  the taxa are 

concentrated (Regel et al., 2004). A decrease in biological activity in the thermocline usually 

follows. In the hypolimnion, an increase in photosynthetic taxa activity occurred at the bottom of 

the lake as many species of benthic algae are adapted to the low light conditions (Cantonati & 

Lowe, 2014). 

 In the spring and fall Mattatall Lake is mixed, and since light is available throughout 

most of the water column, the photosynthetic taxa are distributed uniformly throughout the water 

column. There is a higher concentration of chl-a in the spring compared to the summer likely due 

to enhanced nutrient availability from spring thaw and runoff bringing an influx of nutrients into 

the lake. Similarly, in the fall, the lake mixes and the photosynthetic taxa once again are 

distributed uniformly throughout most of the water column. However, chl-a concentrations 

increase in this case because the fall turnover distributes the nutrients concentrated in the 

hypolimnion during stratification (namely the SRP), to the rest of the water column. Given that 

two of the observed algae blooms in Mattatall Lake occurred in the fall and originated in Basin 1, 

it is this pulse of bioavailable SRP that occurs during the fall turn over that likely increases the 

HAB vulnerability of Mattatall Lake. 

Chlorophyll-a during the spring in Angevine Lake was mostly consistent throughout the 

water column at ≤ 2 µg/L (Figure 4.7). During summer stratification, chl-a concentrations 

increased to ~ 3 µg/L at the water surface, and steadily decreased with depth with the lowest 

concentration observed in the lake bottom sample of (< 1 µg/L). In the fall, chl-a was lowest at 
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the water surface at ~ 1 µg/L, then increased to > 6 µg/L at approximately 8 m depth, then 

decreased to 4 µg/L at the lake bottom sample (Figure 4.7).  

 Photosynthetic organisms in Angevine Lake have access to light throughout most of the 

water column. On average the euphotic zone extends to 8 m, with a recorded maximum of 10.8 

m (Table 4.3). Where the lake has a maximum depth of 14.6 m (Table 4.1), a proportion of the 

water column below 10 m would be more light-limited. This is evident in the summer chl-a 

profile where there is no evidence of benthic algal activity as was observed in Mattatall Lake. 

The fall profile of Angevine Lake shows evidence of a concentrations of photosynthetic taxa at 8 

m depth. This might be attributed to the buoyancy of the taxa that were present, or the time of 

sampling. Some phytoplankton are known to migrate up and down the water column to optimize 

light intensity (Regel et al., 2004; Whittington et al., 2000). Spring and fall chl-a concentrations 

are notably lower overall in Angevine Lake when compared to Mattatall Lake. This could be due 

to the differing sampling dates. Chlorophyll-a was also higher concentrated in Mattatall Lake 

compared to Angevine Lake in the fall (Figure 4.7). This could the attributed to Angevine Lake 

having limited resuspension of P, especially SRP which was not detected. This provides much 

less opportunity for biological uptake and proliferation in Angevine Lake. 
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Figure 4.7: Chlorophyll-a profiles in Mattatall and Angevine Lakes.
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4.3 Landscape change 

Landscape change (i.e. forest removal, agricultural activities, residential and road 

infrastructure development) has a vital influence on lake characteristics and water quality. As a 

near universal solvent, the properties and characteristics of the lake water are dependent on the 

substances dissolved into the water during its transmission through the watershed. Moreover, 

watershed landscape can influence the temperature, volume and velocity of water movement into 

the lake system, windshear over the lake surface and sediment accumulation and quality at the 

lake bottom. These have a cascade of impacts on lake functions and biological activity. 

4.3.1 Road and Residential Infrastructure Development 

Development in the Mattatall and Angevine Lake watersheds in terms of road and land 

clearing likely began in the early 1800s. While settlement by Mi’kmaq and Acadians existed 

prior to this time in the region, it was not until 1820 that population and land development began 

to expand in response to growth of the shipbuilding industry in nearby Tatamagouche (Milton, 

2015). Records of exact periods of land clearing in the watersheds were not available, but the 

estimated time of the early 1800s was corroborated by paleolimnological evidence which is 

discussed further in section 4.4.  

Landsat Imagery captured as early as 1985 indicate that by this time unpaved roads were 

present in both watersheds, and residential development along the shorelines was underway. 

Residential development has continued in both watersheds until present day. Mattatall Lake has a 

total of about 117 residences existing in the watershed at present as estimated with satellite 

imagery. Angevine Lake has an estimated 52 residences within its watershed. 

 A P source characterization study for Mattatall Lake was conducted in 2017 using an 

adaptation of the Nova Scotia Phosphorus Loading Model (CWRS, 2017). As part of the study, a 

detailed spatial analysis of land use types was conducted for the Mattatall Lake watershed for 

1985 and 2016, the period in which the most significant landscape change has occurred in terms 

of residential developments and deforestation. The results of this study are summarized in Table 

4.5. An estimated 17.6 ha of the 895 ha watershed has been developed for residential use 

(CWRS, 2017). An on-site waste-water survey was conducted, and of the 47 respondents, 12 

were permanent residents, while 35 were seasonal (CWRS, 2017). 
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Table 4.5: Land use types for the Mattatall Lake watershed in 1985 versus 2016 from 

CWRS (2017). Land use categories totals are expressed as a value followed by the percent 

cover in parentheses. 

Input Year Units Basin 1 Basin 2 Basin 3 Total 

Drainage Area (incl. 

lake area) 

- Ha 162 568 284 1 014 

Drainage Area 

(excl. lake area) 

- Ha 129 526 240 895 

Land use categories 

Roads - Ha 4.3 12 6.4 22 (2.5 %) 

Residential 

Development 

1985 Ha 3.0 2.1 0.0 5.1 (0.5 %) 

2016 Ha 6.0 7.5 4.1 18 (2.0 %) 

Deforested 1985 Ha 0.0 0.0 9.8 9.8 (1.1 %) 

2016 Ha 0.0 42.0 33 75 (8.4 %) 

Forested 1985 Ha 121 513 224 858 (95.9 %) 

2016 Ha 118 465 197 780 (87.2 %) 

 

4.3.2 Forest Removal Activities 

Additional landscape change analysis was conducted to better understand forest removal 

activities since 1985 in both Mattatall and Angevine Lakes’ watersheds. Regions of deforestation 

in the Mattatall and Angevine watersheds in 1985, 1993, 2002, 2009, 2016 and 2018 air photos 

are summarized in Figure 4.8. Polygons delineating clearance from different years were found to 

sometimes overlap, indicating that deforestation had happened multiple times in these regions. 

The most notable instance of this recurring deforestation is in the south-east region on the 

Mattatall Lake watershed (Figure 4.8). 

Normalized Difference Vegetation Index composite band images depicting changes in 

forest cover between study images are presented in Figure 4.9 and 4.10. In all colour composite 

images, areas that are red represent regions where NDVI values decreased from the first image to 

the second. In contrast, areas that are blue represent regions where NDVI values increased from 

the first image to the second. Areas that appear grey, or dull red/blue are where no change or 

very small change has occurred and may be disregarded.  

There were considerable red (deforested) regions for every study year pair in Mattatall 

Lake, with most red zoning in the 1993 – 2002 composite (Figure 4.9). The Angevine Lake 
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watershed had considerably less red zones (Figure 4.9). A composite was developed using the 

1985 and 2018 NDVI values (Figure 4.10). This final composite revealed more red zoning and 

therefore overall NDVI depletion in the Mattatall Lake watershed since 1985. The Angevine 

Lake watershed appeared mostly blue, signalling NDVI improvement since 1985.   
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Figure 4.8: Areas of deforestation in the Mattatall Lake and Angevine Lake watersheds 

from 1985 to 2018. Delineated from USGS Landsat Imagery. 
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Figure 4.9: Composite band images of Mattatall and Angevine Lake watersheds, where 

Band_2 is the first (earlier) study image, and Band_1 is the second (later) study image. 
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Figure 4.10: Continuation of composite band images of Mattatall and Angevine Lake 

watersheds, where Band_2 is the first (earlier) study image, and Band_1 is the second 

(later) study image. 
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The approximate areas of deforestation for each of the study year pairs in Figures 4.9 and 

4.10 were measured. In the 33-year study period, it was determined that the average percentage 

of deforestation in the Mattatall Lake watershed for each image pairing was 7 ± 3 %, with a 

minimum of 2% in 2016 – 2018 and maximum of 13% in 1993 – 2002 (Table 4.5). The total 

cumulative disturbance footprint in Mattatall Lakes watershed was 403 ha, or 45 % of the 

watershed area. In the Angevine Lake watershed, the average percentage of deforestation for 

each image pairing was 3 ± 2 %, with a minimum of 0.2 % in 2016 – 2018 and maximum of 6 % 

in 2009 – 2016 (Table 4.6). The total cumulative disturbance footprint in Angevine Lakes 

watershed was 185 ha, or 19 % of the watershed area. From a cumulative impact perspective, 

Angevine Lake has a comparatively lower disturbance footprint compared to Mattatall Lake. 

Table 4.6: Approximate areas of deforestation detected from Landsat imagery in the 

Mattatall Lake watershed. Areas were converted from 30 × 30 m cell counts to hectares 

(ha). 

Imagery Year 1 Imagery Year 2 Deforested (ha) Forested (ha) Deforested (%) 

1985 1993 27 866 3 

1993 2002 115 777 13 

2002 2009 80 812 9 

2009 2016 92 801 10 

2016 2018 22 870 2 

1985 2018 67 825 8 

 

Table 4.7: Approximate areas of deforestation detected from Landsat imagery in the 

Angevine Lake watershed. Areas were converted from 30 × 30 m cell counts to hectares 

(ha). 

Imagery Year 1 Imagery Year 2 Deforested (ha) Forested (ha) Deforested (%) 

1985 1993 46 951 5 

1993 2002 26 971 3 

2002 2009 44 953 4 

2009 2016 55 942 6 

2016 2018 2 995 0.2 

1985 2018 12 985 1 
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The Angevine Lake watershed has experienced less deforestation than the Mattatall Lake 

watershed in the past 33 years. While Mattatall Lake watershed was continually deforested in 

various locations, Angevine Lake watershed had longer forest recovery periods following cuts 

that occurred between 1985 and 1993. Deforestation at Angevine Lake since this time appears to 

be related to agricultural activity. The land appears to be vegetated and therefore the forest loss is 

not well captured by NDVI values. The Mattatall Lake watershed underwent greater 

deforestation related to clear cutting, and less related to agriculture.  

Deforestation is a leading cause of soil erosion and nutrient export (Mrdjen, 2018; Paerl, 

2014; Schindler et al., 2008). In the Mattatall Lake watershed, deforestation would increase the 

export of clastic material into the lake system, and therefore into the lake sediments. Nutrients 

such as P and N could be transported along with this material if these elements are present in the 

soils/parent rock that is being eroded. These nutrients would be in mineral forms and not 

necessarily available to biological agents.  

Both Angevine and Mattatall Lake watersheds are underlain by Late Carboniferous Pictou-

Stellarton Group sedimentary bedrock (NSDNR, 2006). These bedrock groups are comprised of 

sandstone, shale, conglomerate and minor limestone (NSDNR, 2006). In Nova Scotia, 

sedimentary bedrock units generally export more P than igneous or metamorphic bedrock units 

(CWRS, 2017). The soils in the Mattatall and Angevine Lake watersheds are dominated by the 

Queens, Debert and Kingsville soil groups, which are comprised of sandy clay loam, sandy loam, 

and sandy loam to sandy clay loam, respectively (Webb et al., 1991; Nowland and MacDougall, 

1973). Drainage is imperfect to poor for most soils in both watersheds. Soils are underlain by 

compact till derived from shale and sandstone with < 20 % gravel. Mattatall Lake watershed has 

a few small areas of peat soils associated with bog wetland (Nowland and MacDougall, 1973).  

 The P export modelling conducted by CWRS in 2017 considered bedrock, soil, land 

clearing, on-site wastewater treatment and other potential P sources within the Mattatall Lake 

watershed. The model predicted TP concentrations in the lake during 2016-2017 adequately, and 

hindcasted model simulations indicated that TP has increased by 1-2 µg/L since 1985 (CWRS, 

2017). While this increase could stimulate increased primary productivity, the bioavailability of 

the P entering from the watershed is not well understood. Mineral forms of P would be less 

bioavailable, and would be deposited within the lake sediments, while dissolved and organic 
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forms of P would be more directly available for biological uptake. Evidence of primary 

productions shifts since the 1980s is needed to understand whether the increased watershed 

activity correlates with increased primary productivity.  

 Watershed landscape changes in Mattatall Lake could have other influences on primary 

productivity not related to nutrient export. Reduced forest cover can generally increase the 

flashiness (velocity/volume) of flows moving into the lake due to increased rates of surface 

runoff and decreased infiltration (Thompson et al., 2009). Additionally, the residence time of 

water in surface and subsurface pathways in the watershed is decreased, which can also influence 

water chemistry. Studies have recorded water as having higher total suspended solids, TOC, P 

and other mineral constituents following clear cuts in watersheds (Dunnington et al., 2018; 

Thompson et al., 2009; Winkler et al., 2013). How these chemistry changes impact lake 

productivity is highly dependent on site-specific factors. In the absence of long-term water 

quality monitoring at Mattatall Lake, it would be speculative to ascribe any one of these potential 

impacts of clear cutting on water quality changes within the lake. However, it should be 

considered that clear cutting can lead to better HAB habitability through means beyond P export. 
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4.4 Sediment Bulk Biogeochemistry 

Analysis of the lake sediments at Mattatall and Angevine lakes included biological and 

geochemical proxies. 

4.4.1 Radiometric Dating 

The radiometric dating profiles of both lakes follow an exponential decline in 210Pb 

activity. Plots of the activities of radio isotopes 210Pb, 214Pb, 214Bi (bismuth) and 137Cs are in 

Appendix A. In Mattatall Lake, background levels of 210Pb were reached at approximately 16.5 

cm, which using the CRS model, was dated at 1874 ± 14 AD (Figure 4.11). In Angevine Lake, 

background levels of 210Pb were reached at approximately 7 cm, which using the CRS model, 

was dated as being 1899 ± 11 AD (Figure 4.11). Angevine Lake generally has a lower 

sedimentation rate than Mattatall Lake. 

 

Figure 4.11: Estimated CRS 120Pb date versus core depth for Mattatall and Angevine 

Lakes.  
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4.4.2 Biogeochemistry Profiles 

 The profiles of selected biogeochemical proxies for Mattatall and Angevine Lake’s 

sediment cores are provided in Figure 4.12. Mattatall Lake’s profiles are generally ‘noisier’ 

(highly variable adjacent values), which is likely a result of Mattatall Lake’s higher 

sedimentation rate, and thus a greater sampling resolution. Mattatall Lake’s high variability 

across samples appears to be consistent among all the elements that were graphed. Angevine 

Lake in contrast generally shows lower stratigraphic variability in the bulk geochemical response 

through time among all elements that were graphed. Consistency in values in the Angevine Lake 

sediment data may be attributed to slower sedimentation rate and less shoreline disturbance. 

 Stable Pb has been used in Nova Scotia as a tool for dating sediment cores, where across 

the province the peak in total Pb occurs between 1970-1980 (Dunnington, 2017). The peak in 

stable lead for both lake geochemical records generally agrees with dates obtained from 210Pb. In 

Mattatall Lake, the stable Pb peaked at about 10-12 cm (or 1969-1982; Figure 4.12). In Angevine 

Lake, the stable Pb peaked at about 4 cm (or 1993; Figure 4.12). This corroboration of the 

radiometric and stable Pb dating methods provides validation in the dating of these cores.  
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Figure 4.12: Spectrally inferred sediment chl-a and total metals profiles for Mattatall and Angevine Lakes. Elements followed 

by (%) are the concentration in ppm divided by 10000.

6
6
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 The Ti profile at Mattatall Lake shows low, presumably background concentrations from 

the base of the core until ~ 26 cm (pre-1800). An increase in Ti occurs in the early 1800s, 

stabilizes around 1890 to Present at a higher concentration than pre-development. The Ti profile 

at Angevine Lake follows a similar pattern with an increase in Ti at 15 cm (mid-1800s), and then 

a decrease from 2010 to Present. Titanium generally indicates a greater proportion of clastic 

material input from the watershed (Boyle, 2001). Titanium increases in the 1800s in both lakes, 

which coincides with expanding settlement and land clearing in the region. In Mattatall Lake, the 

increasing clastic input has persisted to top of core; this likely is associated with consistent and 

recurring land clearing and development in this watershed. Such activities would maintain soil 

mobility at the shorelines and throughout the watershed. 

 The stable Pb curve is not well defined in Mattatall Lake but appears to align with Ti 

trends. This indicates that Pb could also be supplied from the landscape as well as the 

atmosphere. Mineral occurrences of Pb in the Cumberland Basin region are hosted mainly in 

sandstone (redbed), as well as fault-related occurrences (Ryan & Boehner, 1994). Sampling in 

Tatamagouche, near to the study site, found measurable Pb in redbed sandstones as well as in till 

samples (Ryan & Boehner, 1994). Angevine Lake has a clearly defined Pb curve, which 

indicates that the atmospheric contribution of Pb is not being obscured by watershed processes. 

 The total P in Mattatall Lake is inversely related to Ti, decreasing from background 

levels of 13000-15000 ppm to 10000 ppm at 26-22 cm. Total P has accumulated at consistent 

levels from ca. 1890 to present at 10000 to 12000 ppm. This corroborates P export model 

evidence that external P inputs into Mattatall lake have not significantly changed despite 

landscape modification events in recent decades (CWRS, 2017). Phosphorus could have been 

diluted by the increasing influx of clastic sediment. This interpretation would suggest that the 

main source of P in Mattatall Lake is not clastic sediment, but rather biogenic sources such as 

tree leaf litter, internal cycling of P and minor additions from septic/residential activities. Total P 

in Angevine Lake was also inversely related to Ti. However, in Angevine Lake both P and Ti are 

near to pre-1800 values at the top 5 cm of the core (1993 to present), indicating that this lake 

could be returning to are pre-development state in terms of clastic sediment input. Landscape 

change in this watershed has been less intense when compared to Mattatall Lake with longer 

recovery periods, as evidenced by NDVI models. 
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 Spectrally inferred sediment chl-a was relatively higher in Mattatall Lake prior to 

watershed development in the 1800s, chl-a concentration rapidly declined beginning at 22 cm 

depth (Figure 4.12). The decline occurred concurrently with decreasing P and increasing Ti. 

Chlorophyll-a was lowest at ca.1891 (16 cm depth) and increased steadily from that time until 

Present but did not reach pre-development concentrations. Angevine Lake also demonstrated 

higher pre-development concentrations of VRS chl-a, followed by decreasing chl-a to Present. At 

Angevine Lake, the chl-a does not readily appear to track with P concentrations but might 

correlate to increasing Ti concentrations beginning at 16 cm depth.  

 Overall, less chl-a is being sequestered at Present compared to pre-development 

concentrations for both lakes. These chl-a results are anomalous when compared to most modern 

lake studies where productivity has been perceived as increasing (Antoniades et al., 2011; 

Michelutti et al., 2005; Michelutti & Smol, 2016; Paterson et al., 2017b). Spectrally inferred 

sediment chl-a has been used on several lakes across Nova Scotia. Lake George in Kings County 

(western NS) demonstrated increasing sediment chl-a through time (Korosi et al., 2012). Primary 

productivity increase in Lake George was thought to be related to decreasing Ca concentrations, 

which in turn led to a shift in zooplankton community which decreased grazing pressure on 

phytoplankton (Korosi et al., 2012). Lake Trefry in southern Nova Scotia demonstrated 

consistently increasing chl-a concentrations since an intentional copper sulphate poisoning event 

in 1938 (Korosi & Smol, 2012). Nowlans Lake in southwestern Nova Scotia also demonstrated 

increasing chl-a relating to eutrophication from excessive P loading inferred from an adjacent 

mink farm (Campbell, 2021). Notably, most studies that use sediment chl-a as a proxy for 

productivity do so because there is concern about eutrophication. Mattatall Lake is not an 

exception; however, the chl-a record is unique as the inference of increasing productivity through 

time (eg. first observed HABs) is not clearly reflected in the sediment record.  

 While the Mattatall Lake record is dissimilar to studies of productive meso-eutrophic 

lakes in Nova Scotia, the VRS chl-a pattern shares similarities with a remote, oligotrophic lake in 

northern Ontario. Dickson Lake also had unprecedented HABs in 2014 and 2015, and a 

paleolimnological study was initiated which included inferred sediment chl-a analysis (Favot et 

al., 2019). Like Mattatall Lake, Dickson Lake showed a decreasing chl-a trend in the late 1800s. 

Favot et al. (2019) attributed this to clearcutting events leading to oxygenation from enhanced 
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wind mixing decreasing internal loading of P and/or dilution of the chl-a signal, and not 

necessarily a decrease in productivity. With the increasing sedimentation rate and clastic input at 

Mattatall Lake (as indicated by increasing Ti and the 210Pb depth/time model), it is reasonable to 

conclude the VRS chl-a signal is likely being diluted. Where these lakes differ is that chl-a in 

Dickson Lake has increased over pre-development values since the ‘dilution event’ (Favot et al., 

2019). 

Manganese and Fe are useful geochemical tools for examining how redox conditions may 

have changed within the lake sediments (Mackereth & Cooper, 1966). Ratios of Mn/Fe are 

provided in Figure 4.13. The top 5 cm of both cores was removed from the graph because these 

layers are not reliable redox indicators because the accumulation of Fe and Mn in the surface 

sediment layers is still determined by the redox conditions at the time of sampling (Makri et al., 

2021). In Mattatall Lake, the ratio of Mn/Fe is consistent until 26 cm (pre-1900), where the ratio 

begins to decrease in value. This change in ratio is coincident with increasing Ti. Relatively 

lower Mn/Fe values persist until 15 cm when the ratio steadily increases until 5 cm. The 

decreasing Mn/Fe at 26 cm could indicate increasingly anoxic conditions at the sediment/water 

interface because the Mn is being lost into solution (Davison, 1993). Decreased Mn 

concentrations relative to Fe could also indicate an increase in organic matter supply, which 

would in turn influence the redox conditions controlling Mn sequestration (Koinig et al., 2003). 

More information on the nature of organic matter accumulation would be needed to understand 

whether this is a possible mechanism at Mattatall Lake. Where this change in ratio is coincident 

with Ti increase, it cannot be ruled out that the shift could be related to increasing clastic 

material input, which would potentially obscure signals from redox shifts (Makri et al., 2021).  

In Angevine Lake, Mn/Fe remain at nearly constant concentrations, suggesting both 

deposition and redox conditions were consistent. Mn/Fe ratios began a steady increase at about 

20 cm to 5 cm, coincident with increasing Ti input. Mn/Fe does rebound to background 

conditions like Ti and P do. This could suggest that Angevine Lake has had increasingly oxic 

conditions because a greater proportion of Mn is being sequestered relative to Fe. Similar to 

Mattatall Lake, though, Mn/Fe ratios could be influenced by clastic material input, which would 

potentially obscure signals from redox shifts (Makri et al., 2021).  
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Figure 4.13: Ratio of Mn/Fe in Mattatall and Angevine Lakes. The top 5 cm was removed 

to simplify interpretation. 
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4.4.3 Principal Component Analysis 

A PCA was conducted to understand similarities and dissimilarities in the 

biogeochemistry of the Mattatall and Angevine Lake sediments across the entirety of both 

archives. The PCA explained 85.3 % of the variance in the dataset in the first two principal 

component (PC) axes. The PCA biplot (Figure 4.14) illustrates that there is a distinction between 

Mattatall Lake and Angevine Lake sediments along the PC1 axis, which explained 72.7 % of the 

variance. According to the loadings (shown as vectors on the PC plot; Figure 4.14), the PC1 axis 

is defined by Ti and Fe in the negative direction, and chl-a and P in the positive direction. These 

data demonstrated that sediments at Mattatall Lake and Angevine Lake are distinct. Although the 

lakes have similar watershed and water chemistry characteristics, it can be inferred that the 

processes influencing sediment deposition have been different. For Mattatall Lake, the sediment 

characteristics trend toward chl-a and P; both relate to productivity within the lake. For Angevine 

Lake, the sediment characteristics trend toward Ti and Fe, indicating that productivity has a less 

prominent role. These results suggest that Mattatall Lake has historically had higher productivity 

relative to Angevine Lake. 

The PC2 axis explained 12.6 % of the variance, and did not further distinguish the two lakes, 

but rather, the timing of deposition of sediments (Figure 4.14). Modern sediments deposited from 

1971-2019 cluster in the positive direction toward Pb and Ti. Sediment deposited prior to 1870 

cluster in the negative direction. This gradient relates to the increasing Ti and Pb deposition in 

both lakes in the past 50 years which is readily apparent in the geochemical profile plots (Figure 

4.12). 
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Figure 4.14: PCA biplot of the Mattatall and Angevine Lakes sediment proxies. 50-year 

intervals until pre-1870 are denoted by colour intensity. 
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4.4.4 General Linear Model 

 Given the complexity of the VRS chl-a curve for both Mattatall and Angevine Lakes, the 

application of a multivariate GLM was used to help explain the relationships between chl-a and 

the other elements. Variable-to-variable correlations for chl-a, Fe, P, Pb and Ti were first 

determined using pair-plots and associated R values (Figure 4.15). Where a value of R > 0.7 was 

considered linearly correlated, it was found that chl-a was best correlated with Fe and Ti.  It was 

also noted that Ti correlated well with Fe and P, which was accounted for in the construction of 

the GLM as these parameters were assumed to be collinear, and not included in the same model. 

 

Figure 4.15: Pair plots of the parameters of interest are shown in the top right of the plot. 

Corresponding R values are reported in the bottom left of the plot. 

 Several model variations were tested as described in Table 4.8, beginning with M1 (Chl-

a ~ Fe + P + Pb + Ti). This model included collinear pairs and did not pass any assumptions 

tests. The next step was to then eliminate collinear variables, which led to M2 (Chl-a ~ Fe + P + 



74 

 

Pb) and M3 (Chl-a ~ Pb + Ti). M2 did not pass assumptions testing, while M3 did pass the test 

for linearity. To check whether the model M3 could be reduced further, a backward stepwise 

regression was applied. This yielded the final univariate model M4 (Chl-a ~ Ti). M4 had a p-

value of < 0.05, indicating that the model was significant, and adjusted-R2 of 0.533 (Table 4.8). 

AIC was used to compare the efficiency of the different model options. The lowest AIC is 

typically the best model, which maximizes accuracy and minimizes complexity. M4 had the 

second largest AIC since it possessed lower accuracy, but it did pass the most assumption tests 

which led to its selection as the best model. 

The model M4 was checked against the assumptions of independence, linearity, 

homoscedasticity, and normality. The statistical tests applied to the model and their 

corresponding results/interpretation are presented in Table 4.9. Each test was considered as 

passing if the p-value was > 0.05. The Durbin-Watson test of independence failed. This was 

expected given that these data were derived from the same cores/samples of sediment. The 

Ramsey’s RESET test for linearity and Breusch-Pagan test for homoscedasticity passed, meaning 

that the data contains linear relationships and variance is equal across the dataset. The Shapiro-

Wilks test for normality failed, but this has been attributed to the skewed nature of the data. 

M4 demonstrated that chl-a was significantly predicted and correlated negatively with Ti, 

as indicated by the model formula (coefficient error and significance are summarized in Table 

4.10): 

Chl-a = - 2.80(Ti) + 25.5 

 This confirms the observed relationship in the profile data that as Ti increases, chl-a 

decreases (Figure 4.12). While this information was apparent in the pair plots (Figure 4.15), the 

GLM exercise aided in ruling out other variables, or combinations of variables, as being potential 

controls on chl-a accumulation in the sediment cores. While Fe and P did correlate with chl-a in 

the pair plots, they did not pass the assumption tests when put in a GLM that did not include Ti. 

It can be surmised that Ti, and therefore clastic deposition, has a major influence on the relative 

accumulation of chl-a and other elements in both Mattatall and Angevine Lakes.  
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Table 4.8: GLM model variations and tests 

Name Model  Independence Linearity Homoscedasticity Normality AIC p-value Adjusted-R2 

  Durbin-Watson RESET Breusch-Pagan Shapiro-Wilks 
   

M1 

`Chl-a` ~ Fe +  P + 
Pb + Ti 5.98E-08 5.19E-05 0.04709 0.0061 -210.1 2.20E-16 0.8 

M2 

`Chl-a` ~ Fe +  P + 
Pb 1.87E-08 3.16E-05 0.02257 0.0002726 -209.24 2.20E-16 0.7951 

M3 `Chl-a` ~ Pb + Ti 9.81E-13 0.5552 0.02262 0.004501 -148.98 3.52E-13 0.5366 

M4 `Chl-a` ~ Ti 4.29E-10 0.6437 0.747 6.79E-04 -149.36 6.50E-14 0.533 

 

Table 4.9: Assumption test results and interpretations for the M4 model. 

Assumption Test Test result Accept H0 Interpretation 

Independence Durbin-Watson P = 4.29E-10 Reject True autocorrelation is greater than 0 

Linearity Ramsey’s RESET 0.6437 Accept Variables are linearly related 

Homoscedacticity Breusch-Pagan 0.747 Accept Variance is equal 

Normality Shapiro-Wilks 6.79E-04 Reject Data is not normal 

 

Table 4.10: Summary of variable coefficients, error and significance for model M4. 

Coefficient Estimate Std. Error p-value 

Intercept 25.4981 2.4577 5.19E-16 

Ti -2.7981 0.3027 6.50E-14 

7
5
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4.5 Synopsis of Results and Discussion 

How these results relate and respond to each of the original research objectives outlined in 

the Introduction will be discussed in the following section. The outcomes of the research 

objectives will be used to answer the research question that guided this thesis; Can factors 

contributing to HABs in Mattatall Lake be identified using an integration of environmental 

change study techniques? 

Objective 1: Compare the contemporary water quality and the history/extent of landscape 

disturbance at Mattatall and Angevine Lakes. 

 Contemporary water quality monitoring found that Mattatall Lake and Angevine Lake 

were comparable water bodies. They were both oligo-mesotrophic, neutral pH, soft watered, 

clear to slightly coloured, and low N. Where these lakes differ is that Mattatall Lake had slightly 

higher TP and chl-a concentrations. Notably, TP and chl-a were never high enough at any 

sampling event to classify Mattatall Lake as eutrophic, Mattatall Lake has been firmly oligo-

mesotrophic for the duration of this study. Slightly higher productivity relative to Angevine Lake 

is not necessarily a recent development and is likely in the range of natural variation for Mattatall 

Lake. The PCA of sedimentary pigments and elemental data demonstrated that Mattatall Lake, 

for the entirety of the sediment record, is more defined by those same productivity parameters (P 

and chl-a) relative to Angevine Lake. This corroborates the reasoning that slightly higher 

productivity is not a new phenomenon, but rather a consistent state for this lake.  

 Landscape imagery indicated that land uses in both watersheds were similar, and 

therefore facilitated the assumption that regional (climate and atmospheric contaminant 

transport) and proximal land use stressors were similar for both lakes. Landsat images dating 

back to 1985 showed that land uses in the watersheds have been similar historically as well. 

However, NDVI analysis indicated that Mattatall Lake has historically experienced more 

landscape change- mainly in the form of forest removal. This is corroborated by elemental 

analysis where the clastic input indicator Ti increased in concentration beginning in the 1800s 

and has not decreased to pre-development levels. In contrast, Angevine Lake showed an increase 

in Ti in the 1800s, but Ti inputs decreased to predevelopment levels ca. 1993 to present. General 

linear modelling statistically defined Ti as an important control on the relative accumulation of 

chl-a and other elements for both watersheds.  
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 The landscape change history and increased accumulation of clastic material in Mattatall 

Lake is typical in NS lakes (Dunnington et al., 2018; Ginn et al., 2015; Tymstra et al., 2013). It 

was expected that P and chl-a would increase and track with increased clastic sediment input, as 

has been found in similar HAB studies (Korosi et al., 2012; Korosi & Smol, 2012; Campbell, 

2021). However, the elemental P and chl-a are confounding with the Ti and landscape change 

analysis because of their inverse relationship with Ti. The decreasing P at the same time as 

clastic input increasing could be explained by dilution. Indeed, the P loading model conducted in 

2017 (CWRS, 2017) suggested that landscape change in combination with the 

soils/bedrock/forest type of Mattatall Lake was not enough to drastically increase nutrient input 

into the lake. Linking these two pieces of evidence, it is surmised that the watershed is not a 

significant source of P for Mattatall Lake and P is not being loaded along with clastic deposition. 

Angevine Lake shows signs of similar processes given that the P accumulation was also 

inversely related to Ti input.  

Research Objective 2: Explore the role of climate in regulating lake characteristics from a 

regional perspective.  

 Long term climate records have evidenced that average annual, summer, fall and winter 

daily minimum temperatures have increased significantly in the past 145 years in Nova Scotia. 

This study did not quantify how these climate parameters might have altered lake processes in 

Mattatall and Angevine Lakes. Literature reviewed for this thesis suggested that it is possible 

that a 1 oC increase in air temperature could increase average annual surface water temperatures 

as well as the timing and thermal inertia of summer stratification (Butcher et al., 2015; Filazzola 

et al., 2020; Šporka et al., 2006). The evidence in the literature is quite compelling, but more 

research would need to be done in Nova Scotia to determine whether this physical impact of 

climate change is influencing local water bodies.  

 Ratios of Fe/Mn in Mattatall and Angevine Lake were evaluated as a proxy for the 

prevalence of hypolimnetic anoxia. Anoxia in the profundal zone of lake can potentially track 

with climate change impacts because it is related to lake stratification (Adrian et al., 2009). 

Ratios had an apparent shift in value coincident with Ti increases. In Mattatall Lake, it appeared 

to trend toward more anoxic conditions, with a rebound toward pre-development ratios at 

present. Angevine Lake had a different response, with Mn/Fe ratios trending consistently toward 
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oxic conditions. Where these changes are coincident with Ti influxes, it is possible that clastic 

influences could be obscuring redox shift signals (Makri et al., 2021), especially in Mattatall 

Lake where Mn/Fe tracks inversely with Ti. In contrast, Mn/Fe in Angevine Lake sediment does 

not readily track with Ti (i.e. does not rebound to pre-development values at top of core like Ti), 

therefore it is more likely that redox conditions are being observed. However, increasing oxic 

conditions in Angevine Lake could be related to decreasing accumulation of organic matter 

associated with photosynthetic biomass because consistently decreasing sediment chl-a was also 

observed in this core. In summary, it is not possible to deduce from these data whether climate 

change is influencing redox shifts. Mattatall Lake’s redox conditions are potentially obscured by 

clastic sediment deposition, while Angevine Lake’s redox conditions may be observed, but also 

being influenced by productivity regime shifts in this lake. 

Research Objective 3: Elucidate which factors could have led to the HABs in Mattatall 

Lake using a weight of evidence approach. 

 It has been established that the watershed is not likely an important source of P in 

Mattatall Lake. This was corroborated by the 2017 P loading model (CWRS, 2017) in 

combination with NDVI analysis, elemental analysis of archival sediment P and reference site 

comparison. Therefore, landscape change is not a significant determinant of nutrients in Mattatall 

Lake. However, it is important to note that watershed destabilization can make the lake more 

vulnerable to cyanobacteria in other ways (water temperature, flushing rate, water chemistry 

changes, etc; Rogora et al., 2003; Trenberth, 2011). The more important regulators of nutrients in 

Mattatall Lake may therefore be internal cycling of P and biogenic inputs. Water quality 

monitoring has helped explore this possibility further. 

 Internal P loading was observed in Mattatall Lake during peak summer stratification 

through water column profiles of TP and SRP. An important distinguishing feature between 

Mattatall and Angevine Lake was that Mattatall Lake had measurable internal loading of SRP 

while Angevine Lake did not. Soluble reactive phosphorus is readily available for uptake by 

biological agents. If present at high enough concentrations during turn over it can aid in the rapid 

proliferation of a HAB (O’Neil et al., 2012). There are important factors that regulate SRP 

release in a lake that pertain to both the water chemistry and sediment geochemistry. 

Fractionating water and sediment P, Fe and S components was beyond the scope of this study. 



79 

 

However, it can be concluded that conditions are such that SRP can be resuspended. It is 

proposed that the morphometry of Mattatall Lake is an important contributor to this mechanism. 

Basin 1 of Mattatall Lake is deep enough to stratify and has the slowest flushing rate. These 

characteristics make the basin more susceptible to hypoxic hypolimnion formation and 

subsequent SRP resuspension. Angevine Lake has many similar qualities to Mattatall Lake but 

differs with respect to morphometry. This is a likely explanation as to why Angevine Lake has 

not had periodic trophic state deviations despite being similar to Mattatall Lake in many other 

respects. 

 In summary, there is no singular cause of HABs in Mattatall Lake, but rather, a 

combination of vulnerabilities that lowered the threshold for HAB proliferation. Firstly, the lakes 

trophic state is in the range of oligo-mesotrophy and likely always has been. It is possible that 

under the right conditions the lake can support sporadic algae blooms, and that this is within the 

range of the lake’s natural variability. Secondly, the unique morphometry of Mattatall Lake 

contributes to the overall lake vulnerability to HABs. Basin 1 is deep enough to stratify and 

deplete in oxygen, and internal P loading processes were observed during summer stratification. 

This is an important control on P availability in Mattatall Lake, especially considering that the 

watershed was not found to be a significant source of P to the lake. Superimposed on these 

inherent characteristics and processes governing productivity in Mattatall Lake, there are climate 

and anthropogenic interactions. Climate change has the potential to exacerbate conditions 

already existing in the lake by increasing summer stratification duration, increasing surface water 

temperature, and making the lake more habitable to cyanobacteria. Landscape change 

destabilises the hydrology of the watershed and could impact lake chemistry in other ways. This 

study focused on mechanisms that control P input and therefore did not assess other potential 

impacts of landscape change on Mattatall Lake and this could be an area of future study. 

Research Objective 4: Utilize paleoenvironmental data in combination with water quality 

monitoring, modelling and reference site comparison and assess the efficacy of using these 

tools together. 

 The combination of paleoenvironmental data with other forms of environmental change 

study was effective in assessing HAB drivers in Mattatall Lake. Multiple lines of evidence were 

instrumental in constraining results interpretations. Sediment geochemical analysis was useful in 
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determining landscape influences on bulk elemental accumulations, but it would not have been 

possible to identify internal loading processes from these data alone. In contrast, sediment data 

provided a basis of understanding the history of productivity in Mattatall Lake, which 

contemporary water quality monitoring was not capable of, and modelling could not verify 

reliably. We assume because the algae blooms were the first to be observed that there is no 

precedent for this level of productivity in Mattatall Lake, but human perception is limited 

relative to the age of a lake.  

 Normalized difference vegetation index modelling was informative and allowed us to 

summarize and quantify decades of landscape change in both watersheds. This corroborated the 

sediment record and previous P loading model conducted by CWRS. The collective evidence of 

change and how that was reflected in the sediment record was an important factor allowing us to 

parse the inverse relationship of Ti and P concentrations in Mattatall Lakes sediment record. 

Additionally, comparison to the reference site Angevine Lake provided further reassurance that 

this is not necessarily abnormal for the region. Lastly, the comparison to Angevine Lake was 

integral to understanding the importance of morphometry. It was evident how influential this 

intrinsic natural feature of Mattatall Lake had been to the lake’s response to regional and 

catchment stressors as well as regulation of nutrients.  
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Chapter 5 Conclusion 

This study combined paleoenvironmental data with landscape change modelling, water 

quality monitoring and reference site evaluation along with long-term climate records to explore 

how cumulative impacts on Mattatall Lake may have influenced 3 HAB events of D. 

planctonicum. The integration of environmental change study techniques was effective in 

identifying the following key processes that likely contributed to the bloom events: 

1. Productivity shifts between oligotrophy and mesotrophy are part of the natural variation 

of Mattatall Lake, stemming back to the beginning of sediment record before 1900.  

2. Mattatall Lake has had comparatively more watershed development since the 1980s when 

compared to Angevine Lake. Destabilization in the watershed has led to increased clastic 

sediment loading into the lake, but this is not a major source of P that could have initiated 

the algae blooms. 

3. Mattatall Lake’s unique morphometry makes the lake vulnerable to anoxic stratification 

and subsequent internal loading of bioavailable SRP. 

4. Climate change could lead to Mattatall Lake being more habitable to cyanobacteria 

specifically by increasing the surface water temperature and increasing the period of 

anoxic stratification leading to more internal nutrient loading in the summer months.  

In summary, Mattatall Lake has natural attributes that have made the lake vulnerable to 

HABs. These include the morphometry of the lake and its related capacity to vary in its ability 

support primary producers. When these vulnerabilities are superimposed by watershed 

destabilization and climate change, the risk of HABs occurring is amplified because the 

threshold for cyanobacteria habitability in Mattatall Lake is lowered. These vulnerabilities could 

not have been discerned by any single environmental change study method in isolation or 

predicted by trophic state classification. While trophic state provides an elegant classification 

scheme to describe and compare lakes, Mattatall Lake demonstrates that there are more complex 

processes that can induce unpredictable deviations from trophic class.  

 The combination of paleoenvironmental data, modelling, monitoring and reference site 

comparison was integral to this study. Moreover, the use of rapid paleolimnological techniques 

for the purpose of integrating with other methods demonstrated the utility of bulk 

biogeochemical proxy analysis, even in the absence of traditional biological proxies. 
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Interpretation of bulk biogeochemical data alone is limited and should be done carefully to avoid 

making erroneous assumptions. However, when other reliable methods of understanding 

environmental change are used alongside the proxy data, the collective evidence synergized well 

and constrained interpretation. Similarly, monitoring and modelling data would not have 

provided as detailed and defensible information, or appropriately accounted for the natural 

variability of Mattatall Lake, without the paleoenvironmental data to support it.  

5.1.1 Recommendations for Management of Mattatall Lake 

The following is a list of short-term and long-term potential management actions that could 

aid in future algae bloom prevention at Mattatall Lake: 

• Lakes impacted by internal loading of P can be treated with sediment capping 

technologies that prevent P resuspension. For example, Phoslock is a lanthanum-modified 

bentonite clay that has been effective in decreasing the trophic status of some lakes when 

deposited on top of the lake sediment (Nürnberg & LaZerte, 2016). Application of such 

technology could be focused on Basin 1. Depending on sedimentation rates and external 

P input, repeated treatment may be necessary. A cost and benefit analysis would be 

recommended prior to applying capping materials to assess other potential site-specific 

risks and mitigation strategies.  

• Mechanical water aeriation is another common technique applied to lakes experiencing 

internal P loading (Gächter & Wehrli, 1998). This is not recommended for Mattatall 

Lake. As discussed in the literature review, water chemistry and geochemical controls 

can be more important than redox conditions in the resuspension of P. As such, this 

technology could be a waste of time and money that would be better applied to more 

suitable techniques. 

• Acquisition and protection of land within the watershed. Protecting forested areas of the 

watershed can aid in preventing erosion and hydrologic instability. Angevine Lake 

provides a ready example of the benefit of limiting development with its stable 

accumulation of elements in the sediment record. Mattatall Lake in the long-term could 

reap these same benefits. Encouraging private landowners to maintain a riparian area on 

shoreline properties would have similar long-term benefits.  
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5.1.2 Lessons for Lake Managers and Researchers 

Through the course of this study there were many lessons learned relating to the 

intersection of science, engineering, and management of lake resources. These lessons come 

from the application of the methods described herein, but also from conversations with academic 

scientists, engineers, private consultants, government regulators and citizen scientists. 

• There is a need and desire for wider use of paleoenvironmental data outside the realm of 

academia. The utility and reliability of the data is a necessary component to any 

environmental change study, especially for those entities most often charged with the 

responsibility of assessing and managing freshwater resources (government, consulting, 

etc). Applied research partnering with agencies in non-academic sectors provides 

paleoenvironmental data and information where it is vitally needed, creates funding 

opportunities for researchers and students, and increases awareness for the utility of 

paleolimnological assessment. 

• Paleolimnology needs to be better advocated as widely applicable and defensible suite of 

methods and theory with standard procedures that can be repeated by novice 

practitioners. The discipline is niche and the need for paleoenvironmental data is 

outpacing the training and retention of practicing paleolimnologists. The writing and 

exporting of some methodologies along with even the most conservative data 

interpretations could be a great supplement to the toolkit of science and engineering 

practitioners across many sectors. This thesis demonstrated the utility of paleolimnology 

in combination with other tools and it is proposed that they could make an excellent 

standard component of lacustrine environmental assessments. 

• Conversely, those involved in applied science, governing bodies and consulting agencies 

that make decisions on freshwater systems should seek to incorporate paleoenvironmental 

data. These data strengthen environmental change studies and provide an evidence-based 

precedent for natural variability in lacustrine systems that cannot be achieved as reliably 

by other methods. 

• A weakness of this thesis was a lack of communication with local community, who 

would likely benefit from this knowledge and recommendations. Moreover, local and 

traditional knowledge holders can provide valuable insights and suggestions that can be 

imperative to the interpretation of data and resolve knowledge gaps. 
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5.1.3 Future Research 

There were several knowledge gaps encountered through the course of this study that could 

be resolved by the following recommended research: 

• The specific water and sediment chemistry controls of P resuspension in Mattatall Lake 

would be useful to investigate. This research would assist in determining whether 

aeration could be a useful tool in the future for Mattatall Lake should HAB events occur 

more consistently. 

• Impacts of climate on ice coverage in Nova Scotia. This study demonstrated that 

averaged air temperatures have increased in Nova Scotia in the past hundred years. How 

this has impacted lakes from a regional perspective is unknown. Long term records of ice 

coverage are scarce; therefore, it is recommended that a modelling approach be 

employed. Winter average air temperatures can be used to model ice coverage on lakes 

and could be calibrated against existing records.  

• Impacts of climate on anoxic stratification in Nova Scotia. Similar to the previous 

recommendation, stratification regimes through time are unknown in Nova Scotia. 

Modelling of stratification duration using climate records could be interpreted alongside 

top/bottom analysis of paleolimnological anoxia proxies on a subset of lakes such as 

invertebrates (Kurek et al., 2012) and Mn/Fe (Boyle, 2001). 

• This study focused mainly on abiotic factors and conditions that could influence lake 

productivity. Another important factor to consider in future studies is the interactions of 

the biological community and how this can shift to increase HAB habitability in Mattatall 

Lake. For instance, small mouth bass have been historically introduced via stocking in 

both Mattatall and Angevine Lakes. The impacts of this introduction, and its cascading 

impacts on the zooplankton and phytoplankton community assemblage, could be 

explored.  
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APPENDIX A – SUPPLIMENTAL FIGURES 

 

Figure A.1: Available mean max wind gust data. The 1970-1990 cluster is from a Truro 

climate station, while the 2000-2020 cluster is from a Debert climate station. This figure 

demonstrated that wind gusts are highly influenced by the station location, and regression 

analysis would not reliably predict broad changes in wind speed on a climactic scale. 
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Figure A.2: Composite band model created on ArcGIS Pro (ESRI Inc., 2018) to calculate 

NDVI values for the Mattatall and Angevine Lake watersheds. 

 

Figure A.3: Model used to subtract the NDVI raster layer values using the Greater Than 

Equal function on ArcGIS Pro (ESRI Inc., 2018).  
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Figure A.4: Mattatall Lake sediment core Activity versus depth plot used to identify the 

depth at which background 210Pb concentration is reached. 
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Figure A.5: Angevine Lake sediment core Activity versus depth plot used to identify the 

depth at which background 210Pb concentration is reached. 

 


