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Abstract 

A two-part paleolimnological study was conducted to: i) understand the important factors that are 

related to the present-day distribution of scaled-chrysophytes; ii) investigate changes in the 

scaled-chrysophyte assemblages in the Experimental Lakes Area northwestern Ontario, in 

response to recent climate warming. Scaled-chrysophyte assemblages were analyzed in the 

modern sediments of 40 ELA lakes to determine their relationship to measured environmental 

variables. The sediment record from 210Pb dated cores from six ELA lakes were analyzed at a 

sub-decadal resolution to evaluate if chrysophytes were changing in a consistent fashion and if 

these changes could be accounted for by measured climatic factors. Ordination analysis of the 

modern chrysophyte flora was significantly related to pH, lake depth, and the degree of thermal 

stratification, as well as water temperature. Mallomonas punctifera ‘small’ and Mallomonas 

acaroides were indicators of warm surface-waters. High-resolution analysis of six ELA lakes 

revealed pronounced shifts in the chrysophyte assemblages over the last ca. 150 years. The most 

notable shift in the chrysophyte assemblage was characterized by an overall shift towards higher 

relative abundances of colonial taxa. In several lakes increases in unicellular warm-water taxa 

were also observed. Breakpoint Analysis identified significant changes in the chrysophyte 

assemblages beginning in the late-1800s to mid-1900s in most lakes. An interclass correlation 

coefficient (ri) was used to assess the temporal coherency of the chrysophyte assemblages over 

the past ca. 100 years. All lakes displayed a similar directional change which was significantly 

coherent (p<0.05). A Brien’s Test identified sub-sets of lakes that were temporally coherent and 

homogenous. The high coherency of two groups, (Group A, grand mean=0.89, p-value=5.3x10-15; 

Group B, grand mean=0.38, p-value=0.038), suggests the dominance in extrinsic factors in 

governing the lake responses. The average PCA axis-1 scores of Group A (r-value=0.62, p=0.03) 

and Group B (r-value=0.60, p=0.038) were significantly correlated to regional mean annual 
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temperature. Collectively, the results of this study suggest that changes observed in the scaled-

chrysophyte assemblages in the ELA region are consistent with recent climate warming.   
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Chapter 1 

Introduction and Literature Review 

Paleolimnology 

Over the past century, the world experienced an unprecedented rate of population growth 

and industrial development. This population growth, as well as consumption of goods and 

services, has led to rapid land development, resource use and environmental pollution including 

acid rain, toxic pollutants and anthropogenic climate change. Individually and combined, these 

stressors have had dramatic impacts on both terrestrial and aquatic ecosystems. The impact of 

environmental stressors on freshwater lakes is of particular concern as these ecosystems are not 

only important in their own right, but also provide essential ecosystem services as well as direct 

economic benefits.  In order for policy makers and lake managers to make decisions on how to 

maintain to restore aquatic ecosystems, they need to have an understanding of the pre-disturbance 

conditions as well as the natural variability that is inherent to these systems (Smol 2008). In many 

instances, however, long-term monitoring data does not exist, or spans too short a time frame to 

provide useful insights into past ecological and environmental changes.   

In the absence of adequate monitoring data, paleolimnological techniques can be used to 

generate baseline measurements of water quality. Paleolimnology is a broad area of study that 

focuses on reconstructing past limnological conditions by analyzing the biological, chemical and 

physical information archived in lake sediments (Smol 2008). Through paleolimnological studies, 

we can gain an understanding of the pre-disturbance conditions of lake systems and thereby 

provide an estimate of the natural variability of the systems. 

 

Detailed Paleolimnological Studies 

A detailed paleolimnological study involves analyzing paleo-indicators in a sediment 

core at regular intervals. This type of study allows us to gain a long-term perspective of the 
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changes that have occurred in the system at a specific temporal resolution. This systematic 

approach also allows us to detect changes that occurred in the core which correspond to changes 

in the lake. By obtaining a reliable chronology of the sediment core, specific years, or time 

periods can be studied and related to known anthropogenic stressors. With this knowledge, lake 

managers can gain a more compressive understanding of how a lake has changed over time and 

the impact of possible anthropogenic stressors on the health of these systems.  

Within the field of paleolimnology, several methods exist to date sediment cores and 

establish a time-depth chronology. Each of these methods, 210Pb, 137Cs, and 14C dating, involve 

measuring radioactive decay. Because each isotope decays at a constant and known rate, the date 

at which the element was initially deposited in the lake sediment can be estimated, and a time-

depth chronology can be established.  

 Determining sediment chronologies using 210Pb is commonly used for sediments 

deposited in the last ~100-150 years (Smol 2008).  The half-life of 210Pb is ~22 years, which 

makes it ideal for establishing chronologies over the last ~150 years. The 210Pb found in lake 

sediments is a product of the following uranium-238 decay series: the radium isotope 226Ra 

decays to form the inert gas 222Rn, which then decays through a series of short-lived isotopes to 

form 210Pb (Appleby and Oldfield 1983). When 226Ra decays in soils, a portion of the 222Rn gas 

atoms escape into the atmosphere, where they also decay to form 210Pb. This atmospheric lead is 

deposited in lakes via precipitation or atmospheric fallout and readily absorbed by suspended lake 

particles, many of which are then deposited in the sediment (Appleby and Oldfield 1983). Thus, 

the total 210Pb activity in lake sediment consists of supported and unsupported 210Pb. The 

supported or background lead is derived from decay of 222Rn within the lake sediment, and the 

unsupported or excess lead is derived from atmospheric fallout (Schelske 1994). The activity of 

the unsupported lead is calculated by subtracting supported 210Pb activity from the total 210Pb 
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activity (Schelske 1994). It is the decay of the unsupported 210Pb activity that is used to estimate 

the age of the sediment at each depth.      

 Once the 210Pb activities are measured throughout the sediment core, one of two common 

dating models can be applied to generate approximate dates of the sediment profile. The model 

chosen to generate the age-depth profile depends on how the 210Pb activity changes in response to 

changes in sedimentation rates. The Constant Rate of Supply (CRS) Model is the method most 

frequently used to generate age-depth profiles. The CRS Model assumes that there is a constant 

rate of 210Pb supply, irrespective of variations that may have occurred in the sedimentation rate 

(Appleby and Oldfield 1983). It presumes that there is a constant rate of supply of unsupported 

210Pb to the sediments (Binford 1990). Therefore, if the sedimentation rates increase, there will be 

a corresponding decrease in the total 210Pb activity. Alternatively, the Constant Initial 

Concentration (CIC) Model assumes that increased sedimentary flux will proportionally increase 

in the amount of unsupported 210Pb from the water column to the sediment (Appleby and Oldfield 

1983). If no changes in sedimentation occur, then both models will yield identical results.  

 

Modern-day Species-Assemblages 

One way to aid in the interpretation of a detailed paleolimnological study is to understand 

the current distribution of the proxy of interest over a series of environmental gradients. Within 

the field of ecology, it is believed that distribution and abundances of many organisms are 

governed primarily by the physical, chemical and biological conditions of the environment (Smol 

2008). Following this logic, if the present-day distribution and abundances of biota can be related 

to measured environmental variables, then the fossil remains of those organisms can be used to 

infer past environmental conditions, assuming that the ecological niche of the organisms have not 

changed over time (Smol 2008).  
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This general theory can be applied to the field of paleolimnology. By collecting the 

modern-day assemblages and environmental characteristics of lakes representing a range of 

environmental gradients, it is possible to establish modern assemblage-environment relationships. 

Surface sediments (typically top 1cm of a core) from a deep-water core are assumed to represent 

an integrated sample of recent (approximately 2-3 years) lake microorganisms (Smol 2008). 

Species abundances in the surface sediments can be related to biologically important variables 

such as pH and nutrients. Based on these relationships, tolerances can be estimated for abundant 

species.  The information gained from the modern-day assemblages can help aid in the 

understanding of why changes in species assemblages occurred down core.  

 

Scaled Chrysophytes as Paleoindicators   

 Scaled chrysophytes are a sub-set of Chrysophyceae and Synurophyceae algae that are 

characterized by a cell covering of ornamented siliceous scales and bristles (Graham and Wilcox 

2000). In general, scaled chrysophytes are distributed across a wide range of environmental 

gradients including pH, temperature, conductivity, and trophic status (Roijackers and Kessels 

1986; Sandgren 1988; Siver 1995). Scaled chrysophytes as a group are morphologically diverse, 

as they are found in a wide range of sizes, and shapes, in both unicellular and colonial forms 

(Sandgren 1988). Synurophyceae, includes the unicellular genus, Mallomonas, the colonial 

genus, Synura, and the genus Chrysodidymus. Together, Mallomonas and Synura chrysophytes 

represent a majority of scaled chrysophytes found in freshwater lakes (Sandgren 1988). Although 

taxa in both genera are flagellated, the effective swimming speed between the genera, and the 

taxa within them, vary considerably. The colonial species actively rotate, swimming quite rapidly, 

while the unicellular taxa are slower, particularly the larger species (Sandgren 1988). Regardless 

of their speed, the flagella scaled chrysophytes give them a competitive advantage over non-

flagellated algae, as they are able to overcome ambient turbulent mixing, remaining within a 
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narrowly defined strata of water. These flagella also allow for movement to light and nutrient-rich 

regions (Sandgren 1988). Previous studies have shown species of the genus Synura often 

dominate deep-water, metalimnetic algal peaks, which often form during stratified periods; while 

species of the genus Mallomonas are commonly found in epilimnetic and upper metalimnetic 

waters (Fee 1976; Siver 2003).  

Morphologically, scaled chrysophytes possess taxon-specific siliceous scales that cover 

their entire cell (Figure 1.1). These scales are often well preserved in lake sediments. 

Furthermore, due to fast reproduction and immigration rates, populations of scaled-chrysophytes 

can respond quickly to changes in their environment (Dixit et al. 1999).  For these reasons, 

scaled-chrysophytes are thought to be excellent paleolimnological indicators. Lakewater pH is 

considered one of the most important environmental variables influencing the distribution of 

scaled chrysophytes, and chrysophyte assemblages have been used to reconstruct lakewater pH in 

North America and Europe  (Siver and Hammer 1990; Cumming et al. 1991; Cumming et al. 

1992; Marsicano and Siver 1993; Arseneau et al. 2011). Scaled-chrysophytes have also been used 

to infer changes in water quality due to land-use change and watershed development (Siver 1993; 

Lott et al. 1994; Kodama et al. 1997; Paterson et al. 2001).  More recently, studies of scaled-

chrysophyte assemblages have been linked to recent climate warming (Paterson et al. 2004; Hyatt 

et al. 2010; Ginn et al. 2010).   
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Figure 1.1. Micrographs of abundant (>2%) scaled-chrysophyte taxa observed in this study.  

Study Site: The Experimental Lakes Area 

The Experimental Lakes Area (ELA) is a unique region to Canada and the world, as it is 

a large expanse of land dedicated completely to long-term monitoring of ecosystem processes and 

ecosystem-scale experimental manipulations (Figure 1.2). Protected by the Canadian and Ontario 

governments since the late 1960s, and located in a sparsely inhabited region of northwestern 

Ontario (93o30’ to 94o00’W, 49o30’to 49o45’N), the ELA has been minimally impacted by 

external human influences and industrial activities (Schindler et al. 1996). Because the ELA has 

largely escaped direct water contamination from development and industrial activities, as well as 

the impacts of anthropogenic atmospheric inputs, it is considered a relatively pristine headwater 
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area (Schindler et al. 1991). Few areas in Canada south of the Arctic are less affected by human 

disturbances.      

Within the greater ELA region, there are over 500 lakes and drainage basins, 58 of which 

are continually monitored as reference sites or used for experimental studies and manipulations 

(Blanchfield et al. 2009). The lakes within the greater ELA belong to two major river drainages, 

the English River and the Lake of the Woods (LoW). The lakes that flow north join the English 

River, while the lakes that flow south join the LoW. Both rivers eventually drain into the 

Winnipeg River, which ultimately discharges into Hudson’s Bay from the Nelson River.  
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Figure 1.2. Map of the greater Experimental Lakes Area, northwestern Ontario. Dark blue shading 
indicates lakes are monitored and/or used for experimental manipulations.  Source: Fisheries and Oceans 
Canada (2011) (http://www.experimentallakesarea.ca/ELA_Website.html).    
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Geology, Topography and Vegetation  

 Towards the end of the Pleistocene (14,000 years B.P.), the Experimental Lakes Area 

was covered by glacial ice. When the glacial ice began to melt, the ELA region became part of 

glacial Lake Agassiz, situated on the eastern periphery of the lake (Brunskill and Schindler 1971). 

As Lake Agassiz lake levels receded, the present lake basins of the ELA were formed. The 

glaciation and subsequent glacial retreat of the Pleistocene largely influenced the current geology 

and topography of the region (Brunskill and Schindler 1971).  

 Located at an altitude of 360-380 m above sea level, the underlying geology of the ELA 

region is dominated by Precambrian Shield rock.  Commonly referred to as the Canadian Shield, 

this rock is comprised primarily of Precambrian granitic rock (i.e. aplite and pegmatite dikes of 

quartz and K-feldspars and some small portions of biotite) (Brunskill and Schindler 1971) (Figure 

1.3). In some areas these granitites are overlain by a thin glacial drift composed of sand and 

gravel quartz, plagioclase and K-feldspar (Brunskill and Schindler 1971). The majority of the 

parent minerals found in the ELA region are sparingly soluble in water and thus the lakes of the 

ELA generally have a low specific conductivity and alkalinity (Stocker 1971; Enache et al. 2011).    

 The retreat of glacial Lake Agassiz also impacted the landscape of the ELA region, 

leaving a relatively hilly terrain. While the hilltops and hill slopes of the ELA typically have little 

or no soil, organic podzols, namely Brunisols, are found in the low lying regions of the ELA 

(Brunskill and Schindler 1971). The soils of the ELA region are typically thin and discontinuous, 

usually less than 1m deep (Schinndler et al. 1996). Moss mats, dominated by Sphagnum species, 

commonly cover the soils at the ELA. These moss mats can reach depths of >0.5 m in low-lying 

areas; however, they are completely absent on rocky hilltops (Schindler et al. 1996).  

The tree species of the ELA are typical of a boreal subclimax forest and are largely 

governed by the soil conditions of the area (Rowe 1959). Black spruce (Picea mariana) stands are 
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found in low-lying areas, where soils are deeper and conditions are usually moist. Black ash 

(Fraxinus nigra) is also found in moist areas, while red pine (Pinus resinosa) occurs primarily on 

well-drained sandy soils, often near the shorelines of lakes. Jack pine (Pinus banksiana) stands 

are found on both glacial drift and dry bedrock ridges of well-drained slopes. Trembling aspen 

(Populus tremuloides) and white birch (Betula papyrifera) are found scattered widely within the 

other tree communities; however, they also are found in pure stands in exposed upland areas with 

relatively thick soil (Brunskill and Schindler 1971).      
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Figure 1.3. Bedrock geology of the Experimental Lakes Area with all study lakes labeled. Source: Ontario 
Geological Survey (2011) (http://www.mndmf.gov.on.ca/mines/geologyontario). Created by: Melanie 
Kingsbury (2011).           
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Climate of Northwestern Ontario 

 Broadly, northwestern Ontario can be described as having continental climate, 

experiencing warm-to-hot summers and cold winters, and relatively short, fall and spring seasons. 

The prevailing winds in the region tend to come from the west, although local terrain presents a 

considerable amount of friction and can somewhat deflect these winds. Historical climate records 

from the region that date back from the early 1900’s (Thunder Bay, Winnipeg, Kenora), indicate 

that the average annual temperature of the region is between 2-5oC.    

The measurements taken from the ELA weather station (from 1967-2005) indicate that 

the average annual temperature of the ELA is 2.8oC (Parker et al. 2009). The warmest year on 

record at the ELA was experienced in 1998 (average 5.2oC) while the coolest was recorded in 

1972 (average 0.85oC) (Parker et al. 2009). The average annual water-year precipitation 

(November-October) at the ELA is approximately 700mm/year; however, this varies from ~500-

950mm/year (Parker et al. 2009). The precipitation record at the ELA shows a slight increasing 

trend mean annual, and summer precipitation. The precipitation record at the ELA also displays a 

cyclical trend of approximately decade-long wet and dry periods (Parker et al. 2009). In the mid-

to-late1970s and 1980s, the ELA experienced a major drought that greatly affected the hydrology 

and vegetation in the region (Schindler et al. 1996; Moos et al. 2005). 

Climate measurements from the weather station at the ELA, only date back to when the 

facility was established (late 1960’s); therefore, climate records from the nearby (~50km) city of 

Kenora must be used as an indication of the climate in the ELA before climate measurements at 

the ELA facility began. Where the data of these two stations overlap, the data match very well 

(i.e. mean annual temperature from 1970-2006, r2=0.98).  Because the coinciding measurements 

from Kenora and the ELA are so closely related, we have confidence that the Kenora weather 

data accurately depicts the climate in the ELA region.  
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The ELA is located in a region of northwestern Ontario that is particularly sensitive to 

climate warming, and has experienced some of the largest temperature increases in North 

America over the past several decades (Schindler 1996; Chiotti and Lavender 2008). Climate 

records from Kenora, Ontario indicate that the average annual temperature has increased by 1.3oC 

since the early 1900’s (Figure 1.4). This warming appears to have been even more pronounced 

over the past 40 years as the ELA climate record indicates that the average annual temperature 

has increased over 2oC since the late 1960s. This average annual temperature increase reflects a 

significant upward trend of an approximately 0.045oC increase per year (Parker 2009).  

 
Figure 1.4. Mean annual temperature data from the city of Kenora, Ontario (1899-2006).  
Regression line y = 0.0123x + 1.76; R2 = 0.132. Source: Historical Adjusted Climate Database for Canada, 
Environment Canada (http://cccma.ec.gc.ca/hccd).  
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Figure 1.5. Mean annual precipitation data from the city of Kenora, Ontario (1899-2006).  
Regression line y = 0.7737x + 682.66 R2 = 0.024. Source: Historical Adjusted Climate Database for 
Canada, Environment Canada (http://cccma.ec.gc.ca/hccd).  
 

Impact of Climate on Lakes 

Regional climate is an important factor influencing the physio-chemical properties of 

temperate freshwater systems. The high heat-capacity of water makes these systems sensitive to 

temperature changes associated with large-scale climate fluctuations (Schindler et al. 1996). 

Anthropogenically induced, recent climate warming has already begun to affect lake ecosystems 

worldwide and these affects are expected to become more severe over time as climate change 

accelerates (Vincent 2009). The impact of climate change on lakes is manifested in changes to the 

vertical stability, the availability of nutrients, and the attenuation of light and heat in the lakes 

(Smol and Cumming 2000).  

Ambient air temperatures can greatly influence the thermal capacity of a lake, which in 

turn can affect the vertical stability, or stratification, of the lake. The epilimnion (the upper-most 

and least dense strata in a thermally stratified lake) is particularly sensitive to rising air 
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temperatures. Previous studies have shown that epilimnetic water temperatures can increase by up 

to 50% of the change in air temperature (Robertson and Ragotzkie 1990; Hondzo and Stefan 

1991). Therefore, if the air temperature in a region increases by 2oC, this could result in an 

increase of up to 1oC in the epilimnetic waters. The hypolimnion, the lower-most and densest 

strata of a thermally stratified lake, is not correlated with air temperature in the same manner as 

the epilimnion (Robertson and Ragotzkie 1990; Hondzo and Stefan 1991). Therefore, the increase 

in epilimnetic temperatures combined with stable hypolimentic temperatures, increases the 

strength of stratification and stability of the water column. Depending on other lake-specific 

factors (e.g. exposure to wind, concentration of particulates and dissolved substances), under 

warmer conditions a greater volume of epilimnetic water may be able to warm, causing the depth 

of the eplilmnion to deepen and the strength of stratification to increase.   

Along with warmer epilimnetic waters and increased stratification, longer ice-free 

seasons of the lakes are also expected, and have already been observed with recent climate 

change (Adrian et al. 2009). Because water has a higher heat capacity than air, (~ 4 times higher), 

changes in air temperature, and any changes in water temperature have persisting effects on lakes. 

Not only do lakes warm faster and earlier in the spring, lakes stay warmer longer affecting the 

duration of the ice-free season of the lake. Changes in the ice-free season have been observed in 

several lakes in northwestern Ontario (Moos et al. 2005; Rühland et al. 2008). In one ELA 

reference lake, Lake 239, monitoring data has shown that the ice-free season has increased by 

approximately 2 weeks since 1969 (Enache et al. 2011). The changes in the ice-free season are 

also believed to aid in the intensification and lengthening of summer stratification, deeper 

thermocline depths in early summer, and a longer period of thermal stratification (Schindler 

1990).  
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Changes in the duration and stability of stratification as well as the depth of the 

thermocline, can influence other lake processes such as nutrient cycling (Smol and Cumming 

2000; Adrian et al. 2009). The nutrient supply to a lake comes directly from the land-water, 

sediment-water and air-water interfaces. Thus, the concentration of nutrients in the lake is 

proportional to the area of water exposed (Wetzel 2001). The distribution of the nutrients within a 

lake, however, is not always equal, and is largely influenced by stratification. In dimictic lakes 

that stratify during the summer and winter, nutrients are most equally distributed during the 

spring and fall mixing periods. During periods of stratification, however, lakes, such as those in 

the ELA, may become anoxic and cause the nutrient concentrations increase in the hypolimnion 

via leaching from the sediments. Nutrient distribution to other strata is limited by the density 

differences of water set-up by thermal stratification. Hence, during periods of stratification, the 

epilimnion becomes increasingly depleted of nutrients. This depletion of nutrients in the 

epilimnion can intensify under the conditions of climate warming as water column stability 

increases and the thermocline sets-up earlier and for longer periods (Magnunson et al. 1997). 

Furthermore, when the thermocline of a lake deepens, the volumetric supply of nutrients to the 

epilimnion is also decreased (Diehl 2002). 

Recent climate warming has also exerted influence on the precipitation regimes of many 

regions, increasing the frequency and intensity of droughts (Dai 2010). Recently, these drought-

like conditions have been caused by increased atmospheric moisture, due to warmer conditions 

combined with altered atmospheric circulation patterns (Dai 2010).  These alterations may also 

have indirect effects on thermocline depth by decreasing the export of dissolved organic carbon 

(DOC) into lakes. Regions that have experienced droughts have experienced decreased stream 

flows, drier soils and lower water tables in wetlands (Schindler et al. 1996). These conditions lead 

to decreased DOC inputs into lakes and streams. Derived from decaying plant material, DOC is 
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an important constituent of lakes as it increases light attenuation and selectively attenuating UV-

B radiation (Schindler et al. 1997). Thus, lakes which experience reduced DOC inputs become 

clearer with larger euphotic zones and deeper thermoclines due to increased light penetration 

(Schindler et al. 1997). For these reasons, DOC is the most important determinant of thermocline 

depth in small boreal lakes, and plays an important role in modulating the impact of climate 

change on lakes (Perez-Fuentetaja et al. 1999).  

 

Study Rational  

Previous paleolimnological studies in south-central Ontario (Paterson et al. 2004), 

Canadian Maritime Provinces (Ginn et al. 2010), northeastern United States (Hyatt et al. 2010) 

and the Adirondacks (Arseneau et al. 2011) all indicate that large-scale changes in scaled 

chrysophyte assemblages have occurred since pre-industrial times (pre-1850). In each of the 

studies, increases in colonial taxa were observed along with declines in the relative abundances in 

unicellular taxa. Changes in scaled chrysophytes have been recorded across a wide geographic 

area; therefore, a regional stressor, such as climate change, is hypothesized as one of the most 

important factors to be influencing the occurrences of the phytoplanktonic blooms (Paterson et al. 

2004; Hyatt et al. 2010; Ginn et al. 2010).  

The climate change hypothesis is consistent with several ecological traits of the colonial 

taxa, from the genus Synura, that give them a competitive advantage under conditions of climate 

warming. Large colonials are highly motile which, under conditions of thermal stratification, 

allow them to benefit from light and nutrients in the water column (Sandgren 1988). Under more 

turbid conditions this competitive advantage is reduced, as non-flagellated algae are able to 

remain suspended in the water column and actively compete for light and nutrients. The size of 

the colonial colonies (30 to +200 µm in diameter) also gives Synura taxa a competitive advantage 

over smaller planktonic algae (i.e. unicellular chrysophytes and diatoms), as they are only edible 
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to the largest zooplankton (Fee 1976; Sandgren 1988; Siver 2003). Finally, colonial taxa tend to 

form blooms at or below the hypolimnion in thermally stratified lakes. This position in the water 

column gives them access to the nutrients available in the hypolimentic waters and refuge from 

epilimnetic grazers (Fee 1976, Paterson et al. 2004).  

While the ecological traits of colonial taxa suggest that recent climate warming could 

increase the relative abundance of these taxa, the influence of other possible regional stressors on 

the chrysophyte assemblages of these lakes cannot be ruled out. Lakes examined in previous 

studies (Paterson et al. 2004; Ginn et al. 2010; Hyatt et al. 2010; Arseneau et al. 2011), have been 

influenced by multiple regional stressors (i.e. acid rain, watershed development, fish stocking, 

eutrophication) therefore it is hard to disentangle the importance of these other regional stressors 

on the observed increases in the Synura taxa. Thus, in order to identify changes in scaled 

chrysophytes that are attributable to recent climate warming, lakes free from the effects of other 

anthropogenic stressors should be analyzed.     

In a ‘top-bottom’ study by Enache et al. (2011) changes in the diatom assemblages from 

pre-industrial (pre-1880’s) and modern sediments from 40 ELA lakes were analyzed using 

standard paleolimnological techniques (Smol 2008). Results from this study showed large 

increases in the diatom taxon Cyclotella stelligera and other planktonic species since pre-

industrial times in a large number of the lakes studied. In nine of the lakes studied, Cyclotella 

stelligera increased by >20% since pre-industrial times. The increases in Cyclotella stelligera 

have been attributed to changes in the thermal regime of the lakes and to the earlier onset and 

duration of summer stratification (Smol et al. 2005; Rühland et al. 2008; Enache et al. 2011).   

Because climate warming has influenced physio-chemical properties of lakes in the ELA 

and the diatom assemblages in many of these lakes have changed dramatically since preindustrial 

times, it is likely that the scaled-chrysophyte assemblages have also changed. The main goal of 
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this study was to investigate the change in the scaled-chrysophyte assemblages through time. 

Modern-day assemblages of chrysophytes in 40 ELA lakes were also analyzed to aid in the 

interpretation of the changes in the chrysophyte assemblages observed over the past 150 years.   

 

Quantitative Methods 

In order to effectively evaluate the modern-day and historic distributions of scaled 

chrysophytes in this study, several quantitative methods were applied to the relative abundance 

data. These methods include: ordination techniques, discriminate analysis, breakpoint analysis 

and temporal coherency analysis.     

 

Ordination techniques 

Ordination techniques are used frequently within the field of ecology to detect underlying 

patterns in multivariate species data and to model the distribution of species in relation to 

measured environmental variables. These techniques are often used within the field of 

paleolimnology in both modern-day species assemblages as well as detailed paleolimnological 

studies. The type of ordination technique chosen depends on the information available (species 

and environmental data or species data only) and the distribution of the species data (unimodal or 

linear).  

In studies examining modern-day species data, direct gradient analysis techniques, such 

as Redundancy Analysis (RDA) and Canonical Correspondence Analysis (CCA), are typically 

used. Direct gradient analysis techniques requires both species data, as well as corresponding 

environmental data. Direct ordination techniques are specifically designed to detect patterns in 

species data, and relate them directly to measured environmental variables. Forward selection can 

be applied to determine the minimum number of environmental variables that significantly 

(p<0.05) account for the maximum variation in the species data. Using multiple regressions the 
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species data is modeled simultaneously to the environmental data. These relationships are 

traditionally plotted in two-or-three dimensional ordination space, with the environmental 

variables more strongly related to the species distribution contributing more strongly to the 

ordination axes. To assess the significance of the ordination axes, a Monte Carlo test, using 999 

unrestricted permutations, can be used. A corresponding eigenvalue (λ) is calculated for each 

axis, indicating the amount of variation explained by that axis.  

While direct correspondence analysis can be applied to detailed paleolimnological 

studies, long-term monitoring data required to relate fossil species assemblages to measured 

environmental variables is often absent, or of too short a time frame to be useful. In these 

situations, indirect gradient analysis techniques, such as Correspondence Analysis (CA) and 

Principal Components Analysis (PCA), can be applied to gain insight into the underlying patterns 

within the species data. Main patterns of variation in the species data are detected assuming either 

and underlying linear (PCA) or unimodal (CA) response of the species in the temporal series. 

Main directions of variation are summarized by species- and sample-scores that are expressed as 

axis values (e.g. PCA axis-1). When applied down core, these values help summarize the changes 

in the entire assemblage through time.  

 

Discriminate Analysis  

Discriminant analysis is used to determine which variables discriminate between, or best 

predict the occurrence of, a given set of groups (Büyüköztürk and Çokluk-Bökeoğlu 2008). The 

basic idea behind discriminate analysis is to determine whether groups differ with regard to the 

mean of an environmental variable. A variable is said to discriminate between groups, if the mean 

of that variable is significantly different between the groups.   

Canonical variate analysis (CVA) is one method used to perform a discriminant analysis 

with two or more groups. A CVA works by identifying linear combinations of environmental 
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variables that separate the defined groups. A CVA using Hill’s scaling can be performed to 

determine which of the variables have significantly different means across the groups (Jongman 

et al. 1995). By performing a CVA with Hill’s scaling and forward selection, the linear 

combinations of environmental variables are processed, reviewed and evaluated. If a variable is 

found to be significant, that variable is included in the model and the next most important 

discriminating variable can be assessed. The maximum number of potential environmentally 

significant variables, is equal to the number of groups minus one, or the number of variables in 

the analysis, whichever is smaller. A non-parametric Monte Carlo permutation test can also be 

used to test the discriminatory power of the explanatory variables.  

 

Breakpoint Analysis  

Breakpoint analysis consists of a diverse set of techniques that have been used widely 

across many fields to help describe and analyze the relationship between a response variable, y, 

and explanatory variable, x. Breakpoint analysis models and identifies shifts between a response 

variable and explanatory variable, by allowing multiple linear regressions to fit the data for 

different ranges of x. In these types of models, the “breakpoints” are the values of x where the 

slope of the linear function changes (Marsh and Cormier 2002). 

The application of breakpoint analysis to ecological studies is becoming increasingly 

popular. It has been used to identify shifts in ecosystem state, determine critical loads and to 

evaluate the effects of extrinsic factors on biological communities (Heegaard et al. 2006; Ficetola 

and Denoel 2009; French et al. 2011). Within the field of paleolimnology, visual inspection or 

constrained cluster analyses have been primarily used to identify and date shifts in assemblage 

data in 210Pb-dated sediment cores. Both of these methods, however, have drawbacks associated 

with them. Visual inspection introduces subjectivity into the estimate, whereas constrained cluster 

analyses may identifies changes in species assemblages after the initial change begins to occur 
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(Walker and Pittlekow 1981). Alternatively, breakpoint analysis offers a statistical estimate of 

when changes in the species assemblages begin to occur, as well as the parameters of the 

regression lines adjacent to the shift in species assemblages.     

In breakpoint analysis, the decision as to whether an interrupted or continuous fit should 

be applied to the data must be made a priori. The term ‘fit’ refers to the connectivity of the linear 

regressions to the breakpoint; a continuous fit demands that the regression lines must be 

connected at the breakpoint, while an interrupted fit allows the regressions lines to be disjointed 

at the breakpoint. Hence, an interrupted fit emphasizes abrupt changes in the dependant variable 

whereas a continuous fit focuses on smoother transitions in the dependant variable (Marsh and 

Cormier 2002). In most paleolimnological studies a continuous fit would be most appropriate, as 

any abrupt transitions in the aquatic assemblages is essentially smoothed by the integrated nature 

of the sediment profile.  

Several methods, and multiple computer programs exist to perform breakpoint analysis. 

The Point Search method requires a plot of the assemblage data through time (i.e. PCA axis-1 

scores vs. 210Pb inferred date) to be generated and an initial estimate of the breakpoint. From this 

initial estimate, an appropriate breakpoint program estimates parameters of the two adjacent 

linear regressions. After all the initial estimates are made the “iterative phase” commences and 

multiple iterations of the least-squares method are completed until the model “converges” (Ryan 

and Porth 2007). A model is said to converge when a minimum in the sum-of-squares between 

the breakpoints is found, identifying the optimal breakpoint location. Confidence intervals based 

on the standard deviations of the estimate can also be calculated. If the model does not converge, 

then no breakpoint is estimated. In these situations, a single linear regression provides a better 

goodness of fit to the data than multiple linear regressions. The Davie’s Test and other statistical 

analyses (i.e. Bayesian Information Criterion) can be performed to test whether multiple linear 
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regressions offer a better fit to the data than a single linear regression. With a well-dated sediment 

core and consistent taxonomic identifications, breakpoint analysis can generate an approximate 

date of when the changes in a species assemblage began to occur.   

 

Temporal Coherency 

 When examining two or more temporal series, they are said to be ‘temporally coherent’ if 

they are behaving in the similar manner over the same time period (Rusak et al. 1999; Rusak et al. 

2008). When multiple series are temporally coherent, it is likely that there is an underlying 

mechanism responsible for this change. This general idea can be applied to the field of 

paleolimnology when evaluating changes in species assemblages (e.g. summarized by PCA axis-

1 scores) through time in response to an environmental stressor. However, in order to apply the 

theory of temporal coherency to detailed paleolimnological studies, equal temporal resolution 

between the records or ‘series’ must first be achieved.  

 Equal temporal resolution implies that across all series, each sample represents roughly 

the same amount of years. Because individual lakes have sedimentation rates that vary, based on 

the productivity of the lake as well as the amount of material coming into the lake from the 

catchment, this must taken into account. To achieve equal temporal resolution in 

paleolimnological studies, sediment intervals in some cases may need to be combined and 

adjusted to achieve an equal temporal integration and spacing over time.   

Once equal temporal resolution is achieved, the interclass correlation coefficient, ri , can 

be applied to assess the temporal coherency of the data sets. If the series are temporally coherent 

(p<0.05), it can be assumed that there is an underlying mechanism driving the changes in the 

systems. A Brien’s Test can be applied to a temporally coherent series, to pick out sub-sets or 

groups series that are temporally homogenous, having similar correlations among them. In the 

Brien’s test, the homogeneity of the entire data set is first assessed. If the data set is found to be 
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heterogeneous, the series with the lowest mean correlation is removed. This process continues 

until a homogenous sub-set of series remains. In a similar manner, the homogeneity of series 

removed from the original test can be assessed. By plotting the temporally homogenous groups 

on Theoretical Coherent Space (TCS), the relative strength of the synchronous relationships of 

groups can be assessed. As seen in Figure 1.6, there are two dimensions that define Theoretical 

Coherent Space. The r-value is the correlation between the series in each group, and orthogonal to 

that is the n-value, which is defined by the number of series in the group (Rusak et al. 2008). 

Within TCS, the distance from the dashed curve (that designates the approximate threshold for 

synchrony deemed significant) is indicative of the relative strength of the relationship (Rusak et 

al. 1999).  Groups that plot out on the right side of the dashed line are thought to be primarily 

influenced by extrinsic factors, while groups that plot to the left of the line are thought ot be 

influenced primarily by intrinsic factors. Extrinsic factors can be considered regional influences, 

such as acid rain and climate warming, which influence all the series with a group. Conversely, 

within-lake processes such as food web dynamics could be considered intrinsic factors.  

As an exploratory procedure, discriminate analysis can be performed to determine what 

environmental variables best describe each subset of lakes. Within the context of paleolimnology, 

this information can be used to identify which types of lakes are responding in a similar manner 

to each other in response to the same environmental stressor.        
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Figure 1.7. Theoretical Coherence Space. Groups that plot on the right side of the dashed line are 
considered to be primarily influenced by extrinsic factors. Groups which plot to the left of the line are 
considered to be influenced primarily by intrinsic factors.              
 

Thesis Outline  

The main purpose of this study was to use paleolimnological techniques to assess the 

modern-day and historical distributions of scaled-chrysophyte assemblages in minimally 

impacted lakes from the Experimental Lakes Area in response to climate change. Using the 

quantitative tools outlined above, the main goals of this investigation were to: assess the modern-

day species assemblages of scaled chrysophytes across multiple environmental gradients in 40 

ELA lakes; conduct a detailed paleolimnological analysis on eight ELA lakes focusing on the 

timing and temporal coherency of the changes in scaled chrysophytes over the last 150 years.  

More specifically, my research questions are summarized below under the two headings: 

Modern-day Scaled-chrysophyte Assemblages and Changes in Scaled-chrysophyte Assemblages 

Over the Last 150 Years. 
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Modern-day Scaled-chrysophyte Assemblages 

1.  What is the modern distribution of scaled chrysophytes in the ELA in relation to 

environmental variables?    

2. What environmental variables best predict the abundance (high, moderate, low) of scaled 

chrysophytes, relative to diatoms, in the Experimental Lakes Area? 

 

Changes in Scaled-chrysophyte Assemblages Over the Last 150 Years 

1. Have scaled-chrysophyte assemblages in ELA changed since pre-industrial times? 

2. When did the scaled-chrysophyte assemblages begin to change in the ELA; how does the 

timing of these changes compare to previous studies in south-central Ontario, Canadian Maritime 

Provinces and the Adirondacks, USA?  

3. Does the timing of the changes in the chrysophyte assemblages exhibit temporal coherency? 

Are there sub-sets of lakes that exhibit temporal synchrony? If so, what environmental variables 

best describe these groupings?   
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Chapter 2 

Investigating the Modern Ecological Characteristics of Scaled-Chrysophytes in 

Boreal Lakes of the Experimental Lakes Area, Northwestern Ontario 

 

Abstract 

Chrysophyte scales from surface sediments of 40 lakes from the Experimental Lakes Area, 

northwestern Ontario, were analyzed to investigate their potential relationship to limnological 

variables. Canonical Correspondence Analysis (CCA) indicated that pH, depth and the strength of 

lake stratification explained most of the variation in the scaled-chrysophyte assemblages. The 

unicellular taxa Mallomonas punctifera ‘small’ and Mallomonas acaroides were related to 

shallow, weakly stratified and warm waters. Of the colonial taxa, Synura sphagnicola had the 

highest relative abundance in small, highly stratified, warm lakes. Synura petersenii, a taxon 

associated with water taste and odour problems, was less abundant at the ELA than in other shield 

lakes from southern Ontario. Canonical Variate Analysis (CVA) was used to describe the high, 

medium and low abundances of scaled-chrysophytes, relative to diatoms. Lakes with the highest 

abundances of chrysophytes were highly-stratified small lakes, while lakes with the lowest 

abundances of scaled chrysophytes were the least stratified and largest lakes. This study shows 

that chrysophyte scales as well as abundances of chrysophyte scales may be useful indicators of 

limnological changes associated with climatically important variables.  

 

Introduction 

Chrysophytes have been amongst the most poorly studied and characterized classes of 

freshwater phytoplankton (Sandgren 1988). Originally it was believed that chrysophytes did not 

typically form dense blooms or cause water-quality problems that largely stimulated research on 
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cyanobacteria, diatoms and dinoflagellate algae. Because of this, chrysophytes were largely 

ignored during the growth of phytoplankton ecology studies that began in the 1950’s (Sandgren 

1988). More recently, however, interest in chrysophyte algae has grown as colonial taxa have 

been found to form deep-water blooms (Fee 1976; Clasen and Bernhardt 1982; Kurata 1989; 

Siver 2003), which in some cases have been associated with water taste and odour issues in 

boreal lakes (Nicholls and Gerrath 1985).     

Primarily planktonic, chrysophytes are golden-brown, flagellated algae that often 

contribute a high relative proportion of phytoplankton biomass in numerous soft-water, nutrient-

poor boreal lakes (Sandgren 1988). Recent studies focusing on the ecological characteristics of 

chrysophytes indicate that they are typically found in lakes with low-to-moderate productivity, 

neutral-to-slightly acidic pH, low nutrients, low alkalinity and humically coloured waters. While 

these generalizations often hold true, individual species exhibit different trends within these 

general categories, and abundances of chrysophytes can vary greatly between lakes (Sandgren 

1988; Dixit et al. 1999; Ginn et al. 2010). In recent decades, the knowledge and understanding of 

the ecological distribution of the Chrysophyceae and Synurophyceae algae has improved greatly 

(Graham and Wilcox 2000). A subset of theses groups, scaled chrysophytes, have been developed 

as environmental indicators and environmental proxies in paleolimnological studies (Kristiansen 

1986; Dixit et al. 1992; Smol 1995).  

Paleolimnology is a multidisciplinary field that focuses on examining and reconstructing 

past limnological conditions by analyzing biological, chemical and physical properties of lake 

sediments (Smol 2008). Through these types of analyses, an understanding of the pre-disturbance 

conditions of anthropogenically stressed lake systems can be gained. This knowledge can be used 

to understand the natural variability of the lakes and study the impact of anthropogenic activities, 

for effective rehabilitation and conservation. In many cases, surface sediments from lakes 
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representing a range of environmental gradients can be used to help quantify the modern-day 

relationship between scaled-chrysophyte assemblages and ecologically important environmental 

variables. Surface sediments represent an integrated sample of recent (approximately 2-3 years) 

biological assemblages (Smol 2008). By analyzing species distributions and abundances, and 

their relationship to environmental variables, we can gain an understanding of species optima and 

tolerances to important limnological variables. This information can then be used to better 

understand changes in chrysophyte assemblages over time.  

Scaled chrysophytes have become useful indicators of environmental change.  Due to 

their fast reproduction and immigration rates, scaled chrysophytes respond quickly to changes in 

the environment (Dixit et al. 1999). They are distributed across a wide range of environmental 

gradients including pH, temperature, conductivity, and trophic status with many species 

occupying specific ecological niches (Roijackers and Kessels 1986; Sandgren 1988; Siver 1995). 

For these reasons, and because the siliceous scales are often well preserved in lake sediments, 

scaled chrysophytes have shown to be excellent paleolimnological indicators. The remains of 

scaled chrysophytes have been successfully used in past studies to infer changes in water quality 

due to acid rain (Siver and Hamer 1990; Cumming et al. 1992; Arseneau et al. 2011), land-use 

change and watershed development (Siver 1993; Kodama et al. 1997; Paterson et al. 2001). More 

recently, increases in colonial scaled chrysophytes, have been linked to changes in limnological 

properties associated with recent climate warming (Paterson et al. 2004; Hyatt et al. 2010; Ginn et 

al. 2010).   

The boreal biome alone holds at least 60% of the planet’s freshwater supply (Millennium 

Assessment 2005; Schindler and Lee 2010). Climate change in this region is of particular concern 

as it is predicted to be one of the biomes most affected by recent climate warming, adversely 

impacting water quality and quantity (Schindler 2001; Ruckstuhl et al. 2008; Schindler and Lee 
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2010). Mean annual temperature increases of 2-4oC increases across boreal Canada have already 

been observed in the last ~40 years (Parker et al. 2009; Schindler and Lee 2010).  Furthermore, 

the mean annual air temperature in the boreal region is expected to increase by 2-4 oC in the next 

50 years (Hengeveld 2000; Schindler and Lee 2010; Natural Resources Canada at 

http://atlas.nrcan.gc.ca/site/English/maps/climatechange/#scenarios). Lakes on the boreal shield 

are considered particularly sensitive to climate change as slight increases in temperature and 

periods of drought have already caused measurable changes in physical and chemical variables in 

boreal lakes and streams (Schindler et al. 1996).  

To better understand environmental change in boreal lakes, lake managers and policy 

makers need to understand the impact that recent climate change has had on limnological 

systems.  By investigating the modern ecology of scaled chrysophytes in the lakes of the 

Canadian boreal shield, across a range of environmental gradients, we gain the opportunity to use 

them as indicators of limnological change in these lakes. This information can then be used to 

interpret changes in past assemblages that are preserved in the sedimentary records.  

Although relatively modern ecological studies of scaled chrysophytes in boreal shield 

lakes exist, they occurred primarily in more developed regions that tend to be influenced by 

multiple regional and local anthropogenic stressors (e.g. sulfur deposition, watershed 

development, eutrophication and fish stocking). These factors can also influence the distribution 

of scaled chrysophytes. Changes in lake ecosystems related to human disturbance are 

complicated; therefore, isolating the relative importance of individual stressors on biotic 

assemblages can be difficult (Enache et al. 2011). This problem can be partially overcome by 

studying undisturbed lakes in relatively remote regions (Rühland et al. 2008; Enache et al. 2011).      

The Experimental Lakes Area (ELA) located in northwestern Ontario, provides a unique 

opportunity to study limnological properties of relatively undisturbed boreal lakes. Because the 
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Canadian government has actively protected the ELA region since the late 1960s, anthropogenic 

stressors such as watershed disturbance have minimally impacted the lakes and watersheds within 

the ELA region. Geographically, the ELA region has also been spared from the impacts of acid 

deposition that have greatly affected lakes in central Ontario and the northeastern United States. 

Due to the lack of other environmental stressors and the relatively large changes in climate in this 

region, the importance of climate on scaled-chrysophyte assemblages is more easily examined in 

comparison to other regions with multiple regional stressors. 

The objectives of the present study were to: analyze chrysophyte scales in the surface 

sediment samples (0-0.5cm) in 40 minimally-impacted ELA lakes, northwestern Ontario; 

examine the relationship between scaled chrysophyte taxa and measured limnological variables; 

investigate what limnological variables are most highly related to the abundances of scaled-

chrysophytes assemblages. This information will be valuable in interpreting environmental 

changes within the boreal lakes that have occurred in the past. The data gained from this study 

will also contribute to the growing body of literature on the ecological characteristics of scaled 

chrysophytes.   

 

Study Area and Study Lakes 

The Experimental Lakes Area is located in northwestern Ontario (93o30’ to 94o00’W, 

49o30’to 49o45’N), at an elevation of approximately 360-380 m above sea level. Within the 

greater Experimental Lakes Area, there are over 500 lakes and watersheds, 58 of which are 

monitored and/or used for experimental studies (Blanchfield et al. 2009). Precambrian Shield 

dominates the underlying geology of the region; however, in some areas this rock is overlain by 

thin glacial drift (Brunskill and Schindler 1971). The soils in the region are thin and 

discontinuous, comprised mainly of organic Brunisols (Brunskill and Schindler 1971).  A boreal 

subclimax forest community (Rowe 1959) characterizes the region with most of the catchments 
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dominated by jackpine (Pinus banksiana) and black spruce (Picea mariana) (Schindler et al. 

1996). Climatically the region can be characterized as continental, with warm-to-hot summers 

and cold winters, and relatively short, fall and spring seasons. 

The 40 lakes sampled in this study are all located within the greater Experimental Lakes 

Area (Figure 2.1). The lakes can be characterized as relatively small (>500 ha), softwater lakes, 

with circumneutral pH. The study lakes ranged in maximum depth from approximately 2 to 30m. 

Morphometric and chemical attributes of the lakes are summarized in Table 1. Three of the lakes 

in the study, ELA 110, ELA 114 and ELA 226, have been experimentally manipulated (Enache et 

al. 2011). Northern pike was introduced to Lake 110 in 1993. Aluminum was added to Lake 114 

in 1984, and from 1979-1886 the lake underwent epilimnetic acidification. Experimental 

manipulations of Lake 226 include epilimnetic fertilization (1973-1980), lowered water levels 

(1995-1997), and the addition of radioisotope tracers (1977-1978; 1989) and metals (1987) to the 

epilimnion.           
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Figure 2.1. Map of the Experimental Lakes Area northwestern Ontario. The 40 study lakes along with their 
ELA lakes name are indicated. Modified from: Encache et al. (2011).  
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Materials and Methods 

Sediment Collection  

In June 2006, duplicate sediment cores were retrieved from all 40 lakes. Sediment cores 

were collected from the deepest basin of each lake using a Glew Corer with a 7.62cm internal 

diameter core tube (Glew et al. 2001). The surface samples that were examined for chrysophyte 

scales came from the uppermost 0.5cm of the cores.  

 

Environmental Data  

Water chemistry samples were taken concurrently with sediment cores in 35 of the 40 

study lakes in June 2006. The ELA staff regularly samples the five lakes for which water-

chemistry samples were not taken; therefore, obtaining spot samples for these lakes was deemed 

unnecessary at the time. Water-chemistry samples were analyzed at the Ontario Ministry of the 

Environment’s Dorset Environmental Science Centre using standard Ontario Ministry of the 

Environment (MOE) protocols (Ontario Ministry of the Environment 1983). Each water-

chemistry sample was analyzed for concentrations of chloride, sulphate, sodium, potassium, 

magnesium, calcium, NH4/NH3, NO2/NO3, total Kjeldahl nitrogen (TKN), total phosphorus (TP), 

dissolved organic carbon (DOC), reactive silicate (SiO3) specific conductivity and true colour. 

Lake-water pH measurements were taken from each lake using a Fisher-Accumet pH meter 

(Model 935). Using a YSI (Model 30) meter, temperature, specific conductivity and conductivity 

profiles were also taken in the field at each lake. Select mean, maximum and minimum of 

environmental variables of the ELA lakes are reported in Table 2.1. A complete table of 

environmental variables is available in Enache et al. (2011).        

Water temperature profiles were also taken for each lake. Each temperature measurement 

reported is an average of the metalimnetic and epilimnetic temperatures from each lake. As scaled 
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chrysophytes are primarily planktonic phototrophs, this measurement represents the average 

temperature of the water column that the algae inhabit during the summer.  

We developed an index of stratification intensity, termed, delta-density. This index 

should capture the difference between isothermal, weakly stratified and well stratified lakes. 

Delta-density was reported for each lake as the degree of summer stratification has been shown to 

largely influence the habitat and occurrence of chrysophyte blooms (Fee 1976). Delta-density was 

calculated by subtracting the highest-water density from the lowest water-density in each lake. 

The density-values were based off the uppermost and lowermost water temperature measurement 

and were determined using temperature-density conversion chart of fresh water at 1atm 

(Hutchinson 1957). The delta-density measurements were based on a single lake profile in June 

2008. Schindler (1971) and Fee (1976) noted that the ELA lake systems are ideal for modeling 

purposes as the lakes remain in a stable state for much of the summer and thermocline depths 

remained consistent over summer months. Therefore, the delta-density measurements reported are 

believed to represent the stratification state of the lakes for much of the summer.  

The top sediments analyzed in the present study represent an integrated sample of 

chrysophyte assemblages accumulated over the past ~2-3 years (Smol 2008). Overall, the climatic 

conditions of 2006 were warmer and dryer compared to several years previous to it. The mean 

annual temperature of 2006 was ~1.7oC warmer than the average mean annual temperature from 

2003-2005 (3.2oC). Correspondingly, the month of June 2006 was also warmer (18.5oC) than the 

average June temperature from 2003-2005 (16.3oC). The mean annual precipitation for 2006 was 

substantially lower (134mm) than the average mean annual precipitation observed from 2003-

2005 (800mm); however, the mean annual precipitation for the month of June in 2006 was only 

slightly lower (68mm) than the average mean annual precipitation observed for the month of June 

from 2003-2005 (98mm). It is important to note that the warmer temperatures and decreased 
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precipitation observed in 2006 likely influenced the water chemistry data collected in June 2006. 

For instance, the water-temperature and delta-density measurements for June 2006 may be 

slightly inflated compared to those observed in recent years, whereas DOC, may be lower due to 

the slight drought that occurred in 2006.                       

Table 2.1 Maximum (MAX), minimum (MIN) and average (MEAN) of eight important environmental 
variables of the 40 ELA study lakes taken in June 2006. Abbreviations: Depth = depth at center of each 
lake; Temp = average temperature of epilimnion and metalimnion; DOC = dissolved organic carbon; TP = 
total phosphorus; delta density = indicator of degree of stratification (see text for details). 

   

Scaled-Chrysophyte Preparations and Enumerations  

 Using the top sediments (0.5 cm) of each lake, microscope sides for chrysophyte and 

diatom analysis were prepared using the standard technique outlined in Enache et al. (2011) and 

Cumming et al. (1992). Sediment samples were digested in a solution of nitric and sulfuric acid 

(50:50 molar concentration) in a 15ml vial. After 24 hours the sediment-acid solution was 

submersed in a 70oC water bath for approximately 5 hours. Following another 24hour period, 

during which the remaining sediment was settled, the acid above the sample was removed and the 

slurry was rinsed with distilled water. This process was repeated approximately 8 times until a 

neutral pH was reached (litmus test). Subsamples of the final slurries, in a series of four 100% 

dilutions, were transferred onto cover slips where they were settled and allowed to dry overnight 

on a slide warmer. The cover slips were mounted onto glass slides using the mounting medium 

Naphrax®.  

For each sample, an attempt to identify at least 300 chrysophytes scales was made using a 

Leica DMRB microscope (x1000 magnification) equipped with differential-interface contrast 
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optics. Diatom valves on the same slides were also counted as a relative measure of scaled-

chrysophyte abundance. Because of the scarcity of scaled chrysophytes in some lakes, some 

samples did not permit counts larger than 100 scales. Furthermore, in some samples, scales were 

so rare (<100 scaled chrysophytes/1,000 diatom valves) they were deemed uncountable (Ginn et 

al. 2010). Identification of scales was based on standardized taxonomic references including 

(Takahashi 1978; Nicholls 1982, 1988; Siver 1991) as well as a reference collection at the 

Paleoecological Environmental Assessment and Research Laboratory (PEARL). Small and mid-

sized scales that could not be identified to species under a light microscope were grouped into the 

categories Mallomonas ‘small’ and ‘medium’ respectively (Paterson et al. 2004; Cumming et al. 

1992).  Two morphologically distinct forms of Mallomonas punctifera scales were observed and 

thus were enumerated separately as M. punctifera “small” and M. punctifera “large”.  M. 

punctifera ‘small’ scales were ~ 2x3µm whereas the M. punctifera ‘large’ scales were ~ 4x6µm.   

 

Data Analysis  

Only chrysophyte taxa that achieved greater than 1% abundance in at least 2 lakes were 

included in the statistical analyses. Environmental variables with a skewed distribution (chloride, 

sodium, TP, NO4, NO3/NO2, TKN, conductivity, depth, true colour, SiO3, delta density and 

alkalinity) were log transformed prior to statistical analysis to normalize their distributions. In 

total, five lakes were eliminated from statistical analyses. Eliminated lakes included those that 

were experimentally manipulated with chemicals (Lake 114, Lake 110 and Lake 226) and those 

that lacked adequate information on maximum depth and/or other environmental variables (Lake 

631 and Lake 651).  

Detrended correspondence analysis (DCA) was performed to investigate the main 

direction of variation between scaled chrysophyte assemblages in the surface sediments and 

determine species turnover (i.e. gradient length). Canonical correspondence analysis (CCA) was 
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then used to relate the measured environmental variables directly to the scaled-chrysophyte 

assemblages.  Forward selection was applied to determine the minimum number of environmental 

variables that significantly accounted for the maximum variation in the scaled-chrysophyte data. 

To assess the significance of the forward-selected variables and the CCA ordination axes, a 

Monte Carlo permutation test, using 999 unrestricted permutations was used.     

The scale-to-diatom index was calculated for each lake using the formula: 

S/D Index = (#scales + #diatoms)/(#scales). The S/D index was used as a measure of the 

abundance of scaled chrysophytes to diatoms. Based on these relative abundance values, the data 

were divided into three relatively equal groups: high (>66%) medium (33-66%) and low (<33%). 

Following the procedure outlined in Leps and Šmilauer (2003) a canonical variate analysis 

(CVA) was performed to find a set of environmental variables that best defined the classified 

groups. The statistical package CANOCO version 4 was used to perform all statistical analyses 

(ter Braak and Šmilauer 2002).    

 

Results 

A total of 23 scaled-chrysophyte taxa were identified in 31 of the ELA study lakes (Table 

2.2). Scales appeared to be well preserved in the lake sediments. Three genera of scaled 

chrysophytes were identified including Mallomonas, Synura and Chrysosphaerella. The 

unicellular genus, Mallomonas, had the highest mean relative abundance of 57.8% in the lakes. 

The colonial genera, Synura and Chrysosphaerella, had a mean relative abundance of 41.6% and 

0.7%, respectively.  

The three most dominant chrysophyte scales found were: Mallomonas duerrschmidtiae, 

Synura sphagnicola and Synura echinulata. M. duerrschmidtiae, was the most prevalent taxon, 

found in all 31 lakes, with a mean relative abundance of 34%. S. sphagnicola was also prevalent, 

found in 30 of the lakes, with a mean relative abundance of 21%. This species reached the highest 
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maximum relative abundance of all taxa, found in 93% Lake 383, a lake that had the highest 

measured delta-density. S. echinulata was also found in 28 lakes with a mean relative abundance 

of 11%.   

Table 2.2. Unicellular and colonial scaled-chrysophyte taxa or groups identified in the top sediments of the 
ELA study lakes.  

 Based on the Detrended Correspondence Analysis (DCA), a gradient length of 2.94 

standard deviation units was found. Therefore, a Canonical Correspondence Analysis was used to 

detect the variation in the species assemblages that could be directly related to measured 

limnological variables. The limnological variables that accounted for significant variation in the 

chrysophyte assemblages were: pH, depth and delta density. The eigenvalues associated with the 
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CCA axis-1 and axis-2 were λ=0.22 and λ=0.07, respectively. Other environmental variables 

were plotted passively. Variables that were highly correlated with more influential passive 

variables (i.e. longer vectors) were removed to simplify the ordination. Axis-1 of the CCA 

captured a gradient of pH and lake depth, while delta-density most strongly contributed to the 

CCA axis-2 (Figure 2.2). Of the passively plotted variables, surface area, conductivity, TP and 

DOC were associated with axis-1 while temperature, and NO3/N02 were associated with axis-2 of 

the CCA (Figure 2.2). 

 
Figure 2.2. Canonical Correspondence Ordination (CCA) ordination biplot. Significant forward-selected 
environmental variables are designated by red arrows, passively plotted variables are designated by black 
arrows. Species scores of the chrysophyte taxa are represented by triangles. See table for species codes. 
Abbreviations: SA = surface area; Temp = average temperature of metalimnetic and epilimnetic water; 
Density = indicator of the degree of stratification (see text for details); DOC = dissolved organic carbon; 
TP = total phosphorus; Conduct = conductivity.  
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The placement of the taxa in the ordination indicates that M. acaroides and Mallomonas 

punctifera ‘small’ occurred in warmer, less stratified, shallow lakes (Figure 2.2). These taxa were 

also associated with higher DOC and total phosphorus and low pH. Mallomonas punctifera 

‘large’ plotted out in a different area of ordination space to M. punctifera ‘small’. This taxon was 

associated with deeper, cooler lakes with lower DOC and total phosphorus as well as higher pH.   

The colonial taxa were partitioned along CCA axis-1. Synura echinulata, Synura uvella 

and Synura sphagnicola plotted in the middle to right quadrant while Synura spinosa, Synura 

petersenii, Chrysosphaerella longispina and Synura curtispina plotted on the left. In general, the 

taxa in the right quadrant were found in small, shallow lakes and those in the left were found in 

larger, deeper lakes. Of the colonial taxa, S. sphagnicola plotted in the bottom right quadrant. It 

occurred in shallow and stratified lakes with low pH and high NO3/NO2 and DOC.  

A Canonical Variate Analysis (CVA) was performed to find a set of environmental 

variables which best defined the Scale-to-Diatom Index groups high (n=13), medium (n=12) and 

low (n=10) chrysophyte abundance. Delta density and surface area accounted for the greatest 

variation of the a priori defined groups. Delta density accounted for 37.7% of the variation in the 

species data and surface area accounted for 7.8%. The weight-corrected eigenvalues associated 

with the canonical axis-1 and axis-2 were λ=0.55 and λ=0.05, respectively (Figure 2.3). Lakes 

with the highest delta density (i.e. most stratified) and smallest surfaces areas had the highest 

abundance (>66%) of chrysophytes relative to diatoms. Conversely, lakes with the lowest (<33%) 

relative abundance of chrysophytes had the lowest delta densities (i.e. least stratified) and the 

largest surface areas. Lakes with medium (33-66%) abundances of scaled chrysophytes relative to 

diatoms were found at intermediate delta densities and surface areas.          
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Figure 2.3. Canonical Variate Analysis (CVA) ordination biplot. Groups defined a priori by the Scale-to-
Diatom Index are represented by triangles. Arrows represent the environmental variables which best 
describe these groups. Abbreviations: SA = surface area; Density = indicator of degree of stratification (see 
text for details).   

 

Discussion and Conclusions 

Chrysophyte scales appeared to be well preserved within the ELA lake sediments. 

Overall, 23 scaled-chrysophyte taxa were identified in the top sediments of the ELA lakes. This is 

consistent with the findings of previous studies (Ginn et al. 2010); however, the ELA lakes lacked 

the acidophilous taxon, Mallomonas hindonii, and several eutrophic taxa (i.e. Mallomonas 

insignis; Synura mollispina) that are found, although in generally in low abundance, in other 

regions (Cumming et al. 1992; Dixit et al. 1999; Paterson et al. 2001). The absence of these taxa 

is explainable due to the fact that the ELA study lakes were circumneutral and oligotrophic-

mesotrophic.  The genus Mallomonas had the highest mean relative abundance in the ELA lakes, 

which was also consistent with other surface sediment training sets in North America including 

Atlantic Canada (Ginn et al. 2010), the Adirondacks (Cumming et al. 1992) and northeastern 

USA (Dixit et al. 1999). This differed from the Paterson et al. (2001) study of Precambrian Shield 

lakes in South-Central Ontario where colonial taxa from the genus Synura were dominant in the 

majority of the lakes.   
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In the present study, M. duerrschmidtiae was the most prevalent taxon, present in every 

ELA study lake. The ubiquitous nature of this taxon is consistent with other recent studies that 

reported similar pH ranges (Dixit et al. 1999; Ginn et al. 2010) to that of the ELA. This taxon has 

been observed across North America and Europe and is commonly the dominant taxa in soft-

water lakes with low-specific conductivity (Siver 1993). Due to the underlying geology of ELA, 

most lakes in the region are characterized as soft water, low conductivity lakes (Stocker 1971; 

Enache et al. 2011), thus providing optimal habitat for M. duerrschmidtiae.   

 

Canonical Correspondence Analysis (CCA)  

The Canonical Correspondence Analysis identified pH, depth and delta density as the 

environmental variables that explained the most variation in the species data. From the CCA 

several notable trends in the ELA scaled-chrysophyte dataset became apparent. The trends 

discussed here focus primarily on taxa which may be of special interest to recent climate change.      

The CCA clearly separated M. acaroides and M. punctifera ‘small’ from other taxa in the 

ELA lakes (Figure 2.2). These taxa were associated with shallow, weakly stratified lakes with 

warmer waters in the summer, as well as lakes with a low pH and high total phosphorus and high 

dissolved organic carbon.  

Within North America, two varieties of M. acaroides, Mallomonas acaroides var. 

acaroides and Mallomonas acaroides var. muskokana, have been commonly reported. Because it 

is difficult to separate these two varieties under a light microscope, these taxa were not 

individually enumerated in the present study. Previous studies have reported M. acaroides var. 

muskokana in acidic waters with low specific conductance (Nicholls 1987; Siver 1989) as well as 

acidic bogs with [TP] >20µg/L (Smol 1986; Siver 1988). Siver (1989) reported it to occur 

predominately in summer months and it has been associated with warm waters. Conversely, M. 

acaroides var. acaroides has been reported in alkaline waters with high specific conductance 
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(Nicholls 1987; Siver 1989), and was found proximately during the fall and winter months (Siver 

1991). Because the ecological characteristics of M. acaroides reported in the present study are 

most consistent with previous ecological reports of M. acaroides var. muskokana, this taxon is 

believed to be the dominant variety present in the modern sediments of the ELA lakes. Separation 

of the M. acaroides varieties via electron microscope images should be investigated in the ELA 

lakes in the future.      

Although the M. punctifera taxon has been well documented across North America 

(Nicholls 1982; Cumming et al. 1992; Dixit et al. 1999; Arseneau et al. 2011) and Northern 

Europe (Cronberg and Kristiansen 1980; Roijackers and Kessels 1986; Eloranat 1989) and Asia 

(Durrschmidt and Croome 1985; Ito 1988) there have been conflicting reports on the ecological 

characteristics of this taxon. Durrschmidt and Croome (1985) reported M. punctifera as a warm-

water taxon, which occurred primarily in summer months and preferred waters above 25oC. Siver 

and Hamer (1992) and Nygaard (1949) also reported maximum abundances of M. punctifera to 

occur from late spring to fall. In contrast, other studies have reported it as a cold-water taxon, 

blooming in winter and spring (Ito 1988), preferring temperatures less than 11oC (Roijackers and 

Kessels 1986). There is also inconsistency in reports of the acid tolerance of the taxon. Eloranta 

(1989) and Smol et al. (1984) reported it as an acidophilic taxon as it was found at pH ranges 5.3-

7.2 and 5.2-6.6, respectively. Conversely, Kristiansen (1986) and Roijackers and Kessels (1986) 

found M. punctifera in alkaline waters. Due to the inconsistent reports on the ecological 

characteristics of this taxon, it has been suggested that there may be several ecomorphs or 

undescribed varieties.  

In the present study, two morphologically distinct size varieties of M. punctifera were 

identified in the ELA lakes. This finding is not unprecedented, as Momeu and Peterfi (1983) also 

reported large and small varieties of this taxon. At the ELA, the two varieties occupied different 
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ecological niches that support the dichotomous findings of previous studies. The CCA clearly 

separated M. punctifera ‘small’ and ‘large’ along the temperature and pH gradient in the ELA 

lakes (Figure 2.2). M. punctifera ‘small’ was found in warm acidic waters, while M. punctifera 

‘large’ was found in colder, more alkaline lakes. These findings support the hypothesis that 

different ecomorphs or genetic strains of this taxon exist, or two separate species with 

morphologically similar scales. Further investigation into the separating M. punctiferia into two 

separate species should be made in the future. In separating these varieties, we gained valuable 

information about the ecological distributions of the small and large morphotypes. This 

information will also increase their reliability and usefulness as environmental and water-quality 

indicators. 

M. acaroides var. muskokana and M. punctifera ‘small’ have the potential to act as water-

quality indicators, with the onset of recent climate warming, especially in shallow lakes. At the 

ELA, M. acaroides and M. punctifera ‘small’ were strongly associated with shallow, poorly-

stratified lakes. While the CCA indicated that these taxa were associated with weakly stratified or 

isothermal lakes at the time of sampling, these taxa were also found in some small, shallow, 

highly stratified lakes (ELA 99 and ELA 129). Therefore the presence of these taxa may be a 

reflection of warm waters as opposed to stratification. In temperate regions, isothermal lakes are 

generally small, shallow waters where the water column quickly warms to uniform temperature 

within the same season. The epilimnion is identified as the upper most and least dense strata in a 

thermally stratified lake. Shallow isothermal lakes and epilimnetic strata are particularly sensitive 

to rising regional air temperatures (Adrian et al. 2009). Previous studies have shown that surface 

waters can increase by up to 50% of the change in air temperature (Robertson and Ragotzkie 

1990). Because these waters are sensitive to increases in air temperatures, the warm water taxa, 
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M. acaroides var. muskokana and M. punctifera ‘small’, may become more prevalent as waters 

increase in temperature.  

In recent paleolimnological investigations, increases in colonial scaled chrysophytes, 

primarily from the genus Synura, have been linked to changes in lake processes associated with 

recent climate warming (Paterson et al. 2004; Ginn et al. 2010; Hyatt et al. 2010). Previous 

studies have reported increased attenuation of light and heat leading to increased vertical stability 

and decreased nutrient availability in temperate lakes in response to recent climate warming 

(Smol and Cumming 2000; Schindler 2001). Colonial taxa possess several traits that give them a 

competitive advantage under warmer climatic conditions. Large colonial taxa are flagellated, 

highly motile and tend to form blooms at or below the hypolimnion in thermally-stratified lakes 

(Fee 1976; Sandgren 1988). With increased vertical stability and increased light penetration, their 

preferential zone of sub-thermocline production is increased (Fee 1976). Their motility and 

stability of the water column allow them to exploit the necessary light and nutrients in the water 

column. These qualities give colonial taxa a competitive advantage over smaller unicellular taxa 

that are less motile, as well as other non-flagellated algae (i.e. diatoms) that are unable to achieve 

neutral buoyancy and therefore settle out of stratified waters. Furthermore, the large size of the 

colonies (30 to +200µm) and their metalimnetic habitat give colonial taxa additional protection as 

they have refuge from epilimnetic grazers and are edible to only the largest of zooplankton (Fee 

1976; Siver 2003; Paterson et al. 2008).  

S. spinosa, S.petersenii and S. curtispina, C. longispina were found in the left quadrants 

of the ordination and associated with larger, deep lakes. It should be noted that scaled 

chrysophytes were not found in lakes >100 ha, therefore ‘large’ is a term used relative to this 

surface area. These Synura taxa were also associated with deep lakes in the study in northeastern 

USA (Dixit et al. 1999). Thus, these taxa may prefer conditions associated with larger lakes, 
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which tend to be cooler and take longer to stratify than smaller lakes in the same region. Although 

the colonial taxa were more narrowly distributed along the temperature gradient than unicellular 

taxa, S. spinosa, S. petersenii, S. curtispina and C. longispina were all found on the colder end of 

the temperature gradient (Figure 2.2). In previous studies S. spinosa has been reported as cold-

water taxa and it is often found during colder seasons (Siver and Hamer 1992; Kristiansen 1988). 

Similar reports exist for S. petersenii suggesting it is also a cold-water taxa (Kristiansen 1985; 

Kristiansen 1988). Roijackers and Kessels (1986) reported S. petersenii to prefer months where 

water temperatures were less than 11oC. While C. longispina was found in cooler waters in the 

present study, Cronberg and Kristiansen (1980) and Siver and Hamer (1992) found C. longispina 

to occur dominantly in the summer months and Whitford and Schumacher (1969) also noted the 

taxa to be common in the spring. The dominance of C. longispina in summer months may be 

indicative of a preference for more highly-stratified waters. In the present study, C. longispina 

was associated with high delta density on the second axis. Few reports exist on the seasonality or 

temperature preference of S. curtispina, which may be due to its often-low relative abundance in 

modern ecological studies (Cumming et al. 1992; Siver and Hamer 1992).  

S. echinulata and S. uvella were found in the middle of the ordination, associated with 

mid-size, mid-depth lakes of the ELA (Figure 2.2). Similarly, S. echinulata and S. uvella were 

found in comparatively shallower lakes than the aforementioned group in the Dixit et al. (1999) 

study. In the present study, S. echinulata and S. uvella were found in slightly warmer waters than 

the deep-water colonials S. petersenii and S. spinosa. Relative to the unicellular taxa, however, 

they were located in the middle of the temperature gradient. Previous studies suggested that S. 

echinulata was a cool-water taxon (Roijackers and Kessels 1986; Siver and Hamer 1992); 

however, other studies have noted that S. echinulata did not have a clear temperature preference 

(Kristiansen 1986). Synura leptorrhabada (Asmund) Nicholls comb.nov. is a morphologically 
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similar taxon to S. echinulata and has been shown to occur in lakes within the Canadian Shield 

(Kling and Kristiansen 1983). Because these taxa can only be reliably separated using an electron 

microscope, it is possible that S. leptorrhabada was the taxon present in some of the ELA lakes. 

Although little is known about the ecological preferences of S. leptorrhabada ecology, 

interchangeable identification of these taxa could lead to a misguided interpretation of the 

ecological characteristics of S. echinulata. S. uvella has consistently been reported as a cold-water 

taxon, persisting largely in the winter months (Siver and Hamer 1992; Philips and Fawley 2002). 

The temperature preference of S. uvella in the present study may be overestimated, as it was 

relatively uncommon in the ELA lakes (average relative abundance <1%).   

S. sphagnicola plotted in the lower-right quadrant of the CCA of the present study, an 

outlier from the other colonial taxa (Figure 2.2). This taxon was found predominately in small, 

shallow lakes at the ELA. It was also associated with low pH and high delta-density, TP, DOC 

and NO3/NO2 lakes. Of all the colonial taxa, S. sphagnicola was found in the warmest and most 

nutrient-rich waters. Previous studies support these findings. S. sphagnicola has been described as 

a warm-water taxon, observed primarily in summer months (Cronberg and Kristiansen 1980; 

Kristiansen 1986; Siver and Hamer 1992). Arvola (1986) noted S. sphagnicola to be a dominant 

species in highly colored (i.e. high DOC) lakes. Hallfors and Hallfors (1988) also found S. 

sphagnicola commonly in small, acidic, dystrophic water bodies.  

Of the colonial taxa, S. sphagnicola achieved high relative abundances in many of the 

ELA lakes. Although S. echinulata has been commonly the most dominant colonial scaled 

chrysophyte, S. sphagnicola is often present in North American lakes (Paterson et al. 2001; 

Paterson et al. 2004). The lakes of the ELA had relatively high concentrations of DOC (mean = 

7.2 mg/L), which may account for the prevalence of S. sphagnicola. Of the 30 ELA lakes, 8 had 

high (>50%) relative abundances of S. sphagnicola. A study by Fee (1976) found that populations 
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of colonial chrysophytes in ELA lakes form sub-thermocline blooms and are overwhelmingly 

dominated by a single species. He attributed this to the stability of the water column allowing 

competitive exclusion to come near to an equilibrium. Lake 383 provided evidence of such 

competitive exclusion as this lake had a 93% relative abundance of S. sphagnicola and had the 

highest delta density. Thus, the prevalence and dominance of S. sphagnicola may be attributed to 

the relatively high DOC, dimictic lakes of the ELA that have allowed S. sphagnicola to form 

dominant, sub-thermocline blooms in the summer months.  

Synura petersenii is a taxon of interest in Canadian Shield lakes because blooms of this 

species cause taste and odour issues. In the Paterson et al. (2001) study of south-central Ontario 

lakes, S. petersenii was the most dominant taxon in modern surface samples. This taxon was 

much less abundant (4% mean relative abundance) in the ELA lakes. A seasonality study by Siver 

and Hammer (1992), found that S. petersenii was a dominant taxon under the ice and immediately 

after ice out, during spring turnover. Spring blooms of S. petersenii were also noted by 

Kristiansen (1988) in his study of a eutrophic lake. At the ELA, spring blooms of colonial 

chrysophytes are often absent (Fee 1976). Because the ELA has many small lakes that stratify 

almost immediately after ice out many of the lakes never fully mix in the spring (Schindler 1971; 

Fee 1976). The ELA lakes in which S. petersenii was observed were relatively large, deep lakes 

with cool waters (Figure 2.2). It is possible that S. petersenii thrives in conditions associated with 

spring mixing before lakes become fully stratified. The lakes located in south-central Ontario 

were on average deeper (mean = 32 m) and had larger surface areas (mean = 275  ha) than the 

lakes in the present study (depth mean = 10 m; SA mean = 31 ha). Larger lakes take longer to 

warm up and therefore lake longer to stratify. S. petersenii was also associated with lakes with 

relatively low DOC. On average, the lakes in the Paterson et al. (2001) study had notably lower 

DOC (min = 1.7; max= 5.8; mean = 3.5 mg/L) than ELA lakes (DOC min = 2.9; max = 15.3; 
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mean = 7.2 mg/L). It is possible that the size difference in the lakes as well as the DOC content 

contributes to the large differences in observed relative abundances of S. petersenii. It is also 

important to note that these lakes have been disturbed by multiple regional stressors such as acid 

deposition and watershed development.  

 

Canonical Variate Analysis   

The Scale-to-Diatom Index (S/D Index) was used as a relative measure of chrysophyte 

abundance and to define three groups (low, medium, high) of chrysophytes relative to diatoms. 

Diatoms occupy the same class level as scaled chrysophytes; therefore, the two algal classes 

directly compete for light and nutrients within the water column. The Scale-to-Diatom Index was 

calculated to give an estimate of the competitive success, and abundance, of scaled chrysophytes 

in each lake. In the present study, as well as in previous paleolimnological studies, a range of 

scaled-chrysophyte abundances have been observed (Dixit et al. 1999; Ginn et al. 2010). In some 

lakes, scales were highly abundant and easily enumerated to 300 scales, whereas in other lakes 

scales were less abundant and therefore only enumerated to 100 scales. In some instances, scales 

were extremely rare or absent, thus preventing enumeration. Because diatoms are a ubiquitous 

algal group found in high abundances in most temperate lakes, the relative abundance of diatoms 

on the slide is often used as measure of counting effort for scaled chrysophytes (Dixit et al. 1999; 

Ginn et al. 2010). The groups defined a priori (highly, medium, low) roughly correlated to the 

groups based on counting effort (300, 100, rare/absent). It should be noted that this comparison 

should be made with caution, as the groups are not always directly comparable. For example, a 

lake with a high abundance of chrysophyte and therefore easily enumerated, also has a high 

abundance of diatoms, the S/D Index would be represented by a mid-range percentage. While 

rare, this did occur in the ELA dataset.  Therefore, while the categories defined by the S/D Index 
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roughly represent the enumeration effort categories, interpreting the data in such a way should be 

done carefully.  

The CVA identified delta density and surface area as the environmental variables that 

best defined the groups defined a priori. Delta-density accounted for 37.7% of the variation 

between the groups while surface area accounted for 7.8%. The relative abundance of scaled-

chrysophytes increased correspondingly with increased delta density. Thus, the most stratified 

lakes were those with the highest relative abundance of scaled chrysophytes to diatoms. This 

finding is complementary to the known ecological characteristics of scaled chrysophytes. Because 

scaled chrysophytes are flagellated algae, they have independent mobility in the water column. 

Therefore, during periods of stratification scaled-chrysophyte assemblages should thrive, as in 

low turbidity conditions they are most easily able to exploit the nutrient resources in the 

metalimnion and move to areas of better light quality for photosynthesis (Sandgren 1988).  

The high relative-abundance of scaled chrysophytes in the most stratified lakes was also 

likely observed due to the tendency of colonial chrysophytes tend to form sub-thermocline 

blooms during periods of summer stratification (Fee 1976). This position in the water column 

gives blooms of colonial chrysophytes a competitive advantage over epilimnetic blooming 

phytoplankton species as they are provided refuge from epilimnetic grazers. This position in the 

water column also gives them access to the nutrient-rich waters of the hypolimnion (Fee 1976; 

Sandgren 1988). While the present study has shown that weakly stratified or isothermal lakes can 

also support unicellular chrysophytes, these chrysophytes do not form the mono-specific blooms 

that characterize colonial chrysophytes (Sandgren 1988). Therefore, lakes that thermally stratify 

in the summer will likely support the largest biomass of chrysophytes.   

Under conditions of a stable water column, chrysophytes have a competitive advantage 

over non-motile algae such as planktonic diatoms. Scaled chrysophytes are generally described as 
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“leaky” photosynthesizers. Because they lack a carbon-concentrating mechanism (CAM) they 

release up to 20-50% of fixed carbon as dissolved organics into the water column (Sandgren 

1988). Therefore planktonic diatoms, which possess a CAM, have an advantage over scaled 

chrysophytes under turbid conditions as these conditions allow them achieve neutral buoyancy 

while achieving maximum photosynthesis. Under periods of stratification, however, planktonic 

diatoms are at a disadvantage as they are more dense than water. Thus, long periods of 

stratification may be reflected in the S/D Index with decreased diatom populations relative to 

chrysophytes.  

Previous paleolimnological studies that have described changes in scaled chrysophytes 

relative to diatoms over time, have noted increases in scaled chrysophytes in tandem with 

decreases in planktonic diatoms (Paterson et al. 2008; Ginn et al. 2010). This trend has been 

observed in areas that have experienced 1-2oC increases in temperature since preindustrial times 

(Paterson et al. 2008; Ginn et al. 2010). It has therefore has been hypothesized that the decrease in 

diatoms is, at least in part, due to increased thermal stratification. This study supports this 

hypothesis, as the lakes with the highest relative abundance of scaled chrysophytes to diatoms 

were also the most thermally stratified lakes, offering chrysophytes a competitive advantage over 

diatoms.     

 Surface area also explained a significant portion of the variation between the groups 

defined by the S/D Index. Surface area was inversely related to the relative abundances of scaled 

chrysophytes. The smallest lakes contained the highest abundances of scaled chrysophytes 

relative to diatoms, while the largest lakes had the lowest abundances of chrysophytes relative to 

diatoms. Dixit et al. (1999) also attempted to explain chrysophyte abundances, as present/rare or 

absent, by associated lake limnological variables. While Dixit et al. (1999) was unable to 

definitively determine what variables influenced the scarcity of scales in the northeastern USA, 
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surface area was suggested to be an influencing factor. Lakes were divided into lake sizes (<10, 

10-50, >50-100, >100) and the % of lakes with scales present and the % of lakes with rare or 

absent scales were expressed for each lake-size category. Small lakes (<10 ha), had the highest 

proportion of lakes (51%) with rare or absent scales. The findings of Dixit et al. (1999) were 

contrary to the findings of the present study, as the smallest ELA lakes had the highest 

abundances of diatoms. Because scaled chrysophytes are planktonic, they require sufficient open 

water habitat to flourish. Thus, small, shallow lakes often do not provide the optimal environment 

for chrysophytes. Within the ELA dataset, there were only two lakes that were too small and 

shallow to support chrysophyte growth. Formed by the last glacial retreat in relatively hilly 

terrain, most lakes of the ELA study lakes are relatively small but deep (depth mean = 10m; SA 

mean = 31 ha), stratifying in the summer. This morphometry appeared to be conducive to 

chrysophyte growth in the ELA as the small lakes stratify almost immediately after ice-out 

allowing large-biomass colonial blooms to form (Fee 1976). The lack of large lakes may have 

also influenced the chrysophyte lake surface area relationship observed in the study. Within the 

ELA dataset only two lakes (ELA 468, ELA 631) had surface areas >100 ha. In both these lakes 

scaled chrysophytes were rare or absent. Furthermore, several small-mid sized ELA lakes were 

uncharacteristically shallow. These mid-sized, shallow lakes are easily mixed and therefore are 

not likely conducive to scaled chrysophytes. Ginn et al. (2010) also reported rare/absent scaled-

chrysophyte abundances in large shallow and relatively small shallow lakes of Atlantic Canada.  

The low abundances of scaled chrysophytes in these mid-sized and large lakes likely also 

contributed to the influence the chrysophyte lake surface area relationship observed in the present 

study.   

 Overall, the results of this study indicate that the modern distributions and abundance of 

scaled-chrysophytes can aid in the interpretation of changes in lake properties due to climate 
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change. Depth, pH and the degree of summer stratification (i.e. delta-density) explained the most 

variation in the species data. Delta-density and lake surface area best described the high, medium 

and low chrysophyte abundances observed in the ELA lakes. While previous paleolimnological 

scaled-chrysophyte studies have not commonly used a direct measurement of stratification to 

describe species assemblages, the results of this study highlights the importance this variable has 

on scaled-chrysophyte assemblages and abundances.  

 Chrysophyte taxa also appeared to be distributed along a temperature gradient at the 

ELA. It has been well documented that temperature is an important variable influencing scaled-

chrysophyte abundances (Siver 1991). In the ELA region in particular, the unicellular taxa, M. 

acaroides and M. punctifera ‘small’ were associated with warm, shallow lakes. These taxa 

therefore may have the potential to track changes in epilimnetic water temperature due to recent 

climate warming. The colonial taxon, Synura sphagnicola was also associated with warmer, high 

DOC lakes and highly stratified waters; such characteristics may make this taxon a key indictor 

of climate warming.  

 In order to understand the changes in scaled-chrysophyte assemblages that have occurred 

since pre-industrial times, a detailed paleolimnological investigation spanning the last ca.150 

years is necessary. In Chapter 3, the results of this study will be applied to track changes in lake 

properties associated with climate in eight 210Pb dated ELA lakes.      
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Chapter 3 
Investigating the Impact of Recent Climate Warming on Scaled-Chrysophyte 

Assemblages in the Experimental Lakes Area, Northwestern Ontario 

 

Abstract 

Chrysophyte scales were examined in sediment cores from six minimally impacted lakes from the 

Experimental Lakes Area of northwestern Ontario at a sub-decadal scale since ca. 1850. The 

timing and temporal coherency of the changes in the scaled-chrysophyte assemblages were 

examined with Breakpoint Analysis and Temporal Coherency Analysis. In general, shifts towards 

higher relative abundances of colonial taxa and decreased abundances of unicellular taxa were 

observed in most lakes. In several lakes, increases in unicellular warm-water taxa were also 

observed. Breakpoint Analysis identified the initial changes in the colonial taxa and overall 

assemblages to occur between the late 1800s to the mid 1900s in almost all lakes. Temporal 

coherency analysis of the main direction of the variation in the scaled-chrysophyte assemblages 

(PCA axis-1 scores) from ~1900-2006 indicated all lakes were significantly correlated (p<0.05), 

demonstrating a temporally coherent response. Brien’s Test identified two temporally 

synchronous groups: Group A (grand mean=0.89; p-value=5.3x10-15) and Group B (grand 

mean=0.38; p-value=0.038). Group A and Group B were both significantly correlated with the 

annual temperature record (Group A, r-value=0.62, p=0.03; Group B, r-value=0.60, p=0.038), but 

neither group was correlated with the precipitation record. Discriminant Function Analysis 

separated Group A lakes (smaller, higher DOC) from Group B lakes (larger, lower DOC) based 

on size and colour.  Together, the results of our study suggest that recent climate warming has 

had a pronounced effect on the scaled-chrysophyte assemblages of the ELA and that chrysophyte 

assemblages from small, higher-DOC lakes are most sensitive to increases in temperature 

associated with climate change.    
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Introduction 

 Canada’s boreal region is one of the most plentiful freshwater biomes on the planet. An 

estimated 3 million lakes are located in the boreal biome, accounting for at least 60% of the 

world’s freshwater supply (Schindler et al. 1996; Schindler 2001). These freshwater reservoirs are 

indispensable sources of drinking water and are also an integral component to the global economy 

as water is used extensively for oil extraction, agricultural practices and generating hydroelectric 

power. However, the boreal biome and its freshwater lakes and rivers are threatened by multiple 

anthropogenic activities including logging, mining and watershed development. While these 

stressors can greatly impact areas immediately surrounding them, climate warming is perhaps the 

most significant threat to the boreal ecosystems (Schindler 2001). 

Significant increases in regional temperature have already been observed in many boreal 

regions making it one of the areas on Earth being most rapidly affected by climate change 

(Schindler 2001; Schindler and Lee 2010). Furthermore, the warming of the boreal region 

experienced to date is considered minor compared to the warming that is predicted to occur in the 

future (Ruckstuhl et al. 2008; Schindler and Lee 2010). In the coming century, most parts of the 

Canadian boreal region are expected to experience temperatures 3-4oC warmer than 1961-1990 

by 2050 (Chiotti and Lavebder 2008; Schindler and Lee 2010; Natural Resources Canada at 

http://atlas.nrcan.gc.ca/site/English/maps/climatechange/#scenarios).  

Boreal lakes are especially sensitive to temperature changes and large-scale changes in 

climate (Schindler et al. 1996). The sensitivity of many boreal lakes to change in climate is 

largely a consequence of their oligotrophic and circumneutral nature, which makes their physical, 

chemical and biological processes quite responsive to atmospheric changes (Xenopolous and 

Schindler 2001). Climate warming in the boreal region has already caused complex, dramatic 

changes to boreal lakes (Schindler et al. 1996). Changes in water temperature, ice-on and ice-off 
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periods, vertical stability, transparency and nutrient cycling have all been observed in boreal lakes 

in response to recent climate warming (Fee et al. 1996; Schindler et al. 1996; Moss et al. 2005). 

Such changes to the physical and chemical environments of lakes have influenced the abundance 

of phytoplankton species and other lake biota (Findlay et al. 2001: Winder and Schindler 2004).  

Recent paleolimnological studies in the boreal and other regions of North America 

(Paterson et al. 2004; Paterson et al. 2008; Ginn et al 2010; Hyatt et al. 2010; Arseneau et al. 

2011) have noted significant increase in colonial scaled-chrysophytes since pre-industrial times. 

Scaled-chrysophytes, members of the classes Chrysophyceae and Synurophyceae (Graham and 

Wilcox 2000), are golden-brown planktonic algae which are often prevalent in boreal lakes. Both 

unicellular (Mallomonas) colonial (Synura and Chrysosphaerella) forms of scaled-chrysophytes 

(hereafter referred to as chrysophytes) exist. The colonial species, Synura petersenii, has gained 

recent attention, as blooms of the taxa have been associated with taste and odour issues in water 

(Paterson et al. 2004).  

Because large changes in scaled-chrysophyte assemblages have been recorded across a 

wide geographic area, a regional stressor such as climate change has been hypothesized as an 

important factor influencing the occurrences of the phytoplanktonic blooms (Paterson et al. 2004; 

Paterson et al. 2008; Ginn et al. 2010; Hyatt et al. 2010).  However, because the previous scaled-

chrysophyte studies have occurred in regions influenced by multiple regional stressors, (i.e. acid 

rain, watershed development, fish stocking) it is possible that other regional stressors, or, 

interactions between these stressors and climate, are influencing the chrysophyte assemblages.   

In order to identify changes in scaled-chrysophytes that are attributable to recent climate 

warming, lakes that have been minimally affected by other anthropogenic stressors (acid rain, 

watershed development, fish stocking), must be analyzed. The goal of the present study was to 

investigate changes in the scaled-chrysophyte assemblages in the minimally-impacted boreal 
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lakes of the Experimental Lakes Area (ELA), northwestern Ontario. The ELA is located in a 

sparsely inhabited region of northwestern, Ontario and has been minimally impacted by external 

human influences such as watershed disturbance and atmospheric depositions (Schindler et al. 

1996). The objectives of the present study were: to analyze the chrysophyte scales in eight ELA 

lakes since pre-industrial times and sub-decadal resolution; investigate when the chrysophyte 

assemblages first began to change; determine if changes in the scaled-chrysophyte assemblages in 

the ELA lakes were responding synchronously to each other and the instrumental climate records; 

and identify temporally homogenous groups of lakes and environmental properties associated 

with them.   

 

Study Area and Site Selection  

The Experimental Lakes Area is located in northwestern Ontario (93o30’-94o00’W to 

49o30’- 49o45’N) on the Canadian Precambrian Shield (Figure 3.1). Lakes at the ELA provide a 

unique opportunity to study the effects of recent climate warming on boreal shield lakes. Since 

the late 1960’s the Canadian and Ontario governments have protected many lakes at the ELA 

from development including fish stocking. Additionally, since the ELA is geographically located 

upwind from major areas of industrial development, this region has largely escaped the impacts 

of anthropogenic atmospheric inputs. While many ELA lakes experienced declines in calcium 

concentrations over the past several decades, these declines could not be attributed to lake 

acidification as the ELA region was minimally impacted by sulphate deposition from acid rain 

(Schindler et al. 1991; Jeziorski et al. 2008). Thus, changes in climate, in the absence of many 

other stressors, is the main regional factor that has changed over the last ~150 years.   

The bedrock that underlies the ELA region is pink Precambrian granodiorite (Brunskill 

and Schindler 1971). The soils in the region are thin and discontinuous, comprised mainly of 

organic Brunisols (Brunskill and Schindler 1971). Mats of Sphagnum moss cover soils in low-
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lying regions while ridge-tops are rocky and bare of soil. The tree species are typical of a boreal 

subclimax forest (Rowe 1959) with most of the catchments dominated by jackpine (Pinus 

banksiana) and black spruce (Picea mariana) (Schindler et al. 1996).  

The climate of the region can be characterized as continental, with warm-to-hot summers 

and cold winters, and relatively short, fall and spring seasons. Measurements from the ELA 

climate station (from 1967-2005) indicate that average annual temperature at the ELA is 2.8oC 

(Parker et al. 2009). The warmest year on record at the ELA was experienced in 1998 (average 

5.2oC), while the coolest was recorded in 1972 (average 0.9oC) (Parker et al. 2009). The average 

annual water-year precipitation (November-October) at the ELA is approximately 700 mm/year, 

however, this varies from ~500-950 mm/year (Parker et al. 2009). From the late 1960s, the ELA 

record displayed a cyclical trend of approximately decade-long wet and dry periods (Parker et al. 

2009). In the late 1970’s and 1980’s in particular, the ELA experienced a major drought that 

greatly affected the hydrology and vegetation in the region (Schindler et al. 1996). 

Climate records from the nearby (~50km) city of Kenora (49.783oN, 97.436oW) indicate 

that the average annual temperature has increased by approximately 1.3oC since 1899. This 

warming appears to have been even more pronounced in recent years as the ELA climate record 

indicates that the average annual temperature has increased over 2oC since the late 1960s. This 

temperature increase reflects a significant upward trend of an approximately 0.045oC increase per 

year (Parker et al. 2009).  

The lakes in the present study were chosen based on the results of the Enache et al. 

(2011) top-bottom paleolimnological diatom study. Diatom communities from pre-industrial (pre-

1850’s) and modern sediments were analyzed from 40 lakes. Nine of the 40 lakes showed large 

increases (>20%) in the planktonic taxa since pre-industrial times. The increases observed in the 

planktonic taxa, were attributed to changes in the thermal regime of the lakes and an earlier onset 
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of summer stratification (Enache et al. 2011), which was consistent with hemispheric trends 

(Rühland et al. 2008). As scaled-chrysophyte assemblages are largely influenced by the degree 

and duration of stratification in lakes (Chapter 2), changes in the thermal regimes of the study 

lakes will likely be reflected in changes in assemblages of scaled chrysophytes.  

Changes in the scaled-chrysophyte communities since pre-industrial times were 

investigated in 8 of the 9 ELA lakes that demonstrated large increases in planktonic taxa in 

Enache et al. (2011). Lakes in the present study include: ELA 99, ELA 127, ELA 127, ELA 224, 

ELA 256, ELA 373, ELA 377 and ELA 468 (Figure 3.1). Limnological and morphological 

properties of the lakes are presented in Table 3.1. Although ELA 226 also showed a large 

increase in planktonic taxa, it was removed from the present study due to past experimental 

manipulations of the lake (i.e. epilimnetic fertilization (1973-1980), lowered water levels (1995-

1997), and the addition of radioisotope tracers (1977-1978; 1989) and metals (1987) to the 

epilimnion).         
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Figure 3.1. Geographic location of the Experimental Lakes Area northwestern Ontario, Canada, and 
location of study lakes. (Modified from Enache et al. 2011). 

 

Materials and Methods 

Sediment Collection  

In June 2006, duplicate sediment cores were retrieved from each ELA study lake. 

Sediment cores were retrieved from the deepest basin of each lake using a Glew Corer (7.62 cm 
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internal diameter) (Glew et al. 2001). All cores retrieved were ≥ 30 cm in length. Cores were 

sectioned at 0.5 cm intervals on-site using a Glew extruder (Glew 1988). Sediments were stored 

in Whirlpak® bags in a 4oC cold-room until samples were processed for microfossils.  

 

Environmental Data  

Lake-water pH measurements were taken from each lake using a Fisher-Accumet pH 

meter (Model 935). Using a YSI (Model 30) meter, temperature, specific conductivity and 

conductivity profiles were also taken in the field. Water chemistry samples were taken from ELA 

99, ELA 127, ELA 129, ELA 256, ELA 373, ELA 377 and ELA 468. These samples were 

analyzed at the Ontario Ministry of the Environment’s Dorset Environmental Science Centre 

using standard Ontario Ministry of the Environment (MOE) protocols (Ontario Ministry of the 

Environment 1983). Each water chemistry sample was analyzed for concentrations of chloride, 

sulphate, sodium, potassium, magnesium, calcium, NH4/NH3, NO2/NO3, total Kjeldahl nitrogen 

(TKN), total phosphorus (TP), dissolved organic carbon (DOC), reactive silicate (SiO3) specific 

conductivity and true colour. Because the ELA staff regularly samples ELA 224, a spot water 

chemistry sample was not taken for the lake. Water chemistry measurements reported for this 

lake (chloride, sodium, potassium, magnesium, calcium, NO2/NO3, total phosphorus (TP), 

dissolved organic carbon (DOC), reactive silicate (SiO3) and specific conductivity) were taken 

and analyzed in June 2006 by the ELA staff using standardized protocols.   

Scaled-chrysophyte taxa are known to be influenced by temperature (Siver 1991); 

therefore, a temperature profile was taken for each lake. Each temperature measurement reported 

in Table 3.1, is an average of the epilimnetic and metalimnetic temperatures from each lake. As 

scaled-chrysophytes are planktonic prototrophs this measurement represents the average 

temperature of the water column that the algae inhabit during the summer.  
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Delta-density was reported as a measure of strength of stratification in each of the lakes. 

The delta-density measurement captures the difference between: isothermal, weakly stratified and 

well-stratified lakes. The degree of summer stratification has been shown to largely influence the 

habitat and occurrence of chrysophyte blooms (Fee 1976). Delta-density was calculated by 

subtracting the highest water density from the lowest water density in each lake. The density 

values based on the uppermost and lowermost water temperature measurement and were 

determined by the temperature-density conversion of fresh water at 1atm reported in Hutchinson 

(1957). Delta-density measurements were based on a single lake profile in June 2008. Schindler 

(1971) and Fee (1976) noted that the ELA lakes remain in a stable state for much of the summer 

and thermocline depths remain consistent over summer months. Therefore, the delta-density 

measurements reported are believed to represent the stratification state of the lakes for much of 

the summer.  

Table 3.1. Measured environmental variables of the eight ELA study lakes. Abbreviations: Depth= depth at 
center of each lake; Temp = average temperature of epilimnion and metalimnion; DOC = dissolved organic 
carbon; TP = total phosphorus; delta density = indicator of degree of stratification (see text for details). 

210Pb Dating Procedure  

A time-depth profile for each study was established using 210Pb analysis. Proceeding from 

the top of the core for each lake, sediments from every half-centimeter interval were analyzed for 

210Pb until background activities were reached. Sediments were analyzed using a gamma 

spectrometry following the procedures described in Schelske et al. (1994) and Appleby (2001). 
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First, wet sediment samples were freeze-dried and approximately 0.5 grams of dry sediment from 

each interval was transferred into a plastic tube. The tubes were then sealed with 2-Ton Epoxy 

(polyamine hardener and epoxy resin). Radioactive decay was measured for 80000s using an 

EG&G Ortec® germanium (Gr) crystal well-detector at the Paleoecological Environmental 

Assessment and Research Laboratory (PEARL) at Queen’s University, Kingston. Chronologies 

were calculated based on 210Pb activities and cumulative dry mass using the Constant Rate of 

Supply (CRS) model and the computer program developed by Binford (1990). Based on the age-

depth dates generated by the constant rate of supply model, a 2nd order polynomial was used to 

extrapolate dates to ~1800.     

 

Scaled-Chrysophyte Sample Preparation and Enumeration  

 Slides for chrysophyte analysis were prepared using the standard technique outlined in 

Enache et al. (2011) and Cumming et al. (1992). Sediment samples were digested in a solution of 

nitric and sulfuric acid (50:50 molar concentration) in a 15 ml glass vial. After 24 hours the vials 

were submersed in a 70oC water bath for approximately 5 hours. Following another 24-hour 

period, during which the remaining sediment settled, the acid above the sample was removed and 

the slurry was rinsed with distilled water. This process was repeated approximately 8 times until a 

neutral pH was reached (litmus test). Sub-samples of the final slurries, in a series of four 100% 

dilutions, were transferred onto cover slips where they were settled and dried overnight on a 

warming tray. The cover slips were mounted onto glass slides using the mounting medium 

Naphrax®.  

For each sample, an attempt to identify at least 300 chrysophytes scales was made using a 

Leica DMRB microscope (x1000 magnification) equipped with differential interface contrast 

optics. The scarcity of scales in some samples did not permit counts larger than 100 scales. In 

ELA 468, ELA 256 and ELA 373 sediments at depths >8 cm, scales were so rare (<100 scaled-
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chrysophytes/1,000 diatom valves) they were deemed uncountable (Ginn et al. 2010). 

Identification of scales was based on standardized taxonomic literature (i.e. Takahashi 1978; 

Nicholls 1982, 1988; Siver 1991) and a reference collection housed at PEARL. Small and mid-

sized Mallomonas scales that could not be identified to species under a light microscope, were 

grouped into the categories Mallomonas ‘small’ and ‘medium’ respectively (Paterson et al. 2004; 

Cumming et al. 1992).  Two morphologically distinct forms of Mallomonas punctifera scales 

were observed and thus were enumerated separately as M. punctifera ‘small’ and M. punctifera 

‘large’. M. punctifera ‘small’  scales were approximately 2x3 µm whereas the M. punctifera 

‘large’ scales were approximately 4x6 µm.   

 

Statistical Analysis  

Scaled-chrysophyte data were expressed as percent relative abundance of total scales 

enumerated for each interval (Appendix C-H). Stratigraphic chrysophyte profiles of the most 

common chrysophyte taxa were created using the program C2 Version 1.4.2 (S. Juggins 

University of Newcastle) for each lake. Age-depth model dates, generated via 210Pb analysis, 

were plotted along side depth on the stratigraphies.    

The percent colonials (% colonials) and Principal Components Analysis (PCA) axis-1 

scores were also reported on the chrysophyte stratigraphies for each lake. The % colonials index 

represents the change in the colonial chrysophyte over time and was calculated by summing the 

relative abundance of all colonial taxa (i.e. Synura and Chrysosphaerella) in each interval. 

Principal Components Analysis was also performed on each lake to summarize the changes in the 

scaled-chrysophyte assemblages. PCA axis-1 scores represent the main direction of variation in 

the chrysophyte assemblages. PCA ordinations were run using the program ‘R’, vegan package 

version 1.17-4 (Oksanen et al. 2010). Although Correspondence Analysis (CA) would have been 

appropriate to perform on lakes that experienced nearly complete species turnover (i.e. ELA 99), 
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PCA axis-1 scores were used, as they generated similar results and also allowed for consistency 

between lakes.  

 

Breakpoint Analysis  

Breakpoint Analysis (BPA) was performed to estimate the timing of when the initial 

changes in the chrysophyte assemblages began to occur. To investigate the timing of changes in 

both the colonial taxa and scaled-chrysophyte community as a whole, BPA was performed on the 

% colonials and PCA axis-1 scores for each lake. By allowing multiple linear regressions to fit a 

set of data, BPA can identify shifts in species assemblages (Ficetola and Denoel 2009). The 

program ‘R’, segmented package (Muggeo 2008), was used to estimate the initial break and 

generate associated confidence intervals. Breakpoints and confidence intervals were displayed in 

summary plots comparing % colonials vs. age-depth and PCA axis-1 scores vs. age-depth. 

Information was displayed in this fashion to allow for easy comparisons between lakes.    

 

Temporal Coherency Analysis  

 The temporal coherence of the chrysophyte communities (i.e. synchrony and correlations) 

of the six ELA lakes from ~1900- 2006 was investigated. Temporal coherence has been defined 

as the phenomenon of synchronous fluctuations in one or more parameters among locations 

within a geographic region (Magnuson et al. 1990). Previous studies have interpreted 

synchronous patterns in multiple biotic populations in the same region as evidence of extrinsic or 

regional factors (e.g. climate) influencing the population dynamics (Kratz et al. 1987; Rusak et al. 

1999, 2008). Likewise, when proximally close populations are not temporally synchronous, 

intrinsic or site-specific (i.e. food web dynamics) factors have been suggested to be primarily 

influencing the species assemblages. The interclass correlation coefficient, ri, can be employed to 

assess temporal coherency of data series observed over the same time period. If a series are 
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identified as temporally coherent, a Brien’s Test (Brien et al. 1984) can be used to pick out sub-

sets of lakes that are temporally homogenous, meaning they have similar correlations. 

Discriminant Function Analysis (DFA) can be used as an exploratory procedure to identify site-

specific environmental variables that best define a sub-set of lakes. Detailed descriptions of these 

statistical procedures were outlined in Rusak et al. (2008) and Rusak et al. (1999).    

In investigating the temporal coherence of the ELA lakes, we aimed to determine if the 

chrysophyte assemblages in the study lakes were temporally synchronous, thereby evaluating the 

influence of intrinsic and extrinsic factors on the chrysophyte assemblages. Discriminant function 

analysis was also used to identify environmental variables which best described temporally 

homogenous sub-sets of lakes.    

To evaluate the temporal coherence of the ELA lakes, chrysophyte assemblage samples 

of equal temporal resolution were computed and then compared. To achieve equal temporal 

resolution, 210Pb dated sediment intervals were combined to represent ~ 8.5 years of chrysophyte 

assemblage data. Because of differing sedimentation rates through time and between lakes, the 

number of intervals need to be combined to attain ~8.5 years of chrysophyte assemblage data 

varied. Therefore, chrysophyte counts from multiple intervals were rarefied and combined to 

produce a single count representing an integrated sample over the ~8.5 year period. To do this, 

chrysophyte scales at each interval were first counted to reach a combined resolution of 300 

scales. Counts were then rarefied to appropriate minimum count and combined to obtain a total 

count of 300 scales. Because of the scarcity of scales in ELA lakes 127, 224 and 373, only 100 

scales were enumerated per sample. Thus, the integrated 8.5-year samples for these lakes were 

combined and rarified in the same manner to 100 scales. All counts were rarefied using the 

program ‘R’, vegan package version 1.17-4 (Oksanen et al. 2010). Overall, this procedure 

generated 12 samples for each lake with each sample representing ~8.5 years of integrated 
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chrysophyte data. This dataset represents the chrysophyte assemblages in each lake from 1900-

2006 and is considered to have nearly equal temporal resolution.  

Using the newly generated datasets, a Principal Components Analysis (PCA) was 

performed on each lake to summarize the overall changes in the chrysophyte assemblages. To 

assess the temporal coherency of the lakes the interclass correlation coefficient ri was applied to 

the PCA axis-1 scores. From the set of lakes deemed to be temporally coherent (p<0.05), the 

Brien’s test was used to identify sub-sets of lakes that were temporally homogenous. All 

statistical analyses were performed with the program ‘R’ vegan package version 1.17-4 (Oksanen 

et al. 2010). The programming code used to run the interclass correlation coefficient and Brien’s 

test was provided by Wiltse (2011).      

To explore relationships between the groups identified by the Brien’s test and climate 

variables, correlations between group-average PCA axis-1 scores and climate data 

(temperature/precipitation) were examined. Climate records for the city of Kenora (49.783oN, 

97.436oW) were obtained from the Historical Adjusted Climate Database for Canada, 

Environment Canada (http://cccma.ec.gc.ca/hccd). Mean annual temperature and precipitation 

records were smoothed using a running mean to the same temporal resolution as the chrysophyte 

data (~8.5 years). After the instrumental and chrysophyte data was harmonized, the Pearson’s 

correlation coefficient was used to compare group-average PCA axis-1 scores to the historical 

temperature and precipitation data.           

Discriminant function analysis was used as an exploratory procedure to determine which 

environmental variables were best able to explain the groups identified by the Brien’s test. 

Environmental variables included in the DFA were; pH, NO2/NO3, TP, DOC, SiO3, specific 

conductivity, surface area and depth. All variables were log transformed to achieve normality. 

Because Lake 224 lacked several water chemistry measurements, the DFA was restricted to 
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environmental variables that were measured in all study lakes. Environmental variables that were 

highly correlated to specific conductivity (i.e. chloride, sodium, potassium, magnesium, calcium) 

were also excluded from the DFA.  

 

Results 
210Pb Dating 

The age-depth models generated for each lake were based on the measured 210Pb 

activities. In all cores, unsupported 210Pb concentrations were contained within the uppermost ~20 

cm. The unsupported 210Pb activity profiles of all lakes showed characteristic exponential declines 

with core depth (adjusted r2 =0.88 -0.98, Figure 3.2). Extrapolation of dates based on a second 

order polynomial indicates that preindustrial (pre-1850) sediments were contained within the 

uppermost 30 cm of all cores. In all cases, strong and reliable time-depth profiles could be 

developed (Figure 3.3). 

  

 

Figure 3.2. Cumulative dry mass profiles from the ELA study lakes. 
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Figure 3.3. 210Pb activity and age-depth profiles of the ELA study lakes. Crosses represent 210Pb activities, 
solid circles represent 210Pb inferred dates from CRS model, hollow circles represent dates extrapolated 
from a second order polynomial.       

 

Chrysophyte Stratigraphies 

 Overall, 24 chrysophyte taxa were observed throughout the sedimentary record of the 

study lakes. Chrysophytes scales were extremely rare or absent throughout the sedimentary 

records of ELA 468 and ELA 256 and therefore could not be enumerated. Scales became 

increasingly rare in ELA 373 and could not be counted beyond 8 cm, representing ~1860 AD. 

Chrysophyte scales were found in pre-industrial sediments in the other five lakes. For 

consistency, the term pre-industrial is used when describing the bottom-most sediments of the 

ELA 373 core.   

 In ELA 99 (Figure 3.4), ELA 129 (Figure 3.6) and ELA 377 (Figure 3.9) large increases 

in colonial taxa were observed from pre-industrial to modern times. In pre-industrial sediments, 

unicellular taxa (Mallomonas) accounted for >90% relative abundance of all chrysophyte taxa. 

Mallomonas duerrschmidtiae was the single-most dominant taxa, accounting for 87% relative 
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abundance in ELA 99 and > 60% in ELA 129 and ELA 377. In modern sediments, colonials 

accounted for 84%, 58% and 47% of the relative abundance in ELA 99, ELA 129 and ELA 377 

respectively. S. sphagnicola was the dominant colonial taxa in ELA 99 and ELA 129.  In ELA 

377, S. curtispina (~17%) and S. petersenii (~13%) were the most abundant colonial taxa; 

however, S. echinulata and C. longispina also increased to 8% and 6% respectively, since pre-

industrial times. Increases in several Mallomonas taxa (M. punctifera small, M. small, M. 

acaroides) were also observed in ELA 99 and ELA 129.  

 Smaller increases in colonial taxa (~10%) were observed since pre-industrial times in 

ELA 127 (Figure 3.5) and ELA 224 (Figure 3.7). In both lakes, unicellular taxa accounted for 

nearly 100% abundance in pre-industrial sediments. Mallomonas duerrschmidtiae was also the 

dominant taxon in the pre-industrial sediments of these lakes accounting for 88% and 67% 

relative abundance in ELA 127 and ELA 224, respectively. In ELA 127, small increases in the 

colonial taxa S. echinulata, S. sphagnicola and S. spinosa were accompanied by large increases 

(~20%) in M. acaroides and M. punctifera “small”. M. caudata increased, reaching a relative 

abundance of >30% in ~1950. After this however, M. caudata began to decline, accounting for  

<5% relative abundance in modern sediments. S. petersenii was the only colonial taxon observed 

in ELA 224. It was found in low relative abundances (<5%) from pre-industrial times until the 

mid-1990s where it achieved relative abundances >10%. The relative abundances of M. caudata 

and M. punctifera ‘large’ varied throughout the core, demonstrating an increase from ~1910-1995 

and declining in modern sediments. M. hamata demonstrated a similar pattern, as it reached 

maximum relative abundance of ~30% in the early 1980’s. This peak however, was followed with 

a slight decline and then an increase to approximately 25% in the mid 1990’s.  

ELA 373 (Figure 3.8) had the highest (~ 37%) relative abundance of colonial taxa in pre-

industrial sediments, consisting entirely of S. spinosa. Comparatively, ELA 373 experienced 
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relatively small changes in the chrysophyte assemblage throughout the core. The relative 

abundance of S. spinosa declined from the bottom-most sediments to ~ 25% relative abundance. 

It remained at this abundance from ~1879-1925. An ~10% increase was observed at ~1925, after 

which the relative abundance of S. spinosa remained consistent until ~1979. S. spinosa then 

declined slightly to ~30% as S. petersenii began to increase. In modern sediments, S. petersenii 

obtained a relative abundance of ~10%. Consistent with the other ELA lakes, M. duerrschmidtiae 

was the most dominant unicellular taxa in pre-industrial sediments (38% relative abundance). The 

relative abundance of M. duerrschmidtiae only decreased slightly in modern times to a relative 

abundance of ~30%. No other significant changes were observed in the unicellular taxa in ELA 

373.     

 The % colonials and PCA axis-1 scores were plotted against depth on the chrysophyte 

stratigraphies of each lake to summarize the main direction of change in the chrysophyte 

assemblages of each lake. The PCA axis-1 scores explained a large portion of much of the 

variation in the ELA chrysophyte assemblages (ELA 99, λ1=0.93; ELA 127, λ1=0.59; ELA 129, 

λ1=0.69; ELA 224, λ1=0.54; ELA 373, λ1= 0.34; ELA 377, λ1=0.69). The eigenvalues for the 

PCA axis-2 were substantially lower (ELA 99, λ2=0.035; ELA 127, λ2=0.18; ELA 129, λ2=0.14; 

ELA 224, λ2=0.14; ELA 373, λ2= 0.19; ELA 377, λ2=0.09) indicating that most of the variation 

was captured by the axis-1 scores.  
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Figure 3.4. Scaled-chrysophyte stratigraphy showing the percent relative abundance of the most common 
taxa plotted for ELA 99. % Colonial taxa and PCA axis-1 scores are also plotted.  

 
Figure 3.5. Scaled-chrysophyte stratigraphy showing the percent relative abundance of the most common 
taxa plotted for ELA 127. % Colonial taxa and PCA axis-1 scores are also plotted.  
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Figure 3.6. Scaled-chrysophyte stratigraphy showing the percent relative abundance of the most common 
taxa plotted for ELA 129. % Colonial taxa and PCA axis-1 scores are also plotted.  

 

Figure 3.7. Scaled-chrysophyte stratigraphy showing the percent relative abundance of the most common 
taxa plotted for ELA 224. % Colonial taxa and PCA axis-1 scores are also plotted.  
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Figure 3.8. Scaled-chrysophyte stratigraphy showing the percent relative abundance of the most common 
taxa plotted for ELA 373. % Colonial taxa and PCA axis-1 scores are also plotted.  

 

Figure 3.9. Scaled-chrysophyte stratigraphy showing the percent relative abundance of the most common 
taxa plotted for ELA 377. % colonial taxa and PCA axis-1 scores are also plotted.  
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Breakpoint Analysis  

Breakpoint analysis was performed to estimate the timing of the initial changes in the 

chrysophyte assemblages. This analysis was performed on the % colonial summary data as well 

as on the PCA axis-1 scores for each lake. The estimated breakpoints and associated confidence 

intervals for the % colonial data and PCA axis-1 scores are reported in Table 3.2 and illustrated in 

Figure 3.10. Breakpoint analysis identified the initial shifts in the colonial taxa to occur in the late 

1800’s in ELA 99 and ELA 127 and the early-mid 1900’s in ELA 129, ELA 373 and ELA 377 

(Table 3.2; Figure 3.10). The breakpoint in the colonial taxa in ELA 224 was slightly later than 

the other lakes, in the mid-1960s (Table 3.2; Figure 3.10). Breakpoint analysis of the PCA axis-1 

scores identified the initial changes to occur in the late 1800’s to early 1900’s in ELA 127, ELA 

129, ELA 224, ELA 373 and ELA 377 (Table 3.3; Figure 3.11). The breakpoint estimated for 

ELA 99 fell out of this range. The initial changes ELA 99 were estimated to occur in the early 

1800’s (Table 3.3; Figure 3.11).       
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Table 3.2. Results of the Breakpoint Analysis performed on the % Colonial taxa for each ELA lake. 
Estimated breakpoint represents when initial changes in the colonial taxa began to occur. Associated 
confidence intervals are provided for each estimated breakpoint.   

Lake Estimated Breakpoint Confidence Intervals 

ELA 99 1889 1859-1919 
ELA 127 1867 1817-1917 
ELA 129 1944 1929-1959 
ELA 224 1963 1891-2036 
ELA 373 1912 1904-1920 
ELA 377 1930 1914-1945 

 

Table 3.3. Results of the Breakpoint Analysis performed on the PCA axis-1 scores for each ELA lake. 
Estimated breakpoint represents when initial changes in the chrysophyte assemblages began to occur. 
Associated confidence intervals are provided for each estimated breakpoint.   

Lake Estimated Breakpoint Confidence Intervals 

ELA 99 1865 1838-1892 
ELA 127 1898 1872-1924 
ELA 129 1934 1916-1952 
ELA 224 1892 1854-1930 
ELA 373 1908 1850-1966 
ELA 377 1929 1912-1946 
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Figure 3.10. Breakpoint analysis of the % Colonial taxa in the ELA study lakes. Breakpoint represent by 
solid line, corresponding confidence intervals are represented by the dashed lines.     
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Figure 3.11. Breakpoint analysis of the PCA axis-1 scores of the ELA study lakes. Breakpoint represent by 
solid line and corresponding confidence intervals are represented by the dashed lines.     
 

Temporal Coherency Analysis 

 In order to perform temporal coherency analysis on the ELA lakes, a dataset representing 

equal temporal resolution (ETR) in all lakes was generated (Appendix I-N). In the ETR dataset, 

12 samples represent the chrysophyte assemblages in each lake from ~1900-2006. Therefore, 

each sample represents ~8.5 years of integrated chrysophyte assemblage data. Principal 
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Components Analysis was conducted on this dataset to summarize the main variation in the 

chrysophyte data. Consistent with the values generated in the original PCA, the eigenvalues on 

PCA axis-1 explained much variation in the chrysophyte assemblages (ELA 99, λ1=0.86; ELA 

127, λ1=0.31; ELA 129, λ1=0.72; ELA 224, λ1=0.54; ELA 373, λ1= 0.41; ELA 377, λ1=0.60). 

Again, the eigenvalues for the second axis (ELA 99, λ2=0.035; ELA 127, λ2=0.18; ELA 129, 

λ2=0.14; ELA 224, λ2=0.14; ELA 373, λ2= 0.19; ELA 377, λ2=0.09) were substantially lower than 

the first axis.   

The interclass correlation coefficient (ri ) was applied to the PCA axis-1 scores of the 

ETR dataset. All lakes were observed to be significantly temporally coherent (p<0.05) to each 

other as they all displayed similar directional change (Figure 3.12). The Brien’s test was applied 

in an attempt to identify sub-sets of lakes that were temporally homogenous. Two significant 

groups of lakes were identified as being temporally homogenous, having similar correlations 

among them. Group A included ELA 99, ELA 129, ELA 377 (grand mean = 0.89; p-value = 

5.3x10-15) and Group B included ELA 127, ELA 224, ELA 373 (grand mean = 0.38; p-value = 

0.038). The results of this test were plotted on a conceptual diagram of coherence space (Figure 

3.13). The chrysophyte assemblages in both groups were identified as being influenced 

predominately by extrinsic factors. However, it should be noted that Group B plotted much closer 

to the line dividing the regions where extrinsic and intrinsic factors are important. 
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Figure 3.12. PCA axis-1 scores of the smoothed chrysophyte assemblage data for the six ELA lakes from 
~1900-2006.  
 

 
Figure 3.13. The coherence of Group A and Group B represented in Theoretical Coherence Space. 
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To investigate the correlations of the groups defined by the Brien’s Test to measurements 

from the instrumental record, PCA axis-1 scores for each group were averaged. The mean annual 

precipitation and temperature data from Kenora, Ontario, were smoothed, using a running mean, 

to an ~8.5 year resolution to match the resolution of the chrysophyte dataset. Group A and Group 

B were not significantly (p>0.05) correlated with the precipitation record, however both Group A 

(r-value=0.62, p=0.030) and Group B (r-value=0.60, p=0.038) were significantly correlated with 

the temperature record. The individual PCA axis-1 scores for each lake in Group A and Groups B 

are plotted against the smoothed temperature data in Figure 3.13 and Figure 3.14, respectively. A 

strong directional change in the PCA axis-1 scores of the lakes since pre-industrial times is seen 

between the Group A and Group B lakes, confirming that distinct and synchronous changes have 

occurred in these lakes since pre-industrial times. The PCA axis-1 scores in Group A (Figure 

3.14) show much smoother transitions than those in Group B (Figure 3.15). While the PCA axis-1 

scores in Group B appear to clearly track the temperature record, they are more sporadic than the 

PCA axis-1 scores of Group A. The averaged PCA axis-1 scores for Group A and B are plotted 

together against the raw and smoother temperature data in Figure 3.16. The smoother transition of 

Group A is retained in the averaged PCA axis-1 scores.      
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Figure 3.14. Relationship between Group A (ELA 99, ELA 129 and ELA 377) PCA axis-1 scores and 
smoothed (~8.5 years) temperature data from ~1900-2006.  
 

 
Figure 3.15. Relationship between Group B (ELA 127, ELA 373 and ELA 224) PCA axis-1 scores and 
smoothed (~8.5 years) temperature data from ~1900-2006.  
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Figure 3.16. Relationship between Group A and Group B averaged PCA axis-1 scores and temperature 
data from ~1900-2006.   

 

Discriminant function analysis was used as an exploratory procedure to investigate the 

environmental variables that best defined Group A and Group B. DOC and surface area were 

identified as the environmental variables that best discriminated between the groupings. Group A 

has smaller, high-DOC lakes, while Group B was composed of larger, low-DOC lakes.     

 

Discussion and Conclusions  

 Major changes in the scaled-chrysophyte assemblages were observed in the ELA lakes 

over the past ca. 150 years. A shift towards higher relative abundances of colonial (Synura and 

Chrysosphaerella) chrysophytes and decreased abundances of unicellular taxa (Mallomonas) 

were observed in many of the ELA lakes. Increases in warm water taxa (M. punctifera ‘small’ 

and M. acaroides) were also observed in tandem with increases in the colonial taxa.  Initial 

changes in the colonial and overall chrysophyte assemblages (as indicated by the PCA axis-1 

scores) occurred between the late-1800s and mid-1900s in almost all lakes, suggesting that the 
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lakes are responding to a similar regional stressor. The temporal coherency of the changes from 

~1900-2006 provides further evidence of the importance of extrinsic factors on the chrysophyte 

assemblages. The changes observed in the ELA lakes have occurred over a period of substantial 

warming in the region, in the absence of anthropogenic atmospheric inputs (i.e. sulfuric 

deposition) and other potential regional stressors (i.e. watershed development, fish stocking). 

Here, we discuss the ecological trends observed in the chrysophyte assemblages as well as the 

initial timing of these changes. The temporal coherency of scaled-chrysophyte assemblages 

through time and their relationship to environmental and climate related variables is also 

discussed.  The results of this study provides strong evidence that observed changes in the scaled-

chrysophyte assemblages are consistent with recent climate change.  

 

Trends and Timing of Changes in Chrysophytes 

 Of the ELA lakes, ELA 99, ELA 129 and ELA 377 experienced large relative increases 

in colonial taxa since pre-industrial times. ELA 99 and ELA 129 exhibited increases in S. 

sphagnicola, a common chrysophyte taxon in ELA lakes (Chapter 2), which resulted in a 

restructuring of the chrysophyte assemblage. ELA 377 exhibited smaller increases in S. 

echinulata, S. curtispina, S. petersenii and C. longispina, which all contributed to produce large 

changes in the chrysophyte assemblages. Small but notable increases in colonial taxa were also 

observed in ELA 127, ELA 224 and ELA 373.   

 Previous studies have reported dramatic changes in lake properties such as surface-water 

temperatures, thermal stratification and ice phonology in response to recent climate warming 

(Smol and Cumming 2000). Increased solar forcing has led to warmer epilimnetic and surface-

water temperatures as well as stronger, longer and earlier thermal stratification and an extended 

ice-free period due to earlier ice-off and later ice-on times in the ELA (Schindler et al. 1996). 
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These changes have also shown to indirectly impact the ELA lakes by decreasing epilimnetic 

nutrient availability and increasing thermocline depth (Schindler et al. 1996).  

The increases observed in colonial taxa of the ELA lakes are consistent with recent 

climate warming. Colonial chrysophytes possess several ecological traits that may give them a 

competitive advantage over unicellular forms and non-flagellated algae under lake conditions 

associated with recent warming. First, large colonials are highly motile which, under conditions 

of thermal stratification, allow them to exploit light and nutrients in the water column (Sandgren 

1988). Under more turbid conditions this competitive advantage is reduced, as non-flagellated 

algae, such as diatoms, are able to remain suspended in the water column and actively compete 

for light and nutrients. Second, the size of the colonial colonies (30 to +200 µm in diameter) may 

give the taxa protection from predators compared to other unicellular taxa (5-20 µm) and smaller 

epilimnetic algae as the larger-sized taxa would be edible by the largest zooplankton (Fee 1976; 

Siver 2003; Paterson et al. 2008). Finally, colonial taxa tend to form blooms at or below the 

thermocline in thermally stratified lakes, which gives them access to the nutrients in the 

hypolimnion (Fee 1976; Siver 2003). Their blooming position gives them additional protection as 

this habitat provides them refuge from epilimnetic grazers. Hence, the ecological niche of 

colonial chrysophytes is favoured under conditions fostered in a warmer climate. Increases in 

colonial chrysophytes observed in the ELA lakes are consistent with changes in the physio-

chemical properties observed in temperate lakes and the ELA in response to recent climate 

warming. 

Several of the ELA lakes, ELA 99, ELA 127, ELA 129 also recorded increases in the 

unicellular taxa M. punctifera “small” and M. acaroides. Unicellular taxa have also been shown 

to be strongly related with changes in physio-chemical properties of lakes such as nutrients, pH, 

conductivity and temperature (Roijackers and Kessels 1986; Sandgren 1988; Siver 1995). In a 
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modern-ecological study of scaled chrysophytes from the surface sediments of 30 ELA lakes, M. 

punctifera “small” and M. acaroides were associated with shallow lakes with warmer waters 

(Chapter 2). These findings are consistent with previous studies that have also identified M. 

acaroides var. muskokana, likely the dominant variety in the ELA lakes (Chapter 2), as a warmer 

water taxon (Siver 1989). While several varieties of M. punctifera appear to exist, the M. 

punctifera “small” type is consistent with the findings of other studies that have also reported M. 

punctiferia as a warmer water taxon (Durrschmidt and Croome 1985). These taxa likely reflect 

changes to lake properties associated with climate warming. Previous studies have shown that 

epilimnetic and surface waters can increase by up to 50% of the change in air temperature, 

making these waters particularly sensitive to rising air temperatures (Hondzo and Stefan 1991; 

Robertson and Ragotzkie 1990). Therefore, increases in the warmer-water taxa, M. punctifera 

“small” and M. acaroides, are consistent with rising surface-water temperatures in ELA lakes 99, 

127 and 129. Increases in these taxa since pre-industrial times are not unique to the ELA. Ginn et 

al. (2010) also observed significant increases in M. punctifera “small” and M. acaroides in 

several Maritime lakes. It should be noted however, that in the Ginn et al. (2010) study that size 

morphotypes of M. punctifera and varieties of M. acaroides were not differentiated.  

Breakpoint analysis was applied to identify shifts in the initial trajectories of the 

chrysophyte assemblages in the ELA lakes since pre-industrial times. Because the colonial and 

overall chrysophyte community in the lakes showed trends related to climate, BPA was 

performed on both the % colonial data, as well as the PCA axis-1 scores for each lake. 

As seen in the chrysophyte stratigraphies, three of the ELA lakes (ELA 99, ELA 129, 

ELA 377) showed large increases in colonial taxa since pre-industrial times (Figure 3.4, Figure 

3.6, Figure 3.9). Breakpoint analysis identified the initial shifts in these communities to occur 

between the late-1800s and the mid-1900s (Table 3.2; Figure 3.10). Although not as pronounced, 
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ELA 373 also observed a shift in the chrysophyte community in this time period. ELA 127 and 

ELA 224 showed small increases in colonial taxa since pre-industrial times. The shifts in colonial 

taxa that were identified in these lakes occurred outside the range of the other lakes. The change 

in the colonial assemblage of ELA 127 was observed earlier than the other lakes, however the 

upper confidence interval of the breakpoint estimate did fall within the range of the other lakes. 

Of all the lakes, ELA 224 showed the smallest increase in colonial taxa. The breakpoint for ELA 

224 was estimated to occur later (~1963) than the shifts in the other lakes, however the lower 

confidence interval was estimated within this range. Because the degree of change in the colonial 

assemblages of ELA 127 and ELA 224 was smaller, there was much less certainty in the timing 

of these breaks which was indicated by the large confidence intervals accompanying the 

breakpoint estimates.  

While not all lakes showed large increases in colonial taxa, changes in the overall 

chrysophyte assemblages were observed in each lake since preindustrial times. The PCA axis-1 

scores were used to summarize and track changes in the overall chrysophyte assemblages. In the 

lakes that showed large increases in colonials, the PCA axis-1 scores largely tracked these 

changes. Similar directional changes in the PCA axis-1 scores were observed in all the lakes. 

With the exception of ELA 99, initial changes in the PCA axis-1 scores were observed between 

the late 1800s and mid-1900s in all lakes, representing significant shifts in the chrysophyte 

assemblages at these times (Table 3.3; Figure 3.11). While the timing of the initial change in ELA 

99 was estimated to be out of this range, the lower confidence interval was estimated within this 

range (Table 3.3; Figure 3.11). Because all the lakes responded at similar times, in a uniform 

directional fashion that is consistent with our understanding of the ecological characteristics of 

chrysophytes, a regional stressor is strongly implicated. 
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The timing of the initial changes in the present study is consistent with the changes 

observed in lakes of Maritime Provinces and south-central Ontario (Paterson et al. 2004; Ginn et 

al. 2010). Chrysophyte scales were not present prior to ~1970 in several of the lakes in Ginn et al. 

(2010). However in the lakes which did have chrysophyte scales in pre-industrial sediments, the 

largest changes in the chrysophyte assemblages occurred in the early-mid 1900s (~1900-1950). 

Similar to ELA study lakes 127 and 224, many of these lakes were dominated by unicellular taxa. 

Changes that did occur in the Maritime lakes were primarily shifts in Mallomonas taxa. Only one 

Maritime lake (i.e. Lake Utopia) had a large increase in colonial taxa since pre-industrial times. In 

this lake, colonial taxa began to increase in the early 1900s, which was consistent with timing of 

changes in the ELA lakes that demonstrated large shifts in the colonial communities.   

In south-central Ontario, the large increases in the colonial taxa began in the mid 1900s 

(~1930-1950). Further increases in S. petersenii, S. sphagnicola and S. echinulata were also 

reported post-1980 in the south-central Ontario lakes. While the timing of the initial changes was 

similar to the south-central Ontario lakes, many ELA lakes did not experienced a large increase in 

colonials in recent decades. In fact, increases in the colonial taxa began to plateau in the 1970s in 

several ELA lakes (ELA 99, 127 and 377). The ELA lakes 129, 224 and 373, however, did 

demonstrate notable increases in colonial taxa in recent decades. In ELA 224 and ELA 373, S. 

petersenii began to become more prevalent, increasing by ~10% in the most recent decade 

whereas in ELA 129 S. sphagnicola increased steadily from ~10% to ~50% beginning in ~1930.     

Recent studies in the Adirondacks (USA), have also demonstrated substantial changes in 

the chrysophyte assemblages since pre-industrial times (Arseneau et al. 2011; Frenton 2011). In a 

historically acidified lake, large increases in colonial taxa, primarily S. echinulata, were not 

observed until the mid 1990s, with declines in M. duerrschmidtiae beginning in the late-1980s 

(Charles et al. 1990).  Shifts in unicellular taxa were also observed in this study prior to the 
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1980s; however, these shifts appear to be pH related (M. acaroides, M. hindonii) due to the 

acidification of the lake beginning in the 1960s. In a minimally impacted Adirondacks heritage 

lake, Fenton (2011) observed large increases in S. sphagnicola (~30%) and S. petersenii (~10%) 

to occur beginning ~1980. Shifts in the unicellular taxa, mainly large declines in M. 

duerrschmidtiae, also began around this time. Although similar trends in the chrysophyte 

assemblages have been observed in these lakes, the timing of the response of the chrysophyte 

assemblages occurs later than most other regions of North America.   

As outlined above, scaled-chrysophyte studies across North America have reported 

similar ecological trends to those observed in the ELA. These regions have been affected by 

multiple regional stressors (i.e. acid rain and watershed development), which may have 

influenced the scaled-chrysophyte assemblages through time. In particular, the acidification of 

lakes via acid deposition, the oligotrophication of lakes due to declines in TP as well as changing 

climatic conditions. Consequently, changes observed at the ELA can be used to better understand 

a more ‘pure’ climate effect without other complicating factors.   

A by-product of fossil-fuel combustion, acid deposition produced large-scale changes in 

aquatic systems across North America and Europe. In acid-sensitive regions, many lakes acidified 

(Charles et al. 1989). Increases in lakewater momomeric alumunium and water clarity were also 

observed in many acidified lakes (Munson et al. 1990). Because scaled-chrysophytes exhibit a 

strong relationship to pH, declines in lakewater pH were tracked by chrysophyte assemblages, 

favouring acid-tolerant species. Furthermore, increased water clarity may have favored 

metalimnetic bloomers that were acid-tolerant (e.g. Synura echinulata), as their zone of sub-

thermocline production would be increased. Although increases in the acidic taxa M. punctifera 

“small” and M. acaroides (Chapter 2) were observed in many ELA lakes, increases in these taxa 

are likely due to increases in surface-water temperatures rather than long-term decreases in pH. 
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Northwestern Ontario was minimally impacted by sulfate deposition and the ELA lakes did not 

experience acidification from atmospheric sources (Schindler et al. 1991). Furthermore, the 

greatest increases in the acid-tolerant taxa, including M. acaroides were observed in the most 

modern sediments of the ELA lakes, the period when atmospheric concentrations had been 

greatly reduced (Arseneau et al. 2011). Acidic deposition was also rejected as a factor influencing 

scaled-chrysophyte assemblages in south-central Ontario lakes as colonial taxa increased in all 

lakes, regardless of the direction or degree of inferred lakewater pH change (Paterson et al. 2004). 

Furthermore, in a study of modern and pre-industrial sediments of 53 lakes in south-central 

Ontario, changes in the scaled-chrysophyte assemblages were not related to long-term changes in 

pH (Hyatt et al. 2010). Hyatt et al. (2010) concluded that long-term declines in TP and DOC as 

well as air temperature and other correlated variables were likely contributors to the trends 

observed in the chrysophyte assemblages.     

 Declines in total phosphorus (TP) have been suggested as a possible factor responsible 

for the changes observed in scaled-chrysophyte assemblages since pre-industrial times as it has 

resulted in the oligotrophication of many lakes in developed areas of North America (Hyatt et al. 

2010). The oligotrophication of lakes began in the response to the cultural eutrophication that 

occurred due to the rapid land development and agricultural growth in these areas (Stockner et al. 

2000). In the mid-1980s, lake managers implemented tools to reduce nutrient inputs into lakes. 

Since then, the productivity of many of the affected lakes has drastically declined, resulting in 

clearer, oligotrophic lakes (Forsberg 1987; 1998). Oligotrophication of lakes can also be caused 

by decreased inputs of lakes from natural sources due to logging, forest clearance and removal of 

vegetation. In a similar fashion to the acidification of lakes, it is possible that the changes 

observed in the chrysophyte assemblages in affected regions are a result of reduced nutrient input 

into these lakes. Because the ELA is located in a remote area of northwestern, Ontario and has 
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been protected by the Canadian government since the 1960s, the watersheds of the ELA have 

never been developed or cleared for agriculture. Therefore, historical nutrient inputs from such 

sources in these lakes have been minimal. This was further demonstrated in the Parker et al. 

(2009) study of the long-term (1970-1990) precipitation chemistry and nutrient deposition trends 

of the ELA and the catchment of ELA 239, as no long-term trends in TP (volume weighted or 

deposition) were observed.  The catchments of ELA 373 and ELA 377, however, were partially 

logged from 1970-1980, which may have changed the nutrient input into the lakes at that time. If 

the trends in the chrysophyte communities in these lakes were amplified during this period, this 

would provide evidence of a combined effect of lake oligotrophication with climate. However, 

when compared to the changes observed in other ELA lakes (i.e. ELA 99 and ELA 129) this does 

not appear to be the case. Furthermore, changes in the chrysophyte assemblages that would be 

expected under conditions of nutrient depletion (i.e. large increases in oligotrophic taxa) are 

inconsistent with the trends observed over time at the ELA. This offers additional evidence that 

oligotrophication is not a factor influencing the chrysophyte communities and producing the 

changes observed in the ELA lakes.   

Since the 1960’s the global concentration of reactive nitrogen increased dramatically due 

to agricultural processes and the production of synthetic fertilizers. Because the increase in 

atmospheric nitrogen is a recent phenomenon, the subsequent deposition of inorganic nitrogen 

has been cited as a possible trigger for the abrupt changes observed in phytoplankton 

communities which have occurred over the past century (Fritz et al. 1993; Wolfe et al. 2003). In 

the present study, the changes observed in the chrysophyte assemblages of the ELA, pre-date the 

increase in atmospheric nitrogen concentrations. Parker et al. (2009) noted a long-term increasing 

trend in the deposition of Total Dissolved Nitrogen (6.77 mg/m2/year), 67% of which was total 

inorganic nitrogen (TIN), in precipitation of the ELA from 1970-2005. Although an increase in 
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TDN has been observed in the ELA, the Sphagnum-conifer catchments of the ELA are believed 

to act as an effective sink of inorganic nitrogen (Devito and Dillon 1993), thereby largely 

reducing the nitrogen loads to the lakes. Parker et al. (2009) found that ammonium and nitrate, 

which accounted for a significant portion of the TIN in precipitation, were strongly retained by 

the ELA catchments. In two of the three ELA catchments monitored, there was no significant 

increase in the export of ammonium. Furthermore, there was no significant increase in the export 

of nitrate in any of the catchments monitored. Hence, the increase in TDN deposition is likely not 

a strong contributor to the changes observed in the chrysophyte assemblages of the ELA.  

In addition to warmer temperatures influencing the surface-water temperatures, vertical 

stability and ice phonology of lakes, other climate-related factors such as declines in DOC may 

have also influenced the chrysophyte assemblages of the ELA. Recent climate warming has also 

exerted influence on the precipitation regimes of many regions. The ELA has experienced periods 

of drought, the most notable and severe occurring in the late 1970s and 1980s (Parker et al. 2009). 

During this period, northwestern Ontario saw stream flows decreased, which resulted in lower 

water tables in wetlands. As dissolved organic carbon (DOC) is derived from terrestrial and 

wetland ecosystems, significant declines DOC were observed in reference lakes of the ELA 

during this period (Schindler et al. 1996). Because DOC reduced light penetration and selectively 

attenuates UV-B radiation, these decreases in DOC were reflected in deeper thermoclines and 

larger euphotic zones of lakes in small boreal lakes (Schindler et al. 1997; Xenopoulous and 

Schindler 2001). Thus, decreases in DOC may increase the zone of sub-thermocline production in 

lakes, favouring colonial metalimnetic bloomers. Due to the temporal resolution of the sediment 

cores, it is difficult to make direct comparisons of responses of the chrysophyte assemblages to 

the decline in DOC observed in the ELA.  However, we can note that the changes in the 

chrysophyte communities began before drought periods and subsequent decline of DOC; 
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therefore, declines in DOC are not likely to be the sole contributor to the changes observed in the 

chrysophyte communities. However, due to the influence of DOC in boreal lakes, it is likely that 

declines in DOC observed during the drought contributed to the changes observed in the 

assemblages during this period.   

 

Temporal Coherency of Chrysophyte Assemblages   

 The analysis of a ~100-year chrysophyte-assemblage time series from a set of minimally 

impacted lakes from the ELA demonstrated the ongoing presence of synchronous dynamics in 

chrysophyte assemblages in the six lakes. In past research, temporal coherency analysis in aquatic 

systems has focused primarily on population abundances of zooplankton (Rusak et al. 2008; 

Rusak et al. 1999; Magnuson et al. 1990), although some investigations into lake productivity and 

phytoplankton population dynamics have been made (Das et al. 2008; Paterson et al. 2008). 

Wiltse et al. (submitted) investigated the temporal coherency of diatom assemblage data from the 

sediment records of the eight ELA lakes analyzed in the present study. Combined, these studies 

represent one of the first attempts to analyze the temporal coherency of phytoplankton 

community assemblages derived from the sedimentary record.           

The ELA lakes investigated in the present study demonstrated temporal coherency of 

changes in their scaled-chrysophyte assemblages through time. The synchronicity of chrysophyte 

time-series suggests regional factors are influencing chrysophyte composition in all lakes. The 

Brien’s Test identified two temporally homogenous groups of ELA lakes as the PCA axis-1 

scores of each group were significantly correlated. Group A was comprised of ELA 99, ELA 129 

and ELA 377. These lakes showed the greatest increases in colonial chrysophytes from pre-

industrial times and had the highest abundances of colonial taxa in the modern sediments. There 

were high abundances of scales in each of the Group A lakes; therefore, 300 scales were easily 

enumerated at every interval. It is also important to note that of all the study lakes, Group A lakes 
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had the highest delta-density values, indicating that they were highly stratified at the time of 

sampling. Group B was comprised of ELA 127, ELA 224 and ELA 373. These lakes showed 

increases in colonial taxa; however, it was to a much lesser extent than the lakes in Group A. The 

shifts observed in the chrysophyte assemblages in these lakes, as summarized by the PCA axis-1 

scores, were driven by changes in the composition of unicellular taxa. As chrysophyte scales were 

rare in all the Group B lakes, only 100 scales could be enumerated at each interval. Furthermore, 

the delta-density values for all the Group B lakes were all lower than those observed in the Group 

A lakes, indicating that they were less stratified at the time of sampling. Fee (1976) noted that the 

presence of colonial chrysophyte peaks in ELA lakes was governed by the thermal stratification, 

in that low turbulence was a pre-requisite. Therefore, the lakes of Group B while stratified, still 

may be too turbulent to form colonial peaks in the summer months.          

The groupings defined by the Brien’s Test are roughly consistent with the findings of 

Canonical Variate Analysis (CVA) reported in Chapter 2. The Scale-to-Diatom Index (S/D Index) 

calculated from the top sediments of 40 ELA lakes and CVA was performed to identify what 

environmental variables best described the high, medium and low chrysophyte abundances 

observed in the lakes. Although the S-D Index was used as the measure of group membership, the 

groups roughly correlated to counting effort (i.e. group: high, medium, low; counting effort: 300 

scales, 100 scales, uncountable). The results of the CVA indicated that delta-density was the 

environmental variable that best described group membership; lakes with the highest abundances 

of chrysophytes relative to diatoms had the highest delta-density values while the lakes with the 

lowest scale abundances had the lowest delta-density-values. Thus, the ‘high’ scale abundances 

and high delta-density values in Group A and the lower delta-density values and ‘medium’ scale 

abundances found in Group B were consistent with general findings of CVA in Chapter 2.    
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 By plotting the groups identified by the Brien’s test on Theoretical Coherent Space 

(TCS), the relative strength of the individual patterns can be assessed (Rusak et al. 2008). Within 

the TCS the distance from the curve, which designates the approximate threshold for synchrony 

deemed significant, is indicative of the relative strength of the relationship (Rusak et al. 1990). 

Chrysophyte assemblages in the lakes in Group A showed a stronger, more homogenous 

relationship than those in Group B as they plotted further away from the curve in TCS (Figure 

3.13). The relative strength of these relationships can also be evaluated in Figure 3.13. The PCA 

axis-1 scores of the lakes in Group A are smoother and demonstrate a more uniform response 

than those in Group B. The strong homogenous relationship of the chrysophyte assemblages in 

the lakes of Group A, indicates that not only are these lakes responding to the same regional 

stressor, but the changes in the chrysophyte assemblages of these lakes are also very similar. 

Although the relationship between the chrysophyte assemblages in Group B lakes was temporally 

homogenous, the relative strength of this relationship was weaker than that of Group A. This 

indicates that intrinsic factors or within lake processes may have had a significant influence on 

the chrysophyte assemblage of these lakes to a greater extent (Rusak et al. 1999; Rusak et al. 

2008). Hence, the morphological, chemical or biological properties of these lakes are important in 

modulating the chrysophyte response.  

 To investigate the potential of climate change as a regional stressor influencing the lakes, 

the average PCA axis-1 scores for Group A and Group B lakes were correlated with average 

annual temperature data from the nearby city of Kenora. Both Group A and Group B were 

significantly correlated with temperature, emphasizing the importance of fluctuations in regional 

air temperature in determining scaled-chrysophyte assemblages (Figure 3.16). Group B 

demonstrated a weaker relationship to temperature than Group A, which reiterates the idea that 



 

 108 

the Group B lakes are less responsive, effectively reducing the influence that climate change has 

had on the scaled-chrysophyte assemblages.       

It is noteworthy that neither Group A or Group B were correlated with the precipitation 

record. This suggests that the scaled-chrysophyte in the ELA may not be highly influenced by the 

wet-and-dry periods that have been experienced cyclically at the ELA (Parker et al. 2009). 

However, due to the temporal resolution of both the precipitation record and chrysophyte 

assemblages used in this analysis, the response of the chrysophyte assemblages to the cyclical 

wet-and-dry periods experienced in the ELA may be concealed by the smoothed records. Thus, 

high-resolution investigations into the response of chrysophyte assemblages to periods of drought 

should be made.     

The DFA identified lake surface-area and DOC concentration as the environmental 

variables that best separated the groups. Group A, which saw the largest increase in colonials, 

generally consisted of smaller lakes with higher-DOC concentrations, while lakes in Group B 

were generally larger, with lower-DOC concentrations. Because Group A was more highly 

correlated with mean annual temperature, from this we can infer that the chrysophyte 

assemblages in small lakes with high DOC were most sensitive to increases in temperature 

associated with climate change. This is consistent from what we know of general ecological 

characteristics of chrysophytes. It is well documented that colonial chrysophytes thrive under 

well-stratified conditions (Fee 1976; Sandgren 1988). Schindler et al. (1971) noted that small, 

relatively deep lakes of the ELA form extremely sharp and shallow thermoclines that lead to a 

stable water column. Furthermore, because DOC attenuates UV radiation, lakes with high-DOC 

warm faster, and therefore stratify earlier, than lakes with lower DOC (Schindler et al. 1997). It is 

likely that the duration and stability of the water column in the Group A lakes was enhanced by 

their high-DOC concentration and small size. The size and DOC content of the Group A lakes 
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likely allowed for enhanced growth of colonial chrysophytes. Overall, this suggests that the 

specific biological response to climate warming in the ELA lakes depended largely upon the lake 

morphometry and pre-existing water quality.  

Enache et al. (2011) reported similar findings in the role of lake characteristics in 

modulating the response of diatom assemblages to climate change. The diatom assemblages in the 

top and bottom (pre-1850) sediments of 40 ELA lakes were analyzed. The diatom assemblages in 

both deep and shallow lakes demonstrated responses to climate changes; however, shallow, 

highly-coloured and nutrient-rich lakes saw increases in the planktonic diatom A. Formosa, while 

deeper lakes saw increases in C. stelligera. The study provides additional evidence that, while the 

ELA lakes are similar in many respects, the responses of phytoplankton assemblages to climate 

change in ELA lakes are influenced by the morphometry and water quality of the lakes.  

Overall, the results of this study indicate that the ELA lakes have observed major shifts in 

the chrysophyte assemblages since pre-industrial times. Breakpoint analysis indicated that the 

initial changes in the colonial and overall chrysophyte assemblages occurred between the late 

1800s and mid 1900s in most lakes. This uniform shift suggests that the lakes are responding to a 

similar regional stressor. Observed shifts in the chrysophyte assemblages, towards higher relative 

abundances of colonial chrysophytes and warm-water taxa, are also consistent with our 

knowledge of ecological characteristics of chrysophytes and changes in water-quality associated 

with recent climate warming.  

Temporal coherency analysis of the scaled-chrysophyte assemblages was performed to 

investigate possible mechanistic linkages to the climate record. Two groups of ELA lakes 

displayed strong patterns of synchrony in their scaled-chrysophyte assemblages. The chrysophyte 

assemblages of both groups were found to be influenced primarily by regional stressors. Both 

groups of lakes also demonstrated significant correlations with annual temperature data. The 
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lakes that demonstrated the largest increase in colonial taxa were most highly correlated with 

mean annual temperature, indicating that regional temperature plays a significant role in colonial 

chrysophyte abundances of lakes.  

Because colonial taxa are large (30-200 µm in diameter) and tend to be metalimnetic 

bloomers, they are largely inedible to zooplankton grazers of the ELA (Fee 1976; Paterson et al. 

2008). Therefore assemblage shifts from unicellular to colonial taxa in these ELA lakes may 

decrease the food ability for these primary grazers. Thus, the shifts in the chrysophyte 

assemblages that have already been observed, combined with continued climate warming, may 

have consequences on grazers and perhaps fish.  

This study represents one of the first attempts to apply temporal coherency analysis 

within the field of paleolimnology. We believe that this study demonstrates that this technique 

can be effectively used in appropriate paleolimnological studies to investigate and explain large 

changes in phytoplankton assemblages over time.   
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Chapter 4 

General Discussion and Conclusions 

 

Canada’s boreal region is one of the areas on Earth being most rapidly affected by 

climate change and is predicted to be one of the biomes most affected by climate warming in the 

coming century (Ruckstuhl et al. 2008; Schindler and Lee 2010). Warming in this region is of 

particular concern as boreal lakes supply drinking water and are drawn upon extensively for 

agricultural and industrial purposes. Furthermore, these lakes are particularly sensitive to long-

term changes in climate (Schindler et al. 1996). Future warming is expected to drastically impact 

the health of these aquatic ecosystems, influencing the biological assemblages and threatening the 

ecological structure and function of the lakes (Schindler et al. 1990; Schindler and Lee 2010). In 

order for lake managers to effectively preserve and rehabilitate these systems, they must have an 

understanding of the natural variability and pre-disturbance conditions of the ecosystem. 

However, historical monitoring data is often not existent or too short to assess long-term changes 

in water quality. In such cases, paleolimnological techniques can be used to generate baseline 

measurements of water quality in these systems (Smol 2008). Scaled-chrysophytes are useful 

paleolimnological indicators of environmental change as they are sensitive to changes in their 

environment and have shown to respond quickly to changes in limnological conditions (Smol 

1995). The primary goal of this thesis was to examine changes in chrysophyte assemblages in a 

region where climate was the main environmental stressor.   

In Chapter 2, the modern assemblages of scaled chrysophytes in 40 ELA lakes were 

assessed in relation to measured environmental variables. Results generated were used to provide 

insight into changes observed in the scaled-chrysophyte assemblages since pre-industrial times. In 

Chapter 3, the chrysophyte assemblages from 210Pb dated sediment cores from eight ELA lakes 
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were examined to track long-term (ca. 150 years) changes in limnological conditions. From these 

analyses we were able to identify trends in the scaled-chrysophyte assemblages and the 

magnitude of these changes that have occurred since pre-industrial times. Results from this study 

also give an indication of limnological conditions in the ELA prior to the onset of recent climate 

warming.        

Detailed chrysophyte records from the ELA indicate that pronounced and synchronous 

shifts in the chrysophyte assemblages have occurred over the last ca. 150 years. The most notable 

shift in the chrysophyte assemblages was characterized by an overall shift towards higher relative 

abundances of colonial taxa in modern sediments and a general decrease in unicellular taxa that 

dominated pre-industrial sediments. In several lakes, increases in the unicellular taxa Mallomonas 

punctifera ‘small’ and Mallomonas acaroides were also observed. In Chapter 2, these taxa were 

associated with warm-water lakes of the ELA.  

The trends and timing of changes observed in the scaled-chrysophyte assemblages of the 

ELA are consistent with changes in limnological conditions associated with recent climate 

warming. In aquatic ecosystems, climate related signals are visible in the form of a longer ice-free 

season, warmer surface-waters, stronger, longer and earlier stratification and deeper thermoclines 

(Schindler et al. 1996; Smol and Cumming 2000; Adrian et al. 2009). These changes can also 

indirectly impact nutrient cycling in lakes by decreasing epilimnetic nutrients (Schindler et al. 

1996). Colonial chrysophytes possess several ecological traits (i.e. high motility, large size and 

sub-thermocline blooming position) that give them a competitive advantage over unicellular 

forms under these conditions. Therefore, the distinct shift from unicellular to colonial taxa and an 

increase in warm-water taxa observed in several of the ELA lakes is suggestive of a warmer 

epilimnetic waters and a more stratified water column. 
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Initial changes in the colonial chrysophytes and the overall chrysophyte assemblages 

occurred in the late-1800s to mid-1900s in most lakes. The nature of these changes was consistent 

with the findings of other paleolimnological studies on scaled-chrysophytes in south-central 

Ontario (Paterson et al. 2004) and the Canadian Maritime Provinces (Ginn et al. 2010), which 

hypothesized that a change to a warmer climate was responsible. The lakes in these regions, 

however, have been exposed to multiple regional stressors (i.e. acid rain, watershed development, 

fish stocking), which may have influenced the scaled-chrysophyte assemblages. Therefore, the 

scaled-chrysophyte assemblages in the impacted lakes of the ELA can be better used to 

understand a more ‘pure’ effect of climate changes on boreal lakes.         

Further analysis on the long-term changes in the chrysophyte assemblages was conducted 

to assess the temporal coherency and homogeneity of the assemblages over the past ca. 100 years, 

and to assess the relative importance of extrinsic factors, such as climate. The scaled-chrysophyte 

assemblages in all ELA lakes were all significantly correlated (ri), and the Brien’s Test, identified 

two groups of lakes to be temporally coherent and homogenous. Both Group A and Group B are 

believed to be influenced predominately by extrinsic factors, providing additional evidence that 

recent climate warming has played a large role in influencing the scaled-chrysophyte assemblages 

in lakes at the ELA. However, variation in the type and magnitude of the response between Group 

A and Group B was observed. Group A lakes demonstrated large increases in colonial 

chrysophytes since pre-industrial times. These lakes were generally smaller, with higher-DOC 

concentrations than lakes in Group B. The changes observed in the scaled-chrysophyte 

assemblages in Group A were considered to be more temporally homogenous than the changes 

observed in Group B. Furthermore, when compared to instrumental climate data, Group A lakes 

demonstrated a stronger relationship to temperature than Group B. The variation in the response 



 

 120 

of the scaled-chrysophyte Group A and Group B suggests the pre-existing water quality and 

morphometry of the lakes may modulate the response of the scaled-chrysophyte assemblages.     

Overall, the results of this study suggest that recent climate warming has had a significant 

impact on the limnological conditions, and subsequently the scaled-chrysophyte assemblages, of 

lakes in the ELA. Substantial changes in the scaled-chrysophyte assemblages were observed since 

pre-industrial times in all the ELA lakes; however, the type and magnitude of change in the 

chrysophyte assemblages varied between lakes. In general, small, high-DOC lakes demonstrated 

the largest increases in colonial taxa and were most strongly correlated to mean annual 

temperature. This suggests that these lakes may be most sensitive to long-term changes in 

climate. Future paleolimnological studies on these climate-sensitive lakes extending back over the 

past millennia would provide insight into the how often changes in the scaled-chrysophyte 

assemblages have occurred in the past, as well as provide an indication of the relative magnitude 

of the changes that have been observed with recent climate warming. Future studies on the effects 

of drought and declines in DOC on chrysophyte assemblages are also recommended as effects of 

these factors were difficult to evaluate in the ELA lakes and are strongly implicated with future 

climate warming.         
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Appendix A 

Chrysophyte data reported as relative abundance for top sediments of all ELA study lakes. 
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Appendix B 
Water-chemistry data and selected environmental variables of all ELA study lakes. 
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Appendix C 
Chrysophyte data reported as relative abundance for ELA 99. 
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Appendix D 
Chrysophyte data reported as relative abundance for ELA 127. 
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Appendix E 
Chrysophyte data reported as relative abundance for ELA 129. 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 

 



 

 138 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



 

 139 

 



 

 140 

Appendix F 
Chrysophyte data reported as relative abundance for ELA 224. 
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Appendix G 

Chrysophyte data reported as relative abundance for ELA 373. 
 
 

 
 

 

 

 

 

 

 

 

 

 

 
 

 
 



 

 144 

 
 
 

 

 

 

 

 

 

 

 

 

 
 

 
 



 

 145 

Appendix H 
Chrysophyte data reported as relative abundance for ELA 377. 
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Appendix I 
Chrysophyte data reported as relative abundance for the 

equal-temporal resolution dataset of ELA 99. 
 

Interval M. duerrschmiditiae M. crassisquama M. pseudocoronata M. elongata 

1 12.67 0.33 0.00 0.00 
2 10.00 0.00 1.00 0.33 
3 8.00 0.00 0.00 0.00 
4 8.33 0.00 1.00 0.33 
5 14.33 1.00 0.33 0.00 
6 28.67 3.00 0.33 0.00 
7 55.33 2.67 0.67 0.00 
8 59.67 2.33 1.67 0.00 
9 61.33 2.33 2.33 0.00 

10 39.00 3.33 3.33 0.33 
11 42.33 3.33 3.33 0.00 
12 66.67 1.33 7.00 0.00 

 
Interval M. caudata M. hamata M. punctifera (S) M. small spp. 

1 0.00 2.33 6.67 3.00 
2 0.33 0.33 5.33 1.33 
3 0.00 0.00 3.67 1.33 
4 0.33 0.33 6.33 1.33 
5 0.33 0.00 3.33 1.00 
6 2.00 1.00 4.33 1.33 
7 5.33 0.33 4.00 2.67 
8 4.33 0.00 5.67 1.33 
9 2.33 0.00 1.00 1.00 

10 1.67 0.00 4.67 1.67 
11 2.33 1.00 7.33 3.33 
12 1.33 0.33 3.67 1.33 

 
Interval S. sphagnicola S. echinulata S. petersenii S. spinosa 

1 72.00 3.00 0.00 0.00 
2 78.67 2.33 0.33 0.00 
3 86.00 1.00 0.00 0.00 
4 78.00 4.00 0.00 0.00 
5 78.00 1.67 0.00 0.00 
6 56.00 2.67 0.33 0.33 
7 28.33 0.67 0.00 0.00 
8 23.00 1.33 0.33 0.33 
9 29.00 0.67 0.00 0.00 

10 44.33 1.67 0.00 0.00 
11 35.00 2.00 0.00 0.00 
12 17.00 1.33 0.00 0.00 

 



 

 149 

Appendix J 
Chrysophyte data reported as relative abundance for the 

equal-temporal-resolution dataset of ELA 127. 
 

Interval M. duerrschmiditiae M. pseudocoronata 
M. acaroides var. 
muskokana M. lelymene 

1 39.0 2.0 18.0 2.0 
2 46.5 2.0 7.1 0.0 
3 47.0 0.0 8.0 0.0 
4 37.0 0.0 7.0 0.0 
5 49.0 3.0 10.0 1.0 
6 44.0 3.0 8.0 0.0 
7 47.0 2.0 5.0 0.0 
8 56.0 4.0 3.0 0.0 
9 54.0 0.0 5.0 0.0 

10 50.0 2.0 3.0 0.0 
11 65.0 5.0 5.0 0.0 
12 72.0 5.0 3.0 0.0 

 
Interval M. caudata M. hamata M. punctifera (S) M. transylvanica 

1 10.0 0.0 13.0 0.0 
2 18.2 0.0 13.1 1.0 
3 21.0 2.0 9.0 0.0 
4 25.0 0.0 16.0 0.0 
5 20.0 2.0 9.0 0.0 
6 23.0 1.0 10.0 0.0 
7 28.0 1.0 4.0 0.0 
8 23.0 0.0 5.0 0.0 
9 25.0 0.0 3.0 0.0 

10 27.0 3.0 5.0 0.0 
11 17.0 0.0 3.0 0.0 
12 11.0 0.0 3.0 0.0 

 
Interval M. small spp. S. sphagnicola S. echinulata S. petersenii 

1 1.0 0.0 8.0 0.0 
2 0.0 7.1 2.0 0.0 
3 0.0 6.0 2.0 0.0 
4 2.0 5.0 5.0 0.0 
5 0.0 2.0 0.0 0.0 
6 3.0 6.0 1.0 0.0 
7 0.0 6.0 2.0 0.0 
8 0.0 4.0 2.0 0.0 
9 1.0 6.0 0.0 0.0 

10 0.0 4.0 3.0 0.0 
11 0.0 0.0 4.0 1.0 
12 1.0 2.0 1.0 0.0 
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Interval S. spinosa S. uvella S .curtispina %.Colonals 
1 6.0 1.0 0.0 16 
2 3.0 0.0 0.0 14 
3 5.0 0.0 0.0 16 
4 3.0 0.0 0.0 17 
5 4.0 0.0 0.0 11 
6 1.0 0.0 0.0 14 
7 5.0 0.0 0.0 20 
8 3.0 0.0 0.0 17 
9 6.0 0.0 0.0 21 

10 3.0 0.0 0.0 20 
11 0.0 0.0 0.0 16 
12 2.0 0.0 0.0 17 
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Appendix K 
Chrysophyte data reported as relative abundance for the 

equal-temporal-resolution dataset of ELA 129. 
 

Interval M. duerrschmiditiae M. crassisquama M .pseudocoronata M. elongata 
1 15.67 0.67 1.33 0.00 
2 15.00 0.33 4.00 0.00 
3 15.00 1.00 6.00 0.00 
4 26.00 1.00 5.33 0.00 
5 19.33 2.33 9.00 0.00 
6 21.67 3.00 9.33 0.00 
7 23.33 3.00 9.00 0.33 
8 29.67 2.67 7.33 0.00 
9 33.00 2.33 13.00 0.00 

10 39.33 2.67 16.67 0.00 
11 40.33 3.00 16.00 0.00 
12 30.67 4.33 14.33 0.00 

 
 

Interval M. lelymene M. caudata M. hamata M. punctifera (S) 
1 0.00 2.00 0.67 19.00 
2 0.00 1.00 1.67 24.00 
3 0.33 3.00 1.67 24.00 
4 0.67 3.00 2.00 17.33 
5 1.33 4.00 2.00 17.00 
6 0.67 6.33 1.67 13.00 
7 0.67 5.67 1.67 17.00 
8 1.00 4.33 3.00 20.33 
9 1.00 9.00 2.33 13.00 

10 0.33 8.67 4.67 8.33 
11 1.00 7.67 2.67 9.67 
12 2.00 7.00 2.67 8.00 

 

Interval 
M. acroides var. 
muskokana M. small spp. M. transsylvanica M. insignis 

1 0.67 4.67 0.00 0.00 
2 1.33 4.33 0.00 0.00 
3 3.00 9.00 0.00 0.00 
4 4.33 6.33 0.33 0.00 
5 5.67 9.67 0.00 0.00 
6 6.33 8.67 0.00 0.33 
7 7.00 9.67 0.00 0.00 
8 10.33 7.00 0.00 0.00 
9 5.33 5.33 0.00 0.00 

10 3.67 4.33 0.00 0.00 
11 5.00 6.33 0.00 0.00 
12 8.33 4.33 0.00 0.00 
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Interval S. uvella S. lapponica C. synuroides C. longspina 
1 0.00 0.00 0.33 0.00 
2 0.33 0.00 0.00 0.00 
3 0.00 0.00 0.33 0.00 
4 0.00 0.00 0.00 0.00 
5 0.33 0.33 0.00 0.33 
6 0.00 0.00 0.00 1.33 
7 0.33 0.00 0.00 0.00 
8 0.67 0.33 0.00 0.00 
9 0.00 0.00 0.00 0.00 

10 0.67 0.00 0.00 0.33 
11 0.00 0.00 0.00 0.00 
12 0.33 0.00 0.00 0.00 

 
Interval S. sphagnicola S. echinulata S. petersenii S. spinosa 

1 52.67 1.33 1.00 0.00 
2 44.33 2.33 1.33 0.00 
3 33.00 1.67 2.00 0.00 
4 27.33 1.67 4.33 0.33 
5 23.33 0.67 4.33 0.33 
6 21.33 1.00 5.00 0.33 
7 18.33 1.00 3.00 0.00 
8 12.00 0.67 0.67 0.00 
9 13.00 2.00 0.67 0.00 

10 8.33 1.00 1.00 0.00 
11 7.00 1.00 0.33 0.00 
12 14.67 1.00 2.33 0.00 
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Appendix L 
Chrysophyte data reported as relative abundance for the 

equal-temporal-resolution dataset of ELA 224. 
 

Interval M. duerrschmiditiae M. crassisquama M. pseudocoronata M. elongata 
1 20.20 2.02 7.07 12.12 
2 41.41 5.05 7.07 8.08 
3 31.31 4.04 5.05 1.01 
4 44.00 5.00 6.00 1.00 
5 46.00 3.00 6.00 1.00 
6 51.00 5.00 1.00 1.00 
7 66.00 3.00 3.00 0.00 
8 44.00 9.00 7.00 1.00 
9 70.00 4.00 8.00 3.00 

10 62.00 6.00 11.00 3.00 
11 77.00 7.00 7.00 3.00 
12 53.00 11.00 8.00 2.00 

 
Interval M. lelymene M. caudata M .hamata M. punctifera (L) 

1 2.02 13.13 25.25 6.06 
2 0.00 12.12 16.16 8.08 
3 0.00 9.09 29.29 8.08 
4 0.00 13.00 20.00 6.00 
5 0.00 19.00 20.00 2.00 
6 0.00 23.00 16.00 3.00 
7 0.00 21.00 5.00 2.00 
8 0.00 14.00 16.00 1.00 
9 0.00 11.00 1.00 2.00 

10 0.00 7.00 8.00 2.00 
11 0.00 2.00 2.00 1.00 
12 0.00 5.00 13.00 4.00 

 
Interval M. punctifera (S) M. transsylvanica M. small spp. M. calceous cf 

1 0.00 2.02 0.00 0.00 
2 1.01 0.00 1.01 0.00 
3 1.01 3.03 2.02 0.00 
4 0.00 1.00 0.00 0.00 
5 0.00 1.00 1.00 0.00 
6 0.00 0.00 0.00 0.00 
7 0.00 0.00 0.00 0.00 
8 0.00 1.00 3.00 0.00 
9 0.00 0.00 1.00 0.00 

10 0.00 0.00 0.00 0.00 
11 0.00 0.00 1.00 0.00 
12 0.00 1.00 2.00 0.00 
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Interval C. longspina S. sphagnicola S. petersenii S. spinosa S. lapponica 

1 0.00 0.00 9.09 1.01 0.00 
2 0.00 0.00 0.00 0.00 0.00 
3 0.00 1.01 4.04 1.01 0.00 
4 0.00 0.00 4.00 0.00 0.00 
5 0.00 0.00 1.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 
7 0.00 0.00 0.00 0.00 0.00 
8 0.00 1.00 3.00 0.00 0.00 
9 0.00 0.00 0.00 0.00 0.00 

10 0.00 0.00 1.00 0.00 0.00 
11 0.00 0.00 0.00 0.00 0.00 
12 0.00 0.00 1.00 0.00 0.00 
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Appendix M 
Chrysophyte data reported as relative abundance for the 

equal-temporal-resolution dataset of ELA 373. 
 

Interval M. duerrschmiditiae M. crassisquama M. pseudocoronata M. elongata 
1 36 6 3 1 
2 35 3 1 3 
3 35 7 3 4 
4 26 9 3 1 
5 35 3 3 3 
6 28 10 4 4 
7 34 4 3 3 
8 24 7 0 4 
9 35 15 4 2 

10 46 11 6 1 
11 33 14 8 5 
12 45 5 7 1 

 
Interval M. caudata M. hamata M. punctifera (L) M. transsylvanica 

1 2 2 0 4 
2 1 2 1 2 
3 1 2 1 2 
4 3 1 1 1 
5 3 2 0 2 
6 4 0 0 1 
7 3 2 1 1 
8 3 9 1 0 
9 5 0 0 1 

10 5 2 0 1 
11 6 2 0 4 
12 4 0 0 5 

 
Interval M. small spp. S. sphagnicola S. echinulata S. petersenii 

1 2 0 0 9 
2 0 0 0 8 
3 2 0 0 2 
4 1 0 0 2 
5 2 0 0 5 
6 2 0 0 2 
7 2 0 0 5 
8 2 0 1 6 
9 3 0 0 2 

10 0 0 0 0 
11 1 0 0 3 
12 0 0 1 3 
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Interval S. spinosa S. uvella C. synuroides % Colonials 
1 32 0 3 45 
2 43 0 1 54 
3 40 0 1 46 
4 50 0 2 58 
5 40 0 2 52 
6 44 0 1 53 
7 42 0 0 54 
8 42 0 1 58 
9 33 0 0 44 

10 28 0 0 38 
11 24 0 0 38 
12 28 0 1 45 
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Appendix N 
Chrysophyte data reported as percent relative abundance for the  

 equal-temporal-resolution dataset of ELA 377 
 

Interval M. duerrschmiditiae M. crassisquama M. pseudocoronata M. elongata 
1 22.67 18.33 3.67 0.00 
2 29.67 13.67 3.67 0.00 
3 25.00 13.33 5.33 0.33 
4 29.00 13.00 6.00 0.67 
5 32.67 9.33 4.67 0.33 
6 35.67 15.33 8.67 0.00 
7 40.00 8.33 11.33 0.33 
8 44.67 6.67 10.33 0.00 
9 46.00 11.67 10.00 0.33 

10 46.67 9.00 13.00 0.33 
11 43.67 8.00 11.33 0.33 
12 37.67 13.00 13.00 0.00 

 
Interval M. lelymene M. lychenensis M. caudata M. hamata 

1 2.67 1.33 5.67 1.00 
2 3.67 0.67 6.00 0.33 
3 5.67 1.33 4.33 0.33 
4 2.33 3.00 3.00 0.33 
5 3.00 1.67 4.33 0.33 
6 5.33 1.33 2.67 0.67 
7 6.00 3.67 3.67 0.33 
8 6.00 3.33 4.67 0.67 
9 7.33 4.00 3.67 0.33 

10 4.33 4.00 3.33 0.00 
11 3.67 5.33 3.33 0.00 
12 4.67 6.67 1.67 0.33 

 
Interval M. punctifera (L) M. punctifera (S) M. medium M. calceolus cf 

1 0.67 1.00 1.67 1.00 
2 0.33 0.33 1.67 0.67 
3 1.33 0.00 3.00 0.67 
4 0.67 0.00 3.67 1.00 
5 0.33 0.00 5.67 0.67 
6 1.33 0.00 4.67 0.00 
7 1.33 0.00 2.67 0.67 
8 0.67 0.00 4.00 1.00 
9 0.33 0.67 3.00 0.33 

10 1.00 1.00 3.00 2.33 
11 1.00 0.00 4.67 1.00 
12 1.33 0.33 4.33 2.33 

 
 
 



 

 158 

 
Interval M. transsylvanica M. small spp. C. synuroides C. longspina 

1 0.33 1.00 0.00 3.33 
2 0.00 1.67 0.00 2.33 
3 0.00 2.00 0.00 4.33 
4 0.67 1.67 0.00 5.00 
5 0.67 2.33 0.33 3.00 
6 0.00 1.33 0.33 3.67 
7 0.67 2.00 0.00 2.33 
8 0.00 3.67 0.00 0.67 
9 0.00 2.33 0.00 0.67 

10 0.00 1.33 0.00 0.33 
11 0.00 2.33 0.00 0.67 
12 0.00 2.00 0.00 0.00 

 
Interval S. echinulata S. petersenii S. spinosa S. curtispina 

1 12.33 7.33 2.00 12.00 
2 12.00 8.67 1.33 11.67 
3 16.00 6.00 0.33 10.00 
4 11.67 6.33 2.33 9.00 
5 12.00 6.33 2.00 10.00 
6 9.00 2.33 1.33 5.67 
7 5.67 4.33 1.33 5.00 
8 4.00 1.67 0.33 7.33 
9 3.33 1.00 1.00 3.33 

10 4.67 2.00 0.00 3.00 
11 6.33 1.33 2.00 4.33 
12 5.33 2.00 0.33 5.00 

 
Interval S. uvella S. lapponica % Colonials 

1 2.00 0.00 41.00 
2 1.67 0.00 41.67 
3 0.67 0.00 43.33 
4 0.67 0.00 43.00 
5 0.00 0.33 44.00 
6 0.67 0.00 35.00 
7 0.33 0.00 33.00 
8 0.33 0.00 30.33 
9 0.33 0.33 28.00 

10 0.33 0.33 30.67 
11 0.33 0.33 37.33 
12 0.00 0.00 36.67 
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Appendix O 
Scaled-chrysophyte concentration and accumulation graphs.  
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