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Abstract 

Presence and functions of lakes are dependent on hydrological connectivity to the 

terrestrial landscape. Inter-annual wet-dry periods, and their amplification through climate change, 

can influence hydrological connectivity and affect the delivery of water and solutes from various 

terrestrial sources. Altered hydrological connectivity and delivery of water to lakes influences lake 

water residence times and the role of within-lake processes, but can also influence the risk of a 

lake to contract and even completely disappear.  This thesis examined the influence of inter-annual 

wet-dry periods and subsequent hydrologic connectivity on different ecosystem functions of 34 

lakes on the Boreal Plains in Western Canada. In Chapters 2 and 3, I focused on the influence of 

inter-annual wet-dry periods on hydrological connectivity of terrestrial sources and subsequently 

the concentration and chemical composition of lake dissolved organic carbon (DOC), a key water 

quality parameter that influences lake ecosystem functioning. In Chapter 4, I focused on how lake 

extent and water level responded to inter-annual wet-dry periods and show how lakes can have 

different combinations of resistance and resilience to dry periods, whilst identifying watershed and 

lake attributes which can increase lake susceptibility to terrestrialisation.  

In Chapter 2, I found large spatial variability of lake DOC concentrations and aromaticity 

(as indicated by specific UV absorbance at 254 nm – SUVA254) that was closely linked to surficial 

geology and thus wetland connectivity in the watershed. The aromaticity of DOC was further 

influenced by lake water residence time and the extent of within-lake processing of aromatic DOC 

via photodegradation. Large inter-annual variability in lake DOC characteristics (concentration 

and composition) was attributed to interactions between surficial geology and sub-humid climate. 

Inter-annual variability in DOC concentration had low synchronicity among lakes, with patterns 

of variability linked to surficial geology and short-term precipitation shifting connectivity of 
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terrestrial DOC sources. However, inter-annual variability in DOC composition had high 

synchronicity among lakes, where lake water residence time related to longer-term precipitation, 

and the extent of within-lake DOC degradation. This study shows that lake DOC characteristics 

vary spatially, but many lakes on the Boreal Plains are also highly sensitive to inter-annual wet-

dry periods. 

In Chapter 3, end-member mixing model analysis showed that lake DOC characteristics 

did not conform to conservative mixing of terrestrial sources, with lower observed DOC 

concentrations and A254 than modelled, suggesting net DOC and A254 losses in terrestrial end-

members along the soil-stream-lake continuum. Losses were associated with lakes in coarse and 

fine hummocky watersheds. However, we found that in fine hummocky lakes with large 

proportions of connected wetland and fine plains watersheds, observed DOC concentrations 

exceeded modelled, suggesting autochthonous production of DOC. On an inter-annual basis, 

losses in A254 were greater during dry years, when lake water residence times are longer and 

within-lake photodegradation processes enhanced. This study highlights that the DOC pool of 

Boreal Plains lakes reflects mixing of water from terrestrial sources, but also processes of within-

lake degradation of DOC which may be influenced by inter-annual wet-dry periods, and in lakes 

with high nutrients and productivity, autochthonous production of DOC. 

In Chapter 4, I found large spatial variability in lake extent responses to dry periods, with 

many lakes exhibiting transient or long-term reduction in lake area. Lakes located in higher 

landscape positions and those with a lower proportion of connected wetland area in the watershed 

showed quicker responses to dry periods (i.e. shorter lag times), thus lake extent contracted 

relatively quickly. Resistance and resilience of lake extent to dry periods, i.e. the ability to 

withstand change and to return to pre-dry period extents, were highest for lakes with greater 
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wetland connectivity and for lakes with straight-sided basin morphology. This study suggests that 

isolated lakes, with lower proportions of connected wetland in the watershed and lake beds that 

slope towards the lake centre with shallower depths of loose sediment are most susceptible to long-

term terrestrialisation processes. 

Overall, in this thesis, I analyzed both spatial and inter-annual variability of lake ecosystem 

functions at a landscape scale across the Boreal Plains, my results identified watershed and lake 

attributes (HRA, wetland connectivity, lake water residence time, lake basin morphology) which 

can be used to predict lakes on the Boreal Plains where the most rapid changes in lake function 

can be expected.    
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shallow lakes on the Boreal Plains: resistance and resilience to climate variability linked to lake 
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1.0 General Introduction 

1.1 Background 

Hydrologic connectivity of lakes to their watersheds influences the amount and chemistry 

of inflowing water (Algesten et al., 2004; Gibson et al., 2015; Kothawala et al., 2014; Sepp et al., 

2019; Tranvik & Jansson, 2002), and thus controls many key ecosystem functions. For boreal 

lakes, the concentration and chemical composition of dissolved organic carbon (DOC) is of 

particular importance for landscape carbon cycling and greenhouse gas exchange, (Algesten et al., 

2004; Battin et al., 2009; Cole et al., 2007), nutrient cycling and lake productivity (Daggett et al., 

2015; Peltomaa et al., 2013), habitat provision (Karlsson et al., 2009; Solomon et al., 2015; 

Williamson et al., 2015) and water provisioning for human use (Emelko et al., 2011). Inter-annual 

wet-dry periods, amplified by climate change, will interact with watershed and lake attributes (i.e. 

surficial geology and peatland / forest landcovers) to alter hydrologic connectivity in a watershed 

and thus determine the timing, magnitude and source of water entering boreal lakes (de Wit et al., 

2018; Houle et al., 2020).  Altered hydrological connectivity and delivery of water to lakes further 

influences lake water residence times, and thus the role of within-lake processes for the 

degradation of DOC (Curtis & Schindler, 1997; Ejarque et al., 2018; Evans et al., 2017), but can 

also ultimately influence the risk of a lake to contract, infill with flocculated DOC, and even 

completely disappear (Ferland et al., 2014; Ireland & Booth, 2011; Ireland et al., 2012). 

Understanding how hydrologic connectivity influences boreal lake DOC characteristics 

(concentration and chemical composition) and presence of lakes through space and time is critical 

to forecasting potential impacts to lake ecosystem services, especially under a changing climate. 

The objective of this thesis is to develop a conceptual understanding of how the spatial 

and inter-annual variability (year-to-year) in hydrologic connectivity across watersheds 
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influences a) lake DOC characteristics and b) lake extent and persistence in the Canadian 

Boreal Plains ecozone. Lakes are prevalent on the Boreal Plains and often large, but with average 

depths less than 2 m which makes them difficult to define due to their shallow nature and typical 

cycles of terrestrial and open-water phases. Throughout this thesis we refer to Boreal Plains 

shallow open water wetlands as lakes with characteristics that are typical of the Boreal Plains. The 

Boreal Plains contrasts, in terms of climate and surficial geology, to other regions where significant 

work on boreal lake DOC characteristics (Couture et al., 2012; Kothawala et al., 2014; Mattson et 

al. 2005; Schindler et al 1997; Zhang et al 2010) and persistence of lake extent (Ireland et al., 2012; 

Riordan et al., 2006; Roach et al., 2011; Yoshikawa & Hinzman, 2003) has been undertaken. 

Therefore, if we are to predict the implications of a changing climate on boreal lake ecosystem 

functions relating to DOC and lake presence, we must understand what drives variability across 

interacting spatial and temporal scales, and acknowledge that vast differences in characteristics of 

boreal regions mean we should expect differences in lake ecosystem responses across these 

regions. This thesis will illustrate broader impacts of how lake ecosystem functions respond to 

climate differently under different climate, hydrologic, geomorphic and geologic conditions which 

can be applied and tested in other regions. 

1.1.1 The Boreal Plains of Western Canada; A hydrologic perspective 

The Northern Boreal region encompasses many ecozones with distinct characteristics, 

including differences in climate, moisture availability, bedrock geology, surficial geology, relief, 

and relative prevalence of peatlands (Geological Survey of Canada, 1995; 2014). All of these 

regional aspects have the potential to influence the hydrological and biogeochemical linkages 

between terrestrial and aquatic ecosystems, and thus the chemistry of water entering boreal lakes 

and the quantity of water the landscape conveys via different flow paths. The Boreal Plains 
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ecozone covers large parts of Western Canada (Canadian Council on Ecological Areas, 2014), 

with characteristics that are distinct from more humid regions with topographically driven 

headwater catchments, where precipitation-runoff responses are well-correlated and allow for 

predictable lake biogeochemical and hydrologic (lake extent and water level) responses (Jencso & 

McGlynn, 2011; McNamara et al., 2011; Nippgen, McGlynn, Marshall, & Emanuel, 2011). In 

contrast, the Boreal Plains has sedimentary bedrock overlain by thick heterogeneous surficial 

geologies and a sub-humid climate where precipitation and potential evapotranspiration are the 

dominant components of the water balance (Ferone & Devito, 2004; Smerdon et al., 2005). In the 

Boreal Plains, the majority of annual precipitation (65 – 75%) arrives during the growing season 

from May to September, when evapotranspiration is also highest (Devito et al., 2012). During the 

non-growing season, approximately 30% of annual precipitation is received as snow and is also an 

important source of water for the landscape (Devito et al., 2012). Together, surficial geology, 

mosaic of landcovers, and sub-humid climate cause complex groundwater-surface water 

interactions to potentially reveal unexpected features of biogeochemical and hydrologic lake 

responses (Figure 1.1; Devito et al. 2012, 2017; Hokanson et al., 2019; Ireson et al. 2015; Winter 

2001). 
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Figure 1.1: Conceptual Model of hydrologic flow paths across the Boreal Plains of Western 

Canada. Dark green areas represent peatlands whilst light green areas represent the forest, where 

aspen and pine trees are located in fine and coarse-textured HRAs, respectively. Blue and black 

arrows indicate subsurface and surface flow paths, respectively. The conceptual model presents a 

synthesis of significant work undertaken across the Boreal Plains in earlier studies and has been 

used to understand how variability in hydrologic connectivity at spatial and inter-annual scales 

influences lake DOC characteristics and the persistence of lake extent. 

Three dominant landforms comprise the surficial geology across the Boreal Plains and 

form distinct hydrologic response areas (HRAs), differing in water storage capacity and 

transmissivity, and influencing the relative contribution of water to lakes from various flow paths 

(Figure 1.1; Devito et al., 2005; Hokanson et al., 2019; Olefeldt et al., 2013; Plach et al., 2016; 

Smerdon et al., 2008; Winter et al., 2001). These include fine-textured hummocky (FH), fine-

textured plains (FP), and coarse-textured (CO) HRAs (Hokanson et al., 2019). Lakes in fine-

textured settings are dominated by near-surface flow paths, with limited deeper subsurface inputs 

(Figure 1.1; Ireson et al., 2015; Winter, 2001). Lakes in coarse-textured settings receive relatively 

larger contributions from deep subsurface inputs than fine-textured lakes due to greater 

transmissivity (Ireson et al. 2015; Winter, 2001), with the exception of lakes in higher landscape 
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positions underlain by local fine-textured lenses which limit inflows to short near-surface flow 

paths (Figure 1.1). As such, lakes in coarse-textured HRA at higher elevations behave similarly as 

lakes in fine hummocky HRA, and we group them as such (Figure 1.1; Hokanson et al. 2019).  

The surficial geology is overlain by varying proportions of landcovers, including lakes, 

peatlands and forests. Peatlands are important sources of water to Boreal Plains lakes, as low water 

storage thresholds and low evapotranspiration cause shallow water tables, and relatively high 

runoff generation. Lakes receiving water from peatlands thus often have shorter water residence 

times than lakes with forested watersheds (Figure 1.1; Devito et al., 2005, 2017; Plach et al., 2016; 

Thompson et al., 2015, 2017; Waddington et al., 2015). The hydrologic function of forests depends 

on substrate texture (Bridge & Johnson, 2000; Devito et al., 2017; van der Velde et al., 2013). 

Forests in coarse-textured HRAs function as high recharge, consistent long-term sub-surface water 

sources (Ireson et al., 2015; Smerdon et al., 2008), whilst forests in fine-textured HRAs have large 

storage thresholds, requiring a series of extended wet periods to overcome their threshold storage 

and function as a water source to lakes (Figure 1.1; Holecek, 1988; Redding & Devito, 2008, 2010, 

2011; Spence, 2010). Differences in water storage thresholds between peatlands and forests 

interact with inter-annual wet-dry precipitation periods to create variability in hydrologic 

connectivity and contributions of water peatlands and forests to lakes (Devito et al., 2017). 

Lakes on the Boreal Plains are expected to experience both more frequent and extreme 

inter-annual wet-dry periods with potential effects to lake DOC characteristics and lake extent, 

potentially threatening a lake’s existence (Cobbaert et al. 2015; Devito et al., 2005, 2012; Sass and 

Creed, 2008; Thompson et al., 2017). However, there are currently limited long-term studies that 

integrate dynamically changing hydrologic connectivity of watersheds with both spatial and inter-

annual variability of lake DOC characteristics or lake extent. This research aims to understand the 
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interactions between spatial and inter-annual controls on hydrologic connectivity and the 

consequences for lake DOC characteristics and lake extent, which is critical to understanding the 

implications to lake functions from climate change and shifts in inter-annual wet-dry periods. 

1.1.2 Dissolved organic carbon (DOC) in lakes  

The concentration of DOC, typically defined as organic carbon able to pass through a 0.45 

µm filter (Aitkenhead-Peterson et al., 2001), and its chemical composition, influence lake 

ecosystem functions, including; food-web dynamics, habitat provision (Karlsson et al., 2009; 

Solomon et al., 2015; Williamson et al., 2015), and importantly processing of DOC determines the 

source-sink function of lakes in the global carbon cycle (Cole et al., 2007; de Wit et al., 2018; 

Tranvik et al., 2009). DOC is also a major concern for drinking water treatment processes aimed 

at protecting public health (Health Canada, 2019). Specifically, aromatic-rich DOC, typically 

sourced from humified allochthonous organic matter, can cause operational issues and cause 

consumer complaints (Health Canada, 2019).  

The aromaticity of DOC has been identified as a key measure of DOC chemical 

composition and can be used to both differentiate between various DOC sources (Aitkenhead-

Peterson et al., 2003; Peuravuori & Pihlaja, 2007; Thurman, 1985), and be a strong indicator of 

DOC reactivity (Weishaar et al., 2003). High aromaticity is associated with DOC derived from 

humified allochthonous organic matter, such as that from organic-rich peatlands (Aitkenhead-

Peterson et al., 2003; Thurman, 1985). Lower aromaticity is associated with DOC from fresh plant 

material, including aquatic autochthonous production, and with DOC derived from mineral soils 

where aromatic DOC has been preferentially adsorbed (Aitkenhead-Peterson et al., 2003; Kalbitz 

et al., 2003; Thurman, 1985; Wickland et al., 2007). However, autochthonous DOC is readily 

available for bacterial use (Kirchman et al. 1991; Søndergaard et al. 1995), whilst DOC from 
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mineral soils usually is relatively refractory and poorly available for microbes (Aitkenhead-

Peterson et al., 2003; Olefeldt et al., 2013).  

Boreal lakes are hydrologically connected to their surrounding terrestrial environment, and 

often dominated by allochthonous DOC from the watershed (Aitkenhead-Peterson et al., 2003; 

Kolka et al., 2008). However, boreal lakes also act as biogeochemical reactors for the 

transformation and removal of DOC, where large proportions of the DOC pool are degraded via 

within-lake processes (Aitkenhead-Peterson et al., 2003; Algesten et al., 2004; Bertilsson and 

Jones, 2002; Tranvik et al., 2009). Biodegradation and photodegradation processes selectively act 

on specific DOC moieties, often leading to reduced aromaticity as one moves downstream in the 

terrestrial aquatic continuum (Tranvik et al., 1999). Water residence time has been found to be a 

strong predictor of DOC aromaticity when comparing between different ecosystems (Curtis & 

Schindler, 1997; Evans et al., 2017; Kothawala et al., 2014). As such, aromaticity of DOC in lakes 

is a function of the relative contribution of various allochthonous DOC sources as well as within-

lake processes of DOC degradation and production.  

While studies have shown shifts in DOC characteristics spatially across the aquatic 

continuum as related to watershed and lake characteristics (i.e. wetland connectivity and lake water 

residence times), there is much less knowledge with regard to how inter-annual wet-dry periods 

affect DOC characteristics over time. In chapter 2, we address this gap using a multi-year study 

that integrates watershed attributes and inter-annual responses of lake DOC characteristics (i.e., 

concentration and chemical composition) to inter-annual wet-dry periods to understand the 

sensitivity of lake functions to shifts in inter-annual wet-dry periods, and thus inform future 

responses with climate change. Furthermore, understanding the sources and balance of DOC added 

or removed through space and time is critical to forecasting potential impacts to boreal lake 
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ecosystem services, especially under a changing climate. Yet, there remains a scarcity of studies 

that integrate our understanding of terrestrial DOC sources to lakes and change in DOC 

concentration and composition in a landscape context, which can capture the variability at spatial 

and inter-annual scales (Anas et al., 2015; Hall et al., 2018; Webb et al., 2019). In addition, most 

studies that examine the processes determining the DOC pool of boreal lakes take place in regions 

with either high DOC concentrations or high nutrient concentrations and with relatively shorter 

lake water residence times (Bade et al., 2007; Cole et al., 2000; Hanson et al., 2003; Prairie et al. 

2002). However, Boreal Plains lakes are characterised by a sub-humid climate with long lake water 

residence times anticipated and both high DOC and nutrient concentrations. Thus, the dominance 

of certain within-lake processes, such as photodegradation and autochthonous production of DOC 

potentially have a greater influence in Boreal Plains lakes, and other regions with similar 

characteristics, with implications for the source-sink status amongst boreal lakes. The research in 

Chapter 3 expands on the results from Chapter 2 to assess the relative importance of various 

terrestrial sources of DOC to lakes, and different within-lake processes of DOC production and 

degradation across Boreal Plains lakes in different landscape settings. 

1.1.3 Lake persistence from an open water lake extent perspective 

Many shallow, small Boreal Plains lakes are gradually, over millennia, filling with 

flocculated DOC and autotrophic organics (Squires et al., 2006), so-called terrestrialisation. Under 

a warming climate, characterised by intensifying inter-annual wet-dry periods (Pachauri et al., 

2014), the persistence of boreal lakes in the landscape, and more specifically their open water 

extent may be disrupted, and potentially irreversible ecosystem state shifts from aquatic to 

terrestrial systems via accelerated terrestrialisation could occur. Despite the ecological significance 

of boreal lake ecosystems, the influence of inter-annual wet-dry periods on ecosystem processes 
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and potential triggering of abrupt ecosystem state shifts via terrestrialisation in these systems has 

received little attention. 

Terrestrialisation is the permanent transition from an open water to vegetated wetland 

ecosystem (Kratz & DeWitt 1986; Mitsch & Gosselink, 2015). It is generally assumed that 

autogenic processes are the dominant drivers of terrestrialisation through sediment infilling 

promoting shallow basins for the colonization of vegetation (Kratz & DeWitt, 1986; Mitsch et al., 

2009); however, studies have highlighted that climate associated water table fluctuations affect 

terrestrialisation rates and thus allogenic factors may be a more important driver. An allogenic 

model of floating mat initiation and episodic shoreline expansion proposed by Ireland et al. (2012) 

suggests that susceptibility of kettle-hole lakes to terrestrialisation is driven by temporal hydro-

climatic variability (i.e., inter-annual wet-dry periods) and interactions with substrate type of the 

lake bed (i.e., firm and loose substrate), in addition to basin morphology (i.e. straight deeper lakes 

versus shallower sloping lakes). In this model, during dry periods, when terrestrial-aquatic linkages 

shut down, water level is lowered exposing lake sediments to colonization by vegetation. The 

exposure of the lake bed varies with lake basin morphology, where although the water level may 

be very dynamic, straight sided basins result in little exposure of the lake bed, whilst sloping sided 

basins expose more of the lake bed (Ireland et al., 2012). Upon rewetting, loosely rooted mats of 

vegetation are able to detach from loosely consolidated lake sediments (loose substrate) and float, 

creating a hydrologically stable substrate for further colonization of vegetation and peat 

accumulation from which the lake is unlikely to recover and a permanent loss in open water lake 

extent occurs (Ireland et al., 2012; Warner et al., 1989). However, if the newly colonized 

vegetation mats are attached to consolidated lake sediments (firm substrate), water levels will rise 

and flood vegetation mats, preventing floating mat initiation and allowing lakes to recover to pre-
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dry period states (Figure 4.4.1). Boreal Plains lakes likely operate within both frameworks for 

terrestrialisation, through autogenic infilling of lakes in combination with hydro-climatic 

influences on open water lake extent.  

In Chapter 4, a conceptual model of lake and watershed attributes affecting the resistance 

and resilience of lakes to dry periods of varying severities was developed for the Boreal Plains to 

support robust assessments of lakes that will be most vulnerable to climate change with 

implications for both carbon cycling and the ecology of lake ecosystems. 

1.2 Research objectives 

 Broadly, this research aims to understand how hydrologic connectivity to the watershed, 

during both dry and wet periods, influences ecosystem functions of lakes in different landscape 

settings. To address this overall research aim, a landscape-scale approach was used involving 

synoptic assessments of 34 study lakes and their watersheds in the Boreal Plains from 2012 to 

2019, ranging in their individual lake and landscape attributes. This work was done in the Utikuma 

Region Study Area (URSA; AB), located in the Boreal Plains ecozone. The final data chapter 

(Chapter 4) used a longer-term dataset (1999 – 2019) of lake water levels and incorporated 

remotely sensed data from the Global Surface Water Explorer. Each chapter includes the 

development of a conceptual framework identifying key lake and landscape attributes influencing 

hydrologic connectivity of the watershed and thus spatial and inter-annual variability of different 

Boreal Plains lake ecosystem functions. While the main research findings are presented within 

separate chapters, they are conceptually linked to ideas of hydrologic connectivity and how this 

drives spatial and inter-annual variability in lake responses to the same inter-annual wet-dry period. 

In each chapter (Chp.2 to Chp.4), I use a landscape-scale approach to address three specific 

objectives through different lenses: 
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1. Chapter 2: Examine how lake and catchment characteristics influence spatial and inter-

annual variability of lake DOC concentration and composition on the Boreal Plains. 

2. Chapter 3: Assess for lakes in different settings whether inter-annual variability in lake 

DOC concentration and composition is driven by relative shifts in connectivity of 

terrestrial sources or driven by relative dominance of within-lake processes of DOC 

production and degradation. 

3. Chapter 4: Assess how lake extent responds to inter-annual dry periods, with regards to 

resistance to change, lag times, and resilience, to understand which lake and catchment 

characteristics that render lakes vulnerable to future climate change.  
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Figure 1.2: Conceptual summary of thesis data chapters. The surficial geology in each 

watershed is an important determinant of the proportion of wetland and forest landcovers in the 

watershed. Interactions between surficial geology and different landcovers with the sub-humid 

climate of the Boreal Plains (where precipitation is often less than or equal to potential 

evapotranspiration) can result in unexpected water chemistry and amount of water results in lakes 

due to differences in the timing and extent of hydrologic connectivity across different watersheds, 

with important ecological and human consequences. To address this problem, this thesis uses a 

landscape scale approach to assess lake responses (lake Dissolved Organic Carbon characteristics 

and lake extent) through three different lenses. Chapter 1 examines how lake and watershed 

attributes influence spatial and inter-annual variability in lake DOC characteristics. Chapter 2 

looks at the importance of hydrologic connectivity versus within-lake processes for regulating lake 

DOC characteristics. And chapter 3 assesses how the lake extent of lakes in different settings 

responds to dry periods.  

Chapter 5 provides a synthesis of the data chapters and offers insights on future research 

directions and emerging questions to further our understanding of how hydrologic connectivity 

varying at spatial and inter-annual scales influences lake ecosystem responses in hydrologically 

complex environments, especially under a changing climate. 
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2.0 Characteristics of Dissolved Organic Carbon in Boreal Lakes: 

High spatial and inter-annual variability controlled by 

landscape attributes and wet-dry periods 

Key Points:  

• Spatial variability of lake dissolved organic carbon characteristics were driven by dominant 

flow paths dictated by surficial geology.  

• Inter-annual variability of lake dissolved organic carbon concentrations were driven by 

changing terrestrial sources.  

• Aromaticity of lake dissolved organic carbon was highly sensitive to inter-annual wet-dry 

periods on the Boreal Plains. 

Abstract  

Concentration and chemical composition of dissolved organic carbon (DOC) influence 

several lake functions; greenhouse gas exchange, nutrient cycling, food webs and water 

treatability. To assess spatial and inter-annual controls on DOC characteristics, 34 lakes were 

sampled annually for eight years on the Boreal Plains, Western Canada – a region with 

heterogeneous surficial geology, and a sub-humid climate with pronounced inter-annual wet-dry 

periods. Large spatial variability in long-term average DOC concentration (10 to 49 mg C L-1) and 

aromaticity (SUVA254: 1.2 to 3.9 L mg-1 C m-1) among lakes was found. Higher DOC 

concentrations and aromaticity were associated with lakes in watersheds with fine-textured 

surficial geology and with relatively large contributions through shallow, organic-rich flow paths. 

Lake DOC aromaticity was also higher in lakes with lower evaporative enrichment, regardless of 

surficial geology, indicating shorter lake water residence times and less within-lake degradation 

of allochthonous DOC. High inter-annual variability for both DOC and aromaticity was also 
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observed, with coefficients of variation at 10.9 ± 4.6% and 11.1 ± 2.5% among lakes, respectively. 

Inter-annual variability in DOC concentrations had low synchronicity among lakes, with patterns 

of variability linked to surficial geology and primarily responsive to short-term (1 month 

preceding) cumulative precipitation. Conversely, inter-annual variability in aromaticity had high 

synchronicity among lakes, driven by longer-term (24 month) cumulative precipitation and shifts 

in lake water residence times. Our study shows that DOC characteristics of many lakes on the 

Boreal Plains are highly sensitive to inter-annual wet-dry periods, with important implications for 

future lake functions. 

2.1 Introduction  

Lakes are an integral component of boreal landscapes, where the concentration and 

chemical composition of dissolved organic carbon (DOC) play a critical role in boreal lake 

ecosystem functioning (Algesten et al., 2004; Cole et al., 2007; Emelko et al., 2011; Karlsson et 

al., 2009; Solomon et al., 2015; Tranvik, 1988; Williamson et al., 2009). Boreal lakes are 

hydrologically connected to their surrounding terrestrial environment, and therefore often 

dominated by allochthonous DOC from the watershed (Aitkenhead-Peterson et al., 2003; Kolka et 

al., 2008); however, boreal lakes also act as biological reactors with substantial degradation and 

transformation of allochthonous DOC, and production of autochthonous DOC (Aitkenhead-

Peterson et al., 2003; Algesten et al., 2004; Bertilsson and Jones, 2002; Tranvik et al., 2009). 

Watershed attributes, such as land cover (e.g., peatlands and forests), and inter-annual climate 

patterns have been shown to determine dominant allochthonous DOC sources to lakes and the 

extent of within-lake DOC processing (Algesten et al., 2004; de Wit et al., 2018; Kothawala et al., 

2014; Schindler et al., 1997; Sepp et al., 2019; Sobek et al., 2007; Thurman, 1985; Tranvik & 

Jansson, 2002). However, there are limited long-term studies that integrate landscape attributes 
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and inter-annual responses of lake DOC characteristics (i.e., concentration and chemical 

composition) to inter-annual wet-dry periods (Algesten et al., 2004; de Wit et al., 2018; Schindler 

et al., 1997; Tranvik & Jansson, 2002). Understanding the interactions between spatial and inter-

annual controls on boreal lake DOC characteristics is critical to understanding the sensitivity of 

lakes and lake functions to climate change and shifts in inter-annual wet-dry periods (Ireson et al., 

2015). This knowledge can also provide broader understanding of how DOC characteristics in 

lakes respond to climate differently under different hydrogeomorphological settings. 

The aromaticity of DOC has been identified as a key measure of DOC chemical 

composition (Weishaar et al., 2003). Here, we use Specific Ultra-Violet Absorbance (SUVA), 

which is strongly correlated with aromaticity of DOC as a metric for DOC composition, or 

aromaticity (Weishaar et al., 2003). Aromaticity can be used to differentiate DOC sources 

(Aitkenhead-Peterson et al., 2003; Peuravuori & Pihlaja, 2007; Thurman, 1985), and as a strong 

indicator of DOC reactivity (Weishaar et al., 2003). High aromaticity is associated with DOC 

derived from humified allochthonous organic matter (Aitkenhead-Peterson et al., 2003; Thurman, 

1985). Lower aromaticity is associated with DOC from fresh plant material, including aquatic 

autochthonous production, and with DOC derived from mineral soils, from which aromatic DOC 

is preferentially adsorbed (Aitkenhead-Peterson et al., 2003; Kalbitz et al., 2003; Thurman, 1985; 

Wickland et al., 2007). Furthermore, aromatic DOC is preferentially photodegraded by ultraviolet 

(UV) light in aquatic ecosystems, which often increases the bioavailability of DOC for further 

mineralization (Tranvik et al., 1999). Hence, water residence time has been found to be a strong 

predictor of DOC aromaticity when comparing lakes in different ecosystems (Curtis & Schindler, 

1997; Evans et al., 2017; Kothawala et al., 2014). As such, aromaticity of DOC in lakes is a 
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function of the relative contribution of various allochthonous DOC sources as well as within-lake 

processes of DOC degradation and production.  

The circumpolar boreal biome encompasses many regions with distinct characteristics, 

including differences in climate, bedrock geology, surficial geology, topographic relief, and 

relative prevalence of peatlands (Geological Survey of Canada, 1995; 2014). All of these regional 

aspects have the potential to influence the hydrological and biogeochemical linkages between 

terrestrial and aquatic ecosystems, and thus lake DOC characteristics. The Boreal Plains ecozone 

covers large parts of Western Canada (Figure 2.2.1; Canadian Council on Ecological Areas, 2014), 

and has characteristics that are distinct from boreal shield regions, where a majority of work on 

boreal lake DOC has been conducted (Couture et al., 2012; Kothawala et al., 2014; Mattson et al. 

2005; Schindler et al 1997; Sobek et al., 2007; Vachon et al 2017; Zhang et al 2010). In contrast 

to shield regions, the Boreal Plains has sedimentary bedrock overlain by thick heterogeneous 

surficial geologies and a sub-humid climate. Together, these characteristics result in complex 

groundwater-surface water interactions (Devito et al. 2012, 2017; Hokanson et al., 2019; Ireson et 

al. 2015; Winter 2001). As such, we should not expect similar sensitivities of lake DOC 

characteristics to inter-annual wet-dry periods across different boreal regions.  

Surficial geology is a key factor influencing the relative contribution of water to lakes from 

various flow paths in the Boreal Plains (Hokanson et al., 2019; Olefeldt et al., 2013; Plach et al., 

2016; Smerdon et al., 2008). Lakes in coarse-textured settings often have important contributions 

of water received through regional, deep groundwater subsurface flow paths (Ireson et al. 2015; 

Smerdon et al., 2008; Winter, 2001). Alternatively, lakes in fine-textured surficial geologies are 

dominated by contributions from near-surface flow paths (Ireson et al., 2015; Winter, 2001), 
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through thick organic soils, representing an important source of aromatic-rich DOC from the 

terrestrial environment (Olefeldt et al., 2013).  

A mosaic of peatlands and forests adds further complexity to contributions of water, and 

therefore DOC, to lakes from various flow paths in the Boreal Plains (Hokanson et al., 2019, 2020; 

Ireson et al., 2015). Peatland sources have thick organic soils with high DOC concentrations and 

aromaticity (Olefeldt et al., 2013). Peatlands also represent important sources of water to lakes, 

with low actual evapotranspiration rates and low water storage thresholds that promote shallow 

water tables, increased runoff, and shorter lake water residence times (Devito et al., 2005, 2017; 

Plach et al., 2016; Thompson et al., 2015, 2017; Waddington et al., 2015). Conversely, the 

concentration and aromaticity of DOC from forest sources is low (Olefeldt et al., 2013). Forests 

rarely act as sources of water to Boreal Plains lakes due to higher actual evapotranspiration rates, 

large water storage thresholds (Hokanson et al., 2020; Ireson et al., 2015; Redding & Devito, 

2011), and in the absence of subsurface flow paths, lakes in forest-dominated watersheds would 

be expected to have longer lake water residence times. These differences in water storage 

thresholds between peatlands and forests interact with inter-annual wet-dry periods to create 

variability in hydrologic connectivity and contributions of water from land covers to lakes (Devito 

et al., 2017). Inter-annual wet-dry periods also interact with the antecedent moisture condition of 

peatlands and forests to cause land covers to behave independently in runoff generation (Devito et 

al., 2012, 2017; Spence, 2010). Hence, Boreal Plains lakes undergo frequent wet-dry phases in 

response to inter-annual wet-dry periods and subsequent hydrologic connectivity of the landscape 

(Cobbaert et al. 2015; Devito et al., 2005, 2012; Sass and Creed, 2008; Thompson et al., 2017).  

Within-lake degradation of DOC is also sensitive to inter-annual wet-dry periods (Evans 

et al., 2017; Schindler et al., 1992, 1997) and has been shown to be higher in lakes with longer 
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water residence times, often occurring during dry periods (Evans et al., 2017; Kothawala et al., 

2014; Schindler et al., 1992, 1997). Thus, within-lake degradation of DOC is expected to be 

especially prevalent in characteristically shallow Boreal Plains lakes, with long water residence 

times, when compared to other boreal regions.  

The objectives of this study were to: (a) examine spatial and inter-annual variability of the 

concentration and aromaticity of DOC in Boreal Plains lakes, and (b) assess their sensitivity to 

inter-annual wet-dry periods. We assessed annual DOC characteristics of 34 shallow lakes over 

eight years (2012 – 2019), a period that included multiple wet-dry periods. The shallow lakes were 

in watersheds with landscape attributes spanning fine to coarse-textured surficial geologies, and 

forest-peatland land cover proportions. We predicted: (a) higher lake DOC concentrations in 

watersheds with fine-textured surficial geology and high proportions of wetland connectivity; (b) 

lakes with longer lake water residence time would have lower lake DOC aromaticity due to 

enhanced within-lake preferential degradation of aromatic-rich allochthonous DOC; and (c) large 

inter-annual variability of lake DOC concentration and aromaticity, specifically: (c-i) landscape 

attributes will modify lake DOC concentration responses to wet-dry periods due to the connectivity 

and magnitude of different flow paths to lakes; and (c-ii) that wet-dry periods will influence DOC 

aromaticity due to differences in the extent of within-lake preferential degradation of aromatic-

rich allochthonous DOC between years. These findings are vital to predicting the implications of 

changing lake DOC concentrations and aromaticity to lake ecosystem and downstream aquatic 

systems functioning under a changing climate.  
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2.2 Materials and Methods 

2.2.1 Study Site 

The study area extends across a 70 km transect near Utikuma Lake, Alberta, (known as the 

the Utikuma Region Study Area (URSA)) located in Treaty No. 8 Territory within the Boreal 

Plains Ecozone of Canada (Figure 2.2.1; Devito et al., 2017; EcoRegions Working Group, 1989). 

The average annual temperature is 1.2°C (Devito et al., 2016) and the average annual precipitation 

(P) and annual potential evapotranspiration (PET) are 423 and 519 mm, respectively (Appendices 

Table A.1.1). As such, the climate is considered sub-humid and has pronounced multi-year wet-

dry periods (Figure 2.2.2; Devito et al., 2016; Mwale, 2009).  
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Figure 2.2.1: Map of the individual study lakes representative of Boreal Plains lakes of 

Western Canada. (a) The location of Utikuma Region Study Area (URSA; red rectangle) within 

the Boreal Plains ecozone (grey) in Canada; (b) location of the 34 study ponds across distinct 

hydrologic response areas (HRAs) within URSA. Lake sites (red circle) with a white outline 

indicate meteorological (MET) sites used for precipitation measurements. 

The URSA is characterised by low relief and thick (50 – 200 m) heterogeneous glacial 

substrates overlying Cretaceous marine shale bedrock (Hokanson et al., 2019). The surficial 

geology comprises coarse-textured glaciofluvial deposits in the north-west section of the study 

area and fine-textured glacial till and glaciolacustrine deposits towards the south-east (Fenton et 

al., 2003). Forests are dominated by trembling aspen (Populus tremuloides) and Jack pine (Pinus 

banksiana) in fine-textured and coarse-textured surficial geologies, respectively (Devito et al., 

2012). Three hydrologic response areas (HRAs) have been delineated along the study transect at 

URSA: coarse-textured (CO), fine hummocky (FH), and fine plains (FP; Figure 2.2.1; Hokanson 
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et al., 2019) (Figure 2.2.1), from units mapped in the Alberta Geological Society surficial geology 

mapping (Fenton et al., 2013). Each HRA represents broad spatial differences in local relief, 

storage potential, and transmissivity (Devito et al., 2017; Hokanson et al., 2019; Winter, 2001).  

The low relief of URSA leads to poor drainage and wetlands are therefore common, with 

organic-rich peatlands covering up to 50% of the land area (Devito et al., 2016). The peatlands 

have a sparse canopy of black spruce (Picea mariana) and tamarack (Larix sp.) with groundcover 

comprised of peat-forming mosses. The thickness of the peat deposits is up to 5 m. Peatland 

abundance varies between HRAs, with extensive peatlands on the fine plains and more spatially 

confined peatlands in the coarse and fine hummocky watersheds (A.1.2).  

2.2.2 Inter-annual wet-dry periods 

Precipitation data were collected from three locations within 24 km of each other along the 

URSA transect at open locations from 1998 to 2019. Prior to 1998 (1995 - 1997), long-term daily 

precipitation data from Fort McMurray (Carrara-Hernandez et al., 2011), a region also 

characterized by a continental sub-humid climate was used to set the climatic context for this study 

because precipitation data from more relevant weather stations were not available (i.e., Red Earth 

Creek). The combined data from 1995 to 2019 was used to set the climatic context for our study 

period (2012 – 2019; Figure 2.2). Precipitation data along the URSA transect were obtained using 

shielded tipping bucket rain gauges (adapted for snowfall using antifreeze), which were validated 

using multiple manual gauges and snow transect surveys. Precipitation data collected from URSA 

were also compared with, and occasionally gap filled using nearby provincial and federal 

government weather stations (i.e., Red Earth Creek & Peavine; data provided by Alberta 

Agriculture and Forestry, Alberta Climate Information Service, 2020). Total annual precipitation 

(P) was calculated for the period from July 1st to June 30th, i.e., to capture the effects of wet-dry 
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periods on lake DOC concentration and aromaticity prior to our annual sampling campaigns that 

took place in early July of each year from 2012 to 2019. We used the ratio of long-term average 

potential evapotranspiration (PET; 519 mm) and average annual P (PET/P) for each annual period 

(July – June) to determine wet, mesic and dry conditions (Devito et al., 2012, 2016; A.1.1). PET/P 

categories for wet, mesic and dry years have been established as < 0.9, 0.9 – 1.15 and 1.15 – 1.8, 

respectively (Devito et al., 2012). Several relatively wet and dry periods were observed during the 

study period, but did not include extreme drought and flood conditions, which have been observed 

in preceding decades (Figure 2.2.2). To assess lag-times between inter-annual wet-dry periods and 

lake DOC concentration and aromaticity of DOC, we used the cumulative precipitation of three 

different periods preceding the sampling date (A.1.2). The precipitation periods represented (a) 

short-term monthly precipitation from summer storms (June 1st – 30th), (b) long-term cumulative 

one year (July 1st – June 30th), and (c) long-term cumulative of the past two years (July 1st – June 

30th +yr; A.1.2).  
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Figure 2.2.2: Annual precipitation data and 3-year cumulative departure from mean 

precipitation for URSA, before and during the study period (2012 – 2019). Long-term average 

annual P (423 mm; 1995–2019) and potential evapotranspiration (PET; 519 mm) are shown for 

context. Annual precipitation data used lake year (July 1st – June 30th) and relatively wet and dry 

weather pattern years were assigned based on PET:P. 

2.2.3 Shallow lake sampling and analysis 

Numerous shallow lakes (~ 0.5 – 5 m deep) cover approximately 10% of the study area 

(Figure 2.2.1; Olefeldt et al., 2013). The lakes in the study area are poorly stratified and naturally 

mesotrophic to hypereutrophic (Bayley et al., 2007; Nurnberg & Shaw, 1999; Plach et al., 2016). 

We conducted synoptic sampling of 34 shallow lakes annually from 2012 to 2019, with sampling 

always between June 30th and July 15th. Surface water samples were collected from the lake shore, 

or when required, from the edge of emergent vegetation using a 3-m sampling pole, at a depth of 

approximately 30 cm to ensure each sample was representative of the water column at each lake. 

Electrical Conductivity (EC), temperature and pH were measured in the field directly from each 
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lake with a calibrated temperature/level/conductivity meter (Solinst, Canada) or EC and pH 

Ultrapens (Myron). 

Lakewater samples were collected for analysis of isotope signatures (18O/16O and 2H/H 

ratios), and for characterization of DOC concentration and aromaticity. Water samples for isotope 

analysis were first filtered through a 1-mm HDPE filter into a 1-L HDPE bottle with no headspace, 

and then on the same day subsampled and filtered (0.45 µm pore-size PES filter) into 10-ml glass 

vials without headspace. Water samples for DOC concentration and absorbance (254 nm; A254) 

analyses were filtered through 0.7-µm glass microfiber filters (Whatman GF/F) into 60-ml pre-

washed amber glass bottles. A 4-ml subsample was taken for UV-vis analysis of A254 on the same 

day (see below), followed by acidification of the remaining sample (4 mL of 18% hydrochloric 

acid). The acidified sample was stored cool (4°C) until DOC analysis (see below).  

Lake water DOC concentrations ([DOC]) were measured on a Shimadzu 5000A TOC 

analyser using the high temperature combustion method at the Biogeochemical Analytical Service 

Laboratory, University of Alberta (BASL). Samples were purged before injection to remove any 

dissolved inorganic carbon. A minimum of four calibration levels across 1 – 100 mg-L-1 ranges 

were established using DOC standards and blanks to ensure the instrument was operating correctly. 

Sample injections were repeated until a minimum of three replicate measurements were 

reproducible to within ± 2% relative standard deviation. 

We measured absorbance spectra of filtered samples from 200 to 600 nm in a 1-cm quartz 

cuvette at 1 nm intervals using a Varian Cary 100 from 2012 to 2015 and an Ocean Optics UV-

Vis spectrophotometer (model FLAME-S-UV-VIS-ES) from 2016 to 2019, with Milli-Q water as 

a blank. A correction was applied to all A254 data to account for the effects of iron on optical 

properties of DOC (Poulin et al., 2014). Specific Ultra-Violet Absorbance at 254 nm (SUVA254, 
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unit: L mg C-1 m-1) is an indicator of DOC aromaticity (Weishaar et al., 2003) and was calculated 

by dividing absorbance at 254 nm (A254 unit: cm-1) by the sample [DOC] and multiplying by 100. 

Stable O and H isotope ratios in lake water were determined using a Los Gatos isotope 

analyser (model IWA-45EP) from 2012 to 2013 and a Picarro Cavity Ring-Down Spectroscopy 

L2130-i isotope analyser from 2014 to 2018 at BASL. Isotope results were expressed as a per mil 

(‰) difference relative to Vienna Standard Mean Oceanic Water (VSMOW). Isotope results were 

used to calculate the line-conditioned excess (lc-excess); a measure of the offset of a water sample 

from the Local Meteoric Water Line (LMWL) in dual-isotope space (Landwehr & Coplen, 2006). 

The Local Meteoric Water Line (LMWL) equation for the study area was provided by Hokanson 

(2019) and used to calculate lc-excess using the following equation: 

   lc-excess = δ2H -  𝑎 • δ18O – 𝑏 

where a and b are the slope (7.25‰) and intercept (-11.25 ‰) of the LMWL, respectively. A 

negative lc-excess value is indicative of kinetic fractionation by evaporation. The isotopic 

composition of a lake, although influenced by source water composition, becomes isotopically 

heavier through kinetic fractionation processes and plots below the LWML (Craig et al., 1963; 

Figure 2.2.3). Similarly to conceptualizations from Sprenger et al. (2017) and the relationship 

already established between lc-excess and evaporation, this study assumes that with more negative 

lc-excess and greater evaporative enrichment lake water residence times will be longer. Therefore, 

this study uses lc-excess as a relative measure of lake water residence time. 
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Figure 2.2.3: Isotopic compositions of study lakes and source waters. Dual isotope plot of mean 

δ18O and δ2H for terrestrial water sources (red ellipses) and lake samples (circles) collected 

annually throughout the study period. The URSA local meteoric waterline (LMWL) (solid line) 

and URSA local evaporation line (LEL) (dashed line) are shown for context. Blue and grey ellipses 

regions indicate isotopic signatures of precipitation as rain (n = 93) and snow (n = 25) samples, 

respectively. 

2.2.4 Landscape and lake attributes 

2.2.4.1 Watershed landscape attributes 

We delineated the watersheds of the 34 lakes on the Boreal Plain assuming a 2-m ridgeline 

required to overcome watershed boundaries, typically at saddle locations. We used a combination 

of resources including; Canadian Digital Elevation Models (2-m and 30-m resolution; NRC, 2016) 

with associated flow models generated in ArcMap (Version 10.6), World Satellite Imagery 

provided by Esri, historical aerial photography, a landsat-based wetland map of the region 

(Enhanced Wetland Classification (DUC, 2011)), Lidar data (Montgomery et al., 2019), and our 
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local knowledge of surface flow direction, culvert locations, and beaver activity from ground 

truthing.  

The HRA of each watershed was defined as coarse, fine hummocky, or fine plain according 

to the dominant HRA type (i.e. 50% of watershed area or greater; A.1.3). However, two lakes 

located on the  coarse HRA were grouped with the fine hummocky HRA. The two lakes are located 

in headwaters with hummocky morphology and ice-contact glacial-fluvial geology (Fenton et al. 

2013), where fine-textured deposits overlay coarse deposits not indicated by the regional mapping 

(Coarse Outwash perched (CO-P) in Hokanson et al., 2019; Plach et al., 2016).  

Connected wetland area as a proportion of the total watershed area (CWA:CA) was 

delineated using a combination of the World Satellite Imagery (Esri), the Enhanced Wetland 

Classification mapping (DUC, 2011) and Lidar data. Connected wetland area refers to the 

cumulative wetland area network or diffuse surface drainage that extends continuously from the 

lake edge through the topographic watershed. To assess effects of disturbance on the dominant 

source of terrestrial DOC to lakes, we determined the forest harvest area since 2012 (Alberta 

Biodiversity Monitoring Institute Human Footprint Inventory, 2020), and burn area within 

connected wetland area (Alberta Wildfire, 2020) following the 2011 wildfire for each lake 

watershed.  

2.2.4.2 Lake attributes 

Depth of water was measured at a permanent reference location concomitantly with 

chemistry sampling, denoted by a stake or staff gauge secured to the deep sediments with known 

elevation (MASL) at the edge of each lake. A survey of simultaneous water level measures at the 

permanent reference location and at the center of the lake (assumed maximum depth) undertaken 
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in 2012 were used to estimate the maximum depth of the lake for remaining years (2013 to 2019). 

Maximum lake depth at the centre was then averaged for 2012 to 2019 for each lake, and a 

departure from mean water level for each year was determined for each lake.  

We determined the relative elevation of each lake within a HRA sub-unit to indicate 

landscape position of each lake. HRA sub-units subdivide HRAs according to regional subsurface 

flow-systems, and were identified using the digital elevation models to indicate topographic 

subsurface flow path boundaries. Within each HRA sub-unit, relative elevation was calculated for 

each lake using a 30-m resolution digital elevation model. Relative elevation was then calculated 

as the percentile of the lake elevation compared to the elevations in the HRA-subunit, creating 

comparable relative elevations within a HRA.  

2.2.5 Statistical analyses 

We used the long-term (2012-2019) average values of lake [DOC], SUVA254, lc-excess, 

EC, and lake depth to assess spatial variability in lake water chemistry. Inter-annual variability of 

lake water chemistry was assessed using the standard deviation (SD) of [DOC], SUVA254, lc-

excess, EC, and lake depth throughout the study period (n = 8 per lake). We also quantified inter-

annual variability of lake water chemistry using the coefficient of variance (CV; SD divided by 

average ×100) of lake water chemistry variables throughout the study period. We used long-term 

average values to describe spatial variability and SD values to describe inter-annual variability in 

a one-way analysis of variance (ANOVA) and a Kruskal-Wallis (K-W) on ranks for parametric 

and non-parametric data, respectively, to test significant differences across HRAs. A Shapiro-

Wilks test was conducted on lake water chemistry data (long-term average (spatial) and SD (inter-

annual)) to test for normality. For each statistical test, p-values <0.05 (95% confidence interval) 

were considered significant.  
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We conducted an analysis of synchronicity for the inter-annual variability of [DOC], 

SUVA254, lc-excess, EC, and lake depth across lakes by examining the correlation of each variable 

throughout the study period for each of the 34 possible lake pairs (Jane et al., 2017). Synchronicity, 

an indicator of whether controls on variability of observed DOC characteristics are common or 

individual, was then determined by averaging the Pearson correlation coefficients for all 34 lake 

pair correlations (Jane et al., 2017; Kratz et al., 1998; Magnuson et al., 1990; Pace and Cole, 2002) 

(A.1.4).  

A correlation matrix was produced to show relationships between long-term (2012 – 2019) 

average DOC characteristics, lc-excess, EC, and lake and landscape attributes. This correlation 

matrix was also used for identifying potential collinearity of lake and landscape attributes and 

potentially spurious relationships. Linear regression analysis was performed using the function lm 

in stats v3.6.2 in base R (Chambers, 1992; Wilkinson and Rogers, 1973) to examine the strength 

of the relationships between DOC characteristics and lake and landscape attributes within each 

HRA and for the whole set of lakes. The relationships identified in this analysis were used to 

inform the predictor variables (fixed effects) we used in our generalized mixed effect models 

(GLMMs). A GLMM was used to test hypotheses regarding the controls of lake and landscape 

attributes on spatial variability of [DOC] and DOC aromaticity (Table 2.1), using the lmerTest 

(Kuznetsova et al., 2015) package in R. In both models (DOC concentration and aromaticity), 

fixed factors included long-term average lake and landscape attributes whilst random factors 

included lake ID and year, to account for repeat measures and environmental variation 

unaccounted for in different years.  
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Table 2.1: Summary of a priori lake and landscape attributes hypothesised to affect the DOC characteristics of lakes at URSA, 

representative of the Boreal Plains. 

Metric 
Categories / 

Range 
Landscape / 

Lake Characteristic 
Motivation / Apriori Prediction 

External Process   

Relative Elevation 

(within a HRA) (%) 

4 - 97 percentile  

elevation 

Surface and Subsurface 

Connectivity 

In coarse-textured HRAs, lakes located at a lower relative elevation receive higher relative subsurface 

contributions from groundwater, typically depleted of aromatic DOC. In fine-textured HRAs, lakes at lower 

relative elevations receive high surface contributions from surrounding DOC-rich peatlands. 

Hydrologic Response 

Area (HRA)  

Coarse  
Surface Vs Subsurface 

Flow path 

Fine textured HRAs are dominated by surface flow-paths, typically through DOC-rich peatlands whereas coarse-

textured HRAs are dominated by subsurface flow-paths depleted of aromatic DOC. 
Fine Hummocky  

Fine Plain  

Connected Wetland to 

Watershed Area 

(CW
A
:C

A
) 

0.2 – 0.85 

Runoff Area & 

Terrestrial DOC 

Sources 

Lakes with large CW
A
:C

A
 receive a greater amount of runoff from available DOC sources therefore increasing 

DOC concentrations and SUVA
254

. 

Burned Connected 

Wetland Area to 

Watershed Area  
0 – 8.5 Wildfire Disturbance 

Lakes with a larger proportion of burned wetland in their watershed receive water leached from peatlands 

containing highly aromatic DOC from char layers, thereby increasing DOC concentrations and SUVA
254

.  

Harvest Area to 

Watershed Area  
0 - 1 Harvesting Disturbance 

Lakes with a larger proportion of harvest occurrence are able to generate more runoff which leaches the leaf fibric 

humic layer thereby increasing DOC concentrations and SUVA
254

 of lakes. 

Electrical Conductivity 

(EC) 
73 to 450 µS 

Mineral Vs Organic 

Flow-path 

Lakes with higher EC typically receive a greater amount water from mineral-dominant flow-paths typically 

depleted in aromatic DOM, whilst lakes with a lower EC typically receive water from organic-dominant flow-

paths enriched with aromatic DOM.  

Internal Process   

lc-excess -3.6 to -50.7 ‰ Water Residence Time 
Lakes with a more negative lc-excess are indicative of evaporative fractionation suggesting a longer lake water 

residence time, enhancing within lake degradation of aromatic DOC. 

Lake depth (departure 

from average depth 

(DM)) (m) 
0.3 – 5.85 m Water Residence Time 

Lakes with a lower than average lake depth are indicative of dry periods suggesting a longer lake water residence 

time, enhancing within lake degradation of aromatic DOC. 
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An inter-model comparison was carried out using the Akaike Information Criterion (AIC) 

to determine the most parsimonious model from a number of potential models that were developed 

using different combinations of landscape and lake metrics. The AIC for each model was obtained 

by using the nmle function within R, which calculates the AIC of a model from which a log-

likelihood value can be obtained (Sakamoto et al., 1986). We used the ‘MuMin’ package in R 

(Barton & Barton, 2015) to obtain marginal and conditional R2 values for each of our models 

which reflect the R2 of fixed effects only and fixed and random effects, respectively. We then 

subtracted the marginal R2 from the conditional R2 to obtain the R2 of the random effects 

representing lake ID and year only. The RMSE of each fitted model was also obtained using the 

qpcR package in R (Spiess & Spiess, 2018). We also ran simple ANOVA’s between each model 

and a null model which included only random effects to further confirm whether our fixed effects 

played a significant role. For each ANOVA, p-values <0.05 (95% confidence interval) were 

considered significant. 

2.3 Results 

2.3.1 Lake and watershed attributes 

Of the 34 lakes in this study, 8 were located in the coarse, 14 in the fine hummocky, and 

12 in the fine plains (Figure 2.2.1; A.1.3). Lake size varied between 0.05 and 324 ha (A.1.3). Long-

term (2012-2019) average lake depths ranged between 0.40 and 5.50 m among lakes, and varied 

across HRAs with greatest average lake depths in the coarse (2.0 ± 1.0 m, ±1 SD), followed by 

fine plains (1.8 ± 0.5 m), and fine hummocky (1.5 ± 0.5 m) (S3). Lake watershed areas varied 

between 8 and 9,500 ha, yielding ratios of lake watershed to lake size between 1.8 and 160 (A.1.3). 

The percent watershed connected wetland area was highest for fine plains lakes (ranging 47 – 

85%), followed by the coarse (22 – 68%), and fine hummocky (16 – 59%; A.1.3). A 2011 wildfire 
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affected seven watersheds in the coarse (12 - 40%; A.1.3), four in the fine hummocky (32 - 54%; 

A.1.3), and eight in the fine plains (39 - 85%; A.1.3). Harvesting that occurred in 2012 affected 

two watersheds in the coarse (1%; A.1.3), one in the fine hummocky (8%; A.1.3), and three in the 

fine plains (0.2 - 100%; A.1.3). 

2.3.2 Spatial variability of long-term average lake water chemistry 

Long-term (2012-2019) average lake DOC concentration ([DOC]) ranged between 10.3 

and 49.4 mg C L-1 across the 34 lakes (Figure 2.2.4; A.1.3), and long-term average SUVA254 

ranged between 1.2 and 3.9 L mg-1 C m-1  (Figure 2.2.4; A.1.3). The long-term average lake [DOC] 

and SUVA254 varied significantly among HRAs. We found that fine plains lakes had the highest 

long-term [DOC] at 40.8 ± 6.2 mg C L-1, followed by fine hummocky lakes at 31.4 ± 8.3 mg C L-

1, and lowest in coarse lakes 17.1 ± 3.2 mg C L-1 (A.1.4). Average long-term SUVA254 did not 

follow the same trend, and was higher in both fine hummocky lakes (2.8 ± 0.47 L mg-1 C m-1) and 

fine plains lakes (2.8 ± 0.49 L mg-1 C m-1) compared to the coarse (1.9 ± 0.40 L mg-1 C m-1; A.1.4). 
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Figure 2.2.4: Time-series showing annual measurements of (a) DOC concentration, (b) 

SUVA254, (c) Departure from mean lake depth, (d) lc-excess and (e) EC for 34 shallow lakes 

at URSA from 2012 – 2019. Thin lines represent annual measurements collected from individual 

lakes whilst thick lines represent the mean of annual lake measurements within a given Hydrologic 

Response Area (HRA). Grey and white panels differentiate between relatively wet (PET:P = 0.9 – 

1.1) and dry years (PET:P = 1.2 – 1.8) respectively. Average synchronicity of the 34 lake-pair 

measurements for each variable are presented in the top right corner of each plot. 

All lakes had long-term average isotopic signatures that plotted along the local evaporative 

line in dual-isotope space, whilst long-term average isotopic signatures of terrestrial source waters 

plotted along the LMWL (Fig. 2.3). Long-term average lake lc-excess were negative for all lakes, 

and varied from -9.80 to -32.06 ‰ (Figure 2.3 & Figure 2.2.4). Lake lc-excess varied significantly 

among the HRAs (A.1.4), being least negative in the fine plains (-19.1 ± 1.5‰), followed by the 

coarse (-21.2 ± 4.2‰), and most negative in the fine hummocky (-24.4 ± 6.4‰). Long-term 

average lake EC ranged between 74 and 445 µS cm-1 (Figure 2.2.4), with no significant differences 

between HRAs (A.1.4).  

2.3.3 Inter-annual variability of lake water chemistry and water level 

Lakes showed inter-annual variability in [DOC] and SUVA254 (Figure 2.2.4; A.1.4), 

quantified using the coefficient of variation (CV) to assess how much each lake’s DOC 

concentration or chemical composition varied over time. The CV for inter-annual lake [DOC] was 

13.0 ± 5.7% for fine hummocky lakes, 10.9 ± 2.9% for coarse lakes, and 8.6 ± 2.3% for fine plains 

lakes. We also identified large variability in the CV for [DOC] and SUVA254 within HRAs (A.1.4); 

fine hummocky lakes had the largest coefficient of variation range for [DOC] and SUVA254 (DOC: 

5.8 – 27.5%; SUVA254: 5.9 – 16.1%). The coarse lakes had a larger coefficient of variation for 

[DOC] than fine plains lakes, however, fine plains lakes had a larger coefficient of variation for 
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SUVA254 than coarse lakes (coarse - DOC: 5.9 – 17.0%; SUVA254: 8.3 – 13.5%; fine plains - DOC: 

4.9 – 11.6%; SUVA254: 8.2 – 16.5%). In relative terms, we found that the DOC concentration and 

SUVA254 of coarse and fine hummocky lakes changed on average by 30% from one year to 

another, whilst in fine plains lakes although SUVA254 also changed by 30%, DOC concentration 

changed on average by 20% from one year to another. A key difference between [DOC] and 

SUVA254, was that we found relatively low inter-annual synchronicity among lakes for [DOC] 

(0.29), while synchronicity was relatively high for SUVA254 (0.64) (Fig. 2.4; A.1.5).  

The SDs for lake depth, lc-excess, and EC throughout the study averaged 0.15 ± 0.05 m, 

4.65 ± 2.00‰, and 43.2 ± 26.2 µS cm-1, respectively across all lakes (Fig 2.4). There were no 

differences in the magnitude of the lake depth variability or in lake EC between HRAs (A.1.4). 

We did find a significantly greater SD in lake lc-excess for fine hummocky lakes (6.05 ± 2.26‰), 

than in the fine plains (3.98 ± 0.98‰) and coarse lakes (3.19 ± 0.57‰). Lakes had high 

synchronicity in lake depth (expressed as a departure from mean lake depth throughout the study) 

(0.43) and in lake lc-excess (0.77), while there was low synchronicity among lakes in EC (0.08) 

(Figure 2.2.4; A.1.5).  

2.3.4 Controls on the variability of lake DOC and SUVA254 

We explored potential controls on the spatial variability of lake [DOC] and SUVA254 

through regression and GLMM analysis (Figure 2.2.5; Table 2.2). The most parsimonious GLMM 

explained 79% the spatial variability of annual lake [DOC]. In both the GLMM and regression 

analysis, lakes in fine-textured HRAs had increasing [DOC] with a greater proportion of connected 

wetland in the watershed (Table 2.2; Figure 2.2.5). However, the opposite was found for lakes in 

the coarse-textured HRA, where [DOC] decreased with increasing proportions of connected 

wetland (Table 2.2; Figure 2.2.5). For spatial variability in SUVA254, surficial geology (HRA) 
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interactions with EC, and lc-excess explained 75% of the spatial variability (Table 2.2). Lakes with 

less negative (higher) lc-excess and lower EC were found to have higher SUVA254, but lakes in 

coarse had overall lower SUVA254 than fine-textured hummocky and plains lakes (Table 2.2; 

Figure 2.2.5). None of the five most parsimonious models for explaining spatial variability 

included proportion of burned connected wetland area or harvest area within the watershed for 

either lake DOC or SUVA254.  
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Figure 2.2.5: Correlation matrices showing relationships between average DOC 

characteristics (DOC concentration [DOC] and SUVA254) and lake and landscape attributes 

across URSA lakes. Each point represents annual lake measurements within a given Hydrologic 

Response Area (Coarse = orange, Fine Hummocky = green, Fine Plains = blue). Lake and 

landscape attributes include lc-excess, EC, Connected wetland to watershed area (CW
A
:C

A
) and 

relative elevation within a HRA. Pearson r values for each regression line are presented in the left 

hand panels (Cor = overall correlation, CO = Coarse, FH = Fine Hummocky, FP = Fine Plains). * 

indicate p < 0.05. 
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Table 2.2: Generalised linear mixed effect model results used to test hypotheses for explaining the spatial variability in A [DOC] 

and B SUVA254 observed across URSA lakes.  

 

Note. Model parameters and their representative landscape process are outlined in Table 2.1. A ‘:’ indicates an interaction term in the model. Models are ranked 

by AIC, from low to high. Root mean standard error (RMSE), R2 of fixed variables (lake and landscape attributes), R2 of random variables (Year and Lake ID) and 

ANOVA results comparing each model to a null model are also provided. *Fixed variables are significant (p > 0.05).

# Model Parameters Intercept AIC RMSE R
2
 fixed effects R

2
 random effects ANOVA 

 A: [DOC]       

1 Fine HRA : Connected Wetland (0.83)* + Coarse HRA : Connected Wetland (-0.71)* 3.12 1419.90 0.1 0.79 0.10 4.24E-06* 

2 Fine HRA : EC (0.58)* + Coarse HRA : EC (0.26) 2.25 1425.30 0.1 0.75 0.14 6.18E-05* 

3 Fine HRA (0.73)* (Coarse HRA (-0.73)*) 2.81 1426.44 0.1 0.71 0.16 5.66E-05* 

4 EC (0.59) + lc-excess (0.01) 2.28 1442.70 0.1 0.22 0.52 3.80E-01 

5 Burned Connected Wetland Area (0.25) + Harvest (0.36) 3.30 1443.60 0.1 0.13 0.58 6.04E-01 

 
B: SUVA

254
 

      

1 Fine HRA : EC (-0.63) + Coarse HRA : EC (-0.82)* + lc-excess (0.02)* 2.78 -43.2 0.07 0.75 0.12 8.20E-06* 

2 Fine HRA : EC (-0.54) + Coarse HRA : EC (-0.74)* 2.22 -37.7 0.08 0.68 0.17 8.21E-05* 

3 Fine HRA (0.41)* (Coarse HRA (-0.41)*) 0.60 -32.4 0.07 0.57 0.25 7.17E-04* 

4 EC (-0.58)* + lc-excess (0.01) 2.52 -23.6 0.08 0.35 0.41 9.61E-02 

5 Burned Connected Wetland Area (0.10) + Harvest (-0.2) 0.89 -19.3 0.08 0.05 0.62 8.06E-01 
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To explore the influence of inter-annual controls on SUVA254, annual SUVA254 for 

individual lakes was regressed with lc-excess and lake depth departure from mean (Figure 2.2.6). 

We found positive relationships between lake SUVA254, lake lc-excess, and lake depth departure 

from mean for all lakes, but lakes in each HRA had its distinct combination (Figure 2.2.6). Lakes 

in coarse-textured watersheds had lower SUVA254 at comparable lc-excess compared to the other 

HRAs, and also had the weakest relationship between SUVA254 and lake depth departure from 

mean. Lakes in fine hummocky had high SUVA254, but also the most negative (lowest) and 

variable lc-excess. Lakes in fine plains also had high SUVA254, but at the least negative (highest) 

values of lc-excess.  
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Figure 2.2.6: Relationships between SUVA254 and lc-excess (top row) and SUVA254 and 

departure from mean lake depth (Lake Depth DM; bottom row) across individual URSA 

lakes grouped by Hydrologic Response Area (HRA). Different shades of colour represent the 

individual lakes with each HRA. 

2.3.5 Response of lake DOC characteristics to wet-dry periods 

The response of lake DOC characteristics within each HRA to relative wet and dry periods 

of different length and severity is shown in Figure 2.2.7 (A.1.7). In general, we found that wet-dry 

periods had greater influence on lake SUVA254 than [DOC]. Fine hummocky and coarse lakes 

showed that [DOC] decreased as the short-term monthly cumulative precipitation increased, while 

the [DOC] of fine plains lakes did not respond to short-term monthly cumulative precipitation.  

Longer-term wet-dry periods (i.e., 12- and 24-month cumulative precipitation) had no significant 

influence on lake [DOC]. In contrast, lake SUVA254 was most influenced by the 24-month 

cumulative precipitation, with a significant positive relationship for lakes in all three HRAs.  
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Figure 2.2.7: Relationships between mean lake DOC concentration [DOC] (left column) and 

SUVA254 (right column) sampled annually from 2012 - 2019 within each hydrologic response 

area (HRA) and different cumulative total precipitation periods (1 month, 12 month and 24 

month). Statistically significant relationships (p < 0.05) are indicated with a solid regression line 

and R values provided in the top left corner of the panel. Statistically insignificant relationships 

show a dashed line, R values can be found in A.1.6. The colour for each point and regression line 

represents lakes in each HRA, Coarse (orange), Fine Hummocky (Green) and Fine Plains (Blue) 

lakes. 

2.4 Discussion 

This study found large spatial and inter-annual variability in DOC concentration and 

chemical composition (using SUVA254 as a proxy for aromaticity of DOC) in lakes on the Boreal 

Plains of Western Canada. Below, we reason that the large spatial variability in lake DOC 
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concentration was primarily a result of the heterogeneous surficial geology in the region, and 

differences in proportion of wetland connectivity across watersheds. Also, the spatial variability 

in aromaticity of lake DOC was influenced by lake water residence times and the extent of within-

lake processing of aromatic-rich allochthonous DOC. We further reason that high inter-annual 

variability in lake DOC characteristics was a consequence of interactions between surficial 

geology, and the sub-humid climate of the Boreal Plains. While inter-annual wet-dry periods were 

found to shift connectivity of terrestrial DOC sources, and thus DOC concentration, the most 

important driver of inter-annual variability in lake DOC aromaticity was lake water residence time, 

and the degree to which within-lake processes caused DOC degradation. Our study allowed us to 

develop a conceptual model of interactions between landscape and climate controls on lake DOC 

characteristics on the Boreal Plains, referred to throughout the discussion (Figure 2.2.8). As one 

of few studies that have monitored variability in small boreal lake DOC characteristics over a 

period of almost a decade, this study provides new insights into the sensitivity of lake DOC 

characteristics to inter-annual wet-dry periods, and thus potential consequences for lake functions 

on the Boreal Plains in the future.  

 



From Drought to Deluge:  

Implications of variable hydrologic connectivity on lake  

ecosystem functions in the Boreal Plains of Western Canada 44 
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Figure 2.2.8: Conceptual model of DOC concentration and aromaticity (SUVA254) responses 

of shallow lakes located in each HRA to relatively A dry (top) and B wet (bottom) periods. 

Dark green areas represent peatlands whilst light green areas represent the forest, where 

aspen and pine trees are located in fine and coarse-textured HRAs, respectively. Blue and 

black arrows indicate subsurface and surface flow paths, respectively. Larger black arrows indicate 

greater contributions of water from different terrestrial sources of allochthonous DOC. The ranges 

of [DOC] and aromaticity for low, moderate and high are: [DOC] 0 – 20, 20 – 40 and > 40 mg C 

L-1; and aromaticity (SUVA254) 0 – 2, 2 – 3, >3 L mg-1 C m-1. We propose that lake DOC 

concentration is sensitive to spatial differences in HRA and subsequent dominance of subsurface 

and surface flow paths. DOC concentrations are lowest in coarse lakes with greater contributions 

from subsurface flow paths and limited surface contributions, followed by fine-textured isolated 

and hummocky lakes with surface contributions from adjacent wetlands, and the highest DOC 

concentrations found in fine plains lakes which receive large surface contributions from the 

extensive peatlands in the watershed. In contrast, aromaticity of lake DOC is sensitive to inter-

annual wet-dry periods, however, spatial dependencies of DOC aromaticity to surficial geology 

remain. We propose that during a dry period, aromaticity of lake DOC is lower due to increased 

opportunities for within-lake processing of DOC, whilst a wet landscape state will promote water 

movement through the landscape, thereby reducing opportunities for within-lake processing of 

DOC. 

2.4.1 Spatial variability of lake DOC characteristics 

This study found large spatial variability in DOC concentration and aromaticity in lakes on 

the Boreal Plains. We found generally higher lake DOC concentrations in the Boreal Plains than 

in other boreal and northern temperate regions. For example, in 70% of the study lakes long-term 

DOC concentrations were between 20 and 50 mg C L-1, whereas research undertaken in the Boreal 

Shield and northern temperate lakes only report up to 20% of study lake DOC concentrations over 

20 mg C L-1 (Carignan et al., 2000; Curtis & Schindler, 1997; D’Arcy & Carignan, 1997; Houle 

et al., 2020; Jonsson et al., 2003; Sepp et al., 2019; Sobek et al., 2003). Whilst extensive peatlands 
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can explain high DOC concentrations in the Boreal Plains, the pH of the study lakes is also higher 

than those in Boreal Shield and northern temperate settings (Carignan et al., 2000; D’Arcy & 

Carignan, 1997; Jonsson et al., 2003; Sobek et al., 2003), thereby potentially enhancing DOC 

solubility in soils and thus causing higher lake DOC concentrations (Curtis & Adams, 1995; Kang 

et al., 2018). The range of SUVA254 values measured in the study lakes were generally lower than 

those recorded in other boreal (Erlandsson et al., 2012; Kothawala et al., 2014; Mueller et al., 

2012), and northern temperate regions (Sepp et al., 2019; Warner & Saros, 2019). The lower 

SUVA254 observed in Boreal Plains lakes may be due to differences in soil type, where other boreal 

regions are typically characterized by podsolic soils, the Boreal Plains has calcareous soils that 

increase pH, which has also been shown to enhance within-lake processing of aromatic DOC (Soil 

Classification Working Group 2001; Pace et al., 2012; Sepp et al., 2019). Alternatively, lower 

SUVA254 could also be due to Boreal Plains lakes undergoing greater within-lake processing of 

aromatic DOC in relation to extended lake water residence times when compared to other boreal 

regions (D’Arcy & Carignan, 1997; Jane et al., 2017; Kothawala et al., 2014). 

We found that the three distinct surficial geologies in our study area had strong influence 

on lake DOC characteristics. Our conceptual model proposes that the differences in local relief, 

storage potential, and transmissivity between surficial geologies influence the degree of surface 

and subsurface contributions (Devito et al., 2005, 2017; Hokanson et al., 2019; Plach et al., 2016; 

Winter, 2001), which controls the delivery of allochthonous aromatic-rich DOC to lakes (Olefeldt 

et al., 2013). As important watershed sources of DOC, the proportion of peatland in a watershed 

also determines the delivery of allochthonous aromatic-rich DOC to lakes (Aitkenhead-Peterson 

et al., 2003; Arvola et al., 2016; Dillon & Molot, 1997; Kortelainen, 1993; Mattsson et al., 2005; 

Rantakari et al., 2004; Sepp et al., 2019; Thurman et al., 1985). In a Boreal Plains setting, the 
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proportion of peatland in a watershed is intrinsically linked to surficial geology and relative 

elevation in the HRA. Specifically, the proportion of peatland is spatially constrained in coarse 

and fine hummocky watersheds, but extensive across fine plains watersheds (Figure 2.2.8). 

Despite the average proportion of peatlands connected to coarse lakes (45% of watershed (A.1.3)), 

DOC concentrations and aromaticity were likely lower in coarse lakes because of the degree of 

subsurface contributions depleted in aromatic-DOC, which may overwhelm surface contributions 

from surrounding peatlands (Figure 2.2.8; Hokanson et al., 2019; Qualls & Haines, 1992; Olefeldt 

et al., 2013; Smerdon et al., 2005; Thurman, 2012). Long-term average DOC concentrations and 

aromaticity of fine hummocky lakes were higher in watersheds with greater peatland connectivity, 

even with the narrow range of peatland proportions within fine hummocky watersheds (35% of 

watershed; A.1.3), likely due to the dominance of surface contributions to lakes via adjacent 

peatlands and riparian zones, with limited subsurface contributions (Figure 2.2.8; Ferone & 

Devito, 2004; Olefeldt et al., 2013; Plach et al., 2016). Fine plains lakes had the highest long-term 

average DOC concentration and average peatland connectivity (65% of watershed (A.1.3)) 

indicating dominance of surface contributions via extensive peatlands, and again limited 

subsurface contributions (Figure 2.2.8; Hokanson et al., 2019; Olefeldt et al., 2013; Smerdon et 

al., 2005).  

The spatial variability in lake DOC aromaticity (SUVA254) was strongly influenced by lake 

water residence times (lc-excess), which we conceptualise to be partly driven by the degree of 

surface and subsurface contributions across surficial geologies (Figure 2.2.8). Although not 

explicitly measured here, longer water residence times are expected to be prevalent in Boreal 

Plains lakes due to the sub-humid climate of the region, despite Boreal Plains lakes being generally 

shallower than their Boreal Shield counterparts that often exhibit water residence times between 0 
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– 5 years (D’Arcy & Carignan, 1997; Jane et al., 2017; Kothawala et al., 2014). Furthermore, 

longer water residence times of Boreal Plains lakes enhance opportunities for within-lake selective 

degradation (e.g., photodegradation, biodegradation, and flocculation), and autochthonous 

production of DOC, which is associated with decreasing aromaticity of DOC (Figure 2.2.6; Catalán 

et al., 2016; Ejarque et al., 2018; Kothawala et al, 2014; Schindler et al., 1992, 1997). In contrast 

to the relationship between water residence time and DOC aromaticity observed in other studies, 

the lc-excess data suggested that coarse lakes had relatively short water residence times, and the 

lowest aromaticity of DOC. In coarse lakes, the shorter water residence time and lower DOC 

aromaticity could be due to the degree of groundwater contributions depleted in aromatic-DOC, 

and lake-to-lake flow through systems maintaining water movement through the landscape 

(Figure 2.2.8; Hokanson et al., 2019; Smerdon et al., 2005), rather than influences of within-lake 

selective DOC degradation. Fine plains lakes had a long-term lc-excess that indicated shorter lake 

water residence times, relative to fine hummocky lakes, due to the dominance of surface flow paths 

via low-storage, runoff generating peatlands (Figure 2.2.8; Devito et al., 2005, 2017; Plach et al., 

2016; Thompson et al., 2015, 2017; Waddington et al., 2015). Fine plains lakes reinforced the 

relationship between water residence time and DOC aromaticity, where generally shorter water 

residence times corresponded to higher aromaticity of DOC due to reduced opportunities for 

within-lake selective degradation of aromatic DOC. Fine hummocky lakes had more negative 

long-term lc-excess values, indicative of longer water residence times, where due to limited 

hydrological connectivity to local flow systems, and in some cases a lack of an outflow, water 

residence times can be in excess of thirty years (Devito et al., 2012; Plach et al., 2016). However, 

fine hummocky lakes also had higher aromaticity of DOC, when compared to fine plains lakes, 

which is likely due to differences in terrestrial sources of DOC between different fine-textured 
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HRAs (Olefeldt et al., 2013). In fine hummocky watersheds, large water table fluctuations in the 

adjacent riparian soils cause greater humification, whereas fine plains peatlands maintain stable 

water tables with less humification of near surface terrestrial DOC sources. The lower DOC 

concentration in fine hummocky lakes compared to fine plains lakes may also be due to differences 

in terrestrial sources (i.e. riparian soil waters have lower DOC with higher SUVA than sphagnum-

peatland derived sources that typically occur in Fine Plains watersheds). Alternatively, there are 

greater preferential losses of aromatic DOC in fine hummocky lakes compared to fine plains, but 

the initial aromaticity of terrestrial riparian soil sources was so much higher than peatland sources 

that fine hummocky lake DOC remains aromatic even after more exposure to photodegradation 

processes.  

Disturbances, such as wildfire and harvesting, did not have a detectable influence on lake 

DOC characteristics in our study area. The lack of an influence of disturbances on lake DOC 

characteristics largely contrasts other studies that show lake DOC concentrations increase post-

disturbance in other boreal regions (Emelko et al., 2011; McEachern et al., 2000; Pinel-Alloul et 

al., 2002). This study did not include pre-fire data, and it is likely that wildfire disturbance would 

have different effects in different HRAs, for which our study did not have enough lakes to detect 

an effect of wildfire on lake DOC characteristics. However, a study by Olefeldt et al., (2013) also 

detected no influence of wildfire on lake DOC characteristics in the Boreal Plains. Thompson et 

al., (2018) also found limited impacts of harvesting on hydrology of the Boreal Plains, and thus 

the delivery of allochthonous aromatic-rich DOC to lakes. The lack of influence of wildfire and 

harvest found in these studies (Olefeldt et al., 2013; Thompson et al., 2018) can be attributed to 

the sub-humid climate of the region with low frequency of large storms to overcome the large 

storage capacity of heterogeneous glacial surficial geologies, which could also explain why 
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disturbance effects were not detected in this study. We did not include an assessment of beaver 

influence on lake DOC characteristics in Boreal Plains lakes, however, beavers can introduce lots 

of DOC into an aquatic system (Hillman et al., 2004) and their presence may add to the spatial 

variability observed. Although beavers introduce DOC into lake systems, it is assumed to be a 

small proportion of the already high DOC sources of water entering Boreal Plains lakes via organic 

rich peatlands. 

2.4.2 Inter-annual variability of lake DOC characteristics 

Our results show that inter-annual wet-dry periods cause much of the observed inter-annual 

variability in lake DOC characteristics. The inter-annual variability of lake DOC characteristics 

observed in the study lakes was larger than studies from northern temperate regions (Sepp et al., 

2019; Toming et al., 2016). Although there are many similarities in landscape characteristics of 

the Boreal Plains ecozone and northern temperate regions, the climate of temperate regions is 

generally wetter, thereby stabilising lake water residence times resulting in less inter-annual 

variability in lake DOC characteristics. However, there are very few studies that have quantified 

inter-annual variability in lake DOC characteristics (Zhang et al., 2010), particularly in smaller 

boreal lakes such as those on the Boreal Plains.  

We found high inter-annual variability of individual lake DOC concentrations, but low 

synchronicity among the 34 study lakes. Our low synchronicity results contrast long-term studies 

that show higher synchronicity in overall lake DOC concentration across other boreal and northern 

temperate regions (Hudson et al., 2003; Jane et al., 2017; Pace & Cole, 2002; Zhang et al., 2010). 

Some consistent patterns in DOC concentration were however observed among the study lakes, 

especially when considering distinct responses to different cumulative precipitation periods within 

each HRA. In particular, we found that lakes in different HRAs responded differently to short-
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term cumulative precipitation. In coarse and fine hummocky lakes, DOC concentrations were 

influenced by short-term cumulative precipitation, compared to fine plains lakes which did not 

respond to wet-dry periods. Coarse and fine hummocky lakes were likely diluted by groundwater 

and direct precipitation inputs, respectively, which outweighed the delivery of allochthonous DOC 

from the watershed (Sass et al., 2008). The reasons why dilution occurs in response to short-term 

precipitation likely vary between the fine hummocky and coarse lakes. Coarse lakes are well 

connected to groundwater sources, which are unlikely to respond to short-term cumulative 

precipitation; however, they likely dilute lake DOC concentrations due to direct precipitation to 

the lake (Engstrom, 1987). In fine hummocky lakes, dilution of lake DOC concentrations is likely 

due to the inability of short-term precipitation to hydrologically connect the forests within a fine 

hummocky landscape (Redding & Devito, 2008, 2010), and thus limits the influx of allochthonous 

DOC. Fine plains lakes were not sensitive to short-term cumulative precipitation likely due to 

maintained hydrologic connectivity of expansive peatlands that easily overcome their water 

storage thresholds and allow for continued delivery of allochthonous DOC to lakes regardless of 

cumulative precipitation, and thus counteract the direct dilution effect (Engstrom, 1987; Sass et 

al., 2008). 

In contrast to DOC concentration, there was high temporal synchronicity of DOC 

aromaticity among the studied lakes. Our conceptual model proposes that aromaticity of lake DOC 

is more sensitive to within-lake processes rather than delivery of DOC from various allochthonous 

sources (Figure 2.2.8; Jane et al., 2017; Kratz et al., 1998; Magnuson et al., 1990). The 

synchronicity of DOC aromaticity in the study lakes was also higher than those observed in 

northern temperate lakes (Jane et al., 2017). The high correlation between DOC aromaticity and 

lc-excess for individual lakes suggests that shifts in inter-annual wet-dry periods are reflected in 
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lake water residence times, where lower lc-excess during dry periods indicate longer water 

residence times and enhanced preferential photo-degradation of aromatic DOC. Departure from 

mean lake level also showed relatively high synchronicity among lakes, where lower water levels 

corresponded with an lc-excess indicative of longer water residence times, and decreased 

aromaticity of lake DOC as a result of enhanced within-lake photo-degradation opportunities. In 

contrast to DOC concentration, the aromaticity of lake DOC was sensitive to long-term (24-month) 

cumulative precipitation in lakes across all HRAs (Figure 2.2.7), and DOC aromaticity decreased 

when long-term cumulative precipitation was lower. We attributed this observation to the 

ephemerality of terrestrial-aquatic linkages and extension of water residence times, causing 

increased rates of within-lake processes (Algesten et al., 2003; Schindler et al., 1992, 1997). 

Therefore, small shifts in precipitation of a sub-humid climate, such as the Boreal Plains, leads to 

large shifts in drying of lakes and relative water residence times, largely contrasting other long-

term studies that are undertaken in humid climates (Hudson et al., 2003; Jane et al., 2017; Pace & 

Cole, 2002; Zhang et al., 2010).  

2.4.3 Implications for lake ecosystem functions on the Boreal Plains 

Given that the variability in precipitation is intensifying globally (Pachauri et al., 2014), lake 

DOC characteristics will also be changing in response, and could give rise to important ecological 

consequences. By 2050, the Boreal Plains ecozone is predicted to warm by 2 to 4°C (Lemmen, 

2008). This climatic change is projected to affect the landscape water balance by increasing both 

precipitation (Lemmen, 2008) and potential evapotranspiration (Schneider et al., 2013). Hence, 

the most likely outcome will be an overall drier landscape in the Boreal Plains, but also with greater 

inter-annual variability in wet-dry periods (Schneider et al., 2013; Thompson et al., 2017). With a 

changing climate and the high sensitivity of DOC characteristics to inter-annual wet-dry periods 
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shown in this study, we can expect changes to DOC characteristics, particularly DOC aromaticity, 

to shift drastically as water residence times lengthen and opportunities of within-lake degradation 

of aromatic DOC is enhanced. However, the impacts of climate change on DOC concentration 

may be less consistent among lakes, with different responses in lake DOC among HRAs. We 

expect fine hummocky lake DOC characteristics to be most sensitive to inter-annual wet-dry 

periods as their already long water residence times increase in a climate change induced drier 

landscape, thereby promoting extensive within-lake photodegradation of aromatic-DOC. 

There are multiple possible impacts of reduced DOC concentration and aromaticity on lake 

ecosystem functioning in the Boreal Plains. Firstly, reduced DOC concentrations in lakes could 

limit provisions of carbon for food webs subsequently reducing zooplankton production with 

cascading effects on wildlife (Seekell et al., 2015; Solomon et al., 2015). Secondly, light 

penetration depths could increase and promote visibility and photosynthesis, thereby influencing 

vertical habitat gradients, food-web structures, UV-protection for aquatic organisms, and predator-

prey relationships (Solomon et al., 2015; Williamson et al., 2015). Alternatively, there are potential 

benefits to reduced DOC concentration and aromaticity of lakes on the Boreal Plains. For example, 

with potential for the proportion of allochthonous DOC entering lakes to decrease with decreased 

hydrologic connectivity in the landscape, the amount of available DOC for mineralisation or 

flocculation also decreases, which may lead to lower greenhouse gas emissions to the atmosphere 

(de Wit et al., 2018; von Wachenfeldt & Tranvik, 2008). Furthermore, there are many small 

northern communities across the Boreal Plains that rely on surface water as sources of drinking 

water (Government of Alberta, 2010), which may be affected by the influence of decreased 

aromaticity of lake DOC on treatability potential of surface waters (Ritson et al., 2014).   
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2.5 Conclusion  

These results support our hypotheses, demonstrating large variability of DOC 

concentration and aromaticity across space and time in Boreal Plains lakes. As predicted, we found 

that surficial geology and proportion of wetland in the watershed were a determinant of lake DOC 

characteristics in the Boreal Plains both spatially and inter-annually. Specifically, fine-textured 

lakes showed higher DOC concentrations and aromaticity compared to coarse-textured lakes, and 

fine-textured hummocky lakes limited to local hydrologic flow paths had lower lake DOC 

aromaticity due to enhanced photodegradation processes occurring with prolonged lake water 

residence times. However, all lakes showed lower aromaticity of DOC during dry periods due to 

reduced hydrologic connectivity, longer lake water residence times, and increased opportunity for 

photodegradation processes. From these results, a conceptual model is proposed to highlight the 

complexity of landscape attributes and their interactions with inter-annual wet-dry periods upon 

lake DOC characteristics within a Boreal Plains setting, which largely contrasts responses of lake 

DOC characteristics in other boreal and northern temperate regions. As changes in climate are 

predicted to cause variations in precipitation quantity and timing, thereby altering the water 

balance and hydrologic connectivity across many regions, it is likely that DOC characteristics will 

also change in many aquatic ecosystems with implications for aquatic carbon cycling and 

ecological functioning of lakes. Changes in climate and the effects on lake responses is especially 

important in a Boreal Plains setting where shallow lakes receiving aromatic-rich allochthonous 

DOC exist in a region with an overall moisture deficit, and small changes in the water balance 

cause large shifts in water residence times and, thus, within-lake degradation of DOC. As one of 

few studies that have monitored inter-annual variability of DOC characteristics in Boreal Plains 

lakes, we show that DOC characteristics, particularly aromaticity, of many lakes on the Boreal 
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Plains are highly sensitive to inter-annual wet-dry periods, with important implications for future 

lake functions, including; greenhouse gas exchange, nutrient cycling, food webs and water 

treatability. The conceptual model presented in this study also provides a generalizable framework 

that uses universally applicable processes and can be applied in different hydrogeomorphology 

settings to assess differences in how DOC characteristics in lakes respond to climate. 
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3.0 Terrestrial sources versus within-lake processes: Controls on 

Dissolved Organic Carbon quantity and composition in Boreal 

Plains lakes of Western Canada 

Key Points: 

• Within-lakes processes significantly alter the DOC (dissolved organic carbon) 

concentration and composition of terrestrial sources reaching lakes. 

• Relative importance of within-lake processes varied among lakes and years due to 

differences in surficial geology and wetland cover influencing lake productivity 

(autochthonous production) and lake water residence time (photodegradation). 

• DOC composition was more sensitive to inter-annual wet-dry periods than DOC 

concentration, and aromaticity decreased during dry periods when opportunities for 

photodegradation were enhanced. 

Abstract 

The concentration and chemical composition of dissolved organic carbon (DOC) in boreal 

lakes is critical for several ecosystem services. Understanding the dominant processes that regulate 

lake DOC characteristics is important for robust predictions of future lake responses to climate 

change with implications for water quality and global carbon cycling. Here, we characterize the 

water chemistry of key terrestrial DOC sources to Boreal Plains lakes; including, organic peatland, 

and mineral forest and groundwater sources across heterogeneous surficial geologies. End-member 

mixing model analysis showed that within-lakes processes significantly altered the DOC 

concentration and composition of terrestrial sources reaching lakes. We found that lake DOC 

characteristics did not conform to conservative mixing of terrestrial sources, with generally lower 

observed DOC concentrations and consistently lower A254 than modelled based on conservative 

mixing, suggesting net DOC and A254 losses in terrestrial end-members along the soil-stream-lake 
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continuum. We found greater differences between modelled and observed A254 than of DOC, 

which was consistent with substantial photodegradation of aromatic terrestrial DOC in these 

shallow lakes with long residence times. Larger differences between modelled and observed DOC 

and A254 (losses) were associated with lakes in coarse and fine hummocky watersheds, whilst DOC 

concentrations observed in fine plains watersheds were higher than those modelled, thereby 

suggesting autochthonous production of DOC. We also identified inter-annual patterns in the 

difference between modelled and observed DOC characteristics, with greater losses of A254 during 

dry years, when lake water residence times were longer and opportunities for within-lake 

photodegradation processes enhanced. Our study shows variability in the hydrologic connectivity 

of different terrestrial sources to Boreal Plains lakes, and subsequently the balance of lake DOC 

concentration and composition that is significantly altered by the occurrence of within-lake 

processes. Thus, with climate change and likely extended lake water residence times with 

increased opportunity for within-lake processing, we can expect large changes in the DOC balance 

of small boreal lakes with implications for ecosystem functioning along the stream-lake 

continuum. 

3.1 Introduction 

Boreal lakes are active sites for mixing, transport, transformation, and storage of dissolved 

organic carbon (DOC), and hence are important components of the carbon cycle across regional 

and global scales (Algesten et al., 2004; Cole et al., 2007; Prairie 2008; Tranvik et al., 2009; 

Weyhenmeyer et al., 2012). Yet, there remains a scarcity of studies that integrate our understanding 

of terrestrial DOC sources to lakes, and controls on DOC quantity (DOC concentration) and 

chemical composition (Absorbance (A254)) in a landscape context that can capture the variability 

at spatial and inter-annual scales (Anas et al., 2015; Hall et al., 2018; Webb et al., 2019). The DOC 
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concentration and composition in boreal lakes depends both on the hydrologic connectivity to 

terrestrial DOC sources (Aitkenhead-Peterson et al., 2003; Kolka et al., 2008), as well as within-

lake processes of production and degradation of DOC (Aitkenhead-Peterson et al., 2003; Algesten 

et al., 2004; Bertilsson and Jones, 2002; Tranvik et al., 2009). Within-lake processing of 

terrestrially derived DOC includes degradation by biological and photo-mediated processes, which 

selectively act on non-aromatic and aromatic DOC, respectively (Benner & Kaiser, 2011; Moran 

& Zepp, 1997; von Wachenfeldt et al., 2008). However, autochthonous production of algal DOC, 

largely of non-aromatic compositions, also occurs in lakes (Guillemette et al., 2013). 

Understanding the sources and balance of DOC added or removed through space and time is 

critical to forecasting potential impacts to boreal lake ecosystem services, especially under a 

changing climate; including, food-web dynamics, greenhouse gas function, nutrient cycling, and 

water quality and treatability (Algesten et al., 2004; Cole et al., 2007; Emelko et al., 2011; Karlsson 

et al., 2009; Solomon et al., 2015; Tranvik, 1988; Williamson et al., 2009). 

The composition of DOC differs between autochthonous DOC produced within-lakes and 

various allochthonous sources from the surrounding terrestrial watershed (Aitkenhead-Peterson et 

al., 2003; Bertilsson and Jones, 2002). Autochthonous DOC is considered relatively biolabile, with 

low aromaticity (Kirchman et al. 1991; Nguyen et al., 2005; Søndergaard et al. 1995). However, 

autochthonous DOC can become biologically refractory through time as reactivity decreases and 

transformation processes occur (Tranvik & Kokalj, 1998). In contrast, allochthonous DOC is 

biologically refractory (Tranvik 1992), but the composition of allochthonous DOC differs among 

terrestrial sources. Highly aromatic high-molecular-weight humic and fulvic acids are associated 

with DOC derived from humified organic matter, such as peatlands (Kalbitz et al., 2003; Thurman, 

1985; Wickland et al., 2007). In contrast, DOC comprised of aliphatic, low-molecular-weight 
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carbohydrates are derived from fresh plant material, and mineral soils (Aitkenhead-Peterson et al., 

2003). While fresh plant material and mineral soils are both of low aromaticity, they have vastly 

different chemical compositions. Fresh plant material DOC is rich in sugars and proteins, whereas 

mineral soil DOC is low-aromatic DOC desorbed from mineral surfaces, thus DOC from fresh 

plant material is highly biolabile but DOC from deep mineral soils is usually of low 

biodegradability (Aitkenhead-Peterson et al., 2003; Olefeldt et al., 2013). Biodegradation 

processes usually selectively removes biolabile, low-molecular-weight aliphatic material with the 

exception of deep mineral soil DOC (Berggren et al. 2009; Hansen et al., 2016; Olefeldt et al., 

2013), whilst aromatic DOC is photolabile and preferentially degraded by photo-mediated 

processes into bioavailable compounds that can then be removed from the DOC pool via biological 

processes (Bertilsson & Tranvik, 2000). Both bio- and photodegradation processes can cause DOC 

losses through the conversion of DOC to inorganic carbon compounds (e.g., CO2), thereby altering 

the DOC pool of lakes from a concentration and composition perspective. 

Inter-annual climate variability may lead to shifts in lake DOC concentration and 

composition. These changes can be due to relative shifts in the dominance of various terrestrial 

allochthonous DOC sources or due to altered importance of within-lake autochthonous DOC 

production and degradation, thus controlling the DOC pool of boreal lakes (Berggren et al., 2009; 

Kellerman et al., 2014; Sobek et al., 2007). However, there are vast differences in characteristics 

and hydrologic connectivity of boreal lake watersheds across the boreal biome influencing 

terrestrial-aquatic linkages for DOC transport to lakes and DOC lake processing, including 

climate, bedrock geology, surficial geology, topographic relief and permafrost presence. Hence, 

we cannot expect spatially and inter-annually varying controls on terrestrial DOC sources to lakes, 

and DOC degradation or production in lakes to remain the same across different boreal regions. 
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The Boreal Plains ecozone constitutes a distinct physiographic region within the 

circumpolar boreal with thick heterogeneous surficial geology, widespread peatlands, and 

abundant shallow lakes. Given the distinct characteristics and large variability of the lakes and 

landscapes within the boreal plains, the controls on terrestrial DOC sources to lakes and the fate 

of DOC in lakes likely contrasts Boreal Shield regions of Canada and Scandinavia, where 

significant work on boreal lake DOC losses has been conducted (Algesten et al., 2004; Dillon & 

Molot, 1997; Hall et al., 2019; Hanson et al., 2004; Jonsson et al., 2007). The Boreal Plains has 

highly complex hydrologic connectivity (Devito et al., 2005, 2017; Hokanson et al., 2019), and 

equally complex hydrological and biogeochemical responses to precipitation (Chp. 2; Plach et al., 

2016; Sass et al., 2008) due to interactions between sedimentary bedrock overlain by thick 

heterogeneous surficial geologies and a sub-humid climate. There is large spatial and inter-annual 

variability in lake DOC concentration and aromaticity of DOC across Boreal Plains lakes as a 

result of differences in the dominance of surface versus subsurface flow paths between surficial 

geologies and interactions with inter-annual wet-dry periods (Chp. 2). Watersheds with fine-

textured surficial geology, dominated by surface flow paths through organic-rich peatlands, show 

high concentrations of aromatic-rich DOC when compared watersheds with coarse-textured 

surficial geology that are dominated by subsurface flow paths depleted of aromatic-rich DOC 

(Chp. 2; Ferone & Devito, 2004; Hokanson et al., 2019; Qualls & Haines, 1992; Olefeldt et al., 

2013; Plach et al., 2016); Smerdon et al., 2005; Thurman, 2012).  

Boreal Plains lakes are also characteristically shallow (0 – 2 m), and exist in a moisture-

deficit landscape where lake water residence times are generally longer than those observed in 

Boreal Shield regions and shift in response to inter-annual wet-dry periods (i.e. longer lake water 

residence time during dry periods and shorter during wet periods; Chp. 2). However, lake water 
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residence times can also be modified by landscape attributes, including surficial geology. Fine-

textured plains watersheds with extensive runoff generating peatlands and coarse-textured 

watersheds dominated by subsurface flow paths, are considered to have relatively short lakewater 

residence times with reduced within-lake processing opportunities; whilst fine-textured 

hummocky relief lakes dominated by limited local surface flow paths have relatively long water 

residence times (Chp. 2). Hence it is possible that the response of DOC characteristics of Boreal 

Plains lakes to climate variability is more sensitive than other boreal regions, and also likely have 

a high variability within the Boreal Plains due to its heterogeneous landscape. 

The objective of this study was to determine the processes responsible for the observed 

spatial and inter-annual variability in DOC characteristics of lakes on the Boreal Plains. In 

particular, we wanted to assess for lakes in different settings whether inter-annual variability in 

lake DOC concentration and composition is driven by relative shifts in connectivity of terrestrial 

sources or driven by relative dominance of within-lake processes of DOC production and 

degradation. For this purpose, we characterized the water chemistry and DOC characteristics of 

various terrestrial water sources, and we monitored water chemistry and DOC characteristics of 

33 lakes over eight years. A number of streams were further monitored during the last year of the 

study to distinguish whether bio- and photo-degradation processes occurring in streams altered 

DOC characteristics rather than within-lake processes. A simple mixing model was applied to 

determine how well lake and stream DOC characteristics behaved conservatively with respect to 

mixing of terrestrial sources. Discrepancies between modelled and observed lake DOC 

characteristics, based on the mixing model, were explored to assess whether they were primarily 

consistent with losses during transport in the stream networks, resulting from autochthonous 

production, or caused by within-lake bio- and photodegradation. We predicted that within-lake 
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processes significantly alter the DOC concentration and composition of terrestrial sources reaching 

lakes. Specifically, the difference between observed and modelled lake A254 will be higher than 

that of DOC change due to selective degradation of aromatic fractions of DOC via photo-mediated 

processes. We predicted that the difference between modelled and observed DOC and A254 would 

vary among surficial geologies due to differences in water chemistry between dominant terrestrial 

sources (surface versus subsurface flows) and lake water residence times. Additionally, we 

predicted that during dry years, with longer water residence times, the difference in modelled and 

observed lake A254 will be larger, suggesting greater losses in A254 in dry years relative to wet 

years. However, we expect that varying surficial geologies of lake watersheds will modify the 

difference between modelled and observed lake DOC characteristics between relatively wet and 

dry years due to differences in lake water chemistry and residence times. Determining the 

dominant processes that regulate the spatial and inter-annual variability in DOC characteristics 

allows us to better predict future impacts to boreal lake ecosystem services in response to climate 

change. 

3.2 Methods 

3.2.1 Study Site 

The studied lakes, streams, and wells are located across a 70-km transect in the Utikuma 

Region Study Area (URSA) in the Boreal Plains Ecozone (EcoRegions Working Group, 1989) in 

Western Canada, located on Treaty No. 8 Territory (Figure 3.3.1; Devito et al., 2016). The climate 

of this region is sub-humid with multi-year wet-dry cycles (Figure 3.3.2; Mwale, 2009), where 

long-term precipitation and potential evapotranspiration is 483 mm and 519 mm respectively 

(Devito et al., 2016). The mean annual temperature is 1.2°C (Devito et al., 2016). 
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Figure 3.3.1: Map of the individual study lakes and streams representative of Boreal Plains 

of Western Canada. (a) The location of Utikuma Region Study Area (URSA; red rectangle) 

within the Boreal Plains ecozone (grey) in Canada; (b) location of the 33 study lakes (red circles) 

and 10 study streams (red diamonds with white fill) across distinct hydrologic response areas 

(HRAs) within URSA. Lake sites (red circle) with a white outline indicate meteorological (MET) 

sites used for precipitation measurements. 

The URSA is characterised by low relief and thick heterogeneous glacial substrates (20 – 

240 m) comprising coarse-textured glaciofluvial deposits in the north-west region of the study 

area, and fine-textured glacial till and glaciolacustrine deposits towards the south-east (Fenton et 

al., 2003). Three hydrologic response areas (HRAs) have been delineated along the study transect 
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at the URSA (Figure 3.3.1) which includes the coarse-textured, and fine-textured hummocky and 

plains (Figure 3.3.1; Hokanson et al., 2019). Each HRA represents broad spatial differences in 

local relief, storage potential and transmissivity (Devito et al., 2005; 2017; Hokanson et al., 2019).  

Most of URSA is low relief encouraging extensive wetland formation, with organic rich 

peatlands covering up to 50% of the land area (Devito et al., 2016). Peatland coverage varies 

among HRAs, with average peatland coverages of 45%, 35% and 65% in the coarse, fine 

hummocky and fine plains, respectively (Chp. 1). Peatlands in this region typically have a sparse 

canopy of black spruce (Picea mariana) and tamarack (Larix sp.) with groundcover comprised of 

mosses and organic accumulations of 2 to 5 m. Forestlands occupy approximately 40% the 

remaining landscape (Chp. 2) and are dominated by trembling aspen (Populus tremuloides) or pine 

(Pinus banksiana), in fine-textured and coarse-textured HRAs, respectively (Devito et al., 2012). 

Numerous polymictic shallow lakes (~ 0.5 – 5 m deep) of between 0.05 and 324 ha occupy 

approximately 10% of the total landcover (Figure 3.3.1; Chp. 2; Ferone & Devito, 2004; Olefeldt 

et al., 2013; Smerdon et al., 2005; Squires et al., 2005). The study lakes are also nutrient-rich 

(mesotrophic to hyper-eutrophic), and DOC-rich (Bayley et al., 2007; Chp. 2; Plach et al., 2016). 

Lakes in this region fluctuate in water level in response to multi-year wet-dry cycles (Cobbaert et 

al. 2015; Devito et al., 2012; Sass and Creed, 2008; Thompson et al., 2017).  

3.2.2 Shallow lake and terrestrial source sampling and analysis 

Synoptic sampling of 33 shallow lakes and representative end-members for terrestrial 

sources was conducted between June 30th and July 15th annually between 2012 and 2019. 

Terrestrial water sources were also sampled across 4 seasons (Spring (April/May), Summer 

(June/July), Fall (August/September) & Winter (November to February)) from representative end-

members. Terrestrial water sources were sampled from either surface water, shallow (0 to 600 cm 
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below ground) or deep (> 600 cm below ground) polyvinyl chloride monitoring wells, installed 

several years prior to the sampling campaigns, and then characterised by their water chemistry for 

use in an end-member mixing model. Furthermore, terrestrial sources were also sampled during 

spring freshet (April/May) from 2012 to 2019 for comparison with summer (June/July) sample 

concentrations (See section 2.5). Peatland water sources were collected at the surface and from 

shallow monitoring wells in both coarse and fine-textured lake watersheds, representing both 

surface and shallow subsurface organic peatland sources. Shallow groundwater from forests 

adjacent to the study ponds were sampled from monitoring wells ranging between 450 to 560 cm 

below ground in coarse-textured watersheds and 110 to 430 cm below ground in fine-textured 

watersheds, whilst deeper groundwaters were sampled from monitoring wells at depths between 

600 to 1800 cm below ground in coarse-textured watersheds and 900 to 1500 cm below ground in 

fine-textured watersheds. Ephemeral draw and isolated wetland samples were collected at the 

surface, whilst swamps were sampled both at the surface and from shallow monitoring wells (50 

to 180 cm below ground); however, there were no representative sites for swamps or isolated 

wetland located in the coarse-textured study lake watersheds.  

Lake water samples were collected from the lake shore, or when required, from the edge 

of emergent vegetation, using a 3-m sampling pole. Samples were collected from a depth of 

approximately 30 cm to ensure each sample was representative of the water column. DOC, 

absorbance, geochemical, and oxygen isotope samples were collected from each lake and 

terrestrial source. Stream samples were collected for DOC, absorbance, and geochemistry from 10 

streams during late June or early July in 2019 and compared with lake samples also collected in 

early July of 2019. Electrical Conductivity (EC; units: uS cm-1), temperature (°C) and pH were 

measured in the field directly from each lake and terrestrial source. Samples were analysed for 
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DOC concentration (unit: mg C L-1), a geochemical suite (including Magnesium (Mg2+) and 

Calcium (Ca2+); unit: mg L-1), and isotopes (18O/16O and 2H/H ratios) at the Biogeochemical 

Analytical Service Laboratory, University of Alberta (BASL). Absorbance spectra of filtered 

samples at 254 nm were using a Varian Cary 100 from 2012 to 2015 and Ocean Optics UV-Vis 

spectrophotometer from 2016 to 2019, with Milli-Q water as a blank. Specific Ultra-Violet 

Absorbance at 254 nm (SUVA254, unit: L mg C-1 m-1) was calculated by dividing absorbance at 

254 nm (A254 unit: cm-1) by the sample [DOC] and multiplying by 100.  

Similar to Chapter 2, isotope (18O/16O and 2H/H ratios) results were used to calculate the 

line-conditioned excess (lc-excess); used as a proxy for water residence times of lakes relative to 

other lakes in the same region. The lc-excess is a measure of the offset of a water sample from the 

Local Meteoric Water Line (LMWL) due to evaporative enrichment in dual-isotope space 

(Landwehr & Coplen, 2006).  For full methods of shallow lake sampling and analysis in this study, 

refer to Chapter 2.  

3.2.3 Relative wet-dry cycles 

Precipitation data were collected from three locations within 24 km of each other along the 

URSA transect from 2012 to 2019 (Devito et al., 2016; Hokanson et al. 2019). Total annual 

precipitation (P) for the lake year was calculated from July 1st to June 30th. We used the ratio of 

long-term average potential evapotranspiration (PET; 519 mm) and average annual P (PET/P) for 

each annual period (July – June) to determine wet, mesic and dry conditions (Devito et al., 2012, 

2016; Chp 2 – A.1.1). PET/P categories for wet, mesic and dry years were established as < 0.9, 

0.9 – 1.15 and 1.15 – 1.8, respectively (Devito et al., 2012). Several relatively wet and dry periods 

were observed during the study period (Figure 3.3.2). Refer to Chapter 2 for full methods relating 

to precipitation data collection. 
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Figure 3.3.2: Annual precipitation data and 3-year cumulative departure from mean 

precipitation for URSA, before and during the study period (2012 – 2019). Long-term average 

annual P (423 mm; 1995–2019) and potential evapotranspiration (PET; 519 mm) are shown for 

context. Annual precipitation data used lake year (July 1st – June 30th) and relatively wet and dry 

weather pattern years were assigned based on PET:P. 

3.2.4 Landscape and lake attributes 

We delineated the watersheds of the 33 lakes on the Boreal Plain as outlined in Chapter 2. 

The study lakes were classified into three dominant hydrologic response areas (HRAs) according 

to the dominant HRA type (i.e. 50% of watershed area or greater; Chp 2 - A.1.3), as per Chapter 

2. Connected wetland area (CWA), and relative elevations of each study lake were determined 

using the methods described in Chapter 2. 
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3.2.5 Using a hydrological mixing model to assess relative importance of terrestrial 

sources and within-lake processes for lake DOC characteristics  

A simple end-member mixing model was constructed to assess broad differences between 

lakes and between inter-annual wet-dry periods in terms of the relative contribution of various 

terrestrial DOC sources and the relative importance of different within-lake processes causing the 

observed lake DOC characteristics. The model was adapted from that used in Olefeldt (2013), and 

includes two end-members as potential allochthonous DOC sources; delivered to lakes by water 

from near-surface organic soils (EM1) or through deeper mineral soils (EM2; Ferone & Devito, 

2004; Hokanson et al., 2019). The two end-members were defined by the observed water chemistry 

in wells, where the sum of Mg and Ca concentrations was assumed to behave conservatively during 

mixing, while the concentration of DOC and A254 were considered to potentially act non-

conservatively. We decided not to use isotopic signatures of terrestrial sources in our end-member 

mixing model as due to evaporative fractionation in lakes, using isotopes as a ‘conservative’ tracer 

would violate the assumptions of an end-member mixing model analysis. Furthermore, using 

isotopes would also violate the assumption of tracers that are significantly distinct from each other 

as groundwater and precipitations isotopic compositions in the Boreal Plains often overlap. We 

chose to focus on two primary end-members (shallow organic (EM1) and deep mineral (EM2)), 

which together with precipitation function as the main water sources to lakes on the Boreal Plains 

(Devito et al., 2017; Ferone & Devito, 2004; Plach et al., 2016; Smerdon et al., 2005). Additional 

terrestrial wetland sources including swamps, isolated wetlands and ephemeral draws function 

more like conveyors in the landscape, where they pass through shallow organics surrounding lakes 

(e.g. swamp and ephemeral draw), or function like lakes (e.g. isolated wetland); thus their signature 

is likely captured in the shallow organic end-member (EM1). Discrepancies between modelled and 

observed lake DOC concentrations and A254 were assumed to indicate influence of within-lake 
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processes (e.g. degradation, transformation, or production). Using known ratios of DOC to A254 

losses during bio and photodegradation, as well as having the concentrations of Chl-a as an 

indicator of autochthonous DOC production, we were able to assess the relative importance of 

various within-lake processes both between lakes and years.  

In the first step of the mixing model, we calculated the fractional contribution from mineral 

(fm) and organic (fo) sources to each lake in each year from 2012 to 2019 (Eqn. 2):  

MgCaLake = fm · MgCam + fo · MgCao / 1-C,      (Eqn. 2) 

where the fractional contribution from mineral (fm) and organic (f0) sources sum to 1 

(A.2.1), MgCaLake is the June-July synoptic sampling measurement of MgCa in the lake; and 

MgCam and MgCao are representative values of mineral and organic terrestrial sources (A.2.2). For 

MgCam, we used the average MgCa measured in mineral subsurface sources. However, 

geochemical signatures of mineral subsurface sources are significantly different between coarse- 

and fine-textured watersheds, thus separate average MgCa for coarse- (68 mg L-1) and fine-

textured (110 mg L-1) mineral sources were used (Figure 3.3.3; Table 3.1; A.2.3). An average 

MgCa of 4.73 mg L-1
 was used for organic sources representing shallow subsurface flow (0 to 10 

cm) through peatlands as there was no significant difference in peatland MgCa between coarse 

(4.84 mg L-1) and fine-textured (4.63 mg L-1) watersheds (Table 3.1; A.2.3). We account for the 

occurrence of concentration and dilution effects in lakes between years using the factor C. The 

factor C represents the fractional amount by which each lake has been diluted or concentrated over 

the year preceding the lake sampling according to the moisture surplus or deficit between 

evapotranspiration and precipitation (Eqn. 3). We estimated factor C for each lake and each year 

of sampling from 2012 – 2019: 
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C = (ET0 – P) / D,         (Eqn. 3) 

where ET0 is the cumulative potential evapotranspiration (PET) over the preceding year 

(July 1st – June 30th) estimated using the Hamon equation (Hamon, 1963). P is the cumulative 

precipitation for the same period; and D is lake depth at centre calculated from lake depth at 

reference locations during synoptic June-July sampling trips within a given year (Chp. 1). The 

Hamon equation for calculating PET takes into account mean daily air temperature, day length and 

saturated vapour pressure, all of which were obtained from daily data collected at Red Earth 

weather station, located approximately 70 km from the URSA (data provided by Alberta 

Agriculture and Rural Development, 2020). Assuming the moisture deficit or surplus of the year 

preceding sampling determines concentration and dilution effects in the study lakes, we estimate 

that the lakes concentrate from between 4% and 22%, and dilute by 4% during our study period. 

The variation in concentration and dilution effects between years is dependent on lake depth and 

inter-annual wet-dry periods.  

In the second step of the mixing model, we assumed that DOC and A254 act conservatively, 

and estimated lake DOC concentration and A254 using the fractional contributions of water to lakes 

from mineral (fm) and organic (f0) sources (Eqn. 4). However, we adjusted the end-member DOC 

characteristics to reflect differences in terrestrial water contributions during spring freshet and 

summer that reach lakes when said lakes receive the majority of inputs. We assumed that two 

thirds of the water received by the lake prior to summer sampling campaigns in July was received 

during spring freshet, and one third following spring freshet. Freshet included average water 

chemistry data collected from terrestrial end-member sources from April to May (2012 – 2019), 

when snowmelt typically occurs and often dilutes chemical constituents of the terrestrial water 

sources entering lakes. We found significant differences in DOC concentration and A254 of organic 
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sources (EM1) between spring freshet and summer (A.3.4), thus we adjusted end-member 

concentrations to account for differences in DOC concentrations and A254 between spring freshet 

(April to May) and summer (July) samples. There were no significant differences in DOC 

concentrations between deeper mineral (EM2) samples collected during spring freshet and 

summer, and therefore the mixing model does not use freshet values for mineral sources (A.3.4). 

There was insufficient data to test for differences between A254 and SUVA254 between spring 

freshet and summer samples in forest and groundwater samples.  

The second step uses the following equation, and assumed no within-lake losses of 

terrestrially derived DOC and A254, and no algal DOC contributions to the lake DOC pool (i.e. if 

DOC and A254 mixed conservatively). 

DOCEst = fm · DOCm + fo · DOCo,       (Eqn. 4) 

where, DOCEst is the estimated lake DOC concentration in the event of no within-lake 

transformation of DOC or algal DOC contributions; and DOCm and DOCo are the DOC 

concentration for mineral and organic sources, respectively. After adjustments of end-member 

concentrations to reflect differences in terrestrial water contributions during spring freshet and 

summer, we found that the DOC concentration and A254 of organic sources were not significantly 

different between coarse and fine-textured watersheds (A.3.3) and used values of 46.28 mg C L-1 

and 1.68 cm-1 in the mixing model, respectively. SUVA254 of organic sources was calculated using 

average A254 and [DOC] for both coarse and fine-textured watersheds as 3.63 L mg-1 C m-1. The 

DOC concentration of mineral sources was not significantly different between coarse (11.60 mg 

C L-1) and fine-textured (14.09 mg C L-1) watersheds, thus an average DOC concentration of 12.38 

mg C L-1 was used (A.3.3). However, A254 of mineral sources was significantly different between 

coarse (0.12 cm-1) and fine-textured (0.35 cm-1) watersheds and separate values used in the model 



From Drought to Deluge:  

Implications of variable hydrologic connectivity on lake  

ecosystem functions in the Boreal Plains of Western Canada 72 

(A.3.3). The SUVA254 of mineral sources used in the end-member model was calculated using 

average A254 and DOC concentration for coarse and fine-textured watersheds as 0.97 L mg-1 C m-

1 and 2.83 L mg-1 C m-1, respectively. 

The difference between modelled and observed terrestrial DOC (∆DOC) and A254 (∆A254) 

was estimated by subtracting observed field values for DOC concentration or A254 from modelled 

values calculated in the mixing model. We estimated the loss of DOC and A254 attributed to 

different mechanisms (photodegradation and biodegradation) using the overall losses estimated 

(∆DOC and ∆A254), and the ratio between DOC and A254 losses during light incubations. The ratio 

between DOC and A254 losses during light incubations was obtained from incubation experiments 

undertaken on stream samples collected in 2019 and was estimated that for every 10.11 units of 

A254 lost, 1 unit of DOC was lost (Orlova et al., in prep). We then estimated the loss of DOC 

attributed to photodegradation mechanisms, and assumed that all A254 lost was attributed to 

photodegradation mechanisms using the following equation:  

 ∆DOCPhoto = ∆A254
Photo · IncUV       (Eqn. 5) 

Using the residual DOC loss (∆DOC - ∆DOCPhoto), we also estimated whether the 

remaining difference could be attributed to biodegradation processes (positive values) or 

autochthonous DOC production (negative value).  

3.2.6 Statistical analyses 

We used principal component analysis to characterise the water quality of different 

terrestrial sources. Principal component analysis was performed using the function prcomp in stats 

v3.6.2 in base R (Venables & Ripley, 2002) and factoExtra package (Kassambara & Mundt, 2017). 

All 15 water quality variables were scaled before conducting a principal component analysis 

because this analysis uses sums of squares where if a variable is on a different scale it will dominate 
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the principal component analysis procedure. The separate groups, representing distinct terrestrial 

sources, identified in this analysis were used to as end-members in a hydrological mixing model. 

To identify significant differences in water chemistry variables between terrestrial sources, both 

within and between coarse and fine-textured HRAs, we conducted a series of two-sample t-tests 

following Shapiro-Wilks tests for normality.  

We used the long-term (2012-2019) average net lake DOC and A254 change to assess spatial 

variability in average loss or gain of DOC and A254 in the study lakes, and the mechanisms by 

which DOC and A254 were lost or gained. Inter-annual variability of DOC and A254 loss or gain 

was assessed using the standard deviation (SD) of net lake DOC and A254 change throughout the 

study period (n = 8 per lake). We used long-term average values (spatial variability; 2012 - 2019) 

and SD values (inter-annual variability) in a Kruskal-Wallis test on ranks for data, to test 

significant differences across HRAs. For each statistical test, p-values <0.05 (95% confidence 

interval) were considered significant. To identify which HRAs were significantly different, we 

also conducted multiple pairwise-comparisons between groups using the ‘pairwise.wilcox.test’ 

function within the ‘stats v3.6.2’ package in R. 

3.3 Results 

3.3.1 Water chemistry of terrestrial sources in the Boreal Plains 

We found broadly distinct water chemistry for each sampled terrestrial end-member, with 

63% of the total variance of 15 water quality variables explained by two principal components 

(Figure 3.3.3). Water quality variables including pH, EC, and base cations and anions (potassium 

(K), sodium (Na), sulphate (SO4), magnesium (Mg), calcium (Ca) & bicarbonate (HCO3)) loaded 

on principal component 1 (PC1; 48.7%). Nutrient water quality variables (total dissolved nitrogen 

(TDN) & total dissolved phosphorus (TDP)), total iron (Fe) and chloride (Cl) loaded on principal 
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component 2 (PC2; 14.4%). Although auto-correlated as SUVA254 is a product of aromatic-rich 

DOC, DOC characteristics (DOC, SUVA254 & A254) loaded between PC1 and PC2.  

Water samples from deeper peat and shallow peat tended to cluster, both with relatively 

dilute, acidic waters with high DOC. Although there was some overlap, water samples from deeper 

peat (>25 cm below ground) showed significantly higher DOC concentration and A254 compared 

to shallow peat water (0 – 25 cm below ground; Figure 3.3.3; Table 3.1; A.2.4) in both coarse and 

fine-textured watersheds. However, SUVA254 showed no significant difference between shallow 

and deep peatland sources (A.2.4). We conceptualised shallow water from the peatland acrotelm, 

and with higher hydraulic conductivity that the underlying catotelm, to be the dominant organic 

source to lakes, and hereafter, peatland sources refer to shallow (0 – 25 cm) flow path samples. 

Furthermore, there was no significant difference in the DOC concentration, A254, and SUVA254 of 

shallow peatland sources between coarse and fine-textured watersheds (Table 3.1; A.2.6). 

Forest groundwater, both shallow and deep, had higher ion concentrations and lower DOC 

concentrations and A254 than peatland water (Figure 3.3.3; Table 3.1; A.2.6). The water chemistry 

of forest groundwater was in turn influenced both by depth (shallow versus deep) and by HRA 

(fine vs coarse). Forest groundwater (shallow and deep) differed between coarse and fine-textured 

watersheds, with deeper groundwater in coarse watersheds similar to shallower forest 

groundwater, but deep groundwater in fine-textured watersheds characterized as significantly more 

ion rich and DOC poor when compared to shallower forest sources (Table 3.1; A.2.7).  

Ephemeral draw, isolated marsh and swamp sources were characterised by high nutrients, 

iron, DOC concentration, and A254 (Figure 3.3.3; Table 3.1). As there was overlap between 

ephemeral draw, isolated wetland, and swamp sources (Figure 3.3.3; Table 3.1), and we 

conceptualised these sources to have specific landscape functions for conveying water and solutes 
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through the landscape, we grouped these sources as conveyors (see conveyor definition in 

methods).  

 

Figure 3.3.3: Principal component analysis of water quality parameters from samples 

representing different terrestrial end-member sources. Each point represents a site from a 

terrestrial end-member source for a given year within the study period (2012 – 2019). The shape 

of each point indicates the substrate texture of each site (coarse-textured = triangle, fine-textured 

= circle), or precipitation samples (cross). The statistically generated ellipses shown represents the 

terrestrial end-member sources that group together based on their individual water quality 

signatures. 
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Table 3.1: Comparison of average water chemistry parameters for terrestrial end-member sources to lakes between lakes in 

fine- and coarse-textured watershed settings. Averages±1 standard deviation reported unless otherwise noted. 

Surficial Geology End-member 
# of 

Sites 
Sample 

# 
DOC 

(mg C L
-1

) 
A

254 
(cm

-1
) 

SUVA
254 

(L mg
-1

 C m
-1

) 
EC 

(µS cm
-1

) 
lc-excess 

(‰) 
TDN 

(µg L
-1

) 
TDP 

(µg L
-1

) 
MgCa 

(mg L
-1

) 
Coarse-textured 

Peatland 

(shallow) 
2 7 55.7±10.7 1.9±0.5 3.8±0.3 61.3±22.1 -22.0±0.7 1100±760 101.4±84.2 1.4±0.7 

 Peatland (deep) 3 16 79.2±11.6 3.6±0.8 4.6±0.9 60.9±14.0 -21.8±1.7 2290±1560 371±398 5.3±1.1 
 Ephemeral Draw 1 2 106±26.4 5.0±0.5 4.9±1.7 91.3±15.1 -1.0±1.6 2180±1480 3.0±0 19.6±2.3 
 Swamp 0  ---  ---  ---  ---  ---  ---  ---  ---  --- 
 Isolated Wetland 0  ---  ---  ---  ---  ---  ---  ---  ---  --- 
 Forest 1 5 9.6±3.9 0.1±0.03 1.1±0.5 339±71.0 -22.3±0.5 1860±564 33.8±56.2 76.2±4.0 
 Groundwater 6 19 12.6±6.2 0.1±0.02 2.1±0.2 351±124 -25.1±7.9 1110±854 70.4±197 65.4±32.5 
 Lake 8 64 17±3.6 0.3±0.1 1.9±0.4 160±47.2 -43.8±5.2 1040±428 12.6±8.9 32.2±7.8 
 

Fine-textured 
Peatland 

(shallow) 
3 17 65.0±7.6 2.7±0.2 4.3±0.4 76.7±25.8 

 -21.0±0.7 1290±1260 101±283 5.1±4.0 
 Peatland (deep) 4 25 81.7±12.6 3.6±0.8 4.4±0.7 79.9±22.2 -21.5±1.7 1280±515 289±317 4.2±1.8 
 Ephemeral Draw 3 11 86.7±28.9 3.3±0.9 3.5±0.3 489±139 0.3±1.3 2970±1350 107±62 92.3±14.0 
 Swamp 3 27 70.2±15.5 2.9±0.8 4.1±0.6 320±220 -1.4±1.6 2210±1280 400±413 58.5±26.0 
 Isolated Wetland 4 11 61.2±34.3 1.7±0.9 4.0±0.6 176±170 -3.8±5.0 2890±1500 1740±1370 30.1±35.9 
 Forest 4 11 14.1±7.6 0.3±0.1 2.8±1.1 450±82.9 -24.5±1.9 1230±2020 17.4±28.3 113±37.3 
 Groundwater 3 20 12.0±5 0.2±0.1 1.9±1 2620±946 -25.6±2.7 2070±1230 61.2±108 671±53.5 
 Hummocky Lake 12 107 31.2±9.2 0.9±0.3 2.8±0.5 164±81.3 -47.5±9.0 1750±479 43.6±75.8 27.2±15.9 
 Plains Lake 12 96 40.7±7 1.1±0.3 2.8±0.7 217±122 -41.9±4.4 1920±681 111±140 36.8±18.2 
 
 Precipitation 2 30 2.4±1.4 0.02±0.004 1.1±0.6 7.2±9.4 -1.4±5.9 371±362 33.8±48.6 0.4±0.5 
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3.3.2 Comparison of water chemistry of lakes, streams, and terrestrial end-members  

We found that lakes had DOC, SUVA254, and EC characteristics that were intermediate 

between the terrestrial end-members, but also that lakes had more depleted lc-excess than any of 

the terrestrial end-members (Figure 3.3.4). Lakes in coarse, fine hummocky, and fine plains 

watersheds, had general differences, where DOC concentrations, SUVA254, and EC concentrations 

were lower in coarse lakes compared with lakes in fine-textured watersheds (Figure 3.3.4). We 

found similar ranges in lc-excess values among lakes in different HRAs; however, lakes in fine-

textured watersheds, particularly fine hummocky systems, typically showed more variability than 

coarse lakes (Figure 3.3.4). Lake SUVA254 was higher in years when lc-excess was less depleted, 

while neither DOC concentration nor EC of lakes co-varied temporally with lc-excess 

(Figure 3.3.4). Lakes generally had lower SUVA254 (1.90 - 2.81 L mg-1 C m-1) than streams 

(average 3.43 L mg-1 C m-1; Figure 3.3.4; Figure 3.3.5). Lake DOC concentrations were however 

similar to the streams (average stream DOC – 28.1 mg C L-1; Lake DOC - 16.56 - 38.78 mg C L-

1), although lakes in fine-plains HRA were found even to have higher DOC concentration than the 

streams (Figure 3.3.4; Figure 3.3.5).  
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Figure 3.3.4: Mixing plots demonstrating annual average DOC characteristics, lc-excess, and 

electrical conductivity signatures of lakes relative to terrestrial end-member sources. Mixing 

plots show annual average measurements of [DOC] and SUVA254 against lc-excess (top), and 

electrical conductivity (bottom). Lakes and stream points are grouped by hydrologic response area 

(HRA), representing the average for a given variable of all lakes located within each HRA (Coarse 

(orange, n = 8), Fine Hummocky (green, n = 13), and Fine Plains (blue, n = 12)) for each year 

from 2012 – 2019 (note streams represent 2019 data only). Each point for terrestrial end-member 

sources represents the average for a given variable of all sites that are classified as an individual 

end-member (conveyor, peatland (shallow & deep), forest / groundwater (coarse or fine), and 

precipitation) for a given year from 2012 – 2019. The shape of each point distinguishes terrestrial 

sources (circles), lakes (diamonds) and streams (crosses). Linear regressions are applied to annual 

lake measurements in panels (a) and (b), * indicates a significant relationship (p < 0.05) 
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Figure 3.3.5: Violin-plots showing (a) DOC concentration, and (b) SUVA254 of lakes located 

in each Hydrologic Response Area (HRA; Coarse (CO; orange, n = 8), Fine Hummocky (FH; 

green, n = 13), and Fine Plains (FP; blue, n = 12)), and streams (grey, n = 10) in 2019. Error 

bars in panels (a) & (b) represent standard deviation. The point range represents the mean for lakes 

in each HRA (black circle), and standard deviation (black line), whilst bars represent the median 

and white boxes represent the inter-quartile range. The stream violin-plot also includes individual 

data points for each stream in different HRAs (Coarse (orange, n = 1), Fine Hummocky (green, n 

= 2), and Fine Plains (blue, n = 7)). 
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3.3.3 Hydrological mixing model results 

3.3.3.1 Differences between observed and modelled lake DOC and A254 

Using the two end-member mixing model, where Mg+Ca was the conservative tracer, we 

were able to estimate the proportion of lake water derived from mineral or peat sources, and assess 

whether observed lake DOC concentrations and A254 were lower or higher than expected based on 

mixing of the terrestrial end-members. When modelled and observed DOC concentrations and A254 

do not match, it suggests that these behave non-conservatively. Lower observed DOC 

concentrations or A254 than modelled in the mixing model suggests that there have been net DOC 

or A254 losses in the terrestrial end-members along the soil-stream-lake continuum, while greater 

observed than modelled concentrations suggests that there have been net DOC or A254 gains.  

The average proportion of mineral water contributions received by coarse lakes (42%) was 

larger than mineral water contributions to fine-textured lakes (fine hummocky: 21%; fine plains: 

29%; A.2.1). However, lakes in all HRAs received, on average, a greater proportion of peatland 

waters, where fine hummocky lakes received the largest contributions from peatland sources 

(79%), followed by fine plains (71%) and coarse lakes (58%). We determined that lakes in coarse 

and fine hummocky had observed lake DOC concentrations that were on average across lakes and 

years 15 and 10 mg C L-1 lower, respectively, than modelled based on conservative mixing 

(Figure 3.3.6; Table 3.2). Lakes in fine plains watersheds had DOC concentrations that were, on 

average, higher than modelled based on conservative mixing (Figure 3.3.6; Table 3.2). All lakes 

had lower observed A254 than modelled from the mixing model, although this difference was lower 

for lakes in the fine plains than in the coarse and fine hummocky lake watersheds (Figure 3.3.6; 

Table 3.2). We also found that the difference between modelled and observed DOC concentrations 

of streams in 2019 were similar to differences observed in the study lakes for that same year 
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(Figure 3.3.6). However, the difference between modelled and observed A254 in streams were 

lower than A254 differences in study lakes across all HRAs (Figure 3.3.6). 

Similar trends in the relative differences between modelled and observed DOC 

characteristics were found among HRAs across three different model scenarios (Figure 3.3.6);, 

however, the magnitude of losses or gains determined from modelled minus observed values 

varied across the scenarios.  
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Figure 3.3.6: Difference in modelled and observed DOC (top panel) and A254 (bottom panel) 

in lakes located in each Hydrologic Response Area (Coarse (CO; orange, n = 8), Fine 

Hummocky (FH; green, n = 13), and Fine Plains (FP; blue, n = 12)), and streams (grey, n = 

10) calculated in the end-member mixing analyses. White diamonds on each plot represent the 

average difference between modelled and observed DOC or A254. Each point (circle) represents 

the difference between modelled and observed DOC or A254 within a lake for a given year, and the 

size of each circle indicates the extent of connected wetland in each lake watershed. The lower and 

upper hinges of each boxplot correspond to the first and third quartiles (the 25th and 75th 

percentiles) of the difference between modelled and observed DOC and A254 for lakes in each 

HRA and streams. Upper and lower whiskers represent the largest and smallest values for the 

difference between modelled and observed DOC and A254, but no further than 1.5 x the interquartile 

range of the upper and lower hinges. Data outside 1.5 x the interquartile range are represented as 

black circles and considered outliers. 
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Table 3.2: Spatial and Inter-annual variability in the difference between observed and modelled DOC concentration and A254 

calculated in a hydrological mixing model for lakes in each Hydrologic Response Area throughout the study period from 2012 

to 2019. 

  

Spatial Variability of the difference between 

observed and modelled lake DOC characteristics 

Inter-annual Variability of the difference between 

observed and modelled lake DOC characteristics 

Minimum Maximum Average 

Standard 

Deviation  p-value Minimum Maximum Average 

Standard 

Deviation 

 p-

value 

Modelled - Observed DOC (mg C L-1) 

Coarse Outwash 

9.83 22.81 15.33 4.18 

4.38E-04* 

2.24 5.45 3.31 1.00 

0.20 

n =8 

Hummocky Moraine 

-8.47 28.27 10.23 11.18 1.76 9.55 4.77 2.44 n = 13 

Clay Plains 

-13.44 19.24 -2.27 2.27 1.56 6.53 4.66 4.66 n = 12 

Modelled - Observed A254 (cm-1) 

Coarse Outwash 

0.48 0.86 0.71 0.13 

5.51E-04* 

0.09 0.25 0.15 0.05 

0.15 

n = 8 

Hummocky Moraine 

-0.12 1.11 0.61 0.36 0.08 0.42 0.21 0.10 n = 13 

Clay Plains 

-0.12 0.83 0.22 0.22 0.12 0.34 0.20 0.20 n = 12 

 

Note: The signs provided for minimum, maximum and average values indicate gains (where modelled values are less than observed 

values resulting in a –ve value) and losses (where modelled values are greater than observed values resulting in a +ve value).
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Using the assumption that the difference between modelled and observed A254 is due to 

photodegradation, and that photochemical loss of A254 is associated with DOC loss at a 10:1 ratio, 

we could also assess how much of the difference between modelled and observed DOC 

concentration may be due to photodegradation (Figure 3.3.7). Differences between modelled and 

observed DOC concentrations suggested that the net DOC loss attributed to photochemical 

degradation were similar between coarse and fine hummocky lakes, while photochemical losses 

were lower for lakes in the fine plains (Figure 3.3.7). The net A254 loss attributed to 

photodegradation was also greatest in coarse and fine-hummocky lakes, followed by the fine plains 

(Figure 3.3.7). 
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Figure 3.3.7: Relative importance of within-lake processes (autochthonous DOC production 

and photodegradation) for differences between modelled and observed (a) DOC and (b) A254 

change for lakes located in each Hydrologic Response Area from 2012 to 2019. Coarse 

(orange, n = 8), Fine Hummocky (green, n = 13), and Fine Plains (blue, n = 12)). The diagonal 

stripe patterning of boxplots in panel (a) indicates estimated DOC losses attributed to 

photodegradation processes, whilst solid portions of each bar represent total net DOC change 

(losses attributed to photodegradation and biodegradation or gains via autochthonous production). 

In panel (b), all losses are assumed to be due to photodegradation. White diamonds represent the 

average differences between observed and modelled DOC or A254. 

Processes responsible for the differences between modelled and observed lake DOC and 

A254 could be further explored by examining differences for individual lakes across all years 

(Figure 3.3.8). The relationship between the difference in modelled and observed DOC change and 

lc-excess varied among HRAs and showed weaker correlation when compared to A254 and lc-
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excess. Fine plains and coarse lakes had no significant relationship between the difference in 

modelled and observed DOC and lc-excess, as the overall negative relationship was driven by the 

relationship with fine hummocky lakes. We also determined that overall difference between 

modelled and observed DOC had a positive linear relationship with Chl-a (Figure 3.3.8). Greater 

observed than modelled DOC in lakes with high Chl-a suggests that autochthonous DOC 

production is greater than DOC losses, and vice versa. This relationship was general across lakes 

in all HRAs, but especially showed that fine-plains lakes and fine hummocky lakes had larger 

proportions of connected wetland in the watershed that were strongly influenced by autochthonous 

DOC production. In contrast, we found significant positive linear relationships between A254 and 

lc-excess in fine-textured lakes, both Fine Hummocky and Fine Plains, where a more depleted lake 

lc-excess, as an indicator of longer lake water residence time, was associated with greater 

differences between modelled and observed A254 across all lakes. There was no relationship 

between A254 and lc-excess in coarse outwash lakes. The difference between modelled and 

observed A254 also showed a positive linear relationship with Chl-a; however, more lakes showed 

greater modelled than observed A254 in lakes when compared to DOC, thus suggesting A254 losses 

are greater than production or that the coloured fraction of autochthonous DOC is low enough that 

the effects on A254 are negligible.  

We also assessed the relationship between lc-excess with Chl-a and connected wetlands in 

the watershed across lakes to establish any spurious relationships with the difference in modelled 

and observed DOC or A254. We found no significant relationships between lc-excess and Chl-a 

among HRAs. The relationship between lc-excess and connected wetland in the watershed of each 

lake showed positive relationships in coarse and fine hummocky lakes, whilst fine plains lakes 

showed no relationship. 
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Figure 3.3.8: Relationships between modelled and observed A254 and DOC change with lc-

excess, and chlorophyll-a across all study lakes from 2012 to 2019. Each point represents a 

sample collected from an individual lake in an individual year during the study period (2012 – 

2019), and is coloured according to HRA of the lake watershed (CO = Coarse (orange, n = 8), FH 

= Fine Hummocky (green, n = 13), and FP = Fine Plains (blue, n = 12)). In panels (a-d), the size 

of each point indicates the proportion of connected wetland in the watershed. A linear regression 

line is presented for the relationships between variables for lakes in each HRA, whilst the black 

dashed line represents a linear regression applied to all lakes in the study area. R values (correlation 

coefficients) for each regression are presented in the top left of panels. 

3.3.4 Inter-annual variability in the difference between modelled and observed lake DOC 

and A254  
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We examined the inter-annual variability in the difference between modelled and observed 

lake DOC and A254 to make assessments on the sensitivity on the relative dominance of various 

processes that either remove or produce DOC and A254 to inter-annual wet-dry cycles. For both 

DOC and A254, greater differences between modelled and observed values were associated with 

generally dry cycles; however, this trend was more pronounced for A254 when compared to DOC.  

Inter-annual variability was quantified using the standard deviation (SD) of the difference 

between modelled and observed DOC and A254 throughout the study period (n = 8 per lake (2012 

– 2019); Figure 3.3.9; Table 3.2). The average SD in the difference between modelled and 

observed DOC and A254 varied among HRAs and was greatest for fine hummocky lakes (DOC: 

4.77 ± 2.44 mg C L-1; A254: 0.21 ± 0.10 cm-1), and fine plains lakes (DOC: 4.66 ± 1.55 mg C L-1; 

A254: 0.20 ± 0.07 cm-1), and least in coarse lakes (DOC: 3.31 ± 1.00 mg C L-1; A254: 0.15 ± 0.05 

cm-1). However, differences in the inter-annual variability of the removal or production of DOC 

and A254 among HRAs were not statistically significant (Table 3.2). We also found that, on average 

greater modelled than observed DOC and A254, which suggests losses were greater during dry 

years, with exception of fine plains lakes, which showed greater observed than modelled values, 

indicative of autochthonous production in most years. 
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Figure 3.3.9: Time series showing the difference between modelled and observed (a) A254, 

and (b) DOC, for lakes in each Hydrologic Response Area from 2012 – 2019. The red line 

facilitates visualisation of the time series trend. Grey bars indicate relatively dry years and white 

bars indicate relatively wet years. White circles represent the average difference between observed 

and modelled A254 or DOC for each year. 
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3.4 Discussion 

Our study showed that spatial variability in lake DOC concentration and chemical 

composition was predominantly influenced by mixing of terrestrial sources, whilst inter-annual 

variability was strongly influenced by within-lake processes such as photochemical degradation 

and autochthonous production. The relative importance of these processes was found to vary both 

among lakes and years, with the variability tied to lake and lake watershed attributes – especially 

surficial geology and wetland cover in the lake watershed. This study confirms results from other 

studies that show Boreal Plains lakes received varying quantities of water from terrestrial sources 

associated with differences in surficial geology, including 1) organic peatland, and 2) shallower 

forest groundwater and deeper groundwater (hereafter peatland and mineral soil, respectively), in 

addition to precipitation, each with different water chemistry signatures (Devito et al., 2000; 

Ferone & Devito, 2004, Hokanson et al., 2019; Plach et al., 2016). Synthesis of this synoptic lake 

study and years of research on hydro-chemical sources and processes on the Boreal Plains allowed 

the development of a conceptual model demonstrating the loss or production of DOC and A254 in 

Boreal Plains lakes associated with landscape and inter-annual wet-dry periods (Figure 3.3.10). 

This study provides new insights into the determinants of lake DOC quantity and composition in 

landscape settings with lakes that are both DOC and nutrient rich, have complex hydrologic 

connectivity to the surrounding landscape, and have equally complex hydrologic and 

biogeochemical responses to inter-annual wet-dry periods. Therefore, this study is important for 

predicting the implications of a shifting climate upon the balance of DOC in Boreal Plains lakes, 

which has been shown to be critical for several ecosystem services (Algesten et al., 2004; Cole et 

al., 2007; Emelko et al., 2011; Karlsson et al., 2009; Solomon et al., 2015; Tranvik, 1988; 

Williamson et al., 2009).  
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Figure 3.3.10: Conceptual model of net DOC and A254 changes across Boreal Plains lakes 

during inter-annual wet-dry periods. Dark green areas represent peatlands whilst light green 

areas represent the forest, where aspen and pine trees would dominate in fine and coarse-

textured Hydrologic Response Areas, respectively. Blue and black arrows indicate 

subsurface (mineral) and surface flow (surface peatland) pathways, respectively. Larger black 

arrows indicate greater contributions of water from different terrestrial sources of allochthonous 

DOC. Our study suggests that a lake’s DOC concentrations and its aromaticity are strongly 

influenced by both the relative contribution of various terrestrial water sources determined by lake 

watershed soil texture and wetland cover, and by the relative importance of within-lake processes 

such as autochthonous DOC production and bio- and photochemical DOC degradation. We show 

that peatland contributions enriched in aromatic-DOC is high for lakes in fine-textured HRAs, 

whilst moderate for lakes in the coarse-textured HRA. However, no lakes have low contributions 

of water from peatland sources and these contributions do not appear to change significantly 

between wet and dry years, at least within our study period. We propose that the difference between 

modelled and observed DOC across Boreal Plains lakes is sensitive to spatial differences in HRA 

and subsequent dominance of subsurface and surface flow paths, and connectivity to wetlands 

determining lake productivity and thus autochthonous DOC production. In contrast, the difference 

between modelled and observed A254 change across Boreal Plains lakes is more sensitive to lake 

water residence times, determined by dominance of different hydrologic flow paths and inter-

annual wet-dry periods, which also influences the extent of within-lake processing via 

photodegradation. We propose that during a dry period, A254 is preferentially lost due to increased 

opportunities for within-lake processing of aromatic-rich coloured fractions of DOC, whilst a wet 

landscape state will promote water movement through the landscape, thereby reducing 

opportunities for within-lake processing. Together, differences in the characteristics of HRAs and 

their interactions with inter-annual wet-dry periods creates variability in DOC concentration and 

aromaticity among lakes and between years. 

3.4.1 Variability and connectivity of terrestrial water sources on the Boreal Plains 

This study showed that Boreal Plains lakes received larger relative contributions of water from 

near-surface peatland sources compared to subsurface shallow forest groundwater and deeper 
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groundwater, in addition to direct inputs from precipitation (Olefeldt et al., 2013; Plach et al., 

2016). However, surficial geology strongly influenced relative contributions of water from 

peatland and mineral groundwater sources, each with different source water chemistry signatures, 

thereby resulting in large variability in lake DOC concentrations and composition (Chp. 2; Olefeldt 

et al., 2013; Figure 3.3.10). With over half of the water received by Boreal Plains lakes estimated 

to come from peatland sources rich in aromatic-DOC, we found that the DOC concentration and 

aromaticity of DOC was higher than lakes in other boreal and northern temperate regions 

(Carignan et al., 2000; Curtis & Schindler, 1997; D’Arcy & Carignan, 1997; Houle et al., 2020; 

Jonsson et al., 2003; Sepp et al., 2019; Sobek et al., 2003). Other water sources in the watersheds, 

including near-surface groundwater in organic-rich swamps, ephemeral draws and isolated 

wetlands were considered to primarily convey water from upland into lakes, and were found to 

have water chemistry that had taken on characteristics of both the mineral soil (high ion 

concentrations) and peatland soil waters (high DOC concentrations with high aromaticity).  

Mineral groundwater sources were distinguished from peatland sources by higher 

concentrations of cations due to lengthened contact times of subsurface flow paths with soils and 

rocks allowing for greater dissolution (Gibbs, 1970). However, we identified differences in cation 

concentrations within mineral soil sources, where coarse-textured HRAs generally showed lower 

cation concentrations than fine-textured HRAs, likely due to higher hydraulic conductivities and 

subsequent reduced contact time in coarse-textured HRAs (Gibbs, 1970; Toth, 1999). However, 

studies across the Boreal Plains have also shown considerable ranges in lake cation concentrations 

associated with connectivity to different groundwater flow path systems within a HRA, where 

coarse textured lakes connected to larger-scale groundwater flow systems will have increased 



From Drought to Deluge:  

Implications of variable hydrologic connectivity on lake  

ecosystem functions in the Boreal Plains of Western Canada 96 

concentrations due to the distance traveled along hydrologic flow paths (Devito et al., 2000; 

Webster et al., 1996). 

Peatland contributions to lakes were strongly related to lake DOC concentration and A254. 

As found by Olefeldt et al., 2013, large differences were shown in the DOC characteristics between 

peatland and mineral soil terrestrial DOC sources, with mineral soil sources depleted in aromatic-

rich DOC and peatland sources enriched in aromatic-rich DOC (Aitkenhead-Peterson et al., 2003; 

Kalbitz et al., 2003; Thurman, 1985; Wickland et al., 2007). Although, DOC characteristics of 

peatlands among HRAs were similar, within HRAs we identified differences in the DOC 

characteristics of shallow (<25 cm) and deep (>25 cm) peat. As shown by Olefeldt et al., 2013, we 

also found that shallow peatland sources had lower DOC and A254 compared to deeper sources 

across both coarse and fine-textured HRAs due to differences in the humification of peat with 

depth (Aitkenhead-Peterson et al., 2001; Kalbitz & Geyer, 2002; Thurman, 1985), thus we 

conceptualised shallow fibric peat with high hydraulic conductivity to be the dominant organic 

source to lakes (Wong et al., 2009).  

Surficial geology strongly influenced the relative contribution of mineral groundwater and 

near-surface peatland sources to the study lakes, which lead to large variability in lake DOC 

characteristics among lakes. Greater proportions of mineral groundwater sources were received by 

coarse lakes due to their connectivity to local and larger-scale ground water flow systems expected 

within more permeable sediments (Smerdon et al., 2005; To´th, 1963). Dominance of mineral 

groundwater contributions in coarse lakes resulted in lower lake DOC concentrations and A254 

from preferential adsorption of aromatic-DOC (Aitkenhead-Peterson et al., 2003; Thurman, 1985). 

In contrast fine-textured lakes received more near-surface organic peatland contributions that 
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represent an important source of aromatic-rich DOC from the terrestrial environment (Ferone & 

Devito, 2004; Olefeldt et al., 2013).  

3.4.2 Importance of mixing terrestrial sources versus within-lake processes 

Although the lake DOC characteristics were intermediate between that of peat and mineral 

water sources, our mixing model suggests that the vast majority of water and terrestrial DOC was 

derived from peatlands, particularly for fine-textured lakes. This discrepancy between mixing 

model results and where the lakes sit in mixing plot space suggests that shifts in DOC concentration 

and composition (SUVA254) are largely due to within-lake degradation of terrestrially sourced 

DOC, rather than shifting terrestrial sources. Studies undertaken in characteristically wetter boreal 

regions reveal that shifts in lake and stream DOC characteristics are related to shifts in terrestrial 

sources, where forested areas frequently function as runoff generating areas and active terrestrial 

sources of DOC during wetter conditions (Ågren et al. 2008; Laudon et al., 2011). However, in 

the Boreal Plains forests rarely act as sources of water and thus are not seen as active sources of 

aromatic-rich DOC sources to Boreal Plains lakes, where the water table often slopes against the 

topographic gradient and water actually moves into forestlands located adjacent to peatlands and 

lakes (Figure 3.3.10; Hokanson et al., 2020; Ferone & Devito, 2004; Redding & Devito, 2010). 

Furthermore, lakes in fine-textured HRAs typically receive little to no groundwater depleted in 

aromatic DOC by adsorption processes due to the low hydraulic conductivity of fine-textured 

substrates (Figure 3.3.10; Ferone & Devito, 2004; Plach et al., 2016; Qualls & Haines, 1992; 

Olefeldt et al., 2013; Thurman, 2012). Meanwhile, coarse lakes received larger mineral 

groundwater contributions depleted in aromatic-rich DOC, and therefore showed lower DOC 

concentrations and SUVA254 in mixing space.  
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Our study identified that DOC characteristics of Boreal Plains lakes were strongly 

influenced by within-lake processes. We found that lake DOC aromaticity decreased with longer 

lake water residence times (i.e. more negative lc-excess) when compared to DOC concentration. 

Extrapolating the linear relationship between DOC composition and lc-excess supports our mixing 

model results that the vast majority of aromatic-DOC is received by peatland sources, especially 

for fine-textured lakes; however lake water residence time seems to facilitate processes that alter 

the DOC composition so that it does not reflect peatland DOC sources any more. Therefore, mixing 

plots of lake DOC characteristics showed that although Boreal Plains lakes received a mix of 

terrestrial DOC sources, within-lake processes occurred, resulting in DOC characteristics that, 

without understanding the hydrologic connectivity of the Boreal Plains landscape, would suggest 

larger contributions from mineral sources. Similarly to lakes, Boreal Plains streams received 

greater proportions of peatland sources in fine-textured HRAs whilst coarse streams received more 

mineral groundwater sources compared to fine-textured streams, yet the DOC compositions 

between Boreal Plains streams and lakes differ, which suggests large processing occurs within 

lakes rather than streams. However, stream and lake DOC concentrations were similar further 

suggesting that DOC composition is more sensitive to within-lake processing than DOC 

concentration. Discrepancies between mixing plots and mixing model outputs in this study 

highlight the importance of considering both the climatic and geologic context of a landscape and 

what this means for hydrologic connectivity and subsequent chemistry of lakes in the region. 

3.4.3 Explaining spatial variability in difference between modelled and observed DOC 

and A254  

This study found large spatial variability in the difference between modelled and observed 

DOC and A254 in lakes across the Boreal Plains. The mixing model estimated that on average 
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across all study lakes, there was a net loss of 17% (± 40 ±1 SD) and 39% (± 31) of terrestrial DOC 

and A254 reaching lakes, respectively, where bio- and photo-degradation of terrestrial DOC were 

greater than autochthonous production of DOC. Due to coloured fractions of DOC being 

preferentially degraded via photo-mediated mineralisation and flocculation processes, we assumed 

that all A254 lost was attributed to photodegradation processes (Backlund, 1992; Bertillson & 

Tranvik, 2000; Olefeldt et al., 2013; Strome & Miller, 1978, Tranvik et al., 1998; Weyhenmeyer 

et al., 2012). The average difference between modelled and observed DOC and A254 includes both 

losses and gains, thus of the lakes reporting losses, their average losses across all lakes are likely 

higher. A study on the Scandinavian Boreal Shield by Algesten et al. (2004) reports total DOC 

losses from lakes in very large watersheds with several chains of lakes of between 30 to 80%. 

While our study shows net DOC losses (i.e. modelled – observed) instead of absolute loss of 

terrestrial DOC, given that our study lakes are small headwater lakes we likely see comparable 

losses to the Algesten et al. (2004) study, where loss rates on a lake by lake comparison in the 

Boreal Plains may be equal or greater than in the Boreal Shield. The large variability among lakes 

in the average difference between modelled and observed lake DOC and A254 can also be due to 

highly heterogeneous surficial geology, proportions of connected wetland in individual lake 

watersheds and subsequent differences in the dominance of surface and subsurface flow paths that 

are characteristic of the Boreal Plains landscape (Devito et al. 2012, 2017; Hokanson et al., 2019; 

Olefeldt et al., 2013). These differences lead to large variability in water chemistry, DOC 

concentration and composition, nutrient availability for autochthonous DOC production, and lake 

water residence time that influence the processes determining the DOC pool of Boreal Plains lakes.  

When assessing the fate of terrestrial DOC and A254 reaching lakes in each HRA, we found 

that within-lake degradation of terrestrial DOC was greatest in coarse lakes compared with fine-
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textured lakes. Average net DOC loss (modelled minus observed) in coarse lakes represented 47% 

of the terrestrially derived DOC, whilst average net A254 loss represented 68% of terrestrially 

derived A254. Coarse lakes did not show net DOC gains via autochthonous production, likely due 

to lower Chl-a (used as a surrogate for primary productivity as influenced by nutrients) compared 

to fine-textured HRAs. Larger losses in DOC and A254 of coarse lakes may be associated with 

already low DOC concentrations and A254 in coarse-textured lakes which is often considered more 

biolabile (low molecular weight from subsurface sources) and increases clarity for penetration 

depths for UV-mediated photodegradation to occur (Koehler et al., 2012; Molot & Dillon 1997; 

Morris & Hargreaves, 1997). However, given the typically moderate water residence times of 

coarse lakes and lower sensitivity to inter-annual wet-dry periods relative to fine hummocky lakes 

(Chp. 2), UV-mediated photodegradation is likely to act as a less dominant mechanism for 

observed losses compared to fine hummocky lakes (Curtis & Schindler, 1997). Thus, initially low 

A254 resulting from dominance of subsurface flow paths depleted in aromatic-DOC likely cause 

changes in A254 to appear greater in coarse lakes (Figure 3.3.10; Qualls & Haines, 1992; Olefeldt 

et al., 2013; Smerdon et al., 2005; Thurman, 2012). However, due to the sub-humid climate of the 

region, longer lakewater residence times in general are anticipated in the Boreal Plains when 

compared to Boreal Shield regions (Chp. 2; D’Arcy & Carignan, 1997; Jane et al., 2017; 

Kothawala et al., 2014), still allowing for significant photodegradation processes to occur.  

Fine-textured hummocky lakes lost on average 23% and 41% of terrestrially derived DOC 

respectively; however, several lakes in the fine hummocky HRA showed net gains in DOC 

attributed to autochthonous production. On average, fine plains lakes had a net 10% gain of DOC 

due to autochthonous DOC production and lost on average 15% of terrestrially derived A254. 

Studies undertaken in other boreal regions have also found that metabolic balances in lakes vary 
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across gradients of lake DOC and nutrient concentrations, where net autotrophy is typically 

associated with higher nutrient concentrations and lower DOC concentrations (Cole et al., 2000; 

Hanson et al., 2003; Prairie et al., 2002). However, in Boreal Plains lakes, we found that net 

autotrophy (gain of DOC via autochthonous production) was greater in both nutrient and DOC 

rich lakes, likely due to Boreal Plains lakes receiving nutrients from adjacent peatlands that also 

represent important terrestrial sources of DOC (Olefeldt et al., 2013; Plach et al., 2016). Thus, fine 

hummocky lakes with a greater proportion of connected wetland in the watershed and fine plains 

lakes that are characterised by extensive wetland connectivity showed greater Chl-a concentrations 

and gained DOC via autochthonous production. Similarly to Guillemette et al. (2013), our study 

suggests that in some lakes parallel processing of terrestrially-derived DOC and autochthonous 

DOC production may be occurring because of interactions with nutrients and terrestrial DOC in 

lakes.  

We also suggest that lake water residence times are an important determinant in the balance 

of terrestrial aromatic-rich DOC sources in lakes, particularly fine hummocky lakes. Large losses 

in A254 of fine-hummocky lakes can be attributed to photodegradation processes. Limited 

hydrologic connectivity to local flow paths characteristic of fine hummocky watersheds with large 

water storage thresholds for fill and spill to occur result in longer lake water residence times, and 

increased opportunity for within-lake losses compared to coarse and fine plains HRAs 

(Figure 3.3.10; Chp. 2; Devito et al., 2012; 2017; Evans et al., 2017; Kothawala et al., 2014; Plach 

et al., 2016; Schindler et al., 1992, 1997; Spence, 2010). In contrast, fine plains lakes showed the 

lowest net A254 losses attributed to photodegradation processes because of extensive surface water 

contributions via peatlands to lakes, and thus relatively shorter water residence times with reduced 
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opportunities for photodegradation processes to occur (Figure 3.3.10; Chp. 2; Devito et al., 2017; 

Evans et al., 2017; Kothawala et al., 2014; Plach et al., 2016; Schindler et al., 1992, 1997).  

Although the mixing model used in this study is sensitive to several assumptions outlined 

in the methods, we found strong agreement among lake results with regards to relative differences 

in the balance of within-lake losses and autochthonous production between HRAs from different 

model scenarios. The similarity in relative differences across different mixing models allows the 

study to use the mixing model to provide valuable information about relative differences among 

lakes in different HRAs rather than absolute losses in DOC and A254. However, even though the 

magnitude of losses or gains are sensitive to the model assumptions, the scenarios using the 

maximum and minimum ranges of end-member concentrations are representative of the extremes 

in variability of DOC and A254 losses or gains. We did not include an assessment of beaver 

influence on lake DOC characteristics or nutrients in Boreal Plains lakes, however, beavers can 

introduce lots of DOC and nutrients into an aquatic system (Devito & Dillon, 1993; Hillman et al., 

2004) and their presence may add to the spatial variability observed. Although beavers introduce 

DOC and nutrients into lake systems, it is assumed to be a small proportion of the already high 

DOC and high nutrient sources of water entering Boreal Plains lakes via organic rich peatlands. 

3.4.4 Explaining inter-annual variability in the difference between modelled and observed 

DOC and A254  

Our study suggests that dry periods on the Boreal Plains substantially increased the 

influence of photodegradation on lake DOC characteristics, thereby leading to preferentially 

increased net losses of A254 and thus reduced lake DOC aromaticity (Hall et al., 2019; Schindler 

1997). Losses of DOC in dry years were smaller and likely partially offset by inter-annual 

variability in autochthonous DOC production. The losses observed during dry periods were 
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common across lakes in each HRA, suggesting larger regional influences from inter-annual wet-

dry periods (Jane et al., 2017; Kratz et al., 1998; Magnuson et al., 1990) rather than more local 

influences occurring in the watershed, such as switching terrestrial sources (i.e., changing 

dominant contributions from shallow peat to deeper peat sources). However, we also found that 

the influence of inter-annual wet-dry periods on lake DOC characteristics differed in magnitude 

among lakes in different HRAs, supporting observations in Chapter 2; that DOC composition is 

more sensitive to inter-annual wet-dry periods when compared to DOC concentration. Greater 

inter-annual variability in net DOC and A254 change (modelled minus observed) suggests that the 

relative dominance of processes that either remove or produce DOC and A254 is sensitive to inter-

annual wet-dry periods, whilst low inter-annual variability means that these functions are more 

stable, and resistant to inter-annual wet-dry periods.  

Coarse-textured lakes showed the lowest inter-annual variability in net DOC and A254 

change. Low inter-annual variability of  net DOC and A254 change in coarse-textured lakes is likely 

due to connectivity to groundwater sources and lake-to-lake flow through systems maintaining 

water movement through the landscape, which can act to buffer lakes against the influence of inter-

annual wet-dry periods that enhance within-lake photodegradation processes during dry years 

(Figure 3.3.10; Hokanson et al., 2019; Schindler et al., 1992, 1997; Smerdon et al., 2005). In 

contrast, fine-textured hummocky and plains lakes showed larger inter-annual variability in net 

DOC and A254 change, likely due to the dominance of surface flow paths via riparian wetlands 

which may be more sensitive to inter-annual wet-dry periods (Figure 3.3.10; Ireson et al., 2015; 

Winter, 2001). Thus, during a dry year, terrestrial-aquatic linkages between fine-textured lakes and 

surrounding wetlands may be limited, or shut down; therefore, increasing lake water residence 

times as less water moves through the landscape and simultaneously enhancing within-lake 
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photodegradation opportunities for aromatic-rich DOC (Catalán et al., 2016; Ejarque et al., 2018; 

Kothawala et al, 2014; Schindler et al., 1992, 1997). 

3.5 Conclusion 

These results demonstrate that DOC concentration and aromaticity in Boreal Plains lakes 

do not only reflect mixing of water from terrestrial sources, but also processes of within-lake 

degradation and production of DOC. Our results support a conceptual model that highlights how 

watershed characteristics, surficial geology in particular, influence both the spatial and temporal 

variability of lake DOC characteristics as resulting from both external supply of DOC and within-

lake processes. We find that our results contrast with studies from other boreal regions, where 

within-lake processes of photodegradation and autochthonous DOC production appear to be more 

important on the Boreal Plains in terms of influencing lake DOC characteristics. The importance 

of within-lake processes in regulating DOC characteristics on the Boreal Plains is linked to longer 

residence times, shallow lakes, and higher nutrient availability than in many other boreal regions. 

As changes in precipitation quantity and timing, and increased evapotranspiration rates are 

predicted globally in response to the ongoing climate emergency, we can expect watersheds to 

undergo more frequent dry periods with shutdown of terrestrial-aquatic linkages and increased 

lake water residence times and opportunities for within-lake processing of DOC and A254. Thus, 

in the Boreal Plains, where shallow lakes receiving aromatic-rich DOC exist in a region with an 

overall moisture deficit, and small changes in the water balance cause large shifts in water 

residence times, net DOC and A254 changes in lakes are highly sensitive to within-lake processes 

with implications for lake ecosystem services, including greenhouse gas exchange, nutrient 

cycling, food webs and water treatability. 
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4.0 Persistence of Shallow Lakes on the Boreal Plains: Resistance 

and Resilience to Climate Variability Linked to Lake and 

Watershed Attributes 

Key Points: 

• Contraction and expansion of lakes during and after dry periods varied depending surficial 

geology, wetland connectivity, and lake basin morphology.  

• During severe dry periods, the impacts from the shutdown of terrestrial-aquatic linkages 

between lakes and peatlands exceeded resistance to change across the study lakes (i.e. lakes 

contracted); however, lakes in different surficial geologies had different resistance 

thresholds.  

• Lag times between the occurrence of a dry period and lake contraction were longer in lakes 

with higher wetland connectivity and in lower topographic landscape positions. 

• Lake resilience to droughts, i.e. ability to recover to pre-drought surface area, was related 

to lake basin morphology and interactions between wetland connectivity and lake substrate.   

Abstract  

Within the Boreal Plains of Western Canada, ecologically significant lake ecosystems exist in a 

delicate hydrologic balance, which may be disrupted by climate change, with potentially 

irreversible ecosystem state shifts from aquatic to terrestrial systems. To assess the persistence of 

shallow lakes on the Boreal Plains, we used long-term (1996 - 2019) monthly lake extent data to 

generate metrics for resistance, lag times, and resilience of lake extent to dry periods of varying 

severities, and thus indicate the risk of terrestrialisation processes occurring in lakes. The 

variability in lakeshore dynamics within lakes over time differed between lakes, with many lakes 

exhibiting transient or long-term loss. Lag times of how quickly a lake’s open water extent 

contracts in response to a dry period were shorter in lakes located in high landscape positions with 
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a lower proportion of connected wetland area in the watershed. Resistance and resilience of lake 

extent to dry periods, i.e. the ability to withstand change and to return to pre-dry period extents, 

were highest for lakes with greater wetland connectivity and for lakes with straight-sided basin 

morphology. In contrast, lakes that had low resistance and low resilience, and thus those that may 

have accelerated terrestrialisation following future dry periods, included isolated lakes with low 

wetland connectivity and shallow depths of loose substrate. Five lake groups were identified by 

similarities in resistance, lag time, and resilience to dry periods, which were primarily controlled 

by connected wetland area and lake basin morphology. This study found that differences in the 

contraction and expansion of Boreal Plains lake extent during and after dry periods were dependent 

on surficial geology (i.e. dominance of surface versus subsurface flow paths), wetland connectivity 

and lake basin morphology. Thus, new insights into the controls on lake extent responses to dry 

periods are provided in this study and can be used to identify lakes that will be most vulnerable to 

accelerated terrestrialisation in response to an increasingly changing climate. 

4.1 Introduction 

Lakes across boreal landscapes provide essential ecosystem services, including climate 

regulation through greenhouse gas exchange (Algesten et al., 2004; Cole et al., 2007) and carbon 

sequestration (Squires et al., 2005), provisioning of drinking water (Emelko et al., 2011), and 

support for biodiversity (Williamson et al., 2009). Climate warming along with shifting patterns 

of precipitation, likely including both more extreme dry and wet periods (Pachauri et al., 2014), 

may cause changes to spatial extents of lakes and even threaten lake permanence.    

The spatial extents, and even presence or absence of lakes, can vary due to the influence of 

both short-term and long-term processes. Short-term inter-annual variability in the water balance 

as a result of dry periods can influence hydrologic connectivity of the watershed and reduce the 
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quantity of water received by lakes from the landscape, thus causing open water lake extents to 

contract. Exposure of the lake bed for extended periods of time can enable long-term processes, 

such as terrestrialisation, to occur. Terrestrialisation is the permanent transition from an open water 

to terrestrial ecosystem (Kratz & DeWitt 1986; Mitsch & Gosselink, 2015). Terrestrialisation is 

driven by the accumulation of organic matter infilling lakes which elevates the sediment above the 

lake water level allowing for vegetative colonization. The mechanism of terrestrialisation can 

interact with inter-annual wet-dry periods to potentially accelerate the occurrence of 

terrestrialisation processes in a lake, where a temporary lowering of the water level during a dry 

period combined with gradual lake infilling leads to the colonization of vegetation (Ireland et al., 

2012). However, interactions between terrestrialisation and hydroclimatic variations in the 

landscape likely depend on both regional and local watershed and lake attributes (e.g. surficial 

geology, wetland cover, relief, permafrost presence). Therefore, the spatial extents of lakes in 

different boreal regions may respond to inter-annual wet-dry periods and amplification of inter-

annual wet-dry periods through climate change differently.  

The response of lake area to dry periods can be characterized by resistance, lag-time, and 

resilience. The resistance of a lake’s extent to a dry period can be thought of as the ability of a lake 

to not be affected by said dry periods. Lag time is the time taken for an individual lake’s extent to 

respond to a dry period. Resilience is the ability of said lake to return to the same water level and 

open water lake extent observed prior to being affected by a dry period. Between regions and 

within the same region, there could be varying combinations of resistance and resilience types 

among lakes, i.e., lakes that are resistant to dry periods, those that are not resistant yet show high 

resilience, and lakes with both low resistance and resilience that are following a trajectory of drying 

out completely.  
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The circumpolar boreal biome spans several ecozones with distinct characteristics, 

including differences in climate, moisture availability, bedrock geology, surficial geology, relief, 

permafrost presence, and peatland coverage (Brown, 1997; Geological Survey of Canada, 1995; 

2014). Over the past few decades, dramatic hydrological changes have been observed, particularly 

across subarctic boreal lakes, including net reductions in lake size, attributed to combined effects 

of permafrost thaw, increased evapotranspiration, and terrestrialisation processes (Klein et al., 

2005; Smith et al., 2005; Riordan et al., 2006; Roach et al., 2011, Yoshikawa & Hinzman, 2003). 

Boreal kettle basin systems have also been subjected to abrupt state shifts and reductions in lake 

size attributed to episodic terrestrialisation processes (Ireland et al., 2012; Ireland & Booth, 2011). 

Despite the body of research assessing controls on widespread hydrological changes across sub-

arctic boreal and boreal lakes, individual ecosystem responses to changing precipitation patterns 

make predicting responses in other regions challenging, especially when regions such as the boreal 

biome have vast differences in characteristics, thus we should not expect the same controls on the 

resistance and resilience of lake extents across regions.  

The Boreal Plains ecozone covers large portions of Western Canada (Canadian Council on 

Ecological Areas, 2014), and has a high density of lakes. The Boreal Plains ecozone has 

characteristics that are distinct from many other boreal regions, with a sub-humid climate and thick 

heterogeneous glacial surficial geology deposits. Together, these characteristics create large spatial 

heterogeneity in lake watershed attributes, which further amplify complex groundwater-surface 

water interactions (Devito et al. 2012, 2017; Hokanson et al., 2019; Ireson et al. 2015; Winter 

2001). Due to this spatial heterogeneity in lake and watershed attributes, we should expect different 

trajectories of neighbouring Boreal Plains lakes in their hydrologic responses (i.e., lake extent) to 
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inter-annual wet-dry periods (Perales et al., 2020), and thus differences in the resistance and 

resilience of lakes within the same region to climate variability.  

The hydrological response of lakes (lake extent) to dry periods is likely to be influenced 

by lake watershed attributes. Research in the Boreal Plains shows that distribution of coarse 

relative to fine textured glacial deposits determine relative contributions of water from subsurface 

and surface flow paths to lakes (Hokanson et al., 2019; Plach et al., 2016; Smerdon et al., 2008). 

Therefore, the surficial geology of a lake watershed should be a determining factor for the stability 

of lake extent responses to inter-annual wet-dry periods. In coarse-textured lakes, topographic 

landscape position determines relative contributions from different flow paths, with lakes in lower 

topographic landscape positions receiving larger groundwater contributions via lake-to-lake 

flowthrough, and larger surface water contributions from peatlands (Devito et al., 2017; Hokanson 

et al., 2019; Smerdon et al., 2005). Thus, coarse-textured lakes receiving larger relative 

contributions of groundwater are likely to be buffered against the effects of dry periods on their 

open water lake extents (Winter, 2001). In contrast, lakes within fine-textured surficial geology 

are dominated by contributions from local near-surface flow paths via peatland connectivity 

(Devito et al., 2017) that are generally more susceptible to inter-annual wet-dry periods (Ireson et 

al., 2015; Winter, 2001). However, the topographic landscape position and relief of fine-textured 

lake watersheds can determine the stability of lake extent responses to inter-annual wet-dry 

periods. Fine-textured lakes in low topographic positions with low relief receive surface water 

from expansive peatlands that may actually limit the effects of dry periods on lake extent. 

Conversely, lakes in higher topographic landscape positions with smaller watersheds are limited 

to local flow paths and contributions from adjacent peatlands will be more vulnerable to dry 

periods (Hokanson et al. 2019; Ireson et al., 2015; Winter, 2001). As such, we should expect spatial 
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differences in the resistance lag times, and resilience of lake extent to dry periods due to differences 

in landscape attributes (i.e. surficial geology, peatland connectivity, and topographic landscape 

position), which determines the dominance of hydrologic flow paths in each watershed. 

Lakes within a region also have individual attributes, including basin morphology and lake 

substrate type that can influence variability in water level and open water lake extent dynamics 

among lakes. A model of drought-triggered terrestrialisation proposed by Ireland et al. (2012) 

suggests that lake basin morphology exerts a strong influence on changes to lake extent by 

determining relative resistance and resilience of shallow and deep basins to dry periods. Translated 

to a Boreal Plains framework, a shallow basin has sloping sides and would have lower resistance 

and thus greater susceptibility to terrestrialisation processes during relatively low magnitude or 

shorter duration dry periods (Figure 4.4.1). In contrast, deeper basins would be steep sided and 

show greater resistance, requiring extreme and/or prolonged dry periods to drop water levels 

holding relatively large volumes of water and expose the lakebed to allow terrestrialisation 

processes to occur (Figure 4.4.1). Susceptibility of terrestrialisation in lakes can also be driven by 

dry periods and interactions with substrate type of the lakebed (e.g., firm and loose substrate), in 

addition to basin morphology. During dry periods, the water level of a lake decreases, thus 

exposing lake sediments to colonization by vegetation. Upon rewetting, loosely rooted mats of 

vegetation are able to detach from loosely consolidated lake sediments (loose substrate) and float, 

which creates a hydrologically stable substrate for further colonization of vegetation and vertical 

peat accumulation from which the lake is unlikely to recover, thus showing low resilience in the 

lake (Ireland et al., 2012; Warner et al., 1989; Figure 4.4.1). However, if the newly colonized 

vegetation mats are attached to consolidated lake sediments (firm substrate), water levels will rise 

and flood vegetation mats, thereby preventing floating mat initiation and allowing open water lake 



From Drought to Deluge:  

Implications of variable hydrologic connectivity on lake  

ecosystem functions in the Boreal Plains of Western Canada 111 

extents to recover to pre-dry period states, thus resulting in a resilient lake (Figure 4.4.1). 

Therefore, we should expect differences in basin morphology and lake substrate type to cause lakes 

within the same region to exhibit unique lake extent responses, e.g., amplify, delay, or extend the 

realisation of inter-annual wet-dry period signals in the lake (Ireland et al., 2012; Magnuson et al., 

2004). 
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Figure 4.4.1: A conceptual model of the influence of lakebed substrate and basin morphology 

on lake extent. Rain and sun symbols indicate relatively wet and dry periods, respectively. The 

left panels present a conceptual understanding of how lake basin morphology (steep-sided or 

sloping-sided) would influence variability in water level dynamics and open water lake extent. 

Right panels show the influence of lake substrate (loose or firm) on variability in water level 

dynamics and open water lake extent, where loose substrate allows the formation of a floating mat 

but in firm substrate the vegetation floods out and dies. We hypothesize a difference between 

straight and sloping sided lakes as you go into a dry period, where the changing lake volume does 

not lead to a shift in lake area during a dry period while it does in a sloping sided lake basin. During 

a dry period, many sloping sided lakes may develop new vegetation along the lake edges. This 

vegetation may persist in a re-wetting phase if the substrate is loose and allows the vegetation to 

float with the rising water. 

The main objective of this study was to determine how lake and watershed attributes affect 

the resistance, lag-time and resilience of lakes in a Boreal Plains landscape to dry periods of 

varying severities. We used water history data from the Global Surface Water Explorer from 1996 

– 2019 (Francois Pekel, 2016) for 33 lakes in conjunction with, water level data collected in the 

field from 1999 to 2019 during inter-annual wet-dry periods characteristic of the Boreal Plains 

ecozone. In general, we predicted that lakes with watershed attributes that promote stable 

hydrological connections would have greater resistance, resilience, and longer lag-times – 

especially lakes with stable groundwater connections in lower regional settings and lakes with a 

greater connectivity to runoff-generating peatlands. We further predicted that lake attributes can 

modify these general responses; where straight-sided lakes have greater resistance and longer lag-

times, whilst lakes with loose substrates have lower resilience as new vegetation may persist even 

as water levels rise again. These findings are important to understanding the controls on different 

trajectories of neighbouring lakes, and to making robust assessments of lakes that will be most 

vulnerable to climate change. 
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4.2 Methods 

4.2.1 Study Site 

The study area is part of the Boreal Plains ecozone of north-central Alberta, Canada, 

located near Utikuma Lake (known as the Utikuma Region Study Area (URSA)) in Treaty No. 8 

Territory (Figure 4.4.2; Devito et al., 2016 EcoRegions Working Group, 1989). The climate is sub-

humid, where precipitation is less than or equal to evapotranspiration, and has pronounced inter-

annual wet-dry periods, with an annual temperature of 1.2°C (Devito et al., 2016; Mwale, 2009). 

The average annual precipitation (P) during the study (1996 to 2019) was 424 mm (± 94 mm; 1 

standard deviation; Appendices A.3.1). Long-term average annual potential evapotranspiration 

using Penman models is 519 mm at the URSA, and rarely varies more than 30 mm from the 

average (Devito et al., 2016).  
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Figure 4.4.2: (a) The location of the Boreal Plains in Canada (grey) with the Utikuma Region 

Study Area (URSA) highlighted by a red rectangle; (b) location of the 33 study ponds across 

distinct hydrologic response areas (HRAs) within the URSA.  

Thick (50 – 200 m) heterogeneous glacial surficial geology characterises the URSA 

(Fenton et al., 2003; Hokanson et al., 2019). The surficial geology comprises coarse-textured 

glaciofluvial deposits in the north-west section of the study area and fine-textured glacial till (fine 

hummocky) and glaciolacustrine (fine plains) deposits towards the south-east (Fenton et al., 2003). 

These three hydrologic response areas (HRAs) have been delineated as coarse outwash, fine 

textured hummocky moraine, and clay plains along the study transect at the URSA (Figure 4.4.2; 

Hokanson et al., 2019), from units mapped in the Alberta Geological Society surficial geology 

mapping (Fenton et al., 2003). Each HRA represents broad spatial differences in local relief, 

storage potential and transmissivity (Devito et al., 2017; Hokanson et al., 2019; Winter, 2001).  
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The low relief of URSA results in poor drainage and organic-rich peatlands covering on 

average up to 50% of the land area at thicknesses of up to 5 m (Devito et al., 2016). Peatland 

abundance varies between HRAs, with extensive connected peatlands on the clay plains (47 – 

85%; Chp. 2 – A.1.3) and more spatially confined peatlands in the coarse outwash (22 – 68%; Chp. 

2 – A.1.3) and hummocky moraine (16 – 59%; Chp. 2 – A.1.3). The peatlands include bogs and 

fens with ranging canopies of black spruce (Picea mariana) and tamarack (Larix sp.) and 

groundcover comprised of mosses and shrubs. Forests cover approximately 40% of the URSA and 

are dominated by trembling aspen (Populus tremuloides) and Jack pine (Pinus banksiana) in fine-

textured and coarse-textured soils, respectively (Devito et al., 2016). 

4.2.2 Inter-annual wet-dry periods 

Precipitation data were collected from four meteorological sites within 24 km of each other 

along the URSA transect at open locations from 1999 to 2019 (Figure 4.4.2). Prior to 1999 (1996 

- 1998), long-term daily climatological data from Fort McMurray, a region also characterised by 

a continental sub-humid climate was used to set the climatic context for our study period (1996 - 

2019) because precipitation data from more relevant weather stations (i.e., Red Earth Creek & 

Peavine) were not available (Figure 4.4.3; Carrera-Hernández et al., 2011). At the URSA, 

precipitation data were obtained using shielded tipping bucket rain gauges (adapted for snowfall 

using antifreeze in the reservoir) and validated using multiple manual gauges and snow transect 

surveys. Precipitation data collected at the URSA were compared with, and occasionally gap filled 

using data collected from nearby weather stations (Red Earth Creek & Peavine; data provided by 

Alberta Agriculture and Forestry, Alberta Climate Information Service). Total annual precipitation 

was summarized for the period from July 1st to June 30th for each year, i.e., to capture the effects 

of inter-annual wet-dry periods on lake extent, when lake extents in the Boreal Plains are 
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considered ice-free and at their maximum. Average annual (July 1st to June 30th) precipitation for 

the study period (1996 to 2019) was 424 mm, with the highest annual precipitation occurring in 

2007 (590 mm), and lowest annual precipitation occurring in 2002 (214 mm; Figure 4.4.3). We 

also used the 3-year cumulative departure from average (3yrCDM) precipitation for each year to 

identify dry hydrologic years, because the 3yrCDM has been shown to capture the strong influence 

of antecedent moisture conditions on hydrologic responses in the Boreal Plains (Devito et al., 

2005; Hokanson et al., 2019; A.1.1). We classified hydrologically mesic years when the net 

moisture deficit is near zero, where slight moisture deficits (-100 mm 3yrCDM) are countered by 

slight moisture surpluses (+100 mm 3yrCDM) (Devito et al., 2012). Hydrologically dry and wet 

years were then classified when the moisture deficit using the 3yrCDM was less than -100 mm 

and greater than +100 mm, respectively. The severity of hydrologically dry years was quantified 

by accumulating the 3yrCDM for the duration of each dry period. The intensity of hydrologically 

dry years was also quantified by dividing the severity by the duration (in years) of each dry period. 
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Figure 4.4.3: Precipitation data (July 1st – June 30th  and 3-year cumulative departure from 

mean precipitation (CDMP) for the URSA from 1996 to 2019. Long-term average annual 

precipitation (424 mm) provides context. Shaded region indicates the range for a hydrologically 

mesic 3-year CDMP (+100 mm to -100 mm).  

4.2.3 Global surface water data extraction 

Long-term monthly water history data (1996 - 2019) of 33 lakes on the Boreal Plains were 

extracted from the Global Surface Water dataset (Pekel et al., 2016) via Google Earth Engine. The 

Global Surface Water dataset used orthorectified Landsat satellite images at a 30-metre resolution 

to develop water history datasets of monthly water history data with information on water 

detections or absence (Pekel et al., 2016). Each pixel (representing a Landsat satellite image) was 

classified as either water (pixel value 2), land (pixel value 1), or non-valid observations (pixel 
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value 0; snow, ice, cloud, or satellite issues; Pekel et al., 2016; Figure 4.4.4). The Global Surface 

Water Explorer used an expert system performance to deal with problems related to uncertainty 

and quality issues in the dataset. This expert system performance was further validated in terms of 

errors of omission at a pixel scale and were overall less than 5%. We averaged the number of water 

detections (pixel value 2) for each individual lake from June to August of each year to generate 

one value of water detection for an individual lake representing maximum inundation during 

summer. We also validated the water detection data to ensure algal blooms did not mask water 

detections in the study lakes by examining anomalies against previous months’ water detections 

and lake water levels. Where there were a significant number of pixels in the no observation 

category, we assessed previous and subsequent months’ water detections and made educated 

assumptions as to whether the pixels spanned areas where water would be detected if there was no 

cloud cover causing pixels to be classified as no observation. Additionally, we used historical 

aerial photographs taken in 2000 (1:6000; Air Photo Library, Alberta Government) when lake 

sediments were known to be exposed to cross-reference with the water detection data and check 

whether water detections excluded exposed sediment without vegetation establishment. The 

permanent presence of water in some lakes was too small to be captured by the monthly water 

history data, but were captured at annual timescales. Seasonal water presence was also included in 

the annual water history data, rather than only permanent water detections which are used in the 

monthly water history dataset. Therefore, in four of the 33 study lakes, we use the seasonal water 

presence from the annual water data history in the Global Surface Water Explorer. Pekel et al. 

(2016) defines a seasonal water surface as under water for less than 12 months of the year, whereas 

a permanent water surface as underwater throughout the year. In regions such as the Boreal Plains, 

where observations are not available year-round due to snow and ice cover, water detections are 
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considered seasonal if the number of months where water is detected is less than the number of 

months for which valid observations were acquired (Pekel et al., 2016).  

 

Figure 4.4.4: Example of pixels used for monthly Global Surface Water data extraction for 

the study lakes. Each column shows an example study lake within a given year and the different 

pixel categories classified for a said lake, where pink pixels represent a Landsat image (30x30 m) 

classified as no observations, green pixels represent not water detected, and blue pixels represent 

an image where water was detected.  

4.2.4 Change in lake diameter 

To quantify the change in lake diameter relative to the maximum lake diameter in each 

year, we first multiplied the total number of pixels representing water detection by the resolution 

of the Landsat imagery (30 x 30 m) to obtain the open water lake area for each lake. The open 

water lake area was then converted into a diameter (√
𝐴𝑟𝑒𝑎

𝜋
 ∙ 2). We used average diameter to 

represent the changes in lake extent through time as this provided us with an indication of how 

much shoreline was exposed for potential terrestrialisation to occur. An area of open water extent 
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could be used but in larger lakes, a large change in area doesn’t necessarily mean that significant 

portions of the shoreline is exposed, whereas a diameter can represent the change in shoreline more 

effectively. The maximum open water lake diameter recorded for each lake (1996 – 2019) was 

then subtracted from the open water lake diameter recorded in each year to obtain the annual lake 

diameter relative to the maximum lake diameter. Therefore, the change in lake diameter between 

years shows how much of the lakebed is exposed in each year.  

4.2.5 Lag time 

We regressed the change in lake diameter for each lake against different cumulative 

departure from mean precipitation (CDMP) periods (ranging from 1 year through to 5 years 

CDMP) between 1996 and 2019. The strongest relationships between change in lake diameter and 

different cumulative departure from mean precipitation periods were used to identify a lag time 

between the occurrence of a dry period and how quickly an individual lakes diameter responds 

(A.3.2). 

4.2.6 Resistance 

Resistance was expressed by the magnitude of an individual lake’s response to a dry period. 

We used the maximum change in lake diameter that occurred during each dry period to quantify 

relative resistance of each lake. Relative resistance was quantified for each lake during each of the 

three dry periods considered, which varied in severity. To account for permanent changes to lake 

diameter resulting from earlier dry periods, the maximum change in lake diameter was relative to 

the maximum lake diameter (maximum open water lake extent) recorded prior to the onset of each 

dry period. Therefore, to quantify lake resistance during the high severity dry period (2000 to 
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2004), we subtracted the maximum change in lake diameter from 2000 to 2004 from the maximum 

lake diameter recorded between 1996 to 1999.  

4.2.7 Resilience 

We defined resilience as the ability of a lake to return to the average lake diameter observed 

during the pre-dry period, in between any onsets of previous dry periods. To quantify resilience, 

we subtracted the average post-dry event lake diameter from the pre-dry event lake diameter. Thus, 

a lake would be considered to have high resilience when the difference between pre- and post-dry 

period lake diameter is lower.  

4.2.8 Lake and landscape attributes 

4.2.8.1 Lake attributes 

The 33 lakes used in this study are distributed along a 70-km transect at the URSA. The 

lakes in the study area are shallow (~ 0.5 – 5 m deep; Chp. 2; Olefeldt et al., 2013) and naturally 

mesotrophic to hypereutrophic (Bayley et al., 2007; Nurnberg & Shaw, 1999; Plach et al., 2016). 

The lakes range in size from 0.71 to 324 ha (Chapter 2). 

Substrate type (firm or loose), and lake basin morphology (sloping or straight-sided) were 

identified in a-priori predictions as potential primary controls on lake resistance and resilience to 

inter-annual wet-dry periods (Table 4.2). Both substrate type and lake basin morphology were 

determined by assessments undertaken during annual lake sampling trips from 2017 to 2019 in 

conjunction with visual assessments of historical photographs and aerial images representing lake 

conditions (e.g., presence of floating mats) prior to the high severity dry period from 2000 to 2004. 

To test substrate type, we walked out into each individual lake, where possible, at representative 

sections of the lake shoreline. In lakes with loose sediment depths more than 20 cm, the lake 
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substrate was considered sufficiently loose to allow any rooted vegetation established during a dry 

year to float upon rewetting. Lakes with less than 20 cm of loose sediment were considered firm 

enough for rooted vegetation to remain attached to the lakebed upon rewetting. The basin 

morphology was assessed at representative edges of each lake where lakes with vertical peat 

accumulation at the aquatic-terrestrial interface were considered straight-sided. We also assessed 

change in lake depth as you progress further into the lake (up to 10 m, where possible) to determine 

straight versus sloping sided basins where floating mats were present. Lakes where change in lake 

depth increased as you get further into the lake were defined as sloping sided, whilst lakes with no 

relationship between lake depth and distance to centre of lake were straight-sided. Visual 

assessments of the shoreline at each lake were also undertaken during annual lake sampling (2017 

– 2019), and the presence of floating mats at the reference location for each lake recorded and then 

cross-referenced against recent and historical photography, in addition to satellite imagery. 

To obtain lake water levels, depth of water was measured at a permanent reference location 

with known elevation (MASL) at the edge of each lake during the summer from 1999 to 2019. In 

2012, a survey of simultaneous water level measures at the permanent reference location and at 

the centre of the lake (assumed maximum depth) was undertaken and then used to estimate the 

maximum depth at the centre of each lake in other years.  

To test a-priori predictions for the resilience of lakes to inter-annual wet-dry periods (i.e., 

whether lakes return to original extent, or undergo a permanent loss in open water lake extent 

where a new lake extent is established; Table 4.2), lake water level was regressed against departure 

from maximum lake diameter for each lake from 1999 to 2019. We used visual assessments to 

classify relationships between lake depth and lake diameter for each lake using linear regressions 

as positive, absent, or negative, each indicative of different processes that may drive open water 
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lake extent responses to dry periods. A positive relationship between lake diameter and lake water 

level suggested lakes with sloping basins and/or firm substrates, where a decrease in lake water 

level gradually exposes the lakebed, then upon rewetting if the lake substrate is firm any vegetation 

established is flooded out as the vegetation is secured to the lakebed. An absence of relationship 

between lake water level and lake diameter could arise due to two a-priori hypotheses. Firstly, a 

change in lake water level but no change in lake diameter suggests the presence of floating 

vegetation mats that rise and fall with changing water levels. Secondly, a change in lake diameter 

with no change in lake water level, may suggest sloping-sided lakes with benches for deeper 

portions of the lake allowing for exposure of lakebed at the lake edge, but minimal changes in lake 

water level at lake centre. A negative relationship, where lake diameter increases as lake water 

level decreases, may suggest drivers that overwhelm the influence of inter-annual wet-dry periods 

(e.g. larger groundwater contributions (indicated by surficial geology and landscape position), 

beaver control). However, in some lakes a negative relationship could represent the occurrence of 

permanent shrinkage as a lake reaches a new stable state where a new maximum lake diameter has 

been established following a dry period.  

The relative elevation of each lake within a HRA sub-unit created comparable relative 

elevations and an indication of landscape position for each lake (Chp. 2). We used HRA sub-units 

which subdivided HRAs according to regional subsurface flow-systems (Chp. 2). The relative 

elevation for each lake was then calculated using a 30-m resolution digital elevation model as the 

percentile of the highest and lowest lake elevation compared to other elevations in the HRA-

subunit (Chp. 2).  
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4.2.8.2 Landscape attributes 

The watersheds of the 33 lakes in this study were delineated in Chapter 2. Furthermore, 

this study uses the HRA classifications of each lake identified in Chapter 2, where the HRA of 

each watershed was defined according to the dominant HRA type (i.e., 50% of watershed or 

greater). We also used the connected wetland area (CWA) calculated in Chapter. 2 to quantify the 

proportion of connected wetland in each lake watershed (DUC, 2011). 

4.2.9 Statistics 

To test for significant differences in spatial variability of lake responses to dry periods 

among HRAs, we used two standard deviations (2SD) of the departure from maximum lake 

diameter (spatial variability) in a Kruskal-Wallis one-way analysis of variance. To test for 

differences in resistance and resilience among lakes in each HRA, we used a Wilcox Rank test on 

the maximum change in lake diameter that occurred during each dry period (resistance), and post-

dry event minus pre-dry event lake diameter values (resilience). For each statistical test, p-values 

<0.05 (95% confidence interval) were considered significant. To identify which HRAs were 

significantly different, we also conducted multiple pairwise-comparisons between groups using 

the ‘pairwise.wilcox.test’ function within the ‘stats v3.6.2’ package in R.  

A multivariate regression tree was performed using the ‘mvpart’ package in R (De’ath, 

2002, Therneau & Atkinson, 2004) to group lakes based on similarities in their resistance, lag 

times, and resilience in response to dry periods. We condensed resistance and resilience values 

across each of the dry periods into a singular value to disentangle inter-annual patterns among 

lakes. We ranked the resistance and resilience values for each dry period from high to low values 

(low rank value = low resilience / resistance), and then averaged the rank position across the dry 
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periods to quantify overall resistance and resilience of each lake across the dry periods used in this 

study. Response variables including resistance, lag times, and resilience, were normalised via min-

max scaling to account for differences in units of measurement and range in data between response 

variables. We also conducted a Shapiro-Wilks test for normality on each response variable and 

found that both resistance and resilience values were normally distributed, whilst lag times were 

not normally distributed (p = 0.003). Explanatory variables included watershed dominant HRA 

type (surficial geology), proportion connected wetland in watershed, landscape position, substrate 

type, and lake basin morphology. The final tree was selected after pruning to identify the tree with 

the smallest cross-validated relative error.  

We conducted an analysis of synchrony for the groups of lakes identified in a multivariate 

regression tree by examining the correlation of change in lake diameter throughout the study period 

for each of the possible lake pairs in each group. We also conducted an overall synchrony analysis 

on the 33 lakes used in this study to compare with the synchronicity of individual lake groups. 

Synchronicity, an indicator of whether controls on variability lake responses are common or 

individual, was determined by averaging the Pearson correlation coefficients for each group of 

lakes, and an overall synchronicity for all 33 lake pair correlations (Jane et al., 2017; Kratz et al., 

1998; Magnuson et al., 1990; Pace and Cole, 2002).  

4.3 Results 

4.3.1 Inter-annual wet-dry periods 

Using the 3yrCDMP (3-year cumulative departure from average precipitation), we 

identified three hydrologically dry periods (3yrCDM < -100 mm) during the study period (2000-

2004, 2010-2012 & 2016; Figure 4.4.3; Table 4.1). The dry period from 2000 to 2004 had the 

highest severity and intensity, followed by the 2010 to 2012, and 2016 periods (Table 4.1). 
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Table 4.1: Summary of characteristics for each hydrologic dry period.  

Hydrological Dry Periods Average 

Precipitation (mm) 
Severity 

(mm) 
Intensity 

(mm year
-1

) Pre-Dry Period Post-Dry Period 

2000 - 2004 339.18 -1094.77 -218.95 1996-1999 2005-2009 
2010 - 2012 379.03 -471.95 -157.32 2005-2009 2013-2015 

2016 456.30 -113.29 -113.29 2013-2015 2017-2019 
Note. Hydrologic years extend from 1 July to 30 June in each year. Severity of hydrologically dry years quantified by 

accumulating the 3yrCDM for the duration of each dry period and intensity quantified by dividing severity by the 

duration (in years) of each dry period. 

 

4.3.2 Spatial variability in lake diameter responses to dry periods 

All lakes exhibited contraction and expansion during the study period, but there was large 

variability among lakes with regards to how much their lake diameter fluctuated (Figure 4.4.5). 

Two standard deviations (2SD) of the departure from maximum lake diameter were used to 

compare spatial variability in lake diameter and it ranged from 5.0 to 371 m among study lakes 

(A.3.3). Lake diameter variability (2SD) was significantly different between HRAs (p < 0.05), 

being highest on the fine plains (67.3 m), followed by the fine hummocky (41.9 m), and least in 

the coarse (16.0 m; Figure 4.4.5; A.3.3). Two lakes (Lake ID # 43 & 48) within the fine hummocky 

dried out completely; Lake 43 during 2003, and Lake 48 from 2016 onwards (Figure 4.4.5). 

However, from ground-truthing, although Lake 48 had decreased in lake extent substantially, there 

remained some open water as revealed by field visits that was not captured by the Global Surface 

Water Explorer after 2016. Furthermore, we know from historical photographs that Lake 43 dried 

out completely in 2002, yet this was not captured in the Global Surface Water Explorer data. Both 

lakes that dried out were relatively small lakes (Average Lake Diameter: #43 – 112 m; #48 191 

m), with loose substrate, straight sided basin morphology that slopes towards the centre, and 

located in higher topographic landscape positions.  
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Figure 4.4.5: Time-series showing lake diameter across each study lake from 1996 – 2019. 

Lake diameter is expressed as the difference between annual lake diameter and the maximum lake 

diameter recorded between 1996 and 2019, where 0 m is the maximum lake diameter and a 

negative departure from this indicates exposure of the lakebed. Vertical lines on each plot represent 

dry periods of different severities quantified by calculating the accumulated departure from 

average precipitation for the duration of a dry event; red – severe dry period, orange – moderate 

dry period, yellow – mild dry period (Table 4.2). The black dashed line in each plot indicates the 

loss in lake diameter required for each lake to dry out completely. For large lakes, this is indicated 

by the value located in the bottom of each panel. The coloured boxes above each plot indicate 

which HRA the lake is located in (orange = coarse, green = fine hummocky, blue = fine plains). 

Note that lakes #160, 169, 301 and 303 are on a different scale on the y-axis. 

Variability in lake diameter was controlled by an interaction between lake area and HRA, 

while neither lake depth, watershed to lake area ratio, landscape position, nor wetland connectivity 

influenced lake diameter variability (Figure 4.4.6). Larger lakes were generally found to have 

greater absolute lake diameter variability (2SDlog, [m]), although smaller lakes had greater lake 

diameter variability when expressed in relative terms (2SD, [%]). The generally smaller lakes in 

the fine hummocky HRA thus had the greatest relative lake diameter variability. For lakes with 

similar size, we found that lakes in coarse HRA had lower lake diameter variability than those in 

fine HRAs. 
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Figure 4.4.6: Correlations between lake diameter variability (2 Standard Deviations; 2SDlog) 

and lake and landscape attributes (lake area, lake depth, watershed area to lake area, relative 

elevation and wetland connectivity) across URSA lakes. Each point represents an individual 

lake coloured by Hydrologic Response Area (Coarse = orange, Fine Hummocky = green, Fine 

Plains = blue). Solid linear regression lines coloured by coarse and fine (grouped fine hummocky 

and fine plains lakes) HRAs in the top two panels were the only significant relationships identified 

(p < 0.05). Pearson R correlation coefficients for coarse and fine textured lakes are presented in 

orange and black, respectively, in each panel. Significant Pearson correlations (r) are indicated by 

*. 

4.3.3 Resistance, lag times and resilience of Boreal Plains Lakes to dry periods 

4.3.3.1 Links between water level and lake extent 

To determine the influence of substrate type (e.g., shoreline floating vegetation) and lake 

basin morphology on the inter-annual variability of lake diameter, correlations between lake 

diameter and lake water level were assessed (Figure 4.4.7). A conceptual model demonstrating the 

combinations of substrate type and lake basin morphology that influence whether lake shorelines 

exhibit floating mat vegetation or flooded out vegetation informed a priori predictions (Table 4.2). 

The relationships between lake depth and lake extent were then used to test a-priori predictions 

outlined in Table 4.2.  

Of the 33 lakes, we found that 11 lakes had a positive relationship between lake level and 

lake diameter (Figure 4.4.7). There were 13 lakes that showed “absent” responses, but with 

different relationships between lake water level and diameter. Of the 13 lakes, eight lakes (Lake 

ID# 16, 11, 111, 121, 160, 169, 171, 302) showed substantial variability in lake level without any 

shifts in lake diameter, whilst five lakes (Lake ID# 27, 43, 118, 168, 301) showed substantial 

variability in lake diameter with limited shifts in lake water level (Figure 4.4.7). Lastly, nine lakes 

had a negative relationship between lake water level and diameter (Figure 4.4.7). Given the 
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hypothesized influence of lake substrate type and lake basin morphology (Table 4.2; Figure 4.4.7), 

we found that 16 lakes followed our predictions while 17 did not (Table 4.2; Figure 4.4.7). 
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Table 4.2: Summary of a priori predictions for lake attributes (substrate and lake basin morphology) hypothesised to influence 

lake extent responses to dry periods at URSA, representative of the Boreal Plains. 

Lake 

ID Bathymetry Substrate 
A-priori Predictions 

Relationship 

between ΔD and 

ΔWL 
Process Motivation 

201 Straight   Firm Absent Floating 
Floating mat approximately 10 m wide with reed vegetation extending approximately 2 m into the lake. Beaver control at lake, small 

watershed & groundwater connectivity. Straight sides allow WL to rise at a pace reed vegetation can keep up with rather than flood 

vegetation out. 
206 Straight Loose Absent Floating Expansive floating mat development since high severity dry period and beaver control. Floating mats allows vegetation to rise with 

rising lake water levels, thus spatial extent of lake in response to dry periods is limited.  
208 Straight Firm Absent Floating 

Floating mat approximately 10 m wide with reed vegetation extending approximately 2 m into the lake. Straight sides allow WL to 

rise at a pace reed vegetation can keep up with rather than flood vegetation out. Expansive floating mat development since high 
severity dry period.  

17 Sloping Firm Positive Floods Reeds / Grasses extending approximately 20 m into lake. Firm substrate and sloping sides results in shifts in lake extent during dry 

periods and any vegetation established is flooded out upon rewetting. 
1 Sloping Firm Positive Floods Reeds / Grasses extending approximately 10 m into lake. Firm substrate and sloping sides results in shifts in lake extent during dry 

periods and any vegetation established is flooded out upon rewetting. 
16 Straight Firm Absent Floating Small watershed & groundwater connectivity. Areas of lake shore with floating mats approximately 10 m wide, some areas with less 

floating mat presence, particularly along south east shoreline where water discharges from upstream lake. 
5 Sloping Firm Positive Limited 

response 
Limited response to inter-annual wet dry periods, but firm substrate and sloping sides promotes flooding responses. Large watershed, 

groundwater connectivity & beaver influence 
2 Sloping Firm Positive Limited 

response 
Limited response to inter-annual wet dry periods, but firm substrate and sloping sides promotes flooding responses. Large watershed, 
groundwater connectivity & beaver influence 

19 Sloping Loose Negative Permanent 

Shrinkage 
Loose substrates but slight enough slope that basin edges drained to create firmer edges with lake at centre of depression. Expansive 
vegetation established during dry periods and has not recovered within study period, lake appears to have undergone permanent 

change in lake extent and is at a new equilibrium. 
7 Sloping Loose Absent Floating Floating mat rings lake and allows vegetation to rise with rising lake water levels, thus spatial extent of lake in response to dry 

periods is limited. 
11 Straight Loose Absent Floating Floating mat rings lake and allows vegetation to rise with rising lake water levels, thus spatial extent of lake in response to dry 

periods is limited. 
27 Sloping Loose Absent Floating Floating mat rings lake and allows vegetation to rise with rising lake water levels, thus spatial extent of lake in response to dry 

periods is limited. 
39 Sloping Loose Absent Floating Floating mat rings lake and allows vegetation to rise with rising lake water levels, thus spatial extent of lake in response to dry 

periods is limited. 
40 Straight Loose Absent Limited 

response 
Limited response to wet dry periods and receives water from upstream watersheds (43 & 48). Straight, then slightly sloping to lake 

centre. Peat build-up at lake edges creating straight slides and extensive peatland connectivity in watershed. Straight sides need to be 
overcome to flood out, but build-up of peat likely prevents flooding. 

42 Straight Loose Absent Floating Floating mat rings lake and allows vegetation to rise with rising lake water levels, thus spatial extent of lake in response to dry 

periods is limited. 
43 Straight Loose Negative Permanent 

Shrinkage 
Slightly steeper slope than Lake 40. Large changes in lake diameter and water level. Expansive floating mats established during dry 

periods. 
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48 Straight Loose Negative Permanent 

Shrinkage 
Slightly steeper slope than Lake 40 & 43, but smaller, more isolated watershed. Large changes in lake diameter and water level. 
Expansive floating mats established during dry periods which have now become firmer ground and has not recovered in study period, 

lake appears to have undergone permanent change in lake extent. 
111 Sloping Firm Absent Floating Expansive floating mats formed during dry period, even though substrate is firm. Floating mats allows vegetation to rise with rising 

lake water levels, thus spatial extent of lake in response to dry periods is limited.  
112 Straight Loose Absent Floating Floating mats with beaver control. Floating mats allows vegetation to rise with rising lake water levels, thus spatial extent of lake in 

response to dry periods is limited. 
118 Sloping Loose Absent Floating Lake expanding through time due to beaver control. However floating mats are also present. 
122 Sloping Loose Absent Floating Small floating mats in lake. Floating mats allows vegetation to rise with rising lake water levels, thus spatial extent of lake in 

response to dry periods is limited.  
59 Sloping Loose Absent Floating Floating mat rings lake and allows vegetation to rise with rising lake water levels, thus spatial extent of lake in response to dry 

periods is limited. 
121 Straight Loose Absent Floating Small floating mats in lake. Floating mats allows vegetation to rise with rising lake water levels, thus spatial extent of lake in 

response to dry periods is limited.   
160 Straight Firm Absent Floating Peat build-up at lake edges creating straight slides. Straight sides need to be overcome to flood out, but build-up of peat likely 

prevents flooding. 
162 Sloping Firm Positive Floods Sloping sides with reed vegetation extending approximately 20 m into lake. Firm substrate and sloping sides results in shifts in lake 

extent during dry periods and any vegetation established is flooded out upon rewetting. 
168 Straight Loose Absent Floating Limited response to wet dry periods. Large watershed to lake area. Peat build-up at lake edges creating straight slides. Straight sides 

need to be overcome to flood out, but build-up of peat likely prevents flooding. 
169 Sloping Firm Absent Floating Expansive floating mats formed during dry period, even though substrate is firm. Floating mats allows vegetation to rise with rising 

lake water levels, thus spatial extent of lake in response to dry periods is limited.  
171 Straight Loose Absent Floating Peat build-up at lake edges creating straight slides. Straight sides need to be overcome to flood out, but build-up of peat likely 

prevents flooding. West side of lake has expansive floating mat, whilst remaining shoreline has approximately 1 -2 m floating mat. 
205 Straight Loose Absent Floating Peat build-up at lake edges creating straight slides. Straight sides need to be overcome to flood out, but build-up of peat likely 

prevents flooding. Evidence of floating mats around lake. 

300 Straight Loose Absent Floating 
Peat build-up at lake edges creating straight slides. Straight sides need to be overcome to flood out, but build-up of peat likely 

prevents flooding. Limited extent of floating mat, extending approximately 1-2 m into lakes and relatively firm attachment to 

surrounding peatland. 
301 Straight Firm Positive Floods Reeds / Grasses extending approximately 10 m into lake. Firm substrate and straight sides results in limited shifts in lake extent 

during dry periods and any vegetation established is flooded out upon rewetting. 
302 Straight Loose Absent Floating Peat build-up at lake edges creating straight slides. Straight sides need to be overcome to flood out, but build-up of peat likely 

prevents flooding. Evidence of floating mats around lake. 
303 Straight Loose Absent Floating Peat build-up at lake edges creating straight slides. Straight sides need to be overcome to flood out, but build-up of peat likely 

prevents flooding. Evidence of floating mats around lake. 
 

Note. Italicised and bolded classifications for a-priori predictions for the relationship between lake water level and lake diameter indicate lake classifications that 

contradict the relationships identified in Figure 4.6. Lake ID colours indicates the HRA of each lake (orange = coarse, green = fine hummocky, blue = fine plains). 

Italics used to indicate that the lake has characteristics that contradict what we might expect from the conceptual model (Figure 4.1). 
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Figure 4.4.7: Evaluation of predicted versus observed relationships between lake water level 

and change in lake diameter recorded between 1996 and 2019. Each panel has a linear 

regression line fitted to identify positive, negative or absent relationships between lake water level 

and lake diameter in response to inter-annual wet-dry periods. A positive relationship suggested 

lakes with sloping basins and/or firm substrates, where a decrease in lake water level gradually 

exposes the lakebed, then upon rewetting if the lake substrate is firm any vegetation established is 

flooded out as the vegetation is secured to the lakebed. An absence of relationship could arise due 

to two a-priori hypotheses; a change in lake water level but no change in lake diameter suggests 

the presence of floating vegetation mats that rise and fall with changing water levels, or a change 

in lake diameter with no change in lake water level, may suggest sloping-sided lakes with benches 

for deeper portions of the lake allowing for exposure of lakebed at the lake edge, but minimal 

changes in lake water level at lake centre. A negative relationship, where lake diameter increases 

as lake water level decreases, may suggest drivers that overwhelm the influence of inter-annual 

wet-dry periods. The text box in each panel indicates whether a-priori predictions in Table 4.2 

were supported (green) or contradicted (red). The coloured boxes above each plot indicate which 

HRA the lake is located in (orange = coarse, green = fine hummocky, blue = fine plains). Black 

circles indicate data points from the high severity dry period, and thus represents extreme 

responses in the relationship between lake water level and were excluded when assessing 

relationships. Note that lake water levels were not available in every year (i.e. 2012 to 2019) for 

all lakes as indicated by an *.  

4.3.3.2 Resistance 

Resistance was expressed by the magnitude of an individual lake’s response to a dry period. 

The resistance of lake responses to dry periods depended on the severity of the dry period, with 

overall lake diameter shrinking by a median of 65, 29, and 2 m during the severe, moderate, and 

mild dry periods, respectively (Figure 4.4.8). Lake contraction during the severe dry period was 

dependent on lake HRA, with median contractions of 116 m, 49 m, and 39 m in the fine plains, 

fine hummocky, and coarse HRAs, respectively (Figure 4.4.8). The median contraction of lakes 

on the fine plains during the severe dry period was significantly greater than for lakes in the other 
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HRAs (p < 0.05; Figure 4.4.8; A.3.4). No differences between any HRAs were found for the 

moderate and lesser dry periods, but we note that there was a shift in order, with the fine plains 

having the least contraction during the lesser dry period (p > 0.05; Figure 4.4.8; A.3.4). 
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Figure 4.4.8: Boxplots showing the maximum change in lake diameter (i.e., resistance) in 

response to dry periods of differing severities. Larger negative departure from 0 m indicates 

lower resistance to a dry period. Maximum change in lake diameter is grouped by HRA for each 

dry period. White circles indicate the average change in lake diameter for lakes and black 

horizontal lines represent median lake diameter change within each HRA. Median lake diameter 

for lakes within each HRA are significantly different if letters are shown and they have no 

uppercase letters in common (Pairwise Wilcox Test, p < 0.05). Note that median was used due to 

non normal distributions of change in lake diameter in each HRA. 

4.3.3.3 Lag times 

Lag times of lakes (i.e. time taken for open water lake extent to respond to a dry period and 

determined from regressions between change in lake diameter and different cumulative departure 

from mean precipitation periods) showed no statistically significant relationships with watershed 

attributes, however trends observed with topographic landscape position and wetland connectivity 

are noteworthy. (Figure 4.4.9; A.3.2). Lake lag times across all HRAs ranged between 1 to 5 years 

and were generally shorter in lakes located at higher landscape positions with lower proportions 

of connected wetland in the watershed (Figure 4.4.9; A.3.2). Four lakes (Lake ID# 5, 16, 118, 201) 

had negative or no relationship (p > 0.05) between lake extent and the different cumulative 

departure from mean precipitation periods used in this study. Subsequently, no lag times between 

the occurrence of a dry period and how quickly an individual lakes diameter responds were 

quantified for these four lakes (A.3.2). 
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Figure 4.4.9: Relationships between lake lag times and (a) topographic landscape position, 

and (b) proportion of connected wetland in the watershed. Individual lakes are coloured 

according to HRA (coarse = orange, fine hummocky = green, fine plains = blue. Lag times were 

quantified from correlations between lake diameter and cumulative departure from mean (CDM) 

precipitation calculated across five different scenarios (CDM 1 year to CDM 5 year; A.3.2). 

4.3.3.4 Resilience  

Of the 33 lakes, 19 were resilient, i.e. their lake areas had in 2019 recovered completely 

from the contractions caused by the preceding dry periods (Figure 4.4.5). The 14 lakes that had 

lower resilience could be characterized by a few lake and watershed attributes, i.e., floating mat 

expansion. Four of the 14 lakes with lower resilience showed no recovery at all and led to the 

establishment of new stable states (Lake ID # 19, 43, 48, 59; Figure 4.4.5).  

Although no statistical differences in resilience between lakes in different HRAs were 

found (p > 0.05), several trends are noteworthy. (Figure 4.4.10). Fine plains lake had a median 

lake diameter that contracted by 4 m between the pre- and post- high severity dry period, while the 

median difference was 0 m for lakes in the fine hummocky and coarse HRAs (Figure 4.4.10). 

Conversely, coarse and fine hummocky lakes showed the largest median contraction of 3 m and 0 
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m, respectively, in response to a moderate and no change (0 m) following a low severity dry period, 

whilst fine plains lakes expanded by approximately 1 m during both moderate and low severity 

dry periods (Figure 4.4.10).  
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Figure 4.4.10: Boxplots showing the resilience (i.e., pre-post dry period diameter) of lakes 

grouped by Hydrologic Response Area to dry periods of differing severities. Larger negative 

departure from 0 m indicates lower resilience to a dry period, whilst positive departure from 0 m 

indicates an increase in lake diameter beyond pre-dry period extents. White circles indicate the 

average pre-post dry period diameter for lakes within a HRA responding to a dry period and black 

horizontal lines represent median pre-post dry period diameter for lakes. Note that median was 

used due to non normal distributions of change in lake diameter in each HRA. 

4.3.4 Controls on resistance, lag time and resilience of lakes in response to dry periods 

A multivariate regression tree analysis explained 46% of the variability in resistance, lag 

time, and resilience of lakes to dry periods (Figure 4.4.11). Proportion of connected wetland in the 

watershed and lake basin morphology were identified as primary controls on the responses of lakes 

to dry periods, explaining 40% and 6%, respectively (Figure 4.4.11). 

Four lake groups were identified as similar in the multivariate regression tree 

(Figure 4.4.11). Group 1 lakes exhibited low resistance, resilience, and short lag times and was 

composed of lakes in fine hummocky regions with low wetland connectivity (<22% in the 

watershed; Figure 4.4.11). Group 2 exhibited higher resistance and resilience with mostly partial 

recovery but short lag times between the occurrence of an inter-annual wet-dry periods and open 

water lake extent response, when compared with Group 1 (Figure 4.4.11). Group 2 lakes were 

primarily fine-textured lakes with loose substrates, but also included one coarse-textured lake 

(Lake #17) and were associated with lower wetland connectivity (Lake #111; <50%; 

Figure 4.4.11). Lake #17 and #111 were also classified as firm substrate (Figure 4.4.11). Both 

Group 3 and 4 were associated with higher wetland connectivity in the watershed (> 38% in the 

watershed). However, Group 3 was associated with sloping sided lake basin morphology whilst 

Group 4 lakes had straight-sided lake basin morphology (Figure 4.4.11). Group 3 lakes exhibited 
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lower resistance than Group 4 lakes, but showed similarly moderate to high resilience when 

compared with other Group 1 and 2, with Group 4 showing the highest overall resilience and 

longest lag times (Figure 4.4.11). A fifth group includes lakes that showed limited responses to 

inter-annual wet-dry periods and were associated with either large watersheds, large relative 

groundwater contributions, beaver control on hydrology, or a combination of these factors 

(Figure 4.4.11; A.1.3).  

We also calculated the synchronicity of the departure from maximum lake diameter 

between years within each of the lake groups identified in the multivariate regression tree. The 

synchronicity of change in lake diameter within groups was generally higher than the overall 

synchronicity for all 33 study lakes, with exception to Group 2 (G2 p (016) < Overall p (0.19). 
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Figure 4.4.11: Multivariate regression tree showing the primary controls on lake resistance, 

lag time and resilience to dry periods, and explaining 46% of the total variability in different 

lake responses. Black lines represent the splitting to create each branch. Bolded values at the split 

for each branch represents the variability in different lake responses explained by specific 

explanatory variables. Terminal nodes are represented by rectangles and indicate the groups of 

lake with similar lag times, resistance, and recovery to dry periods. Bar plots show the similarity 

between the response variables of lakes within each group. The time series at the bottom of each 

terminal node shows the lake extent for all lakes in that group from 1996 to 2019 and the 

synchronicity of lake extents in each group is provided in the bottom left corner. 

4.4 Discussion 

Our study showed that the contraction and expansion of lakes during and after dry periods 

varied depending on both lake and watershed attributes, with differences among lakes found with 

regards to their resistance to change, their lag-times in response to a dry period, and their resilience 

defined by their ability to recover. We show that variability in resistance, lags, and resilience did 

not always co-vary, but that different aspects of lake extent response were influenced by specific 

lake and watershed attributes. For example, HRA influenced the dominance of relative subsurface 

groundwater and surface flow paths via connected wetland in the watershed, which determined 

how quickly lake extent responded to dry periods. Furthermore, lake basin morphology (i.e., 

sloping versus straight-sided lake basins) was an important control on the magnitude of change in 

lake extent, where sloping sided basins showed greater magnitude of change when compared with 

straight sided basins. Our study allowed us to develop a conceptual framework to identify lakes 

that are likely to remain persistent in the landscape under a future climate with more frequent or 

severe dry periods, those that are likely to fluctuate between alternate stable states, and those that 

may experience accelerated terrestrialisation in response to inter-annual wet-dry periods. As one 

of few long-term studies that couples field and remotely-sensed lake responses through time 
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(Andresen & Lougheed, 2015; Labrecque et al., 2008; Tweed et al., 2009) in a highly 

heterogeneous landscape, this study provides new insights into the controls on different lake 

responses to inter-annual wet-dry periods, and can inform robust projections of the future Boreal 

Plains landscape.  

4.4.1 Links between water level and lake extent 

There was variability in the relationship between lake extent and lake water level among 

the study lakes that can inform us of the processes of terrestrialisation. In our a-priori predictions 

we postulated that key reasons for the variability in relationships between lake water level and lake 

extent among lakes would include lake basin morphology (i.e., sloping or straight) and lakebed 

substrate (i.e., loose or firm; Figure 4.4.1). In many lakes, our predictions for the relationship 

between lake extent and lake water level were correct; however several predictions were not 

correct, which may be due to the reasons discussed below, or due to issues with using long-term 

spot water level data, or the resolution of the Global Surface Water Explorer data.  

Of the 11 lakes that showed a positive relationship between lake extent and lake water 

level, three (27%) supported a-priori predictions (Table 4.2; Figure 4.4.7) that lake extent 

contracts with decreasing lake water levels. The positive relationship observed is likely due to 

individual lake characteristics including sloping basins and firm substrates, where a decrease in 

lake water level quickly exposes the lake bed (Ireland et al., 2012), then upon rewetting if the lake 

substrate is firm any vegetation established is flooded out as the vegetation is secured to the 

lakebed (Figure 4.4.1). The remaining eight lakes showing positive relationships and contradicting 

predictions are, however, ringed by floating mats with straight sides at the lake edge resulting from 

floating mat establishment. The lakes may contradict predictions due to the resolution of the Global 

Surface Water Explorer dataset over-estimating change in lake extent between years, particularly 
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for fine hummocky lakes, which are typically smaller and more susceptible to over-estimation. 

Furthermore, positive relationships may be present due to changes in the relationship between lake 

extent and lake water level post-dry period, where lake basins may have been sloping prior to dry 

periods that initiated floating mat establishment and a transition to straight-sided basins following 

a dry period. However, from historical photographs, many lakes with positive relationships 

contradicting predictions showed floating mat establishment already present during the 2000 to 

2004 dry period. 

There were 13 lakes that showed ‘absent’ relationships between lake water level and lake 

extent; however, the responses and processes driving lake responses are likely different. Of the 13 

lakes with ‘absent’ relationships, eight showed minimal contraction of lakes whilst lake water level 

varied significantly, suggesting the presence of floating vegetation mats that rise and fall with 

changing water levels. The remaining five lakes showed substantial variability in lake contractions 

with minimal shifts in lake water level suggesting sloping-sided lakes with benches for deeper 

portions of the lake that allow for exposure of the lakebed at the lake edge, but minimal changes 

in lake water level at lake centre.  

Of the nine lakes that showed a negative relationship between lake water level and lake 

extent (Figure 4.4.7), two lakes showed limited change in both lake extent and lake water level, 

suggesting lakes with limited responses to inter-annual wet-dry periods. One lake with limited 

responses to inter-annual wet-dry periods was a large lake receiving water from a large upstream 

lake and the watershed was in a lower topographic landscape position in coarse surficial geology, 

and thus also receives groundwater contributions, all of which acts to buffer lake extents against 

the effects of inter-annual wet-dry periods (Winter et al., 2000). The other lake (Lake #40) was in 

the fine hummocky conditions with a large proportion of peatland in the watershed supplying 
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runoff and also receiving inputs from two upstream lakes that act to maintain lake extents. 

Furthermore, the fine-textured lake was straight-sided and, although the water level may be 

dynamic, straight sides resulted in less contraction of the lake during a dry period when compared 

to sloping-sided lakes (Ireland et al., 2013).  

A further seven lakes showed that lakes expanded as lake water levels lowered, three of 

which were in the fine hummocky locations and have undergone permanent loss in lake extent, 

which resulted in a new smaller lake extent. Two of the three lakes (Lake #43 & 48) were located 

near the fine hummocky lake with limited responses to dry periods (Lake #40); however, they 

showed vast differences in lake extent responses to dry periods (Figure 4.4.12). A steeper slope 

towards the centre of Lake 48 likely resulted in greater exposure of the lakebed for the 

establishment of vegetation during the high severity dry period, from which the lake was unable 

to recover (Figure 4.4.12). Furthermore, Lake 48 is in the highest topographic landscape positions 

of the three which supplies Lake 43, and then Lake 40. In Lake 43, a lower topographic landscape 

position, more gradual slope and deep loose sediments allowed for vegetation to establish during 

the high severity dry period but also maintained enough moisture that the vegetation was able to 

float as a mat upon rewetting (Figure 4.4.12).  
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Figure 4.4.12: A case study to support the influence of lake basin morphology on differences 

in resilience of lakes located in the same HRA to the same dry periods. The time series panels 

represent change in lake extent from 1996 to 2019, whilst the photos below represent specific 

timestamps during the time series. The conceptual model on the right side of each panel proposes 

reasoning for the differences in resilience among seemingly similar lakes to the same dry period. 

Orange indicates depth of peat, yellow indicates the depth of loose substrate, and blue represents 

depth of water in each lake. Vegetation symbols that extend out into the lake indicate the presence 

of floating vegetation mats. 

The remaining five lakes with negative relationships between lake water level and lake 

extent likely have controls outside the scope of inter-annual wet-dry periods on lake responses (i.e. 

beaver control (Lake ID # 118), extensive peatland increasing runoff to lakes (Lake ID # 122, 168 

& 303) and or groundwater connectivity (Lake ID # 17) or issues associated with data quality from 

the Global Surface Water Explorer. 

4.4.2 Watershed and lake influences on responses to dry periods 

There were often links between resistance, lags, and resilience, but there were instances 

where these responses co-varied and different aspects of the lake extent responses (i.e. resistance, 

lag-time, and resilience) were independently influenced by lake and watershed attributes, such as 

wetland connectivity and lake basin morphology. Below, we explore the potential connections 

between the resistance, lag times, and resilience of the lake groups identified with different lake 

and landscape attributes.  

4.4.2.1 Resistance 

More severe droughts led overall to greater reduction in lake extent (i.e., impacts of the dry 

period exceeded the resistance of lakes). However, lakes in different settings had different 

resistance thresholds at which terrestrial-aquatic linkages between watershed water sources and 
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lakes would shut down and hydrologically disconnect at which lakes would start to contract. Group 

4 lakes had the highest resistance threshold and were predominantly fine-textured lakes with 

straight-sided basins and extensive wetland connectivity. Higher resistance thresholds to dry 

periods in Group 4 lakes were likely due to larger storage in the lake basin and slow release of 

water received from surrounding wetlands. The stable water level and straight-sided lake basin 

reduce the amount of exposed lake sediment in most dry periods, which prevents colonization by 

plants and thus of terrestrialisation. (Ireland et al. 2012). However, the high-severity dry period 

from 2000 to 2004 did exceed the resistance of many fine plains lakes, leading to substantial lake 

contractions as even the surrounding wetlands stopped supplying water to the lakes. Peatlands 

have been found to show high resistance to dry periods in boreal and northern temperate regions 

due to a set of hydrological negative feedbacks that regulate water losses in peatlands when under 

stress (e.g. during dry periods; Geris et al., 2015; Kettridge & Waddington, 2014). We found that 

fine plains lakes’ low and moderate dry periods did not exceed the resistance of fine plains lakes 

due to the continued delivery of water from peatlands (Plach et al., 2016). However, a severe dry 

period was able to interrupt terrestrial-aquatic linkages between lakes and peatlands in the fine 

plains, resulting in large reductions in lake extent. 

The high severity dry period also exceeded the resistance of many fine hummocky lakes. 

Group 1 and 2 lakes were primarily fine-textured hummocky lakes with lower proportions of 

connected wetland in the watershed and showed the least resistance to dry periods because of 

limited surface inputs from adjacent peatlands and a lack of inputs from upland forests during dry 

periods. Thus, during dry periods a change to the water balance can expose larger areas of the 

lakebed (Ireland et al., 2012). Given the smaller size of the fine hummocky lakes than fine plains 
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lakes, relative to the total lake area fine hummocky lakes may exhibit more contraction than fine 

plains lakes, but in absolute meters fine plains lakes had more total shoreline exposed.   

The resistance threshold of coarse lakes was generally not exceeded, regardless of dry 

period severity. Coarse lakes likely showed a higher resistance threshold to dry periods due to the 

dominance of subsurface flow paths through materials with high hydraulic conductivities 

(Hokanson et al., 2019; Ireson et al. 2015; Smerdon et al., 2005; Winter, 2001). Regional 

subsurface flow paths in coarse-textured lakes are less responsive to inter-annual wet-dry periods 

(Winter et al., 2000), which contrasts the surface flow paths primarily relied on in lakes in fine-

textured plains and hummocky watersheds (Devito et al., 2017; Hokanson et al., 2019; Plach et 

al., 2016). 

4.4.2.2 Lag times 

Lag times were longest in watersheds with greater wetland connectivity (Group 3 and 4), 

likely due to the runoff generating function of wetlands to lakes, specifically peatlands with 

shallow water tables (Devito et al., 2005, 2017; Thompson et al., 2015), and the generally low 

topographic landscape positions of lakes with expansive connected wetlands in the watershed. 

Together, properties of peatlands allow for terrestrial-aquatic linkages to be maintained with the 

release of water through the acrotelm during dry periods up until a certain threshold (See 4.4.4 

Resistance), thus delaying the realisation of dry periods in lake extent responses (Kettridge & 

Waddington, 2014; Ingram, 1978; Thompson et al., 2017). However, as the water table drops down 

into peat layers with lower hydraulic conductivity (i.e., just above the catotelm), the volume of 

water received by lakes is reduced until the water table drops into the catotelm, effectively shutting 

down terrestrial-aquatic linkages (Ingram, 1978; Morris et al., 2011). Lakes located in higher 

landscape positions and/or with lower proportions of connected peatland in the watershed typically 
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showed shorter lag times, due to limited local surface flow path connections which are largely 

reliant on precipitation causing lakes to respond rapidly to inter-annual wet-dry periods (Devito et 

al., 2017; Winter et al., 2000). However, lag times for Groups 1, 2 and 3 were all relatively short 

when compared to Group 4, which may have large variability in lake volume in response to dry 

periods, but due to the straight-sided morphology, this lake basin morphology does not lead to 

contraction of lake extent. 

We also show that in coarse-textured watersheds, topographic landscape position can be a 

determinant of lag time between response of lake extent to dry-periods. However, topographic 

landscape position is auto correlated with wetland connectivity, where in low topographic 

positions the groundwater table is more likely to intersect the ground surface facilitating the 

development and maintenance of wetlands in low positions in coarse watersheds. Furthermore, in 

coarse-textured lakes the high degree of subsurface contributions at low topographic landscape 

positions can extend lag times further by limiting and delaying the influence of inter-annual wet-

dry periods on lake extent responses (Hokanson et al., 2019; Ireson et al. 2015; Smerdon et al., 

2008; Winter, 2001; Winter et al., 2000).   

Finally, we identified four lakes that either did not fit the general spatial patterns or had 

limited to no response to inter-annual wet-dry periods. Three of these lakes have large relative 

groundwater contributions, which may extend the realisation of inter-annual wet-dry periods in 

lake extent beyond the five-year lag-times assessed in this study. Furthermore, all four lakes 

experience beaver control, rather than beaver presence, where beavers appear to be controlling the 

hydrology of the lake to a larger extent compared to other lakes where beavers may be present but 

do not appear to be changing the hydrology dramatically, which may be masking any influence of 

inter-annual wet-dry periods on lake extent.  
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4.4.2.3 Resilience 

Lake resilience, i.e. the ability to recover to pre-drought lake area, was categorised into 

three types; poor, partial, and full resilience. Only two lakes were found to have poor resilience, 

i.e. dry periods were likely to have accelerated or kick-started terrestrialisation and pushed these 

lakes into a new state (Group 1). Group 1 lakes were in fine hummocky watersheds with low 

wetland connectivity and different combinations lake basin morphologies with the ability to drain 

and allow for vegetation establishment. Together, the lake and landscape attributes of these lakes 

suggest that during a high severity dry period (2000 to 2004), lake extent decreased and kick started 

long-term terrestrialisation processes and the the establishment of new stable states. With each 

successive dry period, it appears that Group 1 lakes continue to decrease in lake extent with the 

establishment of vegetation and another stable state, which exists until the next dry period.   

We found that lakes showing moderate resilience to dry periods (Group 2 and 3) were 

generally either associated with loose substrates and sloping-sided lake basin morphology, or a 

combination of both. An allogenic model of floating mat initiation and episodic expansion 

proposed by Ireland et al. (2012) broadly supports our findings of low resilience in loose substrate 

lakes (Group 2). This conceptual model of floating mat initiation and expansion states that during 

dry periods water level is lowered, thereby exposing lake sediments to colonization by vegetation. 

Upon rewetting of lakes, loosely rooted mats of vegetation are able to detach from the lake bed 

and float, which creates a hydrologically stable substrate for further colonization of vegetation and 

vertical peat accumulation from which the lake is unlikely to recover, thus leading to lower 

resilience and only partial recovery to pre-dry period extents (Ireland et al., 2012; Warner et al., 

1989). Two Group 2 lakes (Lake ID # 17 & 111) had firm substrates yet were grouped with 

primarily loose substrate lakes, which can be attributed to reed growth in these lakes that Global 
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Surface Water Explorer likely classifies as terrestrial even though there is water inundation. Group 

3 lakes had sloping-sided basins and more extensive wetland connectivity, where larger water level 

changes occur due to their lower storage volume, thus exposing larger areas of substrate for 

terrestrialisation processes and resulting in lower resilience (Ireland et al. 2012). Several of the 

lakes in Group 2 and 3 had both loose substrate and sloping-sided lake attributes; therefore, 

combining and possibly amplifying the effects of these lake attributes on the resilience and partial 

recoveries of lake extent.  

Group 4 lakes had high wetland connectivity and straight-sided lake basin morphology, 

and the highest resilience. Expansive connected wetlands likely maintained surface water 

contributions to lakes during dry periods and straight-sides limited large water table fluctuations, 

thus promoting high resilience in Group 4 lakes.  

4.5 Conclusion 

In Boreal Plains lakes differences in the contraction and expansion lake extent during and 

after dry periods were found to be dependent on watershed attributes including surficial geology 

and wetland connectivity, in addition to individual lake basin morphologies. In sub-humid, Boreal 

Plains regions, water is often seen as plentiful due to a high density of lakes and extensive 

wetlands. However, as the climate warms, lakes are predicted to be a diminishing water resource 

in the Boreal Plains (Thompson et al., 2017). This study provides new insights into the controls on 

lake resistance to dry periods, lag-times in response to a dry period, and resilience defined by an 

ability to recover to pre-dry period extents. Our study suggests that isolated lakes, with lower 

proportions of connected wetland in the watershed and lake beds that slope towards the lake centre 

with shallower depths of loose sediment are most susceptible to long-term terrestrialisation 

processes. These small, isolated lakes likely do not represent a large proportion of the total lake 
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area in the region, but harbour abundant waterfowl populations and offer important sites for carbon 

cycling (Chp. 2 & 3). In contrast, lakes that are well connected to the watershed with expansive 

peatlands and/or subsurface connectivity and straight-sided lake basins are likely to be less 

susceptible to long-term terrestrialisation processes. However, lakes with extensive wetland 

connectivity, typically found in the fine plains, showed very large lake contractions showing that 

there are important thresholds that may cause irreversible contractions in fine plains lakes if the 

climate changes further with more extreme and prolonged dry periods. Coarse-textured lakes, 

generally most-valued for recreational and provisioning services, were least susceptible to 

terrestrialisation processes; however, their stability in the landscape could diminish with long-term 

shifts in inter-annual wet-dry periods that influence groundwater discharge to coarse lakes. As one 

of few long-term studies that couples field and remotely sensed lake responses through time 

(Andresen & Lougheed, 2015; Labrecque et al., 2008; Tweed et al., 2009), this study can aid 

watershed managers and decision makers in identifying the types of lakes that will be most 

vulnerable to disappearing in response to an increasingly changing climate.  
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5.0 Synthesis, Conclusions, and Directions for Future Research 

As climate change causes widespread changes to the timing and extent of hydrologic 

connectivity in the watershed, the functioning and presence of lakes will also change with 

cascading effects to valuable ecosystem services. This research developed a conceptual framework 

of how spatial and inter-annual variability in hydrologic connectivity across watersheds influences 

lake DOC characteristics (concentration and composition) and persistence of lake extent in the 

Canadian Boreal Plains ecozone. The results broadly reveal that Boreal Plains lakes:  

(1) Have large spatial variability in lake DOC characteristics, but also large inter-annual variability 

in DOC characteristics that is ecologically significant and tied to inter-annual wet-dry periods.   

 (2) Receive most of their DOC from peatlands, but that within-lake processes of autochthonous 

DOC production and photochemical DOC degradation are responsible for a majority of the spatial 

and inter-annual variability in lake DOC characteristics.  

(3) Expand and contract in response to inter-annual wet-dry periods based on an interaction 

between lake basin morphology and lake-wetland connectivity, suggesting vulnerability to future 

terrestrialisation. 

Taken collectively, the findings in this thesis indicate that the attributes of lake watersheds 

are key for understanding spatial and inter-annual variability in lake water chemistry and available 

water supplies to lakes, specifically DOC characteristics, and lake extent. We show that different 

surficial geologies forming distinct hydrologic response areas across the Boreal Plains are 

important controls on the hydrologic connectivity of individual lakes to surface and subsurface 

flow paths, and thus the source water chemistry and quantity reaching lakes, with implications for 

lake DOC characteristics and open water lake extent. We found that differences in the dominance 
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of surface versus subsurface flow paths across different lake watershed surficial geologies and the 

prevalence of peatlands in the watershed were the primary controls on lake DOC characteristics 

and lake extent, and create large spatial variability in these lake responses. However, we also 

identified large inter-annual variability in lake DOC characteristics and extent, also related to 

hydrologic connectivity of different flow paths, but lake DOC characteristics were also strongly 

influenced by lake water residence time which varied both spatially across HRAs and with inter-

annual wet-dry periods. Thus, a framework founded on differences in the hydrologic connectivity 

of HRAs developed in this thesis, is key to understanding spatial variability in lake responses of 

DOC characteristics and extent, in addition to their sensitivity to wet-dry periods. By creating a 

largely generalizable framework that uses universally applicable processes, the concepts presented 

in this thesis can be used by communities through to government agencies in different 

hydrogeomorphology settings to identify lakes that will be most sensitive to climate change and 

implications for ecosystem services, such as habitat, drinking water provision, recreation, and 

global carbon cycling.  

Isolated lakes with low wetland connectivity in fine hummocky watersheds were most 

sensitive to both changes to lake DOC characteristics and open water lake extent. High sensitivity 

of these isolated lakes to inter-annual wet-dry periods was attributed to dominance of local surface 

flow paths, extended lake water residence times, and interactions between lake basin morphology 

and lakebed substrate. Many of these small, isolated lakes in fine hummocky surficial geology 

have persisted in the landscape for thousands of years, and although likely do not represent a large 

proportion of the total lake area in the Boreal Plains, offer an important habitat for abundant 

waterfowl populations and are also important for carbon cycling. However, with unprecedented 

climate change, these lakes could shift out of the bounds of their natural cycles, and we could see 
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dramatic increases in within-lake processing of aromatic-DOC, in addition to accelerated rates of 

terrestrialisation as lake water residence times extend, and the shut-down of terrestrial-aquatic 

linkages becomes more frequent. Alternatively, accelerated terrestrialisation and thus an increase 

in available carbon sources could counter the effects of extended lake water residence times on 

within-lake processing of aromatic-DOC.  

Fine plains lakes that were well connected to the watershed with expansive peatlands and 

typically straight-sided lake basins due to peat accumulation showed moderate sensitivity to 

changes in lake DOC characteristics and low sensitivity to changes in lake extent. However very 

large lake contractions were observed during severe dry periods, even though the majority of lakes 

returned to previous extents, thus showing that there are important thresholds that may cause 

irreversible contractions in fine plains lakes if the climate changes further with more extreme and 

prolonged dry periods. Future climate change could also have implications for changes in lake 

DOC characteristics as the interruption of terrestrial-aquatic linkages could extend lake water 

residence times from relatively moderate to long, with increased opportunity for within-lake 

processing. 

 The least change in lake DOC characteristics and lake extent was typically observed in 

coarse lakes that are dominated by continuous subsurface flows and are thus less sensitive to inter-

annual wet-dry periods. However, although coarse lakes were least susceptible to change, we also 

observed the lowest DOC concentrations and least aromaticity of DOC in these lakes. With the 

potential for long-term shifts in climate that may influence regional groundwater sources and thus 

discharge to coarse lakes, we could expect longer water residence times with increased potential 

for within-lake processing of DOC that may have more dramatic implications for lake ecosystem 

functions in this HRA due to already low concentrations of DOC. Furthermore, this research 
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cannot project how stable coarse lake extents will remain if changes to regional and intermediate 

groundwater sources occur. 

Integration of the processes influencing lake DOC characteristics and lake extent with 

existing knowledge of hydrologic connectivity across the Boreal Plains constitutes an important 

step in our understanding of spatial and inter-annual variability in different lake responses. 

Furthermore, development of a novel conceptual model relating hydrologic connectivity of the 

watershed to lake DOC characteristics (concentration and composition) and presence of lakes 

through space and time is critical to forecasting potential impacts to lake ecosystem services, 

especially under a changing climate. Yet there remain unanswered questions, for which further 

research is needed.  

Although, the framework in this thesis was developed through a Boreal Plains lens, the 

processes identified in each study could be tested in other regions including wetter climates to test 

whether our theories hold and in similar northern regions with low relief, and thick heterogeneous 

surficial geology deposits (e.g., Western Siberia, Central Europe, the Baltic States and Northern 

China). Thus, the processes identified in the Boreal Plains may be tested or compared in regions 

with different characteristics to holistically understand the influence of hydrologic connectivity on 

lake DOC characteristics and extent, where ecosystems experience the same processes, but the role 

played by different processes ranges among ecosystems with different characteristics. 

In chapter 2, large spatial and inter-annual variability in lake water quality of the Boreal 

Plains is shown. Field data collection for this study contributed to an already established long-term 

dataset, thereby allowing the results to span inter-annual wet-dry periods from 2012 to 2019. 

However, the inter-annual wet-dry periods in this study were relative to one another, and no years 

experienced a truly wet hydrologic year, such as that of 1997. Thus, in a wet hydrologic year the 
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conceptual model proposed for relating hydrologic connectivity and lake DOC characteristics 

across a Boreal Plains landscape and through time may differ. Dilution effects are proposed 

explanations for observed DOC concentration responses in Boreal Plains lakes. However, 

according to fill and spill hypotheses, in a wet hydrologic year the water table could intersect the 

aromatic-DOC rich Leaf Fibric Humic layer of forests (Aikenhead-Peterson et al., 2003), thereby 

mobilising a previously untapped source of DOC and allowing for this source of carbon to be 

flushed into lakes. This hypothesis is anticipated to apply to fine-textured hummocky lakes, where 

in most years, their large water storage capacity is not overcome (Devito et al., 2017; Redding & 

Devito, 2008), but could result in aromatic-rich DOC spikes in fine-textured hummocky lakes 

during hydrologic wet years. In a fine-plains setting, an alternative to DOC flushing during 

hydrologically wet years would be dilution and thus lower DOC concentrations and aromaticity 

during wet years as the water table intersects the fibric acrotelm with low DOC and aromaticity 

from fresh plant litter. Thus, continued data collection would meet current research needs for long-

term datasets, and allow us to test the proposed alternative conceptual model under more extreme 

wet-dry periods, which would help validate the conceptual model and improve its application in a 

changing climate where extreme weather is expected.  

Both chapters 2 and 3 revealed the important influence of lake water residence time on the 

spatial and inter-annual variability of Boreal Plains lake DOC characteristics. The lc-excess of 

lakes was used as a proxy for lake water residence time. However, using lc-excess means that 

comparing lake water residence times among surficial geologies is cautioned. Due to the flow-

through nature of coarse-textured lakes, the lc-excess signature in a downstream lake could 

actually reflect evaporative enrichment that occurred in headwater lakes, suggesting lake water 

residence time is longer than actual lake water residence time (Hokanson et al., in revision). 
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Therefore, quantification of lake water residence time using stable isotopes (Gibson et al., 2002) 

and/or using volume and inflow or outflow rates would help to directly compare differences 

between lakes and relate to lake DOC characteristics rather than infer from relative differences. 

Quantifying lake water residence time would also allow for better comparison with other boreal 

regions that have quantified lake water residence time and would help constrain the influence of 

lake water residence time on lake DOC characteristics across the boreal.  

In chapter 3, through an end-member mixing model analysis, we show that within-lake 

processes significantly alter the DOC characteristics of terrestrial sources reaching lakes, and 

highlight variability in said alterations through space and time. Although this study showed relative 

differences in the extent of change to DOC quantity and quality of terrestrial sources to lakes, 

assumptions in the end-member mixing model resulted in conservative estimates and did not 

account for autochthonous DOC produced in lakes. Furthermore, autochthonous DOC production 

proved to be an important consideration for the balance of DOC lost and gained in Boreal Plains 

lake ecosystems. Measurements of 13C-DOC and/or fluorescence analysis to quantify total input 

of DOC from autochthonous production (Bade et al., 2007) would help eliminate some 

assumptions in the end-member mixing model and would allow comparisons of absolute values 

with other boreal regions, rather than focussing on relative differences within a region. 

Comparisons of the existing end-member mixing model results, and results which account for 

autochthonous DOC would compliment this chapter and if similar, validate the relative differences 

between modelled and observed DOC and A254 among lakes.  

In chapter 4, we show large inter-annual variability in open water lake extent among lakes, 

with several lakes exhibiting long-term losses in lake extent. We coupled remotely sensed data 

from the Global Surface Water Explorer and field measurements to quantify lake extent. However, 
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the Global Surface Water Explorer used 30x30 m Landsat imagery, which for small lakes 

characteristic of fine hummocky watersheds likely had poorer relative precision of changes to lake 

extent. To better assess the long-term losses in lake extent, differences in lake area pre- and post-

dry period should be quantified by georectifying and digitizing open water extent of the same lake, 

particularly for small lakes that cannot be accurately assessed using Global Surface Water Explorer 

and would allow for representation of varying sized lakes.   

While Chapter 4 was able to identify changes to lake extent and lake water level and the 

relationship between both, infilling of lakes and depth of loose sediments (gyttja) was not explicitly 

measured even though we know these lakes are infilling (Squires et al., 2008) and this process will 

play an important role in the terrestrialisation of Boreal Plains lakes. Here, gyttja is nutrient-rich 

loose sediment holding onto water with a gel-like consistency. In chapter 4 we suggest that lakes 

with shallow sloping basins and shallower gyttja depths are able to drain and terrestrialise when 

edges of the lake bed are exposed. However, lakes with deep gyttja are infilling through time, yet 

whether this increases susceptibility to terrestrialisation is unknown. On one hand increasing gyttja 

depth makes lakes shallower and thus more likely to dry out with rapid establishment of vegetation 

due to its high nutrient concentration during a dry period. Alternatively, during a dry period, gyttja 

may be exposed and dry out resulting in compression of the sediment acting to reset the lake depth 

upon rewetting, thus decreasing susceptibility to terrestrialisation and enabling a lake to maintain 

its depth. Given the variability in production of autochthonous DOC identified Boreal Plains lakes 

available for sedimentation from chapter 2, and the likely high variability in flocculation of 

terrestrially-derived DOC, rates of infilling gyttja are likely to vary across Boreal Plains lakes and 

should be examined in the future to test the proposed alternate hypotheses and compliment this 

research as to which lakes have higher susceptibility to terrestrialisation processes.  



From Drought to Deluge:  

Implications of variable hydrologic connectivity on lake  

ecosystem functions in the Boreal Plains of Western Canada 162 

To summarize, this thesis analyzed both spatial and inter-annual variability of lake DOC 

characteristics and lake extent at a landscape scale across the Boreal Plains. In these studies, 

watershed and lake attributes including surficial geology, wetland connectivity, lake water 

residence time and lake basin morphology were identified as the key controls determining the 

sensitivity of lake DOC characteristics and lake extent to inter-annual wet-dry periods. The 

framework presented in this thesis can be used to predict which lakes on the Boreal Plains and in 

other regions may experience the most rapid changes in lake function with future climate change.  

Together, these findings illustrate broader impacts of how lake ecosystem functions respond to 

climate differently under different hydrologic, geomorphic, and geologic conditions which can be 

applied and tested in other regions to reach unified understandings of ecosystem processes that act 

on a continuum within different landscapes. 
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Appendix A1  A1-1 

Table A.1.1: Summary of annual lake year precipitation values (Pann), departure 

from average precipitation (DMP), 1-year and 3-year cumulative departure from 

long-term average precipitation (CDMP; 423 mm), and long-term potential 

evapotranspiration (519 mm) to precipitation ratios (PET:P) which correspond to 

wet, mesic or dry weather pattern classifications. 

Lake Year Pann  

(cm) 
DMP  

(cm) 
1-Year CDMP  

(cm) 
3-Year CDMP  

(cm) PET:P Classification 
1994 - 1995 407 -16 -16 -171 1.27 Dry 
1995 - 1996 527 103 87 -27 0.99 Mesic 
1996 - 1997 546 123 210 165 0.95 Mesic 
1997 - 1998 428 4 214 185 1.21 Dry 
1998 - 1999 359 -64 150 18 1.45 Dry 
1999 - 2000 348 -75 75 -180 1.49 Dry 
2000 - 2001 384 -39 35 -223 1.35 Dry 
2001 - 2002 214 -209 -174 -368 2.43 Dry 
2002 - 2003 394 -29 -203 -323 1.32 Dry 
2003 - 2004 356 -68 -271 -351 1.46 Dry 
2004 - 2005 550 126 -145 -16 0.94 Mesic 
2005 - 2006 413 -10 -155 4 1.26 Dry 
2006 - 2007 591 167 13 239 0.88 Mesic 
2007 - 2008 437 14 27 126 1.19 Dry 
2008 - 2009 490 66 93 203 1.06 Mesic 
2009 - 2010 246 -177 -84 -142 2.11 Dry 
2010 - 2011 427 3 -81 -152 1.22 Dry 
2011 - 2012 464 41 -40 -178 1.12 Mesic 
2012 - 2013 542 118 78 118 0.96 Mesic 
2013 - 2014 422 -2 77 113 1.23 Dry 
2014 - 2015 324 -100 -23 -28 1.60 Dry 
2015 - 2016 456 33 10 -113 1.14 Mesic 
2016 - 2017 450 26 36 -85 1.15 Dry 
2017 - 2018 468 44 81 59 1.11 Mesic 
2018 - 2019 343 -81 0 -55 1.51 Dry 
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Table A.1.2: Cumulative precipitation of precipitation scenarios (1-month, 12-month 

and 24-month prior to sampling) throughout the study period (2012 – 2019). 

 Cumulative Precipitation (mm) 

Year 1-month 12-month 24-month 

2012 107.50 464.25 886.28 

2013 123.75 541.80 982.80 

2014 48.16 421.57 950.62 

2015 25.00 323.66 737.73 

2016 93.75 456.30 778.46 

2017 76.00 449.60 904.65 

2018 138.00 467.70 918.55 

2019 67.25 342.65 785.35 
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Table A.1.3: Lake and landscape attributes for the 34 study lakes at URSA. 

Lake # 
A 

(m2) 
P 

(m) 
D 

(cm) 

V 

(m
3
) 

RE 

(%) 

CA 

(m
2
) 

CA:A 
WA 

(m2) 
CAW 

(m2) 
% WA % FA HRA % CO % HM % CP 

BCWA 

(m2) 
HA 

(m2) 
Avg [DOC] 

(mg C L-1) 
Avg SUVA 

(L C m-1) 
Avg EC 

(µS) 
Avg lc 

(‰) 

1 112090 3114 271 157510 22.48 15912271 141.96 11000012 10810140 69 30 CO 86.57 13.43 0.00 4453573 0 10.25 1.93 143.63 -16.41 

2 2466945 6828 491 505908 4.52 95444990 38.69 54804339 53015254 57 40 CO 72.25 27.75 0.00 34335427 898360 15.61 1.90 174.38 -17.60 

5 3240144 13139 333 974064 4.97 90559288 27.95 50548602 48921022 56 41 CO 74.28 25.72 0.00 34234228 898219 16.49 2.24 132.14 -15.21 

7 28671 762 184 80799 69.16 632350 22.06 220645 203699 35 61 HM 24.13 75.87 0.00 0 0 23.98 2.68 122.00 -26.70 

11 7118 323 152 28062 73.34 129472 18.19 70253 70253 54 40 HM 13.35 86.65 0.00 0 0 34.30 2.74 158.38 -28.18 

15 485 93 40 1330 77.21 77928 160.68 29246 29246 38 62 HM 100.00 0.00 0.00 0 0 37.17 3.94 92.68 -9.80 

16 399257 2889 210 190220 8.41 1852940 4.64 607116 542883 33 46 CO 100.00 0.00 0.00 299807 0 20.04 1.55 213.29 -23.59 

17 930713 6291 550 360563 25.12 4718789 5.07 1586712 1516224 34 47 CO 100.00 0.00 0.00 0 0 18.50 1.21 153.38 -26.30 

19 11179 492 188 5967 42.74 295189 26.41 54582 47406 18 78 HM 100.00 0.00 0.00 0 0 17.49 3.06 91.29 -27.53 

27 67743 1234 89 715034 84.98 436515 6.44 181361 181361 42 43 HM 31.71 68.29 0.00 0 0 29.04 2.39 92.29 -29.49 

39 63994 1414 259 24767 82.19 2760538 43.14 1179506 1161998 43 55 HM 0.00 100.00 0.00 0 0 19.36 2.10 229.14 -26.85 

40 7725 341 105 7391 94.81 82182 10.64 43169 43169 53 38 HM 0.00 100.00 0.00 0 0 46.26 2.66 243.00 -24.90 

42 14037 485 230 6169 89.22 303315 21.61 93358 91317 31 65 HM 0.00 100.00 0.00 0 0 23.00 3.08 73.59 -32.06 

43 12773 623 48 17544 96.42 274136 21.46 76108 64153 28 68 HM 0.00 100.00 0.00 0 0 35.29 2.96 133.20 -26.19 

48 49779 1356 17 84968 97 798440 16.04 218351 177869 27 66 HM 0.00 100.00 0.00 0 0 34.00 2.90 158.13 -28.43 

59 240951 2273 159 905429 72.25 1674675 6.95 934714 934714 56 30 CP 0.00 38.28 61.72 836659 0 31.71 2.75 128.14 -19.70 

111 58463 1262 208 130602 95.56 463452 7.93 166327 156541 36 51 HM 0.00 100.00 0.00 147160 0 27.51 2.61 250.38 -22.49 

112 48472 1125 181 140466 61.92 6052994 124.88 2680744 2026174 44 55 HM 0.00 90.56 9.44 2185850 488920 37.51 3.18 246.71 -11.56 

118 50625 951 147 229508 55.63 444833 8.79 268357 262421 60 28 HM 0.00 54.88 45.12 242163 0 35.63 3.02 127.71 -21.90 

121 84474 1051 170 50244 38.79 563027 6.67 478553 478553 85 0 CP 0.00 0.00 100.00 477567 0 40.71 2.92 180.00 -20.50 

122 89710 1215 149 60452 43.7 373987 4.17 140745 140745 38 38 HM 0.00 58.21 41.79 139609 0 39.70 2.15 247.86 -25.11 

160 301008 2026  -   -  15.26 2751476 9.14 1824575 1824575 66 23 CP 0.00 0.00 100.00 1063152 0 46.91 2.79 227.43 -18.46 

162 896944 4239 215 421070 11.35 3092438 3.45 1458348 1458348 47 24 CP 0.00 0.00 100.00 1376222 19045 39.54 1.91 445.13 -20.53 

168 139540 1550 183 400305 62.33 18486283 132.48 13328400 13186862 72 27 CP 0.00 0.04 99.96 8545424 51276 44.41 2.74 310.14 -17.95 

169 3211537 8859 244 1348503 71.22 16409541 5.11 8715486 8634378 53 27 CP 0.00 0.04 99.96 7264942 16409541 43.36 2.08 351.88 -20.02 

171 108320 1255 100 926105 62.33 823504 7.60 632979 632979 77 10 CP 0.00 0.00 100.00 533468 0 47.20 3.08 172.40 -18.58 

201 391153 2617 306 437913 26.91 720999 1.84 158116 158116 22 24 CO 100.00 0.00 0.00 88645 0 16.89 1.73 177.71 -22.37 

205 208632 1682 116 1517644 81.78 2672777 12.81 1615773 1615773 60 32 CP 0.00 0.24 99.76 1590061 0 32.69 3.74 140.75 -15.75 

206 147312 2117 336 140545 50.92 1834926 12.46 624327 484819 34 58 CO 58.60 41.40 0.00 247332 0 19.38 2.06 190.50 -25.33 

208 37142 726 176 114361 26.91 178668 4.81 106591 106591 60 20 CO 100.00 0.00 0.00 70841 0 19.59 2.51 104.57 -22.91 

300 146485 1446 115 964807 74.86 980778 6.70 818712 818712 83 2 CP 0.00 0.00 100.00 0 0 49.39 2.82 185.75 -21.46 

301 2451950 6559 312 2649076 27.42 21738065 8.87 13270682 12304842 61 28 CP 0.00 0.15 99.85 0 0 37.09 2.40 287.57 -18.73 

302 232881 1846 201 558687 41.9 1340844 5.76 1003726 1003726 75 8 CP 0.00 0.00 100.00 0 0 44.04 2.70 101.89 -19.15 

303 257278 2035 168 860918 38.33 4984826 19.38 4063186 4063186 82 13 CP 0.00 0.00 100.00 0 0 32.20 3.26 78.29 -18.82 
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Note.      Lake area (A), lake perimeter (P), lake depth (D), lake volume (V), relative elevation (RE), watershed area (CA), watershed area : lake area (CA:A), total wetland 

area  (WA), connected wetland area (CWA), % total wetland area in watershed (% WA), % total forest area in watershed (% FA), % watershed comprised of coarse 

outwash (% CO), % watershed comprised of hummocky moraine (% HM), % watershed comprised of clay plains (% CP), burned connected wetland area (BCAW), harvest 

area (HA), average DOC concentration (Avg [DOC]), average SUVA254  (Avg SUVA), average electrical conductivity (Avg EC), average lc-excess (Avg lc). 
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Table A.1.4: Descriptive statistics of A Spatial (long-term average), and B Inter-annual 

variability (standard deviation of each lakes measurements from 2012-2019) of lake 

characteristics (DOC concentration, SUVA254, lake depth, lc-excess and EC).  

  
(A) Spatial Variability (Averages) (B) Inter-annual Variability (SDs) 

Min Max Avg Std. Dev Avg CV (%)  p Min Max Avg Std. Dev Avg CV (%)  p 

DOC (mg C L
-1

) 

Coarse Outwash 
n =8 

10.25 20.04 17.09 3.19 11.71 

5.4E-08* 

1.02 2.64 1.86 0.56 

10.94 

1.34E-02* 
Hummocky Moraine 

n = 14 
17.48 46.25 31.44 8.29 13.83 1.34 9.35 4.09 2.11 12.91 

8.54 
Clay Plains 

n = 12 
31.71 49.39 40.77 6.18 9.14 2.14 5.75 3.49 1.12 

SUVA
254 

 (L mg C m-1) 

Coarse Outwash 

n = 8 
1.21 2.51 1.89 0.4 11.37 

1.58E-04* 

0.12 0.30 0.20 0.06 

10.61 

8.58E-03* 
Hummocky Moraine 

n = 14 
2.1 3.94 2.82 0.47 11.47 0.12 0.43 0.30 0.09 10.70 

12.03 
Clay Plains 

n = 12 
1.91 3.74 2.77 0.49 15.40 0.16 0.48 0.34 0.10 

Lake Depth (m) 

Coarse Outwash 
n = 8 

1.72 5.69 2.01 1.09 

- 6.51E-05* 

0.12 0.30 0.17 0.06 

- 0.48 
Hummocky Moraine 

n = 14 
0.40 2.61 1.47 0.52 0.08 0.27 0.14 0.05 

Clay Plains 

n = 12 
1.08 3.11 1.75 0.50 0.09 0.25 0.14 0.05 

lc-excess (‰) 

Coarse Outwash 

n = 8 
-16.41 -26.30 -21.21 4.22 

- 0.03* 

2.15 4.02 3.19 0.57 

- 7.82E-04* 
Hummocky Moraine 

n = 14 
-9.80 -32.06 -24.37 6.37 2.36 11.26 6.05 2.26 

Clay Plains 
n = 12 

-15.75 -21.46 -19.14 1.48 2.83 5.94 3.98 0.98 

EC (µS) 

Coarse Outwash 

n = 8 
104.6 213.3 161.2 34.7 

- 0.40 

16.8 71.3 33.0 15.5 

- 0.34 
Hummocky Moraine 

n = 14 
73.6 250.4 161.9 67.7 10.9 96.5 42.4 23.8 

Clay Plains 

n = 12 
101.9 445.1 217.5 110.6 12.2 126.9 51.0 31.5 

Note. Results shown include minimum (Min) and maximum (Max) values, average, standard deviation (St.Dev) and 

the p-value (p) from an ANOVA to test differences between Hydrologic Response Areas (HRAs). Average coefficient 

of variation (CV) for lakes in each HRA is also included for lake DOC concentration and SUVA254. An * indicates 

the significance of each ANOVA (p <0.05). 
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Table A.1.5: Synchrony analyses results for A [DOC], B SUVA254, C lc-excess, D EC and E lake depth. Each value represents the Pearson r 

coefficient between a lake pair. 

 
A - Synchrony Analysis for 34 lake pairs - [DOC] 

                                   
 1 11 111 112 118 121 122 15 16 160 162 168 169 17 171 19 2 201 205 206 208 27 300 301 302 303 39 40 42 43 48 5 59 7 

1  0.56 -0.03 -0.08 -0.01 -0.35 -0.67 0.00 -0.05 0.46 -0.19 -0.07 -0.74 0.32 -0.59 0.47 0.11 0.05 -0.15 0.17 0.39 -0.31 -0.27 -0.32 -0.52 -0.04 0.17 0.48 0.37 0.54 -0.01 0.59 -0.16 -0.03 

11  
 0.38 0.01 0.29 0.10 0.06 -0.15 -0.02 0.28 0.44 -0.18 -0.55 0.46 -0.41 0.88 0.72 0.43 -0.28 0.35 0.71 -0.15 0.16 -0.14 -0.20 0.13 0.29 0.97 0.83 0.84 0.50 0.74 0.37 0.70 

111  
  0.72 0.84 0.83 0.42 -0.11 0.26 0.58 0.41 0.42 0.11 0.41 0.47 0.35 0.87 0.81 0.68 0.77 0.56 0.78 0.77 0.59 -0.24 0.20 0.89 0.69 0.47 0.77 0.27 0.53 0.67 0.45 

112  
   0.37 0.36 -0.01 0.17 -0.36 0.62 -0.21 0.69 -0.08 -0.17 0.35 -0.24 0.41 0.35 0.82 0.21 0.18 0.61 0.35 0.56 -0.17 0.23 0.50 0.37 0.38 0.61 -0.43 0.57 0.26 -0.21 

118  
    0.91 0.45 -0.36 0.57 0.31 0.59 0.31 0.36 0.59 0.60 0.42 0.72 0.90 0.61 0.94 0.63 0.65 0.94 0.67 0.00 0.30 0.88 0.52 0.18 0.63 0.41 0.27 0.80 0.52 

121  
     0.69 -0.24 0.61 0.18 0.62 0.26 0.53 0.45 0.70 0.29 0.69 0.78 0.57 0.85 0.39 0.81 0.93 0.60 0.01 0.13 0.81 0.48 0.05 0.48 0.47 0.02 0.72 0.56 

122  
      -0.57 0.50 -0.36 0.82 -0.15 0.68 0.39 0.63 0.20 0.54 0.52 0.02 0.33 0.29 0.35 0.56 0.40 0.29 0.18 0.21 -0.01 0.13 -0.15 0.67 -0.26 0.64 0.70 

15  
       -0.79 0.39 -0.95 0.25 -0.50 -0.79 -0.51 -0.21 -0.39 -0.68 0.01 -0.20 -0.73 0.30 -0.25 -0.53 -0.27 -0.55 0.01 0.52 -0.28 0.33 -0.76 0.00 -0.74 -0.83 

16  
        -0.07 0.73 -0.40 0.62 0.92 0.49 0.46 0.32 0.61 0.09 0.65 0.47 0.40 0.45 0.23 -0.17 -0.12 0.49 0.10 -0.28 0.01 0.80 -0.37 0.53 0.54 

160  
         -0.34 0.13 -0.44 0.18 -0.26 0.28 0.39 0.28 0.55 0.39 0.08 0.52 0.04 -0.06 -0.80 -0.54 0.69 0.79 0.33 0.96 -0.13 0.66 0.03 -0.11 

162  
          -0.24 0.45 0.72 0.45 0.57 0.66 0.71 -0.13 0.54 0.69 0.09 0.60 0.37 0.24 0.37 0.30 0.15 0.34 0.01 0.86 -0.02 0.77 0.89 

168  
           -0.06 -0.42 0.39 -0.43 0.07 0.05 0.65 0.20 0.06 0.45 0.43 0.50 0.14 0.55 0.30 0.12 -0.04 0.35 -0.57 0.20 0.00 -0.31 

169  
            0.23 0.84 -0.31 -0.04 0.35 0.30 0.19 -0.03 0.28 0.47 0.60 0.47 0.17 0.08 -0.49 -0.45 -0.44 0.25 -0.61 0.49 0.10 

17  
             0.24 0.67 0.61 0.78 0.02 0.64 0.72 0.09 0.35 0.24 -0.28 0.04 0.52 0.35 0.35 0.30 0.79 0.21 0.66 0.63 

171  
              -0.33 0.23 0.55 0.63 0.39 0.24 0.51 0.68 0.86 0.35 0.48 0.36 -0.26 -0.19 -0.11 0.10 -0.28 0.60 0.09 

19  
               0.69 0.51 -0.32 0.57 0.60 0.00 0.26 -0.22 -0.29 -0.16 0.43 0.85 0.54 0.64 0.76 0.45 0.41 0.82 

2  
                0.81 0.25 0.70 0.74 0.48 0.62 0.33 -0.26 0.17 0.72 0.76 0.72 0.70 0.61 0.59 0.70 0.78 

201  
                 0.49 0.79 0.81 0.44 0.77 0.69 -0.02 0.32 0.76 0.45 0.46 0.56 0.53 0.42 0.94 0.60 

205  
                  0.46 0.13 0.73 0.57 0.75 -0.08 0.20 0.66 0.25 -0.04 0.59 -0.36 0.26 0.39 -0.28 

206  
                   0.55 0.65 0.83 0.40 -0.24 0.07 0.92 0.68 0.11 0.69 0.51 0.22 0.61 0.56 

208  
                    -0.03 0.49 0.49 0.04 0.59 0.44 0.47 0.72 0.61 0.48 0.61 0.77 0.61 

27  
                     0.65 0.38 -0.35 -0.18 0.81 0.75 -0.11 0.76 0.08 0.03 0.27 0.13 

300  
                      0.71 0.26 0.39 0.73 0.39 0.06 0.48 0.32 0.09 0.76 0.50 

301  
                       0.42 0.66 0.41 -0.13 0.12 0.17 -0.07 0.15 0.76 0.04 

302  
                        0.60 -0.44 -0.61 -0.17 -0.47 -0.15 -0.29 0.30 0.02 

303  
                         -0.07 -0.32 0.29 -0.09 -0.12 0.20 0.44 0.10 

39  
                          0.79 0.20 0.85 0.31 0.39 0.53 0.36 

40  
                           0.61 0.91 0.35 0.68 0.22 0.54 

42  
                            0.63 0.27 0.85 0.43 0.48 

43  
                             0.06 0.86 0.35 0.29 

48  
                              -0.07 0.50 0.90 

5  
                               0.32 0.16 

59  
                                0.61 

7                                   
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B - Synchrony Analysis for 34 lake pairs - SUVA
254

 

                                   
 1 11 111 112 118 121 122 15 16 160 162 168 169 17 171 19 2 201 205 206 208 27 300 301 302 303 39 40 42 43 48 5 59 7 

1  0.70 0.79 0.42 0.73 0.63 0.71 0.53 0.92 0.63 0.84 0.76 0.85 0.88 0.43 0.42 0.81 0.70 0.72 0.77 0.83 0.69 0.26 0.21 0.90 0.61 0.94 0.75 0.78 0.86 0.36 0.66 0.54 0.60 

11   0.94 0.89 0.94 0.95 0.88 0.43 0.66 0.99 0.92 0.92 0.81 0.54 0.69 0.86 0.84 0.46 0.93 0.36 0.75 0.70 0.60 0.69 0.51 0.63 0.83 0.95 0.91 0.68 0.86 0.82 0.90 0.87 

111    0.81 0.93 0.89 0.93 0.41 0.75 0.91 0.94 0.96 0.80 0.60 0.81 0.66 0.90 0.40 0.99 0.60 0.71 0.65 0.44 0.65 0.60 0.55 0.93 0.94 0.94 0.78 0.68 0.88 0.92 0.75 

112     0.76 0.77 0.78 -0.09 0.32 0.91 0.80 0.83 0.60 0.25 0.74 0.85 0.60 0.04 0.82 0.06 0.58 0.74 0.45 0.77 0.20 0.40 0.58 0.86 0.69 0.48 0.82 0.61 0.90 0.79 

118      0.98 0.92 0.66 0.67 0.95 0.87 0.93 0.72 0.53 0.75 0.73 0.93 0.47 0.92 0.49 0.67 0.55 0.69 0.68 0.67 0.71 0.88 0.96 0.88 0.68 0.83 0.80 0.81 0.67 

121       0.87 0.67 0.63 0.97 0.81 0.86 0.69 0.44 0.68 0.78 0.90 0.50 0.88 0.40 0.61 0.48 0.77 0.72 0.56 0.72 0.81 0.92 0.89 0.61 0.88 0.82 0.82 0.72 

122        0.42 0.55 0.85 0.85 0.90 0.60 0.47 0.85 0.56 0.94 0.30 0.92 0.59 0.71 0.63 0.54 0.77 0.55 0.66 0.84 0.87 0.83 0.83 0.75 0.77 0.84 0.63 

15         0.55 0.35 0.27 0.39 0.31 0.31 0.19 0.23 0.67 0.61 0.35 0.51 0.13 -0.12 0.85 0.24 0.81 0.91 0.59 0.45 0.53 0.19 0.40 0.36 0.18 0.05 

16          0.59 0.76 0.65 0.92 0.91 0.23 0.46 0.76 0.84 0.69 0.77 0.78 0.62 0.19 0.03 0.79 0.47 0.90 0.65 0.85 0.75 0.29 0.81 0.51 0.69 

160           0.88 0.89 0.79 0.48 0.70 0.96 0.82 0.40 0.91 0.19 0.73 0.85 0.66 0.72 0.49 0.63 0.77 0.96 0.88 0.57 0.88 0.76 0.89 0.89 

162            0.95 0.90 0.76 0.67 0.74 0.80 0.46 0.91 0.48 0.85 0.80 0.33 0.46 0.64 0.48 0.90 0.93 0.83 0.75 0.67 0.76 0.79 0.80 

168             0.78 0.61 0.84 0.71 0.83 0.30 0.96 0.48 0.69 0.69 0.43 0.59 0.62 0.50 0.90 0.96 0.83 0.65 0.69 0.74 0.84 0.67 

169              0.88 0.34 0.71 0.65 0.70 0.75 0.44 0.83 0.70 0.23 0.16 0.68 0.39 0.84 0.82 0.80 0.69 0.51 0.75 0.63 0.83 

17               0.17 0.37 0.57 0.74 0.55 0.59 0.82 0.58 -0.01 -0.15 0.78 0.28 0.78 0.59 0.58 0.71 0.23 0.56 0.30 0.54 

171                0.39 0.70 -0.16 0.85 0.43 0.31 0.41 0.35 0.77 0.29 0.33 0.66 0.77 0.63 0.47 0.53 0.58 0.81 0.33 

19                 0.49 0.35 0.65 -0.13 0.59 0.65 0.60 0.50 0.34 0.47 0.52 0.88 0.63 0.34 0.86 0.52 0.68 0.83 

2                  0.56 0.86 0.73 0.70 0.51 0.62 0.65 0.76 0.78 0.91 0.85 0.89 0.89 0.69 0.82 0.74 0.59 

201                   0.32 0.50 0.63 0.27 0.36 -0.08 0.68 0.56 0.60 0.39 0.60 0.58 0.31 0.56 0.17 0.54 

205                    0.55 0.64 0.58 0.42 0.67 0.51 0.46 0.89 0.93 0.91 0.70 0.68 0.88 0.92 0.70 

206                     0.45 0.23 0.08 0.21 0.72 0.44 0.76 0.32 0.64 0.84 0.01 0.62 0.39 0.20 

208                      0.84 0.22 0.25 0.66 0.52 0.74 0.75 0.66 0.91 0.58 0.60 0.52 0.78 

27                       0.18 0.37 0.61 0.46 0.60 0.90 0.54 0.83 0.52 0.36 0.59 0.75 

300                        0.66 0.40 0.85 0.39 0.58 0.52 0.20 0.78 0.36 0.44 0.36 

301                         0.03 0.59 0.41 0.62 0.62 0.43 0.74 0.54 0.81 0.48 

302                          0.69 0.84 0.65 0.59 0.63 0.26 0.39 0.26 0.35 

303                           0.60 0.62 0.63 0.62 0.65 0.42 0.45 0.45 

39                            0.87 0.89 0.81 0.51 0.81 0.72 0.62 

40                             0.86 0.61 0.76 0.70 0.84 0.79 

42                              0.79 0.65 0.94 0.88 0.80 

43                               0.42 0.74 0.61 0.69 

48                                0.58 0.69 0.71 

5                                 0.83 0.74 

59                                  0.78 

7                                   
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C - Synchrony Analysis for 34 lake pairs - lc-excess 
                                   
 1 11 111 112 118 121 122 15 16 160 162 168 169 17 171 19 2 201 205 206 208 27 300 301 302 303 39 40 42 43 48 5 59 7 

1  0.97 0.99 0.87 0.72 0.91 0.87 0.20 0.88 0.99 0.85 0.98 0.95 0.88 0.76 0.90 0.90 0.96 0.98 0.83 0.86 0.54 0.72 0.89 0.94 0.95 0.87 0.91 0.88 0.87 0.75 0.98 0.87 0.93 
11   0.97 0.87 0.81 0.92 0.84 0.15 0.93 0.94 0.91 0.99 0.95 0.90 0.83 0.94 0.87 0.93 0.95 0.71 0.88 0.64 0.77 0.85 0.96 0.95 0.82 0.95 0.90 0.91 0.76 0.93 0.95 0.97 

111    0.90 0.75 0.92 0.87 0.26 0.88 0.99 0.82 0.96 0.91 0.86 0.75 0.93 0.85 0.94 0.98 0.84 0.83 0.52 0.72 0.91 0.95 0.95 0.87 0.89 0.87 0.86 0.77 0.97 0.89 0.90 
112     0.63 0.82 0.85 0.24 0.81 0.88 0.72 0.84 0.78 0.73 0.79 0.85 0.63 0.76 0.86 0.66 0.74 0.54 0.75 0.82 0.82 0.94 0.71 0.80 0.74 0.73 0.77 0.80 0.83 0.83 
118      0.72 0.67 -0.02 0.79 0.69 0.73 0.76 0.69 0.71 0.75 0.83 0.60 0.70 0.65 0.53 0.65 0.55 0.53 0.69 0.83 0.68 0.66 0.70 0.79 0.83 0.76 0.71 0.83 0.89 
121       0.93 0.23 0.92 0.98 0.89 0.90 0.83 0.68 0.84 0.96 0.74 0.85 0.94 0.59 0.90 0.71 0.91 0.95 0.96 0.94 0.79 0.93 0.82 0.88 0.85 0.83 0.77 0.86 
122        -0.16 0.90 0.97 0.82 0.83 0.74 0.64 0.84 0.91 0.67 0.91 0.86 0.71 0.98 0.73 0.86 0.93 0.93 0.93 0.87 0.88 0.84 0.88 0.88 0.79 0.78 0.80 
15         -0.26 -0.17 -0.17 0.20 0.21 -0.06 -0.12 0.03 -0.01 -0.09 0.35 -0.23 -0.43 -0.63 0.06 0.47 0.00 0.07 -0.27 -0.09 -0.32 -0.35 0.34 0.15 -0.01 -0.03 
16          0.94 0.93 0.89 0.82 0.81 0.86 0.96 0.78 0.88 0.86 0.66 0.95 0.85 0.84 0.81 0.97 0.94 0.87 0.96 0.96 0.98 0.74 0.83 0.90 0.95 

160           0.90 0.95 0.89 0.77 0.90 0.95 0.81 0.93 0.98 0.78 0.95 0.91 0.97 0.95 0.97 0.98 0.85 0.95 0.85 0.90 0.86 0.96 0.84 0.90 
162            0.91 0.90 0.80 0.91 0.86 0.84 0.84 0.83 0.52 0.97 0.84 0.85 0.76 0.90 0.89 0.72 0.98 0.85 0.93 0.72 0.77 0.78 0.95 
168             0.98 0.91 0.82 0.89 0.92 0.95 0.96 0.73 0.87 0.58 0.74 0.86 0.93 0.93 0.80 0.94 0.86 0.88 0.75 0.95 0.89 0.95 
169              0.92 0.79 0.80 0.95 0.93 0.92 0.69 0.84 0.53 0.67 0.78 0.86 0.87 0.73 0.91 0.80 0.83 0.67 0.92 0.79 0.93 
17               0.65 0.75 0.93 0.95 0.81 0.79 0.76 0.50 0.48 0.60 0.80 0.80 0.78 0.82 0.87 0.83 0.48 0.92 0.89 0.93 

171                0.82 0.62 0.68 0.73 0.41 0.85 0.80 0.86 0.78 0.83 0.86 0.59 0.88 0.72 0.83 0.87 0.63 0.81 0.83 
19                 0.71 0.86 0.90 0.70 0.88 0.73 0.84 0.89 0.98 0.94 0.85 0.91 0.91 0.93 0.81 0.85 0.90 0.89 

2                  0.93 0.85 0.78 0.79 0.49 0.53 0.67 0.81 0.78 0.80 0.85 0.83 0.82 0.49 0.92 0.70 0.90 
201                   0.89 0.93 0.92 0.51 0.61 0.87 0.93 0.89 0.96 0.88 0.93 0.92 0.75 0.96 0.82 0.95 
205                    0.74 0.82 0.53 0.78 0.91 0.93 0.94 0.82 0.90 0.82 0.82 0.73 0.94 0.79 0.92 
206                     0.69 0.25 0.24 0.65 0.76 0.69 0.92 0.59 0.81 0.71 0.48 0.90 0.67 0.66 
208                      0.79 0.82 0.86 0.93 0.91 0.89 0.97 0.90 0.96 0.82 0.78 0.75 0.95 
27                       0.83 0.53 0.72 0.72 0.59 0.82 0.73 0.82 0.55 0.43 0.45 0.74 

300                        0.82 0.82 0.87 0.59 0.88 0.66 0.76 0.76 0.57 0.48 0.78 
301                         0.91 0.89 0.76 0.82 0.72 0.78 0.92 0.81 0.67 0.74 
302                          0.94 0.89 0.94 0.93 0.96 0.82 0.90 0.90 0.91 
303                           0.83 0.95 0.87 0.89 0.79 0.87 0.91 0.94 
39                            0.80 0.95 0.90 0.61 0.89 0.74 0.80 
40                             0.88 0.94 0.72 0.84 0.83 0.97 
42                              0.97 0.63 0.88 0.88 0.92 
43                               0.72 0.84 0.86 0.94 
48                                0.64 0.62 0.63 

5                                 0.84 0.88 
59                                  0.92 

7                                   
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D - Synchrony Analysis for 34 lake pairs - EC 
 1 11 111 112 118 121 122 15 16 160 162 168 169 17 171 19 2 201 205 206 208 27 300 301 302 303 39 40 42 43 48 5 59 7 

1  -0.13 -0.14 -0.31 0.15 0.19 -0.43 -0.59 -0.16 -0.02 -0.38 -0.08 0.25 -0.44 -0.06 0.12 -0.84 0.51 -0.40 0.88 0.67 -0.16 -0.13 -0.59 -0.36 0.36 0.12 0.74 -0.42 -0.33 0.31 -0.33 0.22 -0.20 
11   -0.21 0.34 0.09 -0.34 -0.12 0.91 -0.32 0.55 0.34 0.93 0.39 0.28 0.90 0.51 -0.09 -0.49 0.27 0.05 -0.16 0.51 -0.33 0.81 -0.33 0.45 0.36 -0.06 0.74 -0.04 0.60 0.41 0.45 0.79 

111    -0.21 0.39 -0.02 0.57 -0.30 0.28 0.01 -0.26 -0.36 0.14 -0.07 -0.53 -0.89 0.40 0.11 0.10 -0.24 -0.01 -0.85 0.49 -0.40 0.30 -0.48 -0.21 -0.50 -0.61 -0.79 -0.59 0.65 -0.42 -0.43 
112     -0.33 -0.88 0.22 0.48 0.44 0.11 0.79 0.59 -0.84 0.91 -0.40 0.39 -0.09 0.20 -0.28 0.03 0.08 0.11 0.19 0.08 -0.28 -0.09 0.21 -0.17 0.24 0.22 0.37 -0.41 0.60 0.07 
118      -0.01 0.67 -0.15 -0.14 0.22 -0.51 -0.26 0.06 -0.37 0.00 -0.24 0.15 -0.14 -0.21 0.10 -0.32 -0.49 -0.40 -0.19 -0.11 -0.36 -0.05 -0.15 -0.36 -0.34 -0.53 0.31 -0.44 -0.34 
121       -0.30 -0.22 -0.12 -0.03 -0.53 -0.26 0.57 -0.86 0.06 -0.28 0.12 -0.33 0.37 0.00 -0.16 0.15 -0.07 0.03 0.37 0.28 0.06 0.20 -0.14 0.00 -0.26 0.20 -0.56 0.30 
122        -0.10 0.43 0.18 0.05 -0.46 -0.44 0.01 -0.41 -0.47 0.69 -0.03 0.05 -0.58 -0.66 -0.60 0.06 -0.17 0.37 -0.82 -0.22 -0.76 -0.39 -0.10 -0.72 0.44 -0.28 -0.41 
15         -0.55 0.65 0.55 0.91 0.30 0.35 0.81 0.59 0.34 -0.73 0.70 -0.43 -0.49 0.81 -0.40 0.96 -0.35 0.71 0.95 -0.45 0.93 0.24 0.52 0.44 0.30 0.92 
16          0.63 0.62 -0.42 -0.23 -0.03 -0.45 -0.73 0.38 0.26 0.49 0.10 -0.34 -0.30 0.79 -0.35 0.69 -0.23 0.24 -0.63 -0.56 -0.40 -0.30 0.07 0.28 -0.21 

160           0.49 0.63 0.29 -0.13 0.93 0.15 0.10 -0.56 0.67 0.48 -0.52 0.46 0.05 0.44 0.09 0.63 0.86 -0.46 0.06 -0.36 0.08 0.49 0.26 0.48 
162            0.42 -0.23 0.57 0.36 0.24 0.13 -0.07 0.40 0.01 -0.21 0.33 0.44 0.34 0.19 0.19 0.35 -0.41 0.23 0.11 0.39 -0.05 0.75 0.59 
168             0.41 0.35 0.84 0.61 -0.24 -0.45 0.27 0.09 0.06 0.79 -0.26 0.81 -0.36 0.79 0.49 0.13 0.86 0.08 0.80 0.26 0.55 0.91 
169              -0.61 0.62 -0.16 -0.01 -0.23 0.62 0.21 -0.04 0.21 0.06 0.33 0.29 0.39 -0.08 0.02 0.27 -0.42 0.25 0.65 0.03 0.74 
17               -0.12 0.34 -0.03 0.05 -0.30 -0.26 0.19 0.19 0.07 0.21 -0.38 -0.11 -0.03 -0.14 0.44 0.24 0.32 -0.23 0.42 -0.10 

171                0.64 -0.01 -0.48 0.84 0.02 -0.47 0.69 -0.47 0.99 0.06 0.94 -0.32 -0.16 0.67 0.15 0.68 0.38 0.44 0.97 
19                 -0.51 -0.19 -0.29 0.13 0.14 0.83 -0.67 0.52 -0.63 0.65 0.51 0.53 0.85 0.68 0.72 -0.52 0.47 0.48 

2                  -0.39 0.57 -0.85 -0.81 -0.20 0.28 0.27 0.70 -0.59 -0.23 -0.89 0.03 0.04 -0.64 0.54 -0.44 0.02 
201                   -0.43 0.33 0.63 -0.82 0.41 -0.84 0.08 -0.75 -0.59 0.19 -0.64 -0.21 0.10 -0.49 0.42 -0.63 
205                    -0.31 -0.58 0.25 0.45 0.50 0.75 0.20 0.09 -0.60 0.22 -0.18 0.01 0.66 0.10 0.64 
206                     0.56 0.09 0.02 -0.48 -0.42 0.78 0.53 0.65 -0.37 -0.73 0.40 -0.57 0.44 -0.04 
208                      -0.07 0.07 -0.48 -0.51 0.28 -0.14 0.71 -0.09 -0.21 0.48 -0.42 0.33 -0.27 
27                       -0.34 0.77 -0.37 0.92 0.85 0.32 0.73 0.57 0.54 0.05 0.13 0.75 

300                        -0.38 0.67 -0.28 -0.10 -0.51 -0.42 -0.50 -0.13 0.24 0.26 -0.19 
301                         -0.09 0.60 0.47 -0.15 0.92 0.41 0.41 0.36 0.13 0.93 
302                          -0.38 -0.29 -0.70 -0.34 -0.17 -0.40 0.38 -0.09 0.03 
303                           0.88 0.53 0.47 0.05 0.62 0.04 0.25 0.70 
39                            0.17 0.08 -0.10 0.09 0.00 -0.19 0.63 
40                             0.08 0.21 0.47 -0.58 0.08 -0.02 
42                              0.67 0.60 0.46 0.22 0.80 
43                               0.18 -0.60 0.00 0.17 
48                                -0.23 0.81 0.64 

5                                 -0.25 0.38 
59                                  0.43 

7                                   



 
 

Appendix A1  A1-10 

E - Synchrony Analysis for 34 lake pairs - Lake Depth 
 1 11 111 112 118 121 122 15 16 160 162 168 169 17 171 19 2 201 205 206 208 27 300 301 302 303 39 40 42 43 48 5 59 7 

1  0.97 0.99 0.87 0.72 0.91 0.87 0.20 0.88 0.99 0.85 0.98 0.95 0.88 0.76 0.90 0.90 0.96 0.98 0.83 0.86 0.54 0.72 0.89 0.94 0.95 0.87 0.91 0.88 0.87 0.75 0.98 0.87 0.93 
11   0.97 0.87 0.81 0.92 0.84 0.15 0.93 0.94 0.91 0.99 0.95 0.90 0.83 0.94 0.87 0.93 0.95 0.71 0.88 0.64 0.77 0.85 0.96 0.95 0.82 0.95 0.90 0.91 0.76 0.93 0.95 0.97 

111    0.90 0.75 0.92 0.87 0.26 0.88 0.99 0.82 0.96 0.91 0.86 0.75 0.93 0.85 0.94 0.98 0.84 0.83 0.52 0.72 0.91 0.95 0.95 0.87 0.89 0.87 0.86 0.77 0.97 0.89 0.90 
112     0.63 0.82 0.85 0.24 0.81 0.88 0.72 0.84 0.78 0.73 0.79 0.85 0.63 0.76 0.86 0.66 0.74 0.54 0.75 0.82 0.82 0.94 0.71 0.80 0.74 0.73 0.77 0.80 0.83 0.83 
118      0.72 0.67 -0.02 0.79 0.69 0.73 0.76 0.69 0.71 0.75 0.83 0.60 0.70 0.65 0.53 0.65 0.55 0.53 0.69 0.83 0.68 0.66 0.70 0.79 0.83 0.76 0.71 0.83 0.89 
121       0.93 0.23 0.92 0.98 0.89 0.90 0.83 0.68 0.84 0.96 0.74 0.85 0.94 0.59 0.90 0.71 0.91 0.95 0.96 0.94 0.79 0.93 0.82 0.88 0.85 0.83 0.77 0.86 
122        -0.16 0.90 0.97 0.82 0.83 0.74 0.64 0.84 0.91 0.67 0.91 0.86 0.71 0.98 0.73 0.86 0.93 0.93 0.93 0.87 0.88 0.84 0.88 0.88 0.79 0.78 0.80 
15         -0.26 -0.17 -0.17 0.20 0.21 -0.06 -0.12 0.03 -0.01 -0.09 0.35 -0.23 -0.43 -0.63 0.06 0.47 0.00 0.07 -0.27 -0.09 -0.32 -0.35 0.34 0.15 -0.01 -0.03 
16          0.94 0.93 0.89 0.82 0.81 0.86 0.96 0.78 0.88 0.86 0.66 0.95 0.85 0.84 0.81 0.97 0.94 0.87 0.96 0.96 0.98 0.74 0.83 0.90 0.95 

160           0.90 0.95 0.89 0.77 0.90 0.95 0.81 0.93 0.98 0.78 0.95 0.91 0.97 0.95 0.97 0.98 0.85 0.95 0.85 0.90 0.86 0.96 0.84 0.90 
162            0.91 0.90 0.80 0.91 0.86 0.84 0.84 0.83 0.52 0.97 0.84 0.85 0.76 0.90 0.89 0.72 0.98 0.85 0.93 0.72 0.77 0.78 0.95 
168             0.98 0.91 0.82 0.89 0.92 0.95 0.96 0.73 0.87 0.58 0.74 0.86 0.93 0.93 0.80 0.94 0.86 0.88 0.75 0.95 0.89 0.95 
169              0.92 0.79 0.80 0.95 0.93 0.92 0.69 0.84 0.53 0.67 0.78 0.86 0.87 0.73 0.91 0.80 0.83 0.67 0.92 0.79 0.93 
17               0.65 0.75 0.93 0.95 0.81 0.79 0.76 0.50 0.48 0.60 0.80 0.80 0.78 0.82 0.87 0.83 0.48 0.92 0.89 0.93 

171                0.82 0.62 0.68 0.73 0.41 0.85 0.80 0.86 0.78 0.83 0.86 0.59 0.88 0.72 0.83 0.87 0.63 0.81 0.83 
19                 0.71 0.86 0.90 0.70 0.88 0.73 0.84 0.89 0.98 0.94 0.85 0.91 0.91 0.93 0.81 0.85 0.90 0.89 

2                  0.93 0.85 0.78 0.79 0.49 0.53 0.67 0.81 0.78 0.80 0.85 0.83 0.82 0.49 0.92 0.70 0.90 
201                   0.89 0.93 0.92 0.51 0.61 0.87 0.93 0.89 0.96 0.88 0.93 0.92 0.75 0.96 0.82 0.95 
205                    0.74 0.82 0.53 0.78 0.91 0.93 0.94 0.82 0.90 0.82 0.82 0.73 0.94 0.79 0.92 
206                     0.69 0.25 0.24 0.65 0.76 0.69 0.92 0.59 0.81 0.71 0.48 0.90 0.67 0.66 
208                      0.79 0.82 0.86 0.93 0.91 0.89 0.97 0.90 0.96 0.82 0.78 0.75 0.95 
27                       0.83 0.53 0.72 0.72 0.59 0.82 0.73 0.82 0.55 0.43 0.45 0.74 

300                        0.82 0.82 0.87 0.59 0.88 0.66 0.76 0.76 0.57 0.48 0.78 
301                         0.91 0.89 0.76 0.82 0.72 0.78 0.92 0.81 0.67 0.74 
302                          0.94 0.89 0.94 0.93 0.96 0.82 0.90 0.90 0.91 
303                           0.83 0.95 0.87 0.89 0.79 0.87 0.91 0.94 
39                            0.80 0.95 0.90 0.61 0.89 0.74 0.80 
40                             0.88 0.94 0.72 0.84 0.83 0.97 
42                              0.97 0.63 0.88 0.88 0.92 
43                               0.72 0.84 0.86 0.94 
48                                0.64 0.62 0.63 

5                                 0.84 0.88 
59                                  0.92 

7                                   
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Table A.1.6: Statistical results of relationships between DOC characteristics (DOC 

concentration & SUVA254) with different precipitation scenarios (1-month, 12-month and 

24-month). 

DOC 

Characteristic 

Cumulative 

Precipitation 

(mm) 
HRA Pearson R (r)  p-value 

[DOC] 

1-month 
Coarse Outwash -0.67 0.07 

Hummocky Moraine -0.57 0.14 
Clay Plains -0.13 0.76 

12-month 
Coarse Outwash -0.32 0.44 

Hummocky Moraine -0.33 0.43 
Clay Plains 0.14 0.73 

24-month 
Coarse Outwash -0.31 0.45 

Hummocky Moraine -0.31 0.46 
Clay Plains -0.34 0.40 

SUVA
254 

1-month 
Coarse Outwash 0.10 0.81 

Hummocky Moraine 0.53 0.18 
Clay Plains 0.39 0.34 

12-month 
Coarse Outwash 0.29 0.48 

Hummocky Moraine 0.66 0.07 
Clay Plains 0.55 0.15 

24-month 
Coarse Outwash 0.82 0.01 

Hummocky Moraine 0.90 0.00 
Clay Plains 0.77 0.03 
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Figure A.2.1: Relationship between fractional contributions of water derived from mineral 

soils and DOC concentration (top panel) and SUVA254 (bottom panel). The fraction if water 

remaining is represents the fractional contribution of peatland water to lakes.  
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Figure A.2.2: Identifying water quality parameter to be used as a conservative tracer in a 

two end-member separation hydrologic mixing model using a principal component 

analysis. 
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Table A.2.3: Results from a two-sample t-test (p-values) to identify significant differences in 

water chemistry between (a) coarse and fine-textured mineral shallow forest and deeper 

groundwater sources; (b) coarse and fine-textured organic peatland sources for justification 

of end-member values used in the hydrological mixing model. Italicized p-values indicate 

significant differences (p < 0.05). 

 

Forest / Groundwater Fine 

Coarse   

  DOC A254 SUVA MgCa EC 

DOC 0.15         

A254   8.00E-07  
   

SUVA    0.04    

MgCa     7.00E-05   

EC         0.02 

Peatland Fine 

Coarse   

  DOC A254 SUVA MgCa EC 

DOC 0.27         

A254   0.17     

SUVA    0.16    

MgCa     0.47   

EC         0.39 
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Table A.2.4: Results from a two sample t-test (p-values) to identify significant differences in 

DOC characteristics of end-members between spring freshet and summer for justification of 

adjustment of end-member values used in the hydrological mixing model. Italicized p-values 

indicate significant differences (p < 0.05). 

Peatland Spring Freshet 

Summer   

  DOC A254 SUVA254 

DOC 1.20E-05    

A254  8.52E-05   

SUVA254   3.10E-01 

Forest / Groundwater Spring Freshet 

Summer   

  DOC A254 SUVA254 

DOC 0.3     

A254   ---   

SUVA254     --- 
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Table A.2.5: Results from a two-sample t-test (p-values) to identify significant differences in 

DOC characteristics between (a) fine and coarse-textured peatlands; (b) shallow and deep 

portions of peatlands in coarse-textured watersheds; and (c) shallow and deep portions of 

peatlands in fine-textured watersheds. Italicized p-values indicate significant differences (p 

< 0.05).  

Peatland 
Fine     

Coarse     DOC A254 SUVA 

  DOC 0.27    

  A254  0.17   

  SUVA   0.16 

Coarse 

Peatland 
Deep     

Shallow     DOC A254 SUVA 

  DOC 1.21E-04    

  A254  1.57E-03   

  SUVA   0.06 

Fine Peatland 
Deep     

Shallow     DOC A254 SUVA 

  DOC 1.50E-04    

  A254  1.62E-03   

  SUVA     0.2 
 

(b) 

(a) 

(c) 
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Table A.2.6: Results from a two-sample t-test (p-values) to identify significant differences in water chemistry between (a) coarse-

textured organic peatland, mineral shallow forest and deeper groundwater sources; and (b) fine-textured organic peatland, 

mineral shallow forest and deeper groundwater sources. Italicized p-values indicate significant differences (p < 0.05). 

 (a)   Forest Groundwater 

    Coarse-textured 

Peatland   

  DOC A254 SUVA MgCa EC DOC A254 SUVA MgCa EC 

DOC 
3.30E-

06 
    

    2.90E-12 
    

    

A254   
4.00E-

04 
 

   
  

1.30E-03 
 

   

SUVA    2.00E-

05    
   

5.00E-05    

  MgCa    

 

1.20E-

09 
     

 1.70E-05   

  EC     
  

  
8.30E-

06 
    

    7.70E-06 

 (b)   Fine-textured 

Peatland   

  DOC A254 SUVA MgCa EC DOC A254 SUVA MgCa EC 

DOC 
4.00E-

09 
    

    8.00E-14 
    

    

A254   
7.00E-

11 
 

   
  

5.00E-17 
 

   

SUVA    3.00E-

04    
   

1.00E-08    

MgCa 
    

4.20E-

08       6.00E-31   

EC 
        

4.30E-

08         1.20E-08 
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Table A.2.7: Results from a two-sample t-test (p-values) to identify significant differences in 

MgCa and EC between (a) coarse-textured mineral shallow forest and deeper groundwater; 

and (b) fine-textured mineral shallow forest and deeper groundwater. Italicized p-values 

indicate significant differences (p < 0.05). 

(a) Coarse-

textured 
Groundwater 

Forest     MgCa EC 

  MgCa 0.24   

  EC   0.43 

(b) Fine-

textured 
Groundwater 

Forest     MgCa EC 

  MgCa 
6.00E-

24 
  

  EC   
8.00E-

06 
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Table A.3.1: Shoreline index values for each of the study lakes, calculated according to 

Hutchinson (1957) methodology. 

 

Lake ID Shoreline Development Index 

1 2.62 

2 1.47 

5 2.22 

7 1.27 

11 1.02 

15 1.19 

16 1.27 

17 1.91 

19 1.20 

27 1.33 

39 0.98 

40 1.09 

42 1.16 

43 1.56 

48 1.71 

59 1.31 

111 1.47 

112 1.44 

118 1.59 

121 1.02 

122 1.15 

160 1.04 

162 1.26 

168 1.16 

169 1.43 

171 1.07 

201 1.17 

205 1.04 

206 1.80 

208 1.06 

300 1.07 

301 1.18 

302 1.08 

303 1.13 
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Table A.3.2: Pearson correlation coefficients between lake diameter and cumulative 

departure from mean precipitation calculated across five different cumulative departure 

from mean (CDM) precipitation scenarios. 

 

Lake ID CDM 1 CDM 2 CDM 3 CDM 4 CDM 5 Order 

Coarse-textured      

HRA sub-unit      

206 0.36 0.10 0.05 -0.11 -0.2 High Landscape Position 

201 -0.19 -0.37 -0.31 -0.38 -0.4  

208 0.12 0.23 0.47 0.43 0.43 Low Landscape Position 

HRA sub-unit      

17 0.43 0.12 0.1 0.09 0.07 High Landscape Position 

1 0.32 0.54 0.63 0.48 0.52  

16 -0.14 -0.14 0.01 -0.11 -0.51  

5 -0.23 -0.42 -0.39 -0.5 -0.51  

2 0.13 0.39 0.56 0.64 0.65 Low Landscape Position 

Fine-textured      

121 0.23 0.34 0.44 0.37 0.34 High wetland connectivity 

300 0.39 0.36 0.53 0.68 0.7  

303 0.26 0.42 0.52 0.65 0.7  

171 0.21 0.21 0.26 0.37 0.44  

302 0.04 0.03 0.14 0.16 0.18  

168 -0.13 0.12 0.31 0.31 0.26  

160 0.23 0.48 0.58 0.63 0.63  

205 0.19 0.57 0.62 0.66 0.67  

118 -0.16 -0.16 -0.04 -0.03 -0.06  

301 0.38 0.3 0.47 0.61 0.69  

59 0.56 0.34 0.42 0.43 0.53  

11 -0.24 0.25 0.15 0.02 0.06  

169 0.34 0.52 0.68 0.66 0.66  

40 -0.13 0.14 0.25 0.14 0.09  

162 0.34 0.21 0.4 0.44 0.5  

39 0.17 0.08 0.22 0.33 0.38  

27 -0.57 0.27 0.24 0.16 0.10  

122 0.24 0.45 0.55 0.63 0.72  

111 0.38 -0.06 0.10 0.20 0.17  

112 -0.17 -0.04 0.13 0.08 0.03  

7 0.33 0.082 0.28 0.23 0.21  

42 0.16 0.15 0.25 0.18 0.2  

43 0.01 -0.07 0.05 0.03 0.02  

48 0.49 0.14 0.21 0.28 0.26  

19 0.61 0.36 0.53 0.55 0.53 Low wetland connectivity 
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Note: Coarse-textured lakes are ordered by landscape position in different HRA sub-units, and fine-textured lakes are 

ordered by the proportion of wetland in each lake watershed. Bold italicised numbers highlight the strongest 

relationship between CDMP and lake diameter to infer the lag time between lake diameter and wet-dry periods. Lakes 

that are shaded grey did not show any relationships between lake diameter and the CDM scenarios used in this 

analysis. 

  



 
 

Appendix A3  A3-4 

Table A.3.3: Spatial variability in contraction and expansion of lake diameter from 1996 to 

2019 (expressed as 2 standard deviations of the departure from maximum lake diameter) 

among HRAs. 

 

Spatial Variability 
2SD of the departure from maximum lake diameter  

 Absolute (m) Relative (%) 
 Average Min Max Average Min Max 

Coarse 
27.14

a

 4.96 52.55 6.32
a

 0.53 19.25 
n=8 

Fine Hummocky 
37.09

a

 5.76 127.83 24.39
b

 4.10 66.76 
n=13 

Fine Plains 
121.11

b

 24.46 370.96 13.03
ab

 4.51 27.63 
n=12 

p-value 0.003   0.007   

 

Note: A Kruskal Wallis test was used to identify significant differences in the spatial variability of lake diameter among 

HRAs, and to identify which HRAs are different we used a pairwise Wilcox test. Lower case letters in that are not in 

common between different HRAs indicates a significant difference (p < 0.05). 
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Table A.3.4: Spatial variability in contraction of lake diameter among HRAs in response to 

high, moderate and low severity dry periods (expressed as departure from maximum lake 

extent prior to each dry period). 

 

Note: A Kruskal Wallis test was used to identify significant differences in the spatial variability of lake diameter 

contraction responses to different dry periods among HRAs, and to identify which HRAs are different we used a 

pairwise Wilcox test. Lower case letters in that are not in common between different HRAs indicates a significant 

difference (p < 0.05). 

  

 Change in Lake Diameter 

(relative to maximum) 
Absolute Lake Diameter (m) Relative Lake Diameter (%) 

Coarse Fine Hummocky Fine Plains Coarse Fine Hummocky Fine Plains 
 High Severity 

Median -39.11
a

 -48.75
a

 -115.59
b

 3.28
a

 26.79
b

 20.63
ab

 
SD 25.53 41.42 244.15 12.31 31.08 15.62 

Maximum -83.43 -132.86 -782.90 0.88 5.84 2.56 
Minimum -7.87 -6.21 -13.90 32.18 100.00 53.70 
p-value 0.01* 0.03* 

 Moderate Severity 
Median -22.42 -31.81 -32.32 1.64

a

 24.28
bc

 5.94
ac

 
SD 29.76 36.15 73.39 12.71 26.91 7.50 

Maximum -97.02 -115.80 -279.33 0.75 2.73 1.80 
Minimum -8.35 -6.21 -13.97 35.55 87.56 28.96 
p-value 0.46 0.01* 

 Low Severity 
Median -5.28 -1.59 -0.76 0.88 16.06 1.16 

SD 9.27 53.01 12.60 1.02 31.12 2.21 
Maximum -24.04 -191.49 -38.25 0.00 0.00 0.00 
Minimum 0.00 0.00 0.00 2.99 100.00 6.37 
p-value 0.66 0.57 
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Table A.3.5: Synchrony analyses results for time series of open water lake extent for each lake 

group identified in the multivariate regression tree A Group 1, B Group 2, C Group 3, D Group 4, 

E Group 5, and F All Lakes. Each value represents the Pearson r coefficient between a lake pair. 

Average synchronicity of each group is provided in the bottom right of each table. 

 

A - Synchrony analysis for Group 1 lakes 

 19 48 

19  0.69 

48   

 Average 0.69 

 

 

B Synchrony analysis for Group 2 lakes 

 7 17 42 43 111 112 206 

7  0.34 0.25 0.24 0.57 0.36 0.34 

17   -0.08 -0.05 0.29 -0.30 -0.29 

42    -0.17 0.29 0.36 0.38 

43     0.21 0.06 0.03 

111      0.08 -0.07 

112       0.51 

206        

      Average 0.16 
 

 

C Synchrony analysis for Group 3 lakes 

 1 2 27 39 59 122 162 169 

1  0.52 0.34 0.33 0.34 0.69 0.49 0.78 

2   0.64 0.50 0.11 0.70 0.45 0.66 

27    0.22 -0.27 0.55 0.14 0.40 

39     0.05 0.43 0.45 0.52 

59      0.18 0.30 0.27 

122       0.50 0.79 

162        0.81 

169         

       Average 0.42 
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D Synchrony analysis for Group 4 lakes 

 11 40 121 160 168 171 205 208 300 301 302 303 

11  0.68 0.40 0.32 0.45 0.34 0.48 0.34 0.30 0.06 -0.11 0.24 

40   0.56 0.55 0.75 0.25 0.55 0.41 0.53 0.19 0.02 0.46 

121    0.08 0.57 0.08 0.42 0.51 0.48 0.22 0.25 0.12 

160     0.19 0.62 0.74 0.38 0.59 0.59 -0.18 0.88 

168      0.01 0.34 0.41 0.41 0.08 0.12 0.21 

171       0.60 0.11 0.53 0.44 -0.27 0.71 

205        0.53 0.76 0.65 -0.20 0.81 

208         0.56 0.60 -0.15 0.31 

300          0.86 0.09 0.77 

301           -0.04 0.76 

302            -0.19 

303             

           Average 0.37 
 

 

E Synchrony analysis for Group 5 lakes 

 5 16 118 201 

5  0.24 0.23 0.19 

16   0.54 0.66 

118    0.79 

201     

   Average 0.44 
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F Synchrony analysis for All lakes 
 

1 2 5 7 11 16 17 19 27 39 40 42 43 48 59 111 112 118 121 122 160 162 168 169 171 201 205 206 208 300 301 302 303 
1 

 
0.52 0.30 0.43 0.65 0.45 -0.26 0.23 0.34 0.33 0.56 0.28 0.12 -0.20 0.34 0.12 0.46 0.36 0.54 0.69 0.57 0.49 0.35 0.78 0.46 0.43 0.61 0.39 0.61 0.68 0.62 0.09 0.57 

2 
  

0.31 0.02 0.42 0.13 -0.34 -0.02 0.64 0.50 0.51 -0.14 0.17 -0.15 0.11 0.08 0.19 0.53 0.35 0.70 0.61 0.45 0.31 0.66 0.28 0.52 0.73 0.28 0.59 0.71 0.63 -0.08 0.59 
5 

   
0.48 0.48 0.24 0.00 0.29 0.13 0.09 0.39 0.09 0.22 0.23 0.11 0.12 0.29 0.23 0.51 0.13 -0.06 -0.02 0.38 0.28 -0.23 0.19 0.19 0.60 0.27 0.11 -0.05 0.23 -0.11 

7 
    

0.24 0.41 0.34 0.63 -0.35 0.08 0.22 0.25 0.24 0.50 0.28 0.57 0.36 0.11 0.58 0.06 -0.09 0.16 0.46 0.32 -0.08 0.10 0.03 0.34 0.22 0.22 0.07 0.55 -0.09 
11 

     
0.35 -0.28 -0.11 0.53 0.11 0.68 0.28 0.14 -0.27 -0.04 -0.11 0.39 0.20 0.40 0.46 0.32 -0.08 0.45 0.36 0.34 0.24 0.48 0.71 0.34 0.30 0.06 -0.11 0.24 

16 
      

-0.19 0.21 0.03 0.19 0.36 0.29 0.00 -0.19 -0.03 0.17 0.58 0.54 0.52 0.22 0.03 0.47 0.39 0.49 -0.01 0.66 0.10 0.52 0.62 0.33 0.26 0.20 -0.04 
17 

       
0.56 -0.66 -0.27 -0.44 -0.08 -0.05 0.68 0.52 0.29 -0.30 -0.52 -0.07 -0.49 -0.38 -0.23 -0.25 -0.31 -0.29 -0.35 -0.40 -0.29 -0.37 -0.41 -0.43 0.54 -0.50 

19 
        

-0.43 -0.14 -0.10 -0.04 0.45 0.69 0.47 0.39 -0.05 -0.19 0.47 0.10 0.00 0.19 -0.03 0.31 0.08 -0.06 0.11 -0.02 0.08 0.14 0.12 0.49 -0.05 
27 

         
0.22 0.56 -0.02 0.03 -0.59 -0.27 -0.47 0.29 0.55 0.11 0.55 0.54 0.14 0.38 0.40 0.25 0.42 0.63 0.48 0.48 0.34 0.28 -0.51 0.46 

39 
          

0.32 0.43 -0.15 -0.24 0.05 0.31 0.40 0.56 0.25 0.43 0.13 0.45 0.41 0.52 0.13 0.50 0.41 0.21 0.52 0.68 0.55 0.07 0.33 
40 

           
0.28 -0.05 -0.37 -0.07 0.10 0.36 0.48 0.56 0.49 0.55 0.05 0.75 0.42 0.25 0.25 0.55 0.77 0.41 0.53 0.19 0.02 0.46 

42 
            

-0.17 -0.25 -0.03 0.29 0.36 0.16 0.40 0.09 -0.24 -0.12 0.44 0.09 0.05 0.02 0.04 0.38 0.21 0.21 -0.03 0.07 -0.09 
43 

             
0.43 0.01 0.21 0.06 -0.11 0.34 0.35 -0.03 -0.11 -0.02 0.15 0.30 -0.12 0.30 0.03 -0.05 0.28 0.20 -0.08 0.15 

48 
              

0.43 0.42 -0.25 -0.40 0.03 -0.20 -0.23 -0.10 -0.19 -0.10 -0.10 -0.32 -0.15 -0.27 -0.26 -0.14 -0.13 0.37 -0.23 
59 

               
0.26 -0.16 -0.05 0.03 0.18 0.21 0.30 -0.13 0.27 0.09 0.03 0.15 -0.20 0.06 0.21 0.27 0.27 0.17 

111 
                

0.08 0.01 0.31 0.08 -0.08 0.05 0.25 0.04 0.04 -0.09 -0.05 -0.07 -0.07 0.44 0.23 0.64 0.05 
112 

                 
0.60 0.43 0.19 0.01 0.32 0.52 0.46 -0.10 0.62 0.18 0.51 0.69 0.34 0.25 0.04 0.03 

118 
                  

0.35 0.44 0.28 0.60 0.64 0.63 -0.09 0.79 0.39 0.52 0.79 0.54 0.53 -0.14 0.30 
121 

                   
0.39 0.08 0.15 0.57 0.53 0.08 0.28 0.42 0.60 0.51 0.48 0.22 0.25 0.12 

122 
                    

0.72 0.50 0.29 0.79 0.65 0.43 0.93 0.20 0.54 0.85 0.81 -0.16 0.85 
160 

                     
0.44 0.19 0.57 0.62 0.27 0.74 0.09 0.38 0.59 0.59 -0.18 0.88 

162 
                      

0.01 0.81 0.13 0.77 0.38 -0.07 0.75 0.54 0.81 0.01 0.42 
168 

                       
0.33 0.01 0.29 0.34 0.81 0.41 0.41 0.08 0.12 0.21 

169 
                        

0.33 0.71 0.75 0.32 0.86 0.75 0.81 -0.03 0.59 
171 

                         
-0.01 0.60 -0.02 0.11 0.53 0.44 -0.27 0.71 

201 
                          

0.39 0.33 0.87 0.47 0.54 -0.06 0.19 
205 

                           
0.28 0.53 0.76 0.65 -0.20 0.81 

206 
                            

0.45 0.19 -0.12 -0.08 -0.02 
208 

                             
0.56 0.60 -0.15 0.31 

300 
                              

0.86 0.09 0.77 
301 

                               
-0.04 0.76 

302 
                                

-0.19 
303                                  
                                

Average 0.24 

 

 

 


