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ABSTRACT 

Development of the Athabasca Oil Sands Region (AOSR) in northern Alberta, 

Canada has resulted in the substantial release of emissions, such as reactive nitrogen (Nr) 

species and base cations, which can fertilize downwind lakes in the boreal forest of 

Saskatchewan.  However, to address the potential impacts of nutrient deposition on these 

algal communities, interpretations must occur in the context of ongoing regional climate 

change.  Here, I use a factorial paleolimnological analysis to isolate the unique effects of 

AOSR emissions and climate change on lake geochemistry (C and N stable isotopes and 

elemental content) and algal assemblages (fossil pigments) over the past ~100 years.  

Surveyed lakes were either nitrogen (N)- or phosphorus (P)-limited and were located 

either within an impacted area receiving enhanced AOSR-derived deposition or within an 

unaffected reference region.  

Common trends from generalized additive models indicated that all algal groups 

declined after 1980 in P-limited lakes receiving deposition, coinciding with industrial 

intensification of the AOSR.  In contrast, total algal abundance (as β-carotene and 

declining C/N ratios) as well as abundances of mixotrophic cryptophytes (alloxanthin) 

and unicellular cyanobacteria (echinenone, but not canthaxanthin) increased regionally in 

reference and impacted, N-limited lakes since the mid-1900s.   Biomarkers from obligate 

autotrophs, and sedimentary δ
13

C and δ
15

N values, changed asynchronously among lakes, 

reiterating a fundamental restructuring of the algal community.  These patterns suggest 

that regional climate change has intensified primary production in Saskatchewan boreal 

lakes and increased cyanobacteria and mixotrophic phytoplankton abundance.  However, 

oligotrophication of impacted, P-limited sites suggests a change in nutrient export from 
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the catchment.  Specifically, increased terrestrial vegetation growth due to enhanced 

nutrient deposition likely resulted in subsequent diminishing of P export to these lakes.  

This study provides the first evidence of detrimental effects of industrial 

development on remote downwind lakes.  Moreover, I outline a potential mechanism that 

incorporates a holistic view of how unique effects of the AOSR and climate change have 

influenced algal community composition over the last century in boreal SK.  Careful 

evaluation of the current and future AOSR industrial footprint is required to fully 

understand the ramifications of development on Canada’s economy and environment. 
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CHAPTER 1:  General Introduction 

1.1  THE ATHABASCA OIL SANDS REGION 

As a key driver of Canada’s economy, the oil sands region in northern Alberta 

represents an important, strategic, natural resource.  However, much controversy 

surrounds its further development due to probable threats to human health and the 

environment.  Covering an approximate area of 142,200 km
2
, an estimated 168 billion 

barrels of crude oil is extractable in the region, representing the world’s third largest oil 

sands reserve preceded only by those in Venezuela and Saudi Arabia (Schindler 2010; 

CAPP 2015).  The Athabasca Oil Sands Region (AOSR) is the most developed extracting 

operation in Alberta, encompassing approximately 40,000 km
2
.  Surface mining is 

commonly employed at the industrial centre near Fort McMurray, AB and  involves 

extensive deforestation and greenhouse gas emissions (Schindler 2010).  Additionally, 

bitumen, which is the main form of hydrocarbon in the area, is highly viscous so refining 

requires heating or adding solvents to increase its flow rate (CCA 2015, Sauchyn et al. 

2015).  As a result, oil sands extraction is highly energy and resource intensive. 

Although the economic potential of the oil sands was recognized in the early 

1900s, development only began in 1967 when the Great Canadian Oil Sands (presently 

Suncor Energy Inc.) established the first large-scale, commercial operation (Schindler 

2010; CCA 2015).  This marked the first open pit mining operation and increased the use 

of heavy-duty vehicles and long-distance transportation pipelines.  Further growth was 

constrained over the coming decade due to high costs of extracting usable oil, and 

estimated production was less than 0.1 million barrels per day (bpd).  Expansion turned 

upward in the 1980s, following better extraction processes and enhanced economic 
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interest (CAPP 2015; CCA 2015).  The AOSR has since intensified substantially, and 

current production exceeds 2.3 million bpd.  Further, projections estimate this will double 

to over 4 million bpd by 2030, comprising the majority of Canada’s crude oil market 

(CAPP 2015). 

Despite evidence of potential health and environmental threats, concerns 

regarding the relative impact of the AOSR are polarized.  Established in 1997 to assess 

effects of local human activities on aquatic ecosystems, the Regional Aquatics 

Monitoring Program (RAMP) claims minimal disturbance to water quality and biota has 

occurred as a result of AOSR development (RAMP 2007).  Conversely, independent 

research suggests evidence of an industrial footprint.  Within the Athabasca River Basin, 

snowpack surveys identified 13 priority pollutants in tributaries disturbed by the oil 

industry that were in concentrations greater than those recommended by the US 

Environmental Protection Agency’s Clean Water Act (Kelly et al. 2010).  Polycyclic 

aromatic hydrocarbon (PAH) concentrations within lakes adjacent to the AOSR have also 

increased over the last 50 years, coinciding with AOSR development and thereby 

supporting its impact on these systems (Kurek et al. 2013).  As a clear point source of 

pollutants, the environmental impact of the AOSR warrants further investigation. 

 

1.2  ATMOSPHERIC NITROGEN DEPOSITION 

As development of the AOSR continues, there is increasing potential for 

perturbation of the structure and function of adjacent aquatic systems.  Atmospheric 

pollutants emitted in a plume from the AOSR extend into northwestern Saskatchewan 

(SK) and may be a source of reactive nitrogen (Nr) and other contaminants to downwind 
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lakes (Hazewinkel et al. 2008; Environment Canada 2011).  Reactive N includes the most 

bioavailable forms for N, including NH4
+
 and nitrogen oxides (NOx).  For example, 

activities related to bitumen extraction and processing in the AOSR emit approximately 

312 NOx t day
-1

 (Deer Creek Energy Ltd. 2006).   

The rate of Nr deposition declines exponentially from the AOSR industrial centre, 

with forests adjacent to the AOSR receiving ~10 kg ha
-1

 yr
-1

(Fenn et al. 2015).  

Approximately 100 km east, the SK boreal forests receives chronic, low-level deposition 

rates approximating 1.2 kg ha
-1

 yr
-1

 (Watmough et al. 2014; Fenn et al. 2015).  

Concurrent base cation (e.g., Ca
2+

, Mg
2+

) deposition is capable of neutralizing 

acidification of forests and lakes (Watmough et al. 2014), and lakes downwind of the 

AOSR indicate a lack of widespread acidification (e.g. Hazewinkel et al. 2008; Laird et 

al. 2013, but see Anas et al. 2014).  However, excess atmospheric Nr deposition can 

fertilize phytoplankton, causing increased abundance and altered assemblages in lakes, 

especially in those where growth is limited by N availability (Bergström et al. 2005; Elser 

et al. 2009).  Despite lack of acidification, enhanced Nr pollution from the AOSR may 

affect biogeochemical cycles in downwind boreal lakes via fertilization of the algal 

community. 

Lakes are open systems within their surrounding catchment, and processes 

occurring in the terrestrial environment often dictate in-lake biogeochemistry.  Since 

boreal forests are generally N-limited, enhanced Nr deposition can stimulate forest 

production (Solberg et al. 2004).  Savva and Berninger (2010) observed increased forest 

production at Nr deposition rates of 0.4-2.0 kg ha
-1

 yr
-1

, which are in the range of those in 

western SK.  Uptake by the catchment acts as a filter and reduces inorganic N export if 



4 

 

deposition rates are below thresholds in which to elicit N leaching (Bergström et al. 2008; 

Hessen 2013).  Similarly, base cations can also act as micronutrients, leading to increased 

forest growth (Maynard et al. 2014).  Stimulated terrestrial production may in turn reduce 

export of other essential nutrients (e.g. phosphorus (P)), causing oligotrophication in 

response to enhanced nutrient (as Nr and base cations) deposition within the watershed 

(Hessen 2013).  As a result of catchment interaction, enhanced nutrient deposition can be 

seen as eliciting opposing responses in regards to algal abundance.  Specifically, indirect 

effects via forest stimulation and nutrient sequestration may produce decreased 

abundance in P-limited lakes, whereas direct Nr deposition to surface waters may 

increase aquatic primary production in N-limited lakes.  These relationships become 

increasingly complex in light of regional climate change that also alters biogeochemical 

cycles of terrestrial and aquatic ecosystems (Bunting et al. 2010).  Because the AOSR 

represents a major point source of Nr and base cation emissions, it is imperative to 

differentiate its impacts within the context of regional climate change. 

 

1.3  REGIONAL CLIMATE CHANGE 

Climate change alters primary production of aquatic systems by affecting the 

mass and energy influxes to lake surfaces as well as the catchment (Pham et al. 2009; 

Leavitt et al. 2009).  Annual temperatures of the boreal forest surrounding the AOSR 

have increased by ~2°C over the last 40 years (Schindler and Lee 2010; Laird et al. 

2013).  This leads to longer growing seasons and ice-free periods (Michelutti et al. 2005), 

higher irradiance, strengthening of thermal stratification (Schindler and Lee 2010; 

McGowan et al. 2012), and enhanced algal nutrient-use efficiency (Domis et al. 2013), all 
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of which can potentially increase aquatic primary production.  Climate impacts also 

affect algal community structure by selecting for proliferation of specific taxa.  For 

example, cyanobacteria often exhibit higher temperature optima so warmer climate can 

promote cyanobacterial abundance (Taranu et al. 2015).  Moreover, altered precipitation 

regimes change mass export from the catchment and select for certain algal taxa (Leavitt 

et al. 2009; Vogt et al. 2011).  Enhanced hydrologic flushing of organic matter (OM) 

associated with extreme precipitation events (Larsen et al. 2011; Meunier et al. 2016) can 

cause shading, reducing benthic autotroph abundance while selecting for mixotrophic 

cryptophytes (Stevenson et al. 2016).  The effects of climate change thus have important 

consequences to both the chemistry and biology of aquatic systems, which in turn depend 

on the time scale and area in question.   

 

1.4  PALEOLIMNOLOGY 

Paleolimnology can be used to investigate the impact of anthropogenic activities 

on aquatic systems as well as establish baseline conditions in systems that have 

undergone disturbance (Bleckner 2005).  This technique is particularly applicable to 

north SK lakes as this region has not been activity monitored over the 20
th

 and 21
st
 

centuries and lacks a long-term dataset of environmental parameters.  Lake sediments 

serve as an archive of past information as they integrate processes occurring within a 

lake, its watershed, as well as the atmosphere (Adrian et al. 2009).  The sediments thus 

provide insight into historical changes in biogeochemical cycling, primary production, 

and phytoplankton community structure that can aid in evaluating the impacts of 

disturbance. 
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1.4.1  Sediment geochemistry 

Stable isotope ratios of sedimentary OM carbon (C; δ
13

C) give insight into lake 

and catchment processes through time.  Due to high isotopic fractionation during 

photosynthesis, as well as differential fractionation among primary producers, the δ
13

C 

profile records changes in C cycling and origin (Meyers and Teranes 2001).  In lakes that 

have high rates of internal respiration (i.e. recycling of respired dissolved CO2), such as 

those in boreal regions, increased primary production coincides with more depleted δ
13

C  

values (Brock et al. 2006; Kortelainen et al. 2013).  Additionally, sedimentary δ
13

C 

values depend on the type of organism fixing CO2.  For example, OM from terrestrial C3 

plants tends to have a δ
13

C value of -28‰, whereas algal and submerged macrophyte 

values are approximately -26‰ and -13‰, respectively (Meyers and Teranes 2001).  

These benchmark values can help to approximate the presence of terrestrial, algal, and 

macrophyte OM in sediments. 

 Nitrogen isotopes of sediment OM can similarly be applied to paleolimnological 

studies as well as used as a tracer of anthropogenic emissions.  Like δ
13

C, sediment δ
15

N 

values provide information regarding material sources and primary production, such as 

vegetation gradients (Talbot 2001; Bunting et al. 2010), human-derived N (Bunting et al. 

2007; Botrel et al. 2014), and degree of N2-fixation (Cremonese et al. 2014).  Depleted 

δ
15

N values can also indicate influence of anthropogenic Nr emissions (Elliott et al. 2007; 

Hastings et al. 2009).  Sediment δ
15

N have been shown to become progressively depleted 

in the northern hemisphere with onset of greater fossil fuel use and resulting enhanced 

atmospheric deposition of industrially-derived N (Holtgrieve et al. 2011).  However, the 

use of δ
15

N profiles as indicators of industrial influence can become complex as the many 
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biological transformations and fractionation rates within the N cycle can alter the source 

value (Botrel et al. 2014). 

The C/N (molar) ratio of sediment OM measures the relative contribution of 

allochthonous and autochthonous OM (Meyers and Teranes 2001).  Terrestrial plants are 

C-rich due to the abundance of cellulose and lignin.  Conversely, phytoplankton are N-

rich and contain relatively more protein in comparison to C-rich molecules.  As aquatic 

primary production increases, sedimentary C/N will decrease when autochthonous OM 

becomes a greater proportion of the total OM (Talot 2001).  This decline is expected to 

continue until it reaches the Redfield’s ratio of 6.6, indicating sediment OM is 

predominantly autochthonous (Rhee and Gotham 1980; Talot 2001). 

 

1.4.2  Fossil algal pigments 

Fossil pigments provide insight into historical algal community composition of 

lacustrine systems (Reuss et al. 2010; reviewed in Leavitt 1993 and McGowan 2013).  

Ubiquitous pigments measure changes in overall algal biomass whereas specific 

carotenoids indicate gross changes in major algal taxa.  Approximately 95% of pigments 

present in surface waters are degraded in the water column before contributing to 

sediment (Leavitt and Hodgson 2001).  Once deposited, further diagenesis depends on 

redox potential of the sediment, chemical lability of the pigment,  as well as 

decomposition activity of bacteria (Leavitt and Carpenter 1990; Reuss et al. 2005; 

Buchaca and Catalan 2007).  Other factors can also influence selective degradation of 

individual pigments, including grazing, presence of reactive functional groups (e.g. 

epoxide groups), sediment mixing, UV-radiation, and dissolved oxygen (Cuddington and 
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Leavitt 1999; Reuss et al. 2005).  As a result, individual pigment profiles are interpreted 

based on relative changes among basins and other pigment concentrations. 

The use of fossil algal pigments as indicators of gross algal community 

composition has enhanced understanding of the response of communities to changing 

environments.  Paleolimnological reconstructions using these proxies have inferred 

historical algal community structure from decades (Hall et al. 1999; Bunting et al. 2007) 

to millennia (Guilizzoni et al. 2009; Haig et al. 2013; Karmakar et al. 2015), and can 

provide baseline conditions prior to disturbance.  For example, Hall et al. (1999) used 

changes in historical algal abundance (as β-carotene) to reconstruct the impact of 

surrounding land use on a prairie lake in central Canada.  Over the Holocene, increased 

primary producers as well as cyanobacterial pigments are associated with warmer 

conditions and lower water levels (Guilizzoni et al.2006; Karmakar et al. 2015).  As a 

result, analysis of fossil pigments is applicable to studies assessing influence of long-term 

changes in external input, such as climate change and nutrient influx, on algal 

communities when reliable monitoring data is insufficient (Cuddington and Leavitt 

1999). 

Selective changes in community structure in response to global and local change 

can also be demonstrated by shifts in concentrations of taxon-specific pigments.  Because 

certain major algal taxa are favoured under specific conditions (McGowan et al. 2005), 

relative changes in their concentrations can infer changes occurring within a lake as well 

as within the catchment.  Taranu et al. (2015) show that disproportionate accumulation of 

cyanobacterial pigments over those from diatoms since the 1950s in temperate-subarctic 

lakes, suggesting an acceleration of cyanobacteria abundance in response to higher 
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nutrient conditions and warming global temperatures.  Moreover, shifts in sedimentary 

biomarkers have also been linked to terrestrial mass export.  Incidence of diazotrophic 

cyanobacterial biomarkers coincide with increased nutrients (e.g., N and P) from 

surrounding agricultural development (Bunting et al. 2007).  Increased concentrations of 

the mixotrophic cryptophyte biomarker alloxanthin are also observed in response to 

increased dissolved organic C (DOC) influx as a result of human land use patterns 

(Stevenson et al. 2016; Ady and Patoine 2016), as well as climate-mediated DOC fluxes 

and water chemistry (Vinebrooke et al. 1998).  Thus, shifts in taxon-specific biomarker 

concentrations as a result of variation in gross algal community composition provide a 

biological context to altered energy and mass fluxes to lakes in response to global and 

local change (Leavitt et al. 2009; Vogt et al. 2011). 

 

1.5  FACTORIAL STUDY DESIGN 

 The response of primary producers to enhanced AOSR-derived Nr deposition is 

complex in light of background regional climate change.  Therefore, the current study 

utilizes a factorial, paleolimnological design to allow for the determination of the unique 

impact of nutrient deposition and climate change.  This clarification has not been 

accounted for in other studies describing primary production in adjacent or remote 

aquatic systems (e.g., Curtis et al. 2010; Summers et al. 2016) and is necessary to ascribe 

an AOSR impact.  Impacts of enhanced nutrient deposition are isolated spatially by 

surveying regions both within and outside of a measured plume of AOSR emissions 

(Environment Canada 2011).  Moreover, reference regions allow for simultaneous 

assessment of background regional climate change impacts on phytoplankton 
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communities in the absence of AOSR-derived deposition.  Additional separation of Nr 

response is provided by surveying lakes of differing prevailing nutrient limitation.  By 

comparing N-limited systems to those that are P-limited, greater resolution is given to 

disentangle the nutrient effect of Nr as a driver of change.  Finally, AOSR ontogeny is 

compared to historical changes in geochemistry and fossil algal pigments, allowing for 

temporal evaluation of industrial development on natural systems. 

 

1.6  OBJECTIVES 

 The primary objective of my thesis is to determine the relative impact of 

enhanced, AOSR-derived, atmospheric nutrient deposition, as Nr and base cations, on 

influencing algal abundance and gross community assemblages in Saskatchewan boreal 

lakes.  Additionally, I aim to place potential changes within the context of ongoing 

regional climate change.  To address these purposes, I evaluate historical changes in 

sediment geochemistry, as stable isotopes of C and N, as well as elemental composition 

(C/N), and fossil algal pigment concentrations across sixteen boreal lakes in northwestern 

Saskatchewan, Canada.   

The specific objectives for Chapter 2 are to 1) determine differences in fossil 

pigment assemblages and stable isotopes in N-limited and P-limited and reference and 

impacted lakes, 2) investigate temporal changes in these proxies, as well as their 

coherence, compared to AOSR ontogeny, and 3) determine the unique and interactive 

impacts of AOSR-enhanced nutrient deposition and climate change on algal communities 

within these lakes.   
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1.7  RELEVANCE 

A central mandate of a report published by Environment Canada (2011) is to 

determine potential environmental impacts of Oil Sands development on nearby habitats.  

In particular, separation of industrial intensification effect is required from those of other 

stressors, such as climate change.  In addition, establishment of baseline conditions is 

necessary to evaluate the influence of these chronic stressors on lake systems.  My 

project will address these concerns by quantifying the unique, long-term effects of 

enhanced atmospheric deposition of substances into and around downwind aquatic 

ecosystems.  The project also separates these effects from those of regional climate 

change, which have not been clearly addressed in previous studies.  This region in 

northwestern Saskatchewan is an important natural refuge for boreal species, yet it will 

likely experience continued and increasing stresses from local and remote industrial 

development.  Thus, it is imperative to quantify how current and past perturbations have 

influenced these systems to mitigate future change. 
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CHAPTER 2:  Oligotrophication of downwind boreal lakes caused by oil sands-

derived    enhanced nutrient deposition 

2.1  INTRODUCTION 

The oil sands region in northern Alberta, Canada represents a strategic, natural 

resource and potent economic driver of Canada’s national economy.  First developed in 

1967, the Athabasca Oil Sands Region (AOSR) represents Alberta’s most developed 

deposits, containing an estimated 168 billion barrels of extractable crude oil 

(Environment Canada 2011, CAPP 2015).   Production was relatively restricted until the 

1980s, where increased economic interest resulted in an estimated production of 140,000 

barrels per day (bpd) by the end of the decade.   Further industrial intensification of the 

region saw rates raise to over 2.2 million bpd in 2014 with projected growth to 4.0 

million bpd by 2030 (CAPP 2015).  However, continued development comes at 

increasing environmental costs, and AOSR impacts on adjacent natural systems are 

extensive, ranging from local habitat destruction by surface mining (Schindler 2010), 

enhanced water-use (Sauchyn et al. 2015), pollutant release (polycyclic aromatic carbons 

(PAHs): Kurek et al. 2013; heavy metals: Kelly et al. 2010) and detriments to forest and 

lake ecology (Latifovic and Pouliot 2014; Clair and Percy 2015).    

In addition to immediate impacts, the AOSR is the main regional source of 

reactive nitrogen (Nr), leading to substantial transport and downwind deposition of 

bioavailable nitrogen oxides (NOx) and ammonium (NH4
+
).  The consequences of this 

pollutant remain largely unknown due to multiple downstream biogeochemical pathways, 

long-distance transport, and lower emission regulation (Holtgrieve et al. 2011; Clair and 

Percy 2015).  In 2008, estimated stack emissions were 300 t d
−1

 NOx (Hazewinkel et al. 
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2008).  However, 52% of AOSR-derived Nr is attributed to diffuse, fugitive, and 

difficult-to-control sources, such as mine machinery exhaust and highway traffic (IMP-

Air Quality Component 2011).  Atmospheric fallout of Nr species has reached rates as 

high as10 kg Nr ha
-1

 yr
-1

 near the industrial centre, with an exponential decline with 

distance (Fenn et al. 2015).  Despite rapid attenuation, AOSR-derived pollutants have 

been tracked to remote systems, such as the boreal forest in northwestern Saskatchewan 

(SK) (Kelly et al. 2010; Proemse et al. 2013; Watmough et al. 2014).  

The SK boreal forest contains numerous pristine nutrient-dilute lakes that lay on 

thin glacial deposits and Precambrian bedrock (Jeffries et al. 2010; Scott et al. 2010).  

Although many of these sites are considered highly sensitive to acid deposition, there is 

little evidence of regional surface water acidification in neither downwind SK systems 

nor those lakes located more proximal to AOSR development (Hazewinkel et al. 2008; 

Laird et al. 2013, but see Anas et al. 2014).  Current Nr deposition rates in SK appear to 

reach 1.0-2.0 kg Nr ha
-1

 yr
-1

 (Bytnerowicz et al. 2010), which are below empirical critical 

thresholds expected to cause adverse acidification effects to lakes in forested catchments 

(~3.0 kg Nr ha
-1

 yr
-1

) (Pardo et al. 2011; Baron et al. 2011).  Moreover, acidification 

resistance is also attributed to concurrent base cation (e.g. Mg
2+

, Ca
2+

) deposition from 

the AOSR that is sufficient to neutralize elevated acid species (Watmough et al. 2014).  

As a consequence, soils in northwestern SK remain under-saturated with respect to N 

supply (Laxton et al. 2012).   However, enhanced Nr deposition directly to surface waters 

can potentially affect lake primary production.  

Sub-threshold Nr deposition rates can have important ecological consequences.  

Reactive N is highly bioavailable and readily assimilated by phytoplankton (Wetzel 
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2001).  Thus, even at low levels, positive effects of Nr deposition are typically observed, 

such as increased production and nutrient uptake, which have subsequent ramifications 

for ecosystem dynamics (Greaver et al. 2012).  Specifically, human-enhanced Nr 

deposition has been  linked to increased primary production (Williams et al. 2016), 

strengthening P-limitation (Elser et al. 2009; Bergström et al. 2013), shifts in N:P 

stoichiometry (Elser et al. 2010), and changes in phytoplankton community composition 

(Reuss et al. 2013; Van de Waal et al. 2014).  Not surprisingly, previous studies suggest 

that enhanced Nr deposition from the AOSR also increases primary production in 

downwind lakes (Hazewinkel et al. 2008; Laird et al. 2013).  However, sediments from 

lakes in the northern hemisphere have also shown regional increases in anthropogenic Nr 

content that coincides with industrial development over the 20
th

 century (Holtgrieve et al. 

2011), which may override low-level AOSR-derived deposition in remote lakes.  

Identification of the causes of lake ecosystems change near the AOSR is a central 

mandate for both provincial and federal governments (Environment Canada 2011), and 

thus further elucidation of AOSR emission impacts is warranted. 

Low levels of deposition of a growth-limiting nutrient can alter regional lakes 

through indirect pathways.  Lakes are open systems within their catchments (Blenckner 

2005; Leavitt et al. 2009) and, consequently, in-lake processes often reflect changes in 

the terrestrial environment.  Because boreal forest growth is limited by N influx, excess 

Nr deposited within the catchment can alter terrestrial vegetation and associated 

biogeochemical cycles (Hessen et al. 2009; Gilliam et al., 2016; Meunier et al. 2016).   

Moreover, base cation weathering rates and soil concentrations are often low in SK 

boreal forests (Jeffries et al. 2010; Watmough et al. 2014), suggesting that enhanced 
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deposition of these micronutrients may stimulate growth of terrestrial vegetation 

(Maynard et al. 2014).  Consequences of these changes are complex, and Hessen (2013) 

has proposed that terrestrial vegetation acts as a “catchment filter” that can cause counter-

intuitive effects on aquatic systems limited by phosphorus (P).  Specifically, increased 

deposition of a limiting substance can be expected to favour plant growth and 

sequestration of other macronutrients (Magnani et al. 2007; Laxton et al. 2012), such as P 

which in turn reduces subsequent export to lakes.  Although experimental forest plots 

near the AOSR indicate that these increases may occur in both overstory and understory 

species (McDonald 2015a, 2015b), little is known of how this indirect mechanism may 

impact biogeochemistry and primary production of regional lakes.  

To unambiguously identify potential impacts of AOSR emissions on remote 

lakes, interpretations must also be placed in the context of ongoing regional climate 

change.  Ecological response to nutrient influx and other external human disturbance can 

be confounded by environmental impacts associated with changing climate, such as 

altered temperature and hydrology regimes (Bunting et al. 2010; Moorhouse et al. 2014).  

In particular, temperatures within western Canadian boreal forest have increased by 2-

4ºC in just 40 years, with continued warming predicted in the future (Schindler and Lee 

2010).  Such warming has promoted cyanobacteria abundance globally, favouring species 

with high temperature optima and positive buoyancy adaptations (O’Neil et al. 2012; 

Taranu et al. 2015).  Therefore, observed production increases could result from both 

excess nutrients and warmer temperatures.  Climate related changes in hydrology can 

also restructure phytoplankton community assemblages by, for example, increasing 

export of dissolved organic matter (DOM) export to lakes (Zhang et al. 2010; Larsen et 
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al. 2011).  Increased DOM subsidies can provide a competitive advantage for 

mixotrophic taxa, such as flagellate cryptophytes and some cyanobacteria, over obligate 

autotrophs or benthic taxa (Daggett et al. 2015; Stevenson et al. 2015).  Since boreal 

lakes in northwestern SK are impacted by both AOSR-derived nutrient deposition and 

climate change, each of which interact with the catchment, careful experimental design is 

required to isolate the unique and interactive effects of individual stressors both through 

time and in a geographically-explicit context (Willis and Birks 2006).  To date research 

has not clearly separated industrial effects from climate change or other factors (e.g. 

Curtis et al. 2010; Laird et al. 2013; Summers et al. 2016). 

Here, I employ a novel factorial analysis of SK boreal lakes to identify the unique 

and interactive effects of AOSR development and climate change on historical variations 

in lake biogeochemistry and algal assemblages during the past 100 years.  I use 

generalized additive models (GAMs) to quantify changes in time series of sedimentary C 

and N stable isotopes, sediment elemental composition, and fossil pigment concentrations 

in sixteen N- or P-limited lakes.  Lakes were located either within an impacted (I) area, 

which received enhanced nutrient deposition, or unaffected reference (R) regions.  It is 

hypothesized that climate variability will affect lakes similarly in all lake categories, 

whereas deposition of substances will be expressed only in impacted sites.  If regional Nr 

deposition is sufficient, a coherent response is expected to occur according to nutrient 

limitation regardless of impact status.  It is further anticipated that direct fertilization of 

lakes by AOSR-derived nutrients will increase algal abundance concomitant with 

accelerated industrial development after ca. 1980, whereas indirect effects through 

stimulated terrestrial vegetation may cause oligotrophication of P-limited lakes in the 
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impacted region (e.g. Hessen 2013).  Finally, I hypothesize that increasing temperature 

and DOM input in response to climate change may favour development of mixotrophic 

taxa, such as cyanobacteria and cryptophytes, within lake communities. 

 

2.2  MATERIALS AND METHODS 

2.2.1  Site Description 

The study area is located within three ecoregions of northern Saskatchewan, 

including the Athabasca Plains (AP), the Churchill River Upland (CRU), and the Mid-

Boreal Upland (MBU).  The former two ecoregions are located within the Boreal Shield 

ecozone, whereas the latter is situated within the Boreal Plains ecozone.  Landforms and 

soil are comparable among the three ecoregions (Scott et al. 2010); however, additional 

glacial deposits overlay the Precambrian bedrock in the CRU and MBU.  The boreal area 

contains six distinct vegetative assemblages: jackpine (Pinus banksiana) forest, black 

spruce (Picea mariana) forest, white spruce (Picea glauca) forest, mixed-wood forest, 

peatland, and boreal marshes (Acton et al. 1998).  Where AP and CRU soils are sandy 

and well-drained, vegetation is predominately jackpine and lichen forest.  In southern 

regions, black spruce as well as mixed and deciduous forests becomes more frequent, 

including white birch (Betula papyrifera) and trembling aspen (Populus tremuloides) 

stands.  These forests occur along increasing moisture gradients and are accompanied by 

increased understory shrubs and herb diversity (Scott et al. 2010).  Water bodies, such as 

lakes and bogs, are common.  Treed bogs and fens contain black spruce and tamarack 

(Larix laricina). 
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Regional climate is characterized as subarctic within the study area, with mean 

annual temperatures of ~2.3°C and large seasonal ranges (January mean:  -24°C; July 

mean: 16°C) (Scott et al. 2010).  Annual precipitation varies between 450 mm to 530 mm 

across the region, with ~two-thirds generally falling between May and September (Acton 

et al. 1998; Scott et al. 2010). 

 

2.2.2  Site Selection 

The sixteen lakes included in this study were selected from a survey of 262 

headwater boreal lakes conducted by the Saskatchewan Ministry of Environment (SME) 

between 2007 and 2011 (see Scott et al. 2010 for more detail).  Candidate sites were 

divided into reference and impacted regions; impacted lakes were those lying ~150 km 

east of the AOSR industrial centre (57.0478° N, 111.6155°S), whereas two reference 

regions were located 250-300 km distant (Fig 2.1).  Impacted lakes were selected to lie 

within a zone of enhanced AOSR-derived atmospheric pollutants, as estimated from the 

Environment Canada regional air pollution forecast model set (Jefferies et al. 2010; 

Environment Canada 2011).  This model integrates meteorological and pollution data to 

model the zone of AOSR pollution deposition in the region from northeastern Alberta to 

northwestern SK.    

Lakes were additionally selected to exhibit contrasting states of phytoplankton 

nutrient limitation according to measured summer surface water dissolved inorganic N 

(DIN) to total phosphorus (TP) mass ratios (DIN:TP, Table 2.1).  Lakes were defined as 



 

 

 

 

 

Figure 2.1:  Map of study region in northwestern Saskatchewan.  Lake codes are shown 

for each lake in the survey.  Lakes situated in the impacted region are located within the 

dashed circle.  Prevailing water column nutrient limitation are indicated by a solid circle 

(●) for N limitation and triangle (▲) for P-limitation. Map of Canada also shown (A; 

inset).  Figure courtesy of G. Mushet.



 

 

Table 2.1:  Physical and chemical characteristics of sixteen study lakes.  Lake groups are according to the two-factorial study design:  

impacted-P-limited (IP), impacted-N-limited (IN), reference-P-limited (RP), and reference-N-limited (RN). 

Lake Group DIN:TP 

Distance to 

AOSR 

(km) 

Ecozone 
SA 

(ha) 
CA:SA 

Coring  

depth 

(m) 

Chl a  

(mg l
-1

) 

TP 

(µg l
-1

) 

DOC  

(mg l
-1

) 
pH 

Cond  

(µS cm
-1

) 

Alk 

(mg L
-1

) 

10A IP 8.2 159.2 Plain 38 11.6 6.1 2.6 5.5 4.6 7.1 23.6 10.0 

13L IP 11.1 178.2 Shield 87.8 28.1 26.2 1.5 3.3 1.6 7.0 17.2 6.6 

13N IP 13.4 202.8 Shield 150 7.6 15.4 3.1 5.0 7.1 7.1 27.2 11.6 

11G IP 18.7 223.8 Shield 41 5.5 18.8 1.3 5.6 6.5 7.0 21.4 7.7 

              

6E IN 3.3 133.0 Plain 18.3 50.4 9.6 6.1 16.5 3.4 7.3 33.4 16.5 

10E IN 2.8 154.8 Plain 22.7 3.1 7.5 3.9 12.0 3.5 7.3 35.5 18.1 

10Z IN 2.7 159.8 Plain 43.4 3.9 5.3 5.4 10.0 3.4 7.2 34.4 16.6 

9C IN 1.4 165.9 Shield 155 16.6 11.2 7.3 18.0 1.8 7.1 33.0 15.0 

10Y IN 3.3 168.4 Shield 170 5.0 5.6 6.8 12.0 4.7 7.2 33.7 17.2 

              

17F RP 7.8 291.4 Shield 21 11.3 8.8 3.2 6.5 4.3 7.0 17.6 7.8 

2L RP 12.5 312.8 Shield 68.1 1.7 3.8 2.1 7.3 3.6 7.2 17.6 8.1 

17P RP 7.8 314.5 Shield 63 4.4 4.9 2 7.6 7.1 6.8 14.1 4.2 

              

2Q RN 3.3 284.1 Shield 59.7 6.5 28.7 4.4 12.0 4.2 7.0 13.8 6.2 

2F RN 2.95 307.6 Shield 129 2.6 8.5 4.7 11.7 4.0 6.9 17.7 7.3 

17V RN 2.8 311.3 Shield 62 11.5 7.4 5.4 14.0 3.4 7.1 16.9 7.5 

17J RN 3.6 311.5 Shield 9.1 32.2 8.1 6.2 14.2 2.7 6.9 16.9 7.0 

Lakes within categories are ordered by increasing distance from the Athabasca Oil Sands Region.  SA surface area, CA:SA catchment area to 

surface area, Chl a chlorophyll a, TP total phosphorus, DOC dissolved organic carbon, Cond conductivity, Alk alkalinity. 



 

 

predominantly N-limited when DIN:TP < 1.5, P-limited if > 3.4, and co-limited between 

these values (Bergstrӧm et al. 2010).  Lakes sampled over 2-3 years and that exhibited 

less variation in water parameters were favoured during site selection; however, five 

lakes (i.e. 6E, 9C, 10E, 10Y, and 10Z) were only sampled for one season.  Although 

evidence of widespread acidification is lacking (Laird et al. 2013), only lakes with 

relatively high acid neutralizing capacity (ANC > 200 µeq L
-1

; alkalinity > 5 mg L
-1

) 

were included to avoid potential confounding effects of changes in pH or base cation 

deposition.  Further, study lakes had relatively low DOC (< 6 mg L
-1

), minimal 

catchment disturbance (e.g. logging), and similar overlapping physicochemical 

characteristics.  Based on these criteria, surveyed lakes were assigned into a factorial 

design, with four, predetermined lake categories:  i) impacted, P-limited (IP; n=4), ii) 

impacted, N- or N-P co-limited (IN; n=5), iii) reference, P-limited (RP; n=3), and iv) 

reference, N- or N-P co-limited (RN; n=4) lakes. 

 

2.2.3  Water Chemistry 

 Water chemistry was obtained by SME according to the procedures in Scott et al. 

(2010).  Water samples and measurements were taken during the late summer (August to 

September) over 1-4 survey years, depending on the lake.  Parameters included surface 

area (SA), catchment area to surface area (CA:SA), coring depth, chl-a concentration 

(chl-a), ammonium (NH4-N ), total N (TN), dissolved inorganic nitrogen (DIN), total 

phosphorus (TP), dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), 

chloride (Cl
-
), sulfate (SO4

2-
), Silicon (Si), pH, conductivity (Cond), and alkalinity (Alk) 

(Table 2.1). 
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2.2.4  Coring 

Sediment cores were collected during the months of March and April 2014 from a 

deep, centre located within each lake.  Cores were ~30 cm long and obtained from on the 

ice surface using a Glew gravity corer with a 7.6-cm internal diameter tube (Glew 1989).  

Cores were sectioned on-site at 0.5-cm intervals into Whirl-Pak® bags.  Samples were 

stored in the coring facility at 4°C at Queen’s University, ON, until analysis. 

 

2.2.5  Radiometric Dating 

Cores were radiometrically dated using lead-210 (
210

Pb) and cesium-137 (
137

Cs) 

radionuclides.  Analyses were performed at Queen’s University Paleoecological 

Environmental Assessment and Research Lab (PEARL) using low-background gamma 

counting (Schelske et al. 1994).  Briefly, samples for 
210

Pb dating were spaced at 1 cm 

intervals for the first 10 cm of a core and then at 2 cm intervals thereafter.  Freeze-dried 

sediment was weighed and placed in plastic vials to ~2 cm tube-height, which were then 

sealed using a silicone disc and epoxy resin.  Samples sat for approximately two weeks to 

ensure equilibrium for 
214

Bi was reached.  
214

Bi was used as a proxy for 
226

Ra to 

determine background radioactivity (Schelske et al. 1994).  Decay was measured over 

80,000 seconds using an Ortec germanium (Gr) crystal-well detector following Schelske 

et al. (1994), and unsupported and supported 
210

Pb and 
137

Cs activities were calculated 

from the data.  Unsupported 
210

Pb (via 
214

Bi) activities were interpreted by the constant 

rate of supply (CRS) model using the unpublished ScienTissiME MATLAB program 

developed by Mike Scheer from Queen’s University.  Chronologies were fitted with 
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monotonic cubic splines to allow interpolation of interval dates.  This method did not 

force conformity of the age model to a specific polynomial function. Further, the 

monotonicity constraint prevented date reversals. 

 

2.2.6  Stable Isotope Analysis 

 Acidified, freeze-dried sediment was analyzed for C and N stable isotopes.  To 

remove dissolved inorganic C, sediment was acidified using 0.3 N HCl for 24 hr then 

rinsed with nanopure H2O until circumneutral pH, and dried at 50°C.  For isotopic 

analysis, 3 mg of sediment was packed into 5x8 mm tin cups for subsequent combustion. 

 Stable isotope ratios of organic matter C (δ
13

C) and N (δ
15

N) and sediment 

elemental composition (percent C (%C), percent N (%N), and molar C/N ratio) were 

quantified by a Thermo Scientific Delta V Plus isotope ratio mass spectrometer (IRMS) 

that was connected to a Costech ECS 4010 Elemental Analyser via a ConFlo IV interface 

following Cooper and Wissel (2012).  All analyses were conducted at the Institute for 

Environmental Change and Society (IECS) at the University of Regina, Canada.  Isotopic 

ratios were expressed using the standard delta (δ) notation in ‰ relative to Vienna-Pee 

Dee Belemnite and atmospheric N2 for C and N, respectively, as follows: 

 

δSAMPLE = 1000 x (RSAMPLE x R
-1

STANDARD) - 1 (2.1) 

 

where R is 
13

C/
12

C or 
15

N/
14

N.  In-house standards of bovine liver and wheat were 

calibrated to international standards and ran alongside samples during analysis.  

Duplicate analyses (n=80) generally agreed to within 0.2‰ for both C and N. 
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2.2.7  Fossil Pigment Analysis 

 Fossil pigments provide insight into past algal community composition and 

abundance within lacustrine systems (Leavitt and Findlay 1994; Reuss et al. 2010).  Algal 

pigments were isolated using High-Performance Liquid Chromatography (HPLC) and 

prepared following general methods outlined by Leavitt and Hodgson (2001).  Briefly, 

under low light, freeze-dried sediment (~10 to 120 mg) was added to a 4-dram glass vial 

and extracted using a solution of 80:15:5 HPLC-grade acetone, methanol, and water, 

respectively.  The actual amount of sediment added depended on capacity to elicit a 

visible colour-change, which varied with organic content according to lake and core 

interval.  After extracting for 24 hr at -15°C, supernatants were filtered through a 0.22-

μm- pore PTFE filter to remove suspended particulates.  Vials were stored at -25°C until 

analysis. 

 Pigment extracts were dried under inert N2 gas.  Residues were re-suspended in 

500 to 2000 μL of injection solution, depending on pigment concentration.  The injection 

solution contained 3.2 mg L
-1

 of Sudan II, which served as an internal standard, and a 

70:25:5 by volume mixture of HPLC-grade acetone, ion-pairing reagent (IPR), and 

HPLC-grade methanol, respectively.  The IPR stock solution was composed of 1.875 g 

tetra butyl ammonium acetate, 19.25 g “Sigma®” grade ammonium acetate, and 250 ml 

nanopure H2O (Leavitt and Hodgson 2001). 

 Carotenoids, chlorophylls, and derived compounds were isolated using a Hewlett 

Packard 1100 HPLC system equipped with a photodiode array detector at the IECS.  The 

system was calibrated using authentic standards from the U.S. Environmental Protection 
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Agency and Danish Hydraulic Institute (Denmark), following procedures outlined by 

Leavitt and Hodgson (2001).  Sedimentary pigments were expressed as nmol g
-1

 organic 

matter (OM), as was derived from percent C (%C) estimates of HCl-acidified sediment.  

These units account for bias associated with post-depositional sediment diagenesis and 

are linearly related to measured phytoplankton biomass in whole-lake experiments and 

decade-long monitoring programs (Leavitt and Hodgson 2001). 

 Pigments were tentatively identified by chromographic position and characteristic 

absorbance spectra (Jeffrey et al. 1997).  Working standards from vascular plants 

(Geranium leaf; Pelargonium spp.) and Anabaena spp. were used to estimate retention 

times of known biomarkers.  Algal biomarkers included the carotenoids fucoxanthin 

(siliceous algae and some dinoflagellates), alloxanthin (cryptophytes), diatoxanthin 

(mainly diatoms and some chrysophytes), lutein and zeaxanthin (chlorophytes and 

cyanobacteria), canthaxanthin (colonial cyanobacteria), echinenone (cyanobacteria), and 

β-carotene (total algae), whereas broader indicators were provided by the chlorophylls 

chl-a (total algae) and chl-b (chlorophytes and higher plants), as well as respective 

degradative products pheophytin (pheo) a and b.  Because lutein and zeaxanthin co-eluted 

during HPLC analysis, their sum was interpreted as indicating the abundance of “total 

bloom-forming taxa”, and instead, chlorophytes were measured as the sum of chl-b and 

pheo-b.  The ratio of chl-a to pheo-a was used as a preservation index to determine the 

degree of labile pigment degradation (Leavitt and Hodgson 2001).  Additional 

cyanobacterial pigments from colonial taxa (aphanizophyll and myxoxanthophyll) and 

ultraviolet radiation absorbing compounds (Leavitt et al. 1997) were rarely detected in 

the study lakes and were not included in further analysis.  
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2.2.8  Statistical analysis 

Site Selection – Non-metric multidimensional scaling (nMDS) was used during 

the initial site selection to reduce the multidimensionality of water chemistry data.  

Physicochemical properties included were surface area, depth, chl-a, NH4-N, TN, TP, 

DOC, DIC, Cl
-
, SO4

2-
, Si, Alk, Si, and pH.   nMDS was preferred to other possible 

ordination techniques because it reduced the influence of outlier lakes and favoured 

identification of similar lakes in two-dimensional 2D ordination space.  A distance matrix 

based on Euclidean distances for the nMDS was used as the dataset did not contain 

missing values.  The physicochemical variables were root-transformed prior to nMDS 

analysis. 

Generalized Additive Modeling – Generalized additive models (GAMs) were used 

to model historical trends in geochemical and pigment time series and test if trends were 

similar among lake categories.  In this procedure, GAMs fit smoothing terms that 

incorporate non-linear relationships among covariates.  The format of the models is 

summarized depending on the proxy as: 

  

E(µi) = αj(Category) + f1j(Time) + f2k(Time) + εi     (2.2) 

εi ~ Gamma(θ) or N(0, σ
2
) 

 

where E(µi) is the link function, αj  represents the main effect of lake category (j) that 

centered the time trend to individual lakes, f1j  is the categorical smoothing spline term 

(i.e. the overall common trend),  f2k models lake-specific (k) departure from the common 
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trend using factor interaction smooths, and εi is the distribution of error.  Models for 

fossil pigment concentrations and C/N ratios used error distributions from the gamma 

family with a log link-function, while models of isotope ratio time series used a Gaussian 

error distribution using the identity link.  Models were parameterized using restricted 

maximum likelihood (REML) and fitted with thin plate splines.  These smoothers are 

appropriate for modelling effects of few covariates to a large dataset as well as account 

for temporal autocorrelation. 

 Three models were evaluated to determine whether responses were site-specific or 

fit the factorial study design.  Model Lake assumed lake-specific variation through time 

and tested the hypothesis that each lake behaved uniquely (see Appendix Table A1).  

Models Factorial and M3 assumed lakes fit into predetermined categories and evaluated 

whether a common trend could be extracted for the grouped lakes.  The former tested if 

lakes belonged the four categories outlined in the factorial design (IP, IN, RP, RN).  

Since preliminary analysis of some proxies suggested coherent trends in reference and IN 

lakes, the M3 model was developed to test whether these three categories could be 

grouped into a single term representing regional trends in the boreal forest (term B).  

Additionally, it allowed for a different response to occur in IP lakes than that of the 

regional pattern.   

Candidate models were compared to identify the most parsimonious model (i.e. it 

explained similar amount of variation while using significantly fewer effective degrees of 

freedom) using percent deviance explained and the conservative Bayesian Information 

Criterion (BIC).  Categorical smoother significance used an α = 0.05, and the effective 

degrees of freedom (EDF) used by each term were reported.  The EDF indicates the 
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amount of smoothing, such that values nearing 1 suggest a linear relationship.  Statistical 

analyses were performed in Ver.3.3.1 of R using packages ggplot2 (Wickham 2009), 

nlme (Pinheiro et al. 2016), and mgcv (Wood 2011).  Visual representations of selected 

models included predicted smoothing splines and observed data.   

 

2.3  RESULTS 

2.3.1  
210

Pb chronology 

 The range of coefficients of determination (R
2
)
 
between 

210
Pb activity and the 

CRS model over all study lakes was 0.69-0.99.  Except for two lakes (2L and 10Y), most 

lakes exhibited first-order exponential decay with depth and obtained R
2 

values greater 

than 0.80, with the majority higher than 0.90 (see Appendix Fig. A1).   Lakes 2L and 10Y 

had R
2
 values of 0.69 and 0.72, respectively, and thus their chronologies should be 

interpreted with caution.  Nonetheless, all profiles were sufficiently robust to allow 

comparison of historical trends with the key chronological elements of AOSR 

development (onset ca. 1967, acceleration ca. 1980). 

Background activity of supported 
210

Pb was reached at differing depths and 

allowed for decadal to sub-decadal temporal resolution since 1900 for most chronologies.  

Thus, analyses were carried out at intervals of 0.5 cm to 1.0 cm.  The depth in which 

background was reached ranged from 5-15cm (10A, 11G, 13L, 13N, 17F, 17P) , 15-25cm 

(2L, 9C, 17J, 17V),  25-35cm (2F, 2Q, 6E, 10E), and 40cm (10Y).  In general, 

background levels were reached at deeper intervals in N-limited lakes, suggesting higher 

sedimentation rates than in P-limited lakes.  Due to overall low sedimentation rates, lakes 

17F and 17P only achieved ~12-15 year resolution.  
210

Pb profiles indicated that 
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sedimentation rate has changed in some lakes since 1900.  Lake 2L exhibited decreased 

sedimentation between 1970s and 2000s; whereas other lakes suggest increased sediment 

accumulation and/or surface mixing occurring in recent years (e.g. 2F, 6E, 10E, 10Y).  

However, despite sedimentation changes, the majority of depth-time chronologies remain 

robust and sufficient for the purposes of this study. 

 

2.3.2  Sediment biogeochemistry 

Analysis of N stable isotopes revealed that IP lakes had on average more enriched 

sedimentary δ
15

N than did other lake categories (IN, RP, RN).  Mean (± SD) δ
15

N values 

were 3.26 ± 0.47‰ for IP, -0.49 ± 0.58‰ for IN, 1.02 ± 1.88‰ for RP, and 1.93 ± 

1.25‰ for RN, with greater variability occurring in reference regions than in impacted 

lakes (Fig. 2.2a).  Overall, IP lakes varied little in δ
15

N value through time (Fig. 2.3).  

Most lakes in the IN category (10E, 6E, and 10Z) declined ~1-2‰, although the timing 

varied among lakes from ~1940 to 1980, whereas the remaining lakes (10Y and 9C) only 

slightly declined.  Reference category trends were variable.  In RP, two lakes exhibited 

stable historical δ
15

N (17P and 2L) and one lake declined by 2.5‰ post 1940 (17F).  

Likewise, half of RN lakes exhibited small declines (<1‰) (17J and 17V), whereas the 

other two lakes varied little or became slightly enriched in recent years (2F and 2Q).  

When the three candidate GAMs were compared, model Lake was deemed most 

parsimonious and suggested that sites exhibited lake-specific variation in historical δ
15

N 

rather than variation according to lake categories (see Appendix A). 

δ
13

C values were more variable than those of δ
15

N and were indicative of a mix of 

C3 vegetation and lacustrine OM for most lakes (Fig. 2.2b).  Mean (± SD) values were    



 

 

 

Figure 2.2:  Boxplots for sediment proxies (a) δ
15

N, (b) δ
13

C, and (c) molar C/N by lake 

category.  Lakes arranged by impact and nutrient limitation status in the two-factorial 

study design. 
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Figure 2.3:  δ
13

C (blue; open circles) and δ
15

N (red; shaded triangles) stratigraphies for 

sixteen boreal lakes by year.  GAM smoothing trends are shown with approximate 95% 

confidence intervals (dashed lines).  Lakes are labelled according to impacted and 

nutrient limitation in the two-factorial study design. 
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-26.73 ± 1.38‰ for IP, -24.05 ± 4.10‰ for IN, -22.10 ± 5.08‰ for RP, and -25.75 ± 

3.35‰ for RN, respectively, with the majority of lakes ranging between -28‰ and -24‰.  

Higher variation was observed in IN and RP categories due to lakes 10Y and 2L, 

respectively, that exhibited enriched δ
13

C values > -16‰, indicating presence of 

macrophytes.  In general, most lakes exhibited δ
13

C depletion during the 20
th

 century, 

although changes were small (1-2‰) and timing varied among lakes (Fig. 2.3).  There 

were few temporal trends in the historical δ
13

C value in IP and reference lakes, whereas 

IN lakes exhibited more extensive depletions over the past 100 years (e.g. 3‰ in lake 

10Z).  As observed from δ
15

N time series, GAM selection suggested that the site-specific 

model (Lake) was the most parsimonious fit to the δ
13

C profiles and that lake trajectory 

was basin-specific (see Appendix A).   

Overall, C/N profiles were within the expected range for a mixture of lacustrine 

algae (~6-8) and C3 terrestrial vegetation (~16), apart from IP lakes 11G and 13N that 

were greater than 16 and mainly dominated by allochthonous material (Fig. 2.2c).  

Sedimentary C/N ratios were generally low (<14), but ranged from ~8.5 (lake 9C) to ~18 

(lake 11G).  IP lakes exhibited a higher mean (± SD) C/N, suggesting predominantly 

terrestrial OM origins (15.41 ± 2.18); whereas values from IN, RP, and RN were lower 

and overlapped (IN: 11.07 ± 1.04; RP: 12.87 ± 1.13; RN: 11.46 ± 1.03; Fig. 2.2c).  

Most lakes showed a consistent decline in C/N through time, characteristic of 

progressive increase in autochthonous OM content (Fig. 2.4).  Reference and IN sites 

exhibited declining C/N since ca. 1900, particularly in IN lakes 10Y and 10Z that 

decreased by ~3.5.   Moreover, IN lakes tended to decrease below C/N values of 10,  
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Figure 2.4:  Sediment organic matter molar C/N ratios for sixteen boreal lakes by year.  

A GAM smoothing trend line (blue) is depicted with dashed lines indicating approximate 

95% confidence intervals.  The green line represents the raw percent C stratigraphy for 

each lake.  Lakes are labelled according to impacted and nutrient limitation status in the 

two-factorial study design. 
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separate from other lake categories.  Carbon content (%C by mass) was inconsistent 

among lake categories and individual basins, ranging between 10-20%, with the majority 

of reference sites and IN lakes exhibiting little temporal pattern.  In contrast to the 

regional trend of declining C/N, IP sites exhibited only slight reductions in %C and little 

change in C/N.  The exception being lake 11G that declined ca. 1980 followed by re-

establishment of historical values.  When candidate GAMs were compared, M3 provided 

the best fit to the C/N time series, indicating IP lakes exhibited a unique response (i.e. 

limited C/N change) compared to the coherent regional decline in C/N post-1970s 

observed in other lake categories (see Appendix A).   

 

2.3.3  Fossil Pigments 

 Total algal abundance (as β-carotene) increased in many of the study lakes 

although the precise trajectory of the increase varied among basins (Fig. 2.5 and 

Appendix A).  For example, although an exponential increase in algal abundance after ca. 

1970 was supported in many IN, RP, and RN lakes, β-carotene concentrations declined 

substantially post 1980 in IP lakes (Appendix Fig. A2).  Only lakes 9C, 10E, and 17P did 

not exhibit a strong increase and instead suggested little variation within error.  In 

general, temporal trends among lake categories were similar to those for total abundance 

for pigments from mixotrophic cryptophytes (alloxanthin; Appendix Fig. A3) and total 

cyanobacteria (echinenone; Appendix Fig. A4), but not for pigments from colonial 

cyanobacteria (canthaxanthin; Appendix Fig. A5), diatoms (diatoxanthin: Appendix Fig. 

A6), or chlorophytes (chl-b: Appendix Fig. A7).  Despite incoherence for some taxon-

specific pigments in lake categories IN, RP, and RN, all pigments declined in  
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concentration post 1980 in IP lakes (Fig. 2.5).  Because total cyanobacteria (as 

echinenone) exhibited increased abundance during the 20
th

 century regionally (IN, RP, 

RN), but colonial cyanobacteria (as canthaxanthin) showed few common trends among 

lakes, historical changes in echinenone were interpreted as the relative abundance of 

unicellular cyanobacteria, as done elsewhere (Leavitt and Hodgson 2001).  Consequently, 

trajectories of potentially mixotrophic algae (cryptophytes, unicellular cyanobacteria) 

appeared to vary more synchronously with total algal abundance and independently of 

taxa which are predominantly autotrophic (diatoms, chlorophytes). 

All candidate GAMs explained a high fraction of temporal variation in pigment 

time series (86-96% of fossil deviance) (Table 2.2).  Most biomarker pigments were 

described best by either Factorial or M3 models (Table 2.2), demonstrating that a priori 

lake categorization captured important difference among basins.  Only chl-b was best fit 

by model Lake. Because the term that estimated the lake-specific deviation from the 

category trend was often highly significant in Factorial and M3 GAMs (EDF > 27.28 < 

64.83, F > 13.72 < 49.34, P < 0.01), GAMs also captured sufficient basin-specific 

variation beyond that encompassed by lake categories.  However, because the 

significance of the lake categorical smoothers varied by pigment and model, it is 

necessary to compare the Factorial and M3 models and interpret each pigment trend 

individually.  

GAM analysis corroborated conclusions from raw pigment time series, indicating 

coherent declines in IP lakes while regional responses varied by taxa.  Total algal 

abundance as β-carotene was fit best by the M3 model (DF: 82.22, BIC: 2902.13),  
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Table 2.2:  Summary of model selection for pigment proxies.  For each model, the 

amount of degrees of freedom (DF), Bayesian Information Criteria (BIC), restricted 

maximum likelihood (REML), and deviance explained by the model are shown.  The 

most parsimonious model is indicated by an asterisk (*).  If two models are selected, both 

models can be considered equally parsimonious. 

 

 

Model DF BIC REML 
Deviance 

explained 

 

β-carotene 

Lake 82.80 2914.03 -1376.5 95.4% 

Factorial 84.86 2915.09 -1359.9 95.6% 

M3* 82.22 2902.13 -1357.8 95.6% 

      

Alloxanthin 

Lake 89.04 3198.06 -1508.5 96.0% 

Factorial* 81.61 3143.80 -1486.3 96.1% 

M3 81.87 3150.26 -1486.5 96.1% 

      

Echinenone 

Lake 77.32 2076.47 -951.7 90.1% 

Factorial 78.25 2072.61 -938.1 92.2% 

M3* 73.03 2048.54 -938.1 92.0% 

     

Canthaxanthin 

Lake 113.21 2563.16 -1155.2 95.3% 

Factorial 66.80 2389.73 -1124.1 93.9% 

M3* 64.09 2380.24 -1122.8 93.8% 

     

Diatoxanthin 

Lake 73.24 2938.45 -1394.6 96.5% 

Factorial* 76.06 2910.90 -1380.2 96.9% 

M3* 75.82 2911.38 -1379.5 96.9% 

      

Chl-b 

Lake* 33.47 4130.18 -2036.8 86.4% 

Factorial 45.41 4186.44 -2035.9 86.9% 

M3 44.64 4183.02 -2034.8 86.9% 
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Table 2.3:  Model summary for model M3.  The smoothing terms shown are for 

Impacted, P-limited lakes (IP) and a category combing IN and reference groups (B).  For 

each smoothing term, effective degrees of freedom (EDF), reference degrees of freedom 

(Ref.df), F-statistic, and P-value are shown.  Bolded pigments are those indicating 

significance for both lake categories. 

 

Covariate EDF Ref.df F P-value 

  β-carotene   

s(IP)* 4.91 5.61 3.14 <0.01 

s(B)* 3.78 4.34 8.37 <0.01 

s(Lake)* 67.83 142.00 25.06 <0.01 

  
Alloxanthin 

  

s(IP)* 6.56 7.20 8.47 <0.01 

s(B)* 1.31 1.39 6.88 <0.01 

s(Lake)* 64.83 140.00 33.33 <0.01 

  
Echinenone 

  

s(IP)* 4.85 5.61 3.13 <0.01 

s(B)* 3.50 4.08 5.63 <0.01 

s(Lake)* 58.90 142.00 16.24 <0.01 

  
Canthaxanthin 

  

s(IP)* 7.06 7.63 16.90 <0.01 

s(B) 1.00 1.00 0.00 0.95 

s(Lake)* 49.20 142.00 32.48 <0.01 

  
Diatoxanthin 

  

s(IP)* 7.09 7.62 6.66 <0.01 

s(B) 1.02 1.03 0.43 0.51 

s(Lake)* 61.60 142.00 50.7 <0.01 

  
Chl-b 

  

s(IP)* 3.47 4.23 2.52 <0.01 

s(B) 1.02 1.04 1.66 0.21 

s(Lake)* 30.14 142.00 18.50 <0.01 

* = calculated P-value for term is significant at α = 0.05 
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although the performance of the model Factorial was significant and similar (DF: 84.86, 

BIC: 2815.09) (Table 2.2).  Time series of pigments from cryptophytes (alloxanthin) and 

cyanobacteria (echinenone) were best explained by Factorial and M3 GAMs, 

respectively, with each explaining over 92% of the fossil deviance (Table 2.2).   

Interestingly, although reference categories (RP, RN) were not significant in model 

Factorial for alloxanthin time series, the regional term B in model M3 was significant 

(Table 2.3).  This suggested that non-significance for RP and RN was driven by outlier 

lakes.  As model M3 was a better fit for alloxanthin than the site-specific model, I 

focused on the former model for simplicity, although model Factorial suggests similar 

conclusions (see Appendix A).  Taken together, common trends indicate that total 

abundance (β-carotene), cryptophytes (alloxanthin), and cyanobacteria (echinenone) have 

increased in concentration regionally, with concentrations of all three pigments declining 

in IP lakes post ca. 1980 (Fig. 2.5). 

Although the most parsimonious models differed for canthaxanthin, diatoxanthin, 

and chl-b, if pigments were fit with Factorial or M3 GAMs, historical trends were only 

statistically significant for the IP category (Table 2.2 and 2.3).  Not surprisingly, the Lake 

model provided the most parsimonious description of historical changes in chlorophyte 

(chl-b) abundance (DF = 33.47, BIC = 4130.18), which assumed each lake exhibited a 

unique response.  Time series of colonial cyanobacteria (canthaxanthin) were best fit by 

model M3 (DF = 64.09, BIC = 2380.24) and that for diatoms (diatoxanthin) were equally 

fit by models Factorial and M3 (DFFactorial = 76.06, BICFactorial = 2910.90; DFM3 = 75.82, 

BICM3 = 2911.38).  However, in either model, the IP category was the only significant 

categorical term, despite the high amount of EDF used (3.46-7.09; Table 2.3), suggesting 
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significance was driven by the unique decline in concentrations in IP lakes, whereas the 

regional response was basin-specific (Fig. 2.5). 

 

2.4  DISCUSSION 

Analysis of fossil pigments and sediment biogeochemistry demonstrated that P-

limited lakes within the plume of Nr emissions from the AOSR experienced a unique 

oligotrophication concomitant with industrial development.  Specifically, analysis of 

pigment time series with GAMs illustrated that total algal abundance (as β-carotene, 

declining C/N ratios), as well as that of unicellular cyanobacteria (echinenone, not 

canthaxanthin) and mixotrophic cryptophytes (alloxanthin), increased regionally in IN, 

RP, and RN lakes, whereas all algal groups declined significantly after ca. 1980 in IP 

lakes alone (Table 2.3, Fig. 2.5).  In contrast, historical trends of pigment biomarkers 

from diatoms, chlorophytes, and colonial cyanobacteria, as well as δ
13

C and δ
15

N values 

(Fig. 2.3 and 2.4) were inconsistent among individual lakes and categories (Table 2.3 and 

Appendix Table A3).  Overall, the increase in abundance of potentially mixotrophic algae 

is consistent with effects of regional climate change, including increased temperature, 

elongated ice-free seasons, altered hydrology, and an elevated DOM influx to lakes (see 

Appendix Fig. A11) (Schindler and Donahue 2006; Zhang et al. 2010; Turcotte et al. 

2014).  However, AOSR-derived Nr deposition does not appear to have fertilized 

impacted lakes directly as indicated by inconsistent change in δ
15

N and lack of a 

differential increase in primary production in IN lakes (Fig. 2.3 and 2.5).  Instead, 

enhanced deposition may have indirectly facilitated oligotrophication of P-limited lakes 

by promoting forest growth in northwestern SK (Appendix Fig. A9), resulting in greater 



41 

 

retention of P in the catchment and reduced P runoff, a response noted elsewhere 

(Solberg et al. 2004; Hessen 2013; Meunier et al. 2016).  Taken together, these patterns 

suggest a detrimental effect of industrial development on lakes located over 100 km 

downwind of the AOSR, primarily through changes in terrestrial-aquatic linkage. 

 

2.4.1  Sediment biogeochemistry 

Sources of N to SK lakes – Analysis of sedimentary N isotopes provided some 

evidence that industrial activity in the AOSR directly altered N biogeochemistry in the 

downwind surveyed lakes of northwestern SK (Fig. 2.3).  For example, sedimentary δ
15

N 

declined in three impacted, N-limited lakes (6E, 10E, 10Z), consistent with the deposition 

of isotopically-depleted Nr from industrial sources and its subsequent uptake by algae.  

Furthermore, these changes occurred concomitantly with intensification of AOSR 

development after 1980, whereas δ
15

N values of IP lakes do not decline post-1980, 

perhaps indicating that AOSR-derived Nr was not assimilated by the algae directly (Fig. 

2.3).  The majority of Nr emitted from the AOSR is from vehicle sources for which the 

total emissions and δ
15

N values are poorly constrained (Proemse et al. 2013; Clair and 

Percy 2015).  Enhanced regional, industrially-derived δ
15

N-NO3 deposition following the 

onset of intensified fossil fuel burning has been recorded for diverse locations, including 

in ice cores (Hastings et al. 2009), alpine lakes (Spaulding et al. 2010; Hobbs et al. 2011), 

temperate and boreal lakes (Holtgrieve et al. 2011), and lakes near the AOSR (Curtis et 

al. 2010).  Thus, it remains possible that differences in historical trends in δ
15

N values 

reflect a combination of mechanisms, including variation in natural and anthropogenic N 

sources, nutrient limitation status of Nr-receiving lakes, and forest processes.  Despite this 
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uncertainty, the observation that RN lakes did not exhibit significant change in 

sedimentary δ
15

N values ca. 1980 (Fig. 2.3) suggests that regional Nr deposition from 

diffuse, non-AOSR sources was not a substantial source of depleted δ
15

N-NOx to SK 

lakes (e.g. Holtgrieve et al. 2013). 

Nutrient limitation status may account for a lack of historical change in 

sedimentary δ
15

N in IP lakes, despite these lakes presumably receiving isotopically-

depleted Nr from the AOSR (Fig. 2.3).  Final algal and sedimentary δ
15

N values depend 

on the uptake of DIN by planktonic and benthic algae as well as any transformations that 

may occur during the settling of detrital material (Meyers and Terranes 2001; Galloway 

2005).  When N supply limits algal growth, final discrimination against heavy isotopes is 

lower according to Rayleigh distillation processes (Kendall et al. 2007) and resulting N 

isotope values in particulate OM are similar to those of source N (Hobbs et al. 2016).  In 

contrast, because P-limited lakes have sufficient N to sustain requirements for algal 

production, excess Nr would become mixed with ambient DIN, and OM would be less 

likely to reflect the unique anthropogenic δ
15

N value.  However, given that differential 

increases in production in IN lakes were not observed, it is suggested that if enhanced Nr 

is utilized by algae, the amount is insufficient to elicit a response given other drivers of 

increased abundance. 

Local development of wetland and terrestrial fixed N sources may have 

influenced historical mean δ
15

N values in SK lakes (Fig. 2.2a).  An exploratory RDA 

analysis demonstrated that both sediment δ
15

N and C/N were positively related to DOC 

concentration and percent peatland in the catchment, whereas both were negatively 

related to the amount of deciduous forest (see Appendix B).  Peatlands are sources for C-
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rich DOM (Olefeldt et al. 2013), and the amount of DOC in northwestern lakes in SK is 

related to peatland abundance and flushing rates (Scott et al. 2010).  Moreover, these 

systems serve as denitrification hotspots, which can preferentially off-gas 
14

N, and 

subsequently enrich leftover OM with 
15

N (Lindau et al. 1997; Wray and Bayley 2007).  

In contrast, in alpine settings, DOM-N may have an isotopic value at, or slightly below, 

atmospheric values.  Greater abundance of deciduous vegetation, such as N2-fixing 

species (e.g, Alnus spp.), can deplete δ
15

N-DOM while increasing DOC concentrations 

(Bunting et al. 2010).  In the boreal forest, nitrogen cycling and mineralization is greater 

in trembling aspen stands than jack pine (Laxton et al. 2012; Jung et al. 2013), reflecting 

higher litter quality with lower C/N content in broadleaf forests than in coniferous stands 

(Hagedorn et al. 2003; Jung et al. 2013).  Following transfer to regional lakes, these high 

N sources can elevate N input and depress C/N in sediments.  Moreover, since pigments 

for N2-fixing cyanobacteria were not detected, the contribution of in-lake fixation was 

likely negligible.  Instead, greater microbial diversity in deciduous forest may promote 

terrestrial N2-fixation, further supporting lower δ
15

N values.  Given these relationships, it 

is expected that greater deciduous forest extent should result in depleted sediment C/N 

and δ
15

N; alternatively, higher peatland incidence causes 
15

N-enrichment, highlighting 

the importance of the catchment in determining nutrient influx in these boreal lakes 

Differences in historical trends in δ
15

N values may also reflect variation as a result 

terrestrial vegetation N uptake.  The amount of N reaching these lakes is determined by 

how much remains in and is filtered by the forested catchment.  In alpine lakes in western 

U.S., the threshold value of Nr deposition to stimulate diatom production has been 

estimated at ~1.4 kg Nr ha
-1

 yr
-1

 wet deposition (Saros et al. 2011), which is within the 
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range occurring in SK assuming direct input to surface waters (1.0-2.0 kg Nr ha
-1

 yr
-1

; 

Fenn et al. 2015).  In contrast, critical loads are higher in forested catchments than those 

with minimal vegetation, approximating 3.5 to 6.0 kg Nr ha
-1

 yr
-1

 (Baron et al. 2011).  

Fertilization experiments in western Canada boreal forest suggest that regional soils are 

under-saturated with respect to N supply (Jung et al. 2013) and that the terrestrial 

environment remains N-limited.  Greater soil N retention and terrestrial uptake would 

reduce export of deposited Nr (Hobbs et al. 2016) and may affect the ability of lake 

sediments to reflect AOSR-derived Nr.   

Sources of C to SK lakes – Sedimentary C isotope values exhibited little change 

with time in most lakes (Fig. 2.3), but mean δ
13

C values often differed across and within 

lake categories (Fig. 2.2b).  Overall, δ
13

C values indicated that sedimentary OM 

originated from a mixture of terrestrial and aquatic sources (δ
13

C ~ -32 to -25‰), though 

the majority of P-limited lakes exhibited greater terrestrial influence (Meyer and Terranes 

2001; Jung et al. 2013).  Sedimentary C/N values corroborate this finding as IP lakes 

exhibited higher mean values, whereas most other lakes had values less than 16 (Fig. 

2.2c).  Similar values are observed in lakes in northern Alberta where sedimentary δ
13

C 

and C/N values are generally less than -28‰ and between 11-18, respectively (Curtis et 

al. 2010).   

Differences in the proportion of allochthonous or autochthonous OM dominance 

according to limitation status may account for some variation in δ
13

C and C/N values 

(Fig. 2.2b-c).  Exploratory RDA analysis demonstrated that surface sediment C/N value 

was negatively related to lake trophic status (as TP concentration; Appendix Fig. B1), 

indicating that more productive lakes had greater autochthonous production.  Indeed, N-
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limited lakes were slightly more productive than P-limited lakes as the former tended to 

support higher summer chl-a concentrations (Table 2.1).  Analysis into catchment 

impacts showed that catchment area to lake surface area ratio exhibited a negative 

relationship to δ
13

C (Appendix Fig. B2).  This further suggested that surface sediments 

were more depleted in basins with substantial terrestrial OM influx.  In particular, IP 

lakes remained near δ
13

C values of ~ -28‰, and C/N greater than 12, indicated strong 

allochthonous OM input in these systems.  N-limited categories instead exhibited C/N 

values less than 14 and proportionally greater autochthonous OM (Fig. 2.2 and 2.3). 

Unlike most study lakes, sediments from some sites (e.g., lakes 10Y (IN) and 

2L(RP)) exhibited greatly enriched δ
13

C values (~ -16‰) characteristic of greater 

contribution of macrophytes to total OM content (Meyers and Terranes 2001).  

Consistent with this interpretation, analysis of sedimentary diatom composition shows 

that both lakes exhibit a high proportion of benthic taxa (Laird et al. under review).  

However, because benthic diatoms were also abundant in other lakes where δ
13

C values 

were relatively depleted (e.g., lakes 9C (IN) and 11G (IP)), it is recognized that other 

factors may be influencing δ
13

C and gross diatom composition, including local 

physicochemical properties.  For example, benthic production likely dominates sediment 

OM in lake 2L due to lower depth and thus less influence of phytoplankton community.  

 

2.4.2  Regional climate change effects on algal communities 

 According to GAM evaluation, total algal abundance increased regionally (IN, 

RP, and RN lakes) in the surveyed lakes over the last century concurrent with increases in 

potentially mixotrophic cryptophytes and unicellular cyanobacteria (Fig. 2.5).  
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Specifically, model M3 was a more parsimonious fit to historical changes in 

concentrations of fossil β-carotene, echinenone, alloxanthin, and the C/N ratio than was 

the site-specific Lake model, lending evidence to coherent increase in aquatic production 

(Table 2.2; see Appendix A).  Although the common trend was to increasing algal 

abundance, some lakes within categories exhibited high prediction error (e.g., alloxanthin 

in RP lake 17P).  This variation likely caused some terms to be non-significant in the 

Factorial model, despite an overall good fit.  Nonetheless, the presence of a common 

signal in both impacted and reference systems was consistent with the expected changes 

in boreal lake production, chemistry, and hydrology as a result of regional climate change 

in central and western Canada (reviewed in Turcotte et al. 2014). 

Increased algal production has been inferred for boreal lakes (Curtis et al. 2010; 

Karmakar et al. 2015; Summers et al. 2016), as well as for differential shifts to 

mixotrophic and cyanobacterial taxa in subarctic to temperate regions (Stevenson et al. 

2015; Taranu et al. 2015).  Similar to findings of the present study, Curtis et al. (2010) 

recorded declining sedimentary C/N ratio and δ
13

C value as well as a shift towards 

diatom assemblages characteristic of nutrient-enriched conditions during the 20
th

 century 

in remoted lakes north of the AOSR.  In addition, Summers et al. (2016) found 

asynchronous increases in lake production inferred by sedimentary reflectance, while 

Hazenwinkel et al. (2008) and Laird et al. (2013) show that diatom flux to sediments in 

regional lakes have increased since the mid-1900s.  Declines in sedimentary δ
13

C 

recorded herein (Fig. 2.3) are consistent with increased algal growth and use of 
13

C-

depleted, respired CO2 by algae seen in other oligotrophic systems (Brock et al. 2006; 

Bunting et al. 2010).   However, historical patterns should be interpreted with caution 
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because the 1-2‰ declines in δ
13

C (Fig. 2.3) were within the range (~1.4) expected to 

result from depletions in atmospheric δ
13

C-CO2 due to fossil fuel use as described by the 

‘Suess effect’ (Schelske and Hodell 1995).  Fortunately, the use of chemically-stable, 

ubiquitous metrics of total algal abundance in the present study provide indication of 

changes in aquatic primary production, as well as the variation in gross community 

composition which drive these changes (Fig. 2.5, Appendix A) (reviewed in Leavitt 

1993; Leavitt and Hodgson 2001).   

Regional warming is the most likely driver of algal abundance and community 

composition observed in the northwestern SK boreal forest.  The boreal forest in this 

region has warmed by 2-4°C over the last 40 years (Schindler and Lee 2010), resulting in 

longer ice-free growing seasons (Environment Canada 2008; Turcotte et al. 2014).  As 

noted in Leavitt et al. (2009) increased energy influx favours coherent regional response 

of lake ecosystems.  Warmer water temperatures enhance algal nutrient-use efficiency 

(Domis et al. 2013) and cause thermocline deepening and photic zone expansion (Findlay 

et al. 2001), which can promote increased primary production.  In particular, warmer 

climate during spring and fall relieves temperature constraints on algal abundance, 

resulting in a strong relationship between water temperature and phytoplankton 

abundance as growing season lengthens (Bergström et al. 2013).  Increased vernal and 

autumnal temperature can also increase terrestrial production and nutrient mineralization, 

resulting in higher soil nutrient concentrations and export to lakes (Gaudio et al. 2015). 

Pigment analyses suggest that climate change may have restructured gross algal 

community composition to favour predominance of mixotrophic taxa.  Specifically, 

biomarkers from unicellular cyanobacteria and cryptophytes showed strong coherence 
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among IN, RP, and RN lake categories, while more autotrophic groups (diatoms, 

chlorophytes) exhibited a less synchronous response across surveyed lakes.  Prolonged 

water column thermal stability also provides a competitive advantage to flagellate 

species, like cryptophytes (Mendes et al. 2013), and buoyancy-adapted cyanobacteria 

(Taranu et al. 2012).  This may also result in selective loss of diatoms from the photic 

zone in some lakes.  Similarly, cyanobacteria occurrence has increased in the northern 

hemisphere since ca. 1900 (Taranu et al. 2015) and is expected to increase further under 

warming climates (Karmakar et al. 2015) due to higher temperature optima (O’Neil et al. 

2012).  Although most of these predictions focus on colonial cyanobacteria rather than 

the unicellular response, results from this study reiterate patterns of increased dominance 

of cyanobacteria with warming climate. 

Changes in precipitation regimes may have influenced historical trends in algal 

assemblages during the past century.  Although annual precipitation and hydrologic flow 

has declined in Western Canada (Schindler and Donahue 2006; Sauchyn et al. 2015), fall 

precipitation has increased by 17% since 1950 and heavy rainfall events have become 

more frequent (Zhang et al. 2011).  In most instances, spring freshet resulting from rapid 

snow melt is the main source of DOM and nutrients to boreal lakes (Sponseller et al. 

2014).  Increased DOM influx has been linked to recent expansion of mixotrophic 

cryptophytes and cyanobacteria elsewhere (Moorhouse et al. 2014; Stevenson et al. 2016; 

Ady and Patoine 2016), and is correlated with climate change impacts, such as greater 

summer precipitation (Zhang et al. 2010), more frequent storms (Sparber et al. 2015), and 

enhanced terrestrial production (Larsen et al. 2011).  Elevated DOM may provide a direct 

resource to mixotrophic unicells (Jones 2000) or select for buoyant and flagellate taxa 
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through altered light regime (Reuss et al. 2010).  Consistent with this interpretation, 

previous studies have demonstrated that SK boreal forest production (Pouliot et al. 2009; 

Appendix Fig. A9) has increased over the past 20-30 years, which would presumably 

favour mixotrophic taxa by increasing DOM export. 

  

2.4.3  Effects of AOSR emissions on downwind lakes 

 Analysis of fossil pigments and sediment biogeochemistry suggest that AOSR 

development resulted in an oligotrophication of presently P-limited lakes through an 

indirect mechanism via the catchment that reduced P runoff.   Overall, this study did not 

find evidence for surface water eutrophication as a result of AOSR-derived nutrient 

enrichment.  Instead, abundance of all algal groups (as fossil pigments) declined 

concomitant with AOSR intensification ca. 1980, leading to a pronounced and 

statistically significant reduction in algal abundance of P-limited systems in the region 

receiving industrial Nr (Fig. 2.5).  Such suppression of production has been predicted 

elsewhere as a potential result of chronic, low-level Nr deposition in forested catchments 

(Hessen 2013).  Oligotrophication of aquatic systems is thought to occur when soil 

concentrations are below saturation, and enhanced atmospheric Nr deposition fertilizes N-

limited forests, increasing growth of terrestrial vegetation.  This stimulated forest 

production sequesters nutrients and reduces nutrient export to lakes.  Furthermore, 

because oligotrophication was not observed in either reference region, climate change 

alone is unlikely to have reduced algal abundance in IP lakes.  Instead, the replicated 

factorial design shows that lake changes are most consistent with declining primary 

production of aquatic ecosystems as a consequence of AOSR development. 
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Stimulated terrestrial primary production in surrounding regions due to AOSR-

derived deposition has been observed previously, such as increased tree growth and 

greater understory abundance and biodiversity (McDonald 2015a, 2015b).  In contrast, 

NDVI measurements in SK suggest that terrestrial production has increased in both 

impacted and reference areas sin the mid-1980s (see Appendix Fig. A9; Ahern et al. 

2010).  In other regions, anthropogenic Nr deposition has enhanced global forest 

production rates, with deposition rates less than 10 kg Nr ha
-1

 yr
-1

, resulting in higher 

rates of C sequestration in temperate regions (Magnani et al. 2007).  For example, Savva 

and Berninger (2010) determined a positive relationship between tree growth and Nr 

deposition in northern European forests over a deposition range that is similar (~0.4-4.0 

kg Nr ha
-1

 yr
-1

)
 
to that observed in northwestern SK forests (~1.0-2.0 kg Nr ha

-1
 yr

-1
) 

(Fenn et al. 2015).  Given a sufficient deposition rate, enhanced atmospheric Nr input has 

also been demonstrated to override climate effects (e.g., increased temperature) in 

explaining forest growth across Europe (Solberg et al. 2004; de Vries and Posch 2011).  

In all cases, forests responded positively to chronic, low-level Nr enrichment because 

soils remained unsaturated with N, minimizing N exceedances, and retaining deposited 

Nr in the catchment (Greaver et al. 2012).
 

In addition to elevated tree growth, changes in understory vegetation are expected 

to occur with terrestrial N enrichments.  Due to rapid growth, tissue turnover rates, and 

diversity, this community is likely more responsive to Nr impact than tree stands (Pardo 

et al. 2011).  Although they account for less of the overall forest biomass, herbaceous 

plants are responsible for a large percentage of litter production, internal nutrient cycling, 

and other important ecosystem-level services (Elliott et al. 2015; Gilliam et al. 2016).  
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Moreover, deposited Nr is most active in soil surface layers and likely rapidly assimilated 

by understory species (Hagedorn et al. 2003).  McDonald (2015a, 2015b) observed 

stronger positive effects on the understory community in response to AOSR pollution, 

both in terms of growth and plant biodiversity.  Because satellite analysis using NDVI 

mainly records overstory production, the overall forest community response to enhanced 

Nr deposition may be underestimated by remote-sensing estimates. 

In principle, enhanced base cation deposition is also capable of stimulating 

terrestrial productivity and causing local lake oligotrophication.  Snowpack surveys by 

SME indicate that base cation concentrations are higher within this study’s impacted zone 

than reference areas (Scott et al. 2010, and unpublished data).  Current base cation 

deposition rates suffice to mitigate potential acidification effects of AOSR-enhanced S 

and N deposition (Watmough et al. 2014).  These molecules serve as micronutrients for 

vegetation, which may be particularly important in the SK boreal forest where low 

weathering rates contribute to relatively low soil cation concentration (Jeffries et al. 

2010).  Additionally, synergetic effects of concurrent Nr and cation deposition may be 

expected since fertilization with both nutrients often results in higher growth response in 

than N alone (Harpole et al. 2011; Binkley and Högberg 2016).  Therefore, even though 

lakes were selected with high ANC, it is appropriate to refer to the collective impact of Nr 

and base cations as ‘nutrient input’ to regional terrestrial ecosystems. 

Taken together, enhanced deposition of nutrients derived from AOSR emission 

are likely influencing algal communities in remote boreal lakes via interactions with the 

catchment.  At current deposition rates (~1.0-2.0 kg Nr ha
-1

 yr
-1

; Fenn et al. 2015), the 

region does not exhibit signs of N leaching (Laxton et al. 2012), suggesting that the 
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majority of deposited Nr likely remains in the catchment.  Moreover, Nr deposition 

promotes tighter internal nutrient cycling in forests, including higher mineralization rates, 

lower leaf C/N and higher litter quality, stimulated decomposition, as well as greater P 

reabsorption rates (Berg and Matzner 1997; Laxton et al. 2012; See et al. 2015).  Thus, 

intensified mineralization and P resorption in surrounding forests would translate to 

reduced nutrient export and water column concentration in receiving water bodies. 

 

2.4.4  An integrative mechanism 

Based on the result from this study and supported by previous research on 

atmospheric nutrient deposition, I propose a mechanism that incorporates a holistic view 

of algal community dynamics, external drivers (i.e. nutrient deposition and climate 

change), and catchment capabilities of altering mass inputs to lakes (Fig. 2.6).  In 

determining how lake biota respond, the integrative mechanism proposed places 

particular emphasis on how external drivers of change influence lakes via direct and 

indirect pathways, which rarely occur linearly (Blenckner 2005; Leavitt et al. 2009).   

Over the last century, rising temperatures in the SK boreal forest have promoted 

terrestrial and aquatic primary production, as well as greater cyanobacteria abundance.  

Enhanced DOC export, as a secondary result of enhanced forest litter production and 

hydrologic flushing of soils and peatlands, further supports the development of 

potentially mixotrophic populations of cryptophytes and unicellular cyanobacteria.  In 

contrast, the response of other taxa, such as chlorophytes and diatoms, are more 

individualistic and depend in part on local physicochemical properties of lakes.  Second, 

enhanced nutrient deposition (as both Nr species and base cations) from upwind AOSR 
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Figure 2.6:  Conceptual diagram illustrating gross algal community changes in northern 

Saskatchewan lakes in response to AOSR nutrient deposition and climate change 

impacts.  The numbered arrows indicate the following mechanisms: (1) phosphorus (PO4) 

export, (2) warming regional temperature, (3) increased regional dissolved organic matter 

(DOM) subsidies, (4) atmospheric nutrient deposition, and (5) forest nutrient 

sequestration.  Dashed lines indicate relatively weaker input.  Black and orange lines 

indicate mass and energy processes, respectively (reviewed in Vogt et al. 2011).  Green 

arrows demonstrate relative changes in primary producer biomass. 
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development has the potential to override climate stimulation of growth, through changes 

in the intensity of terrestrial-aquatic biogeochemical linkages.  Specifically, atmospheric 

nutrient deposition stimulates growth of terrestrial plants, reduces P runoff, and results in 

a non-selective reduction in algal abundance and an oligotrophication of P-limited 

systems.  The collective interaction between climate change and industrial development 

creates unique stresses to P-limited lakes downwind of the AOSR and emphasizes the 

biogeochemical connection between terrestrial and aquatic components. 

 

2.6  CONCLUSION 

 This study represents the first indication of an AOSR impact on remote lakes in 

SK and outlines a potential mechanism in which enhanced nutrient deposition alters gross 

algal community composition in northwestern SK lakes (Fig. 2.6).  Moreover, it reiterates 

that the effect of chronic, low-level atmospheric nutrient deposition on natural systems is 

complex, with findings herein providing a baseline for new studies investigating how 

AOSR development has altered terrestrial-aquatic linkages.  Regional changes in algal 

community composition in these lakes seems to be driven by factors associated with 

climate change (e.g., lengthened growing season, earlier spring melt), resulting in a 

fundamental restructuring.  Specifically, since the mid-1900s, algal abundance has 

increased and most lakes show mixotrophic expansion, while obligate autotroph 

abundance (e.g., diatom and chlorophytes) was selected differentially on a basin-specific 

basis.  However, AOSR-derived nutrient deposition in terrestrial environments appears to 

have caused oligotrophication in P-limited lakes coinciding with rapid industrial 

development, despite sub-threshold Nr deposition rates.   
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Because AOSR production rates are expected to double within the next two 

decades (CAPP 2015), continued monitoring of the health of remote lakes is warranted to 

identify possible onsets of direct fertilization effects, such as those seen in western North 

American alpine regions (Baron et al. 2011; Saros et al. 2011).  This study presents novel 

insights into ecosystem-level responses to anthropogenic impacts and illustrates that 

AOSR-derived atmospheric nutrient deposition has affected processes in remote SK 

lakes.  Moreover, it emphasizes that catchment interactions may lead to counterintuitive 

responses in biota, which need to be disentangled to understand how human activities 

affect natural systems. 
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CHAPTER 3: Synthesis and Future Directions 
 

3.1  SYNTHESIS 

 This thesis utilized a novel factorial paleolimnological analysis to isolate the 

unique effects of AOSR-derived atmospheric nutrient deposition and regional climate 

change on downwind lake biogeochemistry (as C and N stable isotopes and elemental 

content), algal abundance, and gross community assemblages (as fossil pigments) over 

the past ~100 years.  Results (Chapter 2) demonstrated that AOSR intensification 

occurring post 1980 coincided with non-selective oligotrophication of P-limited lakes 

receiving enhanced nutrient deposition (Fig.2.5).  Although a few IN lakes showed 

depleted δ
15

N values after ca. 1980 (Fig. 2.3), evidence does not indicate direct 

fertilization of surface waters because these impacted N-limited lakes did not exhibit a 

differential increase in total algal abundance compared to reference regions (Table 2.2; 

see Appendix A).  Rather, enhanced Nr (and possibly base cation) deposition likely 

interacts with the surrounding catchment, stimulating terrestrial primary production and 

nutrient uptake (Savva and Berninger 2010; de Vries and Posch 2011; McDonald 2015a, 

2015b), and sequestering subsequent nutrient (e.g., P) export (Solberg et al. 2004; Hessen 

et al. 2013).   

This thesis also showed that regional climate change caused fundamental 

restructuring of algal community composition in surveyed lakes over the last century.  

Increasingly warmer average temperatures and longer ice-off growing seasons in the 

boreal forest (Schindler and Donahue 2006; Turcotte et al. 2014) have resulted in 

regional (IN, RP, and RN lakes) increases in algal abundance, as indicated by 

sedimentary β-carotene concentrations and C/N ratio (Fig. 2.4, 2.5).  Results further 
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indicated that production increases were accompanied by gross algal community 

restructuring, including regional expansion of potentially mixotrophic cryptophytes and 

unicellular cyanobacteria as well as basin-specific responses in obligate autotroph 

populations.  The portion of terrestrial- to aquatic-derived OM was lake-specific (Fig. 2.2 

and 2.3), indicating that OM origin was partially dependent on local catchment and lake 

characteristics (see Appendix B).  These changes were likely facilitated by altered mass 

influxes to lakes in response to regional climate change known to promote selective 

responses in algal communities (Vogt et al. 2011).  Because analyses indicated that 

mixotrophs preferentially increased compared to other algal taxa (Fig. 2.5), larger organic 

subsidies to these lakes may provide a possible explanation for these historical trends, as 

seen elsewhere in the northern hemisphere (Larsen et al. 2013; Solomon et al. 2015).   

  

3.2  FUTURE DIRECTIONS 

This thesis outlines the need to assess the impact of AOSR emissions on both 

aquatic and terrestrial ecosystems that are distant from the upwind point source.  

Oligotrophication occurring in impacted, P-limited lakes (Fig. 2.6) suggests that AOSR-

mediated enhanced nutrient deposition has altered terrestrial biogeochemistry and thus 

the linkage between nutrient export from the catchment and in-lake algal community 

structure (Hessen 2013).  These results demonstrate that important changes may be 

occurring in the forest community as well, supporting the need for further investigating 

terrestrial responses to AOSR nutrient deposition.  While forest primary production 

measured as NDVI has increased since 1980 in the AOSR-impacted region (Appendix 

Fig. A9), these increases are not substantially greater than those in reference regions and 
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estimates only extend back 30 years.  As a result, the time series of NDVI data is too 

short to assess pre-impacted conditions prior to 1980 and cannot clearly distinguish 

AOSR-mediated production from that in response to climate warming (Larsen et al. 

2013).  Soil cores may provide useful data regarding historical forest OM production and 

help differentiate between climate and anthropogenic drivers.   

NDVI preferentially measures the overstory production, and thus changes in 

herbaceous and understory species, a community known to respond more readily to Nr 

deposition (McDonald 2015b; Gilliam et al. 2016), remains unevaluated.  Future studies 

investigating forest impacts should focus on the understory community, including 

changes in primary production, diversity, and abundance of nitrophilic species.  Foliar N 

and P content may also give insight to whether enhanced Nr deposition has stimulated 

terrestrial growth or intensified nutrient acquisition (e.g., See et al. 2015). 

Both Nr deposition and climate change influence soil biogeochemistry and 

subsequent nutrient fluxes (Gaudio et al. 2015).  To clearly demonstrate if AOSR-derived 

deposition has promoted forest nutrient sequestration, mass-balance approaches will be 

necessary to define fluxes of N, P, and DOM from the catchment to lakes in impacted and 

reference regions.  Increased DOM influx to lakes as a result of climate change is 

occurring globally and particularly in boreal systems (Zhang et al. 2011; Larsen et al. 

2013; Solomon et al. 2015), reiterating climatic control on nutrient input (Vogt et al. 

2011).  Although sediment geochemistry and mixotroph expansion and preliminary 

survey data (Appendix Fig. A11) support a trend towards greater DOM concentrations, 

empirical evidence for SK lakes regarding water chemistry and DOM influx would be an 

asset.  As organic C commonly forms metal-DOM complexes (Norton et al. 2011), 
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further evaluation of sedimentary metal concentrations, specifically aluminum, may 

elucidate historical changes in DOM.  Greater DOM quality can also result in dual 

transport of N and P to lakes, which may fertilize nutrient-limited phytoplankton 

(Daggett et al. 2015).  With continued terrestrial Nr deposition and forest production, this 

additional pathway of nutrient transport may perhaps reverse the oligotrophication 

response, resulting in stimulated algal abundance.  Moving forward, it will become 

increasingly imperative to evaluate the legacy of chronic nutrient deposition derived from 

the AOSR on boreal systems and how this may affect regional biogeochemistry, given 

intensified AOSR development in years to come. 

  Although site selection attempted to minimize local disturbances, the impact of 

these stressors cannot be completely eliminated.  Factors like forest-fires or logging may 

explain the heterogeneity observed in isotope data.  Fire can cause initial pulses of 

nutrient influx, but during recovery from disturbance, forest production typically 

sequesters N and P export (Bayley et al. 1992).  Fire is also a cause of defoliation in 

northwestern SK forests, which could impact NDVI estimates (Latifovic and Pouliot 

2014; Pouliot and Latifovic 2016).  As a result, fire occurrence and subsequent forest 

succession can influence nutrient export to lakes, affecting phytoplankton response at 

more local levels.  Logging can facilitate soil erosion and increase terrestrial export of 

substances, including minerals, OM, and nutrients (Maynard et al. 2014), resulting in 

compositional changes in local lake communities (Scully et al. 2000).  In addition, forest 

re-planting has been shown to promote OM input to lakes, selecting for expansion of 

mixotrophic taxa (Stevenson et al. 2016).  Therefore, incorporation of fire incidence as 
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well as additional disturbances into the overarching mechanism proposed would aid in 

interpretation of the site-specific response of algal communities. 

 

3.3  IMPLICATIONS FOR AOSR MONITORING 

Evaluating the impacts of AOSR development on natural systems is a central 

mandate outlined by Environment Canada (2011).  This thesis represents the first 

indication of an AOSR impact on remote lakes in SK.  Moreover, it reiterates the 

complex influence of chronic, low-level atmospheric nutrient deposition on natural 

systems, and outlines a potential mechanism for how unique effects of the AOSR have 

influenced algal abundance and gross community composition over the last century (Fig. 

2.6).  Results establish a starting-point for new studies investigating the effects of AOSR-

derived deposition, with particular emphasis on the holistic response of ecosystems to 

anthropogenic pollution.  Specifically, rather than acting via direct deposition to surface 

waters, studies should consider sub-threshold deposition rates impacting these lakes 

predominately through an indirect pathway that is filtered by the surrounding catchment.  

This alternate pathway changes the expected algal response from a shift towards nutrient-

rich conditions to a nutrient-deprived one. 

Oil production in the AOSR is expected to double by 2030 (CAPP 2015), and 

investigation is warranted to assess the impact of further AOSR development.  This study 

is the first to show that the current industrial footprint of the AOSR extends to systems 

distant from the industrial centre.  These subsequent impacts are capable of overriding 

algal community adaptations to the effects of regional climate change (Savva and 

Berninger 2010), causing important ramifications to the health of lakes.  Although current 
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deposition rates in SK are below threshold values to directly elicit adverse effects in both 

terrestrial and aquatic environments (~3.0-4.0 kg Nr ha
-1

 yr
-1

; Pardo et al. 2011; Baron et 

al. 2011), continued AOSR intensification will undoubtedly increase disturbance to 

adjacent and remote systems and will place additional stress on northern lakes.  Many of 

these lake algal communities are already altered as a result of climate impacts (Fig. 2.4 

and 2.5), and the impacts of even greater atmospheric substance deposition above critical 

thresholds remain largely unknown.  Further development of the AOSR should be placed 

within the context of a changing global environment in order to ensure a sustainable 

future for Canada’s economy and environment. 
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APPENDIX A:  Additional Chapter 2 Figures 

 

Table A1:  Summary of candidate models, input terms, and hypotheses tested.  

Categorical terms are impacted-P-limited (IP), impacted-N-limited (IN), reference-P-

limited (RP), reference-N-limited (RN), and regional boreal response (B). 

Model # 

smoother 

terms 

Categorical 

terms 

Random 

effects 

Purpose 

Lake 16 By lake No Site-specific modeling 

Factorial 4 IP, IN, RP, RN Yes Two-factorial design 

M3 2 IP, B Yes 
Modified Factorial; 

coherent variation of IP 
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Table A2:  Summary of geochemistry model evaluation for three models:  Lake, 

Factorial, and M3.  For each model, the amount of degrees of freedom (DF), Bayesian 

Information Criteria (BIC), restricted maximum likelihood (REML), and deviance 

explained by the model are shown.  The most parsimonious model is indicated by an 

asterisk (*). 

 

Model DF BIC REML 
Deviance 

explained 

δ
15

N 
 

Lake* 85.61 312.70 -81.67 98.9% 

Factorial 86.36 322.52 -75.02 98.9% 

M3 85.76 316.17 -78.94 98.9% 

δ
13

C 
 

Lake* 104.29 252.54 -56.47 99.9% 

Factorial 105.63 263.26 -49.45 99.9% 

M3 103.97 253.09 -53.80 99.9% 

C/N 
 

Lake 100.00 405.05 -126.17 99.2 % 

Factorial 98.43 396.14 -125.24 99.2 % 

M3* 95.88 385.47 -116.11 99.2 % 
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Table A3:  Model Factorial summary for geochemistry proxies.  For each smoothing 

term, effective degrees of freedom (EDF), reference degrees of freedom (Ref.df), F-

statistic, and P-value are shown.  Note that the term s(Lake) is treated as a random effect 

(re). 

 

Covariate EDF Ref.df F P-value 

δ
15

N 

s(IP) 1.00 1.00 1.12 0.28 

s(IN)* 4.87 5.49 2.16 < 0.05 

s(RP)* 2.14 2.39 3.68 < 0.05 

s(RN) 1.00 1.00 0.74 0.38 

s(Lake)* 70.03 140.00 49.80 < 0.01 

δ
13

C 

s(IP) 1.00 1.00 2.94 0.08 

s(IN)* 5.32 5.79 7.98 < 0.001 

s(RP) 2.00 2.18 3.06 0.05 

s(RN)* 1.79 1.91 2.76 0.04 

s(Lake)* 86.30 140.00 1070.81 < 0.001 

C/N 

s(IP) 1.00 1.00 0.80 0.37 

s(IN)* 4.33 4.79 11.81 < 0.001 

s(RP)* 3.21 3.60 5.76 < 0.001 

s(RN)* 3.04 3.36 5.02 < 0.001 

s(Lake)* 79.62 140.00 63.88 < 0.001 

* = calculated P-value for term is significant at α = 0.05 
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Table A4:  Model summary for two-factorial, generalized additive models for selected pigments.  For each smoothing term, effective degrees of 

freedom (EDF), reference degrees of freedom (Ref.df), F-statistic, and P-value are shown.  Note that the term s(Lake) is treated as a random effect 

(re).  Bolded pigments are those indicating significance for all four lake categories. 

Covariate EDF Ref.df F P-value  Covariate EDF Ref.df F P-value 

β-carotene  Canthaxanthin 

s(IP)* 4.92 5.62 3.17 <0.01  s(IP)* 7.07 7.64 17.00 < 0.01 

s(IN)* 2.03 2.25 4.65 <0.05  s(IN) 1.00 1.00 0.06 0.79 

s(RP)* 2.87 3.29 4.00 <0.01  s(RP) 1.00 1.00 0.04 0.84 

s(RN)* 3.71 4.25 4.11 <0.01  s(RN) 3.28 3.89 1.26 0.21 

s(Lake)* 62.24 140.00 22.33 <0.01  s(Lake)* 44.82 140.00 27.85 < 0.01 

Alloxanthin  Diatoxanthin  

s(IP)* 6.55 7.18 8.25 <0.01  s(IP)* 7.09 7.62 6.60 < 0.01  

s(IN)* 1.00 1.00 6.07 <0.01  s(IN) 1.00 1.00 0.24 0.62  

s(RP) 1.00 1.00 1.49 0.22  s(RP) 1.00 1.00 0.66 0.41  

s(RN) 1.00 1.00 2.44 0.11  s(RN) 1.00 1.00 1.00 0.31  

s(Lake)* 64.83 140.00 33.33 <0.01  s(Lake)* 58.47 140.00 49.34 < 0.01  

Echinenone  Chl-b 

s(IP)* 4.83 5.58 3.08 <0.01  s(IP)* 3.46 4.22 2.50 < 0.05 

s(IN) 1.72 1.92 1.60 0.15  s(IN) 1.00 1.00 1.77 0.18 

s(RP) 2.96 3.44 1.83 0.11  s(RP) 1.00 1.00 1.54 0.21 

s(RN)* 3.02 3.50 3.22 <0.05  s(RN) 1.00 1.00 0.23 0.62 

s(Lake)* 55.33 140.00 13.72 <0.01  s(Lake)* 27.28 140.00 14.28 < 0.01 

* = calculated P-value for term is significant at α = 0.05



 

 

 

  

 

Figure A1:  Total 210Pb activity (crosses, dashed line) and age estimates (solid circles) 

for the sixteen study lakes.  Age is interpreted under the Constant Rate of Supply model, 

and interpolated using monotonic cubic regression splines.  Figure is provided by G. 

Mushet with permission. 
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Figure A2: β-carotene concentration time series for sixteen study lakes.  Trend lines are 

based on model Factorial.  Bands represent 95% confidence intervals.  Colours for 

indicate lake groups in the study. 
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Figure A3: Alloxanthin concentration time series for sixteen study lakes.  The trend lines 

are based on model Factorial. Colours for indicate categorical terms in the model.  Bands 

represent 95% confidence intervals. 

 



80 

 

 

Figure A4: Echinenone concentration time series for sixteen study lakes.  The trend lines 

are based on model Factorial.  Bands represent 95% confidence intervals.  Colours for 

indicate lake groups in the study. 
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Figure A5: Canthaxanthin concentration time series for sixteen study lakes.  The trend 

lines are based on model Factorial. Colours for indicate categorical terms in the model.  

Bands represent 95% confidence intervals. 
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Figure A6: Diatoxanthin concentration time series for sixteen study lakes.  The trend 

lines are based on model Factorial.  Bands represent 95% confidence intervals.  Colours 

for indicate lake groups in the study. 
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Figure A7: Chl-b pigment (chl-b + pheo-b) concentration time series for sixteen study 

lakes.  The trend lines are based on model Factorial. Colours for indicate categorical 

terms in the model.  Bands represent 95% confidence intervals. 
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↑Figure A8:  Common trends extracted from the Factorial model by lake category for pigment 

time series.  Trends for the following pigments are included:  β-carotene, alloxanthin, echinenone, 

canthaxanthin, diatoxanthin, and chl-b (chl-b + pheo-b).  Shaded bands represent lower and upper 

approximated 95% confidence intervals for each model.  An asterisk (‘*’) indicates that the term 

significantly reduces model deviance. 
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Figure A9:  Normalized difference vegetation index (NDVI) from 1985-2013 during peak forest 

growing season (July-August).  Three regions are shown:  a) impacted, b) north reference, and c) 

south reference regions as defined in by the study.  Simple linear regressions (blue, dashed line) 

and associated equation, R
2
 value, and P-value are depicted.  Data provided by Dr. D. Pouliot 

with permission. 
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Figure A10:  Regions analyzed for historical changes in normalized difference vegetation index 

(NDVI). Three regions are shown:  a) impacted (blue), b) north reference (reed), and c) south 

reference regions (green). Data provided by Dr. D. Pouliot with permission. 
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Figure A11:  Scaled dissolved organic carbon (DOC) concentration in a survey of lakes in 

northern boreal forest region of Alberta and Saskatchewan, Canada.  Survey was conducted by 

the Regional Aquatics Monitoring Program (RAMP), and regions included are the Birch 

Mountain, Caribou Mountain, and survey regions.  Measurements were taken between late-

September to mid-October.  The trend line was predicted from a generalized additive model (see 

Methods), and the band indicates 95% confidence intervals.    Data was accessed via the RAMP 

website in February 2016. http://www.ramp-alberta.org/ramp/data.aspx 
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APPENDIX B: Redundancy Analysis 

 

EXPLORATORY REDUNDANCY ANALYSIS 

 

INTRODUCTION 

 Analysis of sedimentary profiles are complimented by knowledge of basin-

specific limnological and catchment variables.  The relationhip of these proxies to 

environmental variables can also help elucidate whether proxies co-vary, such as those 

for total algal abundance, including β-carotene and sediment C/N value.  For example, 

the amount of peatland or forest within a watershed can dictate the type of organic matter 

entering the lakes, which is reflected in sediment stable sotope ratios (i.e. δ
13

C and δ
15

N) 

(Meyer and Terranes 2001; Bunting et al. 2010).  Additionally, increased dissolved 

organic carbon (DOC) from peatlands can promote development of mixotrophs (Ady and 

Patoine 2016), while higher nutrient conditions and turbidity promotes accumulation of 

pigments from colonial cyanobacteria and cryptophytes, respectively (McGowan et al. 

2005).  Therefore, the purpose of this analysis was to provide supplementary information 

regarding the relationship of surface sediment geochemistry (δ
13

C, δ
15

N, and C/N) and 

fossil pigment concentrations to environmental variables across the survey of 

Saskatchewan (SK) boreal lakes.  A redundacy analysis (RDA) was used to explore this 

relationship and provided context for potential drivers of these proxies to aid in 

paleolimnological interpretations.   

 

METHODS 

Input Variables 

 Catchment properties and water chemistry data for the sixteen lakes studied were 

based on measurements performed by SK Ministry of Environment (Scott et al. 2010).  

Water samples were collected during late summer (August to September) and were 

averaged over 1-4 sampling years, depending on the lake. 

Two exploratory RDAs were used to assess the relationship between geochemical 

proxies/standardized pigment concentrations in surface sediments and various 

environmental variables.  Response variables were z-transformed prior to anaylsis and 
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related to physicochemical parameters and catchment properties (Table B1).  Explanatory 

variables were transformed when needed by log10(x+1) to achieve homoscedasticity.  

Variance inflation factors (VIF) assessed collinearity among explanatory variables, and 

stepwise addition determined significant contribution.  If variables were highly correlated 

(i.e. VIF > 3.0), the variable with the highest VIF was removed from the analysis.  

Overall model fit was assessed by R
2

adj and analysis of variance (ANOVA) with a 

maximum permutation of 10,000.  Statistical analyses were performed in Ver.3.3.1 of 

RStudio using packages nlme (Pinheiro et al. 2016) and vegan (Oksanen et al. 2016).  

Visual representations of selected models included predicted smoothing splines and 

observed data.   

 

RESULTS & DISCUSSION 

 Overall, exploratory RDAs did not significantly explain variation in surface 

sediment proxies, but nonetheless yield insight into the relationship among surface 

sediment proxies and environmental variables.  The RDA for physicochemical 

parameters explained 44.7% of the variation in data, with the first two axes accounting 

for 80% of that variation (R
2

adj = 0.45, F5,10 = 1.6, P = 0.08; Fig. B1).  Axis 1 accounted 

for 26% of the variation and was related positively to TP and pigments of cryptophytes 

(alloxanthin), colonial cyanobacteria (canthaxanthin), and total abundance (β-carotene). 

Sediment C/N was negatively related to Axis 1.  Axis 2 explained ~10% of the total 

variation and was most strongly and negatively associated with surface area, δ
13

C, and 

chlorophyte abundance (chl-b).  DOC was loaded equally on both axes and was 

positively related to δ
15

N value. 

 The RDA of catchment variables explained a total of 33.9% of sediment proxy 

variation and the first two axes explained 78% of that portion (Fig. B2).  The RDA was 

non-significant and obtained an R
2

adj of 0.3 (F3,6 = 1.03, P = 0.33).  Axis 1 and 2 

explained 17% and 10% of variation, respectively, with many variables loading equally 

on both axes.  Total cyanobacteria (echinenone) and algal abundance (β-carotene) and 

C/N were the only response variables strongly associated with Axis 1, whereas Axis 2 

was only partially related to variables (Table B3).  The arrangement of variables 

suggested that percent deciduous, burned areas and surface waters in the catchment were 
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related positively to concentrations of alloxanthin, canthaxanthin, and β-carotene and 

negatively associated with percent peatland.  In contrast, surface C/N and δ
15

N values 

increased with peatland abundance.  Catchment to lake surface area ratio was orthogonal 

to other explanatory variables and correlated positively to diatoxanthin and negatively 

related to chl-b, echinenone, and δ
13

C. 

The lack of significant relationship of RDAs likely resulted from multiple causes.  

The first was that some lakes were only sampled during one field season, which likely did 

not capture the full variation in seasonal or inter-annual environmental parameters.  

Second, during lake selection, large environmental gradients were reduced to ensure 

physicochemical variables were similar among study lakes, which likely minimized the 

amount of variation explained by these variables. 

 Lakes with higher total algal abundance (β-carotene) had higher TP concentration 

and lower C/N ratio, suggesting that C/N responded to autochthonous primary 

production.  The relationship between β-carotene and alloxanthin also corroborated 

recent time series data, suggesting that total abundance and cryptophytes co-vary 

regionally.  Interestingly, colonial cyanobacteria (canthaxanthin) exhibited a strong 

relationship to TP concentration.  This result may be due to higher nutrient conditions 

favouring these taxa (Taranu et al. 2015).  Recent fire is associated with increased erosion 

from the catchment, promoting nutrient and OM export (Bayley et al. 1992), which may 

account for greater colonial cyanobacterial and cryptophyte pigment accumulation.  

Moreover, cryptophytes (alloxanthin) was negatively related to peatland abundance, 

which is in in contrast to previous studies (e.g., Ady and Patione 2016).  As cryptophytes 

co-varied with algal abundance, this perhaps suggests that those lakes with higher 

%Peatland also had lower TP concentration (i.e., P-limited), which typically had lower 

pigment concentrations in recent sediment (Chapter 2).   

 Sediment δ
15

N value was related to DOC concentration and peatland abundance 

positively, while depleted values occurred with deciduous forest.  Peatland abundance is 

associated with increased DOC export (Scott et al. 2010; Olefeldt et al. 2013).  

Denitrification in peatlands can also preferentially off-gas 
14

N, and subsequently enrich 

leftover OM with 
15

N (Lindau et al. 1997; Wray and Bayley 2007).  In contrast, greater 
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abundance of deciduous species can deplete δ
15

N-DOM while increasing DOC 

concentrations (Bunting et al. 2010).  Broadleaf forests also typically have lower foliar 

C/N values than coniferous, which would depress sediment C/N values.  Given these 

relationships, it is expected that greater deciduous forest extent should result in depleted 

sediment C/N and δ
15

N; alternatively, higher peatland incidence causes 
15

N-enrichment.   

Sediment δ
13

C value was related to morphometric factors controlling the type of 

OM accumulating in sediment, such as surface area and CA:SA.  The ratio typically 

becomes more depleted (~ -28‰) with greater input of terrestrial OM from the catchment 

(Meyers and Terranes 2001).  In contrast, autochthonous production may dominate lakes 

with high surface area (e.g., lakes 2L and 10Y).  In particular, these lakes also exhibited 

enriched sedimentary OM (-13‰), supporting greater input of littoral macrophytes or 

benthic biofilms.   

 

CONCLUSION 

 Despite neither RDA significantly explaining variation in surface sediment 

proxies, exploratory analysis yielded interesting associations among sediment proxies and 

environmental variables.  First, total algal abundance (β-carotene) and C/N value were 

related positively and negatively to TP concentration, respectively.  This indicated that 

higher algal abundance was generally observed with higher TP.  Additional association of 

abundance biomarkers to cryptophytes (alloxanthin) also supports regionally co-variation 

with total algal abundance.  Second, δ
15

N and C/N values appeared to be related to the 

type of OM entering the lakes, with higher peatland dominance potentially increasing 

both values, while deciduous may lead to depression.  Finally, δ
13

C values were related to 

morphometric variable that in turn dictate the proportion of allochthonous (terrestrial C3 

plants) or autochthonous (macrophytes, biofilms) OM in the sediment.  
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Table B1:  List of response and explanatory variables included in final RDAs and their 

abbreviations.  Explanatory variables included physicochemical and catchment 

parameters.  Catchment qualities are expressed as the percent (%) areal extent of that 

character in the catchment.  

 

Response Explanatory 

Variable Abbreviation Variable Abbreviation 

δ
13

C dC Conductivity Conductivity 

δ
15

N dN Depth Depth 

C/N C/N Dissolved organic carbon DOC 

β-carotene BC Surface area SA 

Alloxanthin Allo Total phosphorus TP 

Canthaxanthin Cantha Catchment area:surface area CA:SA 

Chl-b Chl-b %Deciduous forest %Decid 

Diatoxanthin Diato %Forest fire %Burn 

Echinenone Echin %Peatland %Peat 

  %Water bodies %Water 
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Table B2:  Axis loadings from RDA on physicochemical characteristics.  The loadings 

for the first three axes are shown for response and explanatory variables. 

 

Variables 
Loading 

Axis 1 Axis 2 Axis 3 

Response 

Alloxanthin 0.74 0.11 -0.21 

Canthaxanthin 0.61 0.05 -0.16 

Diatoxanthin 0.14 0.36 -0.31 

Echinineone 0.63 -0.40 -0.19 

Chl-b -0.17 -0.54 -0.17 

β-carotene 0.71 -0.15 -0.22 

δ
13

C 0.01 -0.64 0.37 

δ
15

N -0.61 -0.39 -0.56 

C/N -0.86 0.15 -0.24 

Explanatory 

Conductivity 0.19 0.39 0.61 

Depth -0.43 0.28 -0.45 

DOC -0.41 -0.23 -0.41 

SA -0.20 -0.75 0.22 

TP 0.95 0.07 -0.14 
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Table B3:  Axis loadings from RDA on catchment properties.  The loadings for the first 

three axes are shown for response and explanatory variables. 

 

Variables 
Loading 

Axis 1 Axis 2 Axis 3 

Response 

Alloxanthin 0.22 -0.36 -0.05 

Canthaxanthin 0.06 -0.22 -0.13 

Diatoxanthin -0.32 -0.32 -0.29 

Echinineone 0.72 0.24 -0.30 

Chl-b 0.17 0.46 -0.29 

β-carotene 0.66 -0.13 -0.17 

δ
13

C 0.46 0.50 0.39 

δ
15

N -0.43 0.44 -0.38 

C/N -0.67 0.32 0.06 

Explanatory 

CA:SA -0.51 -0.69 -0.08 

%Burn 0.14 -0.29 -0.81 

%Deciduous 0.32 -0.20 0.39 

%Peatland -0.30 0.44 0.58 

%Surface Water 0.11 -0.15 0.23 
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Figure B1:  Redundancy analysis exploring the relationship among physico-chemical 

parameters (blue) and surface sediment proxies (red) across sixteen boreal lakes.  

Clockwise, explanatory variables: conductivity, total P (TP), surface area (SA), dissolved 

organic C (DOC). 
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Figure B2:  Redundancy analysis exploring the relationship among catchment properties 

(blue) and surface sediment proxies (red) across sixteen boreal lakes.  Clockwise, 

explanatory variables shown are percent deciduous forest, percent surface waters, percent 

burned areas, catchment to surface area, percent peatland in catchment.
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