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Abstract 

Saline boreal fens represent potential models for post-mining landscape reclamation in 

the Athabasca Oil Sands Region (AOSR) (Canada) where wetland construction is challenged by 

salinization. One of the key indicators of reclamation success is the accumulation of organic 

carbon within constructed fens, and a better understanding of the drivers of carbon sequestration 

in natural saline fens can be useful for advancing fen construction in this region. As such, this 

thesis aims to determine the main environmental controls on carbon uptake and its long-term 

storage in a saline boreal fen near Fort McMurray (Alberta, Canada) by: 1) reconstructing past 

salinity change; 2) determining relations between reconstructed salinity, hydrological conditions, 

vegetation and organic matter accumulation rates (OMAR) over the last ~100 years in open-

water areas (ponds) within the fen; 3) investigating the effects of salinity, vegetation and 

hydrology on the long-term apparent rate of carbon accumulation (LARCA) within the peatland; 

and 4) assessing CO2 fluxes within the peatland and open-water areas. 

Past salinity change was investigated using paleolimnological analysis of sediment cores 

from three ponds situated within the fen. Salinity fluctuations were reconstructed using 

weighted-averaging transfer functions based on diatoms and an environmental dataset from 32 

saline boreal ponds. Results reveal complex “precipitation – surface water – groundwater” 

interactions associated with differences in the hydrologic functioning of the studied ponds, and 

their connectivity with shallow groundwater aquifers and adjacent wetlands. Relationships 

between cumulative departure from mean precipitation (CDLM) and diatom-inferred (DI) 

salinity suggest that precipitation may control salinity both directly and indirectly. In ponds 

recharged predominantly by meteoric water, precipitation may govern salinity directly by 

dilution of salt content in water, so that increases in precipitation result in a salinity decline. In 

ponds situated within a saline groundwater discharge zone, salinity may be influenced by 

precipitation indirectly through recharge of the saline aquifer, so increases in precipitation lead to 

rises in salinity. Our study suggests that complex DI-salinity response to precipitation change, 

coupled with notable range of DI-salinity fluctuation within natural saline fens should be 

considered while designing saline constructed wetlands and predicting their potential resilience 

under climate change. 



vii 

 

Median OMAR (181 g m
-2

 yr
-1

) of the site suggests that ponds situated within saline 

boreal fens OMAR comparable to freshwater boreal and subarctic ponds, and reconstructed 

salinity levels (3–21 ppt) did not severely affect organic matter accumulation. Strong significant 

positive (Lager Pond), strong significant negative (South Pond), and weak insignificant (Pilsner 

Pond) correlations between OMAR and DI-salinity were observed, suggesting that relations 

between organic matter accumulation and salt content are not straightforward, and salinity was 

not the main control on OMAR. Macrofossil data showed that OM accumulation was mainly 

driven by water level, type of primary producers and pond regime. OMAR was the highest 

during the transition from peatland to ponds due to low decomposition rates resulting from high 

inputs of relatively resistant plant litter, and anoxic conditions. A macrophyte-dominated pond 

regime was associated with higher OMAR relative to phytoplankton-dominated regime.  

LARCA within the fen was studied using two peat sediment cores. Changes in LARCA 

in the less saline part of the fen correlate well with water table fluctuations and seem not to be 

affected by low salinity (EC< 5 mScm
-1

). The highest LARCA values are related to wet 

conditions; however, prolonged inundations coupled with high salinity (EC>10 mScm
-1

) appear 

to have negative effect on LARCA. In the southern more saline part of the fen relationships 

between LARCA and hydrology are complicated by salinity probably through the impact on the 

net primary productivity. The influence of salinity on LARCA is determined by salinity level, 

and there is a threshold value (probably 10 mScm
-1

) after which salinity can significantly affect 

“LARCA – hydrology” links. Mean LARCA of the site (19.7 gm
-2

 yr
-1

) is lower than in western 

continental fens, but it is comparable to the average rate reported for western Canadian 

peatlands. The northern less saline part of the fen has LARCA of 29.67 gm
-2

 yr
-1

 that is close to 

LARCA in rich fens, but LARCA in the southern part is considerably lower (9.79 gm
-2

yr
-1

). 

Environmental controls on net ecosystem exchange (NEE), ecosystem respiration (R), 

and gross primary productivity (GEP) within the fen were studied using community-scale CO2 

measurements along a salinity gradient. Strong positive correlations between NEE, GEP, leaf 

area index (LAI), and vegetation biomass within terrestrial areas and strong positive correlation 

between GEP and vegetation density within aquatic areas illustrated importance of vegetation 

properties for carbon uptake. CO2 fluxes within peatland were driven primary by water table 

depth, and electrical conductivity as revealed by strong negative correlations between these 
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variables and NEE, GEP, and R. Links between CO2 exchange and environmental factors were 

influenced by microtopographical differences, and additional controls (e.g., soil moisture, 

availability of magnesium, manganese and calcium) on NEE, GEP, and R were found within 

depressions. Strong negative correlation between R and water table depth (WTD), coupled with 

strong positive correlation between R and belowground biomass within ridges and no significant 

correlation between WTD and R within depressions possibly suggested predominance of root 

and/ or root-associated microbial respiration within depressions and prevalence of microbial 

respiration within ridges. Within open water areas, GEP and R were related to phosphate 

concentration as suggested by strong positive correlation. In contrast to terrestrial areas, EC had 

no relations to CO2 fluxes, and higher GEP was found in mesosaline ponds comparatively to 

hyposaline ones. This study revealed importance of development of appropriate planting 

schemes for terrestrial and open-water areas to achieve sustainable CO2 uptake within 

constructed fens. 
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1. Introduction 

1.1. Background and rationale of research 

Covering about 3.5 – 8.5 % (5.3 – 12.8 million km
2
) of the earth’s surface (Zedler and Kercher 

2005), wetlands represent a unique combination of terrestrial, hydrological, and climatic 

conditions, so they can be considered as an overlap between aquatic and upland environments. 

Depending on the amount of dissolved salts in water, wetlands are divided into freshwater and 

saline systems (National Wetlands Working Group 1997). The greatest concentration of saline 

wetlands is found in coastal regions affected by sea water (Price 1990); however, saline wetlands 

are also known to be present in the continental interior where they occupy depressions and 

contain an increased quantity of dissolved salts due to saline groundwater percolating to the 

surface, or/and due to intensive evaporation in arid regions (National Wetlands Working Group 

1997). These saline peat-forming wetlands are typically associated with the discharge of saline 

groundwater, and thus can be classified as fens – peat landforms fed mainly by minerogenous 

water (National Wetlands Working Group 1997).  

Saline fens have been reported in Western Boreal Plains (WBP) (Slave River and 

Athabasca River watersheds and along the western shore of Lake Winnipegosis (Trites and 

Bayley 2009a; 2009b; Grasby and Betcher 2002; Purdy et al. 2005)). WBP is a hub of intensive 

bitumen sands mining and oil extraction, and since the beginning of commercial development of 

the Athabasca Oil Sands in the 1960–70’s, more than 700 km
2 

of natural land has been destroyed 

by surface mining. The principal condition under which oil sands mining gets its permit is that at 

the completion of the mining, the land should be reclaimed in such a way that its ecological 

capacity would become equivalent to one before the mining took place (Alberta Environment 

2008). Because wetlands occupied significant portion of the original landscape (Vitt et al. 1996), 

about 30% of post-mined area should be reclaimed back to wetlands (Alberta Environment 

2008). Until recently, reclamation projects were aimed mostly at the construction of marshes, but 

during the last decade the emphasis of reclamation efforts has shifted to fens, a dominant 

ecosystem in the pre-disturbed landscape (Price et al. 2010; Vitt and House 2015). However, fen 

construction is greatly challenged by salinization as mining disturbs the natural stratification of 

sediments, and previously isolated saline layers may become mixed with others, exposing salt-
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reach layers at the surface (Ketcheson et al. 2016). In constructed wetlands, dissolved salts 

decrease water availability for plants by decreasing the osmotic potential of the soil solution and 

interfere with nutrient uptake and redistribution in the plant if the aforementioned salts are 

accumulated above a certain level; some ions (boron, chloride, sodium and others) become toxic 

at certain concentrations (Trites and Bayley 2009a; Kessler et al. 2010). Naturally saline 

communities offer appropriate models for reclamation in areas affected by salinity (Purdy et al. 

2005; Wells and Price 2015a), and understanding controls on carbon sequestration in naturally 

saline fens can be helpful for furthering the landscape reclamation process as one of the key 

aspects of “equivalent capacity” is the carbon storage function of the system (Environment and 

Parks 2015). Saline fens were considered targets for reclamation (Environment and Parks 2015), 

so an understanding of temporal and spatial changes in carbon accumulation associated with 

differences in levels of dissolved salts should be useful for determining acceptable salinity levels 

that would not severely affect carbon accumulation at those constructed saline wetlands. 

Identification of the main controls on carbon accumulation under saline conditions will enhance 

development of constructed fen design because an understanding of those controls will help to 

choose and create settings (e.g., basin topography, microtopographical features, composition of 

plant assemblages, and planting scheme) that will allow constructed fens to function similarly to 

natural analogs in terms of carbon sequestration.  

Carbon sequestration, the process of CO2 uptake from the atmosphere and its long-term 

storage (Chapin et al.2006), is one of the fundamental functions of the peat-forming wetlands 

(Gorham 1991) with peat accumulating potentials related to the balance between 

evapotranspiration and precipitation, and hydrologic connectivity with local water bodies and 

nearby uplands (Petrone, et al. 2011). Despite relatively low carbon accumulation rates (in 

average about 20-40 g C per m
2
 per year (e.g. Botch et al. 1995; Clymo et al. 1998; Vitt et al. 

2000; Turunen et al. 2002), during the Holocene northern peatlands have stored about 500±100 

Gt of carbon (Yu 2012) that comprise about a quarter of the world soil carbon stock (2376-2456 

Gt) (Batjes 1996) and about 80% of the global vegetation carbon stock (610 Gt) (Yu et al. 2012). 

Such a significant amount of carbon was deposited mainly because over millennia, the 

photosynthetic production of living plants exceeded decomposition of organic debris under 

anoxic conditions within the waterlogged peat column (Clymo et al. 1998).  
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Carbon sequestration in peatlands is driven by regional and site- specific factors such as 

precipitation and temperature regime (Malmer et al. 2005; Beilman et al. 2009), basin 

topography (Korhola et al. 1996; Van Bellen et al. 2011), vegetation and hydrology (Loisel and 

Garneau 2010; Van Bellen et al. 2011). However, in saline peatlands, salinity may modify the 

effect of these environmental variables on carbon accumulation as elevated salt content can 

affect plant productivity and litter decomposition (Neill 1993; Curco et al. 2002; Willis and 

Hester 2004; Neubauer 2013). Although a pioneering study of organic matter accumulation in 

saline wetlands by Trites and Bayley (2009a) has shown an ability of these wetlands to 

accumulate organic matter despite increased salt content, and saline fens are known to 

accumulate up to 1.5m of peat (Wells and Price 2015a), it is unclear how different levels of 

salinity impact carbon sequestration. The magnitude of variability in carbon accumulation in 

response to changes in environmental parameters may be different under hypo- , meso- and 

hypersaline conditions, so controls on carbon capture and long-term storage along a salinity 

gradient should be identified to improve our understanding of functioning of saline fens. 

1.2. Objectives and thesis structure 

The overall goal of this research is to determine the main environmental controls on 

carbon uptake and long-term storage along a salinity gradient within a saline, boreal, peat-

forming wetland that represents an adequate model for reclamation in the Athabasca Oil Sands 

Region. The specific research objectives are: 

1) to reconstruct temporal salinity change within the wetland using diatom-based transfer 

function and assess the main controls on salinity fluctuation over time; 

2) to examine the main controls on organic matter accumulation rate (OMAR) in open-

water areas within the wetland over time; 

3) to evaluate degree of variability in long-term carbon accumulation rates within 

terrestrial areas of the wetland and to assess the main drivers of this variability; 

4) to assess the main controls on recent carbon uptake along a salinity gradient. 

The thesis consists of 6 chapters that are structured to fit the manuscript option at the University 

of Waterloo. The first chapter presents a general introduction to saline boreal wetlands, carbon 

accumulation in peatlands, and wetland reclamation in the Athabasca Oil Sands Region as well 
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as outlines the overall aim and specific questions of the research. Each of the subsequent 

chapters consists of a manuscript that addresses one of the questions of the thesis. 

Chapter two addresses the first objective by assessing salinity change in a saline boreal 

fen over the last ~100 years using paleolimnological approach and examining the impact of 

precipitation change on salinity fluctuation. Chapter three addresses the second objective of the 

thesis by determining changes in organic matter accumulation in open-water areas within the 

wetland and by evaluation impact of salinity, water level, and vegetation on rates of organic 

matter accumulation. Chapter four addresses the third objective of the thesis by assessing 

changes in long-term apparent rate of carbon accumulation (LARCA) in more saline and less 

saline terrestrial parts of the wetland and by evaluating relations between LARCA and changes 

in salinity, water level, and vegetation inferred from macrofossils. Chapter five addresses the 

fourth objective of the thesis by determining effect of environmental factors on net ecosystem 

exchange, ecosystem productivity and ecosystem respiration along a salinity gradient. 

Chapter six presents a summary of the conclusions from each chapter and provides a 

synthesis of the implications of the findings for fen construction in the Athabasca Oil Sands 

Region. 

Three appendices are located at the end of the thesis: Appendix A contains an 

environmental dataset and results of statistical analyses used for development of diatom-based 

transfer function; Appendix B presents description and chronology of cores North-1 and South-1 

and environmental dataset from 40 vegetation plots along salinity gradient at Saline Fen; 

Appendix C contains correlation coefficients between net ecosystem exchange (NEE), 

respiration (R), gross ecosystem productivity (GEP) and environmental variables.  
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2. Long-term precipitation-driven salinity change in a saline, peat-forming wetland 

in the Athabasca Oil Sands Region, Canada: a diatom-based paleolimnological study 

2.1. Introduction 

Alberta’s boreal peat forming wetlands are of increasing concern as a the sub-humid 

Boreal Plains region (BPR) contains the Athabasca Oil Sands Region (AOSR), a hub of intensive 

bitumen sands mining and extraction where extensive areas of wetlands are being removed. 

According to provincial guidelines (Alberta Environment and Parks 2015), areas disturbed by 

surface mining (approximately 700 km
2
 (Government of Alberta Energy 2017) must be 

reclaimed to an “equivalent land capacity” containing ~33% wetlands by area. However, this 

task is challenged by the potential for wetland salinization, due to the elevated ionic content in 

tailings and reclamation materials (tailings sands, petroleum coke) (Alberta Environment and 

Parks 2015). As target conditions, the expected outcomes of reclamation, should depend on pre-

disturbance land use, coupled with post-mining site characteristics (such as pH and electrical 

conductivity). As such, naturally saline boreal fens (minerotrophic peat-forming wetlands) have 

been suggested as appropriate models for reclamation in areas where establishment of other 

wetland types is impossible due to elevated salt content (Purdy et al. 2005; Trites and Bayley 

2009b; Alberta Environment and Parks 2015). Thus, understanding the properties and functions 

of saline boreal wetlands will be useful for guiding and improving wetland reclamation.  

Recent research efforts have been devoted to understanding the contemporary hydrology, 

geochemistry, and ecology of saline boreal fens (Purdy et al. 2005; Trites and Bayley 2009a; 

2009b; Phillips et al. 2015; Wells and Price 2015a, b). However, less is known about changes in 

salinity, a defining feature of saline fens, and about controls on long-term salinity fluctuation. 

Gaining knowledge of the drivers and past trends of salinity, the sum of all ion concentrations 

(Williams and Sherwood 1994), in natural saline wetlands will improve our understanding of salt 

dynamics in artificial wetlands and will help to create appropriate reclamation strategies. Long-

term relations between salinity and precipitation are of particular interest because precipitation 

plays an important role in the wetland water balance within the BPR (Ferone and Devito 2004), 

and it is one of the main drivers of salinity distribution and fluctuation in saline wetlands (Heagle 

et al. 2013). In addition, small boreal lakes within the BPR, such as those found in saline 
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systems, are known to be sensitive to variations in the precipitation – evaporation balance 

(Smerdon et al. 2005). Thus, a better understanding of the precipitation – salinity linkage in 

saline boreal fens can be useful for predicting the potential resilience of constructed saline 

wetlands under climate change, and for the development of new approaches for salinity control.  

Saline boreal fens include abundant open water areas (ponds) (Wells and Price 2015a), 

and sediment sequences accumulated in these ponds can provide useful information on wetland 

development and past environmental conditions including salinity (Smol et al. 2001). Diatoms 

have constituted one of the main indicators of past environmental changes of aquatic ecosystems 

because of to their sensitivity to various environmental variables, global distribution, occurrence 

in wide variety of aquatic environments, and abundance in sediment records and modern 

environments (Battarbee et al. 2001). These algae have a relatively short generation time, so 

composition of their assemblages changes quickly in response to shifts in environmental 

conditions. Moreover, diatoms are often present in a high number, so quantitative numerical 

analysis can be performed (Gasse et al. 1995; Battarbee et al. 2001). Diatom distribution has 

been repeatedly shown to correlated with salinity (Cumming and Smol 1993; Laird et al. 1996; 

2000; Fritz et al. 1993; Wilson et al. 1994; 1996). It has been suggested that salinity may 

influence diatoms through: 1) increased nutrient demand as algal cells have to produce N-rich 

osmolytes to survive under an osmotic stress (Saros and Fritz 2000), 2) through the effect on 

uptake of compounds involved in nutrient cycling, or 3) through nutrient availability in the water 

column (Fritz 2013). Because each diatom species has a different salinity tolerance (range of 

salinity values at which the species can survive) and salinity optima (salinity level that is 

associated with the highest abundance of the species), it is possible to use quantitative 

approaches for salinity reconstruction (Fritz 2013).  

The transfer function technique (TFT) based on weighted-averaging calibration and 

regression has been proven to be the most useful tool for quantitative estimation of changes in 

water salinity and electrical conductivity, and has been widely applied across North America, 

Australia and other parts of the world (Cumming and Smol 1993; Gasse et al. 1995; Laird et al. 

1996; Pienitz et al. 1992; 2000; Fritz et al. 1993; Wilson et al. 1994; 1996; Reed et al. 2012). 

High accuracy of salinity reconstruction using TFT can be expected when: 1) salinity has a 

strong effect on diatom assemblages (Fritz et al. 2010; 2013), 2) past fluctuation exceeds the 
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standard error of prediction, but does not exceed the central range of the modern training set 

(Birks 1998; Fritz et al. 2013), and 3) relationships between species and salinity are constant 

over time (Fritz et al. 2013). While the reconstruction of salinity can be biased to some extent by 

a number of issues associated with preservation, taphonomy, statistical analyses of diatom 

assemblages and environmental datasets, and calibration (Fritz et al. 2010), consistency between 

diatom-inferred (DI) salinity and historic salinity measurements (Fritz et al. 1990) suggests that 

TFT can be used for salinity reconstruction with a high level of confidence. Therefore, the 

purpose of this study is to develop a diatom-based transfer function and apply it to diatom 

assemblages in sediment cores from a saline boreal wetland near Fort McMurray, to provide 

insight into past salinity changes and their causes. A better understanding of temporal variations 

in salinity, as well as drivers of these changes will improve our knowledge on the hydrologic and 

geochemical functioning of these boreal peatlands, which is essential for the development of 

efficient reclamation practices (Ferone and Devito 2004). We address the following questions: 1) 

What is the scale of temporal variability in pond salinity over the last century? and 2) Has 

salinity change been associated with variations in precipitation in the Fort McMurray area? This 

paper is a part of a larger study on salinity fluctuations and carbon storage in saline boreal 

wetlands. Thus, the results reported here will be used to determine the relationships between 

salinity fluctuations and carbon accumulation in ponds, as well as the role of open water areas in 

carbon sequestration of a whole saline boreal peat-forming wetland. 

2.1.1. Study area 

The study was carried out in a complex of three natural saline fens (western fen 

(hereafter, Saline) (56°34'28.84" N, 111°16'38.39" W), south-eastern fen (hereafter, Southern 

Saline) (56°33'56.32"N, 111°16'20.18"W), and eastern fen (hereafter, Eastern Saline) 

(56°34'9.28"N, 111°15'9.98"W)) situated about 10 km south-east of Fort McMurray, Alberta 

(Figure 2.1(a), (b)). The region is characterized by a sub-humid climate with cold winters and 

warm, dry summers. Average January and July temperatures for the Fort McMurray area during 

1981–2010 were -19
o
C and +16.6

o
C, respectively (Government of Canada 2017). Mean annual 

temperature was 0.2
o
C, and mean annual precipitation was 460 mm (Government of Canada 

2017). The fens are characterized by notable gradients in electrical conductivity, and the 

electrical conductivity of near-surface groundwater in Saline varies from 0.5 mS cm
-1

 in the 
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northern part to 120 mS cm
-1

 in the southern part. Surface and ground waters are dominated by 

Na
+
 and Cl

- 
(Wells and Price 2015a; 2015b). Wetland vegetation is dominated by Baltic rush 

(Juncus balticus Willd.), seaside arrow grass (Triglochin maritima L.), sweetgrass (Hierochloe 

hirta (Schrank) Borbás), narrow reed grass (Calamagrostis stricta (Timm.) Koeler), and foxtail 

barley (Hordeum jubatum L.). However, halophyte plants are abundant in the in more saline 

parts, including sea plantain (Plantago maritima L.), red swampfire (Salicornia rubra A. 

Nelson), and horned seablite (Suaeda calceoliformis (Hook.) Moq.). 

Numerous shallow ponds are situated within the wetland complex, predominantly in the 

southern and central parts. Average pond salinity ranges from 1 to 40 ppt. Typically, surface 

areas of the ponds vary from 1 m
2
 to 1.2 ha although smaller depressions (surface area about 0.5 

m
2
) filled with water are abundant. Most large ponds have irregular shapes, while small ponds 

are typically circular and located in deep depressions with steep margins. The ponds have 

average depths of 0.4–0.5 m, with many of the ponds drying out during the late summer. Thirty-

two permanent ponds form Saline, Southern Saline, and Eastern Saline were used for this study 

(Figure 2.1(c)) including Lager, Pilsner and South Ponds, where three sediment cores were 

collected.  

2.2. Materials and methods 

2.2.1. Field work  

Three sediment cores (Lager-1, Pilsner-1 and South-1) were taken from Lager, Pilsner, 

and South Ponds, respectively (core locations, core lengths, coring details are in Table 2-1and 

Figure 2.1), all from Saline Fen. The cores were extruded and sectioned into 1-cm increments in 

the field and refrigerated at 4°C until further processing.  

For the diatom training set development, ponds were selected based on the following criteria: 1) 

limited connectivity with adjacent ponds to reduce possible inputs of allochthonous material, 2) 

permanence of ponds to minimize the effects of regular drying out on the composition and 

preservation of diatom assemblages (Gasse et al. 1997), and 3) fine-gained structure of bottom 

sediments, as a preliminary investigation conducted in July, 2014 revealed a lack of diatoms in 

ponds with coarse-grained peaty bottom material. Only 32 ponds in total fulfilled these criteria 
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and were used for the study. This set encompasses ~75% of the ponds in Southern Saline and 

Eastern Saline, and ~30% of ponds in Saline, and captures the full range of pond salinity in the 

study area. Thus, the pond set seems to be sufficient for the development of a training set 

although the number of the ponds was smaller than has been recommended (Reavie and Juggins 

2011; Reavie and Edlund 2013). Pond surface sediment samples (upper 0.3 cm) were taken on 

August 10, 2015 using a plastic tube (5 cm in diameter) pushed into sediments.  

Temperature, conductivity and salinity were measured on 15 May, 2015 and 10 August, 

2015, and pH and dissolved oxygen (DO) were measured on 10 August, 2015 using a hand-held 

probe YSI Professional Plus (YSI Incorporated, USA). Depths of the ponds were measured on 10 

August, 2015. Surface water samples (from ~20 cm depth) from each pond were collected on 10 

August, 2015. The water samples were filtered (0.45 m cellulose acetate filters) within 24 hours 

and frozen upon delivery to the Biogeochemistry Lab at the University of Waterloo, where they 

were analyzed for major ions (DIONEX ICS3000). 

 

Table 2.1. Summary of core details and water chemistry data, and size and average depths of 

Spruce, Lager, Pilsner, and South Ponds 

 Lager Pond Pilsner Pond South Pond 

Area, ha ~0.95 ~0.13 ~1.28 

Average depth, m 0.49 0.46 0.43 

Salinity, ppt 7.47 14.57 11.31 

Conductivity, mS cm
-1

 10.6 18.7 18.9 

Total dissolved salts, mg L
-1

 8404 15,580 12,337 

Dissolved oxygen, mg 
-1

 5.68 5.31 7.64 

pH 7.44 6.82 7.61 

Core name Lager-1 Pilsner-1 South-1 

Core length, cm 31 (only upper 22 

cm is used for this 

study) 

41 (only upper 28 

cm is used for this 

study) 

43(only upper 28 

cm is used for this 

study) 

Coring site coordinates 56°34'7.85"N 

111°16'11.83"W 

56°34'6.53"N 

111°16'7.56"W 

56°34'3.46"N 

111°16'0.41"W 

Coring date 15 Jun 2014 13 May 2015 13 May 2015 

Coring device plastic tube 

(diameter 8.5 cm) 

pushed into 

sediments 

Maxi-Glew 

gravity corer 

Maxi-Glew 

gravity corer 
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Figure 2.1. (a) Regional map showing the location of the study area within Alberta, (b) map 

showing locations of Saline, Eastern Saline and Southern Saline sites near Fort McMurray, 

Alberta, (c) map of the study sites including locations of 32 ponds sampled in August, 2015 and 

locations of sediment cores (Lager-1, Pilsner-1, and South-1). 
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2.2.2. Laboratory analyses of sediments 

Sediment core subsamples of 1 cm
3
 were taken every 2 cm and measured for moisture, 

organic matter, carbonate and mineral matter by loss-on-ignition (LOI) following Heiri et al. 

(2001) by sequential heating at temperatures of 90°C, 550°C and 950°C for 24, 4 and 2 hours, 

respectively. To establish sediment core chronology for the past ~150 years, sediments samples 

were taken at every 1 cm (upper 5 cm) and every 2 cm (below 5 cm) and measured for activities 

of 
210

Pb, 
214

Bi, 
137

Cs activities by gamma ray spectroscopy from a measured weight (0.7 to 3 g) 

of freeze-dried sediment that was packed into plastic tubes to a height of 35 mm and sealed with 

a silicone septum (Supelco®) followed by 1 cm
3
 of 2-ton epoxy resin (Devcon® product no. 

14310) for at least 2 weeks before analysis. Supported 
210

Pb activity was estimated from the 

average total 
210

Pb activity of the bottom samples characterized by relatively constant activity. In 

addition, mean values of 
214

Bi activity were used to determine depth where background 
210

Pb 

activities had been reached. Samples were measured for 23–47 hours using an ORTEC digital 

gamma ray spectrometer at the WATER Lab (Department of Biology, University of Waterloo). 

Dates were calculated using the constant-rate-of-supply (CRS) model (Appleby and Oldfield 

1978), and error terms for dates were estimated following Binford (1990).  

For diatom analyses, subsamples of 0.2–0.3 g were processed for slide preparation 

following the methods of Battarbee et al. (2001). The samples were taken from the surface 

sediments for training set development. From cores Lager-1 and South-4 subsamples were taken 

every 2 cm. Below 10 cm depth in core Pilsner-1, sediments were composed of coarse peaty 

material that could be potentially barren of diatoms, and consequently the upper part of the core 

was subsampled at 1-cm increments to ensure enough samples were obtained for salinity 

reconstruction. Cleaned diatom slurries in water were dried onto cover slips and mounted onto 

glass slides using Naphrax (refraction index 1.7). Diatom identification was performed at 1000X 

magnification following Spaulding et al. (2010). At least 300 valves in each sample were 

identified and enumerated, and relative abundance and total diatom concentration values were 

calculated following the methods of Battarbee et al. (2001). Data were plotted using C2 by 

Juggins (2011).  

2.2.3. Diatom-based transfer function development 
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Development of a diatom-based salinity model followed Cumming and Smol (1993) and 

Wilson et al. (1994) to make our results comparable to what was reported from the Northern 

Great Plains (Cumming and Smol 1993; Fritz et al. 1993) and Interior Plateau regions (Wilson et 

al. (1994)). A total of 17 environmental variables (salinity, conductivity, depth, pH, dissolved 

oxygen (DO), concentrations and proportions of Cl
-
, SO4

2-
, Ca

2+
, Mg

2+
, K

+
) were used for 

analyses. Due to a skewed distribution, salinity and conductivity, pH and DO were log-

transformed, and depth was square-root transformed prior to analyses. Concentrations of major 

ions (Cl
-
, SO4

2-
, Ca

2+
, Mg

2+
, K

+
) were analysed as both log-transformed concentrations and as 

proportions. The study sites have very low carbonate content (except ESF-12 and Lager Pond), 

and because
 
carbonate concentration was below detection limits in > 90% of the lakes, it was 

discarded from the set of environmental variables.  

Principal components analysis (PCA) and correspondence analysis (CA) were used to 

identify the main environmental gradients and spatial differences in diatom community 

composition among sites, respectively. Relations between modern diatom assemblages and 

environmental variables were assessed based on canonical correspondence analysis (CCA). We 

determined the strength of the relationship between diatom assemblage composition and DI- 

salinity, by assessing the correlation between sample scores of the fossil assemblages in a CCA 

of modern assemblages constrained to salinity as the sole environmental variable. All ordinations 

were performed using PAST 3.06 (Hammer et al. 2001), and the significance of ordination axes 

was explored using Monte Carlo permutation tests. Software C2 by Juggins (2003) was used for 

calculation of Hill's diversity index, species optima and tolerances (by weighted-averaging 

regression), error estimation (999 bootstrap cycles), calibration of salinity model (with classical 

deshrinking and inverse deshrinking) and salinity reconstructions. Taxon optima and tolerances 

were calculated based on an arithmetic average of May and August salinity measurements and 

were used for development of diatom-based salinity inference models. Squared chord distance 

between diatom assemblages from fossil and modern samples was used to determine 

dissimilarity between fossil and modern samples and to determine whether fossil samples have 

analogs in the modern training set. Squared chord distance was measured in PAST 3.06.  

2.2.4. Estimation of cumulative departure from long-term mean precipitation 
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Cumulative departure from long-term mean precipitation (CDLM) is a variable that is 

useful for evaluation of the temporal relationship between precipitation and ground water level 

(Weber and Steward 2004). CDLM calculation was performed following Weber and Stewart 

(2004) and included: 1) estimating the mean for a set of rainfall data, 2) subtracting the mean 

value from each annual value to determine departures, and 3) accumulating the departure values 

over the studied time span. We used historical data on precipitation in the Fort McMurray region 

for 1922–2014 from Alberta Landscape and Landuses (2015).  

2.3. Results 

2.3.1. Environmental gradients and distribution of modern diatom assemblages 

The combined 32-pond dataset was characterized by notable gradients in salinity and 

electrical conductivity, and exhibited a strong correlation (r=0.97, p<0.05) between salinity and 

conductivity. Water salinity varied from 1 to 36 ppt in May and from 1 to 42 ppt in August 

(Appendix 1). Water electrical conductivity ranged from 2 to 57 mS cm
-1

 in May and 3 to 68 mS 

cm
-1

 in August. All ponds were strongly dominated by Na
+
 and Cl

-
, with an average Cl

- 
: SO4

2-
 

ratio of 42:1 (Appendix 1). PCA of the water chemistry data shows that the first PC axis 

represents positive relations between variables associated with ionic content (salinity, 

conductivity, Cl
-
, SO4

2-
, Na

+
 concentrations) and accounts for 56.4% of the variation (Appendix 

1). In contrast, the gradient found along the second PC axis is associated with the Cl
- 
:
 
SO4

2-
 ratio 

and accounts for 12.1% of the variation (Appendix 1). Pond depth, pH and DO were not 

characterized by notable spatial gradients, and PCA shows that these variables are associated 

with secondary axes and account for less than 5% of the variation. 

Twenty-five species from 32 ponds were identified, but only 16 species were present at 

>1% in at least two ponds and used for diatom-salinity transfer function development. CA shows 

that differences in overall species composition of Saline, Eastern Saline and Southern Saline 

were not remarkable. However, two distinct pond groups (ponds associated with hyposaline 

species and ponds associated with mesosaline species) were observed. According to the species 

distribution, Axis 1 (λ=0.80) accounts for 30.5% of the variation in the diatom dataset and 

reflects a salinity/conductivity gradient (Appendix 1). Taxa associated with hyposaline 

conditions, such as Staurosira construens var. venter (Ehrenberg) P.B. Hamilton, Staurosirella 
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pinnata (Ehrenberg) D.M.Williams & Round and Cocconeis placentula var. lineata (Ehrenberg) 

Van Heurck, are located to the left along Axis 1, whereas species associated with mesosaline 

conditions, such as Diploneis stroemii Hustedt, Parlibellus cruciculus (W. Smith) Witkowski, 

Lange-Bertalot & Metzeltin, are positioned to the right along Axis 1. Axis 2 (λ=0.39) accounts 

for 14.8% of the variation in the diatom data and appears to be associated with brine 

composition. Sulphate tolerant taxa, such as Navicula salinarum Grunow (Staats et al. 1999), are 

positioned high along Axis 2, while species intolerant to elevated sulphate concentration, such as 

Navicymbula pusilla (Grunow in A. Schmidt) Krammer (Saros and Fritz 2000), are positioned 

low along Axis 2. 

In a CCA exploring relations between distributions of diatom assemblages and 

environmental gradients Axis 1 (λ=0.69, p<0.05) and Axis 2 (λ=0.27, p<0.05) capture 43.45% 

and 16.0% of the variation, respectively (Appendix 2). Salinity (r = -0.86, p <0.05), conductivity 

(r = -0.86, p <0.05), and concentrations of Cl
-
 (r =-0.88, p <0.05), SO4

2-
 (r =-0.82, p <0.05) are 

most strongly correlated with CCA Axis 1, suggesting strong association of these variables with 

diatom assemblage composition among ponds (Figure 2.2). DO and lake-water pH have a weak 

association with variation in diatom assemblage composition based on the short length for these 

vectors (Figure 2.2). CCA shows that the distributions of D. stroemii, P. cruciculus, 

Anomoeoneis sphaerophora fo. costata (Kützing) A.-M.Schmid, Nitzschia tubicola Grunow in 

Cleve & Grunow, Halamphora coffeaeformis (Agardh) Levkov, N. salinarum, Craticula 

halophila (Grunow) D.G.Mann, N. pusilla are positively related to variables associated with salt 

content (salinity, conductivity, concentration of Cl
-
, SO4

2-
), while S. construens var. venter, S. 

pinnata, Pseudostaurosira brevistriata (Grunow) D.M.Williams & Round, C. placentula var. 

lineata, Navicula cryptocephala Kützing, Cyclotella meneghiniana Kützing and Navicula 

peregrina (Ehrenberg) Kützing demonstrate negative relations with these variables. A separation 

of ponds and species into two distinct groups associated with the salinity gradient is evident 

(Figure 2.2 (a), (b)). 
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Figure 2.2. Canonical correspondence analysis (CCA) ordination biplot based on the mean 

environmental variables of depth, salinity, electrical conductivity, DO, pH, and concentrations of 

of Cl
-
, SO4

2
-, Ca

2+
, Mg

2+
, K

+
 of (a) species, and (b) ponds. 

 

2.3.2. Development of diatom-based transfer function 

Diatom-inferred salinity transfer functions based on inverse de-shrinking provided more 

robust performance statistics (RMSE=0.17, r
2
=0.79) than those based on classical deshrinking 

(RMSE=0.19, r
2
=0.79). Thus, we used the weighted-averaging transfer function with classical 

de-shrinking for salinity reconstruction in the wetland cores. Diatom weighted-average salinity 

optima cover the salinity gradient observed in Saline and vary from 3 to 34 ppt. Most taxa have 

weighted-average optima in the hyposaline (3–20 ppt) range of salinity and only D. stroemii, P. 

cruciculus and N. tubicola, N. pusilla have optima in the mesosaline (20–50 ppt) range 



16 

 

(Appendix A). Differences between salinity optima and tolerances based on weighted-averaging 

and bootstrapping are not significant (p>0.05) suggesting reliability of salinity inference models. 

The correlation between diatom-inferred salinity and average measured salinity in the 32 ponds 

studied is significant and strong (r=0.98, p<0.05). Based on measurements of squared chord 

distance, approximately 90% of diatom assemblages from fossil samples have analogs in the 

modern training set. One species (Caloneis westii (W. Smith) Hendey) present in the fossil 

assemblages was absent in the modern samples, and thus was not used for salinity reconstruction.  

2.3.3. Sediment core lithology and chronology  

Core Lager-1 consisted of firm gyttja (below 16 cm), peaty gyttja (16–9 cm) and gyttja 

(9–0 cm) (Figure 2.3(a)). Core Pilsner-1 demonstrated a transition from peat to peaty gyttja at 16 

cm followed by a shift (at 10 cm) to gyttja (Figure 2- 3(b)). Core South-1 was characterized by a 

transition from peat to gyttja at 22 cm (Figure 2.3(c)). All three cores were characterized by high 

water content (>80% in average) and mean organic content of 63% (Figure 2.3).  

Correlation between log‐unsupported 
210

Pb activity and cumulative dry mass for all three 

cores is strong (r>0.85) and significant (p<0.05) suggesting relatively constant sedimentation 

rates and negligible sediment mixing. In core Lager-1 the total activity of 
210

Pb peaked at 3 cm, 

then decreased with increasing cumulative dry mass, reaching supported levels of 28 mBq g
-1

 at 

18 cm (confirmed by 
214

Bi activity), which correspond to a CRS-modeled date of 1922 (Figure 

2.3(a)). Decreased total 
210

Pb activity within the upper 3 cm of the core may have resulted from 

increased sedimentation rates or post-depositional remobilization of 
210

Pb under steep redox 

gradients (Baskaran et al. 2014). In the core from Pilsner pond, the total activity of 
210

Pb 

decreased with increasing cumulative dry mass, reaching supported levels of 24 mBq g
-1

 at 24 

cm (confirmed by 
214

Bi activity), corresponding to a CRS-modeled 
210

Pb date of 1906 (Figure 

2.3(b)). 
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Figure 2.3. Physicochemical properties, 
210

Pb, 
137

Cs and 
214

Bi activities, 
210

Pb age - 

cumulative mass and 
210

Pb age-depth models for cores Lager-1 (a), Pilsner-1 (b), South-1 (c). 

 

In the core from South Pond, the total activity of 
210

Pb decreased within the upper 4 cm 

similar to that observed in core Lager-1. Below 4 cm, the total activity of 
210

Pb decreased down 

core with increasing cumulative dry mass, reaching supported levels of 3.5 mBq g
-1

 at 20 cm 

depth (confirmed by 
214

Bi activity), corresponding to a basal CRS-modeled 
210

Pb date of 1933 

(Figure2.3(c)). However, the unsupported 
210

Pb rises above background levels deeper in the core 
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at 24 cm depth before again returning to background levels. This creates two possible 

interpretations: 1) that background 
210

Pb activity is reached at 20 cm and the rise in unsupported 

210
Pb activity at greater depths is “noise”, confining the 

210
Pb-datable record to the upper 16 cm 

of the core, or 2) the fall and then rise in unsupported 
210

Pb activity with depth is indicative of a 

massive increase in sedimentation rate at 20 cm depth overlying more normal conditions below 

that depth, so the 
210

Pb datable portion of the core extends to 28 cm. The second scenario seems 

most probable since a transition from gyttja to peat was observed below 20 cm, revealing a 

notable shift in lithology. This shift suggests that a change in conditions of sedimentation 

resulted in acceleration of the sedimentation rate.  

137
Cs activity profiles in all three cores (Figure 2.3) do not demonstrate the expected peak 

in 1963 (Foster et al. 2006) and do not support 
210

Pb chronology. This discrepancy is not 

surprising in saline nutrient-rich environments and can be attributed to the higher mobility of 

137
Cs in organic-rich sediments, and high concentrations of competing ions such as Na

+ 
and K

+
, 

and 
137

Cs mobilization under saline conditions (Foster et al. 2006). 

2.3.4. Fossil diatom assemblages 

The bottom portion (below16 cm) of core Lager-1 was dominated by diatom taxa typical 

of hyposaline waters (A. sphaerophora f. costata, N. peregrina, C. westii), and the mesosaline 

indicator taxon D. stroemii appears between 22–18 cm (Figure 2.4(a)). At 16 cm, a shift to 

assemblages dominated by hyposaline taxa typical of hyposaline waters (S. construens var. 

venter, H. coffeaeformis, N. salinarum, C. halophilla and N. peregrina) was observed (Figure 

2.4(a)).  

The bottom part (below 10 cm) of core Pilsner-1 was virtually free of diatoms, whereas 

diatom assemblages above 10 cm were dominated by N. salinarum, H. coffeaeformis, C. 

halophilla, N. tubicola, N. peregrina. Mesosaline species (P. cruciculus) were most abundant at 

3–5 cm (Figure 2.4(b)). As observed in Pilsner, diatoms were absent in the bottom of South 

Saline pond (below 22 cm in core). Between 22 and 18 cm assemblages were dominated by S. 

pinnata and S. construens var. venter, whereas above 16 cm, a rise in abundance of N. pusilla, H. 

coffeaeformis, N. salinarum, N. peregrina was observed although S. pinnata, S. construens var. 

venter, and P. brevistriata were present (Figure 2.4(c)).  
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Figure 2.4. Relative abundance of diatoms and diatom-inferred salinity for cores (a) 

Lager-1, (b) Pilsner-1, and (c) South-1. Diatom taxa are organized by salinity optima. 
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2.3.5. Diatom-inferred salinity change 

In Lager Pond, DI-salinity was the highest from 1909–1922, varying from 9 to 13 ppt, 

then declining to 3 ppt in ~1956 (Figure 2.5(a)). DI-salinity rose again (up to 9 ppt) between 

~1956 and ~1975, followed by another decline. Since ~1986, DI-salinity has been relatively 

stable varying from 4 to 5 ppt in Pilsner Pond, a rise in DI-salinity (from 14 to 21 ppt) in ~1973–

1995 followed by a decline to 16 ppt was observed (Figure 2.5(b)). In South Pond, in ~1931–

1933 DI-salinity was the lowest (1–2 ppt) and then increased reaching 19 ppt in ~1954, before 

decreasing slightly from 19 to 15 ppt from ~1954–2000, and DI-salinity fluctuated between 10 

and 17 ppt in ~2007–2014 (Figure 2.5(c)). 

DI-salinity values are strongly associated with the main gradient in the distribution of 

diatom assemblages over time within each pond. Strong significant correlation (r=0.88, p<0.05) 

between CCA Axis 1 scores of the fossil assemblages and diatom-inferred salinity values was 

observed. Differences between measured salinity (Wells 2014) and DI-salinity in 2012 in studied 

ponds were not significant (p>0.1). 

 

Figure 2.5. Variation in precipitation in 1922–2014 for Fort McMurray area (Alberta 

Landscape and Landuses 2015) (a), CDLM and (b) diatom-inferred salinity change in Lager, 

Pilsner and South Ponds. 
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2.3.6. Precipitation variability in 1922–2015 in Fort McMurray area 

During 1922–2014, annual precipitation in Fort McMurray area varied from 242 mm (in 

1998) to 675 mm (in 1973) with average of 431 mm (Figure 2.5(a)). CDLM ranged from -793 

mm (in 1953) to 945 mm (in 1977). Rising CDLM occurred during 1922–1937 (up to 552 mm) 

and 1952–1997 (up to 945 mm), whereas declines occurred 1934–1952 (up to -793 mm) and 

1997–2015 (up to -165 mm) (Figure 2.5(a)).  

Complex relations between DI-salinity, precipitation and CDLM are apparent (Figure 

2.5). In Lager Pond, the decline in CDLM during 1934–1952 coincided with a decrease in DI-

salinity, followed by increase in CDLM and DI-salinity during 1960–1976 while a rise in CDLM 

in 1976–2012 corresponds to a decline in DI-salinity. In Pilsner Pond, a rise in DI-salinity in 

1976–2012 coincided with the rise of CDLM, and the following decline in CDLM was 

accompanied by a decline in DI-salinity. In South Pond, rising CDLM during 1932–1936 

corresponded with rising DI-salinity. Following this, an increase in DI-salinity during 1936–

1952 coincided with decline in CDLM. A gradual decline in DI-salinity in 1952–2000 was 

accompanied by rise in CDLM. Although the CDLM demonstrated a decline in 1997–2014, rises 

in DI-salinity in 2006 and decline in 2012 were visible.  

2.4. Discussion 

2.4.1. Salinity fluctuation and precipitation change 

Lake and pond dynamics and climate are connected in a complex way (Butcher et al. 

2015), and effective moisture (precipitation minus evaporation) is known to have a strong effect 

on the ionic concentration and composition of inland waterbodies (Fritz 2013). However, 

groundwater input can complicate climate – water chemistry links (Vance et al. 1997; Telford et 

al. 1999; Smith et al. 2002; Hobbs et al. 2011). This study reveals a complex relationship 

between precipitation and pond DI-salinity resulting from differences in the hydrologic 

functioning of the studied ponds, and their connectivity with shallow groundwater aquifers and 

adjacent wetlands (Wells and Price 2015b). 

Although studied ponds are located in close proximity, DI-salinity patterns (Figure 

2.5(b)) do not coincide, and in some cases, are opposite suggesting the existence of different 
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mechanisms of pond salinity regulation. The observed difference in DI-salinity trends between 

Pilsner and Lager Pond (Figure 2.5) can be most likely explained by their relative positions 

within the landscape, as well as the potential for significant variability in saline spring discharge 

driven by long-term precipitation patterns. In Lager Pond, a direct relation between DI-salinity 

and CDLM was found between 1937 and 1976. A decrease in DI-salinity between 1937 and 

1952 occurred during a period of long-term moisture deficit (a decline in the CDLM), where 

excess water was low and the opportunity for runoff or groundwater movement is limited in the 

BPR (Petrone et al. 2007; Devito et al. 2005). While the transport of saline groundwater to the 

fen is tied to the presence of a regional saline aquifer (the Grand Rapids) (Wells and Price 

2015a), a period of low deep groundwater input during this period (expressed through low 

salinity levels in Lager Pond) may be indicative of the sensitivity of regional aquifers to long-

term drought and precipitation cycles (Winter and Rosenberry 1998; Hayashi and Farrow 2014).  

Between 1954 and 1976, a steady increase in annual precipitation is observed resulting in 

a steady decrease in the long-term moisture deficit (a rise of the CDLM) (Figure 2.5). During this 

period, DI-salinity at Lager Pond increased. The observed DI-salinity changes can be explained 

by the function of the saline fen as a saline discharge zone driven by a saline plume within a 

near-surface Cretaceous Formation, which is likely sensitive to regional wetting and drying 

cycles (Wells and Price 2015b). Consequently, a rise in CDLM (a decrease in the moisture 

deficit) may have intensified the regional groundwater flow and thus discharge of saline water to 

the fen and ponds. Similar salinity increases accompanied by rises in precipitation and lake level 

were reported from Kenosee Lake (Saskatchewan) (Vance et al. 1997) and Lake Awassa (Africa) 

(Telford et al. 1999), and was attributed to the intensification of saline groundwater input under 

the onset of wet conditions. Moreover, the impact of groundwater influx on lake salinity was 

observed at Elk Lake (Minnesota) (Smith et al. 2002) and Konya Basin (Turkey) (Reed et al. 

1999). Although there is uncertainty in the magnitude of deeper groundwater flux to the present 

study site, as mineral sediments underlying the fen have low average hydraulic conductivity and 

thus low vertical groundwater flux (Wells and Price 2015a), the presence of a layer of sand and 

fine gravel (higher hydraulic conductivity) near the south-eastern end of Lager Pond (Wells 

2014) supports the possibility of deeper groundwater discharge therein. Moreover, discharge of 

saline ground water can be assumed from the presence of relict saline spring features observed 

near the north-eastern end of Lager Pond (Wells and Price 2015a). This also coincides with the 
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findings of Wells and Price (2015b), suggesting that the studied fen was functioning as a saline 

spring with fluctuating discharge rates.  

The influence of site-scale hydrology on salinity also plays an important role in salinity 

dynamics at the fen. Wells and Price (2015a) observed that steeper hydraulic gradients within the 

south fen supplied surface and subsurface flow northward, towards Lager Pond, and this flow 

(and thus salt transport) was enhanced when water tables were elevated due to higher hydraulic 

conductivities within the upper peat layers. An increase in DI-salinity at Lager Pond during the 

years following the long-term moisture deficit was likely driven by intra-wetland groundwater 

flow. Interestingly, an inverse relation between CDLM and DI-salinity in Lager Pond during 

1976–2012 (wet cycle) is evident. Although it is possible that a decrease in DI-salinity during 

this period resulted from the dilution of pond water by precipitation, the simultaneous rise in 

salinity in Pilsner Pond suggests other mechanisms are at play. The observed difference in DI-

salinity trends between Pilsner and Lager Pond can be most likely explained by their relative 

positions within the landscape and the degree of hydrologic connectivity between adjacent land 

units. The semi-permanent Pilsner Pond is situated within the south-central portion of the fen and 

is isolated from the adjacent non-saline wetlands (Figure 2.1). Fed horizontally by saline 

groundwater from the peatland and vertically via the connected saline Grand Rapids aquifer, the 

ponds only source of freshwater is through rainfall (Wells and Price 2015b). In contrast, Lager 

Pond is located within the saline fen’s most narrow section and is the largest pond within the 

system. Its eastern and western shorelines are hydrologically connected during wet periods to the 

adjacent freshwater systems, where the exchange of both fresh surface and subsurface flow can 

take place (Wells and Price 2015b). Thus, in combination with precipitation, Lager Pond is more 

susceptible to dilution via adjacent freshwater systems during periods of elevated water table and 

may explain the decrease in salinity from 1976 and onward. High concentration of carbonates in 

Lager Pond also supports the influx of groundwater from adjacent wetlands dominated by 

carbonates (Wells and Price 2015b), in contrast to the rest of studied ponds in Saline that has 

overall low carbonate content.  

In South Pond, DI-salinity demonstrates an opposite relationship with CDLM (except 

1932–1936 and 2012–2014) and seems to be directly governed by precipitation rather than by 

deeper saline groundwater input. It was reported that rises in precipitation result in decreased 
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solute concentration in shallow lakes in the Boreal Plains (Cobbaert et al. 2014). Thus, dilution 

of salt by precipitation can explain the inverse relation between salinity in South Pond and 

precipitation. The semi-permanent features of South Pond also suggest that the pond is fed 

predominantly by precipitation as the pond dries up during the summer due to high 

evapotranspiration (Wells 2014).  

2.4.2. Limitations of the study 

This study developed a diatom-based salinity transfer function from the analysis of 

diatom assemblage composition in 32 relatively isolated ponds situated close together in adjacent 

saline wetlands and applied it to reconstruct past salinity variations in three saline boreal ponds 

over the last 90 years. The ponds have relatively similar ion compositions and pH, but different 

salinity levels, and thus, it can be assumed that the influence of the environmental factors other 

than salinity on diatom distribution should be limited. This was confirmed by a CCA which 

demonstrated the distribution of diatom assemblages among sites is strongly and significantly 

associated with salinity and ionic content of the pond water (Figure 2.2). In addition, salinity was 

considered the main driver of temporal changes in diatom assemblages form the sediment cores 

based on strong and significant correlation between the CCA Axis 1 scores of the fossil 

assemblages in the 32-pond training set constrained to salinity and the diatom-inferred salinity 

values obtained from samples in the sediment cores from the three ponds. The ponds used for 

development of the training set are small and shallow and do not have river inflows, and thus 

negative effects on the accuracy of the diatom-based salinity model due to transport before 

diatom burial coupled with mixing of planktonic, littoral, saline and freshwater taxa should be 

reduced (Fritz et al. 2010). The absence of allochthonous input is also confirmed by similar 

ecological requirements (except salinity) of diatom taxa as most species are eutrophic and 

alkalophilic with remarkable differences in salinity optima. Number of species in the studied 

ponds is lower compared to Great Plains or Interior Plateau (Cumming and Smol 1993; Fritz et 

al. 1993; Wilson et al. 1994; 1996) and this may reduce the accuracy of salinity inference (Fritz 

et al. 2010). However, the studied ponds are hypo- to mesosaline, so preservation of diatoms is 

better compared to those of the Great Plains or Interior Plateau, and thus salinity inference here 

should be more accurate (Ryves et al. 2006). Moreover, the accuracy of the salinity inference is 

also supported by the very high number (about 90%) of fossil samples that have adequate 
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modern analogs, coupled with a strong significant correlation between CCA Axis 1 scores of the 

fossil assemblages and diatom-inferred salinity values. 

Diatom assemblages from the studied ponds are dominated by taxa that were reported 

from Great Plains, Interior Plateau and Yukon River basin (Cumming and Smol 1993; Fritz et al. 

1993; Pienitz et al. 1992; Wilson et al. 1994). The main differences between diatom assemblages 

in this study and in studies mentioned above are: 1) the presence of D. stroemii and P. cruciculus 

that can comprise up to 20–30% of diatoms assemblages in some ponds, 2) low number of 

species (25 species were identified, and only 16 species were present at >1% in at least two 

ponds), and 3) high abundance of S. construens var. venter (maximum relative abundance of up 

to 95% was observed in some ponds). Estimated diatom salinity optima are notably different 

from those reported from the Great Plains and Interior Plateau (Cumming and Smol 1993; Fritz 

et al. 1993; Wilson et al. 1994) (Appendix A). Thus, it can be assumed that our inferences may 

be biased as the transfer function was based on a small training set and limited salinity gradient. 

However, a strong significant correlation (p<0.05) and no significant difference (p>0.05) 

between diatom-inferred salinity and average measured salinity in the 32 studied ponds, gives us 

confidence in transfer function development. Moreover, diatom-inferred salinities for studied 

ponds in 2012 were very close to what was observed in the field in summer 2012 (Wells 2014). 

The differences in salinity optima may result from differences in ion composition (Gasse et al. 

1995; Herbst 2001) as previous estimates were done for lakes dominated mainly by sulphate 

(Cumming and Smol 1993; Fritz et al. 1993; Wilson et al. 1994). Moreover, PCA and CA 

suggested that Cl
-
: SO4

2- 
ratios have an influence on the composition of diatom assemblages 

within the studied ponds. Other factors such as depth and substrate may also have an effect on 

salinity optima (Williams et al. 1990). Despite the fact that our inferences work well for the 

studied saline fen, they should be used with caution in other locations, and further studies with 

more extensive sampling of ponds with different brine composition are required to develop 

diatom-based salinity model that can be used in whole boreal region. 

2.4.3. Implications for wetland reclamation in the Athabasca Oil Sands Region 

Although constructed wetlands (fens) can be hydrologically isolated from an overburden 

dump (Price et al. 2010), it is expected that many constructed wetlands will have deeper 
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groundwater input from seepage zones on tailings sand beaches that are known to have elevated 

salt content (Ketcheson et al. 2016). Isolated wetlands are known to be subjected predominantly 

to local processes in which water is added or removed from the wetland itself through surficial 

processes (such as precipitation, evapotranspiration, run-off) and shallow groundwater 

input/output (Devito et al. 2012), and it has been reported that salinity within an hydrologically 

isolated constructed fen is controlled by precipitation diluting shallow saline groundwater 

(Kessel 2016). This study suggests that wetlands (or part of the wetlands such as open water 

areas) that are situated within seepage zones are not only controlled by these local processes, but 

can also be subject to variation in regional aquifers, and thus, their salinity can be driven, in part, 

by saline groundwater discharge.  

Given the fact that observed relations between precipitation, groundwater discharge and 

salinity within the boreal fen are not straightforward, different salinity responses to the climate 

change within isolated and non-isolated constructed wetland can be expected. Future climatic 

changes in the AOSR will likely be associated with increases in temperature, precipitation and 

evapotranspiration (Ketcheson et al. 2016). Although salinity within the isolated wetlands may 

decline under increased precipitation, salt concentration within the wetlands located within 

seepage zones may rise due to intensification of saline groundwater input. This should be 

considered when designing the constructed wetlands because geomorphic and hydrogeological 

settings have to help to not only moderate regional climatic conditions (Ketcheson et al. 2016), 

but also to mitigate changes in saline groundwater influx. This study suggests the possible 

existence of precipitation threshold values that specify the amount of precipitation required for 

shifts in salinity levels. Determining actual levels of these thresholds under various local 

conditions (e.g., location, topography, substrate) can be useful for predicting the potential 

resilience of saline wetland ecosystems under climate change. 

This study shows that connectivity to adjacent wetlands is important for explaining the 

spatial and temporal variations in salinity within the saline boreal fen, and influx of fresh water 

from surrounding wetlands may modify how fen salinity changes result from saline groundwater 

discharge and direct input of meteoric water. Consequently, incorporation of landscape 

connectivity into post-mined landscape design plans can be useful not only for maintaining water 
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balance of reclaimed area (Ketcheson et al. 2016), but also for salinity control that is one of the 

most important conditions for reclamation success. 
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3. Organic matter accumulation and salinity change in open water areas within a 

saline boreal fen in the Athabasca Oil Sands Region, Canada 

3.1. Introduction 

Continental fens comprise up to 90% of western boreal peatlands (Vitt et al. 2009) and 

act as sinks and transformers of organic matter, water, and nutrients (Yu 2012) at the interface of 

terrestrial and aquatic boreal ecosystems. Since the 1960’s anthropogenic impact on these 

peatlands has increased dramatically, especially in oil-producing Alberta where open-pit mining 

has destroyed thousands of hectares of the boreal landscape (Government of Alberta Energy 

2017), more than 55% of which are fens (Vitt et al. 2009). Oil companies must reclaim disturbed 

areas to land of equivalent ecological capacity, and about 30% of the post-mined area must be 

reclaimed back to boreal wetlands (Alberta Environment and Parks 2015). Thus, the construction 

of boreal fens, the dominant type of wetlands in Alberta (Vitt et al. 2009), is crucial for 

reclamation success. Current attempts to construct self-sustaining boreal fens (e.g., Price et al. 

2010) have faced several challenges with salinization being the most significant (Vitt and House 

2015). Increased salt inputs from saline tailings and reclamation materials hinder establishment 

of moss-dominated fens, making naturally graminoid-dominated saline fens potential models for 

reclamation (Wells and Price 2015a; Environment and Parks 2015). The ability of ecosystems to 

accumulate organic matter (OM) is one of the key aspects of ecological capacity and a 

commonly used metric for assessing the success of peatland restoration or reclamation projects 

(Wortley et al. 2013). Therefore, it is relevant and timely to determine organic matter 

accumulation rates in naturally saline fens that can be useful for establishing targets for 

reclamation. Accumulation of OM within open water areas (ponds) is of particular interest 

because ponds compose a notable part of saline fens, (Wells and Price 2015a), and understanding 

the role of ponds in the OM storage in natural saline fens is necessary for an appropriate 

estimation of OM accumulation potential of constructed saline fens.  

Saline fens are dynamic systems, and the reconstruction of past salinity within open water 

areas in a saline boreal fen (known as Saline Fen) situated in the Athabasca Oil Sands Region 

using diatom-based transfer function has revealed notable variation in salinity during the last 

~100 years (Volik et al. 2017). Given that increases in salinity can alert plant productivity and 

microbial productivity (Herbert et al. 2015), OM accumulation in open water areas within the fen 
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may be expected to change in response to salinity fluctuations. A better understanding of the 

relationships between temporal changes in water salinity and OM accumulation in saline fens 

can be useful for prediction of constructed fen resilience under future environmental changes 

(e.g., climate warming) and salinity variation. In addition, estimation of OM accumulation rates 

under different salinity levels can be helpful for defining acceptable salinity ranges that will not 

hinder OM accumulation within constructed saline fens.  

OM deposition in waterbodies is tightly connected to water depth and productivity of 

aquatic and adjacent terrestrial plant assemblages (Meyers and Ishiwatari 1995) that can 

complicate relations between OM accumulation rate and salinity. Consequently, water level 

fluctuation and type of vegetation in and near the waterbody should be taken into account while 

looking at changes in OM deposition with respect to salinity. Information on past local 

vegetation assemblages may be provided by the study of plant macrofossils such as seeds, leaves, 

fruits, etc.; moreover, macrofossil analysis has been widely used for reconstructing small-scale 

environmental changes (Mauquoy et al. 2010). This study aims to estimate the apparent organic 

matter accumulation rate (OMAR) in open water areas (Lager, Pilsner, and South Ponds of 

Saline Fen) where past salinity was reconstructed by Volik et al. (2017) and address the 

following questions: 1) How has OMAR changed over time? 2) Has variability in OMAR been 

associated with changes in diatom-inferred salinity reported by Volik et al. (2017)? 3) How have 

changes in OMAR been related to changes in water depth and vegetation revealed by macrofossil 

analysis? This paper is a part of a study on organic matter accumulation change along a salinity 

gradient in a saline boreal fen in the Athabasca Oil Sands Region, and results from this paper 

will provide insight into the role of open water areas in OM storage of the wetlands that is useful 

for assessment of carbon sequestration potential of constructed saline wetlands and improvement 

of constructed wetland design. 

3.2. Materials and methods 

3.2.1. Site description 

The study was conducted at a saline boreal fen (further, Saline Fen) situated about 10 km 

south-east from Fort McMurray, Alberta (Figure 3.1). The climate of the study area was sub-

humid with average January temperatures of -19 
o
C and July temperatures of +16.6 

o
C, and a 
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mean annual precipitation of 460 mm (Government of Canada 2017). The surface area of Saline 

Fen was about 27 ha, with an irregular shape and elongated northwest- southeast orientation. 

Electrical conductivity of shallow groundwater (<50 cm depth from the peat surface) varied from 

5 mS cm
-1

 to 120 mS cm
-1

 (Wells and Price 2015b) while average pond water salinity ranged 

from 5 mS cm
-1

 to 67 mS cm
-1

. Surface water and groundwater were dominated by Na
+
 and Cl

-
 

although Ca
2+

, Mg
2+

 and SO4
2-

 were also present. The fen comprised a series of depressions, 

ridges and ponds, and the vegetation displayed a distinct pattern with ridges dominated by Baltic 

rush (Juncus balticus Willd.), sweetgrass (Hierochloe hirta (Schrank) Borbás ), narrow reed 

grass (Calamagrostis stricta (Timm.) Koeler), and foxtail barley (Hordeum jubatum L.), and 

depressions dominated by seaside arrow grass (Triglochin maritima L.). In areas with the highest 

salinity, halophyte vegetation (e.g., sea plantain (Plantago maritima L.), horned seablite (Suaeda 

calceoliformis (Hook.) Moq.), and red swampfire (Salicornia rubra A.Nelson)) was observed. 

Small (0.5 m
2
 to 1.2 ha) shallow (average depths of 0.4–0.5 m) ponds occupied about 19% of the 

fen and were situated predominantly in the southern and central parts (Wells and Price 2015a; 

2015b). Most of the large ponds had irregular shape while small ponds were circular-shaped and 

located in deep depressions with steep margins. The majority of the ponds had semi-permanent 

features and was dry during late summer.  

OMAR was assessed in Lager, Pilsner and South Ponds. Lager Pond covered ~0.95 ha 

and had average depth of ~0.5 m. It had irregular shape with an elongated embayment in the 

southern part. This permanent pond had an average salinity of 9 ppt and average pH of 8. While 

macrophytes (Typha angustifolia L., Schoenoplectus spp., and Carex spp.) grew intensively 

along the perimeter of the pond, the main axis of the pond was lacking aquatic vegetation. 

Pilsner Pond had an area of 0.13 ha and average depth of ~0.45 m, and had a segmented 

appearance with several round-shaped embayments. Nearshore areas of the pond dried out 

during late summer. The average salinity of the pond was about 16 ppt and average pH was 6. 

The major part of the pond was lacking aquatic vegetation although Potamogeton spp. 

sporadically occupied embayments. South Pond had area of 1.2 ha and average depth of ~0.43 

m. It had an elongated shape with a round embayment in the northern part. The pond had semi-

permanent features, and water depth near the shore dropped to zero during late summer. The 

average salinity of the pond was about 19 ppt and average pH is 7.5. The south-eastern shore of 

the pond wss occupied by Schoenoplectus spp. and Carex spp. Emergent macrophytes were rare 
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along the north-western part of the pond. Potamogeton spp. were common in the northern part of 

the pond. An extensive brown-green microbial mat covered the majority of the bottom of South 

Pond. 

 

Figure 3.1. (a) regional map showing the location of the study site within Alberta, 

Canada; (b) map of the study site, including locations of sediment cores; (c) cross-section of the 

study site along A–B transect (shown on Figure 3.1(b)) including locations of sediment cores 

3.2.2. Sediment analyses 

Estimation of OMAR was performed on sediment cores Lager-1, Pilsner-1 and South-1 

that were taken from Lager, Pilsner, and South Ponds, respectively (core locations, core lengths, 

coring details are in Figure 3.1 (c), Table 3.1, and Volik et al. (2017)). The cores were extruded 

and sectioned into 1-cm increments in the field and refrigerated at 4°C until further processing.  
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Table 3.1. Summary of core details (from Volik at al. 2017) 

 Lager Pond Pilsner Pond South Pond 

Core name Lager-1 Pilsner-1 South-1 

Core length, cm 31 (only upper 22 cm 

is used for this study) 

41 (only upper 28 cm 

is used for this study) 

43(only upper 28 cm 

is used for this study) 

Coring site 

coordinates 

56°34'7.85"N 

111°16'11.83"W 

56°34'6.53"N 

111°16'7.56"W 

56°34'3.46"N 

111°16'0.41"W 

Coring date 15 Jun 2014 13 May 2015 13 May 2015 

Coring device plastic tube (diameter 

8.5 cm) pushed into 

sediments 

Maxi-Glew gravity 

corer 

Maxi-Glew gravity 

corer 

Total number of 

subsamples:  

for LOI 

for dating 

for diatom analysis 

for macrofossil 

analysis 

 

 

23 

14 

12 

 

12 

 

 

25 

15 

25 

 

13 

 

 

29 

17 

15 

 

15 

Continuous subsamples of 1 cm
3 

at 1-centimeter resolution were taken and processed for 

loss-on-ignition (LOI) following Heiri et al. (2001) to estimate moisture, organic matter, 

carbonate and mineral matter in Lager-1, Pilsner-1 and South-1. Continuous sediment 

subsamples at 1-centimeter resolution (for upper 5 cm of all core) and at 2-centimeter resolution 

(below 5 cm) were taken from all three core to establish core chronology using measurements of 

210
Pb, 

214
Bi, 

137
Cs activities by gamma ray spectroscopy in the WATER Lab (Department of 

Biology, University of Waterloo) (see Volik et al. 2017 for details). A constant rate of supply 

model was used to determine the age of the sediments and sediment accumulation rate 

(±standard deviation) (SAR) (Appleby and Oldfield 1978). Organic matter accumulation rate 

(±standard deviation) (OMAR) was calculated as a product of sediment accumulation rate and 

the organic matter content (OM) in each sample: 

OMAR=SAR×OM   (3.1) 



33 

 

For diatom analysis, subsamples of 0.2–0.3 g were taken and processed for slide 

preparation following the methods of Battarbee et al. (2001). Continuous subsamples at 2-

centimeter resolution were taken from cores Lager-1 and South-4. Because the bottom part of 

core Pilsner-1 was composed of coarse peaty gyttja that could be potentially barren of diatoms, 

this core was subsampled at 1-cm increments to ensure enough samples were obtained for 

salinity reconstruction (see Volik et al. 2017 for details). Salinity reconstruction was performed 

using weighted-averaging transfer functions based on diatoms and an environmental dataset from 

32 saline boreal ponds (see Volik et al. 2017 for details). The diatom-based salinity model was 

developed following method of Cumming and Smol (1993) and Wilson et al. (1994).  

In addition, continuous subsamples of 5 cm
3
 (measured by water displacement) at 2-

centimeter resolution were taken from all three cores for macrofossil analyses. Individual 

samples were gently washed through a 125 µm sieve, and identification and counting of plant 

macrofossils in each sample were conducted at x10 magnification. Following the method of 

Hughes and Barber (2003), all macrofossil remains in each sample were counted using a 100-cell 

grid graticule as a quadrat, using a five-point scale of abundance (1= rare, 2 = occasional, 3 = 

frequent, 4 = very frequent and 5 = abundant). Macrofossil diagrams were made using C2 by 

Juggins (2011). 

3.2.3. Statistical analyses 

Relations between diatom-inferred (DI) salinity and OMAR were explored using Pearson 

linear correlation between all obtained values of DI-salinity and OMAR for each core. Due to a 

skewed distribution, all values were log transformed before statistical analyses. All statistical 

analyses were performed in PAST 3.06 (Hammer et al. 2001).  

3.3. Results 

Detailed description, chronology and salinity reconstruction for cores Lager-1, Pilsner-1, 

and South-1 have been presented in Volik et al. (2017).  

3.3.1. Chronology, sediment core lithology, OMAR change, and macrofossil assemblages 

Age models (Figure 3.2) for all three cores were derived by interpretation of 
210

Pb and 

214
Bi activity profiles. Strong (r>0.85) and significant (p<0.05) correlation between log‐
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unsupported 
210

Pb activity and cumulative dry mass was observed in all three cores, suggesting 

relatively constant sedimentation rates and negligible sediment mixing. A discrepancy between 

137
Cs and 

10
Pb activity profiles was found, and it was attributed to the higher mobility of 

137
Cs in 

organic-rich saline environment (see Volik et al. (2017) for details). 

 

Figure 3.2. Lithology, chemical properties, and age-depth models of cores Lager-1 (a), 

Pilsner-1 (b), South-1 (c) 

The bottom part (22–16 cm; deposited ~AD 1909–1932) of core Lager-1 was composed 

of firm gyttja with water content of 72.0±6.1%, organic matter content of 46.6±9.8%, mineral 

content of 47.2±8.1%, and carbonate content of 6.1±2.2% (Figure 3.2(a)). This part of the core 

was characterized by the highest OM concentration (mean 0.23±0.3 g cm
-3

), SAR (mean 294 ±84 

g m
2
 yr

-1
), and OMAR (mean 38±13 g m

2
 yr

-1
) (Figure 3.3). Gyttja contained abundant 

unidentifiable debris, but rare remains of Schoenoplectus spp. and Potamogeton spp. were 

present (Figure 3.3). Above 16 cm, the core consisted of peaty gyttja (16–9 cm), firm gyttja (9–4 

cm) and watery gyttja (4–0 cm) that had relatively similar water content (mean 87.0±1.0%), 

organic matter content (mean 61.7±4.8%), mineral content (32.8±4.0%), and carbonate content 

(mean 5.4±2.3%) (Figure 3.2(a)). Mean OM concentration, SAR and OMAR were 0.13±0.02 g 
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cm
-3

, 36 ±11 g m
2
 yr

-1
, and 8±1 g m

2
 yr

-1
, respectively (Figure 3.3). Although plant remains were 

mostly unidentifiable in this portion of the core, abundant remains of filamentous cyanobacteria 

were found at 14–8 cm (dated to 1944–1975 AD) (Figure 3.3).  

 

Figure 3.3. Organic matter concentration, sediment and organic matter accumulation 

rates, diatom-inferred (DI) salinity (from Volik et al. 2017), and macrofossil assemblages in core 

Lager-1 

In core Pilsner-1, sediments below 18 cm consisted of peat (dated to 1885–1942 AD), 

with water content of 82.2±0.5%, organic matter content of 71.6±0.4%, mineral content of 

9.8±0.9%, and carbonate content of 18.6±0.9% (Figure 3.2(b)). Peat was composed of well-
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preserved stem bases of T. maritima and stems of Atriplex spp. (Figure 3.4). Mean values of OM 

concentration, OMAR, and SAR were 0.25±0.01 g cm
-3

, 354±10 g m
-2

 yr
-1

, and 253±7 g m
-2

 yr
-1

, 

respectively (Figure 3.4). At 18–16 cm (dated to ~ 1942–1949 AD), a gradual transition to peaty 

gyttja was observed, with water content of 83.3±0.6%, organic matter content of 74.0±0.6%, 

mineral content of 13.8±2.5%, and carbonate content of 12.1±3.0% (Figure 3.2b). This shift 

coincided with increases in OM concentration (mean 0.26±0.01 g cm
-3

), SAR (mean 592±104 g 

m
-2

 yr
-1

), and OMAR (mean 430±80 g m
-2

 yr
-1

). Peaty gyttja contained well-preserved remains of 

T. maritima and Schoenoplectus spp. (Figure 3.4) Above 10 cm (dated to ~1969–2013 AD), the 

core was composed of gyttja with water content of 84.4±0.9%, organic matter content of 

71.0±2.0%, mineral content of 25.6.8±2.6%, and carbonate content of 2.5±1.3% (Figure 3. 2(b)). 

Mean OM concentration, SAR, and OMAR were 0.22±0.05 g cm
-3

, 446±145 g m
-2

 yr
-1

, and 

326±110 g m
-2

 yr
-1

, respectively (Figure 3.4). Gyttja contained rare remains of Schoenoplectus 

spp. and Potamogeton spp. (Figure 3.4) 

At core South-1, sediments below 20 cm (dated to 1912–1932 AD) were composed of 

peat with water content of 85.2±0.4%, organic matter content of 67.6±1.2%, mineral content of 

15.7±1.3%, and carbonate content of 16.7±1.8% (Figure 3.2(c)). At 28–24 cm, OM 

concentration (mean 0.31±0.02 g cm
-3

), SAR (mean 598±172 g m
-2

 yr
-1

), and OMAR (401±115 g 

m
-2

 yr
-1

) were relatively stable, but sharp peaks in SAR (14377±581 g m
-2

 yr
-1

) and OMAR 

(mean 9665±397 g m
-2

 yr
-1

) were observed at 24–20 cm (~1929–1933 AD) (Figure 3.5). This 

part of the core contained abundant remains of T. maritima and occasional stems of Atriplex spp., 

and abundant stem bases of T. maritima in growth position (Figure 3.5). At 20 cm, a transition 

from peat to gyttja was observed, with water content of 89.9±2.8%, organic matter content of 

58.8±5.8%, mineral content of 29.4±5.8%, and carbonate content of 11.8±5.7% (Figure 3.2(c)). 

Above 20 cm, OM concentration (mean 0.20±0.05 g cm
-3

), SAR (mean 191±40 g m
-2

 yr
-1

), and 

OMAR (110±30 g m
-2

 yr
-1

) were relatively stable, except the upper 4 cm of the core which was 

characterized by increased SAR (mean 525±169 g m
-2

 yr
-1

) and OMAR (317±84 g m
-2

 yr
-1

) 

(Figure 3.5). This part of the core consisted of highly decomposed gyttja with occasional remains 

of T. maritima, Schoenoplectus spp. and Potamogeton spp. Green-coloured thin (0.5–1 cm) 

horizontal parallel laminae of the microbial mats were observed in the upper part of the core (4–

0 cm; Figure 3.5). 
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Figure 3.4. Organic matter concentration, sediment and organic matter accumulation 

rates, diatom-inferred (DI) salinity (from Volik et al. 2017), and macrofossil assemblages in core 

Pilsner-1 
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Figure 3.5. Organic matter concentration, sediment and organic matter accumulation 

rates, diatom-inferred (DI) salinity (from Volik et al. 2017), and macrofossil assemblages in core 

South-1 

3.3.2. Diatom assemblages and salinity reconstruction 

A total of 15 species with relative abundance more than 1% were found in the three 

studied cores. Diatom assemblages in all three cores were composed of taxa typical of 

hyposaline and mesosaline waters (Staurosirella pinnata (Ehrenberg) D.M.Williams & Round, 

Staurosira venter (Ehrenberg) Cleve & J.D.Möller, Navicymbula pusilla (Grunow) Krammer, 

Halamphora coffeaeformis (Agardh) Levkov, Platessa salinarum (Grunow) Lange-Bertalot, 
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Anomoeoneis costata (Kützing) Hustedt, Navicula peregrina (Ehrenberg) Kützing, Caloneis 

westii (W. Smith) Hendey, Craticula halophila (Grunow) D.G.Mann, Diploneis stroemii 

Hustedt, Parlibellus cruciculus (W. Smith) Witkowski, Lange-Bertalot & Metzeltin). Bottom 

parts of cores Pilsner-1 and South-1 were virtually free of diatoms (Volik et al. 2017). 

To reduce biases for transfer function development and salinity reconstruction, only small 

shallow ponds with relatively similar ion compositions and pH, and without river inflows were 

included into training sets of species and environmental data (Volik et al. 2017). Small size of 

the training sets (32 ponds) used for transfer function development may potentially represent a 

bias for salinity reconstructions (Volik et al. 2017). Despite the small sample size of the training 

sets (32 ponds), the diatom-based salinity model produced a strong significant correlation (r>0.9, 

p<0.05) between DI- salinity and average measured salinity in the studied ponds. Moreover, DI-

salinities for studied ponds in 2012 were very close to what was observed in the field in summer 

2012 by Wells (2014). As revealed by measurements of squared chord distance, approximately 

90% of diatom assemblages from fossil samples had analogs in the modern training set. 

3.3.3. DI-salinity and OMAR relations 

In core Lager-1, the correlation between DI-salinity and OMAR was strongly positive 

and significant (r=0.77, r
2
=0.60, p<0.05) (Figure 3.6(a)). The correlation between DI-salinity and 

OMAR in core Pilsner-1 was weak and insignificant (r=-0.34, r
2
=0.12, p>0.05) (Figure 3.6(b)). 

Core South-1 was characterized by strong and significant negative (r=-0.97, r
2
=0.93, p<0.05) 

(Figure 3.6(c)) correlation between DI-salinity and OMAR.  
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Figure 3.6. The relationship between organic matter accumulation rate and diatom-

inferred salinity in cores Lager-1 (a), Pilsner-1 (b), and South-1 (c) 
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3.4. Discussion 

3.4.1. Salinity change and OM accumulation  

Open water areas (ponds) are integral parts of saline boreal fens because they are 

hydrologically connected with the surrounding peatlands (Wells and Price 2015a, 2015b), and 

play an important hydrogeochemical role in the pond-peatland system similarly to other shallow 

boreal ponds (Ferone and Devito 2004). Although pools and ponds within peatlands can act as 

sources of CO2 (Hamilton et al. 1994; Waddington and Roulet 2000), our study has shown that 

open water areas within a saline boreal fen can accumulate OM at the rates comparable to boreal 

and tundra shallow lakes and ponds. The mean organic content (as inferred from LOI) of the 

cores from studied ponds is 62.8±9.8% (Volik at al. 2017), which is higher than what has been 

reported for Alberta lakes (55.4%) (Campbell et al. 2000). Median OMAR in Pilsner and South 

Ponds (288 and 194 C g m
-2

 yr
-1

, respectively) are higher than in boreal and tundra ponds and 

shallow lakes that can accumulate from 7 to 72 C g m
-2

 yr
-1

 (e.g., Campbel et al. 2000; Dean 

1999; Macrae et al. 2004). In contrast, Lager Pond is characterized by lower OMAR with median 

value of 8 g m
-2

 yr
-1

. High OMAR in Pilsner and South Ponds can be attributed to the high 

productivity of the ponds as the mean chlorophyll-a concentration of 65 µg L
-1

 in studied ponds 

that has been reported by Volik et al. (2017) is much higher than what has been observed in 

eutrophic boreal shallow lakes (e.g., Bayley and Prather 2003). In addition, studied sediment 

cores contain sediments with abundant poorly decomposed plant remains (Figures 3.4 and 3.5) 

suggesting high inputs of organic matter from terrestrial vegetation and low decay rates 

associated with saline anoxic conditions. Low OMAR in Lager Pond seems to be associated with 

a low sediment accumulation rate and high decomposition of sediments as inferred from poorly 

preserved macrofossils in core Lager-1 (Figure 3.3). Median OMAR (181 g m
-2

 yr
-1

) of all 

studied ponds suggests that ponds situated within saline boreal fens can accumulate OM 

similarly to freshwater boreal ponds, and the estimated salinity levels (3–21 ppt) did not severely 

affect OMAR. Indeed, the highest OMAR in the ponds was associated with DI-salinity of 10–15 

ppt (Figures. 3.3–3.5); moreover, Lager Pond has been characterized by lower DI-salinity than 

Pilsner and South Pond over last 100 years and has had the lowest OM accumulation rates. 

Although salinity can affect wetland productivity (Cooper and Wissel 2012), and thus can 

affect OM accumulation, results here show that salinity was not the main driver of changes in 
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OMAR in the studied ponds. Weak and strong, positive and negative correlations between 

OMAR and DI-salinity (Figure 3.6) were observed here suggesting that relations between 

salinity and OMAR are not straightforward. No strong correlation between OMAR and DI-

salinity was found in core Pilsner-1. A strong negative correlation between OMAR and DI-

salinity in core South-1 was consistent with several studies (Wollheim and Lovvorn 1996; Herbst 

2001; Cooper and Wissel 2012) that have shown that waterbody productivity, and thus OM 

accumulation, tends to decline under increasing salinity. However, a strong positive correlation 

between OMAR and DI-salinity was found in core Lager-1, and a similar positive correlation has 

been found in Mono Lake (California, USA) where rises in OMAR were attributed to decreased 

decomposition of organic matter by benthic microbial assemblages under increased salinity 

(Jellison et al. 1996). Consequently, it can be assumed that OMAR in studied ponds could 

change in conjunction with changes in salinity, but links between OM accumulation and salinity 

level are complicated by other factors. 

Distinct differences between rates of OM accumulation estimated for peaty and gyttja 

samples (Figsures 3.3–3.5) suggests that OMAR was mainly influenced by water level and type 

of primary producers. Our paleoecological data suggests that before 1953 the basin of Pilsner 

Pond was occupied by terrestrial vegetation and accumulated peat; similar conditions were 

observed in South Pond before 1932. Shifts from macrofossil assemblages dominated by 

Atriplex, which has moderate tolerance to waterlogged conditions (Asad 2002), to assemblages 

dominated by waterlogging-tolerant T. maritima (Fogel et al. 2004) and aquatic Schoenoplectus 

spp. (Figure 3.5) record a rise in water level and transition from peatland to inundated pond-like 

areas. Currently, such inundated depressions vegetated with T. maritima are abundant in the 

northern part of Saline. Notably, in the core from South Pond, diatoms were found in poorly 

decomposed peat sediments dated to 1931–1932 indicating relatively high and stable water levels 

that allow the survival of algae, while in Pilsner Pond fluctuating water levels in 1953–1966, 

recorded in the sediment core by peaty gyttja, hindered the expansion of diatoms. During the 

transition from peatland to inundated areas, the water levels in the Pilsner and South Pond basins 

were low enough to allow the existence of terrestrial peatforming vegetation, but high enough to 

create anoxic conditions. Consequently, the input of terrestrial vegetation composed of relatively 

to decay-resistant high-molecular-weight compounds rich in C (Meyers and Ishiwatari 1993) 

coupled with waterlogging resulted in the highest OMAR in 1946–1953 and 1931–1933 in 
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Pilsner and South Ponds, respectively. The increase in water level and transition to open 

waterbody stage is recorded by the presence of macrophytes (Potamogeton spp.) and diatoms, 

and disappearance of terrestrial vegetation in sediment cores (Figures 3.4, 3.5). This shift caused 

a decrease in OMAR as Pilsner and South Ponds became dominated by aquatic vegetation and 

algae that are known to be composed of less decay-resistant proteins with low-molecular-weight 

compounds high in N (Meyers and Ishiwatari 1993). 

Studied ponds are sensitive to changes in precipitation, and precipitation can control pond 

salinity by dilution of salt content in water or by recharge of the saline aquifer (Volik et al. 

2017). However, no relations between OMAR, precipitation, and cumulative departure from 

long-term mean precipitation (CDLM) in the Fort McMurray area (Volik et al. 2017) was found. 

This contrasts with Canada's Boreal Shield ecozone, where increases in precipitation and 

snowmelt intensify surface runoff to lakes and stimulate organic matter accumulation (Schindler 

et al. 1996). Within the Western Boreal Plains, rises in precipitation do not cause much increases 

in water input from the watershed into shallow lakes due to low topography, high 

evapotranspiration and high water storage capacity (Ferone and Devito 2004; Cobbaert et al. 

2014). Consequently, increases in precipitation do not lead to increases in nutrient and organic 

matter input to the lakes (Sass et al. 2008), and OMAR in studied ponds is not directly 

influenced by precipitation. However, fluctuations in precipitation can cause shifts in the regime 

of shallow lakes (Cobbaert et al. 2014), and changes in OMAR and macrofossil assemblages in 

the core from Lager Pond reveal that pond regimes (macrophyte or algae-dominated) have an 

effect on OM accumulation. The highest OMAR was during 1909–1932 when Lager Pond had 

the highest salinity (15–16 ppt) and was vegetated with macrophytes as recorded by remains of 

Potamogeton spp. and Schoenoplectus spp. in the sediment core (Figure 3.3). After 1932, a shift 

to algae-dominated regime is evident from increase in total diatom concentration, coupled with 

abundance of remains of filamentous cyanobacteria and disappearance of Potamogeton spp. and 

Schoenoplectus spp. in sediments dated to 1932–1975. During that period OMAR was low and 

relatively stable despite salinity change.  

3.4.2. Implications for fen construction in the Athabasca Oil Sands Region 

An abundance of shallow small (up to 1.2 ha) ponds is a distinct feature of saline boreal 

fens that were suggested as appropriate natural analogs for landscape reclamation in the 
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Athabasca Oil Sands Region (AOSR) (Wells and Price 2015a). Our study shows that saline 

ponds located within the fens have accumulated organic matter at the rate comparable to boreal 

and subarctic freshwater ponds. Moreover, salinity up to 20 ppt did not reduce the potential to 

accumulate OM in saline ponds.  

OMAR in studied ponds seem to be driven by factors that control decomposition rather 

than primary productivity, and positive relations between OMAR and salinity probably result 

from decreased mineralization due to the decline in microbial activity associated with the 

increase in osmotic value (Setia et al. 2011; Brouns et al. 2014). Moreover, several studies 

(Cebrian and Duarte 1995; Kortelainen et al. 2013) have shown that controls on decay have 

stronger impact on organic carbon sequestration than controls on productivity. Thus, reclamation 

efforts should focus on decreasing decomposition rates to achieve the highest OMAR in 

constructed ponds. In particular, attention should be paid to vegetation within riparian areas 

around ponds as litter quality has strong effect on decay rates (Vitt et al. 2009), and the input of 

terrestrial organic matter into waterbodies has an impact on stratification, light penetration, and 

oxygen availability driving decomposition (del Giorgio et al. 1997; Bastviken et al. 2004; 

Kankaala et al. 2006; Juutinen et al. 2009; Anas et al. 2015). Resistance to decomposition of 

each species should be taken into account and careful consideration made towards the choice of 

plant species to be plated around constructed ponds. In studied cores, high OMAR was 

associated with samples containing abundant remains of T. maritima and Schoenoplectus spp. 

This is in agreement with findings of Trites and Bayley (2009a) suggesting that T. maritima and 

some species of genus Schoenoplectus have slower decomposition rates, and thus can be 

suggested for planting within constructed saline fens. 

Pond regime (macrophyte-dominated or algae-dominated) has had an influence on the 

rates of OM accumulation and should be taken into account while developing constructed pond 

design. Changes in macrofossil and diatom assemblages in studied cores recorded shifts in 

regimes of the ponds that were related to variation in OMAR; macrophyte-dominated regime 

was associated with higher OMAR while decline in OMAR under algae-dominated regime was 

found. Thus, planting macrophytes such as Potamogeton spp. can help increase OM 

accumulation in constructed ponds. However, open water areas within western boreal forests are 

characterized by high evaporative losses (Devito et al. 2012), and increased macrophyte cover 

http://onlinelibrary.wiley.com.proxy.lib.uwaterloo.ca/doi/10.1002/jgrg.20028/full#jgrg20028-bib-0018
http://onlinelibrary.wiley.com.proxy.lib.uwaterloo.ca/doi/10.1002/jgrg.20028/full#jgrg20028-bib-0032
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can lead to more intense evapotranspiration and reduction of water volume in waterbodies (Xu et 

al. 2014). Given this, rational macrophyte control through planting and harvest can be crucial for 

OM accumulation in constructed ponds.  

Our estimations of OMAR were done for naturally saline ponds dominated by chlorides 

(Volik et al. 2017). The observed high OMAR in studied ponds may not hold in constructed 

wetlands dominated by sulphates (Ketcheson et al. 2016). In contrast to chlorides, sulphates are 

known to stimulate anaerobic decomposition (Canavan et al. 2006; Brouns et al. 2014), and thus 

a better understanding of the effects of brine composition and total salt concentration on 

microbial activity in pond sediments is necessary to predict OMAR in constructed waterbodies. 

In addition, restored fens are known to have altered nutrient turnover rates (Cabezas et al. 2014), 

and long-term carbon cycling in boreal lakes is driven by nitrogen (Kortelainen et al. 2013), so 

in-depth studies revealing differences in N-cycling within natural and constructed saline fens is 

necessary to anticipate changes in OMAR in constructed ponds. 

3.5. Conclusion 

This study of OM accumulation in open-water areas within a saline boreal fen has 

showed that although fluctuations in salinity is linked to changes in OMAR in studied ponds, a 

stronger influence on OM accumulation was observed by water level, type of primary producers 

and pond regime. The highest OMAR was found during a shift from terrestrial to open-water 

areas, which can be attributed to low decomposition rates due to high input of terrestrial plant 

litter, coupled with onset of anaerobic conditions. A macrophyte-dominated pond regime was 

characterized by higher OMAR relative to algae-dominated regime. Because OMAR in the 

studied saline ponds seems to be more influenced by environmental variables that drive 

decomposition rather than by controls on primary productivity, development of a constructed fen 

design will require careful consideration of factors promoting low decay rates. In particular, 

attention should be paid to vegetation within open-water areas and within riparian areas around 

ponds as litter quality has strong effect on the decomposition rates. The observed relation 

between OMAR and environmental factors in natural chloride-dominated saline wetlands may 

not hold in constructed sulphate-dominated fens, and better understanding of the effect of the 

chloride to sulphate ratio on microbial activity and OM accumulation in saline ponds may be 

required. 
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4. Impact of salinity, hydrology and vegetation on long-term carbon 

accumulation in a saline boreal peatland and its implication for peatland reclamation in the 

Athabasca Oil Sands Region  

4.1. Introduction 

Growing anthropogenic pressure resulting in the disappearance and degradation of boreal 

peatlands has been documented over the last few decades (Turetsky 2002; Turetsky and St. Louis 

2006). One of the biggest disturbances causing the total transformation of peatland ecosystems in 

the boreal region is surface mining of oil sands in north-eastern Alberta. Since the beginning of 

commercial development of the Athabasca Oil Sands Region in the 1960–70’s, more than 700 

km
2 

of natural landscapes have been stripped up to 100 m deep to access oil bearing sands 

(Alberta Environment 2008). After ceasing mining operations, oil sands companies are obligated 

by the Government of Alberta to reclaim disturbed areas to self-sustaining boreal ecosystems 

that have equivalent ecological capacity to the pre-disturbance systems. As peatlands occupy a 

considerable portion of the natural boreal landscape (Vitt et al. 2009), approximately one-third of 

post-mined area should be reclaimed back to wetlands for restoring pre-disturbance landscape 

diversity (Alberta Environment 2008).  

Peatland reclamation is a complex and multifaceted process with unpredictable final 

outcomes over shorter time scales (Ketcheson et al. 2016). Moreover, salinization has become an 

additional drawback for reclamation as open-pit mining disturbed originally isolated saline rocks 

overlaying oil sands (Purdy et al. 2005) and tailings associated with bitumen extraction have 

high salt contents. Further, the use of these saline tailings and rock mixture for peatland 

construction has caused excessive salt input into manmade ecosystems, and the first attempts to 

build peatlands (fens) have been affected by salinization (Biagi 2015; Kessel 2016; Simhayov 

2017). Given the scale of potential salinization in constructed wetlands, naturally saline wetlands 

have been considered as possible models for reconstruction (Purdy et al. 2005; Wells and Price 

2015a), and recently saline fens have been recognized as targets for reclamation (Environment 

and Parks 2015).  

Despite current research attempts to understand saline peatland hydrology, geochemistry, 

and ecology (Purdy et al. 2005; Trites and Bayley 2009a; 2009b; Wells and Price 2015a; 2015b; 

Phillips et al. 2016; Wells and Price 2015a), geochemistry (Steward and Lemay 2011; Scarlett 
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and Price 2013; Wells and Price 2015b), and vegetation (Purdy et al. 2005; Trites and Bayley 

2009a; 2009b), knowledge about saline fens is still limited, especially in terms of their carbon 

storage function. A study by Trites and Bayley (2009b) focused on the current production and 

decomposition rates of naturally saline and industrial wetlands and show an ability of natural 

saline peatlands to accumulate organic matter. However, no research has been carried out on the 

long-term rates and patterns of carbon accumulation with respect to climatic variability and 

salinity gradients.  

There are several ways of estimating the long-term rate of carbon accumulation (Yu 2012), 

and long-term apparent rate of carbon accumulation (LARCA (Yu 2006) or LORCA (Clymo et 

al. 1998)) is one of the measures that has been widely used to characterized carbon accumulation 

in freshwater peatlands in the boreal region (Yu 2012). LARCA can be calculated by dividing 

total carbon content in a peat core by core age (single age point) (Tolonen and Turunen 1996) or 

by using multiple age determinations and carbon content measurements throughout a peat core 

(Yu 2012). LARCA is an apparent value because it does not account peat decomposition within a 

peat column, and it differs from the true or actual carbon accumulation rate (TRACA or ARCA 

(Clymo et al 1998)) that can only be calculated using peat accumulation models considering 

organic matter addition rate and the decay coefficient (Yu 2012). Despite such limitation, 

LARCA, coupled with paleoecological approach can help to recognize links between the carbon 

storage function of peatland ecosystems and environmental changes (e.g., Campbell et al. 2000; 

Vitt et al. 2000; Yu 2006; Roulet et al. 2007; Holmquist and MacDonald 2014; Yu et al. 2014). 

Understanding of long-term carbon accumulation in saline peatlands is important for 

several reasons. First, although some mosses can tolerate elevated salt contents (up to 500 mg 

L
−1

 of NaCl and 400 mg L
−1

 of Na2SO4 (Pouliot et al. 2013)), in general, salinization hinders 

moss growth. As a result, an establishment of moss-dominated peatlands in the post-mined 

landscape will be challenging, and the usage of salt-tolerant wetland species will be necessary to 

construct sustainable wetland communities (Trites and Bayley 2009b). Such a shift from more 

recalcitrant moss assemblages (Vitt et al. 2009) to more labile graminoid assemblages (Trites and 

Bayley 2009a) can significantly affect peat accumulation in constructed wetlands (Chymko 

2000; Rooney et al. 2012), and comparison of carbon accumulation rates in freshwater moss-

dominated fens and saline graminoid-dominated fens is necessary to assess possible reduction in 
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carbon sequestration in constructed saline fens. Moreover, a better understanding of the controls 

on long-term carbon storage in naturally saline graminoid-dominated peatlands is required for 

establishing environmental conditions (i.e., topography, water table depth) that can compensate 

the increased decomposition rate and promote peat accumulation. Second, there is growing 

concern about peatland response to global climate change and anthropogenic pressure (Turetsky 

and Louis 2006; Bu et al. 2011), so understanding millennia-scale dynamics of carbon 

accumulation in naturally saline peatlands under various environmental conditions is essential 

for predicting future feedbacks of constructed saline peatlands to natural and human-induced 

disturbances. Finally, although saline fens were considered as targets for reclamation 

(Environment and Parks 2015), the maximum acceptable salinity level that would not severely 

affect long-term carbon accumulation at constructed saline wetlands is not yet known. Thus, an 

understanding of variations in carbon accumulation associated with differences in levels of 

dissolved salts in naturally saline fens should provide an answer to these questions. 

In this study, we assessed the long-term apparent rate of carbon accumulation (LARCA) 

within a naturally saline fen situated in the Athabasca Oil Sands Region to identify temporal 

patterns in carbon accumulation with respect to salinity. We used plant macrofossil analysis to 

reconstruct paleoenvironmental conditions of the fen that helped us to infer a role of salinity, 

hydrology and vegetation in determining the rate of carbon accumulation. Current vegetation – 

hydrology – soil relationships along a salinity gradient were assessed for a better understanding 

of links between salinity levels, hydrological conditions and vegetation assemblages as well as 

for the understanding of ecological preferences of plant species that is crucial for paleoecological 

reconstruction. The following questions are addressed in this manuscript: 1) What is the degree 

of variability in carbon accumulation rates in less and more saline parts of a saline fen, and the 

roles of hydrology and vegetation in governing the changes in carbon accumulation? 2) How 

does carbon accumulation rate in a saline fen differ from the rates in freshwater western boreal 

fens? 3) What environmental settings are the most appropriate for long-term carbon storage 

under saline conditions and can these be considered future habitat goals for fen reclamation? 

4.2. Methods 

4.2.1. Study site 
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Saline fen (known as Saline Fen) is situated approximately 10 km south of Fort McMurray, 

Alberta (56°34'28.84" N, 111°16'38.39" W) (Figure 4.1) within the Salt Creek watershed, which 

is a part of the McMurray lowlands subdivision of the Dover Plains (Andriashek 2003). The 

region has a subhumid continental climate with mean annual precipitation of ~460 mm and mean 

annual temperature of 0.2
o
C (Environment Canada 2015). Saline Fen covers ~27 ha and has an 

irregular shape and elongated northwest-southeast orientation. The elevation varies from 401 m 

asl at the southern end to 397 m asl at the northern end (Wells and Price 2015a). The thickness of 

peat varies across the peatland from 1.5 m in the northern part to almost zero at the south-

western part (Wells and Price 2015a). Groundwater and surface water are dominated by Na
+
 and 

Cl
-
 while Ca

2+
, Mg

2+
 and SO4

2-
 are also present; electrical conductivity of near-surface 

groundwater ranges from more than 60 mS cm
-1

 in the southern part to 19 mS cm
-1

 in the 

northern part (Wells and Price 2015b) (Figure 4.1(c)). pH of near-surface groundwater within the 

fen had a range of 6.5–7.5 (Wells and Price 2015a). The site is characterized by a well-developed 

ridge-depression patterned surface and by a presence of numerous shallow ponds in the southern 

and central parts of the peatland. Baltic rush (Juncus balticus), sweetgrass (Hierochloe hirta ssp. 

arctica), reed grass (Calamagrostis inexpansa), and foxtail barley (Hordeum jubatum) are a 

dominant within ridges while seaside arrow grass (Triglochin maritima) is the dominant species 

within depressions; areas with the highest salinity are occupied by halophyte vegetation (e.g., sea 

plantain (Plantago maritima), samphire (Salicornia rubra), horned seablite (Suaeda 

calceoliformis)). 
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Figure 4.1 (a) regional map showing the location of the study area within Alberta; (b) map 

showing locations of study site near Fort McMurray, Alberta; (c) map of the study site including 

locations of peat cores (North-1, South-1) and vegetation plots 

4.2.2. Collection of peat cores 

A 128-cm core (North-1) and a 69-cm core (South-1) were collected from depression areas 

dominated by T. maritima in the northern (56°34'24.56"N; 111°16'29.57"W) and southern 

(56°34'9.18"N; 111°16'10.14"W) parts of Saline Fen respectively (Figure 4.1(c)) on August 11 

2015. Both coring locations are characterized by mean water table depth of 1 cm below the soil 



52 

 

surface (see Appendix B and Figure 4.1 for details). The cores were taken using stainless steel 

tubes (wall thickness – 0.5 mm, diameter – 7.5 cm) with a sharpened edge, pushed into the peat. 

The tubes were transported to the laboratory and after cutting the tubes lengthwise, the cores 

were extracted and humification level was assessed using the von Post scale based on a squeeze 

test (von Post and Granlund 1926).  

4.2.3. Laboratory analyses 

The cores were sectioned in 1-cm intervals, and subsamples of 1 cm
3
 were taken every 1 

cm using a 1-cm-diameter brass cylinder sampler and processed for loss on ignition (LOI) 

following Heiri et al. 2001). Subsamples were heated at temperatures of 90°C and 550°C for 24 

and 4 hours, respectively, and dry bulk density, moisture and organic contents were estimated. 

Eight samples from North-1 and seven samples from South-1 were sent to A.E. Lalonde AMS 

Facility, University of Ottawa for radiocarbon dating (see Appendix B for details). Age – depth 

models for North-1 and South-1 were developed using linear interpolation between the 

dated samples (mid-points of the calibrated 2σ distribution range of the 14
C dates).  

LARCA was calculated as a product of the organic carbon content (OC) of each peat 

sample and the peat accumulation rate (AR) for each particular horizon derived from the age – 

depth curves (Yu et al. 2003; Holmquist and MacDonald 2014): 

LARCA=OC×AR   (4.1) 

Organic carbon content (OC) was calculated as a product of organic matter content (OM) 

and the average carbon percent (51.8%) of peat organic matter reported from peatlands in 

Western Canada (Vitt et al. 2000; Yu et al. 2003; 2014): 

OC=OM×0.518    (4.2) 

Although direct measurement of carbon is the most accurate way of carbon content 

determination (Nelson and Sommers 1996), quantification of organic carbon based on converted 

estimates of organic matter also can be used (Pribyl 2010). In our study, carbon content was 

estimated based on LOI because we followed method of Yu et al. (2003; 2014) and Yu (2006) to 

make our results comparable with estimations of LARCA of fresh fens in western boreal region. 

Moreover, because temporal changes in carbon accumulation rate rather than absolute 
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measurements of carbon storage are of interest here, we feel confident using a converting factor 

for carbon content estimation. 

Samples of 5 cm
3
 were taken every 4 cm from each core and gently washed through a 125 

µm sieve. Plant macrofossils were identified at x40 magnification using an herbarium collected 

at the study site and photo plates in Carrière (2002), Mauquoy et al. (2010). Macrofossils were 

counted at x10 magnification using a 100-cell grid graticule as a quadrat. Abundance of 

macrofossils in each sample was estimated as absolute number of objects, and then relative 

abundance was calculated. All parts of plants (leaves, stems, flowers, fruits, seeds) that belong to 

the same species were counted together; unrecognizable debris and roots were counted as well. 

Macrofossil diagrams were made using C2 by Juggins (2003). 

4.2.4. Environmental and plant community data 

During June – August, 2014, the vegetation – salinity – hydrology relationships were 

studied at 40 plot (1x1 m) along a salinity gradient (Figure 4.1(c)), and vegetation sampling was 

conducted in August, 2014 (all species were identified and percent cover was estimated), but 

only species with an abundance more than 1% in at least 2 plots were accounted for in this study. 

Two groups, mosses (predominantly Tomenthypnum sp.) and shrubs (predominantly Salix spp., 

Betula spp., and Alnus spp.), were recognized without further identification because of their 

absence in macrofossil records. Measurements of water table depth, soil moisture (HH2 Meter, 

Delta-T Devices), and temperature (at 0, 5, 10 cm) (Type K thermocouple probe and meter; 

HH200, Omega Scientific, USA) were taken in the field twice per month during June – August, 

2014. Electrical conductivity (EC) was measured in the field by EC1:5 tests for which 1 part peat 

(taken from the rooting zone) was mixed with 5 parts distilled water, and the EC of the solution 

was tested using handheld probe (YSI ProPlus, YSI Incorporated, USA); soil EC was calculated 

by applying the EC1:5 conversion factor with respect to peat moisture content and texture 

(Rayment and Higginson 1992). Correlation between vegetation assemblages and 12 

environmental variables (soil moisture (minimal, maximal, average), soil electrical conductivity 

(minimal, maximal, average), soil temperatures (minimal, maximal, average), and water table 

depth (minimal, maximal, average)) were determined using canonical correspondence analysis 

(CCA). Positively skewed data were log transformed, and negatively skewed data were square 

root transformed prior to analyses; a significance of ordination axes and individual variables was 
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explored using Monte Carlo permutation tests. All ordinations were performed using PAST 3.06 

(Hammer et al. 2001).  

4.3. Results 

4.3.1. Chronology, macrofossils and long-term apparent rate of carbon accumulation 

Both studied cores are composed of clay sediments and peat (see Appendix B for details). 

The basal peat is dated to 4590–4240 cal. yr BP in core North-1 and to 5270–4830 cal yr BP in 

core South-1 (Figure 4.2). The age – depth and cumulative peat mass – age models for cores 

North-1 and South-1 are characterized by near-concave curve and near-linear profiles, 

respectively (Figure 4.2). Mean LARCA of core North-1 (29.67 gm
-2

 yr
-1

 (SD=14.53)) is higher 

than mean LARCA of core South-1 (9.79 gm
-2

yr
-1

 (SD=3.49)). 

 

Figure 4.2. Age – depth models of the cores North-1 (a) and South-1 (b) and cumulative 

peat mass – depth models of the cores North-1 (c) and South-1 (d). The error range (2 σ) is 

represented by horizontal bars. 
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The lower part of core North-1 (dated to 4500–2750 cal. yr BP) (Figure 4.3) consists of 

roots, unrecognizable debris and occasional remnants of Juncus balticus and Poaceae and is 

characterized by relatively stable LARCA (11–13 gm
-2

 yr
-1

). A sharp increase in LARCA (up to 

37 gm
-2

 yr
-1

) coincides with a shift to assemblages dominated by Triglochin maritima in a 

portion of the core dated to 2400–2100 cal. yr BP. Following decline in LARCA (to 13–15 gm
-2

 

yr
-1

) corresponds to a rise in unidentifiable debris and remnants of J. balticus, Poaceae and Aster 

spp. in a portion of the core dated to 2250–1500 cal. yr BP. Part of the core dated to 1225–1000 

cal. yr BP contains well-preserved remnants of T. maritima and Atriplex prostrata and is 

characterized by the highest LARCA (up to 55 gm
-2

 yr
-1

). Peat accumulated during last ~1000 

years is composed of roots and remnants of T. maritima, Poaceae, and Aster spp.; this part of the 

core is characterized by LARCA varying from 24 to 50 g m
-2

 yr
-1 

(Figure 4.3). 

The lower part of core South-1 (dated to 5200–4000 cal. yr BP) (Figure 4.4) is composed 

of unidentifiable debris and occasional remnants of Sonchus arvensis, Aster spp., Hordeum 

jubatum, Puccinellia nuttalliana and has the lowest LARCA (5–8 gm
-2

 yr
-1

). The part of the core 

dated to 3750–3250 cal. yr BP contains remnants of T. maritima, P. maritima, Salicornia rubra, 

Suaeda calceoliformis and is characterized by increased LARCA (10–13 g m
-2

 yr
-1

). The portion 

of the core dated to 3000–750 cal. yr BP has relatively stable LARCA (8–10 gm
-2

 yr
-1

) although 

two transitions from macrofossil assemblages dominated by J. balticus, H. jubatum, P. 

nuttalliana, Aster spp. to assemblages dominated by T. maritima, A. prostrata, P. maritima, S. 

rubra, and S. calceoliformis are visible. Peat deposited during the last ~650 years is composed of 

remnants of T. maritima; LARCA within this portion of the core is the highest (13 to 15 g m
-2

 yr
-

1
).  
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Figure 4.3. Macrofossil assemblages and LARCA in core North-1. * Poaceae includes 

Calamagrostis spp. and Hierochloe sp. 
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Figure 4.4. Macrofossil assemblages and LARCA in core South-1. * Poaceae includes 

Calamagrostis spp. and Hierochloe sp. 

4.3.2. Recent environmental gradients and vegetation 

Mean soil EC of combined dataset of 40 sample plots has a notable gradient varying from 

1.4 to 24.9 mS cm
-1

 (see Appendix B for details). CCA shows that Axis 1 (λ=0.81, p=0.002) 

and Axis 2 (λ=0.60, p=0.006) account for 31.9 % and 23.3 % of cumulative variance in the 

vegetation, respectively. Axis 1 represents a gradient of electrical conductivity and soil moisture 

that have the strongest effect on vegetation assemblages, and Axis 2 is largely a gradient of water 

table depth and soil temperature, but soil temperature has relatively weak effect on vegetation 

assemblages (Figure 4.5). Visual analysis of CCA biplot reveals eight distinct groups of 

sampling plots in terms of soil and moisture and EC (Figure 4.5).  

Mosses and shrubs negatively correlate with soil EC and are dominant at fresh plots; 

however, shrubs prefer wet conditions while mosses are more abundant at dry plots. J. balticus, 
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Calamagrostis sp. and Hierochloe sp. correlate negatively with soil EC and are associated with 

slightly saline and dry plots. Distribution of T. maritima and A. prostrata is largely determined 

by soil moisture, and these two species are associated with moderately saline wet plots. Aster 

spp., H. jubatum, P. nuttalliana, S. arvensis and A. millefolium correlate positively with soil EC 

and temperatures and negatively with water table depth and are common at moderately saline dry 

plots. Soil EC has the strongest effect on distribution of S. rubra, S. calceoliformis and P. 

maritima and these species tend to occupy highly saline wet and dry plots (Figure 4.5). 
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Figure 4.5. CCA ordination biplot based on soil electrical conductivity (average (ECav), 

maximal (ECmax), minimal (ECmin)), water table depth (average (WTav), maximal (WTmax), 

minimal (WTmin)), soil moisture (average (SMav), maximal (SMmax), minimal (SMmin)) and 

temperature (average (Tav), maximal (Tmax), minimal (Tmin)). Plant species and vegetation 

plots are shown as black and grey dots, respectively. Vegetation plots demonstrate distinct 
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grouping and following groups are identified: fresh & dry (FDP) 2), fresh & wet (FWP), slightly 

saline & dry (SDP), slightly saline & wet (SWP), moderately saline & dry (MDP), moderately 

saline & wet (MWP), strongly saline & dry (HDP), strongly saline & wet (HWP). Average soil 

electrical conductivity (ECav) (mS cm-1), average soil moisture (SMav) (%), average water table 

depth (WTav) (cm) and vegetation of the plots are shown in a table below the CCA plot. 

4.4. Discussion 

4.4.1. Local-scale differences in LARCA within a saline fen 

Our study shows remarkable differences in mean LARCA values and magnitude of 

LARCA fluctuation between the less saline and more saline parts of Saline Fen. Notably, 

changes in LARCA in the northern and the southern parts are not simultaneous, revealing the 

importance of differences in local conditions such as water table depth and salinity for peat 

accumulation rates. 

The results suggest that changes in LARCA in the northern less saline part of the fen were 

tightly connected to water table fluctuation while salinity was relatively stable and had a little 

effect on LARCA. Low LARCA in 4500–2500 cal. yr BP, 2000–1250 cal. yr BP and decline in 

LARCA around 750 cal. yr BP corresponded to periods with decreased water table level that is 

evident from macrofossil assemblages dominated by J. balticus and Poaceae (Calamagrostis spp. 

and Hierochloe sp.) (Figure 4.3), species currently associated with slightly saline dry plots 

(Figure 4.5). Based on modern analogs, mean water table depth during these periods was ~10 cm 

below ground, soil moisture was lower than 80 %, and soil EC was lower than 5 mS cm
-1 

(Figure 

4.5). Abundance of J. balticus, a species that is not tolerant to prolonged waterlogging 

(Montemayor et al. 2015) and currently is dominant at ridges in Saline Fen (Phillips et al. 2016), 

indicates that area was not subjected to extended inundation. Most of increases in LARCA 

(around 2500 cal. yr BP, 1000 cal. yr BP and 500 cal. yr BP) (Figure 4.3) corresponded to 

periods with increased water level inferred from shifts to macrofossil assemblages composed of 

T. maritima and Atriplex sp., species that can tolerate waterlogging (Cooper 1982; Egan and 

Ungar 2000; Necajeva and Ievinsh 2008) and are dominant at wet inundated plots with soil EC 

of 3–5 mS cm
-1

, mean water table of -5–0 cm, and soil moisture of more than 80% (Figure 4.5). 

Although inundation probably occurred during these periods, waterlogging was not prolonged as 
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J. balticus, Calamagrostis spp., Hierochloe sp. were able to survive. 

In the southern part of the fen, considerable variations in salinity and moisture conditions 

were recorded, and relationships between LARCA and water table depth seem to be influenced 

by salinity. LARCA was low during periods with decreased water table levels (~10–20 cm in 

average below ground) in 5200–3750 cal. yr BP, 3250–2250 cal. yr BP and around 1000 cal. yr 

BP that are evident from macrofossil assemblages composed of H. jubatum, P. nuttalliana, S. 

arvensis, Aster spp. preferring moderately saline dry conditions (Figure 4.5). However, following 

rises in water table levels (up to 1 cm above ground on average) during the time periods 3750–

3000 cal. yr BP and 2250–1250 cal. yr BP inferred from macrofossil assemblages dominated by 

T. maritima and A. prostrata were not associated with pronounced increases in LARCA. This 

discrepancy probably resulted from the combined effect of inundation and elevated soil EC (>10 

mS cm
-1

) inferred from the presence of S. rubra, S. calceoliformis and Plantago maritima, 

species common at strongly saline plots (Figure 4.5). Such conditions are known to have 

negative impact on the growth of T. maritima (Cooper 1982; Phillips et al. 2016) and salt-

tolerant graminoids (Montemayor et al. 2008; 2010; Israelsen et al. 2011), and thus can 

significantly affect net primary productivity, resulting in a decline in LARCA. Negative effect of 

high salinity on carbon accumulation is also evident from the rise in LARCA during the last 

~750 years. This increase corresponds to declined salinity (EC<5 mS cm
-1

) coupled with 

increased water table level as suggested by macrofossil assemblages composed of T. maritima, J. 

balticus and Poaceae. Such strengthening of links between water table depth and LARCA under 

decreased EC suggest that the influence of salinity on LARCA is determined by actual salt 

concentration, and there is a threshold value (probably 10 mS cm
-1

), after which salinity can 

affect LARCA – hydrology relationships.  

4.4.2. Carbon accumulation in a saline fen versus freshwater western continental fens 

Although peat accumulation in western continental Canada started around 9000 cal. yr BP 

(Halsey et al. 1998), the Saline Fen began to accumulate peat around 5000–4400 cal. yr BP, and 

the mid-Holocene drought documented in the region (e.g., Hutton et al. 1994; Yu et al. 2014), is 

the most probable explanation of this lag. Low LARCA in Saline Fen around 4000 cal. yr BP can 

be related to region-wide decline in peat accumulation in western continental Canada due to 

Neoglacial cooling (Vitt et al. 2000; Yu et al. 2003; 2014). Sharp rises in LARCA around 3600 
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cal. yr BP (core South-1) and 2500 cal. yr BP (core North-1) (Figs. 3 and 4) coincide with peaks 

in LARCA in freshwater continental fens (Yu et al. 2003; 2014), that have been attributed to a 

wetter climate that caused an increase in water table (Yu et al. 2014). Although peat 

accumulation in Saline Fen seems to be sensitive to climate fluctuation similar to freshwater 

peatlands, the uncertainty about changes in LARCA under wetter or drier, warmer or cooler 

climatic conditions (e.g., Loisel and Garneau 2010), and the discrepancy in timing of LARCA 

changes in the northern and the southern parts of Saline Fen (see above), reveals the superiority 

of the local setting (including water table position and salinity) for carbon accumulation.  

The mean value of 0.155 g cm
-3

 in organic matter density in Saline Fen is close to the 

average organic matter density (0.158 g cm
-3

) reported from continental fens in western Canada 

(Yu et al. 2014). Despite the high organic matter density, mean LARCA of the site (19.7 gm
-2

 yr
-

1
 (SD=15.1)) is lower than what was observed in western continental fens (32.5 gm

-2
 yr

-1
 by Yu 

et al. (2014)), but is comparable to the average rate reported for other western Canadian 

peatlands (19.4 gm
-2

 yr
-1

) (Vitt et al. 2000). The northern part of the fen tends to have higher 

LARCA (29.67 gm
-2

 yr
-1

(SD=14.53)) that is close to LARCA in continental fens (12.1–32.4 gm
-2

 

yr
-1

 (Yu et al. 2014)), but LARCA in the southern part (9.79 gm
-2

yr
-1

(SD=3.49)) is considerably 

lower. Carbon storage of the fen ranges from 89.03 in the southern part to 181.2 kg m
-2

 in the 

northern part, and is much lower than mean carbon storage of 264 kg m
-2

 observed in continental 

fens (Yu et al. 2014). Low carbon storage in the studied saline fen is not surprising as the fen has 

low LARCA, and is younger than the fens studied by Yu et al. (2014), which dated between 

5000–11000 cal. yr BP.  

4.4.3. Implications for wetland reclamation in the Alberta Oil Sands Region 

This study shows notable and abrupt shifts in LARCA in response to variations in salinity 

and groundwater level, suggesting that saline fens, potential targets for reclamation, are dynamic 

systems sensitive to environmental change, and site-scale differences can transform the effect of 

region-wide changes, especially climatic fluctuations. This should be kept in mind to ensure that 

constructed saline fens will be able to persist and accumulate peat in spite of the changing 

climate. Ideally, constructed saline fens should be designed in a way that will allow regulation of 

some local settings (e.g., water input, drainage, connectivity with adjacent wetlands and 

waterbodies) and promote the adaptation of constructed system to new conditions.  
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Decreased mean LARCA in the southern, more saline part of Saline Fen, coupled with a 

weaker response of peat accumulation rates to rises in groundwater level, suggests that carbon 

accumulation is negatively affected by high salinity (soil EC >10 mS cm
-1

). In the northern, less 

saline part of the fen, mean LARCA is comparable to LARCA in continental fens showing that 

carbon accumulation is not severely affected by low salinity (soil EC<5 mS cm
-1

). Thus, for 

constructed saline fens it is essential to maintain slightly saline conditions with EC less to 5 mS 

cm
-1

 to best support the carbon storage function of the fens.  

Paleoecological reconstructions suggest that under slightly saline conditions (soil EC <5 

mS cm
-1

), the highest LARCA is associated with relatively high water table (-5–0 cm on 

average) and assemblages dominated by T. maritima and A. prostrata. This can be explained by 

reduced decomposition due to fast transition of plant litter from the acrotelm to the catotelm, 

coupled with increased decay resistance of T. maritima tissue (Trites and Bayley 2009a). Thus, 

our study confirms importance of high and stable groundwater level not only for successful 

initiation of peat accumulation at constructed fens, but also for long-term carbon storage.  

T. maritima, a species that has been already considered appropriate for establishing peat 

accumulation in constructed wetlands (Trites and Bayley 2009a; Pouliot et al. 2012), and A. 

prostrata seem to be the most useful for achieving the highest rates of carbon accumulation in 

depressed areas with mean water table at -5–0 cm. In the elevated areas with deeper water table 

(~ -15 cm) T. maritima seems to have lower productivity, and J. balticus, Calamagrostis and 

Hierochloe are more useful for supporting relatively high LARCA.  

Prolonged inundation (mean water table level above ground), especially coupled with high 

salinity (soil EC >10 mS cm
-1

) appear to have negative effect on peat accumulation and should 

be avoided at constructed fens.  
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5. Environmental controls on CO2 exchange along a salinity gradient in a saline 

boreal fen in the Athabasca Oil Sands Region 

5.1. Introduction 

Peatlands play an important role in global carbon, water, and nutrient cycles (Roulet 

2000; Limpens et al. 2008) and have been exploited by humans over many centuries for fuel, 

agriculture and forestry. However, anthropogenic disturbance has increased dramatically in the 

20
th

 century as demand for mineral resources in the world economy has risen (Dubiński 2013). 

Large areas of the boreal zone have been affected by the growing mining industry. In particular, 

one of the world’s largest mining-induced boreal peatland losses is occurring in the Athabasca 

Oil Sands Region (AOSR) (Alberta, Canada) where vegetation and surficial deposits have been 

completely removed for the development of open-pit mines from more than 700 km
2 

of boreal 

land (Rooney at al. 2011), of which peatlands comprise 50% (Vitt et al. 1996).  

After mine closure, oil companies are obligated by the Government of Alberta to reclaim 

disturbed areas to lands with “equivalent land capability”, which means that “the land is to have 

the same ability to support various land uses after conservation and reclamation, but the 

individual land uses do not have to be identical” (Province of Alberta 2003). About one third of 

post-mined lands must be reclaimed back to wetlands to restore pre-disturbance landscape 

diversity (Alberta Environment 2008). As reclamation requires total reconstruction of a whole 

ecosystem at the landscape scale (Johnson and Miyanishi 2008), a firm grasp on environmental 

processes in boreal ecosystems is essential for the reclamation success (Environment and Parks 

2015). Consequently, there is a growing interest in better understanding natural ecosystems that 

can provide suitable targets for reclamation. In particular, saline boreal fens, groundwater fed 

peatlands with increased salt content, have been suggested as appropriate models for reclamation 

of areas with elevated salinity (e.g., Purdy et al. 2005; Wells and Price 2015a, b), which is 

commonly caused by salts derived from saline tailings and reclamation materials in the AOSR 

(Kessel 2016). 

Saline fens are rare ecosystems that have been reported from Western Boreal Plains 

(Grasby and Betcher 2002; Purdy et al. 2005; Trites and Bayley 2009a; 2009b). These fens are 

slightly acid to neutral chloride dominated peatlands (Steward and Lemay 2011; Volik et al. 
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2017) with notable salinity gradients associated with the discharge of saline groundwater (Wells 

and Price 2015a; 2015b). Salinity has a strong effect on fen vegetation (Trites and Bayley 2009a) 

and control the distribution of plant communities, which in turn govern ecohydrological 

processes (e.g., evapotranspiration (Phillips et al. 2015)) and nutrient transformation (Trites and 

Bayley 2009b). Ridge-depression patterns, coupled with an abundance of depressed open-water 

areas (ponds), are common features of saline fens (Wells and Price 2015a), and water cycling 

within fens is influenced by such microtopography (Wells and Price 2015a; Phillips et al. 2015). 

Microtopographical heterogeneity and increased salinity may have an effect on carbon cycling in 

saline fens because microtopography can modify carbon dioxide (CO2) fluxes (e.g., Waddington 

and Roulet 1996; Petrone et al. 2011), and notable differences in magnitude and direction of CO2 

exchange between ponded and vegetated areas within peatlands have been reported (Pelletier et 

al. 2015). In addition, elevated salt content can affect plant productivity and litter decomposition 

(Trites and Bayley 2009b). Despite some improvement in our understanding of the 

ecohydrological and biochemical functioning of saline fens, there is a paucity of information 

about CO2 exchange within the fens. Carbon uptake, coupled with its long-term storage is one of 

the primary ecological services provided by peatlands including fens, so a better understanding 

of the carbon dynamics of saline fens is necessary to ensure that these ecosystems targeted by 

reclamation plans provide equivalent ecosystem services to those destroyed by mining.  

Currently, it has been suggested that evaluation of functional characteristics of 

constructed fens (functional-based approach) can better reflect the state of the fens comparatively 

to assessment of their vegetation community structure (indicator species approach), and rates of 

gross photosynthesis and ecosystem respiration have been recognized as variables that are useful 

for assessment of functioning of the fens (Nwaishi et al. 2015). Consequently, better 

understanding of the relationship between salinity, vegetation and CO2 fluxes in saline fens is 

necessary to set carbon storage benchmarks against which reclaimed fens can be evaluated 

(Environment and Parks 2015). In addition, the main drivers of saline fen productivity would 

allow reclamation plans to target environmental conditions that maximize the rate of carbon 

sequestration despite the negative effect of salinity stress on plant growth. Further, evaluation of 

variability in productivity and CO2 exchange in saline boreal fens under different environmental 

conditions will help to predict how constructed saline fens will respond to natural and 

anthropogenic changes. Thus, this study aims to characterize the environmental controls on CO2 
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fluxes in a saline boreal fen in the AOSR using community-scale measurements along a salinity 

gradient. The main objectives are: 1) to determine how electrical conductivity (EC), water table 

depth (WTD), soil moisture (SM) and temperature (ST), peat hydrophysical properties, nutrient 

availability, and vegetation influence net ecosystem exchange (NEE), ecosystem respiration (R), 

and gross primary productivity (GEP) within different microtopographic forms within the 

peatland; 2) to assess effect of changes in vegetation, water depth (WD), EC, pH, water 

temperature (WT), dissolved oxygen (DO) and nutrient concentrations on NEE, GEP and R 

within open-water areas (ponds); and 3) to identify key features of CO2 exchange under saline 

conditions that can be useful for improvement of saline fen construction in the post-mined setting 

in the AOSR. 

5.2. Materials and methods 

5.2.1. Study site 

This study was conducted at a saline peatland (hereafter, Saline Fen) 10 km south of the 

city of Fort McMurray (56°34'28.84" N, 111°16'38.39" W), Alberta, Canada (Figure 5.1). The 

site is situated within the Boreal Plain Ecozone, which is characterized by a subhumid 

continental climate. At Fort McMurray, mean annual temperature and mean annual precipitation 

based on 1981–2010 normals, are 0.2
o
C and 460 mm respectively (Environment Canada 2015). 

Saline Fen is a 27 ha elongated fen with a prominent ridge-depression pattern in the northern 

portion, and abundant shallow ponds in the central and southern portions of the peatland. The 

fen, with an average pH of 6.5–7.5 demonstrates a notable range of salinity; electrical 

conductivity of sodium chloride-dominated groundwater varies from more than 60 mS cm
-1

 in 

the southern part to 19 mS cm
-1

 in the northern part (Wells and Price 2015b) (Figure 5.1(c)). 

According to soil salinity classification (Abrol et al. 1988), the northern part of the fen is 

characterized by slightly (2–4 mS cm
-1

) and moderately saline (4–8 mS cm
-1

) conditions while 

the southern part has strongly (8–16 mS cm
-1

) to very strongly saline (>16 mS cm
-1

) conditions 

(Figure 5.1). The distribution of plant communities closely follows this salinity gradient. Slightly 

saline areas are dominated by mosses and shrubs (Alnus spp., Salix spp., Betula spp.) regardless 

of topographic position. Ridges with moderately saline conditions are dominated by baltic rush 

(Juncus balticus), sweetgrass (Hierochloe hirta ssp. arctica) and narrow reed grass 

(Calamagrostis stricta) while moderately saline depressions are dominated by seaside arrow 

grass (Triglochin maritima) and hastate-leaved orache (Atriplex prostrata). Strongly saline areas  
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Figure 5.1 (a) Regional map showing the location of the study site within Alberta, Canada; (b) 

map showing location of Saline Fen near Fort McMurray, Alberta; (c) map of the study site, 

including locations of peatland and pond plots 
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are dominated by foxtail barley (Hordeum jubatum), Puccinellia nuttalliana and sea plantain 

(Plantago maritima) on the ridges, or by T. maritima in the depressions. Very strongly saline 

areas are dominated by P. maritima and horned seablite (Suaeda calceoliformis) on ridges, or T. 

maritima and samphire (Salicornia rubra) on depressions.  

Numerous open-water areas (ponds) with salinity from 2 to 50 ppt are situated 

predominantly in the southern and central parts of the fen. The ponds are shallow (average 

depths of 0.4–0.5 m) and small (surface area from 1 m
2
 to 1.2 ha). Most of the large ponds have 

irregular shapes, while small ponds are typically circular and located in deep depressions with 

steep margins. Some ponds have a semi-permanent regime and dry out during the late summer. 

According to limnological salinity classification scheme (Last and Ginn 2005; Herbert et al. 

2015), ponds situated in the northern part of the fen can be characterized as hyposaline (5–30 mS 

cm
-1

) whereas ponds in the southern part are mesosaline (30–73 mS cm
-1

) (Figure 5.1). Eight 

ponds with mean EC ranging from 5 to 44 mS cm
-1

 were selected for this study (Figure 5.1). 

Hyposaline ponds are dominated by diatoms such as Staurosira construens var. venter, 

Staurosirella pinnata, Cocconeis placentula var. lineata, Navicula cryptocephala, Cyclotella 

meneghiniana while Anomoeoneis sphaerophora fo. costata, Navicula salinarum, Amphora 

coffeaeformis, Navicymbula pusilla, Diploneis stroemii, and Parlibellus cruciculus are dominant 

in mesosaline ponds. Triglochin maritima occurs around hypo- and mesosaline ponds while 

Salicornia rubra grows around mesosaline ponds only. Emergent vegetation is more abundant in 

hyposaline ponds and includes Typha spp., Scripus spp., and Schoenoplectus spp. while 

mesosaline ponds are lacking emergent vegetation. Submergent vegetation in hypo- and 

mesosaline ponds is presented by Potamogeton spp. and Ruppia spp. 

5.2.2. Community-scale CO2 fluxes 

Community-scale CO2 fluxes were measured using enclosed dynamic Plexiglas chambers 

following the method of Petrone et al. (2011). In May 2015, eight peatland sites (see Figure 5.1 

and Table 5.1 for details) were selected along a salinity gradient for CO2 flux measurements, and 

semi-permanent polyvinyl chloride collars (height of 15 cm and inside diameter of 19 cm) were 

inserted 10 cm into the peat. Of these eight sites, six were equipped with two collars (one on a 

ridge and a second in a paired depression), and the remaining two sites (C-3 and C-6) were 

equipped with just one collar because they did not demonstrate ridge-depression patterns. In 
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addition, eight ponds were selected for measurements of CO2 flux along a salinity gradient using 

a floating chamber at two plots per pond; no collars were installed, but each of the sixteen plots 

were marked with a stake. Six plots were dominated by Potamogeton spp.; no macrophytes were 

present in eight plots, and two plots had an extensive microbial mat but no macrophytes (see 

Table 5. 2 for details). Peatland collars and pond plots were used for measuring fluxes associated 

with the gross photosynthesis of the plants (full sun) and dark respiration of the aboveground 

vegetation, coupled with soil respiration (with non-transparent cover). During flux measurements 

at the peatland sites, a chamber was placed in a 3 mm channel on the top side of the collar and 

sealed with water to prevent air exchange (Brown et al. 2010). In the pond sites, the chamber was 

equipped with a Styrofoam float and placed directly on the water surface (ponds) reaching 

approximately 3 cm into the water column. A fan was placed inside the chamber for cooling and 

mixing of air inside the chamber (McLeod 2006; Brown et al. 2010). CO2 concentration, air 

temperature, photosynthetically active radiation (PAR) and relative humidity within the chamber 

were measured using an EGM-2 Infrared Gas Analyzer (IRGA) for two minutes, with a 1 second 

sampling period and 30 second recording interval. The measurements at each peatland plot were 

made from May to August 2015 and for each pond plot measurements were taken from June to 

August. All measurements were collected between 9 am and 4 pm under PAR ranging between 

1300 and 1700 µmol m
-2

s
-1

. CO2 flux (net ecosystem exchange, NEE) was calculated as, 

     
  

 

 

 
         (5.1) 

where Δ is change in the chamber headspace CO2 concentration over time (ppm s
-1

), M is the 

molar mass of CO2 (44.01 g mol
-1

), N is the molar volume of a CO2 at standard temperature and 

pressure (0.022414 m
3
mol

-1
), V is the corrected volume of the chamber and collar (m

3
), A is the 

area of the chamber (m
2
), and CF is the conversion factor from ppm to mol (1 ppm=10

-6
) 

(Petrone et al. 2011). 

Gross ecosystem production (GEP) was calculated as,  

NEE=GEP-R     (5.2) 

where NEE is net CO2 flux and R is flux associated with respiration of the aboveground 

vegetation and soil respiration (Kutzbach et al. 2007). CO2 fluxes in this study represent point 

samples of midday fluxes and cannot be extrapolated to diurnal or seasonal carbon balances 
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(Heijmans et al. 2001), but to provide representation of average mid-day fluxes to compare 

relative fluxes across the salinity gradient (Petrone et al. 2011). 

Table 5.1. Plant assemblages, percent cover, soil organic matter (SOM) in %, bulk 

density (BD) in gcm
-3

, porosity (P), specific yield (Sy), aboveground biomass (AB) in gcm
-3

, 

seasonal increase in belowground biomass (BBI) in gcm
-3

, belowground biomass (BB) in gcm
-3 

at studied peatland plots. Ridge and depression plots are indicated by –R and –D in names, 

respectively. 

Plots SOM BD  P Sy AB  BBI BB 
Vegetation 

cover (%) 
Vegetation (% of vegetated area) 

1 2 3 4 5 6 7 8 9 10 

C1-R 83.5 0.11 0.26 0.05 2.34 0.86 1.72 92 

Juncus balticus- 82,  

Calamagrostis sp. – 15,  

Triglochin maritima - 3 

C1-D 83.7 0.12 0.19 0.04 2.21 0.79 1.59 95 
T. maritima – 86,  

J. balticus – 14 

C2-R 84.1 0.13 0.27 0.04 2.31 0.87 1.71 89 

J. balticus- 81,  

Calamagrostis stricta – 10,  

T. maritima - 9 

C2-D 82.9 0.13 0.22 0.04 2.23 0.80 1.64 93 

T. maritima – 69,  

Atriplex prostrata – 22, . 

J balticus –9 

C-3 92.1 0.09 0.46 0.91 2.01 0.74 1.39 100 

Mosses – 93,  

Vaccinium oxycoccos – 6,  

T. maritima – 1 

C4-R 85.2 0.12 0.20 0.04 2.58 1.01 1.97 100 

Hordeum jubatum – 94,  

J. balticus- 3,  

T. maritima - 3 

C4-D 74.9 0.15 0.21 0.06 2.48 1.00 1.91 100 

Hordeum jubatum – 92,  

T. maritima – 5,  

Puccinellia nuttalliana - 3 

C5-R 78.6 0.21 0.11 0.03 2.01 0.58 1.41 81 

Plantago maritima – 78,  

P. nuttalliana – 11, 

 T. maritima –9,  

Suaeda calceoliformis – 2 

C5-D 73.7 0.22 0.12 0.02 2.50 0.05 1.28 80 

T. maritima –84,  

Salicornia rubra – 11,  

S. calceoliformis - 4 

C6 85.7 0.21 0.17 0.02 2.59 1.01 1.91 100 

P. nuttalliana – 88,  

H. jubatum – 5,  

P. maritima – 5, 

 T. maritima – 2 
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1 2 3 4 5 6 7 8 9 10 

C7-R 78.2 0.17 0.16 0.04 2.04 0.05 1.45 79 

P. maritima – 84,  

S. calceoliformis - 14,  

S. rubra – 2 

C7-D 73.5 0.21 0.14 0.03 1.98 0.04 1.16 75 

T. maritima – 65, 

 A. prostrata – 22, 

 S. calceoliformis – 13 

C8-R 75.6 0.21 0.21 0.02 2.01 0.05 1.40 71 T. maritima – 100 

C8-D 72.1 0.25 0.12 0.02 1.96 0.02 1.14 70 
T. maritima – 95, 

 S. rubra – 5 

Table 5.2. Average depth and electrical conductivity (EC) in June-August, vegetation 

density (VD) and macrophyte assemblages at pond plots.  

Pond 

name 
Plots 

EC 

(mS 

cm
-1

) 

D (m) VD 
Dominant taxa 

 

Long 

Pond 

P-1-1 43.9 0.37 Sparse Ruppia spp., Potamogeton spp. 

P-1-2 44.45 0.37 Moderate  Ruppia spp. 

South 

Pond 

P-2-1 30.1 0.38 None No macrophytes, microbial mat 

P-2-2 31.1 0.33 None No macrophytes, microbial mat  

Pilsner 

Pond 

P-3-1 38.2 0.27 None No macrophytes  

P-3-2 23.8 0.25 None No macrophytes  

Round 

Pond 

P-4-1 17.0 0.29 Dense Potamogeton spp. 

P-4-2 17.9 0.30 Dense Potamogeton spp. 

Willow 

Pond 

P-5-1 16.1 0.29 Sparse Potamogeton spp. 

P-5-2 15.7 0.32 Sparse Potamogeton spp. 

Red 

Pond 

P-6-1 21.0 0.22 Sparse Potamogeton spp. 

P-6-2 20.4 0.19 Sparse Potamogeton spp. 

Lager 

Pond 

P-7-1 20.2 0.40 Moderate Potamogeton spp. 

P-7-2 19.6 0.29 Sparse Potamogeton spp. 

Spruce 

Pond 

P-8-1 5.8 0.33 None No macrophytes 

P-8-2 8.6 0.37 Sparse Potamogeton spp., Lemna sp.  
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5.2.3. Environmental variables 

To assess the relations between environmental variables and CO2 fluxes, measurements 

of water table depth (WTD), soil moisture (SM) (HH2 Meter, Delta-T Devices), and temperature 

(ST) (at 0, 5 10 cm) (Type K thermocouple probe and meter; HH200, Omega Scientific, USA) 

were taken adjacent to collars simultaneously with flux measurements. Electrical conductivity 

(EC) was measured in the field by EC1:5 tests for which 1 part peat was mixed with 5 parts 

distilled water, and the EC of the solution was tested using handheld probe (YSI ProPlus, YSI 

Incorporated, USA); peat EC was calculated by applying the EC1:5 conversion factor with respect 

to peat moisture content and texture (Rayment and Higginson 1992). To quantify the availability 

of major anions and cations plant root simulator probes (PRS Probes; Western Ag. Innovations, 

Canada) were buried 10 cm below the peat surface for three weeks in July and August 2015. 

Within 24 to 72 hours after the field incubation, each probe was cleaned with distilled water, 

placed in a polyethylene bag and stored in a cool, dry location until shipped to Western Ag 

Innovations for analysis.  

Pond water EC, water temperature, pH, dissolved oxygen (DO) and chlorophyll a 

concentrations were measured simultaneously with flux measurements using a handheld probe 

(YSI Professional Plus; YSI Incorporated, USA). Surface water (from ~ 20 cm) samples from 

each plot were collected simultaneously with flux measurements. The water samples were 

filtered (0.45 m cellulose acetate filters) within 24 hours of collection and frozen (for major ion 

analysis and soluble reactive phosphorus (SRP), NO3
-
 and NH4

+
) or acidified (for total N and P). 

Samples were analyzed in the Biogeochemistry Lab at the University of Waterloo (major ions on 

DIONEX ICS3000; nutrients on Bran Luebbe AA3, Seal Analytical, Seattle, U.S.A., Methods G-

102-93 (NH4
+
), G-109-94 (NO3

-
and NO2

-
), G-103-93 (SRP)).  

5.2.4. Vegetation sampling 

All species at each peatland collar were identified and percent cover was estimated, but 

only species with an abundance > 1% are considered in this study. The leaf area index (LAI) of 

each vegetated collar was measured after flux measurements using AccuPAR LP-80 Ceptometer 

(Decagon Devices, Inc). In September 2015, vegetated collars were harvested to a depth of 20 

cm to quantify above and belowground biomass. Aboveground vegetation was clipped and oven 

dried at 60 
0
C for 2 days and then weighed to estimate aboveground biomass (AB). Coarse roots 
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were removed manually while fine roots were separated by washing through a 1 mm mesh sieve. 

The roots were oven dried at 60 
0
C for 2 days and weighed to estimate belowground biomass 

(BB). Seasonal increase in belowground biomass (BBI) was accessed using the soil core in-

growth method (Neill 1992). In May 2015, peat cores (height of 10 cm and diameter of 5 cm) 

were taken near each vegetated collar; all live plant roots were removed and the peat was put 

back in the original hole. After recollecting the cores in September 2015, all live roots were 

removed, oven dried at 60 
0
C for 2 days and weighed to estimate BBI. Short (20 cm) peat cores 

were taken near vegetated collars and analysed for soil organic matter (SOM), bulk density (BD), 

porosity (P) and specific yield (Sy). 

For pond sites, a survey of the vegetation under the floating chamber was conducted 

along with flux measurements. Emergent, floating, and submergent plants were identified to 

genus level; the relative density of the vegetation (macrophytes) (VD) was assessed based on 5-

point scale (0 – no plants; 1 – sparse coverage (1 to 25 % of surface area covered with 

vegetation); 2 – moderate coverage (>25 to 50 %); 3 – dense (>50 to 75 %); 4 – very dense (>75 

to 100 %). 

5.2.5. Statistical analyses 

The Mann–Whitney U-tests was used to detect differences in environmental variables and 

CO2 fluxes between ridges and depression. Differences in CO2 fluxes between plots along a 

salinity gradient were determined by the Kruskal–Wallis test. Probability values obtained from 

nonparametric tests were alpha corrected using a Bonferroni correction. Spearman's rank 

correlation was used to determine relations between NEE, GEP, R and environmental variables. 

All statistical analyses were performed using PAST 3.06 (Hammer et al. 2001). 

5.3. Results 

5.3.1. Spatial variability in CO2 fluxes  

Significant differences (p<0.05) in NEE, GEP, and R between slightly to moderately 

saline, strongly saline, and very strongly saline sites were observed. The mean GEP of peatland 

sites ranged from 0.1 mg CO2 m
−2

 s
−1

 (SD 0.02) within depressions with very strongly saline 

conditions to 0.35 mg CO2 m
−2

 s
−1

 (SD 0.07) within strongly saline ridges (Figure 2a). The 

highest mean R (0.39 mg CO2 m
−2

 s
−1

 (SD 0.1)) was observed within strongly saline ridges 
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(Figure 2a). Overall, ridge sites had significantly higher (p<0.05) NEE, GEP, and R than 

depressions (Figure 5.2). 

 

Figure 5.2. Net ecosystem exchange (NEE), gross ecosystem productivity (GEP) and ecosystem 

respiration (R) within peatland (a) and open-water areas (b). Positive NEE values indicate CO2 

uptake. The error range (2 σ) is represented by vertical bars. 

Hyposaline and mesosaline ponds were characterized by significant differences (p<0.05) 

in NEE, GEP, and R. Sites with microbial mats had significantly higher (p<0.05) mean GEP 

(0.21 mg CO2 m
−2

 s
−1

 (SD 0.05)) and NEE (0.24 mg CO2 m
−2

 s
−1

 (SD 0.05)) compared to 

phytoplankton- and macrophyte-dominated sites while R (0.18 mg CO2 m
−2

 s
−1

 (SD 0.05)) was 

significantly higher (p<0.05) within phytoplankton-dominated sites compared to macrophyte-

dominated sites and sites with microbial mat (Figure 5.2(b)). 

5.3.2. Controls on CO2 fluxes within peatland 

Variability in NEE, GEP, and R with respect to EC, WTD, SM, ST, LAI, and PAR within 

the peatland is shown in Figure 5.3. Significant differences (p<0.05) in EC, WTD, SM, and LAI 

between ridges and depressions were found while ST was comparable between microtopographic 

forms. GEP and NEE were positively correlated (rs>0.6, p<0.05) with LAI within both ridges 



76 

 

and depressions whereas NEE, R, and GEP were all negatively correlated (rs<-0.5, p<0.05) with 

EC in both depressions and ridges (Appendix C). Both WTD and SM showed negative 

correlations (rs<-0.5, p<0.05) with NEE and GEP within depressions; however, within ridges 

only WTD demonstrated a negative correlation (rs<-0.5, p<0.05) with NEE, GEP and R 

(Appendix C).  

Soil properties (BD, Po, Sy) were generally similar along a salinity gradient and between 

microtopographical forms, and only SOM of very strongly saline plots was significantly lower 

(p<0.05) than at less saline plots; moreover, mean SOM was also significantly higher (p<0.05) 

within ridges than depressions (Appendix C). Strong positive correlations (rs>0.7, p<0.05) 

between NEE, GEP, R, and SOM and were observed within ridges (Appendix C), and a strong 

positive correlation (rs>0.7, p<0.05) between R and SOM was found within depressions. No 

strong significant correlation between NEE, GEP, R, and soil properties (BD, P, Sy) was evident. 

No significant differences in mean aboveground biomass (AB), belowground biomass (BB) 

between ridges and depressions were found; however, differences in BB were significant 

(p<0.05) along a salinity gradient. Increases in belowground biomass (BBI) were significantly 

higher (p<0.05) within ridges (Table 5.1), and also BBI was significantly different (p<0.05) 

along a salinity gradient. Within ridges, NEE and GEP were, positively correlated (rs>0.6, 

p<0.05) with both aboveground and belowground biomass, as well as the increase in below 

ground biomass (Appendix C). Within depressions, NEE, GEP and R all demonstrated positive 

correlations (rs>0.6, p<0.05) with BB and BBI, but only NEE was significantly positively 

correlated (rs>0.6, p<0.05) with AB (Appendix C). 
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Figure 5.3. Variations in net 

ecosystem exchange (NEE), 

gross ecosystem productivity 

(GEP) and ecosystem 

respiration (R) with (a) 

electrical conductivity (EC), (b) 

water table depth (WTD), (c) 

soil moisture (SM), (d) soil 

temperature (ST), (e) leaf area 

index (LAI), and (f) 

photosynthetically active 

radiation (PAR) within ridges 

and depressions. Positive NEE 

values indicate CO2 uptake 
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Nutrient availability within ridges and depressions is shown on Figure 5.4. Ridges were 

characterized by significantly higher (p<0.05) availability of total nitrogen (TN), NH4
+
, NO3

-
, 

K
+
, P, Fe, Mn, S, Zn, Ca

2+
, and Mg

2+
. Along a salinity gradient, significant differences (p<0.05) 

in the availability of TN, NH4
+
, K

+
, Fe, Al, S, Ca

2+
 were observed (Figure 5.4). Depressions were 

characterized by positive correlations (rs>0.6, p<0.05) between all R, NEE, GEP and Mn, Ca
2+

, 

Mg
2+

 availability though these elements were also negatively correlated (rs<-0.5, p<0.05) with 

EC (Appendix C). No significant correlations between nutrient availability and the response 

variables NEE, GEP or R was evident in ridges, however.  

 

Figure 5.4. Nutrient availability (measured by PRS Probes) within ridges (a) and 

depressions (b) along a salinity gradient. The error range (2 SD) is represented by vertical bars. 

5.3.3. Controls on CO2 fluxes within open-water areas 

Variability in NEE, GEP, and R with respect to pond water EC, WD, WT, pH, DO and 

chlorophyll a concentrations, and VD within open-water areas is shown on Figure 5.5. Notable 

spatial variability in pond water EC, was observed throughout the study site, and significant 
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differences (p<0.05) in EC and chlorophyll a concentration between hyposaline and mesosaline 

ponds were found. However, WD, WT, DO, pH, and VD were not significantly different in 

hyposaline and mesosaline ponds. WD, EC WT, DO, and pH were comparable within 

unvegetated, macrophyte-dominated plots and plots with a microbial mat, but significant 

differences (p<0.05) in vegetation density and chlorophyll a concentrations between these ponds 

were observed.  

Nutrient concentrations in hyposaline and mesosaline ponds are shown on Figure 5.6. 

Mesosaline ponds had significantly higher (p<0.05) concentration of SO4
-2

, K
+
, Mg

2+
, Ca

2+
, Na

+
, 

Cl
-
, NH4

+
, NO3

-
, PO4

3-
. No significant differences in SO4

2-
, K

+
, Mg

2+
, Ca

2+
, Na

+
, Cl

-
 between 

non-vegetated, macrophyte-dominated plots and plots with a microbial mat were found, but plots 

with a microbial mat had significantly higher (p<0.05) NO3
- 

and PO4
3- 

concentrations and 

significantly lower NH4
+
 concentration compared to non-vegetated, macrophyte-dominated plots. 

In ponds, over the study season, both GEP and R correlated positively (rs>0.5, p<0.05) with 

vegetation density and phosphate concentration (Appendix C).  
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Figure 5.5. Variation in net 

ecosystem exchange (NEE), gross 

ecosystem productivity (GEP) and 

ecosystem respiration (R) with (a) 

water depth (D), (b) water 

temperature (WT), (c) electrical 

conductivity (EC), (d) pH, (e) 

dissolved oxygen concentration, (f) 

chlorophyll a concentration, and (g) 

vegetation density (VD) within open-

water areas. Positive NEE values 

indicate CO2 uptake 
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Figure 5.6. Nutrient concentrations in mesosaline (a) and hyposaline (b) ponds in the 

studied saline fen. Pond classification is based on biological classification scheme where 

hyposaline waterbodies have salinity of 3–20 ppt (EC 5.5–23 mS cm
-1

), and mesosaline 

waterbodies is characterized by salinity of 20– 50 ppt ( EC 23–72 mS cm
-1

) (Last and Ginn 

2005). The error range (2 SD) is represented by vertical bars 

5.4. Discussion 

Construction of sustainable peatlands in post-mined oil sands landscapes is a multifaceted 

task that requires the re-establishment of key ecosystem functions including carbon capture and 

storage through biological processes, primarily photosynthesis. The results presented in this 
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study show that CO2 uptake in a natural saline fen depends on the complex interactions between 

plant communities and environmental variables (primarily, WTD, EC, and nutrient availability) 

(Figure 5.7). Moreover, the data illustrate that peatland microtopographic heterogeneity has a 

strong influence on the relationship between CO2 exchange and environmental conditions. 

 

Figure 5.7. Correlations between net ecosystem exchange (NEE), gross primary 

productivity (GEP), ecosystem respiration (R) and environmental variables (electrical 

conductivity (EC), water table depth (WTD), soil moisture (SM), leaf area index (LAI), 

aboveground biomass (AB), belowground biomass (BB), seasonal increase in belowground 

biomass (BBI), soil organic matter (SOM), availability of calcium (Ca
2+

), manganese (Mn) and 

magnesium (Mg
2+

) (measured by PRS Probes), concentration of phosphates (PO4
3-

), vegetation 

density (VD)) within depressions, ridges and ponds in the studied saline fen. Only strong 

significant correlations are shown. Strength of the relationship (rs) has been shown as the width 

of a line. Negative correlation is indicated by “-” sign. Negative correlation between NEE, GEP, 

R, and WTD indicates higher NEE, GEP, and R associated with shallower water table. 
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5.4.1. CO2 fluxes in peatland areas 

Vegetation has been repeatedly shown to influence carbon fluxes (e.g., Andrews et al. 

2013; Koelbener et al. 2010; Picek et al. 2007; Strilesky and Humphreys 2012). In our study, 

strong positive correlations between CO2 fluxes and vegetation biomass suggest that vegetation 

properties are important for CO2 exchange; moreover, LAI was positively correlated with NEE 

and GEP (Figure 5.7), and was found to explain a substantial portion of the variation in GEP and 

NEE within both ridges and depressions as revealed by semi-partial correlation (Appendix C). 

This is consistent with the findings of Lund et al. (2010), Humphreys et al. (2006) and Goud et 

el. (2017) suggesting that increased CO2 uptake is often associated with increased LAI.  

Negative correlations between NEE, GEP, R and EC (Figure 5.7), coupled with higher 

GEP in the less saline part of the fen is consistent with previous findings that salinity is one of 

the most important factors that can affect plant productivity and CO2 exchange (Neill 1993; 

Curco et al. 2002; Willis and Hester 2004; Trites and Bayley 2009a, b; Neubauer 2013). Notably, 

in the studied saline fen, LAI was negatively correlated with EC within rides and depressions, 

and this is consistent with a negative effect of elevated salt content on plant growth (Sperling et 

al. 2014; Sutter et al. 2014); moreover, the strong negative correlation between EC and LAI is 

consistent with previous work (Phillips et al. 2016) that reported a negative relationship between 

salinity and LAI, even within the same species (T. maritima). A negative correlation between R 

and EC within ridges and depressions (Figure 5.7) in this study is consistent with the negative 

impact of elevated salt content on microbial activity that has been previously documented (e.g., 

Rejmánková and Houdkova 2006; Tripathi et al. 2006).  
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Wetland productivity is known to be tied tightly to the moisture regime, as driven by the 

WTD (Wallen et al. 1988; Hilbert et al. 2000). Several field studies have shown a positive 

correlation between primary productivity and WTD (Szumigalski and Bayley 1996). Notably, 

the relationship between productivity and WTD can be influenced by microtopography: within 

hummocks and ridges elevated above the water table, higher primary productivity is associated 

with a lower water table, whereas in depressions (lawns and hollows) primary productivity is 

higher during wet conditions (Alm et al. 1997; Strack et al. 2006). In contrast, in this study, a 

strong negative correlation between GEP and WTD was observed in both ridges and depressions 

(Figure 5.7). Such negative correlation between WTD and GEP within ridges can be explained 

by the dominance of flood-sensitive species (e.g., J. balticus, H. jubatum) (Cooper 1982; 

Montemayor et al. 2015), so the higher water table can reduce GEP. A negative correlation 

between GEP and WTD within depressions can be associated with prolonged flooding that 

hinders oxygen diffusion into roots from soil, causing a shift from aerobic respiration to energy-

inefficient anaerobic respiration in flood-tolerant species (Reddy and DeLaune 2008). Such 

increased energy demand often results in an energy deficit affecting photosynthetic activity, 

water and nutrient adsorption and distribution, and thus overall plant growth (Pezeshki and 

DeLaune 2012). Consequently, although inundation-tolerant species such as T. maritima can 

survive within depressions, their productivity can be reduced due to energy depletion.  

Carbon exchange is known to be linked to nutrient dynamics, and increased nutrient 

availability is often associated with increased productivity (Bonan and VanCleve 1992; Mack et 

al. 2004). In this study, we observed strong positive correlation between magnesium, manganese, 

and calcium availability and GEP, NEE and R within depressions (Figure 5.7; Appendix C). 

Although these cations can be confounded with EC semi-partial correlation suggested significant 
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contribution of magnesium, manganese, and calcium availability to GEP, NEE and R (Appendix 

C). Such correlation can be expected as magnesium, manganese, and calcium play important role 

in photosynthesis, nitrogen and phosphorous assimilation, and cell formation (Rydin and Jeglum 

2013), and thus are tightly connected to plant productivity and respiration. Moreover, Mg, Ca, 

and Mn availability can be limiting for plant productivity within depressions, as their availability 

is decreased under anaerobic conditions, and salinity coupled with higher pH can also yield 

reductions in Mg, Ca, and Mn supply (Cooper 1984; Stueben et al. 2004; Rydin and Jeglum 

2013).  

5.4.2. CO2 flux within open-water areas (ponds) 

Our results suggest that CO2 flux in ponds is more strongly influenced by vegetation 

properties (such as vegetation density) and community composition than by environmental 

variables. While CO2 uptake rates were notably higher in ponds with macrophyte cover, low CO2 

uptake was observed in ponds lacking submergent vegetation, and this can be expected due to the 

absence of photosynthetic macrophytes that coincides with what was reported from salt marshes 

(Miller et al. 2001; Moseman-Valtierra et al. 2016). Although phytoplankton productivity and 

respiration are important components of carbon cycling in aquatic ecosystems (Kobayashi et al. 

2013), microalgae are not likely the main contributors to CO2 uptake within ponds as suggested 

by the low productivity of plankton-dominated ponds and the weak. The highest CO2 uptake was 

observed in a mesosaline pond (South Pond) that had excessive benthic microbial mats (Figure 

2b). Such photosynthetic microbial mats are known from saline environments (Ley et al. 2006; 

Kunin et al. 2008; Burow et al. 2013), and have high primary production rates that are 

comparable to rates of tropical rain forests (Guerrero and Mas 1989). Our findings suggest that 

microbial mats are likely important contributors to CO2 fluxes, but further detailed studies of 
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community composition and the main pathway of carbon through the microbial community are 

required for better understanding of role of microbial mats in carbon cycling within open-water 

areas in saline boreal fens. 

Positive correlations between GEP, R, and phosphates observed in this study (Figure 5.7) 

was expected as P is a key nutrient in aquatic ecosystems, and increased ecosystem production is 

often associated with P load (Wetzel 2001; Elser et al. 2007). However, this is in contrast to 

saline prairie lakes and wetlands that are often N-limited (Sahm et al. 2009). Although our study 

has shown that EC had a strong effect on primary productivity within peatlands, EC was not a 

controlling parameter for CO2 fluxes; moreover mesosaline ponds had higher GEP than 

hyposaline ponds. 

5.4.3. Implications for fen construction in AOSR 

Microtopography plays an important role in the regulation of water drainage, water table 

position and salinity within constructed wetlands (BGC Engineering Inc. 2010); in addition, our 

study revealed that microtopography plays an important role in regulation of CO2 fluxes within 

peatland areas. Because topographic heterogeneity is one of the desired features of constructed 

wetlands (Wylynko and Hrynyshyn 2014), development of appropriate planting scheme (a 

construction document that shows the position, variety and quantity of plants to be planted 

within constructed wetlands) that will support the highest possible CO2 uptake within different 

microtopographic forms is of paramount importance. Our results suggest that J. balticus, C. 

stricta and H. jubatum support high CO2 uptake within ridges while T. maritima and A. prostrata 

are the most productive in depressions. However, a more detailed study with a wide range of 
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plant species is required to determine the most appropriate species composition with respect to 

the height, slope, aspect and general shape of microtopographical forms.  

The EC gradient across the studied fen had a strong impact on biologically dependent 

carbon sequestration (Figure 5.2), with decreasing biomass production from more saline to less 

saline parts of the fen. Within peatland plant productivity varied greatly due to differences in 

WTD, and a strong negative effect of elevated EC (>15 mS cm
-1

) coupled with prolonged 

flooding on primary productivity and respiration was found. Consequently, although the 

accumulation of organic matter under saline conditions depends mainly on the presence of a high 

water table (Trites and Bayley 2009a), continuous waterlogging especially in areas with EC>15 

mS cm
-1

 should be avoided in constructed fens, as it can reduce CO2 sequestration.  

This study suggests that vegetation cover is of paramount importance for CO2 exchange 

within ponds, and ponds with dense macrophyte cover had higher GEP comparatively to 

phytoplankton-dominated ponds. Given this, fen design should ensure pond construction is 

favourable for vegetation establishment. Salt-tolerant S. pectinata seems to be useful for 

increasing carbon uptake within open-water areas in constructed fens, but further studies are 

required to determine the most suitable species composition under different salinity levels. 

Because aquatic areas within western boreal forests have increased evaporative losses (Devito et 

al. 2012), and dense macrophyte cover can result in more intense evapotranspiration and a 

consequent decline in water level (Xu et al. 2014), macrophyte control through planting and 

harvest seems to be necessary for achieving the highest possible GEP that would not affect water 

balance in constructed ponds. Although productivity of planktonic algae seem to be low in the 

studied ponds, benthic microbial mats were associated with the highest GEP suggesting possible 

usefulness of the microbial mats for increasing productivity in constructed open-water areas. 
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Microbial mats may be suitable for mesosaline ponds where growth of macrophytes is limited 

due to salt content; however, detailed study of role of the mats in carbon transformation in ponds 

is necessary to determine their usefulness for wetland construction in AOSR. 

5.5. Conclusion 

Notable differences in CO2 fluxes between ridges, depressions, and ponds reveal obvious 

spatial heterogeneity in saline fen carbon dynamics. Vegetation properties, WTD, and EC were 

identified as the main controlling factors on CO2 fluxes within peatland. Microtopography was 

important for CO2 fluxes, largely through its alteration of relations between CO2 exchange and 

environmental factors, and more complex relationships between NEE, GEP, R and 

environmental variables were observed within depressions. Within open water areas (ponds), 

changes in CO2 fluxes were mostly associated with vegetation density and phosphate 

concentration. This study illustrated importance of appropriate choice of vegetation communities 

for open-water areas within constructed fens; moreover, the results suggested that development 

of planting schemes with respect to microtopographical differences will help to support carbon 

capture within constructed fens. 

In this study, differences in NEE, R, and GEP between hyposaline and more mesosaline 

parts of the peatland were observed, and were primarily associated with vegetation LAI, WTD, 

and EC. Moreover, the data illustrate that microtopography has a strong influence on the 

relationship between CO2 exchange and environmental conditions, and depressions are 

characterized by more complex relationships between NEE, GEP, R and environmental variables 

(Figure 5.7). 
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6. Summary 

Saline boreal fens (minerotrophic peat-forming wetlands) have been considered as 

appropriate natural analogs for reclamation in areas affected by salinization in the Athabasca Oil 

Sands Region (AOSR). Because an understanding of the main drivers of carbon uptake and 

storage within the fens can provide insights into biogeochemical functioning of constructed 

wetlands under saline conditions, this thesis presented the first time assessment of environmental 

controls on carbon sequestration in a saline boreal fen near Fort McMurray (Alberta, Canada). 

General characteristic of saline wetlands, introduction into carbon sequestration in peat-forming 

wetlands as well as into the main challenges associated with fen construction in AOSR were 

discussed in chapter one.  

Chapter two presented paleolimnological study that investigated salinity change in three 

ponds (Lager, Pilsner, and South Ponds) within the fen using weighted-averaging transfer 

functions based on diatoms and an environmental dataset from 32 saline boreal ponds. This study 

showed that diatom-inferred (DI) salinity fluctuation in the fen were associated with changes in 

cumulative departure from mean precipitation (CDLM) in Fort McMurray area, but relations 

between precipitation and DI-salinity were complicated by pond hydrologic functioning. While 

in a precipitation-fed pond, declines in salinity were associated with rises in precipitation 

resulted in dilution of salt content in pond water, in ponds located within a saline groundwater 

discharge zone, increases in salinity coincided with increases in precipitation due to 

intensification of saline ground water input from the saline aquifer. Pond connectivity with 

adjacent freshwater wetlands was also important for explanation of salinity changes because of 

input of fresh water into ponds associated with increases in precipitation. The results emphasized 

the need to consider notable salinity fluctuation within natural saline fens, coupled with 

complexity of “salinity – precipitation – groundwater” relationships, while developing design of 

constructed fens and predicting constructed fen potential resilience under climate change. 

Chapter three sought to determine relations between organic matter accumulation rates 

(OMAR) estimated from 
210

Pb- age model and organic matter content (as measured by loss-on-

ignition), DI-salinity, and changes in hydrological conditions and vegetation inferred from 

macrofossils in three studied ponds. Estimated salinity levels (3–21 ppt) did not reduce rates of 
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organic matter accumulation because median OMAR in three cores was close to rates observed 

in freshwater boreal and subarctic ponds. Results from this study showed that relationships 

between organic matter accumulation and salinity level are intricate because strong and weak, 

positive and negative correlations between OMAR and DI-salinity were found in pond sediment 

cores. Thus, it was concluded that salinity was not the main driver of changes in OM, and 

OMAR was more influenced by changes in water level, pond regime and primary produces as 

revealed by macrofossil data. As high OMAR in studied ponds were associated with low 

decomposition rates rather than with high primary productivity rates, it seems that development 

of future fen design should be based on attentive analysis of factors that can reduce decay rates 

(e.g., litter quality, water level fluctuation). 

Chapter four presented paleoecological study of effect of salinity, vegetation cover, and 

hydrological conditions on long-term apparent rate of carbon accumulation (LARCA) in 

terrestrial parts of the fen. In the less saline part of the study site, variations in LARCA were 

associated with macrofossil-inferred changes in water table depth (WTD), and high LARCA 

values corresponded to periods with high water table. In contrast, in more saline part of the fen, 

no increases in LARCA in response to rises in water table were observed. From this, it was 

concluded that low salinity (EC< 5 mScm
-1

) did not affect “carbon accumulation – hydrology” 

links while high salinity (EC>10 mScm
-1

) altered links between LARCA and water table depth 

possibly via the negative effect on the plant productivity. Observed mean LARCA in the less 

saline part of the site (29.67 gm
-2

 yr
-1

) suggested that under low salinity saline fens can 

accumulate carbon at the rates comparable to rich fens, but under high salinity carbon 

accumulation is notably lower as revealed by mean LARCA of 9.79 gm
-2

yr
-1

 in more saline part 

of the fen. This study showed that maintaining high and stable water table, coupled with a proper 

choice of vegetation with respect to microtopography is of paramount importance not only for 

successful initiation of peat accumulation, but also for long-term carbon storage within 

constructed fens. However, continuous waterlogging, coupled with high salinity (EC >10 mS cm
-

1
) affect carbon accumulation and should not be allowed at constructed fens. Results from this 

study indicated that Triglochin maritima and Atriplex prostrata are proper candidates for 

planting within depressions in constructed fens while Juncus balticus, Hordeum jubatum, 

Calamagrostis spp. and Hierochloe spp. are more suitable for planting within ridges for 

supporting long-tern carbon storage in constructed fens. 
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The assessment of net ecosystem exchange (NEE), ecosystem respiration (R), and gross 

primary productivity (GEP) within open-water and terrestrial areas within the fen was presented 

in chapter five. Notable differences in CO2 fluxes between both aquatic and terrestrial, elevated 

and depressed areas were observed that reveal obvious spatial heterogeneity in saline fen carbon 

dynamics. Vegetation properties, water table depth, and electrical conductivity were identified as 

the main controlling factors for CO2 fluxes within terrestrial areas. Microtopography was 

important for CO2 fluxes, largely through its alteration of relations between CO2 exchange and 

environmental factors, and more complex relationships between NEE, GEP, R and 

environmental variables were observed within depressions. Within open water areas, changes in 

CO2 fluxes were mostly associated with vegetation density and phosphate concentration. This 

study illustrated importance of appropriate choice of vegetation communities for open-water 

areas within constructed fens; moreover, the results suggested that development of planting 

schemes with respect to microtopographical differences for terrestrial areas will help to support 

carbon capture within constructed fens. 
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7. General conclusions and recommendations 

In conclusion, the main findings of this study are: 

 The studied saline fen is a dynamic system, and notable fluctuations in salinity in 

response to environmental changes on regional and local scale have occurred over 

time. Precipitation constitutes the primary driver of salinity in open-water areas, but 

hydrological functioning of ponds, coupled with connectivity to regional saline 

aquifers and adjacent freshwater wetlands can alert links between salt concentration 

and input of meteoric water. 

 Although vegetation is the primary control on carbon sequestration, other factors that 

have an effect on carbon uptake do not always coincide with the drivers of long-term 

carbon accumulation; moreover, combination and importance of controls on carbon 

sequestration can differ between open-water and terrestrial areas, ridges and 

depressions (Figure 7.1). 

 Vegetation properties, water table depth, and electrical conductivity were identified as 

the main controlling factors on carbon capture and long-term accumulation within 

terrestrial areas. Additional drivers of carbon uptake (e.g., soil moisture, availability 

of magnesium, manganese and calcium) were found within depressions suggesting 

that microtopographical differences can modify relations between CO2 exchange and 

environmental variables.  

 Water table depth was positively related to long-term carbon accumulation and 

negatively to current carbon uptake. Carbon sequestration was not severely affected 

by low salinity (EC<5 mS cm
-1

), but high salinity (EC >10 mS cm
-1

) had an 

extremely negative effect on long-term carbon storage and carbon uptake within 

terrestrial areas of the fen. 

 Terrestrial areas accumulated carbon at the overall rate lower than in western 

continental fens, and one of the causes of such a lower rate can be a decreased rate of 

primary productivity under increased salinity as suggested by assessment of current 

carbon uptake in the fen.  

 Within open-water areas, carbon uptake was driven by vegetation density and 

phosphate concentration while water level and type of primary producers were the 
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most important factors determining rate of organic matter accumulation. Salinity was 

of secondary importance for explanation of changes in both carbon capture and 

storage in studied ponds. 

Figure 7.1. Conceptual diagram of controls on carbon uptake and long-term storage 

in a saline boreal fen. Broken lines indicate that EC>10 mS cm
-1 

has an effect on 

carbon storage.  

 Open-water areas have accumulated organic matter at rate comparable to freshwater 

boreal and subarctic ponds. Such relatively high rate of organic matter accumulation 

in ponds is a function of input and slow decay of terrestrial plant litter whereas 

contribution from aquatic primary producer is smaller as suggested by very low 

recent GEP in studied ponds. 

Based on the above results, the following suggestions can useful for future saline fen 

construction projects:  

 It is essential to maintain slightly saline conditions with mean EC up to 5 mS cm
-1

 to 

support the carbon sequestration in constructed fens.  

 High and stable groundwater level is important not only for the successful initiation 

of peat accumulation at constructed fens, but also for long-term carbon storage. 

However, prolonged inundation (mean water table level above ground), especially 

coupled with high salinity (EC >10 mS cm
-1

) appear to have extremely negative 
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effect on carbon uptake and long-term accumulation within terrestrial areas and 

should be avoided at constructed fens. 

 Incorporation of landscape connectivity into post-mined landscape design plans can 

be useful not only for maintaining the water balance of reclaimed area, but also for 

salinity control.  

 Constructed saline fens should be designed in a way that will allow regulation of 

some local settings (e.g., water input, drainage, connectivity with adjacent wetlands 

and waterbodies) and promote the adaptation of manmade system to new conditions.  

 Topographic controls can be used not only for the regulation of water drainage, water 

table position and salinity, but also for regulation of carbon uptake within terrestrial 

areas in constructed fens.  

 Incorporating open-water areas into constructed fen design will make constructed 

system more complex and less predictable because manipulations of environmental 

characteristics (e.g., water table depth, nutrient load, EC) in order to improve 

functioning of the fens can have an opposite effect on CO2 uptake within aquatic and 

terrestrial parts. 

 Development of planting schemes for terrestrial areas within constructed fens should 

be based on microtopographic differences to supporting the highest possible CO2 

uptake within elevated and depressed forms.  

 J. balticus, Calamagrostis spp. H. jubatum can support high CO2 uptake and long-

term accumulation within ridges while T. maritima and A. prostrata are more suitable 

for depressions.  

 Attention should be paid to vegetation within riparian areas around constructed ponds 

as litter quality influence decay rates that in turn have stronger effect on rates of 

organic matter accumulation comparatively to primary productivity. 

 Unvegetated ponds should not be included into constructed fen design. Planting 

macrophytes such as Potamogeton spp. can help increase rates of carbon uptake and 

organic matter accumulation in constructed ponds, but rational macrophyte control 

through planting and harvest is necessary to prevent intense evapotranspiration and 

reduction of water volume in the waterbodies.  
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 This study assessed controls on carbon uptake and carbon/organic matter 

accumulation within naturally saline fen dominated by chlorides while 

constructed fens are expected to be dominated by sulphates. Consequently, further 

studies of effects of brine composition and total salt concentration on carbon 

capture and accumulation are necessary to predict rates of carbon sequestration in 

constructed fens. In addition, more detailed study with a wide range of plant 

species is required to determine the most appropriate panting scheme to support 

the highest rates of carbon capture and accumulation. Finally, a study of role of 

benthic microbial mats in carbon transformation in ponds is necessary to 

determine their usefulness for increasing carbon sequestration in constructed 

wetlands in the Athabasca Oil Sands Region. 
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Appendix A. Environmental dataset and results of statistical analyses used for diatom-based transfer function development 

Table A-1. List of sampled ponds including their coordinates (Coord), depth in m (D), major ion concentrations (mg L
-1

), salinity (ppt) 

in May (Sal_May) and August (Sal_Aug), conductivity (mS cm
-1

) in May (Cond_May), and August (Cond_Aug), pH, dissolved 

oxygen in mg L
-1

 (DO), chlorophyll a concentration in ug L
-1

 (Chl a)  

Pond name Coord D Cl SO4 Na K Mg Ca 
Sal_ 

May 

Cond_

May 

Sal_A

ug 

Cond_

Aug 
pH DO Chl a 

ESF12 
56°33'50.61"N 

111°15'51.51"W 
0.56 656.8 10.6 478.2 1.5 15.4 43.0 1.1 2.0 1.3 2.6 8.2 3.5 0.07 

SSF-5 
56°33'55.29"N 

111°16'24.31"W 
0.48 1679.9 44.2 1344.7 2.6 30.4 68.9 2.5 5.0 3.0 6.0 8.0 2.9 5.01 

P8 
56°34'17.86"N 

111°16'28.88"W 
0.49 920.4 29.5 697.4 0.1 21.6 50.2 3.3 5.0 6.2 9.5 7.2 2.5 21.75 

P5 
56°34'9.34"N 

111°16'7.09"W 
0.52 3842.5 126.9 3021.0 4.0 67.1 134.9 3.4 5.8 8.1 14.0 7.8 2.5 73.35 

ESF-1 
56°34'7.09"N 

111°14'51.88"W 
0.59 2224.2 31.4 1707.6 3.1 29.8 49.9 1.4 2.5 3.6 6.6 7.8 4.2 4.79 

ESF-2 
56°34'3.64"N 

111°14'46.51"W 
0.53 2245.5 72.6 1758.6 3.6 34.7 64.6 2.3 4.1 3.8 6.7 7.8 4.7 7.09 

P4 
56°34'9.37"N 

111°16'9.03"W 
0.5 4068.9 123.3 3199.1 6.8 70.1 143.9 6.2 6.3 4.2 10.6 7.9 2.3 26.3 

SSF-4 111°16'23.15"W 0.45 2384.9 57.2 1909.9 3.5 38.0 82.6 3.2 6.2 4.3 8.4 7.6 4.4 9.02 

ESF-5 
56°33'50.57"N 

111°14'36.88"W 
0.41 4919.6 174.8 3911.4 6.5 73.4 137.1 3.2 6.4 5.3 10.5 7.5 5.8 19.39 

ESF-3 
56°34'3.75"N 

111°14'43.84"W 
0.51 3281.3 118.4 2631.9 4.7 50.4 93.9 3.5 6.9 5.4 10.7 7.9 2.6 18.1 

SSF-2 
56°33'53.84"N 

111°16'23.01"W 
0.49 2726.0 86.1 2176.7 5.3 41.5 84.0 3.9 6.5 5.7 9.4 7.3 4.7 15.52 

ESF-4 
56°33'59.56"N 

111°14'40.77"W 
0.39 3153.7 115.3 2467.1 3.9 47.9 90.4 4.0 7.3 5.8 10.5 8.1 4.6 9.13 

SAL-1-2 
56°34'19.71"N 

111°16'28.51"W 
0.45 3301.1 66.8 2573.6 3.5 62.4 130.0 4.8 8.5 5.9 10.6 7.5 2.7 9.15 

P7 
56°34'8.02"N 

111°16'10.71"W 
0.51 7106.2 206.1 5575.4 9.4 120.3 235.1 7.5 14.1 11.7 22.0 8.2 3.1 6.69 

SF-1 
56°34'16.09"N 

111°16'23.48"W 
0.47 4099.0 138.4 3283.8 4.5 71.0 146.5 5.0 7.3 8.0 11.8 8.1 3.6 14.3 

P6 
56°34'7.13"N 

111°16'6.16"W 
0.35 9571.2 284.9 7439.5 31.0 112.4 366.1 8.2 10.1 16.9 20.9 7.8 3.4 19.39 
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Pond name Coord D Cl SO4 Na K Mg Ca 
Sal_ 

May 

Cond_

May 

Sal_A

ug 

Cond_

Aug 
pH DO Chl a 

SSF-3 
56°33'53.75"N 

111°16'22.27"W 
0.38 4923.5 81.4 3879.0 2.2 83.7 137.0 4.8 9.2 8.5 16.2 7.4 4.3 74.19 

P2 
56°34'3.62"N 

111°16'1.19"W 
0.49 9964.5 258.2 7779.7 42.6 98.1 277.6 11.3 15.8 27.7 30.8 7.6 2.9 

170.9

3 

ESF-6 
56°33'50.42"N 

111°14'35.29"W 
0.51 6364.5 265.1 5099.2 10.6 91.2 158.6 8.3 15.0 11.8 21.3 7.9 4.1 29.15 

ESF-9 
56°34'14.22"N 

111°16'22.03"W 
0.46 9438.1 225.5 7432.3 23.7 84.4 210.0 9.6 15.7 14.0 22.8 8.0 4.9 72.43 

SF-2 
56°34'6.70"N 

111°16'8.20"W 
0.35 7884.0 150.2 6107.7 8.3 134.0 269.7 14.4 18.4 19.9 25.5 6.3 2.5 36.8 

P3 111°16'21.04"W 0.41 
11241.

9 
374.9 8611.3 209.7 137.4 403.8 10.4 17.2 15.2 25.0 7.8 4.1 26.12 

SF-3 
56°33'49.69"N 

111°14'34.10"W 
0.52 8377.1 154.5 6489.3 6.7 140.0 292.4 10.5 18.3 16.5 28.7 7.5 2.9 12.02 

SSF-1 
56°33'52.46"N 

111°16'20.42"W 
0.47 

10819.

6 
231.4 8721.2 126.0 88.6 224.5 10.5 18.5 19.1 33.6 7.8 2.7 16.51 

ESF-11 
56°33'49.37"N 

111°14'35.78"W 
0.45 

12574.

0 
333.4 9935.0 75.3 103.8 289.0 16.3 27.5 22.1 37.2 7.9 4.6 17.32 

P1 
56°34'2.21"N 

111°16'10.30"W 
0.49 

10936.

1 
247.3 8639.6 198.6 97.4 249.0 22.6 27.3 35.5 43.0 7.9 3.5 3.69 

SF-4 
56°34'1.65"N 

111°16'8.95"W 
0.23 

12901.

5 
243.9 9802.1 0.1 134.4 444.0 17.0 28.9 22.8 38.7 7.8 4.3 60.94 

ESF-8 
56°33'49.99"N 

111°14'34.27"W 
0.39 

13236.

9 
331.7 

10465.

4 
54.7 131.3 239.6 17.9 31.6 23.3 41.1 7.7 4.2 13.23 

ESF-7 
56°33'49.95"N 

111°14'35.38"W 
0.24 

14557.

0 
278.6 

11525.

2 
38.2 160.3 253.7 18.1 30.3 26.0 43.5 8.0 2.5 14.05 

SF-7 
56°34'0.33"N 

111°16'8.70"W 
0.38 

19388.

4 
324.7 

15568.

0 
67.1 142.2 250.0 22.1 34.3 35.1 54.5 8.0 2.9 0.18 

SF-5 
56°34'1.59"N 

111°16'7.97"W 
0.15 

23037.

9 
358.4 

18037.

5 
237.1 125.2 264.6 35.1 56.1 41.5 66.2 7.3 4.1 5.39 

SF-6 
56°34'0.67"N 

111°16'7.66"W 
0.21 

23583.

0 
344.3 

18021.

5 
69.0 122.2 252.9 35.8 57.8 41.8 67.6 7.4 4.2 1.95 
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Table A-2. Eigenvalues, percent explained variance and loadings of the first two axes for 

principal component analysis (PCA), canonical analysis (CA), and canonical correspondence 

analysis (CCA)  

 

PCA CA CCA 

 

Axis 1 Axis 2 Axis 1 Axis 2 Axis  1 Axis  2 

Eigenvalue 9.6 2.1 0.80 0.39 0.70 0.26 

% variance 56.4 12.1 30.5 14.8 43.45 16 

Variables 

      Salinity 0.31 -0.07 - - -0.84 0.15 

Conductivity 0.31 -0.09 - - -0.87 0.25 

pH -0.04 0.36 - - 0.08 -0.27 

DO 0.04 0.05 - - -0.16 0.11 

Depth -0.22 0.29 - - 0.55 -0.25 

Cl
-
 0.32 0.01 - - -0.88 0.13 

SO4
2-

 0.30 0.21 - - -0.82 0.04 

Na
+
 0.32 0.02 - - -0.18 -0.60 

K
+
 0.24 0.23 - - -0.57 0.15 

Mg
2+

 0.29 0.03 - - -0.83 -0.08 

Ca
2+

 0.28 0.03 - - -0.81 -0.12 

%Cl 0.14 -0.54 - - -0.20 0.46 

%SO4 -0.10 0.54 - - 0.16 -0.03 

%Na 0.20 0.18 - - 0.16 -0.44 

%K 0.15 0.22 - - -0.37 -0.03 

%Mg -0.29 -0.06 - - 0.70 -0.21 

%Ca -0.26 -0.09 - - 0.54 -0.25 

Species 

      Staurosira construens var. venter -1.39 0.04 1.36 0.04 

Staurosirella pinnata 

 

-1.68 0.30 1.60 0.40 

Pseudostaurosira brevistriata -1.00 -0.47 1.17 0.60 

Navicula cryptocephala -1.71 0.31 1.97 0.83 

Cocconeis placentula var. lineata -1.36 0.61 1.48 0.08 

Cyclotella meneghiniana -1.00 0.73 1.35 0.42 

Anomoeoneis sphaerophora fo. costata 0.60 0.08 -0.45 -0.57 

Nitzschia tubicola 

 

0.49 -0.21 -0.57 -0.31 

Halamphora coffeaeformis 0.83 0.46 -0.75 -0.55 

Craticula halophila 

 

0.67 1.12 -0.57 -1.70 

Navicul salinarum 

 

0.82 1.38 -0.73 -1.22 

Navicula peregrina 

 

0.01 0.55 0.09 -0.57 

Navicymbula pusilla 0.53 -1.81 -0.67 1.33 

Diploneis stroemii 

 

0.94 -0.95 -1.24 0.72 

Parlibellus crucicula 0.81 -3.13 -1.12 4.25 

Navicula sp., type B 

 

0.96 0.72 -1.07 0.31 
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PCA CA CCA 

 

Axis 1 Axis 2 Axis 1 Axis 2 Axis  1 Axis  2 

Ponds 

      ESF12 -7.67 -2.25 -1.40 0.04 1.38 0.07 

SSF-5 -3.87 0.64 -1.39 0.03 1.35 0.04 

P8 -6.33 -1.40 -1.39 0.19 1.42 0.18 

P5 -2.22 0.99 -1.37 0.06 1.35 0.09 

ESF-1 -2.75 -1.77 -1.04 0.30 1.10 0.03 

ESF-2 -2.88 0.71 -1.23 0.04 1.20 0.03 

P4 -1.85 0.83 -1.15 0.15 1.14 -0.06 

SSF-4 -2.44 0.04 -1.28 0.10 1.26 -0.01 

ESF-5 -0.63 1.02 -0.46 -0.43 0.42 0.34 

ESF-3 -1.89 1.61 -1.01 -0.20 0.98 0.21 

SSF-2 -1.95 0.52 -0.44 -0.47 0.42 0.37 

ESF-4 -1.69 0.93 -0.61 -0.19 0.58 0.14 

SAL-1-2 -1.97 -1.12 -0.77 0.30 0.85 -0.18 

P7 -0.27 1.11 0.63 0.46 -0.54 -0.52 

SF-1 -1.28 1.62 0.61 0.58 -0.52 -0.58 

P6 1.02 0.46 0.77 0.86 -0.67 -0.93 

SSF-3 -0.34 -1.59 0.80 0.54 -0.73 -0.59 

P2 1.45 0.29 0.41 -0.09 -0.38 -0.07 

ESF-6 0.18 2.37 0.68 -0.66 -0.73 0.45 

ESF-9 1.68 0.45 0.72 0.43 -0.65 -0.51 

SF-2 0.97 -2.66 0.77 0.86 -0.71 -0.90 

P3 2.10 1.90 0.80 0.79 -0.72 -0.88 

SF-3 0.66 -1.12 0.61 -0.98 -0.68 0.57 

SSF-1 2.67 1.14 0.81 0.41 -0.74 -0.51 

ESF-11 2.83 1.03 0.71 -0.18 -0.72 0.08 

P1 2.74 1.48 0.68 -0.22 -0.70 0.11 

SF-4 2.11 -2.53 0.77 0.04 -0.77 -0.27 

ESF-8 3.11 0.23 0.83 0.83 -0.79 -0.61 

ESF-7 3.52 -0.69 0.88 0.38 -0.95 0.07 

SF-7 4.26 -0.10 0.69 -0.81 -0.75 0.63 

SF-5 5.58 -1.50 0.71 -1.17 -0.82 1.07 

SF-6 5.15 -2.65 0.68 -1.99 -0.88 2.14 
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 (a) 

 

 (b) 

 

Figure A-1. PCA ordination diagram of 32 ponds used for training set development (a), and CA 

ordination diagram of 32 ponds and 16 diatom species used for training set development (b) 
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Appendix B. Description and chronology of cores North-1 and South-1 and environmental dataset from 40 vegetation plots 

along salinity gradient at Saline Fen  

Table B-1. Radiocarbon dates for cores North-1 and South-1*. Types of pre-treatment are identified as AAA – acid-alkali-acid pre-

treatment, A – acid pre-treatment 

Lab ID Depth, cm Material 
Type of pre-

treatment 
14

C age BP ± F
14

C ± 
Calibrated 

range BP (2σ) 

Mid-point 

cal. yr BP 

 Core North-1  

UOC-2176 28-29 Bulk Peat AAA 433 22 0.9475 0.0026 520–470 497 

UOC-2177 36-37 Bulk Peat AAA 834 24 0.9014 0.0027 790–690 740 

UOC-2178 44-45 Bulk Peat AAA 988 25 0.8842 0.0027 960–900 930 

UOC-2179 56-57 Bulk Peat AAA 1165 21 0.8650 0.0022 1180–1050 1114 

UOC-2180 68-69 Bulk Peat AAA 2104 25 0.7695 0.0024 2140–2000 2073 

UOC-2181 80-81 Bulk Peat AAA 2466 26 0.7357 0.0024 2710–2430 2570 

UOC-1058 106-107 Bulk Peat AAA 3974 60 0.6098 0.0046 4590-4240 4412 

Core South-1 

UOC-2182 
16-17 Bulk Peat AAA 597 24 0.9284 0.0028 650–580 616 

UOC-2183 
20-21 Bulk Peat AAA 1083 21 0.8739 0.0022 1010–940 973 

UOC-2184 
32-33 Bulk Peat AAA 1983 24 0.7813 0.0023 1990–1880 1937 

UOC-2185 
44-45 Bulk Peat AAA 2931 26 0.6943 0.0022 3170–2990 3080 

UOC-2186 
52-53 Bulk Peat AAA 3405 24 0.6545 0.0020 3700– 3580 3642 

UOC-1060 63-64 Bulk Peat AAA 4355 57 0.5815 0.0041 5270-4830 5048 
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* Eight samples from North-1 and seven samples from South-1 (see Table 4-1 for details) were sent to A.E. Lalonde 

AMS Facility, University of Ottawa for radiocarbon dating. After standard acid-alkali-acid pre-treatment (Brock et 

al. 2010), the samples were freeze dried overnight. Dry samples were combusted in a tin capsule using a Thermo 

Flash 1112 elemental analyzer in CN mode interfaced with an extraction line to trap the pure CO2 in a pre-baked 6 

mm pyrex tube. Samples of pure CO2 were converted to elemental carbon in the presence of hydrogen using the 

semi-automated graphitization lines. Dating was performed on a 3MV accelerator mass spectrometer (AMS) by 

High Voltage Engineering. The measurements were normalized with respect to the reference material Oxalic II 

(F
14

C=1.34) and the ages were calculated using the Libby 
14

C half-life of 5568 years. OxCal v4.2.4 (Bronk 2009) 

was used for calibration, and calibrated results are presented with 2σ confidence limits 1 (Table B-1). The IntCal13 

calibration curve (Reimer et al. 2013) was used for the samples with an F
14

C less than 1. Because dating was 

performed on peat at the bases of almost all stratigraphical units along the peat profiles and this allowed considering 

changes in peat accumulation rates (Telford et al. 2004), age – depth models for North-1 and South-2 were 

developed using linear interpolation between the dated samples (mid-points of the calibrated 2σ distribution range of 

the 
14

C dates). Radiocarbon dates in the two cores are internally consistent and suggest continuous accumulation 

from Middle – Late Holocene to the present. 

Brock F, Higham T, Ditchfield P, Ramsey CB (2010) Current pretreatment methods for AMS radiocarbon dating at 

the Oxford Radiocarbon Accelerator Unit. Radiocarbon 52: 103–112. 

Bronk RC (2009) Dealing with outliers and offsets in radiocarbon dating. Radiocarbon 51: 1023–1045. 

Reimer PJ, Bard E, Bayliss A, et al. (2013). IntCal13 and Marine13 Radiocarbon Age Calibration Curves 0-50,000 

Years cal BP. Radiocarbon 55: 1869–1887. 

Telford RJ, Heegaard E, Birks HJB (2004) All age–depth models are wrong: but how badly? Quaternary Science 

Reviews 23:1–5. 
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Figure B-1. Lithology of cores North-1 (a) and South-1 (b). Moisture and organic matter contents 

are shown as presents while bulk density and ash-free density are shown as g cm
-3

. Humification 

(von Post scale (von Post and Granlund 1926)) and radiocarbon dates are shown on left side of 

each diagram. Clay sediments at the bottom of the cores are shown not to scale *. 

 

*Clay sediments at the bottom parts of cores North-1 and South-1 have similar lithology and are 

characterized by low organic matter (1.7–3.2%) and moisture content (16–25%), and a high bulk density (1.8–2.6 g 

cm
-3

). In both cores, peat moisture content demonstrates a gradual upcore increase from 75 % to 80–88%; however 

decreases at 88, 64, 48 and 29 cm are observed in core North-1, and sharp rises at 56 and 44 cm are visible in core 

South-1 (Figure B-1). The peat organic matter is higher in core North-1 (85–86 % on average) relative to core 

South-1 (80–81% on average). In North-1 organic matter is relatively stable below 40 cm except for a prominent 

increase up to 96% at 80 cm; above 40 cm peat has organic content of 88–89 % on average with declines at 36, 28 

and 0 cm. In South-1 organic matter does not demonstrate prominent changes, except sharp decreases at 64 and 0 cm 
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(Figure B-1). Peat bulk density in the two core varies between 0.12 and 0.22 g cm
-3

, but core South-1 has lower 

average bulk density (0.17 g cm
-3

, SD=0.02) relative to core North-1 (0.19 g cm
-3

, SD=0.03) (Figure B-1). The 

organic matter density in the cores ranges from 0.1 to 0.19 g cm
-3 

with average of 0.17 (SD=0.02) and 0.13 g cm
-3

 

(SD=0.02) for North-1 and South-1 respectively. The most prominent declines in peat bulk density and organic 

matter density are observed at 72, 56 and 0 cm in core North-1 while increases at 53–54, 36–40 and 21–23 cm are 

visible in core South-1 1 (Figure B-1). 
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Figure B-2. Soil electrical conductivity (a), moisture (b), water table depth (c), and 

temperature (d) of 40 vegetation plots along salinity gradient at Saline Fen. Plot numbers 

correspond to those used in Figure 4-1. Average values are shown as black rectangles, and 

ranges between maximal and minimal values are shown as vertical lines. 
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Appendix C. Spearman’s rank-order correlation coefficients between net ecosystem 

exchange (NEE), respiration (R), gross ecosystem productivity (GEP) and environmental 

variables 

Table C-1. Spearman’s rank-order correlation coefficients between net ecosystem exchange (NEE), respiration (R), 

gross ecosystem productivity (GEP) and environmental variables (electrical conductivity (EC), 

water table depth (WTD), soil moisture (SM), leaf area index (LAI), soil temperature (ST), and 

photosynthetically active radiation (PAR)) within peatland plots during May – August (* 

indicates statistically significant correlation, p<0.05).  

 
EC WTD SM LAI ST PAR NEE R 

Ridges 

EC 

 

       

WTD 0.19        

SM -0.14 0.63* 

 

     

LAI -0.51* -0.43 -0.34      

ST 0.42 -0.06 -0.25 0.18 

 

   

PAR 0.23 0.22 0.10 -0.20 0.15 

 

  

NEE -0.59* -0.51* -0.09 0.64* -0.20 -0.02 

 

 

R -0.59* -0.52* 0.15 0.32 -0.39 0.01 0.77*  

GEP -0.51* -0.57* -0.22 0.67* -0.04 -0.10 0.85* 0.37 

Depressions 

EC 

 

       

WTD -0.21        

SM -0.30 -0.63* 

 

     

LAI -0.63* 0.30 -0.11      

ST -0.09 0.44 -0.46 0.52* 

 

   

PAR 0.22 -0.08 0.13 -0.34 -0.20    

NEE -0.54* 0.60* -0.59* 0.72* 0.47 -0.35 

 

 

R -0.59* 0.32 -0.19 0.43 0.36 -0.40 0.97*  

GEP -0.58* 0.53* -0.57* 0.65* 0.26 -0.27 0.85* 0.73* 
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Table C-2. Spearman’s rank-order correlation coefficients between net ecosystem exchange 

(NEE), respiration (R), gross ecosystem productivity (GEP) and peat hydro-physical properties 

(bulk density (BD), porosity (P), specific yield (SY), soil organic matter (OM), aboveground 

biomass (AB), belowground biomass (BB) and increase in belowground biomass (BBI)) within 

peatland plots, with ridge and depression fluxes presented separately (* indicates statistically 

significant correlation, p<0.05) 

 Ridges   Depressions   

 

NEE R GEP NEE R GEP 

BD -0.34 -0.12 0.02 -0.71 -0.77 -0.77 

P 0.14 0.07 -0.1 0.41 0.64 0.28 

SY 0.18 0.14 -0.14 0.47 0.44 0.47 

SOM 0.81* 0.74* 0.71* 0.77* 0.89* 0.71* 

AB 0.81* 0.22 0.66* 0.66* 0.54 0.43 

BBI 0.92* 0.48 0.89* 1.00* 0.66* 0.94* 

BB 0.71* 0.07 0.64* 1.00* 0.66* 0.94* 

 

Table C-3. Spearman’s rank-order correlation coefficients between net ecosystem exchange 

(NEE), respiration (R), gross ecosystem productivity (GEP), electrical conductivity in July-

August (EC) and nutrient availability within peatland plots during peak season (July-August) (* 

indicates statistically significant correlation, p<0.05) 

 Ridges    Depressions    

 

NEE R GEP EC NEE R GEP EC 

Total N -0.37 -0.12 -0.50 -0.06 -0.27 -0.23 -0.35 0.41 

NO3-N -0.31 -0.20 -0.33 -0.01 0.47 0.41 0.41 -0.23 

NH4-N -0.29 -0.08 -0.36 -0.02 -0.39 -0.36 -0.41 0.36 

Ca 0.32 0.11 0.34 -0.33 0.77* 0.82* 0.73* -0.85* 

Mg 0.21 -0.04 0.33 -0.32 0.74* 0.76* 0.71* -0.84* 

K -0.36 -0.45 -0.05 0.05 0.00 0.02 -0.07 0.49 

P -0.02 -0.04 -0.12 0.26 0.05 0.04 0.01 -0.10 

Fe -0.22 -0.20 -0.14 -0.05 0.39 0.43 0.31 -0.13 

Mn 0.26 0.15 0.12 -0.59* 0.64* 0.68* 0.59* -0.55* 

Al -0.03 -0.30 0.26 0.26 0.43 0.41 0.39 -0.06 

Zn 0.21 0.58 -0.21 -0.55* -0.46 -0.41 -0.47 0.35 

B -0.21 -0.17 -0.06 0.34 -0.01 -0.01 -0.06 -0.14 

S -0.36 -0.13 -0.41 0.32 -0.41 -0.39 -0.33 0.42 
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Table C-4. Spearman’s rank-order correlation coefficients between net ecosystem exchange 

(NEE), respiration (R), gross ecosystem productivity (GEP) and environmental variables (depth 

(D), water temperature (WT), electrical conductivity (EC), pH, dissolved oxygen (DO), 

chlorophyll a concentration (Chl a), vegetation density (VD), and photosynthetically active 

radiation (PAR)) within pond plots during June – August (* indicates statistically significant 

correlation, p<0.05)  

 

D WT EC pH DO Chl a VD PAR NEE GEP 

WT -0.21          

EC -0.17 0.58*         

pH -0.17 0.09 -0.13        

DO 0.37 -0.06 -0.21 0.56*       

Chl a -0.26 0.15 -0.19 0.20 -0.15      

VD -0.14 0.06 0.08 0.10 -0.15 0.05     

PAR -0.12 -0.16 -0.17 -0.17 -0.11 -0.10 -0.25    

NEE -0.13 0.12 0.16 0.01 -0.18 0.20 0.51* -0.35   

GEP -0.18 0.29 0.22 0.02 -0.16 0.24 0.59* -0.47 0.76*  

R -0.18 0.29 0.22 0.02 -0.16 0.24 0.59* -0.47 0.76* 1.00* 

 

 

Table C-5. Spearman’s rank-order correlation coefficients between net ecosystem exchange 

(NEE), respiration (R), gross ecosystem productivity (GEP) and major ion concentrations within 

pond plots in August (* indicates statistically significant correlation, p<0.05) 

  Cl SO4 Na K Mg Ca NH4  NO3 PO4 

NEE 0.12 0.25 0.16 0.11 0.28 0.34 -0.05 0.20 0.16 

R 0.18 0.30 0.27 0.19 0.40 0.29 -0.04 0.47 0.58* 

GEP 0.18 0.30 0.27 0.19 0.40 0.29 -0.04 0.47 0.58* 

 

 


