
  

 

 

Tree Cores for Root Bores: 
 Exploring Tree Rooting Behaviour in Bituminous Soils 

 

by 

Marc La Fl¯che  

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

Master of Science 

In 

Forest Biology and Management 

 

Department of Renewable Resources 

University of Alberta 

 

 

 

 

©  Marc Alexandre La Flèche, 2019 



ii  

 

Abstract 

Surface mining in the Athabasca Oil Sands region has disturbed approximately 895 km2 of 

boreal forest, all of which will need to be reclaimed to a state that is both representative of, and as 

productive of the surrounding boreal forest. However, much remains to be understood regarding the 

effects of different reclamation practices on restoring forests on mined landscapes. Reclamation 

practices, though varied, can involve the construction of landforms using overburden materials such 

as lean oil sand (LOS, sand containing concentrations < 8% hydrocarbons) with a layer of 

appropriate soil medium placed on top. While some early studies suggest that there may be negative 

effects of LOS on tree growth, forests have been growing on natural shallow bitumen deposits since 

the last ice age. The goal of this thesis is to explore whether using dendrochemical methods can 

allow us to better understand the relationship between tree rooting behaviour and shallow bitumen. 

Soil, soil pore water, and tree cores were taken from sites with natural shallow bitumen deposits and 

analyzed for trace metals enriched in bitumen (vanadium, nickel, molybdenum, and rhenium). 

Samples were also collected from sites without bitumen present. Significantly elevated 

concentrations of Ni were observed in trees growing on shallow bitumen deposits. Vanadium was 

also elevated in trees on bituminous sites though not significantly so. Molybdenum displayed the 

opposite trend and decreased in trees on bituminous sites. A baseline survey was also conducted on 

a reclaimed landform constructed using LOS to establish a proper reference against which future 

research can compare. My thesis establishes that with strong analytical methods and good reference 

conditions, dendrochemistry is a feasible methodology for monitoring root growth in bituminous 

soils with V and Ni acting as potential signal elements. This possibility presents reclamation 

practitioners and researchers with a useful tool to monitor plant growth across both constructed 

landforms and natural landscapes along with strong data against which to compare future values.  
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Chapter 1: General Introduction  

The Athabasca Oil Sands region spans 93,000 km2 across north-eastern Alberta with 3% of 

that area (4,750 km2) accessible through surface mining operations (Government of Alberta, 

2017). Currently, an area of approximately 895 km2 has been disturbed by mining operations, 

and this land will need to be reclaimed to a state of productivity equivalent to that of adjacent 

undisturbed land (Government of Alberta, 2014, 2017). In practice, this policy means that self-

sustaining boreal forests and wetlands must be returned to the landscape following mining. 

Reclamation practices, though varied, can involve the construction of landforms using 

overburden such as lean oil sand (LOS, oil sand containing concentrations of hydrocarbons < 8% 

of bulk soil volume) under a layer of appropriate cover soil (Rowland, Prescott, Grayston, 

Quideau, & Bradfield, 2009; Visser, 2008). These upland landforms are subsequently 

revegetated to promote the establishment of forests typical of the region. Early studies show that 

plant growth, and ultimately reclamation success, may be negatively impacted by the presence of 

LOS in the rooting zone of plants. Previous studies show that LOS could: 

1. Act as a physical barrier to root growth through the creation of a compacted textural 

break in the constructed soil profile (Jung, Duan, House, & Chang, 2014; Pernitsky, 

Hu, Si, & Barbour, 2016). 

2. Alter the moisture regime either through textural discontinuities or hydrophobicity 

(Huang, Barbour, Elshorbagy, Zettl, & Cheng Si, 2011; Huang, Spies, Barbour, Si, & 

Zettl, 2013; Jung et al. 2014; Roy, McGill, Lowen, & Johnson, 2003). 

3. Be toxic to plants and inhibit growth, though the mechanisms are poorly understood 

(Leskiw, 2005, 2006; Visser, 2008, 2011).  
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Much research has been conducted on the above-ground performance of plants used to 

revegetate reclaimed landforms across different soil profiles (Barber, Bockstette, Christensen, 

Tallon, & Landhäusser, 2015; Macdonald et al., 2015; Pinno, Landhäusser, MacKenzie, 

Quideau, & Chow, 2012; Rowland et al., 2009). However, little is known about tree root growth 

in the presence of shallow LOS. Understanding how roots develop in and around LOS can help 

inform reclamation practices to better promote root growth, which can promote forest 

establishment (Plourde, Krause, & Lord, 2009). With early research focusing on the potential 

negative effects LOS has on plant growth, it is important to note that shallow (< 50 cm) bitumen 

deposits also occur naturally in this region (Leskiw, 2005, 2006). Forests have been growing on 

these deposits since the last Ice Age (Leskiw, 2005, 2006) and could potentially provide a 

reference ecosystem for research on the effects of LOS on forest growth.   

There are, however, some key differences between reclaimed LOS landforms and natural 

deposits of bitumen. Lean oil sand used in reclamation can originate from up to 70 m below the 

surface and therefore has not undergone the degree of weathering that natural shallow deposits 

have (Visser, 2008, 2011). After weathering, heavier petroleum hydrocarbon fractions are left, 

which are not relatively stable and not readily bioavailable (Brassington et al., 2007; Maletiĺ, 

Dalmacija, Ronļeviĺ, Agbaba, & Peroviĺ, 2011). Though total petroleum hydrocarbon 

concentrations may be similar between LOS and natural bitumen deposits, differences in the 

profile of compounds is ecologically relevant. Specifically, soils with a higher concentration of 

lighter hydrocarbon fractions may be more of a concern than soils with otherwise similar total 

hydrocarbon concentrations, but abundant in heavy fractions. In addition to differences in 

hydrocarbon profiles, the LOS on a reclaimed landform would present as a uniform layer at a 

given depth. Natural deposits are typically more variable in structure presenting as tar balls, 
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blocks, or bands throughout the soil profile (Leskiw, 2005, 2006). This natural heterogeneity 

may create pockets of hydrocarbon-free soils allowing roots to avoid interacting directly with the 

bitumen present in the natural deposits should hydrocarbons have detrimental effects on growth. 

The challenge then rests in determining if tree roots are interacting with shallow bitumen 

deposits and understanding the outcome of these interactions on plant growth. 

My thesis research explores dendrochemistry as a potential method of determining 

whether tree roots interact with bituminous soil. Dendrochemical techniques analyse the 

chemical composition of tree tissues to monitor local pollution events and ambient 

environmental conditions through time (Watmough, 1997; Watmough, 1999). These analyses are 

not without their challenges. Different elements can behave differently within different species 

of plants (Cutter & Guyette, 1993; Watmough, 1997, 1999). For instance, an element can behave 

differently (e.g., concentrate in certain tissues or absorb at different rates) in one tree species 

compared with another (Cutter & Guyette, 1993; Watmough, 1997, 1999). Similarly, within the 

same species of tree, different elements can also display contrasting behaviours. For example, 

Hutchinson, Watmough, Sager, and Karagatzides (1998) demonstrate positive correlations 

between wood and foliar concentration increases for some metals in sugar maple (Acer 

saccharum) and no correlation for others following the application of an acidifying fertilizer. 

These results suggest that some metals are more mobile within the boles of trees than others and 

different patterns of translocation may occur. 

In my first data chapter, I explore the feasibility of using dendrochemistry to determine 

rooting behaviour in naturally occurring shallow bitumen deposits. I demonstrate that trees 

growing on soils containing bitumen display elevated concentrations of target elements 

compared to trees rooting in soil without bitumen present. In my second data chapter, I conduct a 
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baseline survey of a reclamation landform constructed using LOS.  The survey provides 

reclamation practitioners with baseline values of hydrocarbon and trace metal concentrations to 

monitor the rooting behaviour of trees over time.   
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Chapter 2: Trace Metals as Indicators of Tree Rooting Behaviour in Bituminous Soils 

2.1 Introduction 

The placement and distribution of roots may reflect resource availability (Campbell, 

Grime, & Mackey, 1991), competition (Bockstette, Pinno, Dyck, & Landhäusser, 2017), textural 

or chemical barriers (Jung et al., 2014), and even ódecision-makingô by plants (McNickle & 

Cahill, 2009). Sophisticated methods to track or locate roots such as the use of tracers or 

rhizotrons exist, however, soil cores and excavations remain some of the most common ways to 

sample roots (Jackson et al., 1996; Schenk & Jackson, 2002). Locating roots of individual trees 

through excavation methods is an arduous, time-consuming, and destructive activity (Böhm, 

1979). As plants have been shown to pass through, leave, or avoid substrates not conducive to 

growth (McNickle & Cahill, 2009), excavations and visual assessments may not provide an 

accurate representation of the substrates with which roots are interacting. Chemical analysis of 

aboveground tree tissue, i.e., dendrochemistry, may be a simple and effective method to 

determine whether tree roots are interacting with a target substrate within the soil profile. 

Dendrochemistry is a growing branch of science using tree tissues to monitor changes in 

soil and atmospheric chemistry over time as trees can incorporate trace metals, organic 

pollutants, nutrients, and other elements of interest into their tissues at concentrations relative to 

those in its environment. (Cutter & Guyette, 1993; Märten, Berger, Köhler, & Merten, 2015; 

Watmough, 1997, 1999). There are, however, some challenges to using trees as bioindicators of 

some abiotic environmental conditions beyond climate. For example, the selection of tree species 

can be a major factor in the efficacy of dendrochemical studies (Cutter & Guyette, 1993; 

Watmough, 1997); physiological differences between species can result in different behaviours 

of different metals within individual trees. The physiological structure of heartwood versus the 
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sapwood, xylem chemistry, and specific metal chemistry can affect the distribution of trace 

metals within a tree after absorption through the root system, foliage, or bark (Cutter & Guyette, 

1993; Lepp, 1975; Watmough, 1997). With processes such as translocation within the tree 

making precise chronological record-keeping difficult, dendrochemical methods might be better 

used to observe coarse temporal trends, and as a surveying tool (Dunn, 2007; Pulford & Watson, 

2003; Padilla & Anderson, 2002; Watmough, 1997). The successful use of these methods to 

survey for mineral deposits (Dunn, 2007) suggests it may be possible to utilize dendrochemistry 

to determine whether a tree interacts with a target substrate in the soil profile. Here, I use this 

approach to determine the potential of trace metals to act as indicators of tree rooting behavior in 

soils containing shallow, natural deposits of bitumen.  

 Northeastern Alberta, Canada, sits on one of the largest bitumen deposits in the world 

(~142,000 km2) (Government of Alberta, 2017; Leskiw, 2006), which is mined for its ore. 

Within the region, natural shallow deposits of bitumen (< 3 m deep) exist within the soil profile 

in the form of tar balls, bands, and larger blocks (Leskiw, 2006). These deposits are believed to 

originate from a combination of glacial erosion and depositional events, including a major flood 

event from the release of glacial Lake Agassiz into the Clearwater and Athabasca waterways 

(Fisher & Smith, 1994; Leskiw, 2006). This flood event carved into the geology of the region 

exposing, and potentially depositing, portions of the McMurray formation at the surface. The 

bitumen itself originates from Mississippian and Jurassic age oil deposits which have been 

degraded by microbes into a semisolid mixture of oil, sand, clay, and trace elements (Zhou, 

Huang, & Liu, 2008). The organic fraction of bituminous sand is characteristically enriched in 

vanadium (V), nickel (Ni), molybdenum (Mo), and rhenium (Re) (Bicalho et al., 2017; 

Goldschmidt, 1937; Selby & Creaser, 2005). While all four metals can be mobile in plants, their 
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relative availability can differ greatly depending on site conditions (Greger, 2004; Pendias & 

Kabata-Pendias, 2000).  

Vanadium shows promise as an indicator of root behaviour in bituminous soils. Bicalho 

et al. (2017) confirmed early findings that of the four metals, V is the most enriched in bitumen 

(242 ppm for V compared to 83.3 ppm, 10.4 ppm, and 0.06 ppm for Ni, Mo, and Re, 

respectively). While not an essential element to plant growth, V can be taken up by plants in the 

form of vanadate (VO3
-, a compound of V(V)) or more easily as vanadyl (VO2+, a compound of 

V(IV)) when pH conditions are neutral to slightly acidic and in reducing conditions (Huang et 

al., 2015; Greger, 2004; Imtiaz et al., 2015; Schlesinger et al., 2017; Welch, 1973). Evidence 

suggests that the plants themselves can reduce V(V) to V(IV) during the uptake process (Morrell, 

Lepp, & Phipps, 1986). Hargesheimer, Apps, and Malhotra (1980) demonstrate that aerial 

deposition of V due to mining operations in the region was detectable when sampling the needles 

of jack pine (Pinus banksiana), though it is unclear if V was absorbed into the needles or was 

adhered to their surfaces. With aerial deposition affecting metal concentrations in or on the 

needles of trees, measuring internal wood tissue instead may be a viable way to infer if roots are 

taking up V from the soil (Dunn, 2001). However, its availability in soils for root uptake can be 

quite difficult to predict due to the ability of V to form diverse organic and inorganic 

compounds, its sensitivity to redox transformations, and the overall complexity of its chemistry 

(Huang et al., 2015). Further, Mikkonen and Tummavuori (1994) found that V can be 

immobilized by organic compounds in soils. These findings suggest that while V may be 

enriched in bitumen, its availability to plants may be limited by the bitumen itself. 

Nickel also shows promise as an indicator of tree rooting. Nickel is mostly absorbed in its 

ionic (Ni2+) form through roots of plants (Cataldo, Garland, & Wildung, 1978; Mishra & Kar, 
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1974; Nieminen, Ukonmaanaho, Rausch, & Shotyk, 2007). Within the soil, its solubility, and 

therefore availability to plants, is inversely related to soil pH (Pendias & Kabata-Pendias, 2000). 

It is a critical component to the compound urease in plants, which aids in the hydrolysis of urea 

and the incorporation of N (Brown, Welch, & Cary, 1987; Eskew, Welch, & Cary, 1983). While 

Ni is an essential element to plant growth due to its importance in N metabolism, it can also 

become toxic to many plants in high concentrations (Brown et al., 1987; Eskew et al., 1983; 

McIlveen & Negusanti, 1994). This may lead plants to actively regulate its uptake and 

incorporation into tissues. Thus, it is possible, though not definitive, that Ni could signal rooting 

in bituminous soils.  

Molybdenum is an essential micronutrient for plants used as a component of nitrogenase 

and nitrate reductase (Greger, 2004; Pendias & Kabata-Pendias, 2000). It is absorbed most often 

in its anionic form as molybdate (MoO4
2ī) under oxidizing conditions. Concentrations of Mo in 

plants have been shown to be representative of the soluble Mo in soils, however, low soil pH 

(< 4.5) can greatly restrict its solubility (Pendias & Kabata-Pendias, 2000; Sigel & Sigel, 2002). 

Last of the enriched metals, Re is a rare-earth element occurring in low concentrations (0.196 

ppb) in the Upper Continental Crust (UCC) (Greger, 2004; Pendias & Kabata-Pendias, 2000; 

Rudnick & Gao, 2014). Being a relatively rare element, Re is not well studied but appears to be 

readily available to plant uptake in its anionic form (ReO4
-) and is moderately mobile once 

within the plant body (Greger, 2004; Pendias & Kabata-Pendias, 2000; Shinonaga, Pröhl, Müller, 

& Ambe, 1999).   

In this study, I analyzed trace metal concentrations in soil, soil pore water, and tree cores 

to determine if they can indicate the rooting behaviour of trees in bituminous soils. If fine roots 

are produced within the bitumen and passively uptake trace metals upon water transport and 
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wood growth, metals enriched in bitumen should be present in higher concentrations in the 

woody tissue of trees growing in bituminous soils than in trees growing in bitumen-free soils. To 

test this prediction, I addressed the following research questions: 1) Does the presence of 

bitumen in the soil profile affect root distribution? 2) Do soils with shallow bitumen deposits 

have elevated concentrations of V, Ni, Mo, and Re in both total soil and soil pore water 

concentrations than do similar soils without bitumen? 3) Does the wood of trees growing above 

shallow bitumen deposits contain higher concentrations of V, Ni, Mo, and Re than those growing 

above similar soils without bitumen? If a correlation exists between the presence of these trace 

metals in soils and within the tree, dendrochemical analysis could present a less destructive and 

more accurate method of determining whether tree roots interact with shallow bitumen deposits. 

The findings from this study will help expand our understanding of how trees root and interact 

with different soil substrates and may have implications for the reclamation and remediation of 

constructed landforms and contaminated sites. 

  



10 

 

2.2 Methods 

2.2.1 Site Selection 

Candidate field sites were located during the summer and fall of 2017 using a 

combination of GIS and field surveys. GIS data from the Alberta Vegetation Inventory (AVI) 

were used alongside GPS locations from earlier surveys by Leskiw (2005, 2006) to locate 

candidate stands of jack pine (Pinus banksiana Lamb.) where shallow bitumen deposits were 

likely to be present. I selected jack pine as the focal species because it is long-lived, maximizing 

the potential for root-bitumen interaction through time, maintains solid heartwood, and it is 

typically found on sandy soils, facilitating soil and root sampling.  

 Surveys of candidate sites were conducted to verify the presence of shallow bitumen 

deposits and of jack pines at least 15 cm in diameter at breast height (DBH). Surveys consisted 

of a minimum of four test pits (50 cm x 50 cm x 50 cm) dug at each site to confirm the presence 

of shallow bitumen (Fig. 2.1). From these surveys, I found five sites with shallow bitumen 

deposits (B1-5) north of Fort McMurray, Alberta, and two sites without bitumen (R1-2) ~200 km 

south of Fort McMurray, Alberta (Fig. 2.2). All sites are considered Mid-Boreal Upland ecotypes 

within the Boreal Plains ecozone (Agriculture Canada, 2019a). Soils with bitumen were 

classified as Eluviated Dystric Brunisols in the Mildred soil series (Turchenek & Lindsay, 1982). 

Soils without bitumen were also Brunisols, but of an unknown series (Agriculture Canada, 

2019b). Average temperatures in the region range from 17.1ęC in July to -17.4 ęC in January 

with an annual average of 1 ęC. The region averages approximately 420 mm of precipitation 

annually (Environment Canada, 2019). 
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2.2.2 Field Survey 

In 2017, a 10 m x 10 m plot was established at each site. Within the plot, five mature 

(DBH > 15 cm) trees were cored at 1.3 m of height using a 12 mm increment borer (Suunto, 

Vantaa, Finland) for metals analysis and a 4 mm borer (Haglöf, Sweden) for aging, analysing 

growth patterns, and cross-dating. Two sets of soil cores were collected a minimum of 5 m apart 

within the estimated shared rooting zones of the selected trees. Each set consisted of three 

separate cores with soil collected using a 6.5 cm x 15 cm slide hammer soil corer (AMS, 

American Falls, Idaho, USA) in four 10 cm depth increments to 40 cm total depth (i.e., 

approximate rooting zone). A plastic insert was used when sampling soil for trace metals and 

samples were quickly transferred to plastic bags to minimize contact with the metal soil corer. 

Soil collected for hydrocarbon analysis was packed tightly with minimal headspace into glass 

jars with Teflon-lined lids and stored in coolers on ice for transport to minimize hydrocarbon 

volatilization. The remaining soil core was collected for soil texture analysis, and root biomass 

and DNA identification with depth. A soil pit was dug at a central location within the site to 

obtain soil moisture, soil electrical conductivity, and temperature at 10 cm depth intervals along 

the soil profile (ProCheck GS3 Soil Moisture Probe, Decagon Devices, Pullman, Washington, 

USA). Plant species at each site were also recorded to provide a reference for the molecular 

identification of roots (see below). 

To investigate dissolved (plant available) trace metal concentrations, custom lysimeters 

were used to collect soil pore water from two locations near the soil cores within each site in 

2018. The lysimeters were constructed using surgical stainless steel (316 ss) and were 

approximately 15 cm x 2 cm with the upper 7.5 cm consisting of a 5 m˃ filter. Prior to 

deployment in the field, each lysimeter and all associated sampling equipment was thoroughly 
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cleaned and underwent a bath in double-distilled (2D), trace-metal grade HNO3 in the Soil, 

Water, Air, Manure, Peat (SWAMP) ultra-clean laboratory at the University of Alberta as 

described in Du et al. (manuscript in preparation). Complete sampling packages containing one 

lysimeter, two 0.45 ˃m polytetrafluoroethylene (PTFE) filt ers, two polypropylene syringes, and 

two polypropylene 50 mL centrifuge tubes were individually packaged within the ultra-clean lab. 

In the field, each lysimeter was installed by first collecting a soil plug to 30 cm of depth. The 

lysimeter was then inserted into the hole, a steel casing was installed around it, and 500 mL of 

Type I MilliQ water was added and allowed to soak for 30 minutes. A vacuum was then applied 

to the lysimeter for 20 minutes before the collected water was extracted and filtered through a 

0.45 ˃ m filter to collect the dissolved fraction for analysis. The detailed sampling protocol, 

modified from Du et al. (manuscript in preparation), is described in Appendix I. 

2.2.3 Soil Texture and Chemistry 

The second set of soil samples collected from the field sites were sieved through nested 

sieves (4 mmï2 mm) to remove roots. Samples were then homogenized and subsampled using a 

spinning riffler (SP- 230, Gilson Company Inc., Lewis Center, Ohio, USA). Particle size analysis 

was conducted by the Natural Resources Analytical Library (NRAL) at the University of Alberta 

using a Laser Diffraction Particle Size Analyzer (LS 13 320, Beckman Coulter, Brea, USA). I 

measured the pH of saturated soil pastes of 10 g of soil mixed with 10 mL of certified pH 7 

HPLC grade water (Fisher Scientific, Hampton, New Hampshire, USA) using a portable pH 

meter (accumet AP110, Fisher Scientific, Hampton, New Hampshire, USA) to account for 

abiotic conditions affecting trace metal speciation. 
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2.2.4 Identification and Mass of Roots with Depth 

Sieved roots were lyophilized for approximately 72 hours using a benchtop freeze dryer 

(Labconco FreeZone 2.5, Kansas City, USA), weighed, and then pulverized using a TissueLyser 

II (Qiagen Inc, Hilden, Germany) for two minutes at 30 rotations per second. Total genomic 

DNA was then extracted using DNeasy PowerSoil Kits (QIAGEN, Hilden, Germany). To purify 

the extracted DNA further, each sample underwent an additional ethanol precipitation step with 

the use of 125 mM ethylenediaminetetraacetic acid mixed with 3 M sodium acetate 

(EDTA/NaOAc) as a precipitating agent to remove impurities.  

Three non-coding cpDNA regions (the trnT-trnL intergenetic spacer, the trnL intron, and 

the trnL-trnF intergenetic spacer) were then targeted using fluorescently labelled forward 

primers (A2_FAM; C_VIC; E_NED) established by Taberlet, Gielly, Pautou, and Bouvet 

(1991). Each region was amplified via polymerase chain reaction (PCR) in 25 ɛL volumes 

consisting of: 12.5 ɛL of EconoTaq PLUS 2X Master Mix (Lucigen Corp., Middleton, USA), 2.5 

ɛL of each forward and reverse primer at 10 ɛM, 5.5 ɛL nuclease-free water, and 2 ɛL of diluted 

(5-10 ng ɛL-1) DNA. Negative controls were added and included in each step from extraction to 

PCR along with positive controls to monitor for contamination and effectiveness of the PCR. 

Reaction conditions followed those used by Metzler, La Flèche, and Karst (2019): 94°C for five 

minutes, followed by 35 cycles of 94°C for 60 seconds, 60°C for 60 seconds, 72°C for 80 

seconds and a final extension of 72°C for 30 minutes. 

Samples were then prepared for fragment length analysis by diluting the product 200x for 

both the trnL intron and the trnL-trnF intergenetic spacer, and 100x the trnT-trnL intergenetic 

spacer. Diluted samples were then prepared for sequencing combining 2 ɛL of diluted product 

mixed with 8 ɛL of Hi-Di formamide and 0.15 ɛL of GeneScan 1200 LIZ Size Standard 



14 

 

(Applied Biosystems, Foster City, USA). Capillary electrophoresis was used to resolve the 

amplified fragment lengths (ABI 3730 DNA Analyzer, Applied Biosystems, Foster City, USA). 

Fragments were then sized to the nearest base pair using GeneMapper 4.0 software (Applied 

Biosystems, Foster City, USA) by noting prominent peaks in relative fluorescent units (RFUs). 

Resolved fragment lengths were compared to those developed by Metzler et al. (2019) to identify 

roots occurring with depth. 

2.2.5 Tree Cores 

 The 4 mm tree cores were mounted and sanded using sand paper to 600 grit prior to 

scanning. Separate growth chronologies were constructed for the bituminous and reference sites 

using CDendro (Larsson, 2018) to calculate standardised ring width across all trees. These 

chronologies were then compared to assess growth rates of trees between sites. 

2.2.6 Hydrocarbon Analysis 

To confirm the presence of bitumen, soil samples (7 sites x 2 cores x 4 depths = 56 

samples) collected for hydrocarbon analysis were sent to Maxxam Analytics (Edmonton, 

Canada) for testing of F2, F3, and F4 fraction concentrations using the CCME Tier 1 Reference 

Method (CCME, 2001). These fractions represent hydrocarbons containing between 10 and 50 

carbon atoms which are less easily weathered and volatil ized than the F1 (nC6-10) fraction 

(CCME, 2001).  

2.2.7 Trace Metal Analysis 

Tree cores collected with the 12 mm borer were processed using methods similar to those 

described in Kirchner, Biondi, Edwards, and McConnell (2008). Each core was first separated 

into pre- and post-1967 segments to account for a potential increase in trace metal availability to 

tree tissue with the expansion of mining operations after 1967 (Mullan Boudreau et al., 2017; 
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Shotyk et al., 2016). Exterior surfaces contaminated with V from the increment borer of each 

tissue segment were trimmed using a Kershaw Pro-Grade Breaking Knife (Model 1280GE, 

Tualatin, Oregon) previously tested to not contaminate samples with trace metals (Table I.1, 

Appendix I). Samples were processed on a polycarbonate cutting board with plastic wrap 

changed between each sample, and the board cleaned with a 10% ethanol solution between 

samples of each site to reduce the risk of cross-contamination. Tree core samples were dried at 

105ęC for 36 hours before being analyzed at the SWAMP lab at the University of Alberta. There, 

samples were digested in double-distilled (2D) HNO3 in a high-pressure microwave (Ultraclave, 

MLS, Leutkirch, Germany) and analyzed on an Inductively-Coupled Plasma Mass Spectrometer 

(iCAP Qc ICP-MS, Thermo Fisher Scientific, Waltham, Massachusetts, USA).  

Soils samples (both cores and lysimeter plugs) were homogenized, randomly subsampled 

using a scoopula, and dried at 105ęC for 36 hours. Dried samples were then ground in a boron 

carbide mortar to pulverize the soil prior to digestion in nitric acid and analysis in the ICP-MS 

following the same methods for the tree core samples. The mortar and pestle were cleaned with 

Milli -Q water and 10% ethanol solution between each sample to reduce the risk of cross-

contamination. Ultraclave digestions and ICP-MS analyses were conducted according to US 

EPA Method 3051A for soil and wood samples, and US EPA Method 200.8 for pore water 

samples (Campisano et al., 2007). 

Procedural blanks were run with each batch in the ICP-MS (n = 3 per digestion batch). 

Standard Reference Materials with certified trace metals concentrations (NIST 1640a ï Trace 

Elements in Natural Water, NIST 1547 ï Peach Leaves, and NIST 2711 ï Montana Soil) were 

used to assess analytical performance (n = 3 per digestion batch, recoveries averaged between 

85-115%). Limits of detection and lysimeter blank values are documented in Appendix I. 
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2.3 Statistical Analysis 

All statistical analysis was conducted in R (R Core Team, 2019) using the tidyverse 

packages tidyr, dplyr, ggplot2, and car (Wickam, 2019) along with the NADA package for 

censored data analyses (Lee, 2019). 

2.3.1 Rooting Distribution 

I compared the vertical root distribution between sites using the non-linear model Y = 1 ï 

ɓd where Y represents the cumulative root fraction observed to depth d and ɓ is the estimated 

parameter (Gale & Grigal, 1987). High values of ɓ represent a rooting profile with roots 

distributed throughout depths, and lower values represent profiles where roots are concentrated 

closer to the surface. I then compared the ɓ values between site type using a Welch two-sample t-

test. To determine the relationship between root mass and hydrocarbon concentrations, I 

conducted a partial correlation test with depth as a controlling factor.  

2.3.2 Trace Metals ï Soil  

To compare total metal concentrations across sites, concentrations of V, Ni, Mo, and Re 

were first standardised to chromium (Cr), a conservative lithophile element associated with 

mineral matter in soils, and which did not differ significantly between site type, by dividing each 

by Cr. Standardisation to a lithophile element was done to account for inter-site variation in total 

mineral concentrations. These ratios were subsequently divided by the average ratio of each 

metal to Cr in the UCC using values from Rudnick and Gao (2014) (UCC ratios are 1.054, 0.511, 

0.012, and 2.15e-6 for V, Ni, Mo, and Re respectively) to obtain their enrichment factors (EF = ( 

[M]/[Cr] soil ) / ( [M]/[Cr] UCC ), where M represents the metal of interest) in the study soils. These 

EFs were compared across sites using a one-way ANOVA. Raw metal concentrations were also 

compared to total hydrocarbon concentrations (the sum of F2-4 fractions) using Kendallôs Tau 
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correlations for non-normal data to determine the strength of the relationship between the 

presence of bitumen and the concentrations of V, Ni, Mo, and Re in soil. 

2.3.3 Trace Metals ï Pore Water 

 Since the dissolved fraction of metals (< 0.45 m˃ filtered) was measured, these data were 

not standardised to another element to compare concentrations across sites. Differences in raw 

concentrations between the bituminous and reference sites were determined using one-way 

ANOVA. Vanadium concentrations were log transformed for improved normality. Relative 

availability of trace metals for plant uptake (soluble fraction) compared to their total 

concentrations in soil were calculated using the equation log( ( [M]/[Cr]water ) / ( [M]/[Cr] soil ) ) as 

presented in Shotyk, Krachler, Aeschbach-Hertig, Hillier, and Zheng (2010).  

2.3.4 Trace Metals ï Wood 

 Two-way ANOVAs testing main and interactive effects of site and wood tissue age were 

conducted with a variety of transformations and data manipulations (log and rank 

transformations, raw [M], [M]/[Cr], substitution of LOD/sqrt(2), list-wise deletion of <LOD 

values) failed to display an interaction effect between wood age and soil type. Therefore, a one-

way ANOVA was used to compare raw concentrations of Ni, and Wilcoxon Rank-Sum Tests 

were used for V and Mo (due to values below the limit of detection (LOD) present in the data) to 

compare values between sites. To complete the rank-sum tests, the LOD was substituted for the 

censored values for V and Mo. Rhenium was not detected in any wood sample and is therefore 

excluded from this portion of the analysis. 
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2.4 Results 

2.4.1 Site Characteristics 

 Soil texture analysis confirmed the sandy nature of the study sites with the bituminous 

(óBô) sites along with reference site, R1 classified as a loamy sand (80% sand and < 10% clay) 

and the second reference site, R2 as a sandy loam (60% sand and < 20% clay) (Table III. 1, 

Appendix III). The bituminous sites were significantly more acidic than the reference sites with 

an average pH of 4.6 (±0.47) compared to 5.4 (±0.28)) (F (1,54) = 44, p = 1.62e-8).  

All sites were mature, jack pine-dominated forest stands with moss (B1, B4, B5, R1, and 

R2) or lichen (B2, B3) dominated forest floor cover. Understory vegetation communities were 

comprised predominantly of the shrub species Vaccinium oxycoccos, Vaccinium myrtilloides, 

Arctostaphylos uva-ursi, Cornus canadensis, and to a lesser extent Linnea borealis, 

Rhododendron groenlandicum, and Amelanchier alnifolia (Appendix II ). The cored trees at the 

bituminous sites averaged 26 cm in diameter at breast height (DBH) and 69 years of age and 25 

cm in DBH and 81 years of age at the reference sites (Table III.1, Appendix III). Analysis of the 

standardized ring widths showed a significant correlation (CorrC = 0.47, TT = 4.7) in tree 

growth rates and responses to climate between the bituminous and reference sites. Due to the 

correlation in growth rates, the rate of uptake of nutrients and trace metals is also assumed to be 

similar for trees across the study sites. 

2.4.2 Bitumen Presence in Soils 

To test my main prediction, I first confirmed the presence/absence of shallow bitumen 

deposits.  Across the bituminous sites, each fraction of hydrocarbons (F2-F4) was detected and 

increased in concentration with depth (Fig. 2.3, Table 2.1). The F2 fraction occurred in low 

concentrations increasing with depth from a mean of 2 (± 5) mg kg-1 (maximum of 15 mg kg-1) at 
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the soil surface to 23 (± 14) mg kg-1 (maximum of 43 mg kg-1) at 40 cm of depth. The F3 fraction 

likewise increased with depth from a mean of 279 (± 435) mg kg-1 (maximum of 1200 mg kg-1) 

at the surface and a mean of 2430 (± 1290) mg kg-1 (maximum of 4400 mg kg-1) at 40 cm of 

depth. The F4 fraction, which had the highest concentrations overall, increased from a mean of 

358 (± 558) (maximum of 1500 mg kg-1) to 2744 (± 1245) mg kg-1 (maximum of 4900 mg kg-1). 

Note that both F3 and F4 fractions frequently exceeded CCME guidelines for hydrocarbons in 

parklands with coarse-textured soils (300 and 2800 mg kg-1 for F3 and F4, respectively) (CCME, 

2008). The F3 fraction exceeded guidelines at all depths, and the F4 fraction at depths > 10 cm. 

No hydrocarbons were detected at any depths in soils of the reference sites. 

2.4.3 Root Distribution with Soil Depth 

Across the sites, roots were present to 40 cm depth and total root mass per core did not 

differ significantly between bituminous and reference sites (0.6421 (± 1.22) g versus 0.3635 

(±0.45) g; t (53.86) = -1.24, p = 0.22) (Fig. 2.4). However, at 10 cm depth root mass was four 

times higher in the bituminous than the reference sites (Table 2.2). This pattern was also 

demonstrated in the analysis of cumulative root fraction with depth; reference sites had a 

significantly more even vertical root distribution with depth than bituminous sites (ɓ = 0.95 

versus ɓ of 0.88; t (10.3) = 2.35, p = 0.04) (Fig. 2.5). When controlled for depth, root biomass 

was not significantly correlated with the concentration of hydrocarbons in the soil (Pearsonôs r 

(55) = -0.077, p = 0.58). 

Molecular identification of roots returned a total of 29 unique species across all sites with 

24 species detected at the bituminous sites and 15 species at the reference sites. Of the 29 species 

observed across all sites, 25 occurred in the top 10 cm, 17 in the 10ï20 cm depth, 17 in the 20-30 

cm depth, and 5 at 40 cm depth (Fig. 4). The reference sites had on average 6.25 unique species 
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rooting near the surface, and bituminous sites had on average 5.44 species (Fig. 2.6). 

Importantly, I was able to identify jack pine roots growing at all depths in four of seven sites and 

to a minimum of 30 cm depth in all sites (Fig. 2.6). This latter result confirms that roots of jack 

pine grow at depths where bitumen deposits are present and can potentially be growing through 

bitumen. The occurrence of all species throughout the soil profiles is presented in Appendix II .  

2.4.4 Trace Metals ï Soil  

 Sites in the study were poor in nearly all metals sampled (Table I.4, Appendix I). 

Specifically, only two metals on the reference sites (Ag and Ga) and four metals (Ag, Ga, Mo, 

and Re) on the bituminous sites were above average values of the UCC (Rudnick & Gao, 2014) 

and 15 metals were found at concentrations over 6x lower than UCC values. All four target 

metals, V, Ni, Mo, and Re, were significantly more enriched in soils of the bituminous sites 

compared to the reference sites (V: F (1,68) = 26.38, p = 2.54e-6; Ni: F (1,68) = 13.67, p = 

0.00044; Mo: F (1,68) = 151.8, p = <2e-16; Re: F (1,68) = 9.5, p = 0.0029). Both V and Ni were 

about three times more enriched in the bituminous sites, and Mo by a factor of 11.5 (Fig. 2.7). 

Rhenium was only detected in 29 of 70 total soil samples when including the lysimeter soil 

plugs, 25 from bituminous sites and 4 from reference sites. In these samples, Re was found to 

have an average enrichment factor of 309 on bituminous sites and 7.6 on the reference sites. 

 All four metals of interest correlated well to the concentration of hydrocarbons in the soil 

(Fig. 2.8). Kendallôs Ű correlation coefficients ranged from 0.46 for V to 0.65 for Mo (p < 0.001 

for both). Interestingly, Li, Th, and Y were also correlated with total hydrocarbon concentrations 

(rŰ = 0.478, 0.343, and 0.306, respectively). The remaining 18 metals had neutral to strong 

negative correlations with the concentrations of hydrocarbons in soil. 
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2.4.5 Trace Metals ï Soil Pore Water 

 Raw concentrations, i.e., those not standardized to concentrations of a lithophile element 

in the UCC, of the dissolved fraction (< 0.45 ˃ m) of target metals increased in soil pore water in 

the bituminous sites when compared with the reference sites (Fig. 2.9), though only V and Re did 

so significantly (F (1,12) = 24.2, p = 0.00035 and F (1,12) = 10.4, p = 0.0073, respectively). 

However, all 42 metals analyzed had higher concentrations in the soil pore water on the 

bituminous sites compared with those of the reference sites. Soil pH was significantly lower in 

the bituminous sites (4.6 (±0.47)) than in reference sites (5.4 (±0.28)) (F (1,54) = 44, p = 1.62e-

8). This acidity may increase the water solubility for many of the metals in soils of the 

bituminous sites, and may be a driver of the higher observed concentrations (Watmough, 2008). 

When pH was included as a covariate, V and Re were no longer significantly elevated (F (1,11) 

= 4.4, p = 0.059 for each) in soils of the bituminous sites. Interestingly there is a weak, though 

significant, negative correlation (Pearsonôs r (37) = -0.38, p = 0.017) between soil pH and total 

hydrocarbon concentration. This relationship raises the possibility that the increased acidity and 

increased metal solubility may be related to the concentration of bitumen in the soil.  

 The relative availability (i.e., solubility) for plant uptake from the total soil 

concentrations showed a higher metal solubility in the reference sites for Ni, Mo, and Re and a 

higher solubility for V in the bituminous sites (Fig. 2.10). This difference was only statistically 

significant for Mo (F(12) = 28.48, p = 0.00018) and Re (F(12) = 19.55, p = 0.00083).  

2.4.6 Trace Metals ï Wood 

 Concentrations of Ni and V were both higher in trees growing on the bituminous sites, 

though only Ni was significantly so (Ni: F(68) = 4.31, p = 0.042; V: W = 437.5, p = 0.39) (Fig. 

2.11). Additionally, both Ni and V showed significantly higher concentrations in the newer wood 
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compared to the older (Ni: F(68) = 15.7, p = 0.00018; V: W = 264, p = 1.09e-5). Molybdenum 

was reversed; it was present in significantly lower concentrations in trees growing on the 

bituminous sites (W = 672, p = 0.018) and higher concentrations in the older wood versus the 

new (W = 695.5, p = 0.30). Both V and Mo were difficult to detect in wood samples and the data 

were 51% and 48% censored (<LOD), respectively. 
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2.5 Discussion 

 Concentrations of nickel (Ni) and vanadium (V) were higher in trees growing in 

bituminous soils, while concentrations of molybdenum (Mo) were lower. Soils containing 

shallow bitumen deposits were significantly enriched in all four of the target trace metals and 

this pattern translated into the soil pore water concentrations. With the DNA analysis of collected 

root samples confirming the presence of jack pine roots at depths with elevated, available trace 

metal concentrations, it is likely the increase in Ni and V within the woody tissue can be 

attributed to the presence of bitumen.  

 The enrichment of V, Ni, Mo, and Re in bulk soil samples containing bitumen is 

consistent with the findings of Bicalho et al. (2017) regarding their association with bitumen. 

However, the soil pore water concentrations are more relevant in addressing the differences in 

metal concentrations in wood across sites as they represent what is available to plant uptake 

(Sauvé, Hendershot, & Allen, 2000; Watmough, 2008). Soil pH has been shown to significantly 

affect the availability of trace metals in the soil and their resulting concentrations in trees 

(Watmough, 2008; Pendias & Kabata-Pendias, 2000). The increased acidity at the bituminous 

sites is likely playing a significant role in the increased availability of many elements in the soil 

pore water. However, the fact that Mo, which should decrease in solubility at a lower pH (Sigel 

& Sigel, 2002), was also elevated at these more acidic sites suggests that the input from the 

bitumen is still a major player. With the elevated concentrations of Mo in the soil pore water at 

the bituminous sites, the significant decrease in the wood tissue concentrations was unexpected. 

Previous research has observed a similarity in V and Mo behaviours in plants, and it could be 

that the decrease in the soil pH and the significant increase in V availability has created 

competition between these two metals favouring V (Pendias & Kabata-Pendias, 2000; Welch, 
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1973). Another possibility is that, as a component of the N incorporation process, the effect on 

Mo concentrations within the tree may be restricted to their roots, which were not sampled in this 

study (Pendias & Kabata-Pendias, 2000; Sigel & Sigel, 2002). 

 The difference in trace metal concentrations between tree ring age classes may indicate 

an acidification event of forests soils in the region during from 1980ï2000 when SO2 and NOx 

emissions were at their highest (Jung, Chang, Ok, & Arshad, 2013; Vitousek et al., 1997). The 

decrease in Mo along with the increase in both Ni and V in the more recent tree rings may be an 

indicator of increased acidic conditions in the forest soils resulting in their respective decreased 

or increased mobility in soil. These trends, along with the trends displayed by Rb and Sr, agree 

with the findings in Watmough (2008). The increase in atmospheric deposition in the region due 

to increased mining operations could provide another possible explanation for the differences in 

metal concentrations between wood age classes (Hargesheimer et al., 1980; Kelly et al., 2010; 

Shotyk et al., 2016). However, I do not think this is likely. As Shotyk et al. (2016) demonstrate, 

deposition in the region occurs in the form of large particulate matter and incorporation of aerial 

deposition through leaf stomata is not thought to be a major pathway of intake (Cutter & 

Guyette, 1993; Lepp, 1975; Watmough, 1997).  The poor mobility of dust into the woody tissue 

is well illustrated in Shcherbenko, Koptsik, Groenenberg, Lukina, and Livantsova, (2008). In this 

study the concentrations of trace metals analyzed on needles and twigs increased significantly 

with increased proximity to industry. However, this trend failed to materialize in the internal tree 

wood tissue. In addition, my data for trace elements in the top 10 cm of the soil profile show no 

consistent trend of accumulation among elements associated with industrial activity in the region 

(e.g., Ag, Cd, Sb, Tl, Al, or Pb) (Table I.4, Appendix I). It is important to note that while my 

study illustrated a relative enrichment of certain trace elements on sites containing natural 
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bitumen deposits and near mining operations, their concentrations were still quite low when 

compared to other values in the literature. For example, the highest recorded concentration in 

wood for Ni in this study was 252 ˃g kg-1, nearly two and a half times lower than a mean wood 

concentration of 653 ˃g kg-1 across control sites in seven studies of various coniferous species 

using comparable methods to my own (Chun & Hui-yi, 1992; Kirchner et al., 2008; Odabasi et 

al., 2016; Panyushkina et al., 2016; Schmidt, Leybourne, & Kyser, 2017; Shcherbenko et al., 

2008; Watmough & Hutchinson, 1999). 

While the differences in rooting distribution between the reference and bituminous sites 

were marginally significant, it would be tenuous to attribute these differences to the presence of 

bitumen, given the low number of reference sites. The deeper mean rooting of the reference sites 

appears to be driven largely by site R2 with R1 being quite similar to the bituminous sites. 

Interestingly, when considering the textural differences between the sites, weôd expect the 

rooting patterns to be reversed. Being sandier (80% sand of R1 versus the 60% sand of R2), weôd 

expect the rooting distributions of the bituminous sites and R1 to be deeper (Jackson et al. 1996; 

Schenk & Jackson, 2002; Strong & Roi, 1983). This slight reversal of expected trends could 

potentially be a result of the hydrophobic properties of hydrocarbons slowing drainage during 

certain periods of the year and concentrating roots near the surface (Jung et al. 2014, Roy et al., 

2003). The higher degree of shrub cover at R2, as seen in the site photographs in Appendix III,  

may provide another explanation for the larger amount of deeply occurring roots.  

 By investigating multiple lines of evidence, I was able to show the enrichment of two 

target trace metals in trees growing on similarly enriched soils. This research helps support the 

use of dendrochemistry to investigate and monitor tree rooting behaviour in locations where a 

known anomaly in the soil profile is present. It also further stresses the importance of site 
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conditions such as soil pH, in understanding and predicting metal behaviour as it relates to the 

uptake and translocation by individual species of plants.  

The potential for Ni and V to act as indicators for rooting behaviour in natural bituminous 

soils has implications for reclamation efforts in the oil sands region. While only Ni displayed a 

statistically significant increase in concentration in the tree wood, V may be a more appropriate 

indicator for rooting in bitumen. Comparing the Ni/V ratios in the tree wood (22:1) versus the 

soil (0.24:1) suggest that the tree is actively accumulating Ni while its uptake of V is more 

passive, which is a preferred attribute for a metal in dendrochemistry (Cutter & Guyette, 1993; 

Watmough, 1997). Future research expanding our understanding of how these metals are taken 

up and translocated through reclamation species such as jack pine, white spruce (Picea glauca), 

and trembling aspen (Populus tremuloides) could enable reclamation practitioners to monitor 

tree root growth on landforms constructed with lean oil sand (LOS) overburden.  

 While the results of this study relate to bitumen, they support applications of 

dendrochemical methods outside the oil sands region. With the selection of an appropriate 

temporal or spatial reference (e.g., pre-disturbance conditions at a location or a nearby site with 

similar chemical properties), dendrochemistry could be used to monitor rooting behaviour in 

other reclamation, remediation, or natural scenarios. For example, as roots grow in soils with 

distinct chemical signatures, tree wood could be analyzed for target metals to infer rooting depth. 

The extent of tree roots could help monitor the size of spill and contamination events and help 

remediation efforts in natural and urban settings. Tree wood chemistry could also help 

understand long-term environmental trends in a given area. With careful consideration of target 

chemical signals and local environmental conditions, dendrochemistry could provide researchers 

with a useful tool in determining where and how roots grow.  
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Figures 

Figure 2.1 Presence of bitumen within the rooting zone. Bitumen was characterized by banding, or the presence of hard 

clumps, along with hydrocarbon odour. (57° 9'57.18"N, 111°32'28.29"W, Alberta, Canada) 
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Figure 2.2 Location of field sites with the reference sites visible in blue on the left near Janvier, Alberta, Canada. Close-up on 

the right shows the bituminous sites in red near the Hammerstone Quarry north of Fort MacKay, Alberta. 




































































































































































