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Abstract 

Intensified oil sands activities have resulted in elevated levels of nitrogen (N) and sulfur (S) 

deposition in the mixedwood boreal forest in the Athabasca oil sands region (AOSR) of northern 

Alberta, Canada. The deposition of N and S can affect the surrounding ecosystem and it is 

important to monitor possible effects. To improve the understanding of the response of boreal 

forest ecosystems to increased N and S deposition in the AOSR, an experiment was established 

in 2006 with the following treatments: control, +N addition (30 kg N ha
-1

 yr
-1 

as NH4NO3), +S 

addition (30 kg S ha
-1

 yr
-1 

as Na2SO4), and +NS addition (30 kg N plus 30 kg S ha
-1

 yr
-1

). Nine 

years of simulated N and S deposition did not affect soil bacterial diversity, community 

composition, abundance, functional profiles, and co-occurrence patterns, suggesting that soil 

bacteria were resistant or resilient to increases in N and S addition in the studied boreal forest. In 

contrast, increased N and S addition increased the abundance of soil fungal communities, 

suggesting fungi were more sensitive than soil bacteria. Additionally, ten years of simulated N 

and S deposition did not change soil chemical properties including soil pH, cation and N 

concentrations and leaching of N below the main rooting zone. Therefore, there was no evidence 

of N saturation or soil acidification in the experimental forest ecosystem in the AOSR after ten 

years of N and S addition. Continued long term research of N and S deposition in the AOSR is 

needed to enhance the current level of understanding and to quantify the collective ecosystem 

impacts.  
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Chapter 1: Introduction 

 

1.1 Background 

There has been a threefold increase in the amount of nitrogen (N) and sulfur (S) being 

emitted into the atmosphere globally over the last one hundred years (Denman et al. 2007, 

Detener et al. 2006). These increases are attributed to anthropogenic activities including the use 

of fertilizers in agricultural practices, fossil fuel combustion, and cultivation of N fixing plants 

(Galloway et al. 2004, Vitousek et al. 1997). Nitrogen and S are commonly emitted into the 

atmosphere in the form of nitrous oxide (NOx) and sulfur dioxide (SO2). NOx emissions have 

increased by 29 percent in western Canada between 1985 and 2000 and are projected to increase 

by another 5 percent between 2000 and 2020 (Schindler et al. 2006). The Athabasca Oil Sands 

Region (AOSR) has the third largest oil reserves in the world and as of 2014 had daily 

production of 2.3 million barrels of oil (Alberta Energy 2014). The activities involved in oil 

sands mining and upgrading release large amounts of NOx and SO2 into the atmosphere and the 

surrounding area.  

The S emissions in the AOSR peaked at approximately 400 Mg day
-1

  in the 1980s 

followed by a substantial reduction to between 250 and 300 Mg day
-1

  in the early 2000s 

(Hazewinkel et al. 2008). Sulfur emissions have stabilized due to the introduction of legislation 

to combat the effects of acid rain which is caused by the combination of SO2 and water in the 

atmosphere. In the meantime, N emissions in the AOSR have increased steadily from 20 Mg day
-

1
 in 1970 to approximately 300 Mg day

-1
 in the mid-2000s, likely due to increased fossil fuel 

combustion associated with the oil and gas activities and transportation, and the lack of 

legislation to cap the amount of emissions (Hazewinkel et al. 2008). There have been two major 
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oil sands plants that have been in operation for almost 30 years (Schindler et al. 2006). In the 

Oilsands Project Report released by the Alberta Government in the Fall of 2014, there are five 

major companies with six active mines operating in the AOSR. In addition, there are four 

projects under active construction and nine proposed projects that have either been approved and 

have yet to release a start date, or are within the application process. With the increased and 

projected increases in activities in the AOSR, the rate of N emissions are predicted to increase 

while S emissions are expected to remain stable (Aherne and Shaw 2010). 

The effects of elevated N and S deposition are multifaceted and will depend on the 

deposition rates and the ecosystem type. The addition of S to the surrounding area in the AOSR 

can cause soil acidification, nutrient imbalances, and ultimately loss of biological diversity 

(Laxton et al. 2010, Ok et al. 2007).  In the boreal forest ecosystem, high rates of N deposition 

can increase plant growth over the short term, but can eventually lead to changes in plant 

community composition and decreases in forest productivity (Aber et al. 1989). Chronic N 

enrichment can saturate forest soils after which excess N can leach into the groundwater or be 

emitted into the atmosphere as a gaseous form of N. The loss of N in the soil due to leaching will 

cause soil base cations including calcium and magnesium to be simultaneously leached. This loss 

of base cations can cause soil acidification, aluminum (Al) toxicity, plant nutrient imbalances, 

and eventually a decline in forest productivity (Aber et al. 1989, Laxton et al. 2010, Watmough 

et al. 2014). The progress of N saturation of forest ecosystems can be divided into four proposed 

stages based on the responses of ecosystems to chronic N deposition: N limitation, alleviation of 

N limitation, N saturation, and forest decline (Aber et al. 1989). In the first stage, N input will be 

taken up by plants therefore providing a beneficial effect on vegetation growth (Frey et al. 2004). 

However, N leaching and N emissions from the soil will increase as the ecosystem starts to shift 
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towards N saturation (Aber et al. 1998, Matson et al. 2002). Once the ecosystem has become N 

saturated and base cations have been lost from the soil the system responds by increasing 

aluminum solubility in the soil which causes a rapid decline in pH through aluminum 

hydrolization, and the culmination of all these effects will lead to forest decline.  

The majority of the soils in the AOSR are considered to be acid sensitive due to their coarse 

soil texture, low exchangeable base cation content, and low buffering capacity (Holowaychuk 

and Fessenden 1987, Watmough et al. 2014, Whitfield et al. 2009). These soil characteristics in 

combination with increases in atmospheric deposition associated with the oil sands production 

are a threat to the structure and function of the N-limited boreal forest ecosystem (Galloway et 

al. 2004).  Therefore, long-term impacts of N and S deposition on ecosystems are a major 

concern in the AOSR and should be a priority area for the government, industry and public.  

In order to assess the impact of increases in N and S deposition by mining activities on forest 

ecosystems in the AOSR, a number of research projects have been conducted. There have been 

numerous studies examining the effects of N and S deposition on bogs, wetlands, surface and 

ground waters, and terrestrial ecosystems (Hazewinkel et al. 2008, Jung and Chang 2012, Laxton 

et al. 2010, Schindler et al. 2006, Whitfield et al. 2010, Wieder et al. 2010). However, there are 

currently no studies examining the effects of N and S deposition on soil microbial diversity and 

community composition in the AOSR. Additionally, while there has been long-term monitoring 

on N and S emissions there is a lack of long-term research being conducted on deposition and its 

effects on the terrestrial ecosystems in the AOSR. Given the sensitivity of microbes to elevated 

atmospheric N and S deposition, studying bacteria and fungi in the AOSR provides an 

opportunity for monitoring and detecting ecosystem changes. Here I report on nine years (2006-
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2014) of simulated N and S deposition data for a site in the AOSR along with soil microbial 

response to assess potential ecosystems impacts of N and S deposition. 

 

1.2 Site Description  

Research plots were established in a boreal mixedwood forest stand (56.1° N 110.9° W) 

located about 100 km southeast of Fort McMurray in the AOSR in northern Alberta, Canada (Jung & 

Chang 2012). The majority of mining activities and upgrading facilities in the AOSR are located 

north of Fort McMurray; therefore, this site is minimally affected by deposition originated from oil 

sands activities. Nitrogen and S deposition rates, at sites 94 and 113 km away from the center of oil 

sands mining and upgrading activities, were 1.5 kg N ha-1 yr-1 and 1.2 kg S ha-1 yr-1, respectively 

(Proemse et al. 2012, 2013). The values recorded by Proemse et al. (2012, 2013) are representative of 

the background deposition rates for my research site.  

At the research site, the mean annual temperature and total precipitation measured from 

1981 to 2010 were 0.96 °C, and 418.8 mm, respectively (Government of Canada 2010).The 

dominant tree species were Populus tremuloides (trembling aspen) and  Picea glauca (white spruce) 

which constitute 71 and 22 % of the stem count, respectively (Jung and Chang 2012). Other tree 

species found in the plots were Abies balsamea (balsam fir), Populus balsamifera (balsam poplar), 

Picea mariana (black spruce), and Betula papyrifera (paper birch) (Jung and Chang 2012). The 

dominant shrub species were prickly rose (Rosa acicularis), lowbush cranberry (Vaccinium 

oxycoccos), and twinflower (Linnaea borealis) (Jung and Chang 2012). Soils were classified as 

Gray Luvisols based on the Canadian system of soil classification (Soil Classification Working 

Group 1998).  

The experiment was established in 2006, with a 2 x 2 factorial design and in four blocks, 

for a total of 16 plots. Four treatments were set up: control (CK), N addition (+N, 30 kg N ha
-1
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yr
-1 

as NH4NO3), S addition (+S, 30 kg S ha
-1

 yr
-1 

as Na2SO4), and N and S addition (+NS, 30 kg 

N ha
-1

 yr
-1 

as NH4NO3 and 30 kg S ha
-1

 yr
-1 

as Na2SO4). Four blocks were established based on 

topography and uniform soil and site conditions within the blocks; plots of 20 x 20 m were set up 

(Jung and Chang 2012). Treatments were randomly assigned to plots. The soil texture of the 

surface mineral soil (0-15 cm) was sandy loam in two blocks and silt loam in the other two blocks 

(Jung and Chang 2012). Soil that was deeper (15-45 cm) had higher clay content when compared to 

the surface mineral soil (Jung and Chang 2012). 

 

1.3 Previous Research 

The research site was previously established and a variety of studies have already been 

conducted. The first research objective was to examine changes in the tree and understory 

growth rates, in N cycling, and in the leaching loss of cationic nutrients from the soils and was 

conducted by Jung and Chang (2012). It was hypothesized that plots with the +N treatment 

would experience higher vegetation growth rates. It was also hypothesized that there would be 

no increase N and cation leaching. After 4 years of experimental +N and +S addition it was 

shown that tree growth increased in the +N and +NS plots, which confirmed the N limited status 

of the area. However, the understory vegetation growth and the soil microbial biomass were not 

affected by the treatments. In the mineral soil there was no effect on N leaching but the +N and 

+S treatments did significantly decrease the exchangeable calcium (Ca
2+

) and magnesium (Mg
2+

) 

cations. It was concluded that after 4 years the risk of N saturation was minimal, but the decrease 

in exchangeable cations suggested a nutrient imbalance and was an area of concern.  

 Following the results obtained by Jung and Chang (2012) the next research objective 

became to examine the changes in soil microbial biomass after an additional year of +N and +S 
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treatments and it was conducted by Hu et al. (2013). It was hypothesized that the soil 

community-level physiological profile would be altered because it is more sensitive to N and S 

addition when compared to soil microbial biomass. It was thought that soil urease and 

arylsulfatase enzyme activities would decrease because of the increases in soil availability of N 

and S.  Additionally it was hypothesized that β-glucosidase enzyme activity would increase as 

soil microbes would no longer be carbon (C) limited. It was found that, after 5 years of N and S 

addition, the treatments did not significantly affect the soil organic C, total N, dissolved organic 

C and N, or soil microbial biomass C and N. However, soil microbial physiological profiles were 

affected by the +N and +S treatments, with the +NS treatment increasing β-glucosidase and the 

+S treatment decreasing soil arylsulfatase. It was concluded that +N and +S addition strongly 

affected soil microbial community functions and enzymatic activities without having any effect 

on soil microbial biomass. 

 While it had been established that tree growth was increased with +N addition, the 

response of other vegetation types in the site was lacking (Jung and Chang 2012). In unpublished 

data by Kangho Jung for thesis research, the effects of 7 years of+ N and +S treatment on 

understory vegetation was assessed. It was hypothesized that +N and +S addition would decrease 

the diversity and alter the species composition in the understory plant community by increasing 

the abundance of nitrophilic species. Additionally it was hypothesized that understory foliar 

cation concentration would decrease because of chronic N and S addition. It was found that the 

+N treatment increased dissolved organic carbon and the +S treatment decreased exchangeable 

cations in the mineral soil. In the shrub layer of the plots species evenness and overall shrub 

diversity was decreased by +N and +S addition. The total shrub cover was decreased by +S 

addition, while the herb layer was not affected by either treatment. In addition the foliar 



7 

phosphorus (P) and potassium (K) concentrations in some plant species decreased in response to 

the +N treatment. It was concluded that there was a significant risk to nutrient imbalances in the 

understory vegetation due to +N and +S addition.  

 

1.4 Thesis Structure 

There is currently little research being conducted on how N and S deposition affect the 

terrestrial ecosystem and soil microbes of the AOSR. Based on current knowledge gaps I 

conducted this thesis study (1) to assess long-term impacts of N and S addition on soil microbial 

communities in a boreal forest in the AOSR; (2) to assess long-term impacts of N and S addition 

on soil chemical properties; and (3) to determine the risk of N saturation in a boreal forest in the 

AOSR, based on the Aber et al. (1989) ecosystem N status assessment. For these objectives, 

research was conducted in the simulated N and S deposition experiment. For the first objective, I 

investigated bacterial diversity, community composition, abundance, and fungal community 

abundance (Chapter 2 and 3).  For the second objective I assessed the N status of the soil through 

N emissions and leaching. I also measured other soil properties including soil pH, cation 

concentration, and total carbon and N (TC and TN respectively).  

This thesis consists of five chapters. In chapter 1 I describe background information, 

previous research completed in the experimental N and S addition site, and a thesis overview of 

N and S deposition (this chapter). In chapter 2 I examine the effects of long-term N and S 

addition on soil bacterial community diversity, composition, metabolism profiles, and co-

occurrence networks using sequencing of 16S rRNA genes. In chapter 3, further microbial 

analysis is described using plating and most probable number (MPN) methods to confirm 

bacterial results from chapter 2 and to obtain information on how N and S treatments affected 
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soil fungal abundance. And lastly, in chapter 4 the N status of the research site is determined by 

examining the amounts of N being leached and emitted from the soil. Additionally, other soil 

properties including TC, TN, pH, and exchangeable cation concentrations were measured to 

determine if N and S treatments had altered these soil properties. Each of the data chapters (2 to 

4) constitute a manuscript that will be submitted for publication. In chapter 5 I provide a 

summary of key findings, general conclusions, and suggested future research in the experimental 

N and S addition site.  
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Chapter 2: Soil bacteria are resilient to long-term nitrogen and sulfur 

addition in a boreal forest in northern Alberta, Canada  

 

2.1  Introduction 

It has been estimated that due to human activities, including the use of fertilizers and 

fossil fuel combustion, the input of nitrogen (N) into the global N cycle has doubled in the last 

century (Galloway et al. 2008, Vitousek et al. 1997). In the last 150 years the northern 

hemisphere has shown a ten-fold increase in the rate of N deposition (Freedman and Zak 2014), 

which has started to plateau in Europe and the United States in the early 1990s because of 

legislation introduced to combat atmospheric pollution (Emmett 2007, Goulding et al. 1998). 

Sulfur dioxide (SO2) emissions in Canada peaked in the early 1980s at 400 Mg day
-1

 and have 

since decreased, while nitrous oxide (NOx) emissions have been steadily increasing for the last 

15 years (Aherne and Shaw 2010, Hazewinkel et al. 2008). Overall, emissions are expected to 

increase because of continued economic and industrial growth and expansion, which has been 

concentrated in western Canada due to expansion in transportation, oil sands mining, and urban 

centers (Aherne and Shaw 2010). Alberta has been reported to be Canada’s largest emitter of 

SO2 and NOx largely due to the mining and refining of bitumen that occurs in the northern part of 

the province, with the most concentrated activities occurring in the Athabasca Oil Sands Region 

(AOSR) (Whitfield et al. 2009). Between 2003 and 2008 there were 274 -314 and 148-200 tons 

day
-1

 of SO2 and NOx, respectively, emitted in AOSR (Watmough et al. 2014).  

Expansion of oil sands mining/extraction and upgrading activities have exposed the 

surrounding boreal forests to elevated levels of N and S deposition in the last forty years with 
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significant increases occurring in the last decade (Gosselin et al. 2010, Laxton et al. 2010, 

Whitfield et al. 2009). The increased N and S deposition (Environment Canada. 2004) have 

caused concerns as the effects are multifaceted and may have negative effects such as soil 

acidification, N saturation, altered plant health, and eutrophication of nearby water bodies 

(Laxton et al. 2010, Watmough et al. 2014). When the SO4
2-

 is leached from the affected soil, it 

can cause the simultaneous loss of basic cations in the soil and release of aluminum (Al) which 

can alter the pH, cation exchange capacity (CEC), and charge composition of the soil (Jung and 

Chang 2012, Ok et al. 2007). While the addition of N can initially be favorable, as vegetation 

growth is typically limited by low levels of soil N availability in the boreal forest, the potential N 

saturation can lead to shifts in microbial species composition and nutrient imbalances; however, 

the impact on soil microbial communities is not fully understood (Chapin 1980, Lu et al. 2011). 

Forest soils in the AOSR are sensitive to soil acidification because they have low 

exchangeable base cations and cation exchange capacity (Watmough et al. 2014, Whitfield et al. 

2009). It is quite common for an ecosystem response to elevated N and S deposition to be 

measured by the changes in plants including foliar N concentration and net primary productivity  

(NPP), but few studies have explored soil microbial responses (Frey et al. 2004). Nitrogen and S 

deposition can affect an ecosystem in a variety of ways including reducing the biodiversity of 

ectomycorrhizal fungi, soil micro- and mesofauna  and altering soil bacterial niches, enzyme 

function, rate of litter decay, and the N dynamics in the soil (Fransson et al. 2000, Frey et al. 

2004, Lindberg and Persson 2004). Soil microbes are important because they exert control over 

the soil C and N cycles and influence the resilience of an ecosystem (Demoling et al. 2008, Hu et 

al. 2013).  Soil bacterial communities are considered to be sensitive to the availability of 

nutrients in the soil; therefore, knowing the impact of N and S deposition on soil bacterial 
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communities could provide an early sign of ecosystem responses to acid deposition in boreal 

forests in the AOSR (Díaz-Ravina et al. 1993).  

Soil microbial biomass and activity can decrease when forests are fertilized with N 

(Arnebrant et al. 1996, Bowden et al. 2004), but there is little information on how this will affect 

specific groups of soil microorganisms such as bacteria. Responses of microbial biomass, 

community structure and activities to N deposition have been found to be dependent on the 

ecosystem type, N deposition rate, and existing vegetation/soil nutrients (Compton et al. 2004, 

Demoling et al. 2008, Van Diepen et al. 2010, Zechmeister-Boltenstern et al. 2011). The ratio of 

bacterial to fungal species will shift with N enrichment and is a useful indicator of microbial 

response to N addition (Rousk et al. 2011). Unfortunately it was not possible to extract fungal 

DNA from the collected soil samples in this study, therefore only bacterial DNA was analyzed. 

Studies have addressed bacterial diversity (alpha diversity), phylum composition (beta diversity), 

functional and metabolism profiles, and the interactions among bacteria (co-occurrence 

networks) (Barberán et al. 2012, Faust and Raes 2012, Ma et al. 2016). While alpha and beta 

diversity indices are important to community analysis, it is possible to extrapolate further 

through the use of co-occurrence networks which help identify functional roles and 

environmental niches of bacteria (Barberán et al. 2012).  Analyzing functional profiles in a 

bacterial community will help understanding in how soil bacteria participate in important 

biogeochemical processes (Sessitsch et al. 2001). It has been suggested that understanding 

microbial interactions will give more information on soil properties and processes when 

compared to more commonly used methods including diversity and biomass (Ma et al. 2016). 

Co-occurrence patterns will add to the knowledge of bacterial community structure and functions 

by showing interaction networks and exposing shared niches (Ma et al. 2016).   
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To improve the understanding of boreal forest ecosystem responses to increases in N and 

S deposition in the AOSR, a simulated N and S deposition experiment was established in 2006. It 

was found that after 4-5 years of treatment soil microbial biomass carbon and N were not 

affected, and that after 5 years the soil microbial functional diversity and enzymatic activities 

were strongly affected (Jung and Chang 2012, Hu et al. 2013). In this study, I used sequencing of 

16S rRNA genes to determine the effects of N and S addition to experimental plots on soil 

bacterial community diversity, composition, metabolism profiles, and co-occurrence networks.  I 

hypothesize that (1) the overall diversity of bacteria species will decrease after N and S addition 

because it will favour species conditioned to thrive in N and S rich environments creating a 

narrow niche for microbial life and this will cause a change in species composition; (2) bacteria 

in plots exposed to N and S treatments will have functional profiles that represent adaptation and 

metabolism profiles that will utilize N and S as a source of nutrition when compared to the 

control; and (3) the number of interactions in the co-occurrence network will be lower in the 

plots with N and S addition when compared to the CK because the chemical additions will create 

more confined niches for bacteria and thus limiting their intra- and interspecies interactions. 

Elevated N and S deposition have a wide range of effects that can include fertilization but also 

acidification; therefore, it is an important issue that is of concern not only to the government and 

industry but also to the general public (Aber et al. 1989, Jung and Chang 2012).  

 

2.2 Materials and Methods 

 

2.2.1 Research site 

The research site (56.1°N 110.9°W) is located in a natural boreal forest in AOSR in 

northern Alberta, approximately 100 km southeast of the city of Fort McMurray (Jung and 
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Chang 2012). The majority of mining and upgrading facilities were located on the north side of 

Fort McMurray and therefore the research site can be considered to be not directly affected by 

the elevated levels of N and S deposition associated with mining. The mean annual temperature 

and total precipitation measured from 1981 to 2010 were 0.96 °C, and 418.8 mm respectively 

(Government of Canada 2010). The dominant tree species are trembling aspen (Populus 

tremuloides) and white spruce (Picea glauca) with other less abundant species including balsam 

fir (Abies balsamea), balsam poplar (Populus balsamifera), black spruce (Picea mariana), and 

paper birch (Betula papyrifera) (Jung and Chang 2012). Based on the Canadian system of soil 

classification the soils in the site are classified as mainly Gray Luvisols (Soil Classification 

Working Group 1998). 

 

2.2.2 Experimental design  

The experiment was established in 2006, with a 2 x 2 factorial design and in four blocks, 

for a total of 16 plots. Four treatments were set up: control (CK), N addition (+N, 30 kg N ha
-1

 

yr
-1 

as NH4NO3), S addition (+S, 30 kg S ha
-1

 yr
-1 

as Na2SO4), and N and S addition (+NS, 30 kg 

N ha
-1

 yr
-1 

as NH4NO3 and 30 kg S ha
-1

 yr
-1 

as Na2SO4). Four blocks were established based on 

topography and uniformity of soil and site conditions and within each block, plots of 20 x 20 m 

were set up (Jung and Chang 2012). Treatments were randomly assigned to plots within each 

block. Although the current N and S deposition rates in the AOSR are recorded at approximately 

2 kg ha
-1

 yr
-1

, the experimental deposition amounts were based on the expected increase in N and 

S deposition due to development and expansion of the oils sands industries in the AOSR and to 

accelerate the effect of acid deposition (Hu et al. 2013, Jung et al. 2011). The +N and +S 

addition first occurred in 2006 and have continued with applications in the growing season every 

year since then. From 2006 to 2008 the +N and +S were applied once in the beginning of the 
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summer. Starting in 2009, the +N and +S were applied in three equal splits over the growing 

season to better mimic the natural deposition process (Jung and Chang 2012). The NH4NO3 

(granule) and Na2SO4 (powder) were broadcast applied below the canopy.  

 

2.2.3 Soil sampling and DNA extraction and processing  

Soil samples were taken at 0-15cm, which encompasses the A horizon, from three 

randomly selected points in each plot to form a composite sample and placed in a cooler with ice 

packs and transported back to laboratory and frozen. Soil DNA was extracted, after sieving with 

a 2 mm sieve to remove rocks, soil aggregates and plant debris, with the SoilMaster
TM

 DNA 

Extraction Kit and KAPA2G Robust HotStart Readymix. Once the DNA was extracted, library 

construction was performed using a 2 PCR method. The PCR1 (locus specific amplification) 

amplifies a region of the 16s rRNA gene using the tagged primers Glenn-F515 (5'- CAG TCG 

GGC GTC ATC AGT GCC AGC MGC CGC GGT AA -3') and trp1-R806 (5'- CCT CTC TAT 

GGG CAG TCG GTG ATG GAC TAC VSG GGT ATC TAA T -3') where Glenn is a universal 

tag (Glenn 2011), trP1 is the Ion Torrent truncated P1 adaptor (Life Technologies), and F515 and 

R806 are previously published locus specific primers (Barberán et al. 2011). PCR2 (Barcode and 

Ion Torrent specific adaptor attachment) uses diluted PCR1 product as a template. Here the 

forward primer is, from the 5' end, Ion Torrent A adapter sequence including the 4bp key (Life 

Technologies), Barcode (Life Technologies), and Glenn tag. The reverse primer is trP1 which is 

the Ion Torrent truncated P1 adaptor sequence (Life Technologies). This amplification, which 

was verified using agarose gel electrophoresis, results in amplicons which contain Ion Torrent 

specific adaptors, barcode and the targeted region of the 16s rRNA gene.  

Amplified samples were all individually barcoded and were then pooled in equal amounts 

and this pooled library was then gel purified using the QIAquick Gel Extraction kit (Qiagen) 
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following the manufacturer’s instructions. Purified pooled library was then purified for a second 

time using QIAquick Gel Extraction kit (Qiagen) following the manufacturer’s instructions. 

Quantitation of the second purified pooled library was performed using the Qubit dsDNA HS 

Assay Kit (Life Technologies) and the library was diluted to 20pM. Template preparation of the 

diluted pooled library was performed with an IonOneTouch2 Instrument using the Ion PGM 

Template OT2 400 Kit (Life Technologies). Sequencing of templated spheres was conducted 

using an Ion PGM400 Sequencing Kit and an Ion316 Chip on an IonTorrent Personal Genome 

Machine (PGM) System (Life Technologies), following the manufacturer’s instructions. After 

sequencing, the individual sequence reads were filtered within the PGM software to remove low 

quality and polyclonal sequences. Sequences matching the PGM 3′ adaptor were also 

automatically trimmed. All PGM quality filtered data were exported as fastq files and 

subsequently analyzed using open reference operational taxonomic units (OTUs) pickup strategy 

in the QIIME pipeline (Caporaso et al. 2010). 

 

 

2.2.4 Data analysis 

Operational taxonomic units (OTUs) were selected by removing sequences shorter than 120 

base pairs or mean quality lower than 32 and this was then used to make an OTU table and 

imported with the phyloseq package using R (Core Team 2015, McMurdie and Holmes 2013). 

The OTU table was normalized with the negative nominal model (McMurdie and Holmes 2013), 

which minimized the bias associated with sequencing coverage and allowed for comparison 

between samples. All of the data were analyzed with the R software (version 3.1.2). The 

diversity of the bacteria in the plots was determined with the Shannon-Wiener diversity index 

and dissimilarity in the bacterial community composition was found using principal coordinate 
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analysis (PCoA). Principal coordinate analysis is a dissimilarity matrix, meaning increasing 

distance between symbols indicates increasing dissimilarity in phylogenetic composition. A 

TukeyHSD comparison of the outputs was completed to detect significant differences between 

treatments. The significant level for all statistical tests was set at α = 0.1 due to the high spatial 

variability of the measured parameters, limited replications and to reduce the possibility of a type 

II error. 

This study employed PICRUSt (Version 1.0) to infer the metagenome of a sample from its 

phylogenetic composition (Langille et al. 2013). The OTUs table was used as the input file for 

metagenome imputation of individual soil samples. The gene content of 2590 KEGG (Kyoto 

Encyclopedia of Genes and Genomes) reference genomes were used to infer the approximate 

gene content of the detected phylotypes. Predicted gene family abundances were analyzed at 

KEGG Orthology group levels 3. The mean nearest sequenced taxon index, which indicates the 

quality of the prediction, was lower (0.16±0.05) than that reported for soil communities 

(0.17±0.02) (Langille et al. 2013). 

Co-occurrence network was constructed based on the maximal information-based 

nonparametric exploration (MINE) using the minerva package in R. To reduce rare OTUs in the 

dataset, I removed OTUs with relative abundances less than 0.05%. The nodes in this network 

represent OTUs. All P-values were adjusted for multiple testing using the Benjamini and 

Hochberg FDR controlling procedure (Benjamini et al. 2006), as implemented in the multtest 

package in R (Pollard et al. 2005). The direct correlation dependencies were distinguished using 

the network deconvolution method (Fierer et al. 2013). Based on MINE coefficients and FDR 

adjusted p-values, I constructed co-occurrence networks. The links that connect nodes represent 

that the MINE were greater than 0.4 after deconvolution and the P-value was less than 0.05. 

http://www.nature.com.login.ezproxy.library.ualberta.ca/ismej/journal/v9/n6/full/ismej2014222a.html#bib37
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Network properties were calculated with the igraph package in R (Csardi and Nepusz 2006). I 

generated network images with Gephi (Bastian et al. 2009). 

 

2.3 Results  

 

2.3.1 Effects of N and S addition on bacterial composition characteristics 

At the phylum level a total of 9 different dominating phyla were identified with 

Verrucomicrobia (the highest in the +NS treatment) having the largest number of OTUs 

followed by Proteobacteria (the highest in the +N treatment), Planctomycetes (the highest in the 

+N treatment), Acidobacteria (the highest in the CK), and Actinobacteria (the highest in the 

CK). There was no statistically significant difference between the number of OTUs of the major 

phyla, class and orders among the treatments (Fig. 2-1).  

The mean Shannon-Wiener diversity indices were 7.74 ± 0.32 (mean±SD), 7.41 ± 0.29, 

7.91 ± 0.22 and 7.56 ± 0.066, for the control, +N, +S and +NS, respectively (Fig. 2-2); they were 

not significantly affected by +N and +S treatments (P > 0.1). The PCoA showed no overtly 

distinct clusters, and there is still of overlap bacterial communities among the treatments and the 

CK, indicating that there were no significant differences in the bacterial community composition 

caused by +N and +S addition (Fig. 2-3). To look further into variation in species abundance and 

composition an ANOSIM was carried out. Some significant differences between community 

composition were detected (P = 0.07) but the R value was less than 0.2 (R = 0.12), indicating 

that N and S addition had minimal effects on microbial community composition. An important 

pattern to note is the CK and +NS plots exhibited some differences in phylogenetic composition, 

indicated by the lack of overlapping area with +N and +S bacterial communities.  
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I was able to create a bacterial community co-occurrence network using correlation 

relationships with 985 associations from 141 bacterial OTUs (Fig. 2-4). The co-occurrence 

network was non-random and was used to determine keystone bacterial species. In the 

experimental plots Spartobacteria, Phycisphaerae, and Gammaproteobacteria were the keystone 

bacterial species. The +N and +S treatments did not cause statistically significant changes in the 

degrees (the degree of a node in a network is the number of connections it has to other nodes, 

Fig. 2-5).  The number of degrees was recorded for each phylum and the differences were not 

significant (P > 0.1).  However, the Chloroflexi phylum had the highest number of degrees 

followed by Verrucomicrobia, Actinobacteria, and Planctomycetes (Fig. 2-6).    

 

2.3.2 Effects of N and S addition on bacterial metabolism and function 

Although the differences were not significant (P > 0.1), the bacterial functional profiles show 

that the CK tended to have higher abundances of profiles that contribute to translation, 

environmental adaptation, and cell motility when compared to the +N, +S, and +NS treatments 

(Fig. 2-7). The most abundant functional profiles in +N were related to metabolism, immune 

system, and cellular processes and signaling, while +S had the most abundant functional profiles 

associated with energy and carbohydrate metabolism. The +NS treatment had the highest 

abundance of profiles related to transcription and membrane transport.  

The relative abundance of bacteria functional profiles for the metabolism of 

carbohydrates, nitrogen, phosphate, and sulfur in each of the treatments is shown in Fig. 2-8. 

There was no significant (P > 0.1) treatment effect on the bacteria functional profiles for 

metabolism. A pattern to make note of was that the abundance of bacterial profiles for 

carbohydrate and nitrogen metabolism were the highest in +N treatment.  
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2.3.3 Effects of N and S addition on soil chemistry  

There were no statistical differences found among CK and +N, +S, and +NS treatments 

for soil properties including pH, total carbon (TC), total nitrogen (TN), C:N ratio, total available 

N leaching below 45 cm, and the Ca:Al ratio (Table 2-1).  

 

2.4 Discussion 

In this experiment, 9 years of experimental N and S addition did not significantly affect 

soil bacterial diversity, community composition, functional profiles, metabolism profiles, and the 

number of interactions in the co-occurrence network. This rejects all of the hypotheses that I 

outlined for this experiment and was unexpected, but the results are consistent. Changes found in 

the bacterial community composition are often associated with similar changes in corresponding 

functional capabilities (Fierer et al. 2012, Freedman and Zak 2015). Both community 

composition and functional profiles were unaffected by +N and +S addition in the experiment. 

Another consistent result was that there were no significant changes in the soil pH, TC and TN, 

Ca:Al ratio, and the amount of NO3
- 
and NH4

+
 being leached. The composition of the soil 

microbial community is thought to be mainly controlled by soil pH and C:N ratio of the 

substrate, so once those parameters exhibit significant changes the microbes are thought to 

follow (Högberg et al. 2007). If conditions in the soil have not been affected by the addition of 

+N and +S then it supports the lack of changes in the soil bacterial community.  

A forest ecosystem undergoes four stages when exposed to N deposition, (1) N 

limitation, (2) alleviation of N limitation, (3) N saturation, and (4) forest decline (Aber et al. 

1989). Previous research conducted in 2012 found that this research site was likely still in stage 1 
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or early stage 2, so largely this site is still experiencing N limitation (Jung and Chang 2012). 

Because the vegetation in the boreal forest is N limited it is very efficient at N uptake and 

utilization, this results in low N availability for bacterial consumption (Laxton et al. 2010, Lovett 

and Goodale 2011). Previous research in this experimental site found that there was increased N 

uptake by trees followed by increased growth in the plots exposed to N deposition (Jung and 

Chang 2012). Also results from unpublished research from this site showed that the diversity of 

the understory plant community was decreased by the addition of +N and +S over five years 

(Jung et al. unpublished). The fact that understory vegetation exhibited decreased diversity while 

microbial communities did not, suggests that vegetation is more sensitive to the elevated levels 

of +N and +S when compared to the soil bacteria. It has also been shown that mosses can derive 

N from the soil or wet deposition, which may allow for increased competition for N in a wide 

range of ecosystems, if those environments are limited by N it could have further implications as 

well (Ayres et al. 2006). Because the mosses and vascular plants in my experimental site are 

likely efficient at utilizing the excess N it could explain why the soil bacteria did not exhibit any 

changes, due to limited changes in available N. The +N plots did not show any changes in the 

amount of TN in the soil or the amount of N leaching from the soil. Therefore, it might not be 

surprising that there was a lack of bacterial response to the +N treatment.  

Additionally, the amount of N and S that was applied each year was quite modest in 

comparison to other experiments that reported significant bacterial responses to N and S 

addition. Fierer et al. (2011) used intermediate and high levels of N deposition spanning 29 

years, to determine the effects on bacterial diversity and community composition. The 

intermediate levels for each site were 34 kg N ha
-1

 yr
-1 

and 101 kg N ha
-1

 yr
-1 

(Fierer et al. 2011). 

It was only in the sites with high N deposition (272 and 291 kg of N ha
-1

 yr
-1

) that bacterial 
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communities were significantly different from the intermediate levels and the control (Fierer et 

al. 2011). Yao et al. (2014) also looked at soil bacterial diversity and community composition in 

a 15-year study using N treatment rates ranging from 0 to 280 kg N ha
-1

 yr
-1 

(Yao et al. 2014). 

They found the Shannon-Wiener diversity index and abundance of bacterial cells decreased 

when treatment rates exceeded 52.5 kg N ha
-1

 yr
-1

 while community structure changed 

significantly starting at 17.5 kg N ha
-1

 yr
-1

 (Yao et al. 2014). Another experiment used N addition 

rates ranging from 0 to 92 kg N ha
-1

 yr
-1 

for three years and investigators found differences in the 

Shannon-Wiener diversity index of soil bacteria at treatment rates higher than 46 kg N ha
-1

 yr
-1

 

(Sun et al. 2014). Additionally in a 6 year study with treatment rates ranging from 0 to 280 kg N 

ha
-1

 yr
-1 

 N addition decreased species richness and colonization of bacterial species, under 

application rates that exceeded 175 kg N ha
-1

 yr
-1 

(Zhang et al. 2011).  

Studies that applied N treatment rates of 30 kg N ha
-1

 yr
-1

, similar to rates used in my 

research, reported variable results concerning the effects to bacterial diversity and community 

composition (DeForest et al. 2004, Freedman et al. 2015, Freedman and Zak 2014). In an 8-year 

experiment, DeForest et al. (2004) did not find changes in the bacterial community composition. 

Another study by Freedman et al. (2015) explored microbial community responses to N 

deposition (20 years at 30 kg N ha
-1

 yr
-1

) and found no significant effects to soil bacteria 

diversity and composition. And lastly, Freedman and Zak (2015) found that while the addition of 

30 kg N ha
-1

 yr
-1

 for 20 years did not have an effect on the bacterial diversity in the mineral soil, 

future deposition could change the physiological potential in the soil microbial communities.  

In addition to lower deposition rates, the duration of my treatments was quite short when 

compared to other studies which ran for more than 15 years (Fierer et al. 2011, Yao et al. 2014, 

Freedman et al. 2015, Freedman and Zak 2014). The studies that reported no changes in soil 
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bacterial communities ranged from 8 to 20 years, while studies with significant differences were 

as short as 3 years and as long as 29 years. These results suggest that perhaps the period of 

treatment is not as influential as previously thought or time is a factor that is site specific. This 

result is indicated by the studies of Freedman et al (2015) and Freedman and Zak (2014) where a 

rate of 30 kg N ha
-1

 yr
-1 

was applied for 20 years and no significant changes were reported for 

bacterial species diversity and community composition. While studies using higher deposition 

rates ranging between 0 to 280 kg N ha
-1

 yr
-1

 only found significant changes to these parameters 

well above the 30 kg N ha
-1

 yr
-1

 rate. This would suggest that the magnitude of deposition could 

have more of an effect on soil microbial populations when compared to the length of the elevated 

deposition.    

 It is also possible that soil bacteria were not affected by N and S addition in the boreal 

forest site because they were either resistant or resilient to such additions. The outcomes possible 

when soil microbes are exposed to a disturbance, such as N and S deposition, are either mortality 

or a change in the relative abundance (Rykiel 1985). Resistance and resilience are commonly 

measured by changes in community composition. Soil bacteria have numerous characteristics 

that can allow them to either be insensitive to disturbances, or allow them to be resilient and 

return to the pre-disturbance conditions after an initial change (Allison and Martiny 2008, Pimm 

1984, Shade et al. 2012). Soil bacteria are highly abundant, have high growth rates, and have a 

wide dispersal, which allows them to be resistant (Fenchel and Finlay 2004). Even if the bacteria 

are initially sensitive to a change in their ecosystem, their physiological flexibility, ability to 

rapidly evolve through horizontal gene transfers and mutations, and quick generation times 

allows the bacteria to return to its prior composition and exhibit resilience (Allison and Martiny 

2008). 
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 Unfortunately, I do not have soil bacteria data from the beginning of this experiment, 

which would allow me to determine if the initial disturbance to the ecosystem caused a change in 

the soil bacteria. If there were significant changes to the soil bacteria in the initial stages of the 

+N and +S addition experiment, then the bacteria were resistant or resilient to elevated +N and 

+S. There was some microbial research in this research site conducted after 5 years of N and S 

treatments and it was found that soil microbial community level physiological profiles were 

strongly affected which caused changes to the community function and enzyme activity (Hu et 

al. 2013). While this previous research was not as detailed and did not explore the same bacterial 

parameters, as my research, it does show that initially soil bacteria responded to +N and +S 

addition, and now after an additional four years, there are no longer significant differences in the 

soil bacteria, indicating possible bacterial resilience. And while I hypothesized that the bacteria 

in these experimental sites are exhibiting resilience to increased +N and +S addition, 

unfortunately the evidence is not available to fully support these claims.  

While the results were not statistically significant there were still some emerging patterns 

that should be considered. A common pattern found in long-term N addition experiments is a 

shift in the dominant taxa and bacterial community structure commonly referred to as the 

copiotrophic hypothesis (Yao et al. 2014). It predicts that adding N will cause an increase in 

enzyme production and cell growth which will increase the amount of soil organic carbon (SOC) 

being decomposed (Campbell et al. 2010). These conditions will create an ideal environment for 

bacteria that are able to utilize the SOC pool and are fast growing (r-selection) which will 

increase the abundance of these bacteria while decreasing slow growing bacteria (k-selection) 

that are able to grow in nutrient poor soils (Campbell et al. 2010, Fierer et al. 2011, Yao et al. 

2014).  
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Bacteria classified in the copiotrophic group include Proteobacteria and oligotrophic groups 

including Acidobacteria (Derakshani et al. 2001, Fuerst 1995). My results showed that the 

number of OTUs in the phylum Proteobacteria was the highest in the +N plots and the largest 

number of Acidobacteria was in the CK plots, supporting the copiotrophic hypothesis. The 

differences in the abundances between these groups could be indicative that the addition of N 

and S caused a shift in the microbial community’s life history strategy which ultimately could 

affect microbial diversity. This could be one of the explanations as to why there was an initial 

decrease in the Shannon-Wiener diversity index from the control to the +N treatment. After long-

term exposure to +N and +S treatment, the copiotrophic bacteria will decrease available SOC 

and the quality of the plant material being contributed to the soil will decrease due to a shift in 

the composition of the vegetation (Campbell et al. 2010). This will cause another shift in the soil 

bacteria towards oligotrophic bacteria that are able to utilize the remaining recalcitrant 

components of the SOC, all of which will ultimately decrease the bacterial diversity and change 

the community structure of the soil bacteria (Campbell et al. 2010). These types of changes could 

have further implications for nutrient cycling and soil fertility by altering the C:N ratios of the 

microbial biomass and increasing N demands (Fierer et al. 2012).  

 

2.5 Conclusions 

The effects of nine years of experimental N and S addition on bacterial diversity, 

community composition, functional profiles, and co-occurrence patterns were not significant. My 

research suggests that soil bacteria were not susceptible to negative impacts from +N and +S 

treatments in the boreal forest in northern Alberta. Bacteria are just one facet of the entire soil 

microbial population, and while soil bacteria are shown to be resistant, further study is needed to 
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determine how other soil organisms such as soil fungal and protozoan communities respond to 

elevated N and S levels. Further research and continued long-term monitoring is needed to 

understand the long-term effect of N and S deposition on boreal forest soils in the AOSR. 
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Table 2-1 Soil properties of mineral soil in response to N and S treatments, in a mixedwood forest in the AOSR in northern Alberta, 

Canada. Codes of CK, +N, +S, and +NS refer to control, N addition, S addition, and N+S addition. Values are means with the standard 

error of the means in parentheses. There were no significant differences found among +N, +S, +NS and CK.  

 

Treatment TC TN C:N ratio pH 
NO3-N leached 

below 45 cm 

NH4-N leached 

below 45 cm 
Ca:Al ratio 

 (g kg
-1

)   (mg per resin core)  

CK 7.0 

(1.5) 

0.4 

(0.09) 

17.5 

(0.9) 

4.8 

(0.3) 

0.206 

(0.008) 

0.846 

(0.027) 

63.9 

(2.5) 

+N 6.9 

(0.9) 

0.4 

(0.06) 

19.1 

(0.5) 

4.7 

(0.2) 

0.265 

(0.031) 

0.900 

(0.034) 

17.0 

(1.6) 

+S 5.6 

(0.3) 

0.3 

(0.02) 

17.6 

(0.2) 

4. 7 

(0.2) 

0.199 

(0.007) 

0.855 

(0.030) 

21.4 

(0.56) 

+NS 7.2 

(1.4) 

0.3 

(0.05) 

21.3 

(0.6) 

4.7 

(0.07) 

0.210 

(0.019) 

0.888 

(0.033) 

21.9 

(0.58) 
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Figure 2-1 Composition of soil bacteria at the class (top) and order (bottom) level as affected by 

9 years of experimental N and S addition in a boreal mixedwood forest in the Athabasca oil 
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sands region, Alberta, Canada. CK, +N, +S, and +NS refer to control, N addition, S addition, and 

N+S addition.  
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Figure 2-2 Shannon-Wiener diversity indices of soil bacteria communities in response to N and S 

addition, in a mixedwood boreal forest in the Athabasca oil sands region, Alberta, Canada. The 

boxes on the graph represent the values found between the 25
th

 and 75
th

 percentiles, the middle 

line is the median, and the extending lines represent the minimum and maximum values. Codes 

of CK, +N, +S, and +NS refer to control, N addition, S addition, and N+S addition. 
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Figure 2-3 Principal component analysis of bacterial communities in response to N and S 

addition, in a mixedwood boreal forest soil in the Athabasca oil sands region, Alberta, Canada. 

Codes of CK, +N, +S, and +NS refer to control, N addition, S addition, and N+S addition. 
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Figure 2-4 The co-occurrence network for dominant OTUs of soil bacteria in response to N and 

S addition, in a mixedwood boreal forest in the Athabasca oil sands region, Alberta, Canada 

(relative abundance >0.05%). The nodes represent unique sequences in the data sets and the size 

of each node is proportional to its relative abundance. .Codes of CK, +N, +S, and +NS refer to 

control, N addition, S addition, and N+S addition. Abbreviations of Ver, Pro, Chl, Pla, Gem, Aci, 

and Act refer to Verrucomicrobia, Proteobacteria, Chloroflexi, Planctomycetes, 

Gemmatimonadetes, Acidobacteria, and Actinobacteria phyla.  
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Figure 2-5 The Degree of OTUs of all soil bacteria samples in response to N and S addition, in a 

mixedwood boreal forest soil in the Athabasca oil sands region, Alberta, Canada.  The boxes on 

the graph represent the values found between the 25
th

 and 75
th

 percentiles, the middle line is the 

median, and the extending lines represent the minimum and maximum values. Codes of CK, +N, 

+S, and +NS refer to control, N addition, S addition, and N+S addition. 
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Figure 2-6 The Degree of OTUs of all soil bacteria samples belonging to different soil bacteria 

phyla in response to N and S addition, in a mixedwood boreal forest soil in the Athabasca oil 

sands region, Alberta, Canada. The boxes on the graph represent the values found between the 

25
th

 and 75
th

 percentiles, the middle line is the median, and the extending lines represent the 

minimum and maximum values. The dots on the graph are outliers. Abbreviations of Pla, Chl, 

Ver, Act, Pro, Aco, and Gem stand for Planctomycetes, Chloroflexi, Verrucomicrobia, 

Actinobacteria, Proteobacteria, Acidobacteria, Gemmatimonadetes phyla. 
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Figure 2-7 The functional profiles predicted with PICRUSt of soil bacteria in response to N and 

S addition, in a mixedwood boreal forest soil in the Athabasca oil sands region, Alberta, Canada. 

The values were centered and scaled in each column. Codes of CK, +N, +S, and +NS refer to 

control, N addition, S addition, and N+S addition. 
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Figure 2-8 The relative abundance of metabolism profiles associated with carbohydrate, 

nitrogen, phosphate and sulfur metabolism in soil bacteria in response to N and S addition, in a 

mixedwood boreal forest soil in the Athabasca oil sands region, Alberta, Canada.  The boxes on 

the graph represent the values found between the 25
th

 and 75
th

 percentiles, the middle line is the 

median, and the extending lines represent the minimum and maximum values. The dots on the 

graphs are outliers. Codes of CK, +N, +S, and +NS refer to control, N addition, S addition, and 

N+S addition. 

  



36 

Chapter 3: Soil fungal but not bacterial communities are sensitive to long-

term nitrogen and sulfur addition in a boreal forest in northern Alberta, 

Canada 

 

3.1 Introduction 

Increased atmospheric emissions of nitrogen (N) and sulfur (S) since the Industrial 

Revolution mainly due to anthropogenic activities such as fertilizer use, fossil fuel combustion 

and biomass burning have been a significant environmental concern (Galloway et al. 2008, 

Matson et al. 2002); for example, the nitrogen cycle has doubled in the last 100 years (Vitousek 

et al. 1997). While S deposition has decreased in recent years in developed regions due to 

legislation to address concerns over acid rain, N emissions continue to increase and are causing 

major concerns due to their possible negative effects on ecosystems (Jung and Chang 2012, 

Laxton et al. 2010). Long term emissions of N and S can alter biogeochemical cycles, cause 

eutrophication of water bodies, affect plant health, lead to nutrient deficiencies and the loss of 

cations, alter species composition, and change biodiversity (Bowman et al. 2012, Emmett 2007, 

Jung and Chang 2012, Laxton et al. 2010, Watmough et al. 2014).   

In western Canada, emissions of N and S have increased in the last several decades and 

are expected to continue to increase due to economic and industrial growth and expansion mainly 

in transportation, urban areas, and mining activities (Aherne and Shaw 2010). There is spatial 

variability associated with changes in N and S deposition, with some areas experiencing 

increasing rates of deposition; a special area of concern is the Athabasca Oil Sands Region 

(AOSR) (Aherne and Shaw 2010, Jung and Chang 2012). The AOSR contains the majority of 
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Alberta’s oil sands, which on a global scale ranks as the third largest oil reserve (Alberta Energy 

2015). These deposits underlie 140 200 km
2
 of boreal forest. Major oil sands commercial 

developers and companies are found in a region roughly 30 km north of Fort McMurray, Alberta 

where mining and upgrading have exposed the surrounding boreal ecosystem to elevated N and S 

deposition stemming from NOx and SO2 emissions, respectively (Ferguson et al. 2009, Gosselin 

et al. 2010, King and Yetter 2011, Laxton et al. 2010). This northern region is especially 

susceptible to soil acidification because soils are characterized by low exchangeable base cations 

and a low cation exchange capacity (Watmough et al. 2014, Whitfield et al. 2009). And while 

currently the low oil price has caused oil production to slow down, there are major mining 

projects still under active construction, indicating that atmospheric deposition of N and S will 

only increase in the future (Alberta Energy 2015). 

Microbes have a strong influence over soil system processes; they mediate the soil C, N, 

S and P cycles, and are responsible for a majority of litter decomposition (Allison and Martiny 

2008, Högberg et al. 2007, Hu et al. 2013). There is no lack of research on how N and S 

deposition affect soil microbial populations, in terms of diversity, composition, biomass, 

respiration and enzymatic activities, but the results are variable and dependent on the ecosystem 

type, the deposition rate, and the length of the study (De Boer et al. 1992, Freedman et al. 2015, 

Frey et al. 2004, Gupta et al. 1961, Krumins et al. 2009, Liu et al. 2011, Sun et al. 2014, Zhang et 

al. 2011).  

Quantitative estimation of the number of viable microbes has been a foundational method 

in microbiology since Robert Koch first described the technique in 1883. While it is a well-

established microbiological technique, there are fewer and fewer environmental studies that use 

plating and most probable number (MPN) techniques because these methods are labour and time 
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(Marshall et al. 2011). There is a focus on using newer microbiology methods including 

phospholipid fatty acid analysis (PLFA) and polymerase chain reaction (PCR). However, 

approximately 80% of cells and 50% of the operational taxonomic units (OTUs) found using 

these two methods may be inactive (Lennon and Jones 2011). After bacterial cells have lost their 

viability, their DNA will persist in the environment which causes DNA-based quantification 

methods to overestimate the size of microbial populations (Nocker and Camper 2006). 

Therefore, MPN and plating methods can be useful methods in determining viable cell counts in 

the soil. Soil health is vital to the proper functioning of ecosystems. Microbial counts are one 

indicator of the soil health because it shows a proportion of the living microbes in the soil and 

gives information on ecosystem dynamics (Hayat et al. 2002).   

To improve understanding of how elevated N and S deposition can influence soil 

microbial communities in the boreal forest in AOSR of northern Alberta, a simulated N and S 

deposition experiment was established in 2006 using rates of 30 kg N ha
-1

 yr
-1 

and 30 kg S ha
-1

 

yr
-1

. Previous microbe related research in this site showed that after 4 years soil microbial 

biomass C (MBC) and N (MBN) were not affected, but after 5 years the soil microbial 

community-level physiological profiles, community function, and enzyme activity were affected 

by N and S addition (Hu et al. 2013, Jung and Chang 2012).  Besides this previous research, 

there have been no studies on the effects of elevated N and S deposition on soil microbes in the 

AOSR. In this study, I want to further explore the effects these treatments have on soil microbes 

after 9 years of N and S addition. I have already conducted research on this site using sequencing 

of 16S rRNA genes of soil bacteria, but unfortunately was not able examine the response of soil 

fungi. This experiment was designed to obtain information on how elevated N and S deposition 

affect soil fungal communities and to confirm the results obtained for soil bacteria described in 
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the previous chapter (Chapter 2). The microbial methods of plating and MPN for bacteria 

enabled me to gain a more comprehensive understanding on the bacterial communities at the 

AOSR study site, including what species can be cultured and their viable counts. Note that I was 

not able to find published research using these methods to study N and S treatment effects on 

microbial communities in boreal forest ecosystems. Additionally, this work provides an 

opportunity to corroborate the results from my previous microbial research.  

More specifically the research goal was to determine if soils experiencing elevated inputs 

of N and S are exhibiting lower numbers of culturable bacteria and fungi when compared to the 

control. I wanted to gain a better understanding of how soil microbial communities, specifically 

fungi, are affected by elevated levels of N and S deposition. I hypothesized that (1) the number 

of bacterial and fungal colonies will decrease after N and S addition because these treatments 

will change the soil pH and alter the soil chemical properties; (2) denitrifying bacteria will be the 

highest in plots treated with N as the added N will provide a nutrient for the bacteria to 

metabolize and thus promote bacterial growth; and (3) iron-reducing bacteria will be the highest 

in plots treated with N because N fertilization promotes iron reduction.  

 

3.2 Materials and Methods  

 

3.2.1 Research site 

The research site is located in a natural boreal forest in the AOSR in northern Alberta 

(56.1°N 110.9°W), approximately 100 km southeast of the city of Fort McMurray and away 

from the concentrated area of major oil sands surface mining activities (Jung and Chang 2012). 

The mean annual temperature and total precipitation measured from 1981 to 2010 were 0.96 °C 
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and 418.8 mm, respectively (Government of Canada 2010). Based on the Canadian system of 

soil classification the soils are mainly Gray Luvisols (Soil Classification Working Group 1998).  

The dominant tree species are trembling aspen (Populus tremuloides) and white spruce (Picea 

glauca) (Jung and Chang 2012).  

 

3.2.2 Experimental design  

The experiment was established in 2006, with a 2 x 2 factorial design, replicated in four 

blocks for a total of 16 plots. Four treatments were set up: control (CK), N addition (+N, 30 kg N 

ha
-1

 yr
-1 

as NH4NO3), S addition (+S, 30 kg S ha
-1

 yr
-1 

as Na2SO4), and NS addition (+NS, 30 kg 

N ha
-1

 yr
-1 

as NH4NO3 plus 30 kg S ha
-1

 yr
-1 

as Na2SO4). Four blocks were established based on 

topography and uniformity of soil and site conditions and within each block, plots of 20 x 20 m 

were set up (Jung and Chang 2012). Treatments were randomly assigned to plots. The 

experimental treatments were based on the expected increase in N and S deposition due to 

development and expansion of the oils sands industries in the AOSR and to accelerate the effects 

of acid deposition (Hu et al. 2013, Jung et al. 2011). The N and S addition first occurred in 2006 

and have continued with applications in the growing season every year since then. From 2006 to 

2008 the N and S were applied once in the beginning of the summer. Starting in 2009, the N and 

S were applied in three equal splits over the growing season to better mimic the natural 

deposition process (Jung and Chang 2012). The NH4NO3 (granule) and Na2SO4 (powder) were 

broadcast applied below the canopy. 
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3.2.3 Soil sampling 

Mineral soil samples were collected in October 2014 using a stainless steel soil corer. 

The forest floor was collected by hand followed by 0-15cm of the mineral soil from three 

randomly selected points in each plot. Samples were combined and homogenized to form a 

composite sample, placed in a cooler with ice packs and transported back to laboratory and 

frozen until the start of this experiment in January 2015.  

 

3.2.4 Plating procedure  

The composite samples were passed through a 2 mm sieve to homogenize the soil. 

Subsamples were dried in an oven for 24 hours at 110 °C to obtain the soil water content (Black 

1965). Then 10 g of soil was weighed and added to 90 mL of phosphate buffered water and 

shaken for 20 minutes using a mechanical shaker to create the stock solution. Following this, 10 

mL of the stock solution was added to 90 mL of phosphate buffered water and inverted 10 times. 

The technique used to make a single dilution was repeated sequentially using increasingly dilute 

solutions as the "stock" solution to create a serial dilution.    

Agar plates for bacteria culture were made by mixing 23.5 g of Difco plate count agar 

with 1000 mL of distilled water. Rose bengal agar for fungi was made by adding 17 g of 

laboratory standard agar, 10 g of malt extract and 10 mL of 1:10,000 dilution rose bengal to 

1,000 mL of distilled water. Recipes were according to Difco Laboratories (1984). All agar 

solutions for this analysis were autoclaved, poured into individual petri dishes and stored for no 

more than two weeks.  Each serial dilution had 0.1 mL pipetted onto four plates of both the rose 

bengal agar and plate count agar. Using a sterilized glass spreader while rotating the petri dish, 

the sample was spread evenly over the agar. Each of the four replicates of inoculated plates was 
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secured with elastic bands and incubated in sealed Ziploc© bags at room temperature for two 

weeks.  

After the incubation, plates that contained between 30 and 300 colonies were selected for 

counting (Fig. 3-1). Plates were assessed for the total number of morphologically distinct 

bacterial or fungal colonies (Table 3-1). Colonies were allowed to mature for another two weeks 

and then selected morphologically distinct isolates, based on unique colony morphology, were 

streaked onto new plates in order to obtain single colonies. Following another week of 

incubation the single colonies were gram stained. One individual colony was selected on a 

sterilized loop and spread onto a microscope slide containing one drop of distilled water. The 

slide was passed through a flame in order to fix the sample to the slide. Gram staining was 

performed on each sample and viewed with a light microscope using immersion oil on the slide 

with a 970 magnification (Davies et al. 1983, Beveridge and Davies 1983). The morphology of 

the colony, including form, elevation, margin, surface, opacity, and chromogenesis, was recorded 

as well as the status of the gram staining (Tables 3-2, 3-3). Further, gram negative bacteria were 

identified to the species level using the Biomerieux API 20 NE strip following the 

manufacturer’s instructions (Biomerieux Canada Inc. 2015). The strips were left for one week 

and then read using the strip result indicator colours (Table 3-3).  

 

3.2.5 Most probable number procedure  

The population size of denitrifying and iron-reducing bacteria capable of being cultured 

was determined using the most probable number (MPN) method (Cochrane 1950). Denitrifying 

bacteria cultural media were made by dissolving 5 g of potassium nitrate (KNO3) and peptone 

into 1 L deionized water (Aaronson 1970). The pH of the solution was 7 and a Durham tube was 
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added to each test tube. Iron-reducing bacteria growth media was prepared by dissolving 0.5 g of 

ammonium sulphate (NH4SO4), 0.5 g of sodium sulphate (Na2SO4), 0.1 g of dipotassium 

phosphate (K2HPO4), 1.0 g of magnesium sulphate heptahydrate (MgSO4.7H2O), 5 g of ferric 

ammonium phosphate and 5 g of nutrient broth into 1 L deionized water (Aaronson 1970). 

Sodium hydroxide (0.1 M NaOH) was added to the iron-reducing medium to ensure the pH was 

approximately 7. The denitrifying and iron-reducing bacteria media were dispensed into 16 x 150 

mm culture tubes, autoclaved, and capped. 

One milliliter of each of the solutions from the soil dilution series were pipetted into 

media tubes with five replicates. These tubes were incubated for 3 weeks at room temperature 

and assessed to determine the MPN number. The denitrifiers were positive if gas bubbles formed 

in the small glass tubes; and the iron reducers were positive if the clear ferric solution was 

precipitated as ferrous salts (Fig. 3-2).  

 

3.2.6 Statistical analysis  

All statistical analysis was completed with the R software (version 3.2.3). The means and 

standard errors of the mean (SEM) were calculated for the plating colonies and MPN. Shapiro-

Wilk and Bartlett tests were performed to test the assumptions of normality and heterogeneity of 

variance. Analysis of variance (ANOVA) was used to determine the differences in the number of 

bacterial colonies, fungal colonies, dentrifiers, and iron reducers between the treatments (CK, 

+N, +S, +NS). When a significant difference between treatments was found the Tukey’s HSD 

was used as a post hoc test. The significant level for all statistical tests was set at α = 0.1 due to 

the high spatial variability of the measured parameters, limited replications and to reduce the 

possibility of a type II error. 
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3.3 Results  

 

3.3.1 Effects of N and S addition on bacterial and fungal colonies  

The number of culturable soil bacteria colonies was not significantly affected following 9 

years of N and S treatments (P > 0.1) when compared to the CK (Fig. 3-3). The gram 

positive/negative status and colony morphology were determined for distinct colonies (Tables 3-

2 and 3-3). The API strips showed that Photobacterium damselae was a bacterial species found 

in all experiment plots, Chrysobacterium indologenes was found in +N and +S plots, 

Sphingomonas paucimobilis only in +S, Psychrobacter phenylpyruvicus, Pseudomonas 

aeruginosa and Vibrio alginolyticus in the +NS plots. Because not every bacterial colony was 

examined for the gram staining and API strips, it was not possible to do statistical analysis on 

individual bacterial species, and this is presented as qualitative information. In contrast, the 

number of culturable soil fungal colonies were significantly increased by N and S addition (P = 

0.013) when compared to the CK (Fig. 3-4). The addition of S caused the largest increase in 

fungal colonies followed by +N and +NS (Table 3-1). The number of morphologically distinct 

fungal colonies were not affected by +N and +S treatments (P > 0.1).  

 

3.3.2 Effects of N and S addition on iron-reducing and denitrifying bacteria 

The N and S treatments did not have a significant effect on the number of iron-reducing 

bacteria in the treatment plots when compared to the CK (P > 0.1). However, note that there was 

a general pattern of +N and +S causing a decrease in the number iron-reducing bacteria across all 

treatments. In comparison there were significant differences in the number of denitrifying 

bacteria between the treatments and CK (P = 0.026) except between the +S and +NS plots. The 
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+N plot had the highest number of denitrifying bacteria followed by the CK (Fig. 3-5). The 

lowest number of denitrifying bacteria was recorded in the +NS plots.  

 

3.4 Discussion 

 

3.4.1 Bacterial colonies 

My results showed that the number of culturable bacterial colonies was not affected by 9 

years of N and S addition. As a result, I reject the hypothesis. The various soil properties, 

including pH, total carbon (TC), total nitrogen (TN), available N (NO3
-
 and NH4

+
) , and 

exchangeable cations including calcium (Ca
2+

), magnesium (Mg
2+

), sodium (Na
+
), potassium 

(K
+
), and aluminum (Al

3+
) were not significantly different between the CK and the treatments. 

Changes are anticipated to start to occur in the soil bacterial community when the environmental 

conditions including soil properties start to change, because these changes will affect an 

organism’s fitness which in turn will alter their abundance (Zhang et al. 2011). The results of the 

soil properties support the results of no significant differences between the bacterial plate counts.  

It is possible that I did not see changes to the number of soil bacteria colonies because 

either the rates of +N and +S were too low, or the treatment needs more time for changes to 

become apparent, or the bacteria were exhibiting resilience to this type of disturbance. Numerous 

studies that explored the effects of N and S deposition and reported changes to soil bacteria, were 

utilizing much higher deposition rates and had been running for more than 15 years (Campbell et 

al. 2010, Fierer et al. 2011, Freedman et al. 2015, Freedman and Zak 2014, Liu et al. 2011, 

Peciulyte et al. 2009, Sun et al. 2014, Xu et al. 2012, Zhang and Han 2012). Studies by DeForest 

et al. (2004) and Freedman et al. (2015) both used a N deposition rate of 30 kg N ha
-1

 yr
-1

 except 
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that the studies ran for 8 and 20 years, respectively. Interestingly both studies reported no 

changes to the soil microbes in their experimental site suggesting that maybe time is not as 

influential in the development of a bacterial response as previously thought. This lack of 

response would indicate that the rate of deposition has more of an effect on soil microbial 

populations when compared to the length of the study.    

It is also possible that the number of bacteria colony forming units were not affected by 

+N and +S because the bacteria were either resistant or resilient to changes, as previously 

discussed in Chapter 2. A plating and MPN study on the effects of zinc application to soil 

microbial communities found that soil microbes had significantly decreased counts and biomass 

after 15 days of addition but after 420 days these differences were no longer significant (Kelly et 

al. 1999). The soil microbes had time to adjust to the disturbance, stresses, and chemical 

additions. The researchers concluded that adaptation was occurring in the soil microbial 

communities (Kelly et al. 1999).  Because my N and S experiment has been running for 9 years, 

and I do not have data from the first year of application, it is impossible to determine if the 

bacteria would be considered resistant or resilient. It is possible that throughout the study the 

bacteria have been resistant to the N and S disturbance, or it could be that there was an initial 

change in the number of bacterial colonies, but they were able to adapt to the disturbance and 

return to pre-disturbance numbers.  

 

3.4.2 Fungal colonies  

While the bacterial colonies showed no changes, there were significant differences in the 

number of fungal plate colony counts between treatments. The +N and +S treatments caused an 
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increase in the number of fungal plate colonies which rejects the hypothesis that a decrease 

would be observed. It has been suggested that fungi are more susceptible and sensitive to N and 

S addition possibly because fungi traditionally have lower individual numbers and this makes 

them more vulnerable to disturbances when compared to soil bacteria (Emmett 2007, Liu et al. 

2011). Freedman et al. (2015) found that active fungi composition was altered and diversity was 

decreased by N deposition, while the bacterial community was unaffected. Another study on the 

response of protozoan and microbial communities in coniferous forest soils to atmospheric 

pollution (including N and S) reported a change in the structure of microbial communities from 

bacterial to fungal dominance (Coȗteaux et al. 1998). This pattern would suggest that a change in 

fungal communities and not soil bacteria is not an unusual result. It is important to note that 

when fungi are grown on agar there is mycelial extension which will increase the number of 

colonies on the plate that actually belong to the same individual (Dursun et al. 1996). This could 

have inflated the number of fungal colony counts; however, I used the exact same counting 

technique for all of the plates and had replicates so this decreases the possibility of experimental 

error. These results only represent a portion of the fungal colonies in the research site. Further 

research is needed to determine if the significant changes to culturable fungal colonies are 

consistent and applicable to in situ fungal species.  

The +N and +NS treatments increased the number of culturable fungal colonies. 

Vegetation of northern Alberta’s boreal forest is generally limited by N. Therefore it is 

reasonable to observe an increase in fungal colonies when exposed to elevated levels of N and S. 

Nitrogen is essential to fungi nutrition and diet, so being exposed to higher levels would allow 

for abundance to increase (Tandon and Grewal 1956). However, there is no consensus in the 

literature about how N affects soil fungi as some results suggest that N amendment will suppress 
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fungal biomass while others saw no changes (Chen et al. 2014, Freedman et al. 2015, Frey et al. 

2014, Hesse et al. 2015, Liu et al. 2014). Declines in the abundance of soil fungi were more 

evident in studies with higher N addition and longer duration (Treseder 2008). These preliminary 

results suggest that the N treatments affected the soil fungal community by increasing its 

abundance; this is in contradiction to other research results. However, this was a plated 

experiment and only represents a small fraction of the soil fungal community. It is possible with 

continued N and S addition fungal colonies will continue to increase until resources and nutrients 

are exhausted, competition and niche displacement increases, which would ultimately lead to a 

sharp decrease in the number of fungal colonies. While there are higher plate counts among the 

plots when compared to the CK, further data including diversity and composition are needed 

before strong conclusions can be made on the susceptibility and changes occurring to the fungal 

communities in this study site. 

 The largest increase in the number of culturable fungal colonies however was in the +S 

treatment. This was an unexpected result especially considering the +S treatment had the lowest 

number of bacterial colonies.  A study on the effects of SO2 pollution from a “sour gas” plant on 

various sites within the vicinity (2.8 km, 6.0 km, and 9.6 km from) of the pollution source found 

that there were significant decreases in bacterial and increases in fungal contributions to the total 

soil microbial respiration in the site that was closest to the plant (Bewley and Parkinson 1985). 

This study shows that S addition could cause different effects on soil fungal communities as 

compared to soil bacteria.   

Soil mycorrhizal fungi are capable of oxidizing sulfur into thiosulfate and sulphate and 

the rates at which these processes can be carried out will depend on the amount of available 

carbon in the soil (Grayston and Wainwright 1988, Kertesz and Mirleay 2004). It is possible that 
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the increased vegetation growth in the plots increased the amount of litter fall to the forest floor 

providing the fungi a large source of available carbon (Jung and Chang 2012, Wieder et al. 

2010). This increase, accompanied by the increased amount of S to the soil creates ideal 

conditions for fungi capable of oxidizing sulfur so this could explain the higher number of fungal 

colonies that were found in the +S plots. Also S in the soil is used by plants to synthesize 

proteins, some essential vitamins, and is needed for cysteine biosynthesis (Kertesz and Mirleay 

2004, Schnug and Haneklaus 1998). It is possible that the demand for available S by plants, due 

to their increased growth, has created a microbial selection pressure. Microbes are responsible 

for the S cycle in soil and therefore microbes that can facilitate this increased need for S will be 

favoured. This offers a potential explanation for the observed increase in the abundance of fungal 

colonies in the +S treatment.  

Another explanation could be that certain species of fungi have their growth, abundance, 

and respiration negatively affected when exposed to SO4
2-

 (Dursun et al. 1996, McLeod 1988). 

Phoma exigua and Phoma macrostona had their respiration inhibited by S while Cladosporium 

cladosporioides and Coniothyrium quercinum were not affected by the same S exposure (Dursun 

et al. 1996). When fungi are exposed to S there is selective inhibition occurring which results in 

higher abundance of fungi that are less sensitive to S addition. This effect would decrease 

competition among fungal species and make new environmental niches and nutrients available 

within the soil, creating an opportunity for fungi that are not inhibited by S to rapidly increase 

their numbers and abundance. It is possible that the high number of culturable fungal colonies 

recorded all belonged to fungal species that were not inhibited by S and were able to increase 

their abundance. Unfortunately, I do not have species information on the fungal communities 

found in the soil so I am unable to determine if there are fungal species that would be sensitive or 
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resistant to S addition in the experimental plots. To make strong conclusions for or against S 

inhibition on fungal species sequencing of fungal genes in the soil would be required. 

 

3.4.3 Irion-reducing and denitrifying bacteria 

There were no significant differences in the number of iron-reducing bacteria among the 

treatments. It has been shown that long-term N fertilization promotes iron reduction and has a 

strong influence on iron-reducing bacterial communities. In an iron-reducing system elemental S 

is required which means when S is added to a system there should be an increase in iron-

reducing bacteria, which is contrary to my results (Ding et al. 2015, Sugio et al. 1985). It is 

possible, that similar to my results from the bacterial plates, the treatment application rates were 

not high enough to evoke changes and the duration of N and S addition was not long enough. A 

study that showed that long-term N fertilization caused significant increases to the number iron-

reducing bacteria was established in 1990 and samples were not collected until 2010 (Ding et al. 

2015). Perhaps, given additional time there could be increases in the iron-reducing bacteria 

population size.  

The +N caused a significant increase in the number of denitrifying bacteria while +S and 

+NS caused a significant decrease, when compared to the CK. These results confirmed the 

hypothesis that there would be an increase in this type of bacteria in the +N treatment.  This 

pattern suggests that when N and S were added simultaneously, the response of denitrifying 

bacteria was different than under separate elevated inputs. It has been shown that S can increase 

or suppress the effects of N, when terrestrially deposited in combination. My results indicate that 

the addition of S suppressed the effects of N on denitrifying bacteria (Sogn and Abrahamsen 

1998). The decrease in denitrifying bacteria in the +S treatment is expected as without the 
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presence of N it is unlikely there would be a bacterial response in this highly N limited 

environment.  

The process of denitrification is the transformation of nitrate (NO3
-
) to either N2 or 

nitrous oxide (N2O). It is mediated by microbes, mainly bacteria, but can also include some 

species of archaea and fungi (Philippot et al. 2007). The majority of denitrifying bacteria are 

found in the upper 5 cm of the mineral soil (Mergel et al. 2001).  The rates of denitrification have 

been found to significantly increase with NO3
-
 availability (Merrill and Zak 1992). The form of 

N used for +N to the plots was NH4NO3, which when combined with water will dissociate into 

ammonium (NH4
+
) and NO3

-
 ions. This increase in NO3

-
 concentration in the +N plots would 

explain why I am seeing significant increases in the number of denitrifying bacteria. The 

denitrifying bacterial species have greater N availability and have increased their abundance in 

the treatment plot.    

 

3.5 Conclusions  

My study confirmed that soil bacteria, including iron-reducing bacteria, were resistant to 

N and S addition in the study site in the N limited boreal forest ecosystem, even after 9 years of 

addition. It was also confirmed that increasing available NO3
-
 in a soil will increase the 

abundance of denitrifying bacteria. The number of soil fungal colonies was significantly 

affected, indicating that fungi were more sensitive to N and S treatments. Note that my results 

were based on plating and MPN techniques which only represent one aspect of the soil microbial 

community. I would be able to make stronger conclusions if DNA sequencing could be 

conducted on the fungi in the site and on the MPN counts. Further research would allow a greater 

understanding of the impact of N and S addition on the soil microbial community. Additionally, 
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the analysis only involved a single soil type in a boreal forest ecosystem; therefore these findings 

need to be tested in additional soil types and other ecosystems. 
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Table 3-1  Number of bacterial and fungal colony forming units in 1 gram of dry weight soil 

(CFU/g) and morphologically distinct isolates, in response to N and S addition, in a mixedwood 

forest in the Athabasca oil sands region in northern Alberta, Canada. Codes of CK, +N, +S, and 

+NS refer to control, N addition, S addition, and N+S addition. Values found in parentheses are 

standard errors of the means. 

 

 

Treatment 

 

 

 

 

Mean Colonies 

(CFU/g) 

 

Mean isolates 

    

CK 
Bacteria 8.52 x 10

7 

(2.50 x 10
7
) 

6.2 

 
Fungi 1.68 x 10

5 

(3.55 x 10
4
) 

5.6 

+N 
Bacteria 3.11 x 10

8 

(1.37 x 10
8
) 

7.2 

 
Fungi 3.38 x 10

5 

(2.55 x 10
4
) 

5.9 

+S Bacteria 1.07 x 10
7 

(1.59 x 10
6
) 

7.0 

 Fungi 6.11 x 10
5 

(1.85 x 10
5
) 

4.9 

+NS 
Bacteria 1.46 x 10

8 

(4.23 x 10
7
) 

6.9 

 
Fungi 3.49 x 10

5 

(2.50 x 10
4
) 

6.0 
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Table 3-2 Gram positive soil bacteria colony morphology obtained by gram staining and plating, 

in response to N and S addition, in a mixedwood forest in the Athabasca oil sands region in 

northern Alberta, Canada. Codes of CK, +N, +S, and +NS refer to control, N addition, S 

addition, and N+S addition. 

 

Treatment Colony description 

CK Gram positive tetracocci; punctiform, convex, entire margins, milky white 

 Gram positive rods; small, circular, convex, entire margins, milky white 

 Gram positive cocci; medium, circular, flat, entire margins, butter yellow 

 Gram positive rods; circular, convex, entire margins, butter yellow 

 Gram positive double rods; filamentous, flat, filamentous, clear 

 Gram positive rods; punctiform, convex, entire margins, white 

 Gram positive diplococci; irregular, convex, entire margins, white with sheen 

 Gram positive rods; punctiform, convex, entire margins, off white 

 Gram positive rods; small, convex, circular, entire margins, white 

 

+N Gram positive cocci; circular, flat, entire margins, butter yellow 

 Gram positive rods; filamentous, raised, filamentous, off white 

 Gram positive tetracocci; punctiform, convex, entire margins, tinge of yellow 

 Gram positive rods; circular, raised, entire margins, off white, small to 

medium 

 Gram positive diplococci; irregular, raised, lobate, shiny white 

 Gram positive rods; large, filamentous, flat, filamentous, white with 
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projections 

 Gram positive cocci; circular, convex, entire margins, off white 

 Gram positive rods; medium, circular, umbonate, entire margins, off white 

 

+S Gram positive rods; medium, irregular, raised, undulate, opaque 

 Gram positive rods; circular, flat, entire margins, dark orange 

 Gram positive rods; large, filamentous, flat, filamentous, white with 

projections 

 Gram positive diplorods; punctiform, raised, entire margins, opaque  

 Gram positive rods; medium, circular, convex, entire margins, off white 

 Gram positive rods; irregular, raised, lobate, large, opaque and off white 

 Gram positive rods; medium, circular, flat, curled, white, opaque 

 Gram positive rods; circular, convex, entire margins, small, opaque 

 

+NS Gram positive cocci; circular, flat, entire margins, yellow 

 Gram positive rods; filamentous, flat, filamentous, white halo, clear center 

 Gram positive rods; medium, circular, convex, entire margins, bright yellow 

 Gram positive rods; small, irregular, flat, lobate, opaque and off white 

 Gram positive rods; circular, convex, entire margins, milk white 

 Gram positive rods; punctiform, convex, entire margins, clear/pale white 

 Gram positive diplorods; irregular, raised, lobate, shiny and white 

 Gram positive rods; convex, small circular, entire margins, yellow, opaque 

 Gram positive diplococci; white, small, circular, convex, entire margins 
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Table 3-3  Gram negative colony morphology and species identification, obtained by plating, 

gram staining and API strips, in response to N and S addition, in a mixedwood forest in the 

Athabasca oil sands region in northern Alberta, Canada. Codes of CK, +N, +S, and +NS refer to 

control, N addition, S addition, and N+S addition. 

 

Treatment Colony description Species 

CK Gram negative rods; punctiform, convex, 

entire margins, yellowish tinge 

Photobacterium damselae 

+N Gram negative diplococci; circular, 

convex, entire margins, small, deep 

yellow/orange  

Chryseobacterium 

indologenes 

 Gram negative tetracocci; circular, 

convex, entire margins, small, off white 

and slimy 

Photobacterium damselae 

 Gram negative rods; circular, convex, 

entire margins, yellow 

Photobacterium damselae 

+S Gram negative rods;  large, circular, flat, 

entire margins, pale white/brown 

 

Photobacterium damselae 

 Gram negative rods; convex, circular, 

entire margins, opaque, white 

Photobacterium damselae 

 Gram negative rods; convex, circular, Chrysobacterium 
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entire margins, opaque, white indologenes 

 Gram negative rods; medium sized, 

convex, circular, entire margins, white and 

shiny 

Photobacterium damselae 

 Gram negative rods; irregular, flat, lobate, 

off white 

Sphingomonas paucimobilis 

 Gram negative cocci; punctiform, convex, 

entire margins, bright yellow 

Ochrobactrum anthropic or 

Aphingomonas paucimobilis 

 

+NS Gram negative rods; filamentous, flat, 

filamentous, white halo and clear center 

Photobacterium damselae 

 Gram negative rods; large, circular, off 

white slim, convex, entire margins 

Photobacterium damselae 

 Gram negative cocci; filamentous, raised, 

filamentous, off white 

Psychrobacter 

phenylpyruvicus 

 Gram negative rods; medium, irregular, 

flat, curled, opaque, off white 

Pseudomonas aeruginosa 

 Gram negative diplococci; small, circular, 

convex, entire margins, milky white 

Vibrio alginolyticus 
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Table 3-4  Most probable number (MPN) of iron-reducing and denitrifying bacteria, in response 

to N and S addition, in a mixedwood forest in the Athabasca oil sands region in northern Alberta, 

Canada. Codes of CK, +N, +S, and +NS refer to control, N addition, S addition, and N+S 

addition. Values found in parentheses are standard errors of the means. 

 

Treatment Bacteria Type 

 

MPN 

 

   

CK Iron reducers 

359.75 

(145.30) 

 

 Denitrifiers 

105.00 

(12.75) 

 

+N Iron reducers 

102.00 

(48.79) 

 

 
Denitrifiers 

30.00 

(5.76) 

 

+S Iron reducers 

39.25 

(8.87) 

 

 Denitrifiers 

54.25 

(13.99) 

 

+NS Iron reducers 

177.75 

(47.66) 

 

 Denitrifiers 
590.00 

(251.10) 
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Figure 3-1 Colony growth of a) bacterial species on plate count agar and b) fungal species on 

rose bengal agar. 

 

 

 

 

  

a 
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Figure 3-2. Negative (left tube) and positive results (right tube) for MPN (most probable 

number) for a) denitrifying bacteria and b) iron-reducing bacteria.  
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Figure 3-3 Soil bacteria colony forming units per gram of soil (CFU g
-1

) in response to N and S 

addition, in a mixedwood forest in the Athabasca oil sands region in northern Alberta, Canada, 

obtained from plate counts. Codes of CK, +N, +S, and +NS refer to control, N addition, S 

addition, and N+S addition.  
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Figure 3-4 Soil fungal colony forming units per gram of soil (CFU g
-1

) in response to N and S 

addition, in a mixedwood forest in the Athabasca oil sands region in northern Alberta, Canada, 

obtained from plate counts. Codes of CK, +N, +S, and +NS refer to control, N addition, S 

addition, and N+S addition. Lowercase letters indicate a significant difference at α=0.1.  
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Figure 3-5 Most probable number of soil iron-reducing bacteria in response to N and S addition, 

in a mixedwood forest in the Athabasca oil sands region in northern Alberta, Canada. Codes of 

CK, +N, +S, and +NS refer to control, N addition, S addition, and N+S addition.  
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Figure 3-6 Most probable number of soil denitrifying bacteria in response to N and S addition, in 

a mixedwood forest in the Athabasca oil sands region in northern Alberta, Canada. Codes of CK, 

+N, +S, and +NS refer to control, N addition, S addition, and N+S addition. Lowercase letters 

indicate a significant difference at α=0.1. 

  



65 

Chapter 4: Ten years of experimental nitrogen and sulfur addition do not 

cause nitrogen saturation in a boreal forest in northern Alberta, Canada  

 

4.1 Introduction  

The global amount of reactive nitrogen (N) emitted into the atmosphere has increased 

three to five times in the last one hundred years (Denman et al. 2007). These increases are 

attributed to anthropogenic activities including the use of N fertilizers, fossil fuel combustion, 

and cultivation of N-fixing plants, all of which have caused disruption to the global N cycle 

(Galloway et al. 2004, Vitousek et al. 1997). Similarly the global emission of sulfur dioxide 

(SO2) has tripled since the preindustrial era (Dentener et al. 2006). The increased emissions of N 

and S have been exacerbated by anthropogenic activities in large areas of North America, Europe 

and Asia and it has been suggested that global emissions will continue to increase until 2050 

(Galloway et al. 2004). Alberta is the largest emitter of SO2 and nitrous oxide (NO2 and NO, 

generically referred to as NOx) in Canada, largely due to the mining and refining of bitumen that 

occurs in the northern part of the province, particularly in the Athabasca Oil Sands Region 

(AOSR) (Whitfield et al. 2009). The SO2 emissions were highest in the early 1980s but since 

have decreased due to legislation to address atmospheric pollution and acid rain (Hazewinkel et 

al. 2008). Conversely NOx emissions in the AOSR have seen a steady increase in the last 15 

years (Aherne and Shaw 2010, Hazewinkel et al. 2008). The amounts of SO2 and NOx being 

emitted in the AOSR between 2003 and 2008 were 274-314 Mg S day
-1

 and 148-200 Mg N day
-1

 

(Watmough et al. 2014).  

High rates of emissions of NOx and SO2 in the oil sands have exposed the surrounding 

boreal forests to significantly elevated levels of N and S deposition in the last ten years (Gosselin 
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et al. 2010, Laxton et al. 2010, Whitfield et al. 2009). While the addition of N can initially be 

favorable, as vegetation growth is limited by low levels of soil N in the boreal forest (Jung and 

Chang 2012), there is cause for concern as N and S deposition can eventually cause soil 

acidification, loss of basic cations, nutrient imbalances, aluminum (Al) toxicity, and changes in 

cation exchange capacity (CEC) and accelerate loss of biological diversity (Laxton et al. 2010, 

Ok et al. 2007, Watmough et al. 2014, Whitfield et al. 2009, Vitousek et al. 1997). Some forest 

soils in the AOSR are sensitive to soil acidification due to coarse-texture, low exchangeable base 

cations, cation exchange capacity and low buffering capacity (Watmough et al. 2014, Whitfield 

et al. 2009). While there has been considerable research in Canada and Alberta involving N 

deposition, there are no long-term deposition experiments currently being conducted in the 

AOSR, with the exception of this study.  There are still major knowledge gaps in fully 

understanding cumulative long-term ecosystem impacts of elevated N and S deposition and 

defining critical loads in the AOSR (Laxton et al. 2010, Liu et al. 2011). There is a lack of 

understanding on the rate of deposition associated with alleviation of N limitation, N saturation, 

and forest decline. It is vital to enhance understanding of the ecosystem responses and carrying 

capacity in the AOSR to long-term N and S deposition, so we can avoid N saturation, 

acidification and forest decline in the northern boreal forest ecosystem. This information can 

only be gathered through long term experiments such as my research.  

Aber et al. (1989) established a model for determining the status of an ecosystem in 

response to long term N deposition that has four stages: N limitation, alleviation of N limitation, 

N saturation, and forest decline. Nitrogen saturation was defined by Fenn et al. (2003) as “the 

long-term removal of N limitations on biotic activity, accompanied by a decrease in the capacity 

to retain N”. It is important to monitor indicators in the ecosystem that are sensitive to changes 
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caused by N and S deposition as previous research has shown that after 4 years of deposition a 

boreal forest stand in northern Alberta was still in the initial stages of N limitation and alleviation 

of N limitation (Jung and Chang 2012). Nitrogen is stored in the soil in the form of soil organic 

matter (SOM), by being immobilized by microbes and plants, and by being incorporated into the 

CEC (Silver et al. 2008). These forms of stored N account for 90% of the total storage in a forest 

ecosystem (Silver et al. 2008, Templer et al. 2008). However, there is a limit to the amount that 

can be accommodated by soil storage, and when N inputs exceed that threshold the system will 

become N saturated.  It is important to understand the capacity of an ecosystem to store N in 

order to avoid potential N saturation and the associated negative effects.  

The effects of N and S deposition on ecosystems can be assessed by examining the base 

saturation and molar base cations (Ca
2+

, Mg
2+

, K
+
, Na

+
) to Al

3+
 ratio in the mineral soil 

(Watmough et al. 2014). When elevated N input ceases to be immobilized by plants and soil 

microbes, the nitrate (NO3
-
) transport will lead to leaching of base cations, an increase in soluble 

Al, and soil acidification which will have effects on growth and diversity in the ecosystem on a 

broad scale (Bowman et al. 2008). Also N addition will eventually lead to leaching of NO
3-

 and 

N2O being emitted from the soil into the atmosphere, so these are useful indicators of N 

saturation (Laxton et al. 2010). The production of NO3
-
 through net nitrification is a critical 

process because the dynamics of this anion, including its mobility and loss, is what is driving the 

negative effects associated with N saturation (Aber et al. 1992). Nitrogen deposition will 

increase the rates of nitrification and denitrification leading to increased emissions of N2O, 

which is a concern as N2O has 298 times the global warming potential as that of carbon dioxide 

(CO2) (Zhu et al. 2015).   



68 

To improve the understanding of boreal forest ecosystem responses to N and S deposition 

in AOSR, its potential for N saturation, and advancing the understanding of potential critical 

loads, a simulated deposition experiment was established in 2006. It was found that after 4-5 

years of treatment, there was no difference in the amounts of NO3
- 
being leached between the N 

deposition and control treatments, exchangeable Ca
2+

 and Mg
2+ 

in the soil decreased with the N 

and S addition, but there were no changes in the pH, total organic carbon (C) and N, dissolved 

organic C and N (Jung and Chang 2012, Hu et al. 2013). It was concluded that this experimental 

site was between the first and second stages of the Aber et al. (1989) model for N deposition. In 

this study, I will examine parameters including base cation concentrations, leaching of available 

N, and emissions of N2O, to determine if an additional 4-5 years of simulated deposition since 

Jung and Chang’s (2012) research, has changed the status of the ecosystem and caused N 

saturation. I hypothesize that after 10 years of N and S treatments (1) the soil concentration of 

basic cations will decrease because elevated concentrations of SO4
2-

 and NO3
-
 facilitate leaching 

from the soil leading to an increase in Al concentration; (2) the amount of available N being 

leached below the rooting zone in the soil will increase because the soil will be N saturated and 

no longer be able to accommodate this nitrification product; and (3) the amount of N2O 

emissions will increase. Nitrogen and S addition have a wide range of effects on an ecosystem 

but the larger concern is the eventual soil acidification and N saturation. It is important to 

understand how the AOSR will be affected so we can define critical loads and advise possible 

regulatory framework for air emissions of N and develop best management practices for affected 

industries.  

 



69 

4.2 Materials and Methods 

 

4.2.1 Research site 

The majority of surface mining and upgrading facilities are located within 100 km of the 

city of Fort McMurray, Alberta, so the research site (56.1°N 110.9°W ) was established 100 km 

south of the city in an area not considered to be directly influenced by N and S emissions 

(Bytnerowicz et al. 2010, Jung and Chang 2012). The site is located in a natural boreal forest in 

the AOSR with mean annual temperature, relative humidity, and precipitation of 0.7 °C, 68%, 

and 456 mm, respectively (Environment Canada 2010). The two dominant tree species are 

trembling aspen (Populus tremuloides) and white spruce (Picea glauca) and the dominant shrub 

species are prickly rose (Rosa acicularis) and lowbush cranberry (Vaccinium oxycoccos) (Jung 

and Chang 2012, Jung et al. unpublished). Based on the Canadian system of soil classification 

the soil is classified as mainly Gray Luvisols (Soil Classification Working Group 1998).  

 

4.2.2 Experimental design  

The experiment began in 2006, with a 2 x 2 factorial design with blocking for a total of 

16 plots of 20 x 20 m. Four treatments were set up and assigned at random within each block: 

control (CK), N addition (+N, 30 kg N ha
-1

 yr
-1 

as NH4NO3), S addition (+S, 30 kg S ha
-1

 yr
-1 

as 

Na2SO4), and NS addition (+NS, 30 kg N ha
-1

 yr
-1 

as NH4NO3 and 30 kg S ha
-1

 yr
-1 

as Na2SO4). 

The experimental application rates were based on the projected increases in N and S deposition 

due to development and expansion of the oil sands industries in the AOSR and to accelerate the 

effects of acid deposition (Hu et al. 2013, Jung et al. 2012). The N and S addition first occurred 

in 2006 and have continued with applications in the growing season every year since then. From 
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2006 to 2008 the N and S were applied once in the beginning of the summer. Starting in 2009, 

the N and S were applied in three equal splits over the growing season to better depict the natural 

deposition process (Jung and Chang 2012). The NH4NO3 (granule) and Na2SO4 (powder) were 

broadcast applied below the canopy.  

 

4.2.3 Soil sampling and chemical analysis 

Soil sampling was conducted on October 23, 2015. The forest floor (LFH) was collected 

by hand (roughly 50 g) and mineral soil samples in 15 cm increments from 0 to 60 cm were 

collected using a soil core auger from three different locations in each plot. The soil samples 

from the same depth within each plot were combined to form a composite sample. Soil 

temperature and soil moisture were recorded at the time of collection using a thermometer and 

the Fieldscout TDR 300 Soil Moisture Meter (Spectrum Technologies Inc.).  Samples were 

transported back to the laboratory in a cooler with ice packs. Fresh soil samples were 

homogenized, passed through a 2 mm sieve, and stored in a freezer until analysis. All analysis 

was completed within 2 weeks of sampling. A sub-sample of each sample was used to analyze 

ammonium (NH4
+
) and nitrate (NO3

-
) as described below.  

The remainder of the samples were air-dried at room temperature for 96 hours and used 

for pH analysis. Soil pH was measured with a pH meter (Orion, Thermo Fisher Scientific Inc., 

Beverly, Ma, USA) using 10 g of air-dried soil in 40 mL of deionized water for forest floor 

samples or 20 mL of deionized water for mineral soil samples. Each forest floor and soil sample 

was further ground with a ball mill and used for total C and N analysis on a Carlo Erba NA 1500 

elemental analyzer (Carlo Erba Instruments, Milano, Italy). Exchangeable cations, including 

Ca
2+

, Mg
2+

, K
+
, Na

+
 and Al

3+
 were determined after the forest floor and soil samples were 

extracted with 1 mol L
-1

 NH4Cl at a ratio of 5 g of mineral soil samples or 10 g of forest floor 
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samples,  to 100 mL extractant. After filtration using Whatman No. 42 filter paper, the filtrates 

were analyzed using a Perkin-Elmer Elan 6000 quadrupole ICP-MS (Shelton, CT). The Ca/Al 

ratio was calculated with exchangeable Ca
2+

 and Al
3+

 on a molar basis. 

 

4.2.4 Soil solution sampling and analysis  

In 2007, zero-tension lysimeters made of stainless steel were installed at 15 cm and 45 

cm soil depths to collect soil solution (Jung and Chang 2012). Each plot had two soil pits that 

each contained one lysimeter at 15 cm and 45 cm. A resin based lysimeter (Fig.4-1) was used 

based on the design in Susfalk and Johnson (2002). Soil lysimeters were placed in the plots on 

June 4, 2015 using the existing soil pits that had been excavated for the zero-tension lysimeters. 

The lysimeters were placed at 15 cm and 45 cm as to be within the main rooting zone. They were 

removed on December 9, 2015. Lysimeters were placed in a cooler and transported back to the 

laboratory. They were then placed in the freezer until January 6, 2016 for storage until extraction 

could be performed. A 2 M KCl was used to extract (50 mL added to the ion exchange resin 

(IER) and shaken for an hour, repeated once) available ammonium (NH4-N) and nitrate (NO3-N) 

from the lysimeters. Nitrate concentrations were determined using the colorimetric method with 

vanadium, sulfanilamide, and N-(1-naphthyl) ethylenediamine (Miranda et al. 2001). The 

Indophenol blue colorimetric method was used for determining NH4
+
 concentrations (Keeney 

and Nelson 1982). To quantify the NH4-N and NO3-N colorimetric concentrations a Genesys 10 

UV-Vis Spectrophotometer machine was used. 
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4.2.5 Gas sampling and analysis 

Plastic collars that were fitted to gas chambers were placed in each plot at three random 

locations on May 22, 2014 to allow the soil to recover from the disturbance prior to the first gas 

sampling. A total of 48 collars (4.3cm height, 10.9 cm inner diameter) were installed about 3 cm 

into the soil and then kept in place for the duration of the study in order to avoid soil disturbance. 

Gas efflux was measured using static chambers (Hutchinson and Mosier 1981, headspace 10 cm, 

0.00104 m
3
 volume) on June 7, July 6, August 10, and September 5 in 2014 and on June 5, July 

9, August 5, and September 3 in 2015. Gas samples (20 mL) were collected at 0 (ambient 

condition), 10, 20 and 30 minutes after position of the static chambers on the collars through a 

rubber septum. Samples were stored in pre-evacuated 10 mL soda glass Isomass Exetainers®.  

Gas samples were collected on fair weather days to avoid confounding effects of soil moisture 

and temperature. The N2O concentrations in the collected gas samples were analyzed using a 

Varian CP-3800 gas chromatograph (GC, Varian Canada, Mississauga, Canada) within 2 days of 

collection.  

 The N2O fluxes were calculated based on N2O concentrations using equations 1 and 2 

(Nakayama 1990). A mole of an ideal gas at standard temperature (0 °C) and pressure (101.3 

kPa) has a volume of 22.4 L, which can be converted to 44.6 moles m
-3

. This ideal volume is 

then corrected for the actual air temperature at the time of sampling and used to calculate the 

efflux. Flux rates were calculated from the slope of the linear regression lines.  

 

Efflux = ∆C × T × V / ∆t × A = ∆C × T × h / ∆t   (1) 

 

T = 44.6 mol m
-3

 × 273.15 / (273.15 + TA)   (2) 
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Where ∆C is the change in N2O concentration between two sampling intervals (μmol mol
-1

), T is 

temperature adjustment for molecular volume of gas (mol m
-3

), V is the volume of the static gas 

chamber (0.00104 m
3
), A is the area of ground covered by the Hutchinson chamber (0.0092 m

2
), 

h is the height of the static chamber (0.1 m), ∆t is the time interval between samplings (1800 s), 

and TA is actual air temperature (°C). Soil temperature and volumetric water content were 

collected at the time of each sampling (Thermometer, Fieldscout TDR 300 Soil Moisture Meter 

by Spectrum Technologies Inc.).  

 

4.2.6 Statistical analysis  

All statistical analyses were conducted with the R software (version 3.2.3). Assumptions 

of normality of distribution and homogeneity of variance were checked using Kolmogorov-

Smirnov and Levene’s tests. All assumptions were met. The means and standard error of the 

mean (SEM) were calculated for available NH4 and NO3, TC, TN, exchangeable cations, and pH. 

Analysis of variance (ANOVA) was used to determine the treatment (+N vs +S addition) effects 

on these soil parameters. The month of each gas sampling was considered a repeated measures 

variable for determining seasonal variation in 2014 and 2015. The significant level for all 

statistical tests was set at α = 0.1 due to the high spatial variability of the measured parameters, 

limited replications and to reduce the possibility of a type II error. 

 

4.3 Results  
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4.3.1 Effects of N and S addition on soil properties 

In the forest floor and mineral soil, ten years of N and S treatments did not cause 

significant changes (P > 0.1) to concentrations of soil exchangeable cations when compared to 

the CK (Table 4-1). The TC and TN in the forest floor and at various depths in the mineral soil 

were also not significantly affected (P > 0.1) by ten years of +N and +S addition (Table 4-2). 

There was a general pattern that the treatments tended to cause a decrease in TC and TN in the 

forest floor and mineral soil when compared to the CK. In addition, another pattern was that the 

+N and +S treatments tended to cause a decrease in pH of the forest floor and mineral soil (Table 

4-2).  

 

4.3.2  Effects of N and S addition on N leaching  

The concentration of NH4-N in the soil at 15 cm and 45 cm in all the plots was much 

higher when compared to the NO3-N concentrations (P < 0.05), indicating that there were higher 

concentrations of ammonium compared to nitrate in the studied soil (Table 4-3). However, the 

treatments did not affect the amount of NO3-N and NH4-N leached at 15 cm or 45 cm (P > 0.1).  

And while the results were not significant, there was a general pattern that +N tended to increase 

the concentrations of NH4-N and NO3-N below 45 cm in the soil.  

 

4.3.3 Effects of N and S addition on nitrous oxide emission rates 

Both positive and negative values for nitrous oxide (N2O) efflux were found in all plots 

in 2014 and 2015, indicating that there was both uptake and emission occurring within the same 

plot (Fig. 4-2). This result indicates that there was a high degree of spatial variability within 

individual plots. The standard error of the mean (SEM) was larger than the mean soil N2O 
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emissions, which again shows the high degree of variability in the recorded soil emissions (Table 

4-4). Statistical analysis showed that there were no significant differences found between the 

treatments and the CK (P > 0.1). However, because of the high degree of variability, strong 

conclusions cannot be made on how +N, +S, and +NS treatments affected the soil N2O efflux.    

 

4.4 Discussion  

In this experiment, 10 years of N and S treatments did not significantly affect soil cation 

concentrations, pH, and amount of N leaching. This rejects all of the hypotheses and while it was 

unexpected, the results are consistent. These results suggest that the experimental site was not N 

saturated and therefore inputs did not exceed the amounts required by vegetation and soil 

microbes for growth (Aber et al. 1989). Previous research conducted after 4 years of N and S 

treatments concluded that this experimental site was likely still in stage 1 or the early beginnings 

of stage 2, so largely it was still experiencing N limitation (Jung and Chang 2012). My results 

indicate that an additional 5 years of N addition did not change the N status. Because the 

vegetation in the boreal forest is N limited it is adapted to be very efficient at N uptake and 

utilization, leaving low amounts of available N in the soil pool (Laxton et al. 2010, Lovett and 

Goodale 2011). Previous research in this study site found that there was increased N uptake by 

trees followed by increased growth when exposed to N deposition, showing that the vegetation in 

my site was utilizing the N being added (Jung and Chang 2012). It has also been shown that 

mosses can derive N from the soil or wet deposition, which may allow for increased competition 

for N in a wide range of ecosystems; if environments are limited by N it could have further 

increased competition for N (Ayres et al. 2006). The utilization of excess N by mosses and 
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vascular plants in the treatment plots is a possible explanation as to why I did not observe 

significant effects of N leaching and emissions from elevated N and S addition.  

Many factors, including elevation, stand age and composition, and soil properties can 

cause an ecosystem to be more susceptible to N deposition (Fenn et al. 1998).  A forest with 

higher elevation will be prone to higher deposition rates through occult deposition when 

compared to low lying sites, and mature forests have lower nutrient requirements which will 

reduce the amount of N that can be immobilized and stored (Lovett et al. 1982, Nilsson et al. 

1998). The experimental site does not have any characteristics that would cause a predisposition 

to accelerated N saturation. In addition, forests soils found in the boreal forest ecosystem in 

Alberta are formed from sedimentary parent material and are underlain by glacial deposits, 

sandstones, shales, and bituminous sands; this causes the soil to be characterized as calcareous 

and well drained (Holowaychuk and Fessenden 1987). The soil types commonly found in the 

AOSR were evaluated for their sensitivity to acidification. It was found that Brunisols and 

Organic soils were most at risk, followed by Luvisols and Solonetzic classes which had an 

intermediate sensitivity, and the most resistant soil series were the Organic Cryosols 

(Holowaychuk and Fessenden 1987). The soils in my experimental site are Gray Luvisols with 

calcareous parent material and calcium carbonates in the C horizons, which have an intermediate 

level of risk for acidification (Holowaychuk and Fessenden 1987).  

In addition to N and S treatments, base cations are being emitted and deposited into the 

surrounding soil, mainly in the form of dust from mining activities in the AOSR (Fenn et al. 

2015, Watmough et al. 2014). Base cation deposition was similar to and sometimes exceeded the 

combined inputs of N and S in bulk deposition in the oil sands, particularly during the summer 

months (Fenn et al. 2015, Watmough et al. 2014). The risk for soil acidification for a site within 
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3 km of the largest mine was moderated by high base cation deposition even though it had a low 

base cation weathering rate and high rates of N and S deposition (Watmough et al. 2014). 

Atmospheric deposition, including base cation deposition, was roughly 100 to 150 molc ha
-1

 yr
-1

 

in the AOSR (Aherne 2008). Because base cation deposition has the potential to neutralize soil 

acidification effects of N and S deposition, the greater concern and focus for future research 

should be excess N deposition causing eutrophication, and perhaps the focus needs to shift away 

from terrestrial to wetland ecosystems (Fenn et al. 2015). The addition of base cations from the 

dust of mining activities in the AOSR will help buffer the potential negative effects from N and 

S emissions in the AOSR, and could be a possible explanation for the lack of significant changes 

in soil properties 10 years after experimental N and S treatments.  

Soil responses to N deposition depended on the N status of seven European sites with 

deposition ranging from 11 to 59 kg N ha
-1

 yr
-1

; sites with low N status retained a majority of the 

N deposited and NO3
-
 leaching was minimal, whereas sites with a high N status retained less of 

the N deposited (Tietema et al. 1998). Shifting the N status of an ecosystem from low to high can 

decrease the C:N ratio of the forest floor, which in turn promotes organic matter decomposition, 

mineralization, and nitrification (Falkengren-Grerup and Diekmann 2002, Gundersen 1998). It 

was also found that the litter C:N ratio was inversely related to N leaching rates, suggesting that 

the C:N ratio may be a possible indicator of N saturation. It has been found that when C:N ratios 

are high there is a low rate of N mineralization, when the ratio is greater than 25 the microbes 

will immobilize N because they are limited by N, and conversely when the ratio is lower than 25, 

mineralization will occur because the microbes are limited by C and the amount of N is sufficient 

(Zhu et al. 2015). My results showed that C:N ratios were below 25 but there were no significant 

differences between treatments, which may help explain why I did not see higher concentrations 
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of N leaching in the +N treatment. The results indicate that N and S treatments did not yet cause 

acidification or N saturation at my study site.  

 

4.4.1 Nitrate leaching  

The amount of N being leached showed that there were no significant effects caused by the 

+N and +S treatments. Similarly, Emmett et al. (1995) used deposition rates of 35 and 70 kg N 

ha
-1

 yr
-1

 for two years and also reported no significant treatment effects on N leaching. There are, 

however, other experimental N manipulation studies that reported significant N leaching. 
 

Gundersen (1998) used N treatment rates of 10 to 35 kg N ha
-1

 yr
-1

 for 4 years and found that 

increasing the amount of N input significantly increased the amount of NO3
-
 leaching. Stuanes et 

al. (1995) found that 2 years of N addition, using rates of 12.5 and 34.5 kg N ha
-1

 yr
-1

, 

significantly increased NO3
-
leaching in the upper portion of the soil but not below the rooting 

zone. Note that these studies were conducted in Europe, and many European soils have igneous 

parent materials and soils that already have a low pH and are more susceptible to N induced 

changes when compared to soils in the AOSR (Dise and Wright 1992, Falkengren-Grerup and 

Diekmann 2002). While the ecosystem type and N input rate were variable in these studies, it has 

been shown that the amount of N input and the soil pH will directly influence the amount of 

mineral N that was leached.  The pH in the experimental site was unaffected by +N and +S 

treatments and the rates were moderate. This may further help explain the lack of treatment 

effects on the leaching of mineral N at the research site. 

The lysimeters that were used to collect leachate from the soil pits rely on a moderate amount 

of precipitation input into the soil so there will be movement of soil water through the soil 

profile. The AOSR is located in the moist subregion of the Boreal Mixedwood ecoregion with a 

mean annual precipitation of ~400 mm, with a monthly maximum in July (Alberta Environment 
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and Parks 2015). The lysimeters were installed in 2015 and this happened to be a very dry year 

in Alberta (Fig. 4-3) (Agriculture and Agri-Food Canada 2015) with the experimental site only 

receiving between 100-150 mm of precipitation, which was reflected in lower soil moisture 

content in the 2015 field season (Alberta Environment and Parks 2015). It is possible higher rates 

of NO3
- 
and NH4

+
 leaching would have been observed in the experimental site had the soil been 

at field capacity and received more precipitation.  However, lack of N addition effects on N 

leaching supports the conclusion that the site had not reached N saturation. 

 

4.4.2 Nitrous oxide emissions 

Nitrous oxide soil emissions are one of the largest concerns associated with elevated N 

deposition, because N2O is a highly potent greenhouse gas (GHG). This becomes especially 

problematic as there are global attempts to decrease GHG emissions in order to counteract 

climate change (Denman et al. 2007). The influence that N deposition has on soil N2O emissions 

is variable.  However, the prevalent relationship observed is that soil N2O emissions are 

positively correlated with the rates of N deposition. Increasing the amount of N being deposited 

would increase the amount of soil N2O emissions (Ambus and Robertson 2006, Bowden et al. 

2000, Carnol and Ineson 1999, Du et al. 2016, Oura et al. 2001).  A study in Japan examining the 

effects of N treatments, using rates of 10 to 30 kg N ha
-1

 yr
-1

, found that soil N2O emissions were 

variable but ultimately increased (Oura et al. 2001). It was also found that the increases in the 

soil N2O emissions were significantly correlated with the soil temperature and moisture (Oura et 

al. 2001). A laboratory experiment with N inputs of 0 to 75 kg N ha
-1

 yr
-1

 and temperatures of 4, 

12, or 20 °C that ran for 112 days, found that 59% of the variability in N2O emissions was 

explained by soil temperature and moisture (Carnol and Ineson 1999). They also reported high 

variability of N2O emissions within the same treatment and that when soil temperature and 
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moisture were low the N2O fluxes were negative (Carnol and Ineson 1999). When the 

temperature was above 12 °C the simulated fluxes were positive and increased with increasing 

temperature (Carnol and Ineson 1999). In an alpine ecosystem it was found that increased N2O 

emissions were correlated with the rate of N deposition (20 kg N ha
-1

 yr
-1

) and precipitation (Du 

et al. 2016). Following N input there was a 68.8% increase in N2O emission when compared to 

the control, also increasing the soil moisture led to higher levels of emissions as well (Du et al. 

2016).  While emission results are variable they have been shown to be dependent on the soil 

temperature, moisture, the N status of the ecosystem, and the N distribution within the soil 

profile.  

Similar to N leaching, N2O gas emissions are found to be correlated to the amount of soil 

moisture, and therefore it is possible that I saw low emission levels because there was a very dry 

field season in 2014 and 2015 (Fig. 4-3). The annual reviews of agroclimate conditions across 

Canada reported drought conditions in northern Alberta in 2014 and severe drought conditions in 

2015 (Agriculture and Agri-Food Canada 2014 and 2015). The N2O emission rates showed so 

much variability in my individual treatment plots and there are some potential factors that could 

explain these results. Ambus and Robertson (2006) conducted in vivo (in the field) and in vitro 

(in the lab) experiments and found that in the field N inputs had no effect on the soil N2O 

emissions while in the lab there was a better response. They attributed their lack of response to 

poor N distribution in the soil profile because of variable infiltration depths (Ambus and 

Robertson 2006). In a lab setting uniform N distribution can be easily controlled which will 

ensure faster N diffusion and peak nitrification and denitrification activity (Ambus and 

Robertson 2006). In my 20 m x 20 m experimental plots there was considerable spatial and 

topographical variation which would create individual microsites that could have inconsistent 



81 

infiltration depths of the +N and +S treatments. This would explain the high amount of 

variability reported in the soil N2O emissions.  

Inorganic N pools are very dynamic and can exhibit high rates of variability, which could 

explain my soil N2O emissions results (Harrison and Maynard 2014). Variability in N2O 

emission rates is a reoccurring issue in research and there have been adjustments made to try and 

combat this issue. Oura et al. (2001) tried to reduce sampling error and spatial variability by 

installing permanent gas sampling units 10 cm into the soil and they were able to obtain 

consistent results. Other studies used water as a transport agent for the N addition, by dissolving 

the chemicals in water and then applying them to sites with a sprayer, to ensure infiltration and a 

more even distribution (Du et al. 2016, Carnol and Ineson 1999). Adjusting the experimental 

methods to include these parameters could have reduced the variability reported in the results. 

Also N2O is not the only gas that can be emitted from the soil when N inputs are elevated and/or 

the system has reached a threshold of N saturation. Nitric oxide (NO) losses can exceed N2O in 

ecosystems experiencing elevated N input, especially in conifer forests (Butterbach-Bahl et al. 

2002, Skiba et al. 1998). Not measuring NO flux rates could underestimate the amount of N that 

is being emitted from the soil.  

 

4.5 Conclusions  

There was no evidence of N saturation or soil acidification in the study forest ecosystem 

in the AOSR after ten years of experimental N and S treatments. There was no increase of 

inorganic N concentrations in the soil and leaching of N in the soil profile was not affected by 

the N and S treatments. These results, in conjunction with unaltered soil pH and cation 

concentrations in the soil, indicate that N limitation is still the dominant stage in this forest stand. 

There is still research needed, including the effects of long term N and S addition on N cycling 
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and quantifying NOx emissions, in order to have a complete understanding of the effects N and S 

deposition. My results suggest that currently there is a very low risk of N saturation occurring in 

the boreal forests of the AOSR by long-term chronic N and S deposition. Continued long term 

research, however, is needed in the AOSR to help define critical loads of N and S deposition, and 

to fully understand potential ecosystem impacts. Additionally, this research only examined one 

soil type found in the boreal forest ecosystem; therefore the effects of N and S deposition need to 

be tested on other soil types.  
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Table 4-1 Exchangeable cations in the forest floor and mineral soil layers, in experimental plots, 

in a mixedwood forest in the AOSR in northern Alberta, Canada after 9 years of experimental N 

and S addition. The CK, +N, +S, and +NS refer to control, N addition, S addition, and N+S 

addition. Values in parentheses are standard errors of the means. 

 

  Exchangeable Cations  

Layer Treatment Ca
2+

 Mg
2+ 

K
+ 

Na
+ 

Al
3+ 

Ca:Al 

  (molc kg
-1

)  

Forest 

floor 

CK 0.85 

(0.040) 

0.16 

(0.017) 

0.077 

(0.012) 

0.023 

(0.00035) 

0.0037 

(0.00099) 

230 

(9.2) 

+N 0.87 

(0.073) 

0.16 

(0.024) 

0.070 

(0.0097) 

0.027 

(0.027) 

0.0040 

(0.0013) 

220 

(16.1) 

+S 0.85 

(0.076) 

0.15 

(0.015) 

0.075 

(0.014) 

0.045 

(0.0052) 

0.0047 

(0.001) 

183 

(13.9) 

+NS 0.90 

(0.057) 

0.15 

(0.020) 

0.092 

(0.0072) 

0.041 

(0.0078) 

0.0032 

(0.0015) 

279 

(15.8) 

        

Mineral 

soil  

(0-60cm) 

CK 0.34 

(0.040) 

0.14 

(0.032) 

0.016 

(0.0031) 

0.023 

(0.00041) 

0.0052 

(0.0024) 

63.9 

(2.5) 

+N 0.40 

(0.094) 

0.15 

(0.028) 

0.022 

(0.0077) 

0.033 

(0.0067) 

0.024 

(0.0098) 

17.0 

(1.6) 

+S 0.26 

(0.025) 

0.12 

(0.022) 

0.014 

(0.0011) 

0.029 

(0.00093) 

0.012 

(0.0065) 

21.4 

(0.56) 
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+NS 0.27 

(0.026) 

0.11 

(0.016) 

0.014215 

(0.0027) 

0.029724 

(0.00051) 

0.012 

(0.0048) 

21.9 

(0.58) 
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Table 4-2 TC, TN, and pH in the forest floor and in the 0-60 cm mineral soil in a mixedwood 

forest in the AOSR in northern Alberta, Canada after 9 years of experimental N and S addition. 

The CK, +N, +S, and +NS refer to control, N addition, S addition, and N+S addition. Values in 

parentheses are standard errors of the means. 

 

Treatment Layer and depth TC TN C:N  pH 

  (g kg-1)   

CK LFH 378.5 

(27.5) 

17.56  

(1.3) 

21.5 

(1.3) 

5.6 

(0.2) 

 0-15 cm 7.0 

(1.5) 

0.4 

(0.09) 

17.5 

(0.9) 

4.8 

(0.3) 

 15-30 cm 4.3 

(0.7) 

0.2 

(0.04) 

17.8 

(0.3) 

5.0 

(0.3) 

 30-45 cm  4.3 

(0.3) 

0.3 

(0.03) 

17.0 

(0.3) 

5.1 

(0.3) 

 45-60 cm  6.1 

(2.2) 

0.3 

(0.07) 

21.00 

(0.1) 

5.4 

(0.4) 

+N LFH 327.0 

(29.0) 

15.7 

(1.3) 

20.8 

(1.4) 

5.4 

(0.2) 

 0-15 cm 6.9 

(0.9) 

0.4 

(0.06) 

19.1 

(0.5) 

4.7 

(0.2) 

 15-30 cm 3.2 

(0.3) 

0.2 

(0.02) 

16.0 

(0.2) 

4.9 

(0.2) 

 30-45 cm  4.7 

(0.4) 

0.3 

(0.03) 

18.1 

(0.3) 

4.9 

(0.2) 

 45-60 cm  4.0 

(0.9) 

0.2 

(0.05) 

16.8 

(0.5) 

4.9 

(0.2) 

+S LFH 316.6 

(36.0) 

14.3 

(1.8) 

22.2 

(1.6) 

5.3 

(0.2) 

 0-15 cm 5.6 

(0.3) 

0.3 

(0.02) 

17.6 

(0.2) 

4.7 

(0.2) 

 15-30 cm 2.8 

(0.4) 

0.2 

(0.03) 

15.3 

(0.3) 

4.9 

(0.2) 

 30-45 cm  3.8 

(0.2) 

0.2 

(0.008) 

16.5 

(0.1) 

5.0 

(0.3) 

 45-60 cm  3.9 

(0.6) 

0.2 

(0.03) 

18.6 

(0.3) 

5.2 

(0.4) 

+NS LFH 339.9 

(29.9) 

16.1 

(1.3) 

21.1 

(1.4) 

5.3 

(0.1) 

 0-15 cm 7.2 

(1.4) 

0.3 

(0.05) 

21.3 

(0.6) 

4.7 

(0.07) 

 15-30 cm 3.4 

(0.8) 

0.2 

(0.03) 

17.2 

(0.5) 

4.7 

(0.09) 
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 30-45 cm  3.9 

(0.4) 

0.2 

(0.03) 

17.7 

(0.2) 

4.6 

(0.2) 

 45-60 cm  3.4 

(0.4) 

0.2 

(0.02) 

17.7 

(0.2) 

4.9 

(0.2) 
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Table 4-3 Leaching loss of NO3
-
 and NH4

+
 from May to December 2015, in response to N and S 

addition, in a mixedwood forest in the AOSR in northern Alberta, Canada. The CK, +N, +S, and 

+NS refer to control, N addition, S addition, and N+S addition. Values in parentheses are 

standard errors of the means. 

 

Depth Treatment NO3
-
 

(mg per resin core) 

NH4
+
 

(mg per resin core) 

 

Below 15 cm 

soil depth 

CK 0.238 

(0.025) 

0.929 

(0.042) 

+N 0.233 

(0.013) 

0.993 

(0.106) 

+S 0.221 

(0.006) 

1.25 

(0.242) 

+NS 0.239 

(0.030) 

0.891 

(0.030) 

Below 45 cm 

soil depth 

CK 0.206 

(0.008) 

0.846 

(0.027) 

+N 0.265 

(0.031) 

0.900 

(0.034) 

+S 0.199 

(0.007) 

0.855 

(0.030) 

+NS 0.210 

(0.019) 

0.888 

(0.033) 
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Table 4-4 N2O emission rates from a mixedwood forest soil in the AOSR in northern Alberta, 

Canada in 2014 and 2015, after 9 and 10 years of N and S addition, respectively. The CK, +N, 

+S, and +NS refer to control, N addition, S addition, and N+S addition. Values in parentheses are 

standard errors of the means. 

 

Year Treatment June July August September 

 

  Emissions measured in mg N2O m
-2

 h
-1 

 

2014 

CK -0.0009 

(0.003) 

-0.006 

(0.003) 

0.003 

(0.004) 

-0.004 

(0.004) 

+N -0.001 

(0.003) 

0.007 

(0.003) 

-0.002 

(0.004) 

0.02 

(0.01) 

+S 0.007 

(0.003) 

-0.0001 

(0.002) 

0.0005 

(0.002) 

-0.009 

(0.002) 

+NS -0.003 

(0.003) 

-0.005 

(0.002) 

0.0002 

(0.002) 

-0.008 

(0.0003) 

2015 

CK -0.008 

(0.003) 

0.002 

(0.003) 

0.003 

(0.003) 

0.006 

(0.004) 

+N -0.0005 

(0.003) 

0.003 

(0.003) 

0.0001 

(0.003) 

0.01 

(0.002) 

+S -0.007 

(0.002) 

0.003 

(0.003) 

0.002 

(0.003) 

0.003 

(0.001) 

+NS 0.008 

(0.002) 

0.0001 

(0.002) 

0.003 

(0.002) 

-0.0005 

(0.002) 
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Figure 4-1 Schematic of resin-based soil lysimeters, using 3 cm and 1 cm inserts and Rexyn
TM

 

ion exchange resin (IER) from Fisher Scientific (Susfalk and Johnson 2002).   
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Figure 4-2 N2O emission rates from a mixedwood forest in the AOSR in northern Alberta, 

Canada in a) 2014 and b) 2015, after 9 and 10 years of N and S addition, respectively. The boxes 

on the graph represent the values found between the 25
th

 and 75
th

 percentiles, the middle line is 

the median, and the extending lines represent the minimum and maximum values. The CK, +N, 

+S, and +NS refer to control, N addition, S addition, and N+S addition.  
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Figure 4-3 Precipitation contour interval map for Alberta for the summer of a) 2014 and b) 2015 

(May to September) with the AOSR experiencing between 50 and 200 mm depending on the 

location. (Source: Alberta Environment and Parks 2015).  

  

a) b) 
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Chapter 5: Conclusions and future research  

 

5.1 Overview and study objectives 

The objectives of the study were to assess long-term impact of N and S addition on (1) 

soil microbial communities in a boreal forest in the Athabasca oil sands region (AOSR); (2) soil 

chemical properties; and (3) the risk of N saturation in a boreal forest in the AOSR, based on the 

Aber et al. (1989) ecosystem N status assessment. To address these objectives research was 

conducted in an experimental N and S treatment site in the AOSR. Studies in chapters 2 and 3 

were conducted to answer the first objective. I examined soil bacterial diversity, community 

composition, abundance, functional gene profiles, and co-occurrence network patterns. In 

addition the abundance of soil fungal colonies were also examined. For the second objective I 

assessed the soil pH, cation concentrations, total carbon (C) and N, and soil moisture (Chapter 

4). And for the last objective I evaluated the N status of the research site through quantifying the 

amounts of N leaching and being emitted in gaseous form from the soil (Chapter 4).  

 

5.2 Summary and synthesis of the research results 

 

5.2.1 Impacts of N and S addition on soil microbes 

The rates of N and S atmospheric emissions increased in the AOSR ever since 

commercial oil sands mining started in the area in 1967 (Hazewinkel et al. 2008). And while 

there is research exploring how these increased emissions will affect the vegetation and soil of 

the N limited boreal forest in the AOSR, there have been no studies on soil microbes in this 

region. Soil bacteria in the AOSR have shown to be resilient to long-term N and S addition. In 



94 

this research it was shown that nine years of N and S addition did not affect soil bacterial 

diversity, community composition, functional gene profiles, and co-occurrence patterns. While 

the majority of bacterial characteristics were not affected by the N and S treatments, the number 

of denitrifying bacteria did respond to N addition, by increasing their numbers. Increasing 

available N in the soil in the AOSR will increase the abundance of denitrifying bacteria. The 

abundance of soil fungi was significantly affected, indicating that fungi are sensitive to N and S 

addition. The addition of N and S to the research plots caused significant increases in the number 

of soil fungal colonies.  

 

5.2.2 Impacts of N and S addition on soil properties and N status  

The increasing levels of N emission in the AOSR have caused concern about possible N 

saturation in the surrounding boreal forest. However, there was no evidence of N saturation or 

soil acidification in the studied forest ecosystem after ten years of experimental N and S 

treatments. Although there was a pattern of changes in N leaching, calcium to aluminum ratios, 

and total C and N, the results did not present any trend over time among the treatment plots. The 

soil pH remained unaltered along with the cation concentrations in the soil, which indicates that 

acidification is not occurring. Additionally, the lack of increase in the amount of N being leached 

in the treatment plots concludes that N limitation is still the dominant status in this forest stand. 

The results suggest that currently there is a very low risk of N saturation occurring in the boreal 

forests of the AOSR by long-term chronic N and S deposition.  
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5.3 Conclusions 

The soil bacterial communities and soil properties of the boreal forest research site in the 

AOSR have not been negatively affected by long-term N and S addition. Interestingly after five 

years of addition there were changes to the soil chemistry and the soil bacterial community 

functions. An additional 4 years has allowed this site to acclimate and adapt to the disturbance of 

N and S treatments, and return to a state of homeostasis. This could be due to base cation 

deposition that is driving trajectories of change that is opposite to soil acidification. The soil 

bacterial communities and the soil properties are resilient to the effects of N and S addition. 

While the soil fungal communities were significantly increased by N and S treatments, note, our 

soil fungi results were based on plating microbial techniques which only represent one aspect of 

the soil fungal community. There was no data collected on the soil fungal diversity, community 

composition, functional gene profiles, and co-occurrence network patterns. Therefore, the 

conclusions on fungal communities are not as definitive when compared to the soil bacteria, 

which exhibited resilience. Based on this research, the risk of soil acidification and N saturation 

caused by N and S deposition is low in this boreal mixedwood forest stand in the AOSR. 

However, further research is needed to help enhance the current understanding of N and S 

deposition in the AOSR. 

 

5.4 Suggestions for future research 

Even though the boreal forest in the AOSR is N limited, the region has some characteristics 

that are susceptible to acidification and N saturation including coarse-textured soils with low 

exchangeable base cations, cation exchange capacity and low buffering capacity (Aherne and 

Shaw 2010, Watmough et al. 2014,Whitfield et al. 2009).  Therefore, continued monitoring in 
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the AOSR and this research site is recommended. It is suggested that yearly soil pH, C:N ratio, N 

emissions and leaching be measured in order to continually assess the N status of the site (Aber 

1992, Bowman et al. 2008,Falkengren-Grerup and Diekman 2002, Gundersen 1998, Laxton et al. 

2010). This ongoing research would help determine critical loads of N and S and the tipping 

point at which N saturation occurs in the AOSR. Additionally, there is a lack of long-term 

acidification and deposition studies in the AOSR, and with N emission rates being predicted to 

increase; this type of research is needed.  

While it has been concluded that soil bacteria are resilient to N and S addition, further 

information is needed on how soil fungal, archaea, and protozoan communities will respond to 

these elevated N and S levels. Stronger conclusions about overall microbial resilience to N and S 

addition could be made if DNA sequencing were conducted on the soil fungi and protozoans in 

these experimental plots. If possible a new deposition experiment should be established in the 

same area, in order to test the initial microbial response to the addition of N and S. If microbial 

response could be tracked on a yearly basis in response to N and S addition it would be possible 

to conclude if the microbes are exhibiting resilience or resistance.  

Further research would allow a greater understanding of the impact of N and S deposition on 

the soil microbial community. It would also be beneficial to once again examine the vegetative 

response to additional years of N and S addition. While the soil in the experimental site is still N 

limited, it is possible that the vegetation has transitioned into alleviation of N limitation after six 

additional years of N and S addition. Additionally, my analysis only involved a gray Luvisol soil 

in a boreal forest ecosystem; therefore these findings need to be tested in other soil types in the 

AOSR and in different ecosystems. There is still some research needed, including the effects of 

long term N and S addition on N cycling and NOx emissions, in order to have a complete 
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understanding of the effects of N and S deposition. The biggest priority should be continuing 

long-term monitoring of this site in order to determine the critical N and S loads for the AOSR. 
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