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bitumen found in Syncrude’s fine tailings (FTFC 1995). Microbes degrade naphthenic 

acids via an aerobic breakdown pathway (Hadwin et al. 2005; Videla 2006). Herman et 

al. (1994) indicated that sediment-associated microorganisms were capable of degrading 

only some naphthenic acids, excluding those with alkyl substitutions on the rings since 

they are more recalcitrant. Laboratory microcosm studies (Nix & Martin 1992; Lai et al. 

1996) indicated that aerobic conditions, moderate temperature and appropriate 

phosphorus concentrations were necessary for significant naphthenic acid degradation to 

occur. Thus, other carbon sources, besides primary production, are present in oil sands 

affected wetlands that may support the microbial community and, potentially, higher 

trophic levels. Anthropogenic carbon sources include bitumen and associated naphthenic 

acids.

Athabasca Wetlands

Twenty to forty percent of the boreal zone of which the oil sands region is a part is 

naturally composed of wetlands (Albert Environment 1998). They include bogs, fens, 

and marshes, with bog and fen peatlands being the characteristic wetland type in this 

boreal forest region. Over 90% of these wetlands are peat forming areas (Oil Sands 

Wetlands Working Group ((OSWWG) 2000). Wetlands are recognized as integral 

components of natural landscapes since they can enhance environmental quality by 

increasing biodiversity, protecting and improving water quality, flood control and carbon 

sequestration (Zedler 2005). In addition, wetlands provide key economic resources and 

heritage values, including values associated with traditional land use (OSSWG 2000).

Extensive disturbance of natural landscapes, including wetland areas, occurs during oil 

sands mining. The area to be mined is deforested. The organic topsoil layer is removed 

and stockpiled for later use in reclamation. Next, the overburden is removed (a layer of 

sand, clay and other materials that may be up to 100 m thick) to expose the underlying oil 

sands. The Environmental Protection and Enhancement Act (EPEA) and the Alberta 

Department of Environment require oil sands operators to reclaim disturbed land to a 

state of equivalent land capability. This means the reclaimed landscape must be able to
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support land uses after reclamation similar to the ability that existed prior to the activities 

conducted on that land, although the land uses will not likely be the same (OSSWG 

2000). The constructed wetlands may evolve towards peatlands, but it will occur over a 

long period (OSWWG 2000) since it took a few thousand years for northern peatlands to 

develop following the end of the last glaciation (Harden et al. 1992). Post-mining 

conditions will not be conductive to the formation of vegetative communities typically 

associated with peatland communities (OSWWG 2000). The presence of salts in oil- 

sands process waters (OSPW), used in wetland construction, will affect the ability of 

some vegetation to colonize these constructed wetlands. Some mosses are unable to 

establish viable communities in areas where saline conditions occur (Vitt et al. 1993). 

Based on these factors, which influence wetland formation and the predicted future 

characteristics of the reclaimed landscape, it is not feasible to reclaim peatlands in the 

short term (OSWWG 2000).

Post-mining landscape reclamation efforts are being implemented following the large 

scale removal of bitumen during oil sands mining of the Athabasca deposit. One 

approach focuses on constructing wetlands and utilizing mining by-products in the 

design. This strategy relies heavily on the ability of aquatic bacteria to metabolize 

hydrocarbon residues in pond water overlying tailings, thereby allowing biological 

colonization to proceed (EVS Consultants 1992). Young OSPW-affected wetlands (those 

3-5 years old) supported fewer families of aquatic invertebrates than equivalent wetlands 

that were unaffected by oil sands mine process materials. Aquatic invertebrate richness 

had become equivalent after 7 years (Leonhardt 2003). This lag possibly represents the 

period of time needed for microbial activity to detoxify naphthenic acids and other 

materials enough to facilitate macrophyte establishment (Cooper 2002) and subsequent 

colonization by zoobenthos (L. Barr, M.Sc., University of Windsor, in prep).

Macrophyte establishment and the food web that depends on macrophytes require a 

suitable organic substrate (Irwin and Best 1985). Therefore, one reclamation tool 

designed to improve constructed wetland quality and speed the successional process is 

the addition of overburden or peat amendments to wetland sediments (Turetsky et al.
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2002). Overburden is composed of surface (<1 m) topsoil, clay and includes vegetation.

It is removed prior to mining so as to expose the oil-rich sands and is stockpiled for later 

use in reclamation (FTFC 1995). Replacement of naturally peat-dominated wetlands 

takes many years (Harden et al. 1992) since the accumulation of organic matter depends 

on hydrological, chemical and biotic factors that result in a decrease in organic matter 

decomposition relative to primary production (OSWWG 2000). Amending constructed 

wetlands with stockpiled overburden is thought to accelerate succession and the 

development of a natural community. Organic matter amendments increase moisture and 

nutrient supply and retention, and provide structure for aiding in vegetation establishment 

(OSSWG 2000).

Thesis Objectives

Several Athabasca oil sands mining partners (Syncrude Canada Ltd., Suncor Energy 

Ltd., Canadian Natural Resources Ltd. and Albian Sands) have worked with a consortium 

of university researchers (University of Alberta, University of Guelph, University of 

Saskatchewan, Univeristy of Waterloo and University of Windsor) to form an integrated, 

collaborative group to improve understanding of the effects of tailings and mine process 

waters on the biological makeup and carbon dynamics of wetland communities. This 

collaborative research initiative is entitled, Carbon flow, Food web dynamics & 

Reclamation strategies in Athabasca oil sands Wetlands (CFRAW; Ciborowski et al. 

2006). CFRAW proposes to document how soft tails and process waters in constructed 

wetlands modify the maturation process leading to natural conditions in a fully reclaimed 

landscape.

This thesis represents part of this collaborative effort to understand energy flow in natural 

and constructed wetlands. The goal of my research is to evaluate microbial activity in a 

suite of young and older, reference and oil sands affected wetlands. More specifically I 

will estimate a) microbial carbon sources using stable isotope analysis, b) microbial 

production, and c) respiration losses (CO2 and CH4 evolution) in wetlands of contrasting 

reclamation type, age and organic base in the Athabasca oil sands region. Overall, this
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research will help to deduce the rate at which carbon moves through the microbial 

compartment by measuring accumulation (production) and by tracking the losses (as 

respiration) that occur during the transfer between compartments. Furthermore, by 

examining stable isotope signatures, we will be able to determine the sources of the 

carbon that contribute to microbial production.

This thesis is composed of 5 chapters. The first chapter (General Introduction) reviews 

background information relevant to the study. The review includes the concept of the 

microbial component of the food web, its pertinence to aquatic ecosystems and relevance 

in this study. An overview of the oil sands mining process is given, followed by wetland 

reclamation strategies. Chapter 2 focuses on ascertaining the dominant energy sources 

used by the microbial community in wetlands of contrasting physico-chemical properties. 

In Chapter 3 ,1 quantify secondary production of pelagic microorganisms inhabiting 

constructed wetlands. Chapter 4 focuses on quantifying carbon losses through microbial 

respiration. Chapter 5 is a discussion that synthesizes the pertinent conclusions drawn in 

chapters 2, 3 and 4. This discussion assesses variation among wetlands in the sources of 

energy at the base of the aquatic food web, the rate of carbon loss from the microbial 

food web and the relative contribution of microbial biomass to higher trophic organisms. 

The chapter concludes with a theoretical assessment of the likely effectiveness of existing 

reclamations strategies from a microbial perspective and makes recommendations for 

future research needed to resolve present uncertainties.
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CHAPTER II:
DETERMING ENERGY FLOW AND TROPHIC STRUCTURE IN THE 

MICROBIAL COMMUNITY OF CONSTRUCTED WETLANDS: A STABLE
ISOTOPE APPROACH

Abstract

Reclamation efforts are being implemented following the large scale removal of bitumen 

during oil sands mining of the Athabasca Basin in northeastern Alberta, Canada. One 

approach focuses on constructing wetlands, an integral component of the natural 

landscape, and utilizing mining by-products in the design. Adding peat amendments is 

one strategy believed to improve wetland quality. Analyzing stable isotope signatures of 

microbial biofilms was used to monitor microbial assimilation of carbon sources of 

natural and anthropogenic origins in oil sands-affected constructed wetlands and to link 

microbial processes to trophic levels higher in the aquatic food web. Stable carbon and 

nitrogen isotopic composition of samples of microbial biofilm, phytoplankton, 

metaphyton, macrophytes, sediment, and dissolved inorganic carbon (DIC) were 

determined in 9 wetlands of varying ages and physico-chemical properties. Stable 

isotope compositions of dissolved organic carbon (DOC) and macroinvertebrates derived 

from previous studies in the same wetlands were also incorporated into this extensive 

food web study. A concentration-weighted linear stable isotope mixing model was used 

to estimate the proportions of 3 potential carbon sources (primary production, sediment, 

and oil sands mine-process material sources) assimilated in the microbial community in 

oil sands constructed wetlands. The concentration-weighted stable isotope mixing model 

produced credible results in most of the OSPM-affected wetlands (Test Pond 9, 4-m CT 

Wetland and Natural Wetland) since the composition of microbial biofilm (mixture) 

carbon fell within the triangular space enclosed by lines connecting the 3 potential carbon 

sources. According to the mixing model the calculated proportions of carbon assimilated 

in microbial biofilm from OSPM-affected wetlands, Test Pond 9, 4-m CT Wetland and 

Natural Wetland were 68%, 62% and 97% petroleum, confirming that carbon sources of 

mine-process origin (OSPM) were incorporated into microbial biomass in OSPM- 

affected wetlands. Results from all the reference wetlands were problematic since a plot 

of constituent carbon sources for microbial biofilm fell outside of the mixing triangle,
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implying nonsensical negative biomass estimates for one carbon source of either primary 

production, anthropogenic or sediment carbon origin. Mean±SD microbial biofilm 815N 

values in all reference wetlands (-4.08±1.4 to -0.10±0.7%c) were more negative than any 

of their potential sources (2.63±0.05 to 12.12+0.01%C) indicating that a nitrogen source 

common to reference wetlands may have been overlooked or that nitrification may play 

an important role in nitrogen dynamics in reference wetlands. Mean±SD 813C 

measurements of DIC (-9.3±0.2 to -0.6±0.4%c) indicate that a significant amount of DIC 

originated from microbial respiration and organic matter decomposition. S15N enriched 

values (3.23±1.56 to 11.63±5.95%c) characteristic of volatization and denitrification were 

quantified in microbes and other wetland biota in OSPM-affected constructed wetlands. 

The 815N enrichment appears to be the result of nitrogenous compounds introduced via 

either the bitumen extraction process or wastewater effluent disposal into mine process 

waters, which would later be used in wetland construction. Evidence was found for the 

transfer of carbon and nitrogen assimilated by microbes to higher trophic-level organisms 

(small chironomids and Daphnia). Microbial assimilation of petroleum indicates that 

OSPM-associated carbon sources can fuel the microbial component of the food web in oil 

sands constructed wetlands and the potential exists for this carbon to support higher 

trophic levels.

Introduction

Defining major energy flows is critical in understanding the effects of oil sands processed 

material (OSPM) and reclamation treatments on aquatic food web dynamics. This 

information will elucidate the importance of primary production, dissolved inorganic 

carbon (DIC), a reclamation treatment (peat amendment), and petroleum in constructed 

wetlands. For the purpose of this thesis, petroleum refers to bitumen and naphthenic 

acids (NAs). Additionally, since petroleum constituents are made up of hydrocarbons, 

some which may be toxic to biota (MacKinnon and Boerger 1986; Lai et al. 1996; Rogers 

et al. 2002; Dixon et al. 2003) but are a potential source of assimilable carbon (Herman et 

al. 1994, Holowenko et al. 2002, Lai et al. 1996), it is especially important to be able to
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assess the bioavailability of these materials and their potential for incorporation into the 

food web.

Both stable carbon (813C) and nitrogen (515N) isotopes have been used extensively to 

study elemental cycling and food chain structure (DeNiro and Epstein 1978; DeNiro and 

Epstein 1981; France and Schlaepfer 2000; Mitchell et al. 1996; Peterson & Fry, 1987). 

Some studies have used stable isotopes to examine the effects of anthropogenic materials 

on the aquatic food web. Coffin et al. (1997) examined bacterial, algal and consumer 

organism assimilation of fertilizer nitrogen and oil following the Exxon Valdez oil spill 

in Prince William Sound, Alaska using stable carbon (S13C) and nitrogen (815N) isotopes. 

Lake et al. (2001) examined trophic position in fish and mussels affected by residential 

development in Rhode Island, USA using stable nitrogen isotope ratios (815N). Way land 

and Hobson (2001) traced the movement of nutrients from sewage and pulp-mill effluent 

in algae, insects and tree swallows in Alberta and Saskatchewan rivers using ratios of 

stable carbon (813C), nitrogen (S15N) and sulfur (834S) isotopes. These studies 

demonstrate the value of using stable isotopes to trace natural and anthropogenic carbon 

and nitrogen sources into aquatic food webs.

Recently, new approaches have made it possible to elucidate the importance of primary 

production, detritus and anthropogenic sources of organic matter to pelagic bacterial 

production (Coffin et al. 1989, 1990; Kelly et al. 1998; Kritzberg et al. 2004). Stable 

carbon isotope values of bacteria were determined using bacterial concentrates 

(bioassays) that were grown in 0 .2-pm filtered water samples for short-term incubations 

(Coffin et al. 1989). Subsequent research developed the extraction of nucleic acids from 

concentrated particulate organic matter in the water column for S13C analysis of bacteria 

(Coffin et al. 1990). Values of bacterial 813C measured by the bioassay technique were 

similar to the nucleic acid extraction method (Coffin et al. 1990) and thus the bioassay 

method has been subsequently used by other researchers (Cifuentes et al. 1996; Kelley et 

al. 1998; Kritzberg et al. 2004). Complementing these isotopic approaches for examining 

bacteria are analytical methods for measuring 813C values for dissolved inorganic carbon 

(Miyajima et al. 1995). With these methods the fate of carbon and energy can be traced
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through the bacterial community. This study aims to improve methodology for stable 

isotope analysis of bacterial communities in aquatic environments by presenting a novel 

approach for studying carbon flow dynamics in microbial biofilm.

In nature, populations of microbial cells live and interact with other populations of cells 

in microbial communities. These communities may consist of free-swimming cells in 

aquatic environments, but often form biofilms on living or nonliving surfaces (Madigan 

et al. 2003). Sigee (2005) defined a biofilm as “a community of microorganisms which is 

attached to an exposed surface.” Jackson et al. (2001) defined biofilms in natural waters 

as “complex heterogeneous structures composed of bacteria, algae, and other 

microorganisms within an intracellular matrix.” In natural waters, the majority of 

bacteria in freshwater are found growing as biofilms on the surfaces of submerged 

substrata, such as macrophytes and sediment (Jackson et al. 2001). Microbes rapidly 

colonize substrates. When a surface is submerged it immediately becomes available to 

the microbial community, which usually colonizes the substrate within hours (Costerton 

et al. 1987). For the purpose of this study, biofilm refers to a community dominated by 

heterotrophic bacteria and excluding photosynthetic microorganisms.

Stable Isotope Mixing Model

Stable isotopes act as natural labels by integrating the contributions of multiple sources to 

a mixture (Phillips and Koch 2002). For example, stable isotope analysis is commonly 

used to elucidate the relative contributions of different food sources to a consumer 

(Hobson 1999). Isotopic ratios are determined for a consumer and each of its potential 

food sources (Phillips 2001). The similarity of the ratios between the consumer and 

individual food sources (after correcting for fractionation caused by digestion and 

assimilation) represents the relative importance of each source to the consumer’s diet 

(DeNiro and Epstein 1978). A concentration-weighted linear mixing model, “assumes 

that for each element [i.e. C or N], a source’s contribution is proportional to the 

contributed mass times the elemental concentration in that source (Phillips and Koch 

2002).” This model is appropriate for scenarios where elemental concentrations vary 

substantially among sources (Phillips and Koch 2002). Simultaneous use of two isotopes
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(i.e. 513C and 515N) allows the contributions of three sources to be estimated (Phillips and 

Koch 2002). The approach works only if all important dietary sources have been 

measured and if there are no more than three important sources (Phillips and 2002). The 

method is most effective when food sources differ substantially in isotopic composition, 

but show low variance (Phillips and Gregg 2001). A key assumption in this model is that 

C and N isotopes from all carbon sources are completely homogenized into the 

consumer’s body before biomass is synthesized (Phillips and Koch 2002). Finally, in a 

bivariate plot of the two isotopes of interest, the composition of the mixture must fall 

within the triangular area created by drawing lines that connect the points representing 

the three food sources. Failure of the mixture’s signature to fall within the mixing 

triangle indicates that either: (1) an important source was overlooked, (2) an incorrect 

stable isotope value was used, or (3) a mixing model assumption was violated (Phillips 

and Koch 2002).

This study reports on the use of stable isotopes to monitor microbial assimilation of 

carbon in oil sands constructed wetlands and to link microbial processes to higher trophic 

levels in the aquatic food web. The objectives were to: (1) examine microbial 

assimilation of primary production, sediment organic matter (SOM), DIC, DOC and 

petroleum in oil sands constructed wetlands; (2) determine the dominant carbon and 

nitrogen sources assimilated by microbial communities; (3) assess if petroleum could be 

assimilated by microbes and, thus be potentially available to higher trophic-level 

organisms; (4) determine the effectiveness of a new approach which examines carbon 

flow dynamics in microbial communities; and (5) to examine the contrast in microbial 

carbon dynamics between young vs. older wetlands, those with and without additional 

peat materials, and the nature of materials between reference and OSPM-affected 

wetlands.
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Materials and Methods

Site Description

Fort McMurray (56.66° N 111.21° W), Alberta, is the location of two of the largest oil 

sands mining and refinery operations in the world, Suncor Energy Inc. and Syncrude 

Canada Ltd. (Fig. 2.1). Significant growth is expected within the oil sand industry, with 

mines created by companies such as Albian Sands and Canadian Natural Resources Ltd., 

becoming newly established. Companies are removing the oil sands using open-pit 

mining operations (Fedorak et al. 2002). By the year 2023, mined areas are expected to 

exceed 1,406 km2 (Cooper and Lee 2003). Wetlands are expected to make up 20 to 40 

percent of the final reclamation landscape in the Athabasca oil sands area.

The Fort McMurray region is located in the Central Mixed Wood Natural Subregion and 

is rich in biological and geological diversity (Vitt et al. 1996). The area is covered by 

mixed spruce forests and bogs and fens, which make up a significant component of the 

landscape (Vitt 1996). Generally, the terrain is composed of flat to rolling composites of 

clay till to alluvial sands. The diverse area is appropriate for various wildlife habitats 

(CEMA 2003). The climate is boreal cold temperate (Mulligan and Gignac 2001).

Study Design

This project assessed several classes of ‘constructed’ wetland defined a priori and 

differing in reclamation type (reference vs. oil sands mine-process material affected), age 

(young vs. older), and organic base (poor vs. rich) (Table 2.1). Oil sands mine-process 

material affected (OSPM) wetlands were constructed utilizing tailings and/or process 

waters. For the purpose of this study, oil sands process material (OSPM) refers to fine 

tailings and process water that was released during the sedimentation of CT and MFT. 

The 4m-CT wetland was constructed with CT and sand sediments and capped with 

process waters. Natural Wetland, Mike’s Pond, and Test Pond 9 were capped with or 

receive input from process waters (Appendix 2.1 -  Wetland Formation). All wetlands
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Figure 2 .1 -  Map showing the location of the Athatbasca oil sands deposit near Fort 

McMurray, Alberta (modified from http://images. google.com/).
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occurred within the lease areas of a mining company in areas that had previously been 

mined. Reference wetlands formed in either natural or excavated depressions, but 

received minimal oil sands mining effluent. One control wetland was also included in the 

study. The control was a beaver pond formed in a stream channel that existed on the 

mining lease site prior to mining companies’ establishment. It showed no evidence of 

being affected by oil sands development activity.

The substrates of some constructed wetlands were augmented with a 30-cm thick layer of 

topsoil materials (“peat”) that had been collected and stockpiled during the development 

phase of the mine. Such wetlands were considered to have a “rich organic base”. Those 

built on a clay base but receiving process water (rich in salts and naphthenic acids) were 

on a ‘poor organic base’. Wetlands aged less than 7 years were considered “young 

wetlands”. Wetlands aged 7 years or older and ranging up to approximately 30 years 

were designated “older wetlands”. The age distinction was based on previous work by 

Leonhardt (2003) who determined that zoobenthic richness and abundance reached 

asymptotes in reference wetlands aged 5 years and older. Richness, but not abundance, 

was significantly lower in young OSPM affected wetlands than in equally young 

reference wetlands. After examining additional zoobenthic community data from the 

same wetlands (Whelley 1999) a more conservative value was chosen, 7 years, to 

distinguish between age classes.

Water chemistry parameters in the study wetlands during July 2005 ranged from 7.6 to 

9.1 for pH, 245 to 4,660 pS for electrical conductivity, 0.1 to 2.5 ppt for salinity, 16.1 to 

20.4 °C for temperature and 5.3 to 11.5 mol/L for DO (Appendix 2.2). NAs 

measurements ranged from 1.2 to 30.9 mg/L (Appendix 2.5).

Field Sampling Protocol

An attempt was made to ascertain the 513C and 815N values of microbial communities in 

Fort McMurray wetlands by isolating the microbial component by filtering 3-L microbial 

bioassays on GF/F filters as described by Coffin et al. (1989). The quantity of microbial
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TABLE 2.1: Wetland Classification Scheme

Wetland Code Status Age
Category

Organic
Base

Lease
Area

Age
in
2004

Surface
Area
(m.2)

Approx.
Water
Depth
(m)

Oil Sand
Process
Material

Current
Substrate
Characteristics

Mike’s Pond MP OSPM Young Poor Syncrude 12 3.5 Process
Water

Silty-clay

4m
Consolidated 
Tailings 
Demonstratio 
n Pond

4-mCT OSPM Young Rich Suncor 7 0.5 CT and 
process 
water

Peat surface 
layer above CT 
& sand mixture

Test Pond 9 TP9 OSPM Older Poor Syncrude 11 *0.7 Process
Water

Clay

Natural
Wetland

NW OSPM Older Rich Suncor 18 12,700 0.6 Process
Water

Silty/Sandy 
sediment with 
large organic 
component

Canadian 
Natural 
Resources 
Ltd. Wetland

CNRL Reference Young Poor CNRL 0 -7,500 0.7 N/A Sand

Peat Pond PP Reference Young Rich Syncrude 3 *0.7 N/A Peat
Shallow
Wetland

SW Reference Older Poor Syncrude 12 0.6 N/A Clay with fine 
detritus surface 
layer

High Sulphate HS Reference Older Rich Suncor 20 2,193 0.6 N/A Silty-sandy 
sediment with 
large organic 
component

South West 
Sands Beaver 
Pond 
(Control)

BP Control Older Rich Syncrude 0.7 N/A Clay with detrital 
component

* Maximum depth in this pond was somewhat deeper; however, measurement refers to sampling depth near shoreline. 
Blank = unknown/not measured
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carbon and nitrogen was below detection limits, which implies that the microbial 

component (<1 pm) was either not prevalent, was associated with larger particles or the 

microbial stable C and N isotopic values were diluted by the GF/F filters. This failed 

pilot study in 2004 led to the development of the biofilm technique later implemented in 

2005.

(a) Biofilm Collection:

A series of polyvinyl pipes designed to collect heterotrophic microbial biofilm was driven 

into the wetland substrate to extend up into the water column. The pipes were 

constructed so as to allow water flow around pipes, thereby facilitating the attachment of 

free-floating microbes and development of a biofilm. However, the pipes were also 

constructed so as to eliminate sunlight and hence development of photosynthetic 

microbial populations.

A 180-m long section was marked along the shoreline perimeter of each of the 9 study 

wetlands. Five locations were selected along the marked shoreline with reference to a 

random number table. At each location a series of 3, 1-m long polyvinyl chloride (PVC) 

and corrugated metal pipes was installed in the submergent zone (0.5-1 m water depth) 

(Fig. 2.2). A 3.8-cm outer diameter PVC pipe was surrounded by a 7.6-cm outer 

diameter PVC pipe with holes along the long axis. Then a 12.7-cm outer diameter metal 

corrugated pipe with holes along the long axis was placed around both pipes. The holes 

in the exterior two pipes allowed water to circulate while preventing sunlight from 

penetrating to the interior 1.5” pipe, hence inhibiting the development of photosynthetic 

microbial populations. An opaque black plastic cap covered the surface of the pipes, also 

omitting light. The pipe design allowed colonization of heterotrophic microbes, while 

inhibiting autotrophic microbial establishment.

Pipes were installed in the wetlands between July 4 and 13, 2005. They were left in situ 

for 30 - 35 d, and biofilm was harvested between August 8 and 11, 2005. Biofilm was 

separated into “subsurface” and “epibenthic”. Subsurface biofilm was collected from the
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Figure 2.2 -  Diagram illustrating (a) the plan view and (b) the profile view of the pipe design for collecting heterotrophic 
microbial biofdm. (c) A photograph of the set up.
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top 15 cm of the submerged portion of the 3.8-cm pipe. Epibenthic biofilm was collected 

from the bottom 15 cm of the submerged portion of the 3.8-cm pipe, near the sediment 

water interface. Biofilm was scraped off of the innermost 3.8-cm pipe using vinyl gloved 

fingers. Gloves were changed after each sample collection. The biofilm was transferred 

to 15-mL polypropylene tubes and remained in a cooler on ice for less than 2 h before 

being stored in the laboratory freezer at -4°C. The samples remained frozen until their 

preparation for stable isotope analysis.

Additional biofilm was scraped from docks and buoys that had been in place for several 

years in Test Pond 9 and Peat Pond at the surface of the water column. This mature 

biofilm contained both heterotrophic and autotrophic microbes and would be compared to 

young heterotrophic biofilm collected from pipes.

All potential microbial carbon sources were collected between June 28th and August 4th, 

2005. Duplicate samples of algae (metaphyton), sediment, and particulate organic matter 

(POM) were collected from each wetland. All observed emergent and submergent 

macrophytes, including live stems and leaves, were collected and identified for each 

wetland. For each macrophyte species, several individuals were collected within a 

wetland and pooled together for analyses. Floating algae was scooped up from the 

surface of the water column using a sieve (180pm). A 6-cm diameter tube was used to 

collect the top 10 cm of wetland sediment. Sediment represents detrital carbon 

accumulating in the sediment from all sources (i.e., allochthonous inputs, decomposing 

macrophytes and phytoplankton). Petroleum (i.e. bitumen) was scraped from the surface 

of rocks and sediment (clay) in Test Pond 9. All macrophytes, algae, sediment and 

petroleum were stored in plastic bags and remained in a cooler on ice prior to storage in 

the laboratory freezer at -4°C. Macrophytes and algae were rinsed in distilled water prior 

to freezer storage. Suspended particulate organic matter was used as a proxy for stable 

carbon and nitrogen isotope values in phytoplankton, as the phytoplankton cannot easily 

be separated from other components of the particulate organic matter (Coffin et al. 1997). 

Phytoplankton was collected from wetlands by filtering aliquots of up to 20 L of water on
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47- mm diameter glass fiber filter (Whatman GF/C, ashed at 500°C for 4h). The filters 

were frozen immediately and stored at -4°C.

(b) Dissolved Inorganic Carbon

Total dissolved inorganic carbon (XCO2) was determined from wetland water samples 

using a headspace method combined with GC/C/IRMS (gas chromatograph/combustion 

fumace/isotope-ratio mass spectrometer) described by Miyajima et al. (1995). Water 

samples were collected in airtight glass serum bottles (inner volume 125 mL) between 

June 24 and July 8, 2005 from 10 cm below the surface in the submergent aquatic plant 

zone (0.5-1 m depth) at 3 randomly selected locations. Each bottle was sealed with a 

rubber septum and contained no air bubbles. Samples were immediately transported back 

to the lab, usually within lh  after collection. A head space was created inside each 

sample at constant temperature (23°C) by removing 10 mL of water with a 60-mL gas- 

tight plastic syringe while the same volume of ultrapure helium gas was injected into the 

serum bottle with a different 60-mL gas-tight syringe (Fig. 2.3). The sample was then 

acidified with 6.0 N C02 -free HC1 solution (final concentration 50 mM), which was 

injected via syringe into the serum bottle and thoroughly mixed by vigorous hand 

shaking. Final concentration (50 mM) was sufficient to quantitatively convert all 

carbonate and bicarbonate anions into aqueous CO2. Subsamples of water were removed 

to confirm that samples were sufficiently acidified to achieve pH 2. C02-free HC1 

solution was prepared by bubbling ultrapure helium gas through a 6.0 N HC1 solution for 

at least 3 h. Sample bottles were left upside down in the dark for 48 h, during which time 

the aqueous CO2 gradually equilibrated with the headspace gas. The sample bottles 

required storage prior to analysis, and so 0.5 mL of 10% HgCl2 solution was injected into 

each bottle as a fixative, while the same volume of sample water was removed with 

another syringe. Sample bottle tops were covered with paraffin and electrical tape to 

prevent diffusion of atmospheric CO2 through the septa.
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Figure 2.3 -  Withdrawing a portion of wetland water and replacing with ultrapure helium 

using gas-tight syringes.
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Measurements of temperature (°C), pH, dissolved oxygen concentration (DO) (mg/L), 

salinity (ppt) and conductivity (pS) were taken simultaneously with stable isotope sample 

collection.

Stable Isotope Analysis

The materials analyzed for stable isotope signatures included microbial biofilm, 

macrophytes, sediments, phytoplankton, algae, petroleum and XCO2. In the laboratory 

all biomass samples, were dried (60°C) for 48 h, ground into powder using a mortar and 

pestle, and were stored in glass vials prior to isotopic analysis. The organic portion of 

macrophytes, algae and sediment was isolated by acidifying samples with 0.5 M HC1 to 

remove carbonates and then redrying at 60°C for 48 h. The HC1 procedure was repeated 

once for all samples. If bubbles were visible in samples during the second HC1 treatment, 

an additional treatment was applied to select samples until no bubbles were present. 

Aliquot portions (1-30 mg dry mass) of the samples were placed in tin cups.

Biomass and XCCF samples were sent to the University of Waterloo isotope facility for 

analyses. Microbial biofilm, macrophytes, sediments, phytoplankton, algae, and 

petroleum samples were analyzed isotopically for 813C or 815N and for %C and %N using 

an Isochrom Continuous Flow Stable Isotope Mass Spectrometer (Micromass) coupled to 

a Carlo Erba Elemental Analyzer (CHNS-0 EA1108) that converts carbon and nitrogen 

to CO2 and N2 gas for mass spectral analysis. XCO2 samples were analyzed isotopically 

for S13C of CO2 using the same Isochrom Continuous Flow Stable Isotope Mass 

Spectrometer.

Stable carbon and nitrogen isotope ratios are reported according to the standard formula:

8X = [(Rsample/ Rstandard) — 1] X 10 , per mil,

where 8X is either 813C or 815N and R is either 13C/ 12C or 15N/ 14N. All values were 

reported relative to the conventional Pee Dee Belemnite standard (PDB). Results were
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corrected using internal lab reference materials (nitrogen standards: ammonium sulphate; 

carbon standards: sugar, cellulose and graphite) corrected using international standards. 

Increase in 8 value indicates that a sample is enriched in the heavier isotope relative to 

the PDB standard and a decrease in 8 value indicates the sample is depleted in the heavier
1C

isotope. The analytical precision of the measurement for 8 C and 8 N was ±0.2%o and 

±0.3%o, respectively.

Stable Isotope Mixing Model

11 1C

Two isotopic signatures, 8 C and 8 N, were used to determine the proportional 

contributions of three sources (X, Y, Z) to a mixture (M), microbial biofilm, in each 

constructed wetlands (n = 9) (Phillips and Koch 2002). Let fx,B, fy.B, and fz>B represent 

the fractions of assimilated biomass (B subscript) of sources X,Y, and Z, in microbial 

biofilm. Then let fx,c, f y . c ,  fz,c, f x , N ,  1 ' y . n ,  and f z ,N  similarly represent the fractions of 

assimilated C (C subscript) or N (N subscript) of the individual sources in the mixture. 

Mass balance equations are as follows:

$13Cm= fx,c813Cx’ + tV,c813CY’+ fz,c813Cz’ (1)
8 1 5N m =  fx,N815N x ’ +  fY,N815N v ’+  fz,NS15N z ’ (2)

where 813CX and S15NX represent the C and N isotopic signatures for source X, and 

similarly for sources Y and Z and the mixture M. Isotopic signatures for the sources have 

been corrected for trophic fractionation as designated by the prime (’) symbol. The 

source fractional contributions for C, N and biomass are constrained to sum to 1:

1 = fx c + fY c + fz c (3)
1 = fx N̂, fY,N, and fz,N (4)
1 = fX,B + fy,B + fz,B (5)

The model assumes that for each element, the contribution of a food source to a consumer 

is proportional to the assimilated biomass times the elemental concentration in that 

source. So, letting [C]x, [C]y, [C]z, [N]x, [N]y, and [N]z represent the C and N 

concentrations in food sources X,Y and Z, then:
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Fx,c = __________ fxRfClx_________ (6)
fx,B[C]x + fY,B[C]y + fz,B[C]z

Fy,C = ___________ fy r[C1y________   (7)
fx,B[C]x + fy,B[C]Y + fz,B[C]z

Fz,c = __________ IVrIC I/_________ (8)
fx,B[C]x + fy.B[C]Y + fz,B[C]z

The latter equation (equation 8) is not independent of the previous equations, 6 and 7,

because fz,c is completely dependent on the values of fx.c and fy,c and can be determined

by subtraction. Likewise for N:

Fx,n = __________ fx.RiNlx_________  (9)
fx,B[N]x + fy,B[N]y + fz,B[N]z

Fy,N = __________ fy rTNIy_________  (10)
fx,B[N]x + fy,B[N]y + fz,B[N]z

Fz,n = __________ fz rTNIz_________ (11)
fx,B[N]x + fy,B[N]Y + fZ;B[N]z

As was the case for C, the later equation (equation 11) is not independent of the previous 

two equations because f z ,N  is completely dependent on the values of f x , N  and f Y jN  and can 

be determined by subtraction.

Equations 1-7 and 9, 10 represent a set of 9 independent equations in 9 unknowns (the f 

variables). This can be reduced to a set of 3 equations to solve for the source fractional 

contributions for assimilated biomass (fx,B, fy,B, and fz,B), which can be substituted into 

the original equations to calculate the source contributions for C and N. Substituting 

equation 6-8 into equation 1 and rearranging terms yields:

(513C’x - 513Cm) [C]xfx,B + (513C’y - S13CM) [ C ^ b  + (813C’Z - 813CM) [C]zfz,B = 0 (12) 

Similarly, substituting equations 9, 10,11 into equation 2 and rearranging terms gives:

(813N’x - S13Nm) [N ]xfx.B + (813N ’y - 813NM) [N ]YfY,B + (813N’Z - 813NM) [N ]zfz,B = 0 (13)
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Reiterating equation 9:

fx,B +  fy,B +  fz,B = 1 (14)

gives a system of three equation (12-14) in three unknowns (fx,B, fy,B, and fz,B). In 

matrix algebra notation equations 12-14 can be written:

AF=B

(813C’x - 51jCm) [Cx] (5,jC’y - S1JCM) [CY]• 13 13, • 13,

(813N ’x - 81jNm) [Nx] (8 k,N ’y - 813NM) [NY]; 13- 13-. ; 13»

1 1

(813C’z - 813Cm) [Cz] 
(813N’z - 813Nm) [Nz] 

1

B =

To solve for f x ,B , fY,B, and f z ,B (vector F), both sides of the matrix equation are pre

multiplied by the inverse of A to give: F=A_1B. These values for fx,B, fY,B, f z ,B  can then 

be inserted into equation 6 , 7 and 8 to solve for fx,c> fy,c and fz,c, and in equations 9, 10 

and 11 to solve for fx.N, fy,N, and fz,N-

A computer program (IsoSource) was used to perform these calculations and produce 

dietary mixing triangle graphs (Fig. 2.4) and was available at 

http://www.epa.gov/wed/pages/models/stableIsotopes/isotopes.htm.

A surplus of sources is commonly found in environmental studies using stable isotope 

analysis (Phillips et al. 2005). One common method of dealing with stable isotope
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mixing model limitations for systems with more than 2 or 3 sources is to assume that 

source signatures that are closest to (i.e., most similar to) the mixture provide the greatest 

contribution (Phillips and Gregg 2003) and to omit sources that do not contribute 

significantly to the mixing model (Phillips and Newsome 2005). Another approach is to 

combine sources to simplify the analysis and estimate source contribution (Phillips and 

Newsome 2005). The sources must be logically related (Phillips and Newsome 2005).

Multiple primary production items (macrophytes, phytoplankton and metaphyton) were 

pooled together within a wetland to fit the two isotope-three source mixing model. All
IT 1 Simacrophytes were pooled within a wetland. In some cases, 8 C and 8 N values for 

macrophytes were pooled with metaphyton and/or phytoplankton when mean macrophyte 

813C and 815N values were similar to mean metaphyton and/or phytoplankton 813C and 

815N. One example where primary production items were analyzed separately in the 

stable isotope mixing model was in Peat Pond. An algae bloom was observed in Peat 

Pond during July 2005. The algae had a distinctive rod shape (~ 5mm x 1mm) and stable 

isotopic signatures (S13C -31.12; 815N 2.82) that were also distinct from macrophytes, 

metaphyton and phytoplankton (filtered to exclude the rods) (813C -24.32±5.47; 815N 

6.29±2.10) (Table 2.2). In the stable isotope analysis the distinct algae, herein referred to 

as “rod algae”, was analyzed as a separate carbon source from the pooled macrophytes, 

metaphyton and phytoplankton.

Petroleum was a potential source for the microbial community in OSPM-affected 

wetlands only. In some cases, sediment could not be used in the mixing model as a 

potential source of carbon to the microbial community since the total nitrogen percentage 

in sediments was below detection level (CNRL, MP and Natural Wetland). In those 

cases, sediment would unlikely be a potential carbon source since nutrient levels in 

sediment were low. In some cases it may have been more appropriate to separate some 

primary production items. For example, stable carbon isotopic values of emergent and 

submergent vegetation were significantly different in some wetlands (see below). 

However, mixing model applications are limited to solving contributions of n+1 sources 

when n isotopes are used (Phillips 2001). To increase the number of potential carbon
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