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A Note to Readers 

This report documents a mesocosm-based experiment which was executed from May 2017 through 
September 2018. This study was designed with input and funding from the COSIA (Canadian Oil Sands 
Innovation Alliance) DPL (Demonstration Pit Lake) JIP (Joint Industry Project), which includes 
participation by the following oil sand mining operators: Canadian Natural Resources Limited (CNRL), 
Imperial Oil, Suncor Energy, Syncrude, and Teck. The 2018 project was championed by Suncor, however, 
InnoTech Alberta had a contractual relationship first with Shell, and then with CNRL, who each funded 
and championed the project during their respective tenures.  It is understood that all DPL participants 
contributed equally with respect to technical and financial support under the governances of a COSIA 
Joint Industry Project.  

This project was conceived as an extension of the 2017 project, which was the first in a series of 
studies slated to run until December of 2021. During that period, the DPL will have the right of first 
refusal for use of the InnoTech Alberta aquatic mesocosm facility. Mesocosm-based studies undertaken 
during this period are expected to use tailings, process water, or other materials from a number of 
different oil sand mining operators.  

This report on the aquatic mesocosm study in 2018 -is an extension of the 2017 study – and so it 
follows a very similar outline and analytical approach to the report on the 2017 study (Davies 2018).  
However, any similarities to the 2017 report that have not been cited are unintended and unintentional. 

Within this report the words “appear” and “significance” are used with specific meanings. The term 
“significance”, and its derivatives, indicates a relationship or test is statistically significant at α=0.05. A 
lack of significance does not necessarily denote a lack of effect; rather, it may reflect an effect that is 
present but too small to detect (at α =0.05) given the degree of replication and variance of the data. 
Conversely, “appear” and its derivatives should be read as signifying the perception of the author 
irrespective of statistical support. The 2017 – 2018 study was conceived as a screening project where 
one of the goals was to generate hypotheses for future testing and as such, perceived trends or patterns 
are noted to inform these hypotheses. 
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Executive Summary 
In the spring of 2017, a mesocosm study funded by Canada’s Oil Sands Innovation Alliance’s (COSIA) 

Demonstration Pit Lake (DPL) Joint Industry Project (JIP), was undertaken at InnoTech Alberta’s Aquatic 
Mesocosm facility in Vegreville, AB to support the development of end pit lake (EPL) technology.  This 
study was continued over the winter (a unique capability of the facility) and ended in the Fall of 2018.  
Mesocosm studies present an important progression between laboratory testing and full-scale 
implementation to de-risk factors unforeseeable at the laboratory scale and financially prohibitive at 
field scale.   

This study utilized thirty 15,000 L mesocosms, simplified and replicated aquatic ecosystems, which 
had been designed and constructed by InnoTech Alberta in 2016. The mesocosms were exposed to 
OSPW (Oil Sands Process affected Water) and dFFT (densified Fluid Fine Tails) in late May of 2017, 
followed by four months of data and sample collection.  The project was overwintered in place and 
monitoring/sampling continued in 2018 as in 2017, with some additional parameters (chlorophyll, 
phytoplankton coverage and acute Daphnia toxicity) and modifications to the sampling schedule to 
capture the widest open-water sampling period possible.  The mesocosms were decommissioned in 
October 2018 so a refined study could be conducted the following year. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mid-season 2018 image of 15,000 L aquatic mesocosm showing common internal configuration 
(shelves, floating plant socks, installed and adventitious vegetation) 

 
The study design was a partial factorial with three controls, four levels (0, 25, 50 and 100%) OSPW 

installed with dFFT, only dFFT and only 50% OSPW.  This project had two objectives (1) test the new 
facility and how the mesocosms behave in different configurations and (2) to investigate the chemical, 
biological and physical effects of OSPW and dFFT on aquatic ecosystems.   No material additions were 
made to the mesocosms (with the exception of installed plants in 2018) after the initial material 
installation.  A broad range of chemical, physical and ecological parameters were measured to test 
hypotheses regarding configurations (CTRLs) and whether OSPW and dFFT would have an effect on 
these parameters (and if that effect would be fleeting or chronic).  In addition, hypotheses that OSPW 
concentration with dFFT and interaction of OSPW and dFFT were tested.   
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Experimental 
group* OSPW content Sediment Installed 

plant status 
Number of 

mesocosms (n) 
CTRL 1 0% Unconditioned Topsoil (20 cm) Present 6 
CTRL 2 0% None Present 6 
CTRL 3 0% None Absent 3 
TRMT 1 0% dFFT (20 cm) Present 3 
TRMT 2 25% dFFT (20 cm) Present 3 
TRMT 3 50% dFFT (20 cm) Present 3 
TRMT 4 100% dFFT (20 cm) Present 3 
TRMT 5 50% None Present 3 
Total of 8 Experimental Groups  30 

 
In controls, the presence of soil was associated with increased turbidity, hardness, total dissolved 

solids on some dates in 2017.  Dissolved oxygen was elevated in the presence of soil, compared to the 
other controls, as was specific conductivity.  Soil presence also resulted in the mesocosms being more 
susceptible to colonization by adventitious vegetation, observed growing at the soil-water interface.  
Where plants were absent, the dissolved oxygen levels showed greater diel fluctuations. 

In 2017, the presence of OSPW in the mesocosms was associated with increases in conductivity, 
turbidity, and various elements and compounds while concurrent decreases were observed in dissolved 
oxygen, water temperature at depth, and calcium. For the most part, the physiochemical effects of 
OSPW decreased over time. The presence of OSPW reduced the richness of the macroinvertebrate 
community while reducing the diversity (Shannon-Wiener) of the zooplankton community. Submerged 
vegetation was also negatively impacted by OSPW; C. demersum did not survive in mesocosms 
containing 50% or 100% OSPW by volume. Colonization of the bottom of the mesocosms with 
adventitious vegetation, while common in the control mesocosms, did not occur in mesocosms 
containing OSPW or dFFT. Conversely, the presence of OSPW and dFFT had a small stimulatory effect on 
the growth of emergent vegetation (T. latifolia and C. aquatilis). The acute toxicity of mesocosm water, 
which contained various dilutions of OSPW according to experimental group, was assessed using trout 
96-hour LC50 and Microtox® assays. While both assays indicated fairly low levels of toxicity at the 
beginning of the study, trout mortality decreased over time while Microtox® toxicity remained 
unchanged.  The effects of dFFT were similar to those attributed to OSPW, but often of lesser 
magnitude. Many of these effects were mediated by the slow efflux of solutes from the dFFT layer into 
the overlying water. In contrast, polycyclic aromatic hydrocarbons (PAHs) were strongly associated with 
the presence of dFFT but not OSPW despite both materials originating from the same DPL participant 
company. The surface-water concentration of these compounds decreased over time. 

In 2018 a chemocline formed in concert with spring thaw, however, this dissipated through the 
season, with the severity of the chemocline and time to dissipate proportionate to the salinity and total 
dissolved solids of the water in the mesocosm.  

In 2018, adventitious plants colonized all control mesocosms to some degree, though soil presence 
was associated with the highest level of colonization.  The presence of soil in controls was associated 
with increased dissolved oxygen and pH (at the surface) and decreased dissolved oxygen and pH near 
the floor, which was associated with the adventitious plant growth (and decay from 2017).  Soil is also 
associated with elevated total dissolved solids, though this varied by element. Soil presence also 
resulted in increased metaphyton coverage at some points in time and a decreased water temperature 
near the floor.  Where installed plants were absent, pH of the mesocosms water increased through the 
season at a rate above the other controls; due to the presence of plants, designating CTRL 3 plant-free is 
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no longer valid.  CTRL 3 serves as an indicator of how unexpected results can occur when an ecological 
group is absent from the construction process. 

In 2018, effects of OSPW were similar to those in 2017, with some notable exceptions.  Field 
measurements indicated that turbidity associated with OSPW had decreased to levels that were not 
significantly different from controls, and dissolved oxygen and temperature differences observed in 
2017 to be associated with OSPW were no longer present.  Hydrocarbons (BTEX, PAHs) associated with 
OSPW in 2018 were at or below detection limits (not significantly different from controls) in 2018.  
Naphthenic acid concentrations remained elevated in the presence of OSPW, however, the total 
concentrations were significantly lower in 2018 than in 2017.  The stimulant effect on emergent plant 
(A. americanus, C. aquatilis, C. atherodes and T. latifolia) growth was no longer evident in 2018, and 
while C. demersum growth was retarded, OSPW was not associated with mortality.  Effects of OSPW on 
macroinvertebrate and zooplankton communities observed in 2017 were no longer evident and did not 
differ significantly to controls in 2018.  OSPW did not register with any of the acute toxicity tests 
(Rainbow Trout, Daphnia and Microtox®) in 2018.  Floating metaphyton (algal mats) were observed in 
controls, and in the presence of OSPW, but were less extensive, though not inhibited. 

The effects of dFFT were similar between years, with the same attenuation of effects observed with 
OSPW observed in the presence of dFFT.  The only notable difference is that dFFT appeared to inhibit 
metaphyton floating mat (algae coverage) from developing, wherever present, regardless of OSPW 
concentration.  Also, while naphthenic acid concentrations decreased in OSPW, the concentrations 
observed in the presence of dFFT, while comparatively low, did not significantly change. 

All materials were removed from the mesocosms in the Fall of 2018 and cleaned.   
A number of recommendations from the first objective are proposed to strengthen future study 

designs (in no particular order): 
1) An increase in replication; three replicates are insufficient when variability can be high and 

differences between experimental groups are low. As a screening study, statistically significant 
differences were not the main objective of the current project; however, a study of this scale 
could produce data with potentially large contributions to literature if modest design changes 
are implemented. 

2) Topsoil is complex and can drive the processes in a system as a variable in itself; if a layer is to 
be installed on the floor of the mesocosm, an inert material (sand) should be considered. 

3) Soil provides a growth medium; the question of growth inhibition of a material may be 
addressed by installing some soil in a mesocosm, however, (a) it should be a fraction of what 
was used here, (b) it should be included in all experimental groups in the same volume and (c) if 
possible, it should be conditioned before installation. 

4) In the event a study is subject to an overwintering period, a chemocline can be expected, and 
sampling technique may need to be adjusted.  Discrete depth or integrated depth samples are 
recommended. 

5) Extreme diel variations in dissolved oxygen and conductivity observed in other mesocosm 
systems are not observed in this system and can be decreased by establishing mesocosms with 
installed potted macrophytes.  Data loggers may be suitable for installation in treatment 
mesocosms, dependent on study objectives. 

Recommendations related to the second objective include: 
1) Ecological samples (e.g. zooplankton and macroinvertebrates) should be analyzed on more than 

one date to examine the effect of time on community indices.  Also, alternative collection 
methods should be considered to capture different parts of the communities. 
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2) Inclusion of chronic toxicity testing or screening toxicological testing.  Literature on chronic 
toxicology of oil sands materials is scarce, though understanding potential chronic toxicological 
effects would be warranted in end pit lakes. 

3) Alternative methods for collection of some samples (i.e. ‘sheens’ observed at surface of 
mesocosms) to determine source (biogenic or synthetic). 

4) Examination of phytoplankton/periphyton communities present, as phytoplankton are a large 
portion of the aquatic community population.   Given the ability of this group to influence 
community metabolism (e.g. redox status, which has potential to influence hydrocarbon 
compound degradation), understanding the function/composition of these populations is 
essential. 

5) Decreasing chemical parameters measured where there is strong correlation between analytes.   
Also, decreasing frequency or replication of measurements when parameters are consistently 
falling below detection limits (e.g. PAHs). 
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 Introduction 

1.1 Demonstration Pit Lake Joint Industry Project 
Canada’s Oil Sands Innovation Alliance (COSIA) focuses on accelerating the pace of improvement in 

environmental performance in Canada’s oil sands through collaborative action and innovation 
(www.cosia.ca). The use of pit lakes to treat tailings at end of mine life is common in metal and coal 
mining operations. To date, only one such lake - Base Mine Lake (Syncrude) - has been constructed at 
commercial scale for the oil sands mining sector.  Oil Sands Mine operators of COSIA’s Water 
Environmental Priority Area (EPA) are proposing a Demonstration Pit Lake project (DPL) to provide 
information to support design of commercial pit lakes for reclamation and closure of operators’ mine 
sites. The Joint Industry Project (JIP) DPL studies will address research questions that will not be covered 
by Syncrude’s Base Mine Lake (BML) commercial demonstration. The project components may include:  

• Mesocosms 
• Test Ponds 
• Scaled-up pond(s) 
• Model selection and development 

1.2  Mesocosms 
Mesocosms are simplified and replicated physical models of ‘real world’ ecosystems, and are 

comprised of many of the same structural and functional components.  As simplified models of natural 
ecosystems, mesocosms represent a balance between the control of bench scale experimentation and 
the realism of field studies. 

The InnoTech Alberta aquatic mesocosms are composed of nested polyethylene tanks installed 
below grade to confer a realistic thermal profile throughout the water column (Figure 1).  An inner tank 
(15.9 m3 maximum, ~14.2 m3 working) forms the true mesocosm, containing the water, sediment, and 
biota necessary to maintain the model ecosystem.  A 25 m3 outer tank serves as a secondary 
containment vessel, to prevent the escape of test items.  Between the walls of the inner and outer tank 
is a water jacket, which serves to maintain thermal conduction between the mesocosm and the 
surrounding earth.  The water jacket is maintained at a level 10 to 20 cm lower than that of the inner 
tank, to prevent the inner tank from floating and to provide a simple observation-based indicator of 
leakage (a leak would result in equalization of water levels between the inner and outer tanks).   

Two smaller (~2-3 m3) nested overflow tanks are installed immediately to the east of each 
mesocosm, connected to inner and outer mesocosm tanks with suction grade hose.  These overflow 
tanks receive excess volume from the inner and outer mesocosm tanks in the event of heavy 
precipitation or sudden snow melt.  All tanks are composed of UV resistant linear low density 
polyethylene which is chemically inert and sufficiently resilient to withstand the forces exerted by 
freezing water.  Both the mesocosm tanks and the overflow tanks are surrounded by galvanized steel 
guards.  These guards protect the pliable polyethylene tanks from lateral compressive forces exerted by 
settling backfill or passing vehicles.  Because the overflow tanks are usually empty, the guard around 
these tanks also allows them to float up and down within the steel guard in the event of heavy rain or 
accumulated groundwater without subsidence of the surrounding soil.   
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Figure 1.  Schematic diagram of InnoTech Alberta mesocosms. 

View from above (top panel) and the side (bottom panel). 
 
The mesocosm facility consists of 30 mesocosms and associated structures (solar dewatering 

system, support frames, etc.; Figure 2).  Mesocosms are arranged in rows of 3-5 units to make full use of 
the available area and to utilize the path of a pre-existing road.  A simple network of gravel roads allows 
vehicles up to the size of loaded vacuum trucks to access each mesocosm.  The geometry of the road 
network is such that larger vehicles (e.g. tractor-trailer trucks) are limited to the main access road.   

To the north of the mesocosms are supply structures.  The shallow and deep supply ponds provide a 
somewhat predictable environment to house and acclimate aquatic plants.  The potable water tanks 
(PWT) are used to store potable water.  To the east of the supply structures are the waste water storage 
tanks.  These tanks are housed within a geomembrane-lined containment berm to protect the 
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surrounding environment, and can be used to store materials of potential concern which would be 
added to, or evacuated from, the mesocosms.  Additional temporary storage can be accomodated to the 
south of these tanks as needed.   

Motion-activated cameras installed overlooking two prototype mesocosms, constructed in 2013, 
have shown that migratory waterfowl do not attempt to land in the tanks.  To further mitigate wildlife 
access, fladry lines (lines with lengths of flagging tape attached at regular intervals) are strung around 
the mesocosms, which has proven to be effective at detering domestic animals and small to large sized 
game.  The mesocosm site is surrounded by a page-wire fence and is subject to patrols by after-hours 
security personnel.  The only vehicle access to the site is via a gated private road.  

 

 
 
Figure 2.  InnoTech Alberta mesocosm facility – site photo and schematic of mesocosm array. 

Left: schematic diagram of mesocosm array and supporting structures.; Right: air photo of mesocosm facility during 2017 study.  
Legend: SSP = shallow supply pond, DSPs = deep supply ponds, PWTs = potable water tanks, WWTs = waste water tanks 
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1.3 Study 
This section describes an extension of the 2017 project, which was initially conceived as a one-year 

project but then extended to the autumn of 2018 to capture two summer seasons and one winter 
season; this extension furthered the two main goals of the initial study.  The first goal was to serve as a 
trial run for the newly constructed mesocosm facility.  Any mesocosm facility, by virtue of its location 
and design features, will tend to exhibit distinct ecological characteristics/behaviours over time.  There 
are no reliable methods of predicting these characteristics; they must be observed empirically.  First-
hand knowledge of mesocosm characteristics, particularly trends in within-group variability, greatly aids 
in the design and implementation of future studies.  To this end, half of the facility during the 2017-18 
project was devoted to the study of InnoTech Alberta’s mesocosms in the absence of oil sands materials.  
These mesocosms were organized into three separate control groups (Table 1).   

The second main goal of this study was to provide screening-level information on the effects of oil 
sands process water (OSPW) and densified fluid fine tails (dFFT) on simplified aquatic ecosystems. This 
was not intended to be a comprehensive investigation of the effects of these materials on aquatic 
ecosystems; rather, the results of this study are expected to identify and prioritize topics warranting 
further investigation and inform on central design elements (e.g. levels of replication, treatment levels, 
etc.) to ensure future studies produce results with adequate statistical power. 

 
Table 1.  Experimental groups in the 2017/18 Aquatic Mesocosm Study 

Experimental 
group* OSPW content Sediment Installed 

plant status 
Number of 

mesocosms (n) 
CTRL 1 0% Unconditioned Topsoil (20 cm) Present 6 
CTRL 2 0% None Present 6 
CTRL 3 0% None Absent 3 
TRMT 1 0% dFFT (20 cm) Present 3 
TRMT 2 25% dFFT (20 cm) Present 3 
TRMT 3 50% dFFT (20 cm) Present 3 
TRMT 4 100% dFFT (20 cm) Present 3 
TRMT 5 50% None Present 3 
Total of 8 Experimental Groups  30 

*Note: TRMT denotes Treatment and CTRL denotes Control. 

1.3.1 Rationale for experimental group configuration 

1.3.1.1 Control mesocosms (CTRL 1, 2, 3) 
The control mesocosms were configured in three variations which may be implemented in future 

mesocosm studies.  The mesocosms in CTRL 1 group contained 1.6 m3 (which translates to a 20 cm 
layer) of unconditioned topsoil on the floor, as well as installed plants.  It was initially expected that the 
layer of topsoil may be colonized with volunteer plants that would cause extreme swings in dissolved 
oxygen (DO), conductivity, and pH in these mesocosms.  During the 2017 study year, the topsoil layer 
was indeed colonized by volunteer plants but only minor swings were observed in DO, conductivity, and 
pH.  Also, because colonizing plants were left in the mesocosms at the end of 2017, water quality 
parameters from the 2018 study year provide information on how organic detritus (i.e. dead plants) 
affects these indices, as well as biological indices such as zooplankton and macroinvertebrate diversity.   
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The mesocosms in the CTRL 2 group lacked a layer of topsoil, but were otherwise identical to CTRL 1 
mesocosms.  This configuration is more typical of aquatic mesocosm studies, in which sediment is 
confined within pots or other containers and covers less than 50% of the total floor area (Brain et al. 
2004, 2005; de Jourdan et al. 2011; Richards et al. 2004; Sanderson et al. 2007; SETAC 1992).   

The mesocosms in CTRL 3 group contained no soil or installed plants and were intended to 
represent, to the degree possible, the limnetic/euphotic areas of a larger aquatic ecosystem.  These 
mesocosms contain shelving (Section 2.3.2) and mesh socks (Section 2.3.3) to maintain consistent 
internal surface area across the experimental groups. As this was the first study to be conducted with 
these mesocosms, it was decided to have a larger number of replicates for CTRL 1 and CTRL 2 (i.e. 6 
instead of 3 mesocosms in these groups) to gain a better understanding of the variability within these 
systems. 

1.3.1.2  Densified fluid fine tails (TRMT 1, 2, 3, 4) 
Densified fluid fine tails (dFFT) were present at the bottom of some of the mesocosms, installed by 

volume (1.6 m3 or 10 standard steel drums) to minimize variation, which resulted in a 20 cm-thick layer.  
The layer of dFFT was included to provide an appropriate context for the experiment (i.e. end pit lakes 
may contain significant amounts of dFFT) more so than as an independent variable.  Nevertheless, this 
allowed a series of pairwise comparisons to be made relative to the presence of dFFT (e.g. TRMT 1 
compared with CTRL2; TRMT 3 compared with TRMT 5). In theory, covering the floor of the mesocosms 
with dFFT may induce large diurnal swings in pH, dissolved oxygen, and conductivity if this material was 
to support adventitious plant growth (Arnold et al. 1991; OECD 2006; SETAC 1992); no plants were 
observed to colonize the dFFT layer in any of the mesocosms in 2017 or in 2018.  However, components 
in the dFFT may influence the redox and sorption kinetics in the mesocosms (Wang et al. 2014).   

1.3.1.3 Oil sands process water (TRMT 2, 3, 4, 5) 
Exposure levels of OSPW were set at 0%, 25%, 50% and 100%, to produce a coarse dilution series 

(TRMT 1, TRMT 2, TRMT 3 and TRMT 4).  The intent of the dilution series is to attempt to identify OSPW 
concentrations at which chemical and biological responses occur.  Knowledge of these threshold 
concentrations will be important in the design of future experiments, such as an investigation of how 
aquatic plants might be utilized to improve EPL water quality, or what dilution rates are required. 

1.3.2 Mesocosm contents 
A range of items and materials were necessary for completion of the 2018 study.  These are in 

addition to the mesocosm facility itself and associated support equipment - which were funded and 
constructed by InnoTech Alberta - and equipment and materials purchased specifically for the 2017 – 
2018 study.  Material requirements for each year are outlined in Table 2. 
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Table 2.  Project items and material necessary for the 2017/18 mesocosm experiment. 
Year 

Required 
Item or 

Material Description Provider Vendor 

2017 Dilution water 390 m3 Athabasca River water shipped to 
Vegreville DPL participant N/A 

2017 & 
2018 

Conditioned 
topsoil  

~5 m3 of conditioned topsoil produced on 
site by submerging soil in the Fall prior to 

the study year 

InnoTech Alberta 
from third party 

suppliers 

2017: InnoTech 
Alberta 

2018: REDA 
Enterprises, 

Bonnyville, AB 

2017 Unconditioned 
topsoil 

~ 10 m3 of unconditioned topsoil 
purchased from outside supplier 

InnoTech Alberta 
from third party 

suppliers 

REDA Enterprises, 
Bonnyville, AB 

2017 & 
2018 Installed plants 

2017: 108 x Typha latifolia & Carex 
aquatilis; 54 x Potamogeton zosteriformis; 

~600 g Ceratophyllum demersum  
2018: 108 x Typha latifolia, Carex 

aquatilis, Carex utriculata & Acorus 
americanus; 54 x Elodea canadensis & 

Potamogeton richardsonii; ~600 g 
Ceratophyllum demersum & Lemna minor  

InnoTech Alberta 
from third party 

suppliers 

Bearberry Creek 
Nursery, Sundre, 

AB 

2017 dFFT and mixing 
hardware 

24 m3 (final volume) dFFT generated on 
site using custom built mixing hardware DPL participant 

Coanda Research 
and 

Development, 
Edmonton, AB 

2017 OSPW 90-100 m3 collected from tailings pond 
and shipped to Vegreville DPL participant N/A 

2017 Inoculation 
sediment 

60 L of sediment from local wetland to 
inoculate each mesocosm (2 L per 

mesocosm) 
InnoTech Alberta N/A 

1.3.2.1  Internal structures 
A number of different structures were contained within each mesocosm to permit installation of 

vegetation and minimize variation in floating plant measurements.  These included 6 free-standing 
polyethylene shelving units (Figure 5); 4 of these units were full-height (i.e. 1.4 m tall) to support 
emergent plants near the water’s surface, while the remaining 2 were half-height (i.e. 0.7 m tall) to 
support submergent vegetation in the middle of the water column.   Additional equipment included 
polyethylene pots used to contain conditioned topsoil and rooted vegetation, and a cylindrical mesh 
“sock” (Figure 7) used to contain floating vegetation.  It is understood that internal structures added to 
internal surface area within the mesocosms, and may have provided additional habitat for surface-
attached (periphytic) biota, which may become predominant within experimental mesocosms (Perceval 
et al. 2009).  

1.3.2.2  Dilution water 
So that it may be distinguished from OSPW, water which fills the mesocosms prior to treatment is 

maintained in the control mesocosms throughout the experiment, and is used to dilute the OSPW in the 
25% and 50% OSPW treatments, will be referred to as “dilution water”.  For this study, dilution water 
was collected from the Athabasca River and transported to the mesocosms in Vegreville.  Dilution water 
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was present in the mesocosms prior to commissioning (Section 2.3) and was circulated between 
mesocosms during the establishment period to ensure homogenization before exposure to the test 
items (Section 2.4.1). 

During the study period, water entered the mesocosms as precipitation and was lost through 
evaporation and evapotranspiration.  In both the 2017 and 2018 studies, on balance, more water was 
lost than gained.  In order to maintain water levels, potable water was added on a biweekly basis.  
Freshwater tanks were filled one month before they were used to top up the mesocosms, as needed, to 
ensure the majority of chlorine introduced during the water purification process was off-gassed.  The 
amount of water added to each mesocosm was recorded to calculate addition of dissolved solids to each 
(it was minimal).  The use of distilled or deionized water to maintain the volume of water in the 
mesocosms was considered during the initial design phase (to prevent addition of elements found in 
drinking water).  However, this course of action was not chosen because (a) costs were found to be 
prohibitively high, when assessed against the minimal quantity of elements likely to be added with 
potable water and, (b) the elements in potable water would be added in equal quantities across 
mesocosms as all units would lose a roughly equivalent volume of water due to evaporation and 
evapotranspiration. 

1.3.2.3  Conditioned and unconditioned topsoil 
In this study, two types of topsoil were utilized: unconditioned and conditioned.  In this case, 

conditioning refers to inducing characteristics commonly observed in wetland sediment by housing 
topsoil underwater for a period of at least 3 months; after this period, conditioned topsoil is expected to 
exhibit sediment-like properties (OECD 2006).  Unconditioned topsoil is material that has been housed 
underwater for less than 3 months; it is not expected to exhibit sediment-like properties.  Topsoil should 
not be confused with dFFT (Section 1.4.1), or the small volume of sediment used to inoculate the 
mesocosms. 

In this study, conditioned topsoil was used in pots which support the growth of vascular plants. In 
preparation for the 2017 study, pots were filled with unconditioned topsoil in the fall of 2016, and 
individual rooted plants were planted in each pot and placed in the deep and shallow supply ponds. In 
spring of 2017, these potted plants (and now conditioned topsoil), were introduced into all mesocosms 
slated to contain installed plants.  In the fall of 2017, all installed emergent plants - along with the soil in 
which they were planted - were harvested from the mesocosms.  Submergent plants were not removed 
and remained in the mesocosms over the winter of 2017/18.  

For 2018, unconditioned topsoil (from the same source used in 2017) was installed in pots along 
with rooted plants and placed in the shallow supply pond in the fall of 2017.  These potted plants were 
installed in the mesocosms in the spring of 2018. 

For the 2017 study, 1.6 m3 of unconditioned topsoil was installed in the bottom of the CTRL 1 
mesocosms.  Ideally, this topsoil would have been conditioned prior to beginning the 2017 study; 
however, the decision to include this feature was not made until well after freeze-up in 2016.  As such, 
there was no opportunity to receive or submerse a sufficiently large volume of topsoil prior to execution 
of the 2017 study.  This topsoil remained in the mesocosms for 2018, and was therefore considered 
conditioned during the 2018 phase of the study. 

During the development of the 2017 study, dredging large quantities of real sediment from a natural 
wetland for installation in the mesocosms was considered, but it was decided that use of topsoil was a 
more practical alternative.  Harvesting a sufficient quantity of natural sediment would pose significant 
budgetary and logistical challenges, and cause considerable ecological damage to the donor site.  In 
addition, installation of natural sediment is unlikely to produce results which can be referenced for 
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future studies, as the amount of sediment available from a given site is finite.  Also, sediments from 
different natural sources may vary more in their composition than topsoil conditioned on-site.  As 
mesocosms are artificial systems which cannot be reasonably expected to produce high fidelity 
simulations of aquatic ecosystems, it is more important to use sediment which is consistent across 
mesocosms and studies than a natural one that would likely exhibit considerable variability.  In an effort 
to increase the realism of the study, at the commencement of the study in 2017 all mesocosms received 
an inoculation of homogenized sediment from a nearby wetland, used as a source of biologically active 
surface water (Section 2.3.4).  This inoculation contained the propagules of natural wetland flora and 
fauna, effectively “colonizing” each mesocosm with similar wetland species and promoting the 
development of a simple aquatic ecosystem.   

1.3.2.4  Installed plants 
Plants were installed to mimic expected presence in end pit lakes.  Installed plant species used in the 

study were selected for their natural occurrence in the Athabasca Oil Sands Region as well as their 
commercial availability.  Selected plants included emergent, submerged rooted, and submerged free 
floating growth forms, representing multiple depth zones within a freshwater aquatic ecosystem (e.g. 
lake).  Secondary considerations for the selection of plant species included relevance to oil sands 
reclamation and monitoring guidelines, as well as Indigenous significance. 

Existing information on the chosen species suggested they might exhibit a range of sensitivities to oil 
sands materials.  Some adventitious natural colonization by plants occurred over the course of the 
study, particularly in unplanted soil on the mesocosm floor in CTRL 1 and adjacent to planted species at 
the soil surface in pots.  Specifically, in both 2017 and 2018, volunteer plants were observed in emergent 
plant pots, as well as on the floor of the CTRL mesocosms, particularly in the CTRL 1 mesocosms, where 
a layer of topsoil was added to the floor of the mesocosms. 

For 2018, additional/alternate plants were selected for inclusion; the details of which species were 
installed in each year are included below. 

Elodea canadensis (Canada pondweed): 
• New addition for 2018 
• Submerged rooted – allows for biomass measurement at end of study period 
• Generalist that is successful in a wide range of environmental conditions (Lacoul and 

Freedman 2006) 
• Food source and habitat for organisms at a number of trophic levels (Spicer and Catling 

1988) 

Potamogeton richardsonii (Richardson’s pondweed): 
• New addition for 2018 
• Submerged rooted - allows for biomass measurement at end of study period 
• Food source for waterfowl (Lahring 2003)  
• Other Potamogeton spp. have been  associated with increased rates of PAH remediation in 

sediments (Meng et al. 2015) 
• Species was able to establish successfully in mining reclamation study (Wilkinson, Beckett, 

and St-Germain 2001)  

Potamogeton zosteriformis (flat-stemmed pondweed): 
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• Installed in Spring of 2017 and overwintered in the mesocosms; remained in the mesocosms 
for 2018  

• Submerged rooted - allows for biomass measurement at end of study period 
• Alkali tolerant  (Rooney 2011) 
• Increased  species richness related to Potamogeton spp. indicates increased ecosystem 

stress  (Poscente and Charette 2012; Rooney and Bayley 2012)  
• Other Potamogeton spp. have been  associated with increased rates of PAH remediation in 

sediments (Meng et al. 2015) 

Ceratophyllum demersum (hornwort):  
• Installed and harvested in 2017 and 2018 
• Submerged free floating – allows repeated measurement of wet biomass throughout 

exposure period when contained in mesh sock 
• Decreased percent cover by C. demersum is an indicator of stress (Poscente and Charette 

2012; Rooney 2011; Rooney and Bayley 2012; Wylynko and Hrynyshyn 2014) 
• This species has been recommended for the abatement of nutrients (Dai et al. 2012) and 

heavy metals (Rai et al. 1995) in aquatic systems 

Lemna minor (duckweed): 
• New addition for 2018 
• Free-floating- allows for biomass measurement throughout study period 
• Model plant utilized in standardized toxicity studies (Lewis 1995; Mohan and Hosetti 1999)  
• Found in both disturbed and industrial constructed wetlands (Trites and Bayley 2009) 

Acorus americanus (rat-root) 
• New addition for 2018 
• Emergent - allows for repeated measurement of plant height through study period 
• Plant of cultural  significance for  some Indigenous cultures (Smreciu, Gould, and Wood 

2013)   
• Currently being studied for potential in revegetation and reclamation (Smreciu, Gould, and 

Wood 2013) 

Carex aquatilis (water sedge):   
• Installed and harvested in 2017 and 2018 
• Emergent – allows repeated measurement of plant height throughout exposure period 
• Can grow in oil sands contaminated sites, but at a reduced rate (Mollard et al. 2012)  
• Will dominate sedge communities in reclaimed sites (Raab and Bayley 2012)  
• Can tolerate highly variable geochemical conditions including pH, conductivity, sodium 

concentration, water levels and both mineral and organic soils (Wylynko and Hrynyshyn 
2014)  

Carex utriculata (beaked sedge): 
• Installed and harvested in 2017 and 2018 
• Emergent – allows repeated measurement of plant height throughout exposure period 
• Saline tolerant; found in saline fens (Wylynko and Hrynyshyn 2014) 



  
 

 Page 26 

• Demonstrates acceptable growth and biomass in pilot revegetation trials utilizing OSPW 
(Pouliot, Rochefort, and Graf 2012) 

Typha latifolia (common cattail): 
• Installed and harvested in 2017 and 2018 
• Emergent – allows repeated measurement of plant height throughout exposure period 
• Ubiquitous  
• Has been used in laboratory evaluations of OSPW fate and toxicity (Armstrong 2008; 

Armstrong et al. 2009)  
 
Rooted plants and conditioned topsoil were planted into cylindrical plastic pots measuring 

approximately 23 cm in diameter and 22 cm in height (~9.1 L volume) in August of 2017.  Conditioned 
topsoil was generated as per Section 1.3.1.3.  Plugs for each plant species were installed in the pots (one 
plug per pot) in late summer of 2017.  Similarly, C. demersum, contained within mesh socks, was 
deployed in the deep supply ponds in the summer of 2017.  L. minor was added to a ~500 L utility tank in 
late summer of 2017 with water from a deep supply pond.  A small amount of macronutrients was 
added to each supply pond to facilitate the establishment of plants being overwintered for 2018.  
Enough nutrients were added to facilitate plant growth, but not enough to trigger an algal bloom. 

1.4  Test Items 

1.4.1 dFFT 
The tailings material installed into the mesocosms in 2017 has been given the designation of 

densified fluid fine tails (dFFT) as a generic term for tailings material that has undergone treatment to 
increase solids composition by the separation of liquid from solids material and densification through 
the release of pore-water.  Each industry operator employs technology to manage tailings material in 
such a way.  Tailings in this study were specifically cfMFT (coagulated-flocculated Mature Fine Tails) as 
detailed in the 2017 study report (Davies 2018).  The term dFFT is continued through this report for 
continuity with the 2017 report and to avoid confusion.  

Fluid fine tails (FFT) are a liquid suspension of oil sands fines in water where solids content is greater 
than 2%, but less than the solids content corresponding to the Liquid Limit, with the Liquid Limit being 
the boundary between a liquid and a solid as they pertain to soil mechanics (COSIA 2012).  Untreated 
FFT can be problematic because it must be contained as a fluid, and a number of management methods 
have been devised to deal with it in this state.  One method is densification, a generic term used in this 
report which refers to a number of processes which concentrate solids in FFT to form a denser material, 
more amenable to reclamation (i.e. densified FFT (dFFT)).  All of the FFT introduced into the mesocosms 
in 2017 was dFFT, approaching 60% solids by mass.  No additional dFFT was added in 2018.  The FFT was 
densified off-site by a process known as in-line flocculation which utilizes a flocculent and/or a coagulant 
common in the water treatment industry.  A single DPL JIP participant supplied all of the FFT for the 
2017/18 project. 

 
• Name or Code: Densified fluid fine tails (dFFT) 
• Supplier: DPL participant  
• Appearance: Thick gray paste, similar to toothpaste or cottage cheese.   
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• Storage: Will not be stored.  Was generated off-site from untreated FFT and transported 
to mesocosm facility in steel drums, where all material was placed in the mesocosms designated 
to receive dFFT. 

• Composition:   Detailed in Appendix E 

1.4.1.1 Formulation of dFFT 
All dFFT used in this study was generated off-site by Coanda (Edmonton, AB) and transported to site 

in steel drums.  Briefly, the in-line flocculation process used involves the injection of a flocculent and a 
coagulant into untreated FFT.  Over the course of a few minutes, the fluid FFT condenses into a 
toothpaste-like material, releasing most of its pore-water.  For this study, the process was accomplished 
using a mixing rig that can produce the mixed FFT at approximately 38 litres per minute. The precise 
formulation parameters associated with the generation of dFFT were determined by the DPL participant, 
and were aligned with expected commercial application.  The final formulation was documented in the 
final report for the 2017 study, and has been included in Appendix E (Davies 2018). 

1.4.1.2 dFFT analysis 
At commencement of the 2017 study, dFFT samples (50 mL each) were collected from each steel 

drum at the time of introduction of dFFT into the mesocosms (Section 2.8).  These samples were 
combined into a single composite sample and sent to Maxxam Analytics (Edmonton, AB) for analysis.  
The panel of analyses that was conducted on the composite sample is provided in Section 2.7.5.  

In addition, a composite sample was delivered to a DPL participant for analysis; given the complexity 
of this material and its importance to interpretation of the study results, analysis by separate labs 
provides cross-validation of the analytical results.  

The composite sample described here is separate and distinct from the 3 L dFFT samples collected 
separately for pore-water analysis (Sections 2.7.5 and 2.9.1.8). 

1.4.1.3 dFFT/FFT storage and containment 
dFFT was not stored at the Vegreville mesocosm facility, beyond short-term storage of the steel 

drums, which were kept on-site until their contents could be transferred to the mesocosms.  The initial 
plan was to accept untreated FFT in bulk, via tanker truck, to be deposited into nested open-top tanks 
(Flexahopper OT5000 and OT5500 with lids – Figure 3) for a short period (days to weeks) prior to 
treatment.  Flocculent and/or coagulant would be used to generate dFFT from its untreated precursor 
and stored in 1 m3 totes located within a temporary berm (Figure 4), although not for so long that these 
amendments could degrade to any appreciable degree.  FFT would be circulated within and between the 
nested tanks for at least an hour prior to in-line flocculation as part of the treatment procedure (Section 
2.8.2).  

Due to logistical and operational obstacles, the FFT was densified off-site and transported to 
InnoTech Alberta Vegreville in steel drums, then poured into the mesocosms.  The OT5000 and OT5500 
tanks and lids remain onsite for temporary contaminant material containment. 
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Figure 3.  Schematics of OT5000 and OT5500 tanks with lid 

 
Figure 4.  Temporary berm 

1.4.1.4 Fate of dFFT 
dFFT was collected by the providing DPL participant in September 2018, during the decommissioning 

phase of the study.  The material was transported offsite for appropriate disposal.  

1.4.2 OSPW 
OSPW (Oil Sands Process affected Water) refers to water that has been used to extract bitumen.  

OSPW typically contains suspended solids, dissolved organics (i.e. naphthenic acids and surfactants), and 
various types and amounts of inorganic ions. The dominant inorganic ions - in sequence by molar 
amount - are sodium, chloride, bicarbonate and sulphate, with a small portion of divalent cations of 
calcium, magnesium and potassium (COSIA 2012).   

OSPW can show significant variation in composition across operators, ore sources, ages, seasons, 
and even locations within a single tailings pond.  A range of OSPW constituents, including heavy metals, 
salts, naphthenic acids, and polycyclic aromatic hydrocarbons (PAHs) could impact the ecological state 
of an EPL.    

• Name or code:  Oil sands process affected water (OSPW) 
• Supplier:  DPL participant 
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• Appearance:  Turbid solution 
• Storage:  Outdoor in waste water storage tanks  
• Composition:   Detailed Appendix E 

1.4.2.1 Reception/homogenization of OSPW 
OSPW was received in the spring of 2017 from tanker trucks and pumped into the waste water 

storage tanks at the Vegreville mesocosm facility.  After all OSPW had been received, it was circulated 
across all storage vessels using pumps to maximize homogeneity.  Pumps were run at a rate of ~200 
L/minute for an 8-10 hour interval over the course of 3 days to ensure full mixing and homogeneity.   

1.4.2.2 OSPW analysis 
A sample of OSPW was collected after homogenization (see Section 2.7.2 for analytes and Section 

2.9.1.2 for sampling procedure) and was submitted to InnoTech Alberta’s Environmental Analytical 
Services (EAS) department for analysis as per Section 2.7.2.  A 100 mL sample, collected in a new HDPE 
bottle, was sent to a DPL participant for naphthenic acid analysis by Fourier transform infrared 
spectroscopy (FTIR).   

1.4.2.3 OSPW storage and containment 
OSPW (90 – 100 m3) was shipped to InnoTech Alberta in spring of 2017 in bulk and stored in the 

waste water storage tanks before addition to mesocosms.  OSPW was added to selected mesocosms in 
the spring of 2017 based on experimental design. No additional OSPW was added to mesocosms in 
2018. 

1.4.2.4 Fate of OSPW 
OSPW was collected by the providing DPL participant in September 2018, during the 

decommissioning phase of the study.  The material was transported offsite for appropriate disposal.  
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2.  Execution 

2.1 2018 Study Schedule  
A more detailed study schedule is provided in Table 3.   
It should be noted that the schedule was highly sensitive to weather, with the beginning of any 

activities at the mesocosm facility dependant on when the water in the mesocosms melted, as well as 
other factors.  Study Day (SD) is used here as an alternative to calendar dates, allowing scheduling of 
events relative to each other irrespective of calendar date.  A Study Day-based schedule also provides an 
easy means of quantifying periods, thereby facilitating analysis of time-based trends.  By convention, the 
first day of monitoring is designated as SD 0. 

In order to facilitate the logistics of complex and time-consuming treatment and sampling 
procedures, the mesocosms were split into three cohorts, with the same set of protocols performed on 
each cohort on three consecutive days.  The cohorts are discussed in more detail in Section 2.8.  

Any change in dates from the study plan maintained the prescribed sequence of sampling/sampling 
events and when changed, was accelerated (sampling in 1 or 2 days rather than 3), and this is reflected 
in the SD column, where a range of dates is listed in date(s) column.
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Table 3.  Calendar dates and Study Days for 2018. 
 

Item (by date of first occurrence) Cohort Date(s) Study 
Day(s) 

Re-install shelving units All May 1-2, 2018 -14 to -13 
Pore-water dFFT jar deployment All May 4, 2018 -11 

Source material characterization: conditioned soil All April 28, 2018 -17 

Establishment period All Completed in 2017 NA 

Install data loggers in CTRL mesocosms All May 8, 2018 -7 

Plant installation 
A May 8, 2018 -7 
B May 9, 2018 -6 
C May 10, 2018 -5 

Monitoring period 

A May 15 to September 25, 
2018 0 to 133 

B May 16 to September 
262018 1 to 134 

C May 17 to September 27, 
2018 2 to 135 

Phytoplankton cover estimation All May 15, 2018 to September 
18, 2018 

0, 13, 31, 45, 
56, 73, 88, 

102, 117, 127 

Water quality – field measurements and wipe off 
data loggers in CTRL tanks 

A 
Every second Tuesday from 
May 15 to September 18, 

2018 

0, 14, 28, 44, 
56, 70, 84, 98, 

112, 127 

B 
Every second Wednesday 

from May 16 to September 
19, 2018 

1, 15, 29, 44, 
57, 71, 85, 99, 

113, 127 

C 
Every second Thursday from 

May 17 to September 20, 
2018 

2, 16, 30, 44, 
58, 72, 86, 

100, 114, 127 

Pore-water dFFT jar retrieval All May 16, July 18, 
September 19, 2018 1, 64, 127 

Water quality – sampling for laboratory analysis 

A May 15, July 17, September 
18, 2018 0, 63, 126 

B May 16, July 18, September 
19, 2018 1, 64, 127 

C May 17, July 19, September 
20, 2018 2, 65, 128 
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Item (by date of first occurrence) Cohort Date(s) Study 
Day(s) 

Toxicity sampling 

A May 15, July 17, September 
18, 2018 0, 63, 126 

B May 16, July 18, September 
19, 2018 1, 64, 127 

C May 17, July 19, September 
20, 2018 2, 65, 128 

Phytoplankton sampling 

A May 15, July 17, September 
18, 2018 0, 63, 126 

B May 16, July 18, September 
19, 2018 1, 64, 127 

C May 17, July 19, September 
20, 2018 2, 65, 128 

Periphyton slide deployment 

A May 15, June 19, July 24, 
August 28, 2018 0, 35, 70, 105 

B May 16, June 20, July 25, 
August 29, 2018 1, 36, 71, 106 

C May 17, June 21, July 26, 
August 30, 2018 2, 37, 72, 107 

Plant condition and growth assessment 

A 
Every second Tuesday from 
May 22 to September 25, 

2018 

7, 21, 35, 49, 
63, 77, 91, 

105, 119, 133 

B 
Every second Wednesday 

from May 23 to September 
26, 2018 

8, 22, 36, 50, 
64, 78, 92, 

106, 120, 134 

C 
Every second Thursday from 

May 24 to September 27, 
2018 

9, 23, 37, 51, 
65, 79, 93, 

107, 121, 135 

Zooplankton trap deployment 

A 
May 22, June 19, July 17, 
August 14, September 11, 

2018 

7, 35, 63, 91, 
119 

B 
May 23, June 20, July 18, 
August 15, September 12, 

2018 

8, 36, 64, 92, 
120 

C 
May 24, June 21, July 19, 
August 16, September 13, 

2018 

9, 37, 65, 93, 
121 

Hester-Dendy (macroinvertebrate) sampler 
deployment 

A May 22, July 3, August 14, 
2018 7, 49, 91 

B May 23, July 4, August 15, 
2018 8, 50, 92 

C May 24, July 5, August 16, 
2018 9, 51, 93 
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Item (by date of first occurrence) Cohort Date(s) Study 
Day(s) 

Zooplankton trap retrieval 

A 
May 23, June 20, July 18, 
August 15, September 12, 

2018 

8, 36, 64, 92, 
120 

B 
May 24, June 21, July 19, 
August 16, September 13, 

2018 

9, 37, 65, 93, 
121 

C 
May 25, June 22, July 20, 
August 17, September 14, 

2018 

10, 38, 66, 94, 
122 

Periphyton slide retrieval 

A May 29, July 3, August 7, 
September 11, 2018 

 14, 49, 84, 
119 

B  May 30, July 4, August 8, 
September 12, 2018 

 15, 50, 85, 
120 

C May 31, July 5, August 9, 
September 13, 2018 

 16, 51, 86, 
121 

Hester-Dendy (macroinvertebrate) sampler 
retrieval 

A July 3, August 14, September 
25, 2018  49, 91, 133 

B  July 4, August 15, 
September 26, 2018  50, 92, 134 

C July 5, August 16, September 
27, 2018  51, 93, 135 

Plant harvest for biomass measurements 
A September 29, 2018 137 
B September 30, 2018 138 
C October 1, 2018 139 

Decommissioning 
A October 3-23, 2018 141 to 161 
B October 4-24, 2018 142 to 162 
C October 5-25, 2018 143 to 163 

 

2.2 Reception of materials 
A full accounting of the reception of materials to the mesocosms can be found in Appendix C (Study 

Plan). 

2.3 Mesocosm commissioning 
A full accounting of the commissioning and installation of materials to the mesocosms can be found 

in Appendix C (Study Plan).  Below are details that were carried out for the 2018. 
Commissioning refers to the installation of internal structures and materials including shelving, 

mesh socks, installed plants, and conditioned/unconditioned topsoil.  Commissioning for 2017 began 
after all the mesocosms had been filled with dilution water.  While all of these structures and materials 
were installed in 2017, some were re-installed in 2018, namely shelves, mesh socks, and installed plants 
(which were removed or destructively sampled in the fall of 2017).  Recommissioning took place the 
week of April 30, 2018.  In 2018, recommissioning was not dependent on filling as the mesocosms are 
already filled.  Commissioning is followed by a period known as Establishment, a short period during 
which simple food webs develop and biotic and abiotic elements of the mesocosm start to interact (see 
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Section 2.4 for more details).  While more ecologically developed than in the spring of 2017, the 
mesocosms experienced some level of re-establishment in 2018 as newly installed vegetation became 
incorporated into the model ecosystem. 

2.3.1 Installation of shelving 
In 2017, four polyethylene shelving units (Figure 5) were installed in each mesocosm to support 

emergent vegetation.  Each shelving unit was composed of up to five shelves (each 91 cm x 61 cm) 
which could be added or removed to coarsely adjust the overall height of the unit up to a maximum of 
183 cm.  Bricks could be added underneath plant pots to more finely adjust depth, if needed (it was not 
necessary in 2017 or 2018).  For 2017, four layers were assembled in each shelving unit. Because the 
shelving units were buoyant, they were anchored by clay bricks zip-tied to the bottom shelf to prevent 
them tipping over when plant pots were placed on the top shelf, or floating about the mesocosms.   

In 2018, six polyethylene shelving units were installed to support both emergent and submergent 
vegetation (Figure 6).  Four shelving units were installed in the same locations as in 2017, with the same 
number of shelves.  The additional two shelving units were composed of two shelves (a base and a top).  
These two were placed at the east and west ends of the mesocosms and supported submergent 
vegetation.  Addition of these partial shelves aided in monitoring submergent vegetation during the 
study, and in the collection of these plants during the final sampling period.  

 

 
Figure 5.  Shelving unit used to support emergent vegetation. 
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Figure 6. Mesocosm layout 

The large outer circle represents the wall of the inner tank.  Rectangles represent the installed shelving units.  Rectangles 
with broken lines represent installed half-height shelving units.  Small circles represent pots containing rooted plants and 
conditioned topsoil.  The large circles represent the free-floating mesh sock and corral.  Dotted circles represent the dFFT 

sample bottles installed in TRMT 3 mesocosms (Section 2.8.2).  Red numbers indicate the replicate.  Plant species: Aa = Acorus 
americanus, Ca = Carex aquatilis, Cu = Carex utriculata, Cd = Ceratophyllum demersum, Ec = Elodea canadensis, Lm = Lemna 

minor, Tl = Typha latifolia, Pr = Potamogeton richardsonii. 
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2.3.2 Installation of mesh corrals and socks 
Mesh socks were cylindrical nets composed of UV-resistant polyester suspended from a foam ring 

float (Figure 7); socks allowed submerged, free-floating plants to make vertical movements over the 
course of the day.  Mesh corrals were shallow net bags with a closed bottom and open top composed of 
UV-resistant polyester suspended from a foam ring; these corrals were used to contain floating 
vegetation (e.g. duckweed).  Both socks and corrals were designed to allow the plants in question to 
grow and move normally, but to also contain them so they could be monitored during the course of the 
study with minimal disturbance to the mesocosm.  In addition, in circumstances where there may be 
rapid growth of floating vegetation, containment prevented this vegetation from spreading across the 
mesocosm and shading the deeper regions. 

Socks were allowed to float freely in the mesocosm.  A small weight (i.e. a portion of a clay brick) 
was attached to the bottom of each sock to maintain a vertical orientation.   The mesh corrals were 
loosely anchored on the south side of the northeast and northwest shelves.                                                                          

 

 

 
Figure 7. Floating vegetation socks 

Above left: A mesh sock deployed in one of the prototype mesocosms. Above right: a foam float can be seen at the 2 
o’clock position in the mesocosm.  This float is attached via baling twine to a HDPE bottle containing dFFT resting on the floor of 

the mesocosm.  Below: Image of the mesh sock (135 cm length x 25 cm diameter).  
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2.3.3 Installation of plants 
During the recommissioning period in 2018, dead above-ground plant material was trimmed from all 

emergent plants. This was done to avoid confounding the measurement of 2018 growth (as measured 
by above-ground dry biomass) with that of 2017.  Due to the location of overwintering turions (buds 
that detach and remain dormant, overwintering on the waterbody floor) along its stem, no similar 
trimming was conducted on individuals of P. richardsonii or E. canadensis; rather, approximately equal 
plant biomass was planted in each pot prior to overwintering.  During commissioning, C. demersum was 
harvested from all deep supply ponds – where it was overwintered - mixed in a single container, and 
equal masses of apparently healthy vegetation was then deployed into the mesh sock in each 
mesocosm.  L. minor was harvested from the utility tank into a single container, mixed and equal masses 
deployed into the mesh corral in each mesocosm. 

Within each mesocosm, pots were arranged as per Figure 6 (Section 2.3.2).  A line (baling twine) 
attached the pots resting on the half-height shelf (P. richardsonii and E. canadensis pots) to a foam float 
so these pots could be easily retrieved. 

2.3.4 Data loggers 
The amount, type, and distribution of sediment and plants in a mesocosm (i.e. the mesocosm 

configuration) can dramatically affect its structural and functional characteristics.  Among the affected 
functional characteristics is community metabolism.  Community metabolism denotes the relationship 
between photosynthesis and respiration within the water column.  In so far as this project serves as a 
trial run for the mesocosms, it is appropriate to gain some understanding of how different 
configurations will affect community metabolism. 

Typically, community metabolism is profiled by monitoring proxy measures, including: pH, 
conductivity, alkalinity, and dissolved oxygen (McConnell 1962; Giddings et al. 1984; Leeuwangh, Brock, 
and Kersting 1994; Van den Brink et al. 1997; Wilson et al. 2004; OECD 2006; Fairchild 2011; Knauer and 
Hommen 2012).  In order to gain some understanding of community metabolism, autonomous data 
loggers were installed in 9 of the control (CTRL) mesocosms (i.e. data loggers were installed in 3 
mesocosms from each of the control groups).  These data loggers measured water temperature and 
conductivity (Aqua Troll 100, In-Situ Incorporated, Fort Collins, Colorado, USA), and dissolved oxygen 
(HOBO U26, Onset Computer Corporation, Cape Cod, Massachusetts, USA) every 15 minutes over the 
duration of the project.  While pH is also an indicator of community metabolism, autonomous data 
loggers for this parameter are known to drift significantly over time, limiting their value to this study.  
We could not find any data logger which could record alkalinity on a real-time basis.  By recording data 
each quarter hour, diurnal oscillations in some components of community metabolism, which were 
expected to become more extreme with increasing sediment and submerged plant abundance, could be 
recorded.  These data are included in A.6 of the Data Analysis report and expanded on in the discussion 
section. 

Both types of data loggers were attached to the most southwesterly shelving unit in each mesocosm 
targeted to receive these devices (Figure 6).  Data loggers were pulled from the mesocosms and cleaned 
of biotic film on a weekly basis so that metabolism of adherent biota did not bias the data. 

2.4 Establishment 
The establishment period allows the formation of simplified food webs within the mesocosms, and 

homogenization of water chemistry and nektonic communities across all mesocosms (Arnold et al. 1991; 
SETAC 1992; Kersting 1994; OECD 2006).  This two-week period began when dilution water was first 
circulated (homogenized) between mesocosms and ended at the treatment phase.  Extended 
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establishment periods may be required for future studies if they incorporate longer (i.e. >4 month) 
mesocosm exposures.  No homogenizing occurred in 2018 since it was an extension of the 2017 study; 
however, plant installation occurred in 2018. 

2.4.1 Homogenization 
Homogenization was completed in the spring of 2017 and was not performed in 2018.  

Homogenization minimizes the chemical and biotic differences between mesocosms before the 
introduction of test items.  By minimizing these differences at the beginning of the experiment, within-
group variation is reduced; therefore, statistical power of the study is increased.  Such procedures are 
standard practice in mesocosm-based research (Arnold et al. 1991; SETAC 1992; Brain et al. 2004; 
Sanderson et al. 2004; Van den Brink et al. 2005; OECD 2006). 

On the first day of the establishment period in 2017, dilution water was circulated between 
mesocosms within rows - starting with Row A and ending with Row G (Figure 8) – using gravity between 
each tank from A to G and a gas-powered pump delivering approximately 710 L/minute from G to A.  
Water flow proceeded for at least 1-hour, sufficient time to circulate the volume of each mesocosm at 
least twice.  On the second day of the establishment period, the homogenization procedure was 
repeated on a column by column basis starting with Column 1 and ending with Column 5.  This 2-day 
procedure was repeated ten days later to ensure maximum homogenization before experimental 
treatments were introduced.  Data sonde readings were taken from all mesocosms after 
homogenization to document the level of homogeneity achieved (Section 2.7.4). 

 

 
Figure 8. Mesocosms designated by row and column within the array 

Dashed vectors indicate direction of gravitational water flow. 
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2.5 Allocation to group 
In the spring of 2017, three mesocosms were randomly assigned to six of the experimental groups 

(TRMT 1-TRMT 5; CTRL 3), with six mesocosms being randomly assigned to experimental groups CTRL 1 
and CTRL 2. Within each group, mesocosms were then randomly assigned to one of three cohorts (A, B, 
C). The randomization process was conducted using the SAS PROC PLAN procedure (SAS Version 9.4 for 
Windows; SAS Institute Inc., Cary, NC, USA). A completely randomized assignment was applied as no 
clear blocking parameters have been identified for this facility.  

2.6 Source material characterization 
Data characterizing dFFT, OSPW, dilution water, and topsoil (conditioned and unconditioned) were 

collected from samples taken in spring of 2017, prior to or at the time of treatment.  These data may aid 
in the comparison of materials used in this study with those produced by oil sands operators.  Material 
characterization data can be found in Appendix E. 

2.7 Treatment (2017) 
Installation of treatment and control materials occurred in the spring of 2017; full details can be 

found in Appendix C (Study Plan).   

2.8 Exposure period 
The exposure period begins at treatment, and ends at mesocosm decommissioning, and denotes 

that period during which the mesocosms are exposed to dFFT and OSPW.  To note, treatment occurred 
in 2017 and mesocosms were not fully decommissioned until fall of 2018.  However, plants were 
destructively sampled in fall of 2017, and new plants were installed in the spring of 2018, so plant 
exposure and observation is limited to within each year.  

2.8.1 Observations and sampling 
This section describes the measurements and sampling that took place in 2018.  Much is repeated 

from the 2017 study; however, the following includes any revisions, or additions as discussed and 
agreed to by the DPL working group. 

2.8.1.1 Water quality – field measurement 
Field measurement data (i.e. those data collected with the YSI EXO2 data sonde) were collected 

once every 14 days at two depths per mesocosm: just below the surface of the water (17 cm), and at a 
depth just above the unconditioned topsoil/dFFT layer if present (125 cm).  To ensure the depths were 
constant across mesocosms, the measurements were collected based on a marking on the sonde body 
and a marking on the cable connecting the sonde to the handheld.  Data were collected using the sonde 
and stored on the attached EXO2 handheld device.  Sample sites were named to correspond to 
mesocosm ID and original sampling depth.  For example, mesocosm E4 had two active site names (E4-0, 
and E4-140) corresponding to the two different sampling depths; 17 cm and 125 cm values replaced 0 
cm and 140 cm after measurements from markings to sensor tips.  In 2017, a third depth (80 cm) was 
included, but was removed from collection in 2018 as this data was found to be extraneous. 

When collecting water quality data with the sonde, the operator selected the correct active site (i.e. 
“mesocosm ID” -0 for the surface data set) for the mesocosm being sampled, lowered the sensor heads 
to just below the surface, and collected a single data set (pH, conductivity, dissolved oxygen, 
temperature, chlorophyll and turbidity).  This process was repeated for the next depth.  Once both data 
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sets were collected, the operator moved on to the next mesocosm.  As much as possible, field 
measurement data were collected at roughly the same time of day.  Moreover, the location at which the 
sonde was deployed was uniform across all mesocosms (e.g. the northernmost point). 

Data were downloaded from the handheld device to a designated laptop at the end of each 
sampling day.  Data were exported to an Excel file such that all field measurement data for the study 
were present in the same file.  The data file was not erased from the handheld device so that it could 
serve as a backup to the data stored on InnoTech Alberta’s servers, which were also backed up nightly. 

2.9.1.2 Water quality – laboratory measurement 
Water samples were collected from the mesocosms at the beginning, middle, and end of the 

exposure period.  Samples and their corresponding analyses are described in Table 6.  A review of the 
2017 water chemistry in CTRL mesocosms indicated that levels of BTEX, naphthenic acids and PAHs in 
these units were at least 1.5 orders of magnitude below those of treatment groups.  Because these 
constituents were detected at such low levels in the controls, these groups were only sampled in 3 
replicates of the CTRL 1 and 2 mesocosm groups (rather than all 6) in 2018.  Sampling for all other water 
chemistry parameters remained the same as in 2017. 

Analysis and reporting of results were conducted according to EAS standard operating procedures 
(SOPs). 
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Table 4.  Water chemistry sample types and analytes.  
 

Sample Type Analytes Sample container 

Ions 

Calcium 

500 mL HDPE bottle 

Magnesium 
Iron 

Hardness (calculated) 
Chloride 
Fluoride 
Nitrate 
Nitrite 

Potassium 
Sodium 
Sulfate 

Sum of anions 
Sum of cations 

BOD Biological Oxygen Demand 500 mL HDPE bottle 
COD Chemical Oxygen Demand 125 mL HDPE bottle 

Phenols Sum of phenols 1 L brown glass bottle with preservative 
DOC Dissolved Organic Carbon 125 mL HDPE bottle 

BTEX 

Benzene 
2 x 40 mL brown glass vials with 

preservative (no air space) 
Toluene 

Ethylbenzene 
Xylenes 

Orbitrap naphthenic acids 
Profile of roughly molecular isomers 

traditionally categorized as naphthenic 
acids* 

1 L brown glass bottle 

*In this study, the term ‘naphthenic acid’ is used to denote compounds exhibiting specific 
characteristics.  Those characteristics are listed in Section 3.3. 
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Water chemistry sample types and analytes - continued 
Sample Name Analytes Sample container 

Alkylated and non-alkylated 
PAH’s 

1-Methylnaphthalene 

1 L brown glass bottle 

2-Methylnaphthalene 
Acenaphthene 

Acenaphthylene 
Anthracene 

Benzo(a)anthracene 
Benzo(a)pyrene 

Benzo(b,j,k)fluoranthene 
Benzo(e)pyrene 

Benzo(ghi)perylene 
C1-Chrysene 

C1-Dibenzothiophene 
C1-Fluoranthene/pyrene 

C1-Fluorene 
C1-Phenanthrene/anthracene 

C2-Chrysene 
C2-Dibenzothiophene 

C2-Fluoranthene/pyrene 
C2-Fluorene 

C2-Naphthalene 
C2-Phenanthrene/anthracene 

C3-Chrysene 
C3-Dibenzothiophene 

C3-Fluoranthene/pyrene 
C3-Fluorene 

C3-Naphthalene 
C3-Phenanthrene/anthracene 

C4-Chrysene 
C4-Dibenzothiophene 

C4-Fluoranthene/pyrene 
C4-Fluorene 

C4-Naphthalene 
C4-Phenanthrene/anthracene 

Chrysene 
Dibenzo(ah)anthracene 

Fluoranthene 
Fluorene 

Indeno(1,2,3-cd)pyrene 
Naphthalene 

Perylene 
Phenanthrene 

Pyrene 
Retene 
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Water chemistry sample types and analytes - continued 
Sample Name Analytes Sample container 

Metals – dissolved and 
total* 

Aluminum 

2 x 125 mL HDPE bottle 

Antimony 
Arsenic 
Barium 

Beryllium 
Bismuth 
Boron 

Cadmium 
Calcium 
Chlorine 

Chromium 
Cobalt 
Copper 

Iron 
Lead 

Lithium 
Magnesium 
Manganese 

Mercury 
Molybdenum 

Nickel 
Phosphorus 
Potassium 
Selenium 

Silicon 
Silver 

Sodium 
Strontium 

Sulphur 
Thallium 
Thorium 

Tin 
Titanium 
Uranium 

Vanadium 
Zinc 

 
*Dissolved metals are those present in the sample after it has been passed through a 0.45 μm filter.  

Smaller pore sizes are possible, but may predispose to filter obstruction and subsequent rupture.  Total 
metals are those present in the sample after it has been treated with nitric acid and heated.  No sample 
filtration is used for total metals analyses. 
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2.9.1.3 Plant growth 
Measurements of plant growth were taken every 14 days starting on SD 7, 8, and 9 for cohorts A, B, 

and C respectively.  At the same time as plant growth was measured, the condition of the plant was 
observed.  While potentially useful in the interpretation of growth data (e.g. a dead plant can be 
distinguished from a live plant which does not grow), these observations of overall condition were not 
subjected to statistical analysis. 

Emergent plants – A. americanus, C. utriculata, T. latifolia, C. aquatilis: 
The length of the longest leaf from the initial cut point (at the surface of the topsoil) to tip was 

measured using a ruler, tape measure, or meter stick.  Care was taken to align the zero mark with the 
cut point in the pot while avoiding unnecessary disturbance of the topsoil.  If a flower stem was 
produced by any emergent plant, the tallest height of that stem was recorded separately (Daoust and 
Childers 1998; Coleman et al. 2001). 

Submerged free floating and free-floating plants – C. demersum and L. minor: 
Plants were collected from the mesh sock/corral with a sieve and transferred to a fine mesh bag.  

The sock was withdrawn from the mesocosm to access all plant material (if the plant has migrated down 
the water column), and the sock replaced after all plant material was retrieved.  Any excess water was 
gently shaken from the plant material and any visible non-plant material (e.g. snails) was removed prior 
to weighing.  Using a spring scale, the weight of the mesh bag and its contents were determined and 
recorded.  The plant material was then returned to the sock/corral, and then the weight of the bag plus 
any residual water was recorded.  Net wet weight of C. demersum and L. minor was calculated by 
subtracting the weight of the bag and residual water from the gross weight of the bag plus plant 
material.  To avoid weighing errors associated with the effects of wind, the bag and its contents were 
suspended inside a bucket during the weighing procedure. 

Submerged rooted plants – E. canadensis and P. richardsonii: 
Submerged rooted plants were left undisturbed until plant harvest for determination of above-

ground dry biomass. 

2.9.1.4 Toxicity 
Three 20 L water samples were withdrawn from each mesocosm at the beginning, middle, and end 

of the exposure period.  To note, samples were collected from 3 of the 6 replicates of CTRL 1 and CTRL 2 
mesocosms in 2018.  Like the water chemistry samples, the toxicity samples were taken by immersing 
an HDPE bottle into the mesocosm and transferring the water to a sample container, a 20 L carboy in 
this case.   Carboys were shipped to ALS laboratories in Edmonton for 96-hour rainbow trout LC50, 48-
hour Daphnia LC50 and Microtox® assays.   
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2.9.1.5 Periphyton 
Periphyton refers to a community of microscopic plants and animals associated with the surfaces of 

submersed objects (Eaton et al. 1995).  The biomass of periphyton is an indicator of the productivity 
(primary and secondary) of a mesocosm. 

Periphyton was collected on glass microscope slides installed in a floating periphyton sampler.  
Samples were collected once a month from May through September starting on SD 0.   After 2 weeks 
residence in the mesocosm, slides were collected, placed into a plastic slide mailer (e.g. VWR# 82003-
431) and transported to EAS.  Each mailer was labelled with mesocosm ID and date and the initials of the 
collector.  If EAS could not intake the samples on the day of collection, mailers were frozen until they 
could be analyzed.  Once at EAS, the samples were assayed for ash-free dry weight.  The floating 
samplers remained in the mesocosms throughout the duration of the 2018 study period (they were 
removed in fall 2017 to prevent potential damage during the winter).  At mesocosm decommissioning 
and refurbishment (Section 2.10.2), all samplers were removed from the mesocosms and washed with 
soap and water for re-use in future projects. 

2.9.1.6 Zooplankton 
Zooplankton were collected in traps consisting of a semi-opaque translucent screw-top 1 L HDPE 

sample bottle into which a polypropylene funnel had been inserted (Figure 11).  Traps (2 per mesocosm) 
were zip-tied to a brick and placed on the top level of the southeast and northwest shelving units (Figure 
6) in a horizontal orientation with the mouth of the funnel facing the center of the mesocosm.  Traps 
were deployed for 24-hour periods to accommodate diurnal migration of zooplankton.  At the end of 
the collection period, the contents were filtered through a 30 μm Nitex mesh (Kaushik et al. 1985; 
Sanderson et al. 2004; Richards et al. 2004).  The lid was unscrewed from the trap while the bottle 
portion was carefully set aside without spilling its contents.  The funnel was removed from the lid.  A 4 
cm x 4 cm patch of Nitex mesh was placed over the hole in the lid and the funnel partially re-inserted.  
This arrangement used the tight fit between the funnel and the lid to hold the mesh in place (Figure 12).  
While holding the funnel/mesh/lid over the mesocosm, the contents of the bottle portion were then 
poured through the funnel/mesh.  The mesh was then carefully removed from the funnel/lid so that the 
collected zooplankton were retained, and then dropped into a small sample container prefilled with 10% 
buffered formalin.  Mesh from both traps from a mesocosm were stored in the same sample container.  
Mesocosm ID, date, and the initials of the collector were written directly on the wall of the sample 
container with a moisture/formalin resistant marker and on a label written in pencil.   

Samples were collected from all mesocosms on a monthly basis starting on SD 7.  However, only 
samples from the CTRL 2 mesocosms were initially sent to Biologica Environmental Services (Victoria, 
BC, Canada) for taxonomic analysis.  The month showing the greatest diversity of species in the CTRL 2 
samples was identified, and all samples collected from the rest of the mesocosms during that month 
were sent for taxonomic analysis.  All other samples are being stored in their original sample containers 
until DPL acceptance of the final report for the 2017/18 study.   

The process described above permitted the greatest likelihood of detecting an effect related to the 
test item, while minimizing sample processing costs by focussing on that period when the zooplankton 
community showed greatest diversity (Giddings, Brock, and Heger 2002).  If any effect was detected, 
samples from other time points could be sent for analysis for an additional fee.   

Analysis of all the monthly samples would provide an assessment of how the zooplankton 
community may vary over the entire course of the study under baseline conditions.  However, this 
approach may not detect any effect of a test item in periods before or after peak zooplankton diversity. 
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Figure 9.  Zooplankton trap 

 

 
Figure 10.  Funnel, lid, and mesh 

 

2.9.1.7 Macroinvertebrates 
Macroinvertebrate communities were assayed using Hester-Dendy samplers.  These samplers 

consist of 14 tempered hardboard plates separated by hard plastic washers (Figure 13).  The variable 
spacing between plates facilitates colonization by invertebrates of different sizes.   

One Hester-Dendy sampler was deployed in each mesocosm, attached to a 75 cm length of baling 
twine suspended from a shelf post, adjacent to the center of the mesocosm on the northeast and 
southwest shelf (alternating with each deployment).  Samplers were deployed in the weeks of SD 7, 49, 
and 91, and recovered 6 weeks after deployment (Eaton et al. 1995; Klemm, Lewis, and Fulk 1990).  
Recovery involved the quick withdrawal of the sampler from the mesocosm and immediate transfer into 
a wide-mouth sample bottle containing 90% denatured ethanol.  The sample bottle was labelled with 
mesocosm ID and date, and transported back to the laboratory for processing.  Due to the relatively long 
residence time, invertebrate samples represented overlapping periods at the beginning, middle, and end 
of the study.    
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For processing, the sampler was disassembled, and the plates scrubbed with water and a 

soft-bristled brush into a #70 sieve with Nitex mesh.  The contents of the sample bottle were also passed 
through the sieve.  The sieve was then washed into a small sample storage bottle containing 10% 
buffered formalin.  Again, the mesocosm ID as well as date was written directly on the wall of the 
sample bottle with permanent marker which was not soluble by formalin or water, and on a label, 
written in pencil. 

Oils or other chemicals can be retained by the hardboard plates of the Hester-Dendy sampler and 
may affect invertebrate colonization in subsequent deployments.  Therefore, whole samplers used in a 
study were not transferred across experimental groups nor reused. 

Stored macroinvertebrate samples collected from the CTRL 2 mesocosms were sent to Cordillera 
Consulting (Summerland, B.C., Canada) for taxonomic analysis to family level.  As with the zooplankton 
sample analysis strategy (Section 2.9.1.6), the period of greatest macroinvertebrate diversity was 
identified, and all other macroinvertebrate samples collected during that period were sent for analysis.  
Unanalyzed samples are being retained until acceptance of the final report.   

 

 
Figure 11.  Hester-Dendy sampler 

 

2.9.1.8 Pore-water 
In 2017, 3 sample bottles filled with dFFT were installed in TRMT 3 mesocosms; for the 2018 study, 3 

more were installed by bottles by collecting dFFT from the mesocosms in which the bottles were to be 
installed.  The dFFT collection occurred at the same time as shelf installation; this ensured disturbance 
was matched temporally between mesocosms.  After sampling and transfer of dFFT to 1 L HDPE bottles, 
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a group of three dFFT sample bottles were installed in each TRMT 3 mesocosm, to be withdrawn at the 
beginning (week of SD 0 - see Section 2.8.2), middle (week of SD 63), and end (week of SD 126) of the 
study.  The sample bottles were capped, the outside dried off and labelled with mesocosm ID, date, and 
the initials of the collector.  Sample bottles were refrigerated at 4 °C until all bottles for that time point 
were collected.  Once collected, all bottles from a given time point were shipped to the Processing 
Technologies group at InnoTech Alberta Millwoods, where the dFFT was centrifuged and the pore water 
collected.  The pore water from each group of bottles was sent back to the EAS group at InnoTech 
Alberta Vegreville, for analysis (Table 7). 

 
Table 5.  Analyses for pore water extracted from dFFT samples. 
 

Sample Type Analytes 

Pore water Ions 

Calcium 

Magnesium 

Iron 

Hardness (calculated) 

Chloride 

Fluoride 

Nitrate 

Nitrite 

Potassium 

Sodium 

Sulfate 

Sum of anions 

Sum of cations 

2.9.1.9 Weather  
Weather data for the Vegreville area was collected from a weather station approximately 300 m 

southwest of the mesocosm site.  These Environment Canada weather data can be obtained from  
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html.  

2.9.1.10 Phytoplankton 
In the 2017 study, visual observations indicated the presence of what appeared to be substantial 

phytoplankton communities.  Phytoplankton are free-floating photosynthetic organisms that play an 
important role in many aquatic ecosystems.  The term phytoplankton has been used to describe all 
photosynthetic free-floating organisms, as further analysis was outside of the scope of this study 
(though the floating mats are most likely metaphyton).  Although not quantified in 2017, observations 
during the 2017 study suggested that mesocosms could support large populations of phytoplankton; this 
could potentially have a significant influence on water chemistry in the mesocosms.  Three methods 
were used to measure the relative abundance of these chlorophytic biota in the aquatic mesocosms in 
2018. 

http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
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The first method to quantify phytoplankton was the addition of a total algae/chlorophyll sensor (YSI 

Inc. 2017) to the YSI data sonde used for measuring a number of water quality parameters (Field Water 
Quality Section- 2.9.1.1).  This sensor recorded fluorescence measurements associated with chlorophyll 
and phycocyanin (a proxy for phytoplankton abundance).  Chlorophyll/total algae were measured using 
this approach on a bi-weekly basis, as per Field water quality monitoring (Section 2.9.1.1).  Calibration 
and maintenance of the sensor was conducted as per best practices outlined by YSI. 

To translate and validate the relative measure of phytoplankton biomass calculated using the data 
sonde, a second procedure was performed.  This second approach included the collection of a water 
sample during the three standard water chemistry sampling sessions (Section 2.9.1.2).  This sample was 
submitted to EAS at Innotech, to directly quantify chlorophyll a.  This method is the accepted standard 
method for chlorophyll analysis (Catherine et al. 2012; Gregor and Maršálek 2004), but is more time-
consuming and costly, so was limited to the beginning, middle and end of the 2018 study.  Samples were 
collected in the same manner as the water chemistry samples (see Section 2.9.1.2).  The sample 
containers were provided by EAS at Innotech Alberta (a 1 L opaque plastic container specifically 
designed for algae samples).  The samples were submitted to EAS on the same day they were collected 
for processing and quantification of chlorophyll a. This second method is used to verify data collected 
using the sensor on the data sonde; it is possible that hydrocarbons in the treatment tanks could 
fluoresce in the same range as chlorophyll a, causing overestimation of phytoplankton abundance using 
the data sonde.  In addition, the range of salinity across treatments may impact the accuracy of the 
sensor. 

The third method for estimating phytoplankton relative abundance included visual estimation of 
phytoplankton cover, recorded as a percent value.  This descriptive measure was included to assess the 
relative abundance of the phytoplankton community near the surface of the water (0-5 cm depth) which 
may be missed by other measures.  Visual estimates can be biased and so a number of techniques were 
applied to protect against distorted valuations (Meese and Tomich 1992; Leonard and Clark 1993; Griggs 
et al. 2015; Kilroy et al. 2013).  First, each observer (two were used during the study) were trained and 
tested for accuracy and precision using visual estimate standards, using a quadrat and overall coverage 
scale.  Second, a photographic image (using an Olympus TG-5 camera) was captured at the time of 
estimation from a fixed angle, height and distance (using a fixed tripod and length of chain). Thirdly, 
each observer estimated cover independently, so as not to be biased by the other; where a coverage 
estimate between observers varied by more than 10%, the image (second step) was reviewed to 
determine which estimate was more accurate.  Visual phytoplankton coverage estimates were recorded 
for each mesocosm on a biweekly basis, in the same week as field water quality measurements were 
made.  Given the influence of rain and wind on the surface distribution of algae (personal observation, 
2017), all estimates were performed across all 30 mesocosms on a single day.  Observations were made 
on the Monday of the sampling week, unless weather conditions dictated otherwise.  

2.9.1.11 Imaging 
Images provide a visual record of changes in the mesocosms over the course of the study, invaluable 

for communication.  Images were captured methodically at three scales: fine (mesocosm level), medium 
(multiple mesocosms), and coarse (entire facility).   

At the fine scale, two automated TimelapseCam cameras (PRADCO Outdoor Brands, Birmingham, 
AL, USA) were mounted to the “goal posts” (one each to a vertical and a horizontal post) of a CTRL 1 and 
TRMT 4 mesocosm.  These cameras were set to take multiple pictures per day to create a time-lapse 
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video.  This video demonstrated changing environmental conditions and changes in biota over the study 
period.   

To capture medium scale biotic development, two pole-mounted TikeePro cameras (Enlaps, Meylan, 
France) were deployed - one at each end of the facility - set to take pictures at the same frequency as 
those at the fine scale.  These images were valuable in tracking medium scale changes to the facility as a 
whole.  Images could have been referenced in case of unexpected observations or security incidents, 
none of which occurred.  

At the coarse scale, in mid-July, when biotic communities in the mesocosms are well-developed, a 
UAV was used to capture high resolution imagery of the entire facility from above. 

Additional images were captured as part of other protocols and on an as-needed basis to provide a 
visual record of observations.  This included - but was not limited to - images captured during 
phytoplankton coverage estimates, to document unexpected or unusual observations, to provide a 
visual record of a procedure or if any external factors caused a mesocosm disturbance. 

All images are included with the final report in digital format. 

2.9.2 Maintenance 

2.9.2.1 Water level 
Water level in the mesocosms is expected to drop during the exposure period through 

evaporation/evapotranspiration, and sampling activities.  In order to maintain emergent vegetation and 
prevent concentration of solutes in the mesocosms, water level was checked at least weekly and 
potable water added as necessary to maintain a water depth of approximately 160 cm.  Adding water to 
the mesocosm only occurred after sampling/data collection activities were completed for the day. 

The mesocosms, being flexible structures capable of withstanding the forces of freezing water, may 
be slightly out of round, or have slightly irregular wall angles.  In addition, the mesocosms may shift 
slightly over time.  These characteristics mean that depth estimates based on hash marks painted on the 
tank wall or the rim of the tank may be unreliable.  Instead, water level was measured using a simple 
depth gauge.  Depth measurements taken with flexible gauges such as weighted strings, chains, or tape 
measures may be impaired by an uneven layer of dFFT or unconditioned topsoil at the bottom of some 
mesocosms.  There, the depth gauge was made from a rigid 2 m length of aluminum tubing notched at 5 
cm increments.  While holding the gauge vertically against the floor of the mesocosm, depth was 
estimated by comparing the position of the water level relative to the notches.  The rigidity of aluminum 
tubing allowed the depth gauge to be pushed through the dFFT layer while measuring depth.  Care was 
taken not to suspend this material when withdrawing the depth gauge from mesocosms containing 
dFFT.  The gauge was rinsed off with potable water after use over the mesocosm in which it was 
deployed.   

In order to maintain similar thermal conditions across all mesocosms, the depth of the water jacket 
must also be maintained.  Jacket water was replenished at the same time as the mesocosm (i.e. inner 
tank) water.  The target depth for the jacket water was 145 cm.   

Aged potable water is a source of clean, low-solute water which can offset evaporative losses in the 
mesocosms and water jackets.  Keeping potable water in open top storage tanks (Figure 2) for at least 
72 hours prior to use allowed time for the chlorine used in water treatment to dissipate.  The potable 
water tanks were used in an alternating manner.  One tank was in use while the other was filled and 
allowed to off-gas.  Discharge hoses were used to bring aged potable water to the mesocosms.  
Hydraulic head was sufficient in the potable water tanks to induce flow through the hoses.  If 
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spontaneous flow was too slow (i.e. the potable water tank is almost empty), a pump could be used to 
increase flow. 

2.10 Mesocosm decommissioning  
Mesocosm decommissioning refers to the process whereby the last, often destructive, samples are 

collected and the tanks are prepared for overwintering or refurbished for a new study.  For 2018, the 
only destructive sampling was the harvest of plant material for dry biomass determination.  The 
decommissioning and refurbishment process began after the final plant biomass tissue harvest was 
complete and took place over the course of 4 weeks.  Time requirements for decommissioning and 
refurbishment are dictated by the (1) availability of qualified staff, (2) availability of material hauling 
equipment (and qualified drivers), (3) site size and configuration (compact footprint limits the number of 
trucks that can be onsite simultaneously) and (4) weather, amongst other factors that are not named.  
The window for this process could be narrowed with increased resources, but only to an extent due to 
(3) and would come at an increased cost. 

2.10.1 Plant harvest and dry biomass 
Each pot and mesh sock/corral was removed from the mesocosms after all biweekly data and 

samples were collected at the end of the exposure period.  Plant material above the topsoil was cut 
from each pot and placed in a separate labelled paper bag.  This “above-ground” biomass represents 
only 2018 growth for emergent plants, since above-ground growth from 2017 was trimmed during 
commissioning.  For submergent rooted plants, this “above-ground” biomass represents growth in 2018 
from an equal starting point at installation, since no trimming could occur due to the risk of damaging 
the plant.  Because P. zosteriformis could not be trimmed in a similar manner lest the overwintering 
structures (turions) be damaged, this above-ground biomass represents growth occurring in both 2017 
and 2018.  All floating vegetation material was gathered from each sock and corral.  Excess moisture or 
residual soil particles were shaken off before plant material was placed in paper bags, one bag per 
species, per mesocosm.  

Bags were closed with a single staple without folding the top to allow maximum air circulation 
during the drying process.  Bags were labelled with mesocosm ID, plant species, and plant replicate 
number by writing on the side of each bag with a permanent marker. 

All bags were placed in a drying oven maintained at 70 °C.  Bags remained in the oven for at least 48 
hours.  If an oven was unavailable, bags were placed on drying racks in an empty greenhouse room to 
begin drying and thereby prevent rotting.  When oven capacity became available, the pre-dried bags 
were transferred to the oven, where they remained for at least 48 hours (i.e. pre-drying in the 
greenhouse does not reduce oven drying time).  Once drying was complete, the plant material was 
emptied from each bag to a weighing boat and weighed and that weight recorded. 

2.10.2 Mesocosm refurbishment 

2.10.2.1 TRMT mesocosms 
Refurbishment followed a prescribed set of actions for each mesocosm.  First, the outer tank was 

evacuated to utility tanks.  Second, items and materials from TRMT mesocosm were removed in two 
stages (1) internal structures and apparati were removed, then (2) bulk TRMT material removal.  Third, 
mesocosms were washed out using a trailer mounted pressure washer with soap and heater (for water).  
Lastly, mesocosm and outer tank were refilled. 
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Internal structures were removed first.  Soil from plant pots was transferred to four steel drums 
(which were later collected by DPL participant) for offsite disposal.  Shelves were removed to a 
temporary storage berm for later disposal; residual tailings material was removed by agitation in the 
mesocosm and sprayed off with the pressure washer (Figure 14). 

To remove the treatment materials from the mesocosm, a series of vacuum trucks with 25 cubic 
meters of holding capacity were orchestrated by a DPL participant to transfer the material offsite for 
appropriate disposal.  Briefly, after internal structures were removed, mesocosm water was drawn 
down by suction into the holding tank on the truck.  When approximately 50 cm of liquid remained, gas 
powered pumps (previously used for water transfer on site) were used to agitate and loosen the 
material for 10 minutes.  The slurry was then suctioned out by the truck vacuum system.  

After water and dFFT removal, the inner surface of the mesocosm was pressure washed and rinsed 
with heated, soapy potable water.  Wash and rinse water was suction out by the truck vacuum. 

After rinsing, the inner tank was filled with surface water from the nearby borrow pit pond, and 
jacket water returned to the outer tank. The refurbishment procedure was completed on a tank-by-tank 
basis to avoid prolonged periods of tank buoyancy.  
 

 
Figure 12.  Mesocosm refurbishment 

 

2.10.2.2 CTRL mesocosms 
To maintain uniformity across the mesocosm array for future studies, those mesocosms from the 

CTRL groups were cleaned in a similar manner to the TRMT mesocosms.  Briefly, pots were removed, 
and soil deposited to an onsite berm 100 m from the nearest mesocosm.  Shelves were removed and 
disposed of offsite.  Mesocosm water was pumped to an onsite drainage system.  Where soil was 
present on the mesocosm floor, a vac truck was contracted to suction out soil, which was deposited on 
the berm where potted soil was located.  All mesocosms were pressure washed with heated soapy 
potable water, which was removed with a vacuum.  After cleaning, mesocosms were refilled with 
surface water from the nearby borrow pit pond.    
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3. Results 

3.01 Data Analysis 
The data analysis and compilation of results in this report are based on those described in the 2017 

Aquatic Mesocosm report (Davies 2018).  Subsections in 3.01 are excerpts from that document with 
changes to the method of reporting for the 2018 study indicated with bold text.  These changes have 
been made to more closely align with the purpose of this initial mesocosm research project as a 
screening study.  The intent of this two-year project was to identify differences and trends in response 
of physical, chemical and biotic parameters to oil sands materials, to inform more focused experiments 
in the future.  Notably, the author has elected to apply the word “appear” more broadly to describe 
trends as related to time and OSPW concentration in consideration of the modest statistical power 
(Aumann 2019) for some analytes in this study.  Those interested in further examination of the data 
should use this Results section as a guide to focus exploration of the Data Analysis report (Appendix A). 

3.01.1 General 
Dates in the following sections and Data Analysis report (Appendix A) are designated in weeks (e.g.-

1, 0, 1, …18).  This designation is based on calendar date with the week including May 22 as week 0 in 
each year (2017 and 2018).  This designation was adopted as the study was under ambient outdoor 
conditions, so this allowed for the most accurate presentation of the data.  To note, this is not related to 
SD (study day) in the introduction. 

For a detailed description of the statistical analyses conducted, the reader is directed to Section A.1 
of the Data Analysis report (Appendix A).  Marginal means are provided in the Data Analysis report 
(Appendix A) for each tested parameter.  In the event of non-homogenous variance 
(heteroscedasticity), those data were log transformed and re-tested.  For the purposes of 
interpretation, the results of testing the log transformed data superseded those of the untransformed 
data.  However, the untransformed data are still provided so that the reader may better appreciate the 
extent of differences between groups, time points, or depths.   

As was described in the Note to Readers (page 2), the words “significance” and “appear” are used 
with specific meanings within this report.  The term “significance”, and its derivatives, indicates 
statistical significance at α=0.05.  The lack of a significant difference between groups, depths, or time 
points may signify the absence of an effect, or the presence of an effect too small to be distinguished 
from random variation given the statistical power of the experimental design.  The distinction between 
the absence of significance and the absence of difference is particularly important when comparing 
highly variable data from small experimental groups or samples.  In such circumstances, which are 
common in mesocosm-based experiments, one cannot reliably distinguish between the true absence of 
difference, and the presence of a difference which is present but too small to be distinguished from the 
effects of chance (i.e. a type 2 error).  Because of this limitation and given the study goal to identify 
effects which may warrant additional investigation (Section 1.2), the term “appear” and its derivatives 
are used to signify the perceptions of the author, irrespective of statistical support.   

3.01.2 Trends 
Statistical testing is focussed on the differences between experimental groups, time points, and - in 

the case of data sonde results - depths.  In an effort to communicate the most common patterns in the 
data concisely, changes across concentrations (in the case of OSPW) and time are articulated in terms 
of trends.  With respect to depth, in the 2018 study measurements were only collected at two depths, 
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and it is not possible to describe trends with only two points.  Therefore, only direct comparisons 
between depths are made related to the 2018 dataset.   

With respect to time, four trends accounted for the vast majority of data observed in this project: 
increasing, decreasing, mid-study increase, and mid-study decrease.  For the sake of clarity, examples of 
these trends, as they are defined in this report, are provided below assuming comparisons across three 
time points (Week -1, Week 8, and Week 17). 

This approach, which involves the use of a single category (i.e. trend) to denote a range of patterns 
in the data, necessarily involves a certain loss of detail.  To create a new category to communicate every 
possible pattern in the results is awkward to articulate, demanding to read, and offers little value over 
viewing statistical results directly.  Those readers who require more detail are directed to Appendix A, 
where graphs of the data and the results of statistical testing can be viewed directly.  

3.01.2.1 Increasing 
An increasing trend is one in which the value of Week 17 is greater than that of Week -1 and the 

value of Week 8 falls somewhere between that of Week -1 and Week 17.  The presence of the word 
‘significant’ or its derivatives indicates statistical significance of the trend; in the absence of this term, 
the trend should be considered observational only, not statistically significant.  Examples of what is 
considered an increasing trend vary (Figure 15) and the reader is encouraged to examine Appendix A 
for details when a trend is described as such. 

Figure 13. Examples of a trend that is designated as increasing. 

3.01.2.2 Decreasing  
A decreasing trend is simply the reverse of the Increasing trend: the value of Week -1  is greater 

than that of Week 17 and the value of Week 8 falls somewhere between that of Week -1 and Week 17 
(Figure 16); the presence of the word ‘significant’ or its derivatives indicates the trends is statistically 
significant. 
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Figure 14. Examples of a trend that is designated as decreasing. 

3.01.2.3 Mid-Study Increase  
A mid-study increase is defined as a trend wherein the value of Week 8 is higher than that of both 

Week -1 and Week 17 (Figure 17); the presence of the word ‘significant’ or its derivatives indicates a 
statistical significance.    
 

Figure 15. Examples of a trend that is designated as a mid-study increase 

3.01.2.4 Mid-Study Decrease  
A mid-study decrease is defined as a trend in which the value of Week 8 is lower than that of both 

Week -1 and Week 17 (Figure 18); the presence of the word ‘significant’ or its derivatives indicates a 
statistical significance.    
 

Figure 16. Examples of a trend that is designated as a mid-study decrease 
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3.01.3 Differences Between Groups 
Statistical testing for group-wise differences focussed on describing effects associated with the 

presence/absence of OSPW, the presence/absence of dFFT, the presence/absence of a soil layer, and 
the presence/absence of installed vegetation.  

3.01.3.1 Effect of OSPW  
Effects associated with OSPW were identified using two approaches.  The first was by comparing 

CTRL2 to TRMT5.  These experimental groups differed only in the presence of OSPW (50% by volume – 
Section 2.1), so effects associated with OSPW should have been present in TRMT5 and absent in CTRL2.  
The second approach was to compare the experimental groups which contained dFFT.  These groups 
differed only in the amount of OSPW present in the mesocosms; 0%, 25%, 50%, and 100% by volume for 
TRMT1, TRMT2, TRMT3, and TRMT4 respectively.  Effects which increased or decreased in magnitude 
with OSPW content were identified as OSPW dose-dependent or inversely OSPW dose-dependent, 
respectively.  OSPW-associated effects were not necessarily absent from TRMT1, as many of the 
chemical constituents of OSPW were observed to be present in dFFT and its release water in 2017. 

3.01.3.2 Effect of dFFT  
Effects associated with the presence of dFFT were identified by comparing TRMT1 to CTRL2 and 

TRMT3 to TRMT5.  In both comparisons, mesocosms of the former experimental group contained dFFT 
while mesocosms of the latter experimental group did not.  All other factors were held constant.  Both 
comparisons were examined to account for the effect of OSPW.  Neither TRMT1 nor CTRL2 contained 
OSPW, while both TRMT3 and TRMT5 contained 50% OSPW by volume.  

3.01.3.3 Effect of Soil 
Effects associated with the presence of soil or installed vegetation were identified by comparing 

CTRL1 to CTRL2 and CTRL2 to CTRL3, respectively.  As with the other comparisons described above, all 
factors were held constant except for the presence of soil in the first comparison and the presence of 
installed vegetation in the second comparison.  

In the 2017 report, a portion of the Results section was dedicated to the ‘Effect of Soil and 
Installed vegetation”.  For the current report, the section will be limited to the “Effect of Soil”.  The 
“installed vegetation” portion of the results summary compiled for the 2017 study has not been 
repeated for the 2018 study because all of the CTRL 3 mesocosms (the mesocosms included in the 
original design without installed vegetation) were colonized by adventitious macrophytes.  As a result, 
comparisons between CTRL 2 and CTRL 3 mesocosms are not valid for the 2018 data as the CTRL 3 
mesocosms are not free of macrophytes and so this comparison would be confounded. 

The examination of CTRL 3 mesocosms does provide some value in understanding the 
establishment of a constructed wetland in the absence of soil or installed vegetation, but that is not 
the focus of this screening study.  In comparison to all other experimental groups, CTRL 3 mesocosms 
were often divergent and are best viewed as a caveat to the design of constructed waterbodies; 
exclusion of any major ecological component will likely lead to unexpected/unpredictable results. 
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3.01.4 Box plots 
While a range of graphs and figures have been provided to the reader, box plots (a.k.a. box-and-

whisker plots) have been used extensively with the intent of providing the reader with an illustration of 
the distribution of the data.  When n=3, the highest and lowest recorded values (i.e. those mesocosms 
within the group that produce the highest and lowest values for a given parameter) are represented by 
the ends of the whiskers, or the top and bottom edges of the box when whiskers are not present.  As 
might be expected, the median line represents the third (i.e. middle) value.  Because all of the data 
points have already been used to define the median line and whiskers, no outliers can be defined in 
these small groups (i.e. CTRL3, TRMT1, TRMT2, TRMT3, TRMT4, TRMT5).    

When n=6 (i.e. CTRL1 and CTRL2), box plots were constructed in the conventional manner with 
outliers defined as those values more than 1.5 x IQR (interquartile range) above the third quartile, or 
more than 1.5 x IQR below the first quartile. 

3.01.5 Special Considerations 
Many of the parameters contained within the Water Quality – Laboratory Measurement data set 

were observed to be highly correlated in 2017.  Correlation plots and principal component analyses 
were used to guide the grouping of some data (e.g. PAHs) and may aid future investigators in the 
selection of key water quality indicators.  

Naphthenic acids  
Classically, naphthenic acids have been defined as organic carboxylic acids with molecular formula 

CnH2n+zO2, where n is the carbon number and z is a negative even integer that refers to hydrogen 
deficiency.  For the purposes of analyzing Orbitrap data, however, naphthenic acids were defined as 
water soluble compounds demonstrating the following characteristics: 

• Detected under negative ionization mode using the Orbitrap mass spectrometer 
• Contain between 6 and 22 carbon atoms 
• Contain two oxygen atoms 
• Contain no nitrogen or sulfur atoms 
• Exhibit between 1 and 11 double bond equivalents (DBE) 
131 molecular formulae accounted for compounds matching the above criteria, however, 

naphthenic acids are a complex mixture of compounds with diversity far above and beyond this number 
(Grewer et al. 2010).  By summing the peak areas for all of the appropriate formulae, a single value was 
generated that represented the aggregate amount of naphthenic acid present in the sample.  This 
univariate measure of naphthenic acid content was calculated at the start, mid-point and end of each 
year of the study.  A profile based on peak area, carbon number, and DBE was used to describe the 
naphthenic acid species present in each sample. It is understood that Orbitrap analyses are rich in data 
which may be exploited by sophisticated analyses in subsequent studies.   

For the purposes of this report, a family of naphthenic acids is defined by its “Z number” and double 
bond equivalence (DBE) (Holowenko, MacKinnon, and Fedorak 2002).  These two values change in lock 
step as per Table 6  and can be thought of as indicators of structural complexity.  That is, higher Z 
numbers and DBE’s imply more structurally complex molecules.  For the sake of brevity, each family will 
be referred to only by its Z number. 
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Table 6.  Naphthenic acid families 

Z Number DBE 
0 1 
-2 2 
-4 3 
-6 4 
-8 5 

-10 6 
-12 7 
-14 8 
-16 9 
-18 10 

 
Estimates of the absolute concentration of each naphthenic acid (NA) family were made in an 

attempt to better understand some of the patterns observed in total naphthenic acids as well as 
changes in the proportion of each NA family.  However, the reader should exercise caution in the review 
of these results and their interpretation, given the complexity of compounds that are designated as NAs; 
the compounds are a combination of complex molecules with wide variation in structure (Headley and 
McMartin 2004a) and can vary significantly across geological formations (Ross et al. 2012).  Further, the 
method employed by EAS for characterization (Pereira, Bhattacharjee, and Martin 2013), as with 
standard quantification methods, uses a laboratory standard mixture of naphthenic acids, which will 
share the common molecular backbone to NAs, but may not capture to diversity of compounds.  As 
such, there is significant uncertainty around the absolute concentration of these compounds.  As a 
result, estimates of absolute NA family concentrations are best viewed as estimates, with some 
expected level of error.    

3.01.6 Reporting limits  
Some water samples had to be diluted to facilitate analysis.  The effect this dilution has on the 

sensitivity of measurement (i.e. the method detection limit) is communicated as the reporting limit.  
Because some samples required more dilution than others, the reporting limit is often provided as a 
range of values attached to graphs depicting the data (Figure 19).  The impact of below-reporting-limit 
results on statistical analyses are discussed in Section A.5.2 of the Data Analysis report (Appendix A). 
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Figure 17. Example figure in Data Analysis report where reporting limit is a range of values 

(highlighted in red box) 

3.01.7 Trout, Daphnia and Microtox® Toxicity 
Observed levels of toxicity in trout 96-hour LC50, (Daphnia 48-hour LC50) and Microtox ® assays 

were sufficiently low that the planned analyses were not possible (Section 3.4).  Instead, a number of 
non-standard measures were evaluated as a replacement for LC50.  However, none were considered 
sufficiently valuable or unbiased to support quantitative statistical analysis.  As a result, the raw trout 
and Daphnia toxicity data are presented graphically without statistical testing (Section A.9 in Appendix 
A).    

In 2017, the Microtox® data offered a reasonably unbiased, albeit limited and unconventional, 
measure of toxicity.  The author elected to use % Effect (i.e. the reduction in bacterial luminescence 
expressed as a percentage of baseline) at the maximum mesocosm water concentration (90% by 
volume) and the longest exposure time (15 minutes) for statistical testing.  While the use of this 
measure precludes the comparison of this study’s results to those of other investigations, it does at least 
allow some quantitative assessment of changes over time and differences between groups for this 
study.   

In 2018, the standardized MicroTox testing was contracted to an alternate service provider that 
did not provide the detail of the previous service provider, but rather reported values based on AER 
Directive 050 (Alberta Energy Regulator 2016).  Data are reported as EC20 (15 minute): the effective 
concentration whereat a 20% effect is observed after 15 minutes of exposure.  For context, when an 
effect of less than 20% is observed after 15 minutes of exposure to a test item, the value assigned to 
the test result for that concentration of test item is 100% (no impact).  Values at 100% indicate the 
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substrate tested does not induce a toxicological response from the test organisms, as per test method.  
When the value assigned to a test result at a particular test item concentration is less than 100%, it 
means that an effect greater than 20% has been observed. 

3.02 Focus of results 
In the interest of brevity and to avoid duplication of the statistical report (Appendix A), the focus of 

the results and discussion sections will be comparisons of CTRL 2 to CTRL 1, TRMT 1, TRMT 5 and TRMT 3 
to TRMT 5 experimental groups.  Comparisons between these groups are made due to the presence or 
absence of specific components (e.g. soil, dFFT, OSPW), which allows for an examination of how these 
components interact with the response variables measured in the study (Table 7).   

Included in the statistical report but not a focus in the results summary is the comparison of CTRL 1 
to any of the TRMT experimental groups.  The comparison between CTRL 2 and CTRL 1 found many 
significant differences, as expected, given that soil is a complex mixture of abiotic and biotic 
components.  The soil property (biological, chemical, physical) responsible for these differences is often 
impossible to isolate.  Specifically, the addition of two cubic meters of soil to the CTRL 1 mesocosms, 
altered the physical nature and added a significant volume of mixed chemical and biological components 
not included in any other mesocosm.  Should the reader choose to examine the comparisons between 
CTRL 1 and TRMT groups, the author recommends a cautious approach.  Focusing on response variables 
that are not significantly different between these groups may be more informative than those response 
variables that are. 

Results from TRMT 2 & 4 are included in the statistical report and commented on, but are not a 
focus in the Results section.  TRMT 2 values often predictably fell between TRMT 1 and TRMT 3, so 
inclusion might be considered extraneous.  Further, TRMT 2 & 4 contained dFFT and OSPW at a 
concentration not included in any other experimental group, so attempting to explain what portion of 
any effect is due to either OSPW or dFFT or the interaction of the two is confounded (i.e. comparison 
between TRMT 1 and 4 is deficient to determine the interaction effect that can be made in comparisons 
of TRMT 1, 3 and 5). 

 
Table 7.  Experimental groups, with comparisons focused on those highlighted in blue 

Experimental 
group 

Installed sediment 
layer (20 cm) 

OSPW Installed Plants Replicates 
(n) 

CTRL 1 Soil Absent Present 6 
CTRL 2 None Absent Present 6 
CTRL 3 None Absent Absent* 3 
TRMT 1 dFFT Absent Present 3 
TRMT 2 dFFT 25% Present 3 
TRMT 3 dFFT 50% Present 3 
TRMT 4 dFFT 100% Present 3 
TRMT 5 None 50% Present 3 
* no installed plants in CTRL 3, however, adventitious plants colonized all CTRL 3 

mesocosms 
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3.1 Water Quality Field Measurement 
Field water quality measurements were collected biweekly by deploying a multisensory YSI data 

sonde and capturing measurements just below the surface (17 cm) and just above the floor (125 cm) of 
the mesocosms.  Typically, measurements were collected 3 – 8 minutes after the sonde was deployed, 
after the sensor readings had stabilized. 

Error bars in figures in this section denote +/- 1 standard deviation across the mesocosms in the 
experimental group measured that week and at that depth. 

3.1.1 Temperature 
Figures and tables describing temperature measurements can be found in Section A.2.3.1 of the 

Data Analysis report (Appendix A). 

3.1.1.1 Effect of Depth 
Water temperature within a mesocosm was generally lower at the floor than near the surface 

(Figure 20).  Measurements from 2017 are included for visual comparison, however, for detail 
comparisons, please refer to the 2017 report (Davies 2018).  The temperature difference between the 
floor and surface were significantly different on all sampling dates in 2018 except: week 1 in CTRL 3 & 
TRMT 1, week 3 in TRMT 1, 3 & 4, week 5 in TRMT 1, week 9 in CTRL 3 & TRMT 1-5, week 15 in TRMT 4, 
and week 17 in all mesocosms. 

Surface temperatures appeared to vary more than floor temperatures, which can be observed in the 
size of the error bars on figures in Appendix A; however, no statistical testing of variation in temperature 
readings was undertaken. 
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Figure 18. Mean surface and floor water temperature by experimental group 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.1.2 Effect of Time 
Data sonde measurements were collected from May to September 2018; variation in water 

temperature reflecting seasonal changes in ambient weather conditions is evident in Figure 20.  
Temperatures rose in the first half of the study period after surface waters were clear of ice and fell in 
the second half of the study period.  All mesocosms exhibited a temperature profile with little difference 
between any experimental groups, except for CTRL 1, which exhibited comparatively lower mid-season 
temperatures in comparison with other experimental groups, especially near the floor (125 cm). 

Full comparisons of within-year variation can be found in Appendix A; however, the pattern of 
temperature changes related to the time of the year is consistent across experimental groups (Figure 
21). 

 

 
Figure 19. Mean surface and floor water temperature by depth in 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

 



  
 

Page 64 

3.1.1.3 Effect of OSPW 
In comparing CTRL 2 to TRMT 5, no significant differences in temperature were observed related to 

sampling date or depth.  An inverse dose-dependent relationship was significant for floor temperatures 
in Week -1, but this relationship is not significant on any other dates. 

3.1.1.4 Effect of dFFT 
In comparing CTRL 2 to TRMT 1, there were no significant differences in temperature.  In comparing 

TRMT 3 to TRMT 5, there were no significant differences in temperature. 

3.1.1.5 Effect of Soil  
The mesocosms with soil experienced lower temperatures in general and this was more pronounced 

at depth.  CTRL 1 was significantly cooler than CTRL 2 at the surface in week 15 and at the floor in weeks 
9 and 11. 

3.1.2 pH 
Figures and tables describing pH as measured using the data sonde can be found in Section A.2.3.2 

of the Data Analysis report (Appendix A). 

3.1.2.1 Effect of Depth 
Measurements from 2017 are included for visual comparison, however, for detail comparisons, 

please refer to the 2017 report (Davies 2018).  As can be observed in Figure 22, pH within the 
mesocosms was often lower at depth compared to the surface, but this difference was marked only in 
the case of CTRL 1; for this group, the pH at the floor was significantly lower than at the surface through 
the entire 2018 open water season.  Significant differences between depths were present in TRMT 1 in 
week -1, TRMT 2 in weeks -1 and 1, TRMT 3 in all weeks except 3, 13, 15 and 17, and TRMT 4 in all weeks 
except -1, 11 and 17.  Differences in pH between depths were not significantly different in CTRL 2 and 3 
or TRMT 5 on any measurement dates. 
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Figure 20. Mean pH at surface and floor by experimental group 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

 
 
 
 
 
 
 
 



  
 

Page 66 

3.1.2.2 Effect of Time 
In all mesocosms, (except CTRL 1 and CTRL 3) the pH appeared to be relatively stable over the 

course of the 2018 open water season.  The reader is directed to Appendix A for any significant 
differences, however, comparisons are not included here as they are likely not biologically significant.  
One of the pH shifts that was statistically significant, and potentially biologically significant, occurred in 
CTRL 1, where the pH at the surface increased significantly after week 5.  The pH in CTRL 3 significantly 
increased at both the surface and floor over the course of the 2018 open water season. 
 

 
Figure 21. Mean pH measurement by depth in 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

 

3.1.2.3 Effect of OSPW 
In comparing pH within depth between CTRL 2 and TRMT 5, there were no significant differences.  In 

comparing TRMT 1 through 4, there appeared to be a dose-dependent relationship with pH at the 
surface in the first half of the season, but not at the floor of the mesocosm at any period. 
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3.1.2.4 Effect of dFFT 
In comparing pH within depth between CTRL 2 and TRMT 1, there were no significant differences.  

There were also no significant differences between TRMT 3 and TRMT 5. 

3.1.2.5 Effect of Soil  
Observations indicated that mesocosms with soil (CTRL 1) had a significantly lower pH at the floor 

and significantly higher pH at the surface than CTRL 2 counterparts.  The differences in pH at the surface 
was evident in week 9 to 15 and at the floor from week -1 to 13. 

3.1.3 Turbidity 
Figures and tables describing turbidity as measured using the data sonde can be found in Section 

A.2.3.3 of the Data Analysis report (Appendix A), with turbidity reported in FNU (formazin nephelometric 
units). For reference, the author found that the water column in mesocosms where the turbidity 
measures was less than 10 FNU was practically clear, with the floor of the mesocosm (~1.5 m deep) 
visible through the water. 

3.1.3.1 Effect of Depth 
Little difference in turbidity was observed between depths in 2018 (Figure 24); 2017 data is not 

included in this figure as the turbidity was (in some cases) orders of magnitude higher in 2017, which 
overshadows comparisons of the 2018 values.  Where there was a difference in turbidity measurements 
between depths, the surface measure was less turbid than the floor.  The only experimental group 
where the difference in turbidity was significantly different was in CTRL 1, and only in weeks 13 and 15. 
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Figure 22. Mean turbidity measurements by experimental group in 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.3.2 Effect of Time 
Figure 25 suggests that there was a decrease in turbidity at the surface in TRMT 3 and 4 and to a 

lesser extent CTRL 1 and TRMT 2 and 5 in the first several weeks of 2018, then a plateau across all 
experimental groups.  However, none of the within group values were significantly different from one 
another. 

The turbidity near the floor in TRMT 3 & 4 appear to decrease over the course of the season, 
however, this decrease was not statistically significant.  Turbidity in CTRL 1 appears to increase through 
the season, however, this increase was not statistically significant. 



  
 

Page 70 

 
Figure 23. Mean turbidity measurements grouped by depth in 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.3.3 Effect of OSPW 
In comparing CTRL 2 to TRMT 5, there were no differences in turbidity within depth that were 

significantly different from one another.  In comparing TRMT 1 through 4, there appears to be some 
dose-dependent relationship with turbidity, however, this relationship was only statistically significant in 
weeks -1, 1 and 3. 

3.1.3.4 Effect of dFFT 
In comparing CTRL 2 to TRMT 1, no significant differences in measurements within the same depths 

were observed.  In comparing TRMT 5 with TRMT 3, turbidity values at the mesocosm floor in week -1 
and 1 were significantly higher in TRMT 3, but this was not the case on any other dates.  

3.1.3.5 Effect of Soil 
Turbidity measurements were not significantly different at the surface when comparing CTRL 1 and 

2.  Turbidity values were significantly higher near the mesocosm floor where soil was present (CTRL 1) in 
weeks 1, 7, 9, 11 and 15. 

 

3.1.4 Specific Conductivity 
Figures and tables describing specific conductivity as measured using the data sonde can be found in 

Section A.2.3.4 of the Data Analysis report (Appendix A). 

3.1.4.1 Effect of Depth 
Specific conductivity was significantly less at the surface in comparison to the floor in all mesocosms 

in weeks -1 and 1.  This difference was observed through the entire season in CTRL 1 and TRMT 4, in 
week 7 in TRMT 5 and weeks 3, 5, 7, 9 and 11 in TRMT 3 (Figure 26). 
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Figure 24. Mean specific conductivity by experimental group 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.4.2 Effect of Time 
In all mesocosms, the specific conductivity was higher near the floor of the mesocosm and lower 

near the surface at the start of the 2018 study season (Figure 26).  Through the course of the season, 
these values converged, with the result that there were no significant difference between depths within 
each experimental group by the end of the season, with the exception of CTRL 1 and TRMT 4.  In all 
mesocosms, the largest difference was observed between the first set of measures (week -1) and those 
after week 5, with these differences being statistically significantly different.  However, there were no 
significant differences in measurements within experimental groups from week 5 through 17, except at 
the floor in TRMT 4, where the value in week 17 was significantly different than all preceding values. 

 

 
 
 

Figure 25. Mean specific conductivity grouped by depth in 2018 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.4.3 Effect of OSPW 
In comparing CTRL 2 to TRMT 5, specific conductivity values were significantly higher in the presence 

of OSPW at both the floor and surface for the entire season (Figure 27).  In examining TRMT 1 through 4, 
there was a significant dose dependent relationship between specific conductivity and OSPW at both 
the surface and floor. 

3.1.4.4 Effect of dFFT 
In comparing CTRL 2 to TRMT 1, specific conductivity values were significantly higher in the presence 

of dFFT at both the floor and surface for the entire season (Figure 27).  In examining TRMT 3 and 5, 
there were no significant differences in specific conductivity at either the floor or surface. 

3.1.4.5 Effect of Soil  
The presence of soil (CTRL 1 vs CTRL 2) was associated with a significant increase in the specific 

conductivity at the floor of the mesocosm for the entire season.  The increase was observed near the 
surface, as well, but the relationship was only statistically significant in weeks 13 and 17. 

3.1.5 Dissolved Oxygen (optical) 
Figures and tables describing dissolved oxygen as measured using the data sonde can be found in 

Section A.2.3.5 of the Data Analysis report (Appendix A). 

3.1.5.1 Effect of Depth 
Dissolved oxygen results were mixed with respect to depth (Figure 28).  In CTRL 1, dissolved oxygen 

was significantly higher at the surface for the entire season.  Dissolved oxygen was also significantly 
higher near the surface in week -1 in TRMT 4 and week 13 in TRMT 5.  Dissolved oxygen was significantly 
higher near the floor in CTRL 2 and TRMT 1 in week -1 and 1, in TRMT 2 in week 1, in TRMT 3 in week 1 
and 3, in TRMT 4 in week 3 through 13, and week -1 and 1 in TRMT 5, but not at any other time in the 
season.  There were no significant differences in dissolved oxygen between depths in CTRL 3. 
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Figure 26. Mean specific dissolved oxygen by experimental group 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.5.2 Effect of Time 
Dissolved oxygen near the surface appears to follow one of three profiles (Figure 29).   In TRMT 

mesocosms, there was a mid-season decrease.  In CTRL 1 and 3, there was an increase through the 
season and decrease in the final two monitoring weeks.  In CTRL 2, the profile was flat; the dissolved 
oxygen did not change much through the season.   

The profile of dissolved oxygen near the floor of the mesocosms is more varied (Figure 29). CTRL 1 
exhibited a mid to late season decrease, followed by an increase to early season values.   CTRL 2 
decreased in the first four weeks, then plateaued. CTRL 3 had an early season decrease, then increased 
and plateaued.  TRMT 4 was observed to have an early season increase, then slowly converged with to 
the values observed in other TRMTs and CTRL 2.  The remainder of the TRMTs showed a mid-season 
decrease. 

 

 
 

Figure 27. Mean dissolved oxygen grouped by depth in 2018 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.5.3 Effect of OSPW 
In comparing CTRL 2 and TRMT 5, there was no significant difference within depth between 

mesocosms with or without OSPW.  In comparing dissolved oxygen within depth between TRMT 1 
through 4, there was no dose-dependent relationship. 

3.1.5.4 Effect of dFFT 
In comparing CTRL 2 and TRMT 1, there was no significant difference within depth between 

mesocosms with or without dFFT.  No significant differences in dissolved oxygen were observed within 
depth when comparing TRMT 3 and 5; the presence of OSPW did not have a significant effect where 
dFFT was present. 

3.1.5.5 Effect of Soil  
The presence of soil had opposite effects on dissolved oxygen at the surface and floor.  In 

mesocosms with soil, dissolved oxygen was higher at the surface, significantly so in weeks 9 and 13.  
Near the floor of the mesocosm, dissolved oxygen was significantly lower in all weeks except for 5, 15 
and 17. 

3.1.6 Chlorophyll (optical) 
Figures and tables describing chlorophyll as measured by data sonde can be found in Section A.2.3.6 

of the Data Analysis report (Appendix A).  The values reported are RFUs or relative fluorescent units; the 
sensor on the data sonde emits a specific wavelength of light and the intensity of the fluorescence at 
another wavelength is recorded.  The wavelength of fluorescence is specific to chlorophyll a.  RFUs are 
reported as extensive calibration (beyond the scope of this study) is required for reliable conversion 
from RFU to mass values.  Also, given the experiment is based on comparisons, relative values are 
suitable. To note, section A.2.3.7 includes data for blue-green algae, where the relative fluorescent 
intensity of phycocyanin is measured.  The purpose of this study was not to differentiate between major 
types of phytoplankton; however, the data were collected so they are included in the Data Analysis 
Report. 

3.1.6.1 Effect of Depth 
Chlorophyll RFU values were often higher at the bottom of the mesocosm than near the surface 

(Figure 30), with this difference being significant in all weeks in CTRL 1 and TRMT 4.  Significantly higher 
RFU values at the floor were also found in weeks -1 & 1 in all mesocosms, week 3 in TRMT 3, weeks 5 
and 11 in TRMT 5, and week 7 in CTRL 2. 
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Figure 28. Mean Chlorophyll RFU by experimental group 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.6.2 Effect of Time 
Chlorophyll RFU measurements near the surface appeared to experience a mid-season decrease, 

then an end of season decrease for all experimental groups except for TRMT 4, which overall 
experienced an increase over the season.  None of these trends is clear and the variability is high. 

Near the floor of the mesocosm, RFU values in all mesocosms except CTRL 1 and TRMT 4 appeared 
to decrease in the first four weeks of the season and then level out.  CTRL 1 and TRMT 4 appeared to 
increase over the course of the season, however, the change is not gradual (Figure 31). 
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Figure 29. Mean Chlorophyll RFU grouped by depth 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.1.6.3 Effect of OSPW 
In comparing chlorophyll RFU values between CTRL 2 with TRMT 5, only in week -1 was the 

difference significant and only at the floor where chlorophyll reading was higher was in the presence of 
OSPW.   No apparent dose-dependent relationship was present with OSPW (TRMT 1 through 4). 

3.1.6.4 Effect of dFFT 
No significant differences in chlorophyll RFU were observed when comparing the presence (TRMT 1) 

and absence (CTRL 2) of dFFT.  Also, chlorophyll RFU was not significantly different in the presence 
(TRMT 3) or absence (TRMT 5) of dFFT. 

3.1.6.5 Effect of Soil 
Chlorophyll RFU are significantly higher in the presence of soil at the bottom of the mesocosm in all 

weeks except week -1, 1 & 3.  No significant differences were observed near the surface. 

3.2 Water Quality-Laboratory Measurement 

3.2.1 Derivative Measures 
This section includes the water quality measures that are calculated from other direct analytical 

values.  The reported values include: alkalinity, hardness, ion balance, sum of anions, sum of cations and 
total dissolved solids.  Results are summarized below (Table 8) with descriptions of trends generalized in 
the text that follows. 

 
Table 8. Statistical comparisons of derivative measures related to specific factors in 2018 

Measure 
unit 

Soil OSPW dFFT 

CTRL 2:CTRL 1 CTRL 2:TRMT5 
CTRL 2:TRMT1 TRMT 5:TRMT3 

no OSPW w/OSPW 

Week-> -1 8 17 -1 8 17 -1 8 17 -1 8 17 

Alkalinity (4.5) mg/L CaCO3 = = = < < < = < < = = = 

Hardness mg/L CaCO3 = = < > > > > = = = = = 

Ion balance % = > = = = = = = = = = = 

Sum anions meq/L = = = < < < < < < = = = 

Sum cations meq/L = = = < < < < < < = = = 

TDS mg/L = = = < < < < < < = = = 
> or < indicates statistically significant relationship between experimental groups 
= indicates no statistically significant relationship between experimental groups 

 

3.2.1.1 Alkalinity 
Alkalinity was measured at pH 4.5. Figures and tables describing alkalinity can be found in Section 

A.5.8.1 of the Data Analysis report (Appendix A). 
 
 



  
 

Page 82 

Effect of Time 
In the course of the 2018 open water season, no consistent trend was observed in CTRL mesocosms.  

In TRMT mesocosms, the alkalinity appeared to increase from the initial sample collection, then 
stabilize. 

Effect of OSPW 
Alkalinity was significantly higher in the presence of OSPW (CTRL 2 vs. TRMT 5) at all sample 

collection dates.  Alkalinity generally increased with increasing concentration of OSPW. 

Effect of dFFT 
Alkalinity was significantly higher in the presence of dFFT (CTRL 2 vs. TRMT 1) on the last two sample 

collection dates.  No differences in alkalinity were detected on any dates between TRMT 3 and TRMT 5. 

Effect of Soil 
The presence of soil in the floor of the mesocosm did not have a significant effect on alkalinity. 

3.2.1.2 Hardness 
Figures and tables describing hardness can be found in Section A.5.8.32 of the Data Analysis report 

(Appendix A). 

Effect of Time 
In the course of the 2018 open water season, no consistent trend was observed in CTRL mesocosms.  

In TRMT mesocosms, the hardness appeared to increase from the initial sample collection, then 
stabilize. 

Effect of OSPW 
Hardness was significantly lower in the presence of OSPW (CTRL 2 vs. TRMT 5) at all sample 

collection dates.  Hardness was inversely related to the concentration of OSPW. 

Effect of dFFT 
Hardness in the presence of only dFFT (TRMT 1) was significantly lower on the first collection date in 

comparison to CTRL 2, but not on the next two collection dates.  Hardness was not significantly different 
between TRMT 3 and TRMT 5 mesocosms.  

Effect of Soil  
In the presence of soil, hardness was significantly higher in week 17, but not on any other date. 

3.2.1.3 Ion balance 
Figures and tables describing ion balance can be found in Section A.5.8.33 of the Data Analysis 

report (Appendix A). 

Effect of Time 
In the course of the 2018 open water season, no consistent trend was observed in CTRL mesocosms.  

In TRMT mesocosms, there appeared to be a slight increase over time. 
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Effect of OSPW 
OSPW presence had no significant effect on ion balance. 

Effect of dFFT 
dFFT presence had no significant effect on ion balance. 

Effect of Soil  
In the presence of soil, ion balance was significantly lower in week 8, but not on any other date. 

3.2.1.4 Sum of Anions and Cations 
Figures and tables detailing values for the sum of anions and sum of cations can be found in Section 

A.5.8.73 and A.5.8.74 of the Data Analysis report (Appendix A). 

Effect of Time 
In the course of the 2018 open water season, no consistent trend was observed in CTRL mesocosms 

for sum of anions or cations.  In TRMT mesocosms, there appeared to be an increase from week -1 and 
then values stabilize for both sum of anions and cations. 

Effect of OSPW 
Sum of anions and cations both significantly increased in the presence of OSPW.  Sum of cations and 

anions increased with increasing OSPW concentration.   

Effect of dFFT 
The sum of anions and cations significantly increased in the presence of dFFT.  dFFT had no 

significant effect on either the sum of anions or cations where OSPW is present. 

Effect of Soil  
Soil had no significant effect on the sum of anions or cations. 

3.2.1.5 TDS (total dissolved solids) 
Figures and tables detailing values for total dissolved solids can be found in Section A.5.8.83 of the 

Data Analysis report (Appendix A). 

Effect of Time 
In the course of the 2018 open water season, no consistent trend was observed in CTRL mesocosms 

for total dissolved solids.  In TRMT mesocosms, there appeared to be an increase from week -1 and then 
values stabilize for total dissolved solids. 

Effect of OSPW 
Total dissolved solids significantly increased in the presence of OSPW.  Total dissolved solids 

increased with increasing OSPW concentration.   

Effect of dFFT 
Total dissolved solids significantly increased in the presence of dFFT.  No significant effect on Total 

dissolved solids was observed in the presence of dFFT where OSPW was present. 
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Effect of Soil  
Soil had no significant effect on TDS. 

3.2.2 Non-metals and compounds 
This section includes compound ions (nitrate, nitrite, silica, sulfate) and non-metals (chlorine, 

fluoride, phosphorus and sulfur).  To note, metalloids and elements that behave like metals (e.g. 
selenium) are founds in the Metals section in this report (3.2.8).  Summary comparisons (Table 9) are 
explained with trends in the following sections. 

 
Table 9. Statistical comparisons of non-metal elements and compounds in 2018 

Element/compound 
Fraction 

Soil OSPW dFFT 

CTRL 2:CTRL 1 CTRL 2:TRMT5 
CTRL 2:TRMT1 TRMT 5:TRMT3 

no OSPW w/OSPW 

Week-> -1 8 17 -1 8 17 -1 8 17 -1 8 17 

Chlorine Dissolved = < < < < < < < < = = = 

Chlorine Total = < < < < < < < < = = = 

Fluoride Dissolved = = = < < < < < < = = = 

Nitrate Dissolved = = = = = = = = = = = = 

Nitrite Dissolved = = = < = < = = = = = = 

Phosphorus Dissolved = = = = = < = = = > = > 

Phosphorus Total = = = = = = = = = = = > 

Silica Total = = = = = = = = = = = = 

Sulfate Dissolved < < < < < < < < < = = = 

Sulfur Dissolved < = = < < < < = = = = = 

Sulfur Total < = < < < < < = < = = = 

> or < indicates statistically significant relationship between experimental groups 
= indicates no statistically significant relationship between experimental groups 

 

3.2.2.1 Chlorine 
Chlorine was analyzed in metals samples, so both dissolved and total fractions are reported.  

Chlorine is highly soluble, so both values for total and dissolved fractions are similar.  Figures and tables 
detailing values for chlorine can be found in Sections A. 5.8.21 and A. 5.8.22 of the Data Analysis report 
(Appendix A). 

Effect of Time 
There was no clear pattern observed in CTRL mesocosms with respect to chlorine concentrations.  In 

TRMT mesocosms, chlorine appeared to increase and then stabilize. 

Effect of OSPW 
Chlorine concentration significantly increased (by an order of magnitude) in the presence of OSPW.  

Chlorine concentration increased with increasing OSPW concentration. 
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Effect of dFFT 
Chlorine concentration significantly increased in the presence of dFFT.  dFFT did not have a 

significant effect on chlorine concentration where OSPW was present. 

Effect of Soil  
Chlorine concentrations significantly increased in the presence of soil in week 8 and 17 but not in 

week -1. 

3.2.2.2 Fluoride 
Figures and tables detailing values for fluoride can be found in Section A.5.8.31 of the Data Analysis 

report (Appendix A). 

Effect of Time 
Fluoride concentration appeared to increase with time in CTRL mesocosms.  In TRMT mesocosms, 

fluoride appeared to increase and then stabilize. 

Effect of OSPW 
Fluoride concentration significantly increased in the presence of OSPW.  Fluoride concentration 

increased with increasing OSPW concentration. 

Effect of dFFT 
Fluoride concentration significantly increased in the presence of dFFT.  dFFT did not have a 

significant effect on fluoride concentration where OSPW was present. 

Effect of Soil  
Soil did not have a significant effect on fluoride concentrations. 

3.2.2.3 Inorganic nitrogen 
Figures and tables detailing values for nitrate and nitrite can be found in Sections A.5.8.51 and 

A.5.8.52 of the Data Analysis report (Appendix A). 

Effect of Time 
Nitrate appeared to decrease after Week -1 and stabilize in both TRMT and CTRL mesocosms; all 

values are relatively low.  Nitrite appeared to be stable across all timepoints in CTRL mesocosms and 
significantly increased in week 17 in TRMT 2, 3, 4, and 5 mesocosms, a trend that was also exhibited in 
TRMT 1 mesocosms (but which was not statistically significant). 

Effect of OSPW 
OSPW had no significant effect on nitrate concentrations and no apparent relationship that was 

dose-dependent.  Nitrite concentrations were significantly elevated in the presence of OSPW in week -1 
and 17.  A dose-dependent relationship appeared to be present with OSPW, however, only in week 17. 

Effect of dFFT 
dFFT had no significant effect on either nitrate nor nitrite concentrations.  dFFT did not have a 

significant effect on nitrate or nitrite concentrations where OSPW was present. 
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Effect of Soil  
Soil does not have a significant effect on nitrate or nitrite concentrations. 

3.2.2.4 Phosphorus 
Phosphorus was analyzed in metals samples, so both dissolved and total fractions are reported.  

Figures and tables detailing values for phosphorus can be found in Sections A. 5.8.55 and A. 5.8.56 of the 
Data Analysis report (Appendix A). 

Effect of Time 
The dissolved fraction of phosphorus appeared to increase with time in both CTRL and TRMT 

mesocosms.  No trend was apparent in CTRL or TRMT mesocosms in relation to total phosphorus 
concentrations. 

Effect of OSPW 
Dissolved phosphorus was significantly elevated in the presence or OSPW in week 17 only; no effect 

was observed on total phosphorus concentrations.  Phosphorus concentration did not show any clear 
relationship with OSPW concentration. 

Effect of dFFT 
dFFT did not have a significant effect on phosphorus concentrations on its own.  When OSPW was 

present with dFFT, however, dissolved phosphorus was significantly lower in Week -1 and both dissolved 
and total phosphorus were significantly decreased in Week 17. 

Effect of Soil  
Soil did not have a significant effect on phosphorus concentrations. 

3.2.2.5 Silica (reactive) 
Figures and tables detailing values for silica can be found in Section A. 5.8.61 of the Data Analysis 

report (Appendix A).  Neither OSPW, dFFT or soil had a significant effect on silica concentrations and no 
time-related trend was apparent. 

3.2.2.6 Sulfur and sulfate 
Sulfur was analyzed in metals samples, so both dissolved and total fractions are reported.  Sulphate 

was analyzed as part of ions samples, so only the dissolved fraction is reported.  Figures and tables 
detailing values for sulfur and sulfate can be found in Sections A. 5.8.70, A.5.8.71 and A.5.8.72 of the 
Data Analysis report (Appendix A). 

Effect of Time 
Sulphate concentration appeared to increase and then stabilize in both CTRL and TRMT mesocosms.  

A mid-study increase in both dissolved and total sulfur was observed in CTRL and TRMT mesocosms. 

Effect of OSPW 
Sulfur and sulphate concentrations increased significantly in the presence of OSPW. Sulfur and 

sulfate exhibited a dose-dependent relationship with OSPW, however, this relationship is only significant 
on some dates.   
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Effect of dFFT 
dFFT was associated with significant increases in the concentration of sulfate on all sample dates, 

but only in Week -1 for dissolved and Week -1 and 17 for total sulfur.  dFFT did not have a significant 
effect on sulfur or sulfate concentrations where OSPW was present. 

Effect of Soil  
The presence of soil was associated with significant increases in sulphate concentration on all 

sample dates, but only in Week -1 for dissolved and Week -1 and 17 for total sulfur. 

3.2.3 Carbon compounds (except NAs) 
This section includes carbon compounds (except naphthenic acids) that are direct measures of 

hydrocarbons (BTEX, PAHs, Phenols) and those related to complex carbon compounds (dissolved organic 
carbon).  Summary comparisons (Table 10) are explained with trends in the following sections, however, 
BTEX components are not listed in the summary table because statistical testing was not possible due to 
the level of non-detects during the chemical analysis for this group. 
 

Table 10. Statistical comparisons of carbon compounds in 2018 

Measure 
unit 

Soil OSPW dFFT 

CTRL 2:CTRL 1 CTRL 2:TRMT5 
CTRL 2:TRMT1 TRMT 5:TRMT3 

no OSPW w/OSPW 

Week-> -1 8 17 -1 8 17 -1 8 17 -1 8 17 

DOC mg/L = = = < < < = = = = = = 

PAH ug/L = = = = = = < = = = = = 

Phenols mg/L = = = = = = = = = = = = 

> or < indicates statistically significant relationship between experimental groups 
= indicates no statistically significant relationship between experimental groups 

 

3.2.3.1 BTEX 
BTEX is a quantification of four components: benzene, toluene, ethylbenzene and xylene (m,p- and 

o-).  As per section (A.5.2), each of these components were below the detection limit in all samples 
collected from all mesocosms in 2018. 

3.2.3.2 DOC (dissolved organic carbon) 
Figures and tables detailing values for dissolved organic carbon can be found in Section A.5.8.53 of 

the Data Analysis report (Appendix A). 

Effect of Time 
DOC concentrations significantly increased in TRMT 3,4 and 5 and or exhibited a mid-season 

increase across all other TRMT and CTRLs, but the mid-season increase was only significant in CTRL 1 and 
TRMT 2. 
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Effect of OSPW 
OSPW significantly increased DOC concentrations at all timepoints in comparison to CTRL 2.  A dose-

dependent relationship appeared to be present with OSPW. 

Effect of dFFT 
dFFT did not have a significant effect on DOC concentrations in comparison to CTRL 2 or in the 

presence or absence of OSPW. 

Effect of Soil  
The presence of soil did not have a significant relationship to DOC concentrations. 

3.2.3.3 PAHs (polycyclic aromatic hydrocarbons) 
As per Table 4 (Section 2.9.1.2 in methods), both alkylated and non-alkylated polycyclic aromatic 

hydrocarbons were quantified in 2018.  As per Table A.5.2, most compounds we not detected in water 
samples in 2018.  In lieu of reporting each component, a summation of total PAHs was derived from the 
dataset.  Where a component was reported as below the detection limit, a value of one half of the 
detection limit was substituted for the composite PAH value.  Figures and tables detailing values for 
composite PAH concentrations can be found in Section A.5.7.1 of the Data Analysis report (Appendix A). 

Effect of Time 
Total PAHs appeared to decrease over time in CTRL mesocosms.   No trend was apparent in TRMT 

mesocosms in relation to PAH concentrations. 

Effect of OSPW 
OSPW was not associated with significant differences in total PAH concentration in comparison to 

CTRL 2.  Total PAH concentration was not related to OSPW dose. 

Effect of dFFT 
dFFT significantly increased the concentration of total PAHs in week -1, but not on any other date.  

dFFT did not have a significant effect on PAH concentration where OSPW was present. 

Effect of Soil  
Soil had no significant effect on total PAH concentration. 

3.2.3.4 Phenols (total) 
No significant differences in total phenolic compounds were observed with standard comparisons 

during the 2018 study.  Across all groups, there appeared to be a mid-season increase, but not one that 
was consistently significant.  Total phenols appeared to be OSPW dose-dependent, but not significantly. 

3.2.4 Oxygen Demand 
This section includes results of BOD (biological oxygen demand) and COD (chemical oxygen 

demand).  Summary comparisons (Table 11) are explained with trends in the following sections. 
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Table 11. Statistical comparisons of oxygen demand measures in 2018 

Measure 
unit 

Soil OSPW dFFT 

CTRL 2:CTRL 1 CTRL 2:TRMT5 
CTRL 2:TRMT1 TRMT 5:TRMT3 

no OSPW w/OSPW 

Week-> -1 8 17 -1 8 17 -1 8 17 -1 8 17 

BOD mg/L = = = = = = = = = = = = 

COD mg/L = = = = < < = = = = = = 

> or < indicates statistically significant relationship between experimental groups 
= indicates no statistically significant relationship between experimental groups 

 

3.2.4.1 BOD (Biological Oxygen Demand) 
Figures and tables detailing values for biological oxygen demand can be found in Section A.5.8.14 of 

the Data Analysis report (Appendix A).  There were no obvious time trends in CTRLs or TRMTs and no 
significant relationship with OSPW (presence or concentration) or dFFT in terms of Biological Oxygen 
Demand. 

3.2.4.2 COD (Chemical Oxygen Demand) 
Figures and tables detailing values for chemical oxygen demand can be found in Section A.5.8.28 of 

the Data Analysis report (Appendix A). 

Effect of Time 
COD was stable across CTRL mesocosms but appeared to increase or increase and stabilize in TRMT 

mesocosms.   

Effect of OSPW 
OSPW concentration was significantly associated with increases in COD at Week 8 and 17 in 

comparisons of TRMT 5 to CTRL 2.  A dose-dependent relationship appeared to be present with OSPW. 

Effect of dFFT 
dFFT (TRMT 1) presence did not have a significant effect on COD in comparison to CTRL 2 or in the 

presence or absence of OSPW (TRMT 3 vs. TRMT 5). 

Effect of Soil  
Soil did not exhibit a significant effect on COD. 

3.2.5 Naphthenic Acids (total) 
Figures and tables detailing values for total naphthenic acids can be found in Section A.5.8.48 of the 

Data Analysis report (Appendix A).  Because of the general interest in naphthenic acids, the box plot is 
included here, and this section includes some brief comparisons between 2017 and 2018 data (Figure 
32). 
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Figure 30. Estimated concentrations of total naphthenic acids 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

3.2.5.1 Effect of Time 
Total naphthenic acid concentrations appeared to be or were significantly elevated at week -1 in 

2018 but decreased in week 8 and 17 in CTRL mesocosms.  Naphthenic acid concentrations appeared to 
have or had a significant mid-season increase in TRMT mesocosms.  Total naphthenic acid 
concentrations in 2018 appeared to be or were significantly lower within the same sample period as in 
2017 in all TRMT mesocosms, except for TRMT 1. 



  
 

Page 91 

3.2.5.2 Effect of OSPW 
OSPW significantly increased total naphthenic acid concentrations in comparisons between CTRL 2 

and TRMT 5.  A significant dose-dependent relationship is present with OSPW. 

3.2.5.3 Effect of dFFT 
dFFT significantly increased naphthenic acid concentrations in comparison to CTRL 2.   dFFT did not 

have a significant effect on naphthenic acid concentrations in the presence of OSPW. 

3.2.5.4 Effect of Soil  
Soil did not have a significant effect on total naphthenic acid concentrations. 

3.2.6 Naphthenic Acids (by proportion) 
Figures and tables detailing values for total naphthenic acids can be found in Sections A5.5 of the 

Data Analysis report (Appendix A).  Quantification of naphthenic acids by Orbitrap produces data that is 
most reliably indicative of proportions of naphthenic acid families; an attempt to report on the mass of 
these families has been made (Section 3.2.7), however, proportion is the useful in comparisons between 
samples and sources (Holowenko, MacKinnon, and Fedorak 2002).   

The data in this section are based solely on proportion, not on concentration or mass; caution 
should be taken when considering comparisons made between experimental groups because proportion 
does not equal concentration (i.e. Table 12 indicates that Z2 proportion is greater in CTRL 2 than in 
TRMT 5, however, Table 15 indicates that estimated concentration of Z2 is greater in TRMT 5 than in 
CTRL 2). 

 
Table 12. Statistical comparisons between naphthenic acid family proportions in 2018 

Fraction 
unit 

Soil OSPW dFFT 

CTRL 2:CTRL 1 CTRL 2:TRMT5 
CTRL 2:TRMT1 TRMT 5:TRMT3 

no OSPW w/OSPW 

Week-> -1 8 17 -1 8 17 -1 8 17 -1 8 17 

Total NAs ug/L = = = < < < < < < = = = 

Z0 % = = = > > > > = = = = = 

Z2 % = = = > > > > = = = = = 

Z4 % = = = < < < < < = = = = 

Z6 % = = = < < < < < < = = = 

Z8 % = = = < < < < < < = = = 

Z10 % = = = = < < = = = = = = 

Z12 % = = = < < < < < < = = = 

Z14 % = = = < < < < < < = = = 

Z16 % = = = = = < = = < = = = 

Z18 % = = = = < < < < < = = = 

> or < indicates statistically significant relationship between experimental groups 

= indicates no statistically significant relationship between experimental groups 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.2.6.1 Effect of Time 
Table 13 summarizes the observed changes in NA family proportions over the 2018 open water 

season.  The table is provided to summarize the profile of the box-plots.  The final column (OSPW) 
indicates the dose dependent relationship (TRMTs 1 to 4) with each naphthenic acid family.   Blank cells 
indicate that no apparent change or trend (of those listed) was apparent (see 3.2.6.2 for description).  
The author directs the reader to Appendix A for statistical comparisons. 

The amount of NAs in CTRLs was very low, so the author cautions the reader when attaching 
biological meaning to these values, regardless of statistical significance.  With that caveat, Z2 NAs (fatty 
acids) appeared to or significantly increased in proportion, and Z6 and Z8 appeared to or significantly 
decreased in proportion over the course of the 2018 study season. 

In TRMT groups, low Z (Z0 and Z2) NAs significantly or appear to increase in TRMT 1, 2, 3 and 5.  
Some of Z4-Z10 proportion NAs appeared to or significantly decreased in some of TRMT 1, 3 and 5 
mesocosms while mid-season decreases appear to occur in TRMT 2-4.  Z18 decreased significantly in 
TRMT 1.  Mid-season increases in Z16 and Z18 appear to occur in TRMT 3, 4, 5. 
 

Table 13. Naphthenic acid family box-plot profiles in 2018 

Fraction unit 
CTRL 1 CTRL 2 CTRL 3 TRMT 1 TRMT 2 TRMT 3 TRMT 4 TRMT 5 OSPW 

Z0 %       Γ Γ Γ   Γ ↓ 

Z2 % ↑ ⅃  ↑ Γ   Γ   ꓥ ↓ 

Z4 %       ↓   ꓶ       

Z6 % ↓ ↓ ↓ ↓       ↓ ↑ 

Z8 % ↓ ↓   ↓         ↑ 

Z10 %       ↓ ꓦ ꓦ ꓦ ꓦ   

Z12 %             ↑     

Z14 %                   

Z16 %           ꓥ ꓥ ꓥ   

Z18 %       ↓   ꓥ ꓥ ꓥ   

ꓥ= mid-season increase     ꓦ=mid-season decrease 
Γ=increase and plateau     ꓶ=plateau and decrease     ⅃=plateau and increase 

↓=decrease     ↑=increase 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

3.2.6.2 Effect of OSPW 
OSPW significantly increased proportion of Z4 to Z18 naphthenic acids in TRMT 5 compared to CTRL 

2.  Proportion of smaller naphthenic acids (Z0 to Z2) was significantly lower in the presence of OSPW.  A 
dose-dependent inverse relationship was associated with low Z (Z0 and Z2) naphthenic acids, but a 
dose-dependent relationship was associated with moderate (Z6 and Z8) naphthenic acids.   

3.2.6.3 Effect of dFFT 
dFFT significantly increased proportion of Z4 to Z18 (except Z10) naphthenic acids in comparisons of 

TRMT 1 to CTRL 2.  Proportion of smaller naphthenic acids (Z0 to Z2) was significantly lower in the 
presence of dFFT in week -1, but not in later dates.  dFFT did not have a significant effect on naphthenic 
acid proportions in the presence of OSPW. 
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3.2.6.4 Effect of Soil  
Soil did not have a significant effect on proportion of NA family distribution. 

3.2.6.5 Year 
Table 14 summarizes comparisons within sample period between years for the proportion of each 

NA family.  A down arrow indicates the proportion in 2018 is less than in 2017.  These arrows summarize 
three time points, so the reader is directed to Appendix A to examine statistically significant differences.  
Blank cells indicate that no apparent change or trend 

The amount of NAs in CTRLs was very low, so the author cautions the reader when deriving meaning 
from these values, regardless of statistical significance. 

In TRMTs, the proportion of Z-10 NAs was the only family where there appeared to be or was a 
significant decrease in NA family representation, and this only occurred where OSPW was present.  

 
Table 14. 2018 vs 2017 comparison between NA family proportions 

Fraction unit 
CTRL 1 CTRL 2 CTRL 3 TRMT 1 TRMT 2 TRMT 3 TRMT 4 TRMT 5 

Z0 %                 

Z2 %                 

Z4 %     ↓           

Z6 %                 

Z8 %   ↓ ↓           

Z10 %         ↓ ↓ ↓ ↓ 

Z12 %                 

Z14 %                 

Z16 %                 

Z18 %                 

↓=decrease     ↑=increase 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

3.2.7 Naphthenic Acids (by mass) 
In an attempt to compare the concentration of each of the naphthenic acid families, estimates of 

concentration were derived from a combination of the total value and relative family proportions 
(Section 3.2.6).  Dr. Alberto Pereira (Trace Organics Supervisor at EAS) has cautioned that there is 
significant uncertainty around the actual concentration of the compounds (which are practically 
impossible to compare with currently available calibration standards) as they are a mixture of complex 
and diverse molecules.  These values are included, but with the caveat that they should be examined 
with caution. 

Figures and tables detailing values for total naphthenic acids can be found in Section A5.6 of the 
Data Analysis report (Appendix A).   
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Table 15. Statistical comparisons between naphthenic acid family concentrations in 2018 

Fraction 
unit 

Soil OSPW dFFT 

CTRL 2:CTRL 1 CTRL 2:TRMT5 
CTRL 2:TRMT1 TRMT 5:TRMT3 

no OSPW w/OSPW 

Week-> -1 8 17 -1 8 17 -1 8 17 -1 8 17 

Total NAs ug/L = = = < < < < < < = = = 

Z0 ug/L = = = = < < = < < = = = 

Z2 ug/L = = = < < < < < < = = = 

Z4 ug/L = = = < < < < < < = = = 

Z6 ug/L = = = < < < < < < = = = 

Z8 ug/L = = = < < < < < < = = = 

Z10 ug/L = = = < < < < < < = = = 

Z12 ug/L = = = < < < < < < = = = 

Z14 ug/L = = = < < < < < < = = = 

Z16 ug/L = = = < < < < < < = = = 

Z18 ug/L = = = < < < < < < = = = 

> or < indicates statistically significant relationship between experimental groups 

= indicates no statistically significant relationship between experimental groups 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

3.2.7.1 Effect of Time 
Table 16 summarizes the observed changes in NA family concentrations over the 2018 open water 

season.  The table is provided to summarize the profile of the box-plots, which can be in Section A.5.6.  
The final column (OSPW) indicates the dose dependent relationship (TRMT 1 to 4) between OSPW and 
each naphthenic acid family.   Blank cells indicate that no change or trend (of those listed) was apparent 
(see 3.2.7.2 for description).  The author directs the reader to Appendix A for statistical comparisons. 

The amount of NAs in CTRLs was very low, so the author cautions the reader when attaching 
biological meaning to these values, regardless of statistical significance.  With that caveat, practically all 
families exhibited a decrease and plateau or decrease pattern during the 2018 study period (week -1 to 
week 17).  This was not a year to year decrease; refer to section 3.2.7.5 for year to year comparisons. 

In TRMT groups, the most common profile was a mid-season increase followed by an increase and 
plateau.  Only TRMT 1 mesocosms exhibited a decrease or plateau and decrease over the course of the 
2018 season; refer to section 3.2.7.5 for year to year comparisons.   
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Table 16. Naphthenic acid family concentration box-plot profiles in 2018 

Fraction unit 
CTRL 1 CTRL 2 CTRL 3 TRMT 1 TRMT 2 TRMT 3 TRMT 4 TRMT 5 OSPW 

Z0 ug/L L L L ꓥ ꓥ ꓥ ꓥ ꓥ   
Z2 ug/L L L   ꓥ ꓥ ꓥ ꓥ ꓥ ↑ 

Z4 ug/L L L L ꓶ ꓥ ꓥ ꓥ ꓥ ↑ 

Z6 ug/L L L ↓ ꓥ ꓥ ꓥ ꓥ ꓥ ↑ 

Z8 ug/L L L ↓ ↓ ꓥ ꓥ Γ Γ ↑ 

Z10 ug/L L L ↓ ↓     Γ   ↑ 

Z12 ug/L L L ↓ ꓶ ꓥ   Γ Γ ↑ 

Z14 ug/L L L ↓ ꓶ     Γ Γ ↑ 

Z16 ug/L L L L     ꓥ ꓥ ꓥ ↑ 

Z18 ug/L L L L ꓶ ꓥ ꓥ ꓥ ꓥ ↑ 

ꓥ= mid-season increase     ꓦ=mid-season decrease 
L= decrease and plateau   Γ=increase and plateau   ꓶ=plateau and decrease   ⅃=plateau and increase 

↓=decrease     ↑=increase 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

3.2.7.2 Effect of OSPW 
OSPW significantly increased concentration of all naphthenic acid families in comparison to CTRL 2 

on all dates except Z0 in week -1.  A dose-dependent relationship with OSPW appeared to be present, 
however, statistical significance related to this pattern was not consistent; the reader is directed to 
Appendix A for further details. 

3.2.7.3 Effect of dFFT 
dFFT significantly increased concentration of all naphthenic acid families in comparison to CTRL 2 on 

all dates except Z0 in week -1.  dFFT presence did not have a significant effect on naphthenic acid family 
concentrations in the presence of OSPW. 

3.2.7.4 Effect of Soil  
Soil did not have a significant effect on total naphthenic acid concentrations. 

3.2.7.5  Year 
Table 17 summarizes comparisons within sample period between years for the concentration of 

each NA family.  A down arrow indicates the concentration in 2018 was less than in 2017.  These arrows 
summarize three time points so the reader is directed to Appendix A to examine statistically significant 
differences.  Blank cells indicate that no change or trend (of those listed) was apparent. 

The amount of NAs in CTRLs was very low, so the author cautions the reader when deriving meaning 
from these values, regardless of statistical significance. 

In TRMTs, the concentration of Z2 to Z12 NAs appeared to be or were significantly decreased in year 
over year, and this was more prominent where OSPW was present (TRMT 2-5).  
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Table 17. 2018 vs 2017 comparison between NA family concentrations 

Fraction unit 
CTRL 1 CTRL 2 CTRL 3 TRMT 1 TRMT 2 TRMT 3 TRMT 4 TRMT 5 

Z0 ug/L                 

Z2 ug/L         ↓ ↓ ↓ ↓ 

Z4 ug/L       ↓ ↓ ↓ ↓ ↓ 

Z6 ug/L       ↓ ↓ ↓ ↓ ↓ 

Z8 ug/L     ↓   ↓ ↓ ↓ ↓ 

Z10 ug/L         ↓ ↓ ↓ ↓ 

Z12 ug/L         ↓ ↓ ↓ ↓ 

Z14 ug/L                 

Z16 ug/L                 

Z18 ug/L                 

↓=decrease     ↑=increase 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

3.2.8 Metals 
In the interest of comprehensibility, and to align with the purpose of this report in being a summary 

of a screening study, the author has focused on highlighting results that are statistically significant, 
without inclusion of the magnitude of the differences between the parameters being discussed.  For 
those interested in specific details, the author recommends examining section A.5 of the Data Analysis 
report (Appendix A), which includes visual representation of the data and additional information. 

The reader is also directed to section A.5.2 in Appendix A, which provides a summary of data that 
were excluded due to the analytical result falling below the detection limit.  It should be noted that a 
value falling below the detection limit does not indicate complete absence, but rather that the 
concentration of the parameter was too low to be detected by the analytical method used. 

One caveat that the author would note: due to low sample size and high variability inherent in 
mesocosm studies, statistical significance or non-significance should be considered informative, but not 
absolute.  Further investigation with increased replication is highly recommended where an analyte of 
interest shows a trend, regardless of statistical significance.  

Given the range of metals analyzed in the study, those that did not exhibit any significant 
differences in group comparisons have been omitted from Table 18.  These include: aluminum 
(dissolved), beryllium (both), bismuth (both), copper (both), iron (both), lead (both), manganese 
(dissolved), silver (total), thallium (both), tin (both), titanium (both) and zinc (total).  Chlorine, 
phosphorus and sulfur were analyzed in concert with metals, however, these elements were included in 
earlier sections of the Results section and are not listed here. 
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Table 18. Statistically significant comparisons of metal analytes in 2018 

Element 
Fraction 

Soil OSPW dFFT 

CTRL 2:CTRL 1 CTRL 2:TRMT5 
CTRL 2:TRMT1 TRMT 5:TRMT3 

no OSPW w/OSPW 

Week-> -1 8 17 -1 8 17 -1 8 17 -1 8 17 
Aluminum Total = = = < = < = = < = = = 
Antimony Dissolved = = = < < < = = = = = = 
Antimony Total = = = < < < = = = = = = 
Arsenic Dissolved = = = < < < < < = = = = 
Arsenic Total = = = < < < < < = = = = 
Barium Dissolved > > > = = = = < < = < < 
Barium Total > > > = = = = < < = < < 
Boron Dissolved = = = < < < < < < = = = 
Boron Total = = = < < < < < < = = = 
Cadmium Dissolved = = = < < < < = < = = = 
Cadmium Total = = = < < < < = = = = = 
Calcium Dissolved = = = > > > = = = = = = 
Calcium Total = = = > > > = = = = = = 
Chromium Dissolved = = = = = = = = < = = = 
Chromium Total = = < = = < = = < = = = 
Cobalt Dissolved = = < = = < = = = = = = 
Cobalt Total < < < < < < < < < < = = 
Lithium Dissolved > = = < < < < < < = = = 
Lithium Total > = = < < < < < < = = = 
Magnesium Dissolved < < < > > = > = = = = = 
Magnesium Total < < < > = = > = = = = = 
Manganese Total < = = = = = = = = = = = 
Mercury Dissolved = = = = < = = = = = = = 
Mercury Total = = < = = = = = = = = = 
Molybdenum Dissolved = = = < < < < < < = = = 
Molybdenum Total = = = < < < < < < = = = 
Nickel Dissolved = = = = < < < < < < < < 
Nickel Total = = = = < < < < < = = = 
Potassium Dissolved = > > = < < = = < = = = 
Potassium Total = > > = < < = < < = = = 
Selenium Dissolved = < = = < < = < = = = = 
Selenium Total = = = = < < = = = = = = 
Silicon Dissolved = = > = = = = = = = = = 
Silicon Total = = > = < = = = = = = = 
Silver Dissolved = = = = = < = < = = = > 
Sodium Dissolved = = = < < < < < < = = = 
Sodium Total = = = < < < < < < = = = 
Strontium Dissolved = = > = = = = = = = = = 
Strontium Total > > = > = = = < < = < < 
Thorium Dissolved = = = < = = = = = = = = 
Thorium Total = = = < = = = < = = = = 
Uranium Dissolved = < < < < < = = = = = = 
Uranium Total = < < < < < = = = = = = 
Vanadium Dissolved = = = < < < < = = = = = 
Vanadium Total = < < < < < < = < = = = 
Zinc Dissolved = = = = = = = < = = = = 

> or < indicates statistically significant relationship between experimental groups 
= indicates no statistically significant relationship between experimental groups 
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3.2.8.1 Effect of Time 
In order to summarize the box-plots, the author has identified the trend of the metal concentration 

through 2018 season.  The trends are characterized as one of four broad trends (increase through the 
season, decrease through the season, mid-season increase, mid-season decrease) or no clear trend.  The 
trend as described is based broadly across CTRL groups or TRMT groups.  Some deviation was observed 
in some experimental groups from the general trend of the CTRL or TRMT grouping, so details of interest 
for each experimental group should be reviewed in Appendix A. 

Elements that exhibited a mid-season increase were: aluminum (dissolved), antimony (both), cobalt 
(dissolved), copper (both), lithium (both), molybdenum (both) and uranium (both). 

Elements that exhibited an increase were: magnesium (both), nickel (both) and sodium (both). 
The only element that exhibited a decrease was cobalt (total). 
Elements with no consistent discernible profile were: barium (both), beryllium (both), bismuth 

(both), cadmium (both), calcium (both), iron (total), lead (both), manganese (both), mercury (dissolved), 
selenium (both), silicon (both), silver (both), thallium (both), thorium (both), tin (both), titanium (both) 
and titanium (both). 

Elements where the profile was not the same between TRMT and CTRL mesocosms were: arsenic 
(both), boron (both), chromium (total), iron (dissolved), mercury (total), potassium (both), strontium 
(both) and vanadium (both).  The profiles - reported as analyte (patterns in CTRL/TRMT) - were: arsenic 
(increase/unclear), boron (unclear/increase), chromium (decrease/increase), iron (unclear/increase), 
mercury (unclear/mid-season increase), potassium (unclear/increase), strontium (mid-season 
increase/increase for dissolved; unclear/increase for total) and vanadium (mid-season 
increase/decrease for dissolved; mid-season increase/mid-season decrease for total).   

3.2.8.2 Effect of OSPW 
Statistical comparisons were made at the 3-sampling time-points and summarized in Table 18.  

OSPW (TRMT 5) was associated with a significant increase in most metal concentrations in comparison 
to CTRL 2 on at least one date, with a few exceptions.  Metal concentrations that were not significantly 
different in the presence of OSPW were: barium (both), chromium (dissolved), manganese (total), 
mercury (total), silicon (dissolved), strontium (dissolved) and zinc (dissolved).  Metals associated with a 
significant decrease in the presence of OSPW were: calcium (both), magnesium (both) and strontium 
(total). 

Metals concentrations generally increased in a dose dependent manner with OSPW, except for 
calcium (both), magnesium (both) and strontium (both). 

3.2.8.3 Effect of dFFT 
Statistical comparisons were made at the 3-sampling time-points and summarized in Table 18.  dFFT 

was associated with a significant increase in most metal concentrations in comparison to CTRL 2 on at 
least one date with a few exceptions.  Metal concentrations that were not significantly different were: 
antimony (both), calcium (both), cobalt (dissolved), manganese (total), mercury (both), selenium (total), 
silicon (both), strontium (dissolved), thorium (dissolved) and uranium (both).  Only magnesium (both) 
was found to have significantly decreased concentrations in the presence of dFFT and only in week -1. 

OSPW in the presence of dFFT was observed to significantly increase barium (both), cobalt (total), 
nickel (dissolved) and strontium (total) in comparison to dFFT in the absence of OSPW.  Silver (dissolved) 
was the only metal to be found in significantly lower concentration in the presence of OSPW and dFFT in 
comparison to only dFFT.  All other metals were not observed to have significantly different 
concentrations in the presence of both OSPW and dFFT. 
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3.2.8.4 Effect of Soil  
Statistical comparisons were made at the 3-sampling time-points and summarized in Table 18.  The 

presence of soil was associated with a significant increase in metals concentrations on at least one 
sampling date for chromium (total), cobalt (both), magnesium (both), manganese (total), mercury 
(total), selenium (dissolved), uranium (both) and vanadium (total). The presence of soil was associated 
with a significant decrease in metals concentrations one at least one sampling date for barium (both), 
lithium (both), potassium (both), silicon (both) and strontium (both). 

3.3 Installed Vegetation 

3.3.1 Growth and Survival 
Figures and tables detailing values for plant growth and survival can be found in Section A.7 of the 

Data Analysis report (Appendix A).   

3.3.1.1 Effect of Time 

Survival 
As a reminder, in 2018 there were 24 individuals of each emergent plant species across the 6 

replicates of CTRL mesocosms and 12 individuals of each emergent plant species across the 3 replicates 
of the TRMT mesocosms.  Aboveground biomass of plants was cut just above the soil surface at 
installation into the mesocosms, so height was measured from the cut (not from the soil surface).  Some 
height measurements were missed in weeks 6 and 8 due to human error. 

One C. aquatilis died in one TRMT 4 mesocosm in the course of the season.   
No A. americanus died in any of the mesocosms during the 2018 study.  
Sixteen C. utriculata died in the course of the 2018 study; two in CTRL 1, four in CTRL 2, two in TRMT 

1, two in TRMT 2, four in TRMT 3, one in TRMT 4 and one in TRMT 5. 
Due to low winter survival, all T. latifolia plants were replanted with fresh stock in week 3 of the 

2018 study.  Replanting is a stressful procedure for plants, so survival should not be considered when 
examining treatment effects for this particular species.  Twenty-nine T. latifolia died in the course of the 
study; four in CTRL 1, six in CTRL 2, five in TRMT 1, six in TRMT 2, five in TRMT 3, two in TRMT 4 and one 
in TRMT 5. 

Each mesocosm received 25 +/- 0.5 g of viable C. demersum in week 0 of the study.  By week 12, all 
C. demersum had died in TRMT 4 mesocosms.  To note, plants were harvested in week 18 by the author 
and weighed. 

L. minor presented a weighing challenge, so in in week 3 of the study, approximately 100 mL of 
viable plants were installed into a corral and initial coverage was estimated (100% coverage).  
Practically, all L. minor in all of the experimental groups had died by week 12.  Figures related to L. minor 
can be found in A.7.4; no statistical testing was conducted because examination of the figures indicated 
that the pattern of plant loss (e.g. reduction in percent cover) was practically identical across 
experimental groups. 

Pots inoculated with E. canadensis and P. richardsonii were installed into the mesocosms in the 
same week as emergent plants.  Only 4 P. richardsonii survived and so no analysis can take place in 
relation to these species. 
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Growth 
No statistical comparisons of growth over time were made, however, direct comparisons between 

groups within each timepoint were.  The comparisons between experimental groups is most relevant 
data to examine for any effects under ambient conditions. 

Unlike in 2017, there was an average decrease in all C. demersum mass by the close of the 2018 
season.  Some small but noticeable mass of metaphyton was entangled with some CTRL 1 (one) and 
TRMT 1 (two), 2 (two), 3 (two) and 5 (one) final harvest samples, which would have increased the final 
mass measurement. Separation for measurement was practically impossible, due to entanglement, so 
the observation of presence is reported in lieu of a mass. 

3.3.1.2 Effect of OSPW and dFFT 
In comparisons between CTRL 2 and TRMT 5 (OSPW) and TRMT 1 (dFFT) of within-week length of 

longest leaf of each emergent plant, the presence of OSPW or dFFT had no statistically significant effect 
except in week 4 in C. utriculata, where TRMT 5 height was less than CTRL 2.  OSPW presence/absence 
in the presence of dFFT (TRMT 3 vs. TRMT 5) exhibited no significant effect in relation to plant height.  
Dose of OSPW (TRMT 1 through 4) also had no significant effect on plant height. 

OSPW presence resulted in a decrease in floating plant weight (Figure 33).  This decrease was 
significant in weeks 12 through 16 when comparing CTRL 2 to TRMT 3, 4 and 5, and in week 18 between 
CTRL 2 and TRMT 4 and 5.  An inverse dose-dependent relationship was present with OSPW and C. 
demersum.  dFFT (TRMT 1) was not observed to have a significant effect on C. demersum weight during 
the 2018 open water season.  It should be noted that the effects of OSPW and dFFT on C. demersum 
weight in 2018 were less pronounced than in 2017.  
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Figure 31. Mean C. demersum (hornwort) weight in TRMT 1 to 4 during 2017 and 2018 aquatic 

mesocosm studies 
(TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW) 
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3.3.1.4 Effect of Soil  
In comparing within-week length of longest leaf of each emergent plant, the presence of soil had no 

effect for any species, when compared to CTRL 2 (no soil).   
Some significant differences were observed in T. latifolia heights between CTRL 1 and TRMTs in 

weeks 4, 6 and 8, however, no differences were observed in weeks 10 through 18. Please refer to 
Section A.7 if details on these differences are of interest; please note that the differences observed may 
be confounded by (a) replanting stress or (b) low replication due to high plant mortality. 

The presence of soil had no effect on floating plant (C. demersum) weights through the 2018 season. 

3.3.2 Aboveground biomass 
Figures and tables describing aboveground harvest biomass of emergent plants can be found in 

Section A.7.3 of the Data Analysis report (Appendix A).  No significant differences in dry aboveground 
biomass were observed between any of the experimental groups for any of the emergent plant species 
included in the study (Figure 34). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  
 

Page 103 

 
Figure 32. Aboveground harvest biomass of aquatic emergent plants in 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.4 Toxicity 
In the 2018 Aquatic Mesocosm Study, three assays to assess toxicity were performed: acute 

Rainbow trout, MicroTox and acute Daphnia magna.  Samples were collected from three mesocosms 
from each experimental group, resulting in a replication level of three.  Note that the same three 
mesocosms from each experimental group were used in examining each of the different types of toxicity 
where more than three replicates were available. 

3.4.1 Acute Rainbow Trout toxicity 
Figures and tables describing the acute Rainbow trout 96-hour LC50 assay can be found in Section 

A.9 of the Data Analysis report (Appendix A).  All samples collected in 2018 from all experimental groups 
returned a result of ‘non-lethal’ or LC50 >100%; no acute toxicity was observed in Rainbow trout 96-
hour LC50 assay. 

Test parameters for live-organism assays have an allowance for some mortality even under highly 
controlled conditions.  Figure 35 shows all mortality across all experimental groups in 2017 and 2018.  In 
2018, some level of mortality was observed across all experimental groups except TRMT 1 and 4. 
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Figure 33. Rainbow trout mortality across all experimental groups for water samples collected in 

2017 and 2018 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.4.2 MicroTox 
Figures and tables describing MicroTox EC20 (15 minute) assay can be found in Section A.10 of the 

Data Analysis report (Appendix A).  Only two results (Figure 36) were found to be statistically significant 
in 2018: (1) CTRL 3 EC20 (15 minute) decreased to 48% in week 20 from 100% in weeks 2 and 11, and (2) 
CTRL 3 EC20 (15 minute) was significantly lower than all other experimental groups in week 20.  

 

 
Figure 34. MicroTox EC20 (15 minute) values as measured in 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.4.3 Acute Daphnia magna toxicity 
Figures and tables describing the acute Daphnia magna 48-hour LC50 assay can be found in Section 

A.9 of the Data Analysis report (Appendix A).  All samples collected in 2018 from all experimental groups 
returned a result of ‘non-lethal’ or LC50 >100%; no acute toxicity was observed in Daphnia magna 48-
hour LC50 assays. 

Test parameters for live-organism assays have an allowance for some mortality even under highly 
controlled conditions.  No Daphnia mortality was observed in any of the experimental groups in 2018 
(Figure 37). 
 

 

 
Figure 35. Daphnia magna mortality across all experimental groups in samples collected in 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.5 Periphyton 
Figures and tables detailing values for periphyton can be found in Section A.8 of the Data Analysis 

report (Appendix A).  The only statistically significant difference in 2018 was for CTRL 2 mesocosms 
between week 1 and week 11; however, this may have been due to missing data and should be 
considered with caution.  No statistically significant relationships were detected between CTRL and 
TRMT mesocosms in 2018. 

3.6 Macroinvertebrates 
Figures and tables detailing macroinvertebrate analyses can be found in Section A.3 of the Data 

Analysis report (Appendix A).  Macroinvertebrate communities were compared on measures of 
abundance (Figure 38), diversity (Figure 39) and richness (Figure 40).  Functional group are also 
included(Figure 41), however, no statistical comparisons were made.  No significant differences were 
observed in 2018 between experimental groups in any of these parameters. 
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Figure 36. Macroinvertebrate abundance in mesocosms sampled July of 2017 and 2018 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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Figure 37. Macroinvertebrate diversity in samples collected July 2017 and 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

 
Measures from both 2017 and 2018 are included in the figures as only a single sample date was 

analyzed in each year.  Abundance was lower overall in 2018 than 2017, though values for TRMT 3 and 4 
were not different between years.  Diversity was similar between years, however, the range of values 
was narrower in 2018 than 2017.  Species richness in 2017 had a wider range of values between 
experimental groups; overall richness decreased in 2018, with the largest decrease observed in the 
CTRLs. 
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Figure 38. Macroinvertebrate species richness in mesocosms as sampled in July 2017 and 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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Figure 39 Macroinvertebrate ecological functional group relative abundance as sampled at the end of 

June 2017 and 2018 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

 
Ecological functional groups shifted in all experimental groups in 2018, compared to 2017.  

Most notably, scrapers were found in 2018 in mesocosms containing OSPW (and were found in greater 
numbers in all mesocosms), macrophyte-herbivores were found in CTRL 1 and there was a general 
increase in predators. 

3.7 Zooplankton 
Figures and tables detailing values for zooplankton can be found in Section A.4 of the Data Analysis 

report (Appendix A).  Zooplankton communities were compared on measures of abundance (Figure 42), 
diversity (Figure 43) and richness (Figure 44).  Relative abundance of each family group has been plotted 
(Figure 45), however, no statistical analyses were performed on this measure.   In 2018, no differences 
between experimental groups were found to be statistically significant. 
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Figure 40. Zooplankton abundance as sampled at the end of June 2017 and 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

 
Statistical comparisons were made only within year due to the change in service provider; the lab 

that completed the zooplankton analysis in 2017 was not available in 2018, so comparisons between 
year are based on figures.  Abundance in 2018 does not appear to change compared to 2017, however, 
the range in abundance narrowed.  Diversity in 2017 appeared to form two distinct groups (CTRLs and 
TRMTs), while there no such division is apparent in 2018.  Richness in 2017 appeared to be grouped by 
CTRL or TRMT, while richness in 2018 had a narrower range than in 2017 and values were similar 
between CTRLs and TRMTs.   
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Figure 41. Zooplankton diversity as sampled at the end of June 2017 and 2018 
(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 

3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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Figure 42. Zooplankton richness as sampled at the end of June 2017 and 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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Figure 43. Zooplankton family group relative abundance as sampled at the end of June 2017 and 2018 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

 
Zooplankton families were identified with higher resolution in 2018 than in 2017; specifically, 

Cladocera (green) in 2017 is Diplostraca (orange) in 2018, Rotifera (grey) in 2017 is Flosculariaceae 
(brown) and Ploima (pink) in 2018 and Arthropoda (red) in and Diptera (yellow) were only counted in 
2018.  In 2018, all taxa were found in all mesocosms, except Flosculariaceae, which were absent from 
CTRL 3, TRMT 2, and TRMT 4. 
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3.8 Phytoplankton coverage 
As outlined in Section 2.9.1.10, the term phytoplankton has been used here to describe what 

visually appears to be autotrophic communities, however, the masses observed are most likely 
metaphyton; further taxonomic analysis is beyond the scope of this study.  Figures and tables detailing 
values detailing phytoplankton (metaphyton) surface coverage can be found in Section A.12 of the Data 
Analysis report (Appendix A).  Phytoplankton (metaphyton) surface area coverage followed a bell curve 
in CTRL and TRMT 5 mesocosms and was mostly absent from TRMT 1-4 mesocosms (Figure 46).  The 
only significant difference in comparison to CTRL 2 was observed in CTRL 1 in week 9.  It should be noted 
that average phytoplankton (metaphyton) coverage in CTRLs was generally higher than in TRMTs, with 
the exception of TRMT 5, where no dFFT was present. 

 

 
Figure 44. Phytoplankton surface area coverage in mesocosms 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 
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3.9 Data loggers 
Figures detailing values for data loggers can be found in Section A.6 of the Data Analysis report 

(Appendix A).  Data loggers were placed in three each of the CTRL mesocosms to quantify diel changes in 
dissolved oxygen (DO) and conductivity.  In 2018, one conductivity logger failed in each CTRL 1 & 2 and 
two conductivity loggers failed in CTRL 3. No statistical comparisons were conducted, however, diel 
concentrations and range of dissolved oxygen (Figure 45) and specific conductivity (Figure 46) varied 
between CTRL types. 
 

 
Figure 45.  Average dissolved oxygen (DO) recorded in CTRL mesocosms 
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Figure 46. Average specific conductivity recorded in CTRL mesocosms 
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3.10 Anecdotal Observations 
Some observations were not quantified but are important to record for a more holistic 

understanding of some of the results.  Notes common to several experimental groups are detailed 
below, followed by images captured as representative of the observations. 

Mesocosms with dFFT (and to a lesser extent, soil) would periodically produce bubbles, emanating 
from the sediment layer.  These bubbles were rare but were marked by the disruption of the algal mat 
on the floor of the mesocosm being disrupted.  No samples were collected, so the composition is not 
known, however, the sulfur smell at decommissioning would suggest that these bubbles may have been 
the product of anaerobic metabolism. 

The walls of the mesocosms were often colonized with flora that were not identified taxonomically, 
but resembled periphyton (phytoplankton).  Below are pictures of the walls of the mesocosms just prior 
to decommissioning.  It should be noted that colonization is also subject to grazing, so where scrapers 
(e.g. snails) are present, periphyton may colonize, but then be grazed away by macroinvertebrates. 

Macroinvertebrate exuviae were observed in most mesocosms, indicating reproduction within the 
system.  No metric was collected to quantify this; however, they were observed in both CTRL and TRMT 
mesocosms. 

The following pages contain images from each mesocosm through 2018.  Over 1000 images were 
captured in 2018; the images below are representative of significant observations best conveyed with an 
image or not captured in other measures. 

Control 1 
 

 
July 11, 2018- Dragonfly exoskeleton on surface entangled in metaphyton mat 
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August 14, 2018- Live Potamogeton richardsonii in near pot and adventitious plant in pot next to it.  

Little periphyton on shelf, likely due to large snail population in mesocosm. 
 
 
 

 
 

September 6, 2018- Extensive metaphyton mat present. 



  
 

Page 122 

 
 
 

 
 

September 6, 2018- Extensive adventitious macrophytes colonization. 
 

 

 

 
 
At decommissioning-Variable rate of colonization of socks with periphyton, likely confounded by grazing 

by snails. 
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Control 2 

 
 

September 6, 2018- Metaphyton accumulation on surface and through water column.  Some 
adventitious macrophyte colonization, though less than CTRL 1 (center).  Periphyton accumulation on 

mesocosm wall (left). 
 

 
At decommissioning-Variable rate of colonization of socks with periphyton, likely confounded by grazing 

by snails. 
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Control 3 
 

At decommissioning- Substantial metaphyton (left) and adventitious macrophyte (center and right) 
colonization 

 
 

 
 

At decommissioning- substantial periphyton colonization on some mesocosm walls (left), but not 
socks (right), likely confounded by snail grazing 
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Treatment 1 

 
June 5, 2018- Metaphyton accumulation on floor shows patterns (center) of disruption of gas release 

(bubbles) from sediment.  Also note, periphyton colonization on mesocosm wall (left) 

 
July 10, 2018- Live Potamogeton richardsonii.  Also note walls do not have periphyton observed in 

other mesocosms, but do have substantial observed snail populations 
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At decommissioning-Variable rate of colonization of socks with periphyton, likely confounded by grazing 

by snails. 

Treatment 2 

 
At decommissioning- adventitious macrophyte in a submerged plant pot.  Also, snails and metaphyton 

present 
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At decommissioning-Variable rate of colonization of socks with periphyton, likely confounded by grazing 

by snails. 

Treatment 3 

 
Damselfly exuviae indicating macroinvertebrate reproduction in mesocosm (June 19-left, June 23-right) 
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July 10, 2018- Live Potamogeton richardsonii and periphyton accumulation on shelf and mesocosm wall 

 

 
 

August 14, 2018- Live Potamogeton richardsonii entangled with metaphyton.  Also, patches of ‘sheen’ 
present on surface 
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At decommissioning- green hazy mass present in mesocosms above floor and on shelves indicative of 

significant phytoplankton biomass 
 

 
At decommissioning- green coloration on top left sock, no coloration on top right and some minor 

brown/pink coloration on bottom sock show varying levels of phytoplankton/periphyton colonization of 
mesocosm surfaces.  Presence of snails often resulted in less colonization by periphyton (likely due to 

grazing). 
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Treatment 4 

 
Damselfly exuviae indicating macroinvertebrate reproduction in mesocosm.  Also, notice ‘sheen’ (right) 

on water surface (June 19, 2018) 
 

 
Adventitious macrophytes in submerged plant pot (July 10 and August 14, 2018) 
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At decommissioning-substantial accumulation of periphyton on walls, shelves and socks 
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Treatment 5 
 

August 14, 2018- Live Potamogeton richardsonii 
 

 
At decommissioning-Variable rate of colonization of socks with periphyton, likely confounded by 

grazing by snails. 
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At decommissioning- substantial metaphyton presence, more than other TRMT mesocosms 
 

Other 
 

 
August 27, 2018- ‘sheen’ observed in uncontaminated plants (northern milfoil and hornwort) in fresh 

pond water after isolation for one week 
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4. Discussion 

4.01 The Effect of Overwintering 
The aquatic mesocosm study was conducted over a two-year period in ambient outdoor conditions 

starting with establishment in spring of 2017 and decommissioning in the fall of 2018.  As such, the 
mesocosms froze over the winter period.  As ice forms, elements or compounds that are not water are 
typically excluded in a process known as brine rejection; this process has been documented in pit-lakes 
with saline waters and can exclude more than 80% of the salt dissolved in the water (Pieters and 
Lawrence 2014).  As such, solutes in the mesocosm were concentrated in the liquid water phase below 
the ice layer as the surface froze.  Note that liquid water was present at the floor in the mesocosms over 
the winter, as demonstrated in the prototype mesocosms (now used as deep supply ponds) where 
approximately 1/3 of the depth of the water column (50 cm) remained in a liquid state (personal 
communication, J. Davies).  During the winter a layer of snow accumulated on the surface of the ice on 
the mesocosms; this layer was similar in volume across all mesocosms (personal observation) but was 
not quantified.  This layer would have made a contribution to water chemistry at melt; this effect should 
have been relatively similar across all mesocosms. 

When the ice thawed in the spring of 2018, a concentration gradient (as detected by data sonde) 
was present in most mesocosms and was correlated to solute concentration; see Section 3.1.4 for more 
details.  Water thaws most quickly from the surface (top) of the ice layer, and ice floats, so the surface 
layer of the water column is typically more dilute due to thawing of the mostly pure water in the ice 
layer than the water below it.  As a result, the melting water partitions above the denser (solute-rich) 
layer, forming a gradient.  In time, this concentration gradient will attenuate due to circulation in the 
water column, but this process can take days or weeks.  The speed with which the water layers mix is 
influenced by the magnitude of the initial gradient, how much the water circulates due to temperature 
equalization through the column, the effect of wind, and other factors.  In pit lakes, the freshwater cap 
(epilimnion) will mix with the more saline hypolimnion, but the rate of mixing will be proportional to the 
severity of the concentration gradient (Pieters and Lawrence 2009).  

The influence of brine rejection was observed during this study in some laboratory water quality 
measurements collected in the first set of samples in the 2018 season, where some analytes appeared 
to be low relative to later samples.  The following sections will discuss specific analytes in more detail; 
however, for analytes that do not degrade (i.e. metals,) or volatilize (i.e. NAs),this effect is likely due to 
the effects of the ice thaw and not a change in the total amount of analyte in the entire mesocosm.  This 
phenomenon was observed in a study that found freezing of water samples containing synthetic NAs 
reduced the NA, TS (total solids), and COD values in the ice by over 90% (Reynolds 2013). 

The aquatic mesocosms were established in spring of 2017 with new materials, including the 
introduction of biota.  Seasonal death and decomposition of organic materials (plant tissue, 
phytoplankton, etc.) results in the generation of by-products (carbon dioxide, organic acids, etc.).  The 
following sections discuss this process further and the effect that it would have on the parameters 
measured during the experiment; this is not a laboratory study at fixed ambient conditions, so seasonal 
variation often resulted in effects that were more pronounced than those of the materials introduced 
into the mesocosms. 

4.1 The Effect of Depth 
The only data collected at more than one depth were Water Quality-Field Measurement (Section 3.1 

Water Quality Field Measurement), which included temperature, pH, turbidity, specific conductivity, 
dissolved oxygen, and chlorophyll. 
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4.1.1 Temperature 
Temperature within any given mesocosm was generally lower at depth than at the surface.  The 

thermal gradient was less pronounced in the Fall, when ambient air temperatures were lower and 
vertical concentration gradients, which may have inhibited mixing, had mostly resolved. This is not 
unexpected, given the thermal gradient that was expected in soil surrounding the mesocosm. 

At the start of 2018, temperatures within depths and across experimental groups were not 
significantly different.  The only exception to this was in week -1 when comparing across all groups, 
where CTRL 1 was significantly cooler at the bottom of the tank than CTRL 3 and TRMT 1, and where 
TRMT 4 was significantly cooler than TRMT 1, 2 and CTRL 2, 3.  These differences did not persist into 
week 1.  These observations fall outside of the normal comparisons outlined in Section 3.02, but it 
should be noted that CTRL 1 and TRMT 4 represent the most contrasting biological and chemical 
configurations of the overall design (CTRL 1 contained the most control materials: soil, ARW, plants, and 
TRMT 4 contained the highest concentration of treatment materials: dFFT and OSPW).   

It is important to remember that an increase in the salinity of water has the effect of lowering the 
freezing point, decreasing specific heat capacity and shifting the temperature of highest density (peak 
density of freshwater is 4⁰C, but saline water density increases with solute concentration)  
(Schwerdtfecer 1963; Jackett et al. 2006).  The fact that TRMT 4 exhibited a significantly lower 
temperature at the floor compared to many other groups at the start of the study season may reflect 
the high salinity/TDS content of the water.  The concentration of sodium in the water in TRMT 4 would 
have depressed the freezing temperature by approximately 1-2 degrees and shifted the water density 
maxima downward, thereby allowing the mesocosm contents to drop to a lower temperature over the 
winter.  The specific heat capacity of saline water is less; however, starting from a cooler temperature 
coming out of the winter period could explain the additional time required for the temperature in the 
water column to increase following thaw.  This supposition is supported by the observation that average 
temperature at the floor in week -1 decreases from TRMT 1 to TRMT 4.   

The presence of a sediment layer in a mesocosm also appears to result in a lower temperature near 
the floor, which is supported by comparison of TRMT 3 and TRMT 5, and CTRL 1 and CTRL 2.  The 
increased time to warm in mesocosms containing sediment was potentially due to the disruption of 
physical movement (mixing) of water in the saturated sediment layer with the water overlaying the 
sediment.  CTRL 1 mesocosms had soil at the floor, and the volume of solids was higher in these units 
than in any other mesocosms, even those with tailings.  The tailings contained a greater liquid fraction 
than anticipated during the installation of these materials to the mesocosms, so while the volume of 
tailings and soil installed were almost the same, the soil contained a larger proportion of solids.  While 
the thermal mass and heat conductance of the soil and tailings was likely negligibly different, the 
increased relative depth of the soil may have slowed mixing and thermal conductance from deepest 
layers with the bulk water. Alternatively, the metaphyton cover from the prior season sank in the fall of 
2017 and remained just above the floor; the mass may have shaded the floor, reflecting light energy 
that would have otherwise warmed the soil.  

Comparison of 2017 and 2018 temperature data suggests that, the temperature gradient between 
depths in 2018 was more pronounced initially, likely due to the natural freeze-thaw cycle experienced 
by the mesocosms during the winter.   In contrast, the introduction of treatment materials and 
concomitant mixing of the water column in 2017 resulted in more similar temperatures across depths at 
the start of the experiment.  Furthermore, the tailings material was warmer than the mesocosm water, 
which increased the temperature readings near the floor in early 2017.  The temperature differences 
between the surface and floor in 2017 were often more disparate than in 2018, which was likely due to 
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the increased turbidity with introduction of OSPW and tailings.  Different weather between years could 
have also influenced water temperature, so comparisons between years must be made with caution. 

4.1.2 pH 
Depth did not have a uniform effect on pH, though pH was generally lower at depth than at the 

surface.  This was significant across all dates in 2018 in CTRL 1 (where soil was present) and on some 
dates in TRMT 1, 2, 3 and 4 (where dFFT was present). 

Differences in CTRL mesocosms help to elucidate possible mechanisms responsible for differences in 
pH.  With the addition of soil in 2017, large amounts of organic matter were also introduced.  Some of 
this organic matter floated to the surface and was removed with a pool skimmer, however, much likely 
remained in the soil layer and would have decomposed.  Also, CTRL 1 mesocosms had an abundance of 
adventitious plant growth in 2017 and in 2018, which was a major unplanned and uncontrolled 
difference between CTRL 1 and all other mesocosm types.  Some of the submerged adventitious plants 
senesced in the fall, adding dead plant material to the floor of these mesocosms.  The decomposition 
products of plant material are carbon dioxide and organic acids.  With little turbulence in the water, the 
organic acids likely dissolved and were relatively immobile at the bottom of the water column, resulting 
in a decrease in pH which persisted through 2018.   

Carbon dioxide as a decomposition product would have combined with water which results in an 
equilibrium between carbonic acid, bicarbonate and a hydronium ion.  The decomposition near the floor 
would have resulted in an excess of carbon dioxide, however, diffusion of carbon dioxide to the surface 
did not results in a decreased pH in CTRL 1 mesocosms, but an increase around week 5 and was 
persistently higher than all other mesocosms but CTRL 3, where the pH and floor were not different.  
This suggests (adventitious plant growth supported by the) soil was the differentiating factor.  The 
increased pH near the surface is likely attributable to the uptake of carbon dioxide by algae, decreasing 
the carbon dioxide in solution, and as a result, carbonic acid, resulting in an increased pH.  Levels higher 
than pH 9 begin to inhibit algae growth, so there is a limit to the effect algae can have (Shiraiwa, Goyal, 
and Tolbert 1993).   

In CTRL 2 and 3, the pH was not significantly different between depths (likely the result of absence 
of detrital adventitious plant mass to interact with), but the values for pH were generally lower at depth 
than near the surface.  The reduced vascular plant productivity of CTRL 2 and 3 in comparison to CTRL 1 
may have resulted in a lower amount of decomposition and decomposition products.  In addition, pH 
levels near the surface may have been influenced by carbon dioxide diffusing to the atmosphere, rather 
than dissolving in water and forming carbonic acid at depth.   

The decreased pH near the floor on a number of weeks at the start of the open water season in 
TRMT 1-4, and corresponding depressed dissolved oxygen values, may also correspond to 
decomposition of detrital material.  While no macrophyte colonization was observed in TRMT 
mesocosms in 2017, phytoplankton was observed on the mesocosm walls.  The release of acidic 
metabolic products of decomposition from phytoplankton/periphyton that accumulated in 2017 
(anecdotal observations; (Davies 2018)) could be the cause of the observed pH levels, though no 
quantitative measures of phytoplankton biomass or abundance were collected in 2017.  The 
decomposition of phytoplankton/periphyton over the winter would explain the depressed dissolved 
oxygen levels and elevated chlorophyll levels which were observed with data sonde measurements in 
the spring of 2018. An alternate explanation for decreasing pH with depth involves the dFFT layer, that 
may have released low pH constituents; the smaller variations across the mean (as observed in error 
bars) when comparing mesocosms with dFFT to those without would suggest an increased buffering 
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capacity where dFFT is present though no direct measures were collected that can support this 
hypothesis. 

4.1.3 Turbidity 
Turbidity within each experimental group did not vary in a significant way from floor to surface, 

except in the case of CTRL 1, where the floor was more turbid than the surface.  A small number of 
measurements were excluded from the statistical analysis due to the instrument touching the floor 
during measurement, which disturbed the solids on the floor, however, some measurements were not 
removed as this action could not be confirmed.    If these measurements that fall outside the normal 
range are correct and not errors, the increased turbidity may have been caused by phytoplankton 
presence/activity near the floor as observed in the chlorophyll RFU readings (Section 3.1.6).   

To note, TRMT 4 also demonstrated consistently higher turbidity levels near the floor of the 
mesocosm compared to the surface, though these differences were not great nor significant.  Elevated 
chlorophyll measurements near the floor suggested there was also increased phytoplankton 
presence/activity at depth in this TRMT type.   

In comparison to early measurements in 2017, the turbidity measurements in 2018 were orders of 
magnitude less in the early season, especially where OSPW, dFFT and soil were installed into the 
mesocosms.  In 2017, the turbidity near the surface was often less than near the floor, but this can be 
explained by solids settling through the water column. 

4.1.4 Specific conductivity 
Specific conductivity was significantly different between depths in all mesocosms in the first couple 

of measurements in 2018, persisting in some mesocosms for the majority of the season.  As the surface 
water froze in the fall of 2017, brine rejection concentrated salt into the deeper liquid layer. This was 
especially pronounced in mesocosms with high salinity (i.e. they contained large amounts of OSPW), but 
occurred in all mesocosms, with the gradient proportional to salinity. 

Specific conductivity in CTRL 1 (soil present) was higher at the floor than the surface.  As discussed in 
Section 4.1.2, the decomposition of soil organic matter and adventitious plant tissue from the 2017 
open water season likely contributed to higher conductivity at depth through the release of 
decomposition byproducts (organic acids and carbon dioxide which would have increased solutes 
present. 

In comparison to 2017, the specific conductivity readings were far more variable between depths.  
Material installation procedures in 2017 resulted in appreciable mixing throughout the water column, so 
less pronounced differences in specific conductivity between depths is not unexpected. 

4.1.5 Dissolved oxygen 
Dissolved oxygen measurements were mostly similar between the floor and surface, though 

significant differences between depths were observed for five or more consecutive measures in CTRL 1 
and TRMT 4.  Atmospheric oxygen would have diffused into the water near the surface in all 
mesocosms, but the stable and elevated levels in CTRLs (in comparison to the mid-season decrease 
observed in TRMTs) is likely due to the metaphyton mats.  In CTRL 1, the depressed oxygen 
concentrations near the floor may be attributed to oxygen consumption during decomposition of 
detritus from the adventitious plant growth in 2017.  The elevated oxygen near the surface in CTRL 1 
and CTRL 3 (and stable level in CTRL 2) were likely the result of metaphyton mats that (while statistically 
more variable than observed in other mesocosms on one date) were present throughout the season and 
appeared most extensive in CTRL 1 (personal observation).   
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Low dissolved oxygen levels at depth observed in TRMT4 mesocosms at the first measurement was 
unlike those recorded in other TRMTs and may have been due to elevated COD levels observed in this 
treatment group relative to other mesocosms.  Additionally, oxygen depletion could have been a result 
of the decomposition of phytoplankton.  The detection of significant levels of chlorophyll at depth in the 
same time period using the data sonde would suggest the presence of phytoplankton and/or the 
decomposition products of phytoplankton.  To note, the decomposition of chlorophyll in aquatic 
systems is complex and results in numerous metabolites with varying fluorescence (Scheer 2012; 
Kashiyama et al. 2012), so the data collected can only indicate the presence of chlorophyll, irrespective 
of whether it is found in viable organisms or in detrital material.  No measures of chlorophyll beyond 
anecdotal observations of metaphyton were collected in 2017, so the hypothesis that phytoplankton 
abundance going into the overwintering period in 2017 was unusually high in TRMT4 mesocosms 
relative to the other mesocosm types cannot be substantiated.   

For one or more of the first three measurements of the season, dissolved oxygen levels near the 
floor were elevated in CTRL 2, TRMT 1, 2, 3 and 5.  Considering the dissolved oxygen concentrations 
converged later in the season, this may have been due to the water temperature; maximum dissolved 
oxygen is inversely proportional to water temperature.  Given that surface temperatures remained 
higher than those at the floor throughout the season, the increased oxygen at depth might be expected 
if temperature were the most important explanatory variable; however, this was not observed.  Given 
the relatively low levels of chlorophyll detected at depth, the most plausible explanation is that some 
decomposition was taking place at depth, but at a rate which did not deplete the oxygen faster than 
replenishment by primary producers within the mesocosms, or diffusion of oxygen into the mesocosms 
from the atmosphere. 

In comparison to 2017, dissolved oxygen was higher in TRMT mesocosms, especially near the floor.  
Generally lower levels of COD observed in TRMT 3 & 4 in 2018 as compared to initial 2017 samples could 
explain some of this. However, TRMT 2 & 5 mirrored samples collected in 2017, so multiple variables are 
at play.  Also, the COD levels documented in TRMTs compared to CTRLs were not significantly elevated 
but were generally higher.  BOD levels were unlikely a factor in driving variation in DO between 
experimental groups because differences in these values between 2017 and 2018 were very small.  The 
most likely contributor to the generally higher levels of dissolved oxygen in 2018 was phytoplankton 
activity, as outlined in the previous paragraphs in this section.   

4.1.6 Chlorophyll 
A chlorophyll sensor was added to the data sonde for the 2018 season, providing additional insight 

into a number of other parameters, such as dissolved oxygen, pH and conductivity, some of which were 
outlined above.  It should be noted that the sensor is designated a ‘total algae sensor’ by the 
manufacturer which provides a means of rapid measurement of fluorescence from phytoplankton 
pigments (chlorophyll a and phycocyanin) as a proxy for biomass.  However, the correlation between 
chlorophyll measured in this manner and actual phytoplankton biomass varies with a number of factors, 
including species composition, water quality (e.g. turbidity), concentration of phytoplankton and 
temperature (Brient et al. 2008; Hodges et al. 2018; Murphy et al. 2015; Gregor and Maršálek 2004).  
Therefore, the data sonde-derived chlorophyll values should be considered qualitative and not a 
substitute for laboratory analyzed samples.  

In all mesocosms, when the concentration of chlorophyll was different between depths, the 
concentration near the floor was higher than at the surface, often significantly, which would suggest a 
larger phytoplankton community near the floor, as compared to the surface.  This is consistent with 
what is found in other freshwater bodies, where the concentration of phytoplankton tends to increase 
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with depth within the first 3 meters of the water column (Brient et al. 2008).  Increased phytoplankton 
abundance at depth may be due to increased nutrient concentration near the floor; however, no water 
samples were collected at depth in the present study, so this supposition is only supported by the 
increased specific conductivity readings that were recorded near the floor. 

In all mesocosms, the chlorophyll in weeks-1 and 1 were significantly higher at the floor than at the 
surface. Considering ice-off was shortly before measurements were collected and the growing season 
had not yet begun, it is most likely that the chlorophyll detected was from phytoplankton that were 
present before winter.  It is unlikely that chlorophyll concentrations at depth in the spring reflected new 
growth in 2018, because – if this were the case - it would be expected that the relative fluorescence 
would maintain or increase as the season progressed, which it did not.  Three possible interpretations 
are proposed to explain the observed pattern: (1) the elevated fluorescence was due to chlorophyll 
liberated by the death and decomposition of phytoplankton from the previous season; (2) the decrease 
was due to an increase in protist (and other fauna) herbivory as ambient water temperature increased 
(Kashiyama et al. 2012; Rose and Caron 2007); or, (3) the decrease in chlorophyll fluorescence was due 
to a decrease in cell concentration of chlorophyll with the increased availability of light as the 
spring/summer progressed; some marine phytoplankton can vary chlorophyll concentration within a cell 
inversely proportional to light intensity (Falkowski 1980). 

4.2 The Effect of Time 

4.2.1 Water Quality-Field Measurement 
The effect of time on water temperature in the mesocosms was predictable: water temperature 

rose after ice-off with the seasonal rise in ambient air temperature and fell as the ambient temperature 
decreased in the fall.  Some differences were observed between experimental groups, but those are 
discussed in the sections specific to those experimental variables (i.e. OSPW, dFFT, soil).  In comparison 
to 2017, the temperature was much less variable between all experimental groups in 2018, likely due to 
a lack of residual heat from the installation of materials (tailings) and the ability of light to penetrate to 
the floor in all mesocosms, due to the water clarity in all experimental groups.  This is in contrast to  
2017, where the addition of experimental material (dFFT, OSPW, soil) at the beginning of the study 
resulted in high levels of turbidity during the first part of the summer in some treatment types, which 
affected temperatures in those mesocosms.  

The effect of time on pH was minimal; average pH hovered between 8 and 9 in all experimental 
groups except CTRL 1 and 3.  The pH observed in CTRL 1 is discussed above in the effect of depth and is 
likely attributable to the byproducts related to decomposition of detrital material.  The increase in pH in 
CRTL 3 could be due to a number of factors, but they are outside the scope of this study.  The lack of soil 
or installed macrophytes in CRTL mesocosms meant these systems were of lower ecological diversity 
and had fewer chemical inputs (solutes) and were likely less resilient (e.g. had less chemical buffering 
capacity) to chemical changes related to increased algal abundance as the season progressed. 

The effect of time on turbidity was minimal.  Figure 25 would suggest a decrease in some 
experimental groups from the start of the season, however, this decrease was not significant because 
starting levels were already very low.  It also appears that the turbidity near the floor in CTRL 1 (and 
TRMT 4, to a lesser extent) increased during the summer of 2018, although this increase was not 
statistically significant.  The observed increase in turbidity at depth may have been due to propagation 
of phytoplankton, which corresponds to changes in chlorophyll concentration measured with the data 
sonde (Section 4.1.6). 
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The effect of time on specific conductivity was significant and most likely the result of the brine 
rejection and metabolism/decomposition as touched on in Sections 4.01 and 4.1.  In terms of brine 
rejection, the longevity of the concentration gradient appeared to vary directly with OSPW content; this 
was likely due to the direct relationship between concentration of OSPW and concentration of dissolved 
solids.  The time to achieve mixing of the water column in TRMT 3 mesocosms would be expected to be 
only slightly longer than TRMT 5 if the mixing was driven only by OSPW concentration; given the 
relatively small (but sometimes significantly different) increased conductivity that was observed with the 
addition of dFFT, however it was longer in TRMT 3. The difference in time of attenuation of the 
concentration gradient between TRMT 3 and 5 may also be attributable to a difference in water column 
depth (approximately 20 cm) between the two treatment groups due to the presence of a dFFT layer in 
TRMT 3 and lack thereof in TRMT 5.  If the ice froze to a consistent depth in each mesocosm over the 
winter, the volume for the liquid fraction would be less in TRMT 3 than in TRMT 5 because of the dFFT 
layer.  This would have increased the concentration factor in TRMT 3, which would have resulted in 
larger differences in conductivity measures between the surface and floor immediately after melt in 
TRMT 3 mesocosms compared to TRMT 5.  The resultant more pronounced chemocline in TRMT 3 units 
would have taken longer to resolve. 

Dissolved oxygen was likely influenced by a number of factors through time, including algal 
abundance and the decomposition of detritus.  The abundance of algal mats documented during 2018 
indicated some mesocosms had large populations of filamentous phytoplankton (metaphyton), which 
would produce oxygen.  Decomposition of detrital material near the floor likely caused a reduction in 
dissolved oxygen at depth, though this was likely more pronounced early in the season (as discussed in 
4.1).  Oxygen solubility in water is inversely proportional to temperature, so cold hyperoxic melt water 
from the ice surface falling to the floor may have contributed, though the gradient observed makes this 
unlikely.  Each experimental group was influenced by these factors to various degrees, so a single driving 
variable is not evident.  It is important to note that, the increase of DO over the 2018 season observed at 
the surface of CTRL 1 and 3 and at the floor of TRMT 4 was likely due to production of oxygen by 
phytoplankton.  This is based on algal mat coverage estimates (Section 3.8) for CTRL 1 and 3 and high 
chlorophyll values based on sonde measurements in TRMT 4 (where no algal mats were observed).  This 
supports a multi-modal approach to phytoplankton quantification as each sampling approach has biases 
that may miss a fraction of the phytoplankton community.   

Early season chlorophyll measurements at the floor appeared to be elevated, but then decreased 
and stabilized over time, suggesting that the chlorophyll was present at the first sampling session was 
likely a remnant from 2017.  The change in chlorophyll values subsequently documented over the 
season may have been due to a decrease in phytoplankton, degradation of residual extracellular 
chlorophyll from detrital material as the summer progressed, or a decrease in cellular concentration of 
chlorophyll; some marine phytoplankton can adapt to low light conditions by increasing chlorophyll 
concentration in the cell (Falkowski 1980).   Considering the snow layer on the ice would have decreased 
light penetration over the winter, when light intensity increased due to melting of the snow layer in the 
spring, the decrease in cellular chlorophyll is possible.  Given the chlorophyll sensor only measures 
fluorescence and not biomass and no samples were collected to corroborate this, these are only 
possible hypotheses proposed by the author.  Chlorophyll values in CTRL 1 and TRMT 4 were the only 
that increased through the season, with the increases mostly near the floor, though these were highly 
variable and no well-defined trend.  Further measurements of phytoplankton, along with physical 
samples are recommended in the future to elucidate the factors that resulted in this observation.  
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4.1.6 Chlorophyll 
A chlorophyll sensor was added to the data sonde for the 2018 season, providing additional insight 

into a number of other parameters, such as dissolved oxygen, pH and conductivity, some of which were 
outlined above.  It should be noted that the sensor is designated a ‘total algae sensor’ by the 
manufacturer which provides a means of rapid measurement of fluorescence from phytoplankton 
pigments (chlorophyll a and phycocyanin) as a proxy for biomass.  However, the correlation between 
chlorophyll measured in this manner and actual phytoplankton biomass varies with a number of factors, 
including species composition, water quality (e.g. turbidity), concentration of phytoplankton and 
temperature (Brient et al., 2008; Gregor & Maršálek, 2004; Hodges, Wood, Puddick, McBride, & 
Hamilton, 2018; Murphy et al., 2015).  Therefore, the data sonde-derived chlorophyll values should be 
considered qualitative and not a substitute for laboratory analyzed samples.  

In all mesocosms, when the concentration of chlorophyll was different between depths, the 
concentration near the floor was higher than at the surface, often significantly, which would suggest a 
larger phytoplankton community near the floor, as compared to the surface.  This is consistent with 
what is found in other freshwater bodies, where the concentration of phytoplankton tends to increase 
with depth within the first 3 meters of the water column (Brient et al., 2008).  Increased phytoplankton 
abundance at depth may be due to increased nutrient concentration near the floor; however, no water 
samples were collected at depth in the present study, so this supposition is only supported by the 
increased specific conductivity readings that were recorded near the floor. 

In all mesocosms, the chlorophyll in weeks-1 and 1 were significantly higher at the floor than at the 
surface. Considering ice-off was shortly before measurements were collected and the growing season 
had not yet begun, it is most likely that the chlorophyll detected was from phytoplankton that were 
present before winter.  It is unlikely that chlorophyll concentrations at depth in the spring reflected new 
growth in 2018, because – if this were the case - it would be expected that the relative fluorescence 
would maintain or increase as the season progressed, which it did not.  Three possible interpretations 
are proposed to explain the observed pattern: (1) the elevated fluorescence was due to chlorophyll 
liberated by the death and decomposition of phytoplankton from the previous season; (2) the decrease 
was due to an increase in protist (and other fauna) herbivory as ambient water temperature increased 
(Kashiyama et al., 2012; Rose & Caron, 2007); or, (3) the decrease in chlorophyll fluorescence was due to 
a decrease in cell concentration of chlorophyll with the increased availability of light as the 
spring/summer progressed; some marine phytoplankton can vary chlorophyll concentration within a cell 
inversely proportional to light intensity (Falkowski, 1980). 

4.2 The Effect of Time 

4.2.1 Water Quality-Field Measurement 
The effect of time on water temperature in the mesocosms was predictable: water temperature 

rose after ice-off with the seasonal rise in ambient air temperature and fell as the ambient temperature 
decreased in the fall.  Some differences were observed between experimental groups, but those are 
discussed in the sections specific to those experimental variables (i.e. OSPW, dFFT, soil).  In comparison 
to 2017, the temperature was much less variable between all experimental groups in 2018, likely due to 
a lack of residual heat from the installation of materials (tailings) and the ability of light to penetrate to 
the floor in all mesocosms, due to the water clarity in all experimental groups.  This is in contrast to  
2017, where the addition of experimental material (dFFT, OSPW, soil) at the beginning of the study 
resulted in high levels of turbidity during the first part of the summer in some treatment types, which 
affected temperatures in those mesocosms.  
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The effect of time on pH was minimal; average pH hovered between 8 and 9 in all experimental 
groups except CTRL 1 and 3.  The pH observed in CTRL 1 is discussed above in the effect of depth and is 
likely attributable to the byproducts related to decomposition of detrital material.  The increase in pH in 
CRTL 3 could be due to a number of factors, but they are outside the scope of this study.  The lack of soil 
or installed macrophytes in CRTL mesocosms meant these systems were of lower ecological diversity 
and had fewer chemical inputs (solutes) and were likely less resilient (e.g. had less chemical buffering 
capacity) to chemical changes related to increased algal abundance as the season progressed. 

The effect of time on turbidity was minimal.  Figure 25 would suggest a decrease in some 
experimental groups from the start of the season, however, this decrease was not significant because 
starting levels were already very low.  It also appears that the turbidity near the floor in CTRL 1 (and 
TRMT 4, to a lesser extent) increased during the summer of 2018, although this increase was not 
statistically significant.  The observed increase in turbidity at depth may have been due to propagation 
of phytoplankton, which corresponds to changes in chlorophyll concentration measured with the data 
sonde (Section 4.1.6). 

The effect of time on specific conductivity was significant and most likely the result of the brine 
rejection and metabolism/decomposition as touched on in Sections 4.01 and 4.1.  In terms of brine 
rejection, the longevity of the concentration gradient appeared to vary directly with OSPW content; this 
was likely due to the direct relationship between concentration of OSPW and concentration of dissolved 
solids.  The time to achieve mixing of the water column in TRMT 3 mesocosms would be expected to be 
only slightly longer than TRMT 5 if the mixing was driven only by OSPW concentration; given the 
relatively small (but sometimes significantly different) increased conductivity that was observed with the 
addition of dFFT, however it was longer in TRMT 3. The difference in time of attenuation of the 
concentration gradient between TRMT 3 and 5 may also be attributable to a difference in water column 
depth (approximately 20 cm) between the two treatment groups due to the presence of a dFFT layer in 
TRMT 3 and lack thereof in TRMT 5.  If the ice froze to a consistent depth in each mesocosm over the 
winter, the volume for the liquid fraction would be less in TRMT 3 than in TRMT 5 because of the dFFT 
layer.  This would have increased the concentration factor in TRMT 3, which would have resulted in 
larger differences in conductivity measures between the surface and floor immediately after melt in 
TRMT 3 mesocosms compared to TRMT 5.  The resultant more pronounced chemocline in TRMT 3 units 
would have taken longer to resolve. 

Dissolved oxygen was likely influenced by a number of factors through time, including algal 
abundance and the decomposition of detritus.  The abundance of algal mats documented during 2018 
indicated some mesocosms had large populations of filamentous phytoplankton (metaphyton), which 
would produce oxygen.  Decomposition of detrital material near the floor likely caused a reduction in 
dissolved oxygen at depth, though this was likely more pronounced early in the season (as discussed in 
4.1).  Oxygen solubility in water is inversely proportional to temperature, so cold hyperoxic melt water 
from the ice surface falling to the floor may have contributed, though the gradient observed makes this 
unlikely.  Each experimental group was influenced by these factors to various degrees, so a single driving 
variable is not evident.  It is important to note that, the increase of DO over the 2018 season observed at 
the surface of CTRL 1 and 3 and at the floor of TRMT 4 was likely due to production of oxygen by 
phytoplankton.  This is based on algal mat coverage estimates (Section 3.8) for CTRL 1 and 3 and high 
chlorophyll values based on sonde measurements in TRMT 4 (where no algal mats were observed).  This 
supports a multi-modal approach to phytoplankton quantification as each sampling approach has biases 
that may miss a fraction of the phytoplankton community.   

Early season chlorophyll measurements at the floor appeared to be elevated, but then decreased 
and stabilized over time, suggesting that the chlorophyll was present at the first sampling session was 
likely a remnant from 2017.  The change in chlorophyll values subsequently documented over the 
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season may have been due to a decrease in phytoplankton, degradation of residual extracellular 
chlorophyll from detrital material as the summer progressed, or a decrease in cellular concentration of 
chlorophyll; some marine phytoplankton can adapt to low light conditions by increasing chlorophyll 
concentration in the cell (Falkowski, 1980).   Considering the snow layer on the ice would have 
decreased light penetration over the winter, when light intensity increased due to melting of the snow 
layer in the spring, the decrease in cellular chlorophyll is possible.  Given the chlorophyll sensor only 
measures fluorescence and not biomass and no samples were collected to corroborate this, these are 
only possible hypotheses proposed by the author.  Chlorophyll values in CTRL 1 and TRMT 4 were the 
only that increased through the season, with the increases mostly near the floor, though these were 
highly variable and no well-defined trend.  Further measurements of phytoplankton, along with physical 
samples are recommended in the future to elucidate the factors that resulted in this observation.  

4.2.2 Water Quality-Laboratory Measurement 
A broad range of water chemistry analytes were included in the 2018 aquatic mesocosm project, 

and the depth of potential analyses that could be performed on the resulting dataset is expansive.  
However, the first main objective of this study was as a scoping study, meant as an exercise to examine 
how these systems responded to a variety of different variables, as demonstrated by the relatively high 
number of monitoring water quality monitoring variables and low number of response variables and so 
the author has chosen to focus on general patterns or those that are unexpected or uncommon.  
Furthermore, while the second objective was to examine the effects of OSPW and dFFT on these 
systems, the focus of the monitoring in convert with the modest replication of TRMT mesocosms and 
high variability (as compared to a laboratory setting) lends the results to be used as informing areas to 
focus research efforts. 

First and foremost, the effect of brine rejection - as touched on in the first section in this Discussion - 
had a significant effect on the water quality parameters analyzed in the initial sampling session.  The 
initial water chemistry samples often had the lowest concentration of analytes relative to later samples 
and this effect was related to total dissolved solids in the mesocosm: where TDS was high, the effect was 
pronounced, and where TDS was low, the effect was less pronounced.  These low analyte levels were 
not due to a reduction in the analyte itself in the mesocosm, but the concentration of the analyte in the 
deeper portion of the water column in the early part of the ice-free season (recall that water samples 
collected for laboratory analysis were only collected at the surface).  As such, it is suggested to take an 
integrated depth sample in future studies or collect water samples after the conductivity – as an 
indicator of differences in water density - is approximately the same between surface and floor readings. 

It is important to note that samples represent a snapshot of local water chemistry and that local 
zones with different chemical attributes may form in parts of the mesocosms that are not well 
characterized by analysis of surface water samples.    For example, plants can release exudates in the 
root zone which are acidic (Weis & Weis, 2004), resulting in chemistry not expected based on bulk water 
samples; these local releases may result in a change in the chemistry that cannot be explained by the 
collected values.  This is important to remember, where the mesocosm is not a uniform environment, so 
sampling multiple depths would be required to better characterize the chemical environment of the 
mesocosms.  Discrete samples from multiple depths or composite (integrated depth) samples are 
recommended for consideration and appropriateness would depend on the specific research questions 
and budget 

Some observations were notable.  In all mesocosms through the 2018 season, arsenic 
concentrations increased, though the increase above 2017 levels was only observed in CTRL mesocosms.  
To note, all levels were well below concentrations of concern, however, the trend was unexpected.  
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While some plants like C. demersum (Reay, 1972; Weis & Weis, 2004) and algae (Yin, Wang, Bai, Huang, 
& Sun, 2012) have been shown to hyper-accumulate metals like arsenic, this occurs in arsenic rich 
waters and a release back into the water column is only observed when the plant dies/decomposes.  
Considering the increased levels of arsenic were most pronounced in the CTRL mesocosms (and that 
arsenic did not reach concentrations above 2017 levels in TRMT mesocosms), where hornwort survived 
through the entire water chemistry sample collection period, it is unlikely the hornwort could have been 
the source of the elevated arsenic concentrations, especially considering the small biomass represented 
by this species.  Macrophytes have been shown to alter the rhizosphere concentrations of arsenic, often 
increasing mobility through the release of acidic exudates (Doyle & Otte, 1997).  Given the relatively 
large population of adventitious plants in CTRL mesocosms (and CTRL 1 with the largest population and 
most apparent increase in arsenic), release from the soil and/or detrital material decomposition from 
the previous year, is one potential source.  This is supported by the fact that the levels in TRMT 
mesocosms (where there was no adventitious plant growth) did not exceed concentrations observed in 
the previous year.  Some arsenic in the water can also be attributed to redox chemistry (Masscheleyn, 
Delaune, & Patrick, 1991), however, the increase beyond 2017 concentrations in CTRLs in 2018, coupled 
with the concentration being lowest mid-season in most mesocosms, would suggest the adventitious 
plants were the most likely factor in the net increase observed in CTRL mesocosms.   

The increase in fluoride concentration in CTRLs in 2018 relative to 2017 levels was unexpected 
(much like arsenic in the previous paragraph).  The CTRL concentrations were lower than those of the 
TRMT mesocosms (where there was an increase through 2018, but not above 2017 levels), though these 
were also relatively low.  The average increase from week 8 to 17 in CTRLs in 2018 was 0.06 mg/L, 
whereas it was 0.09 mg/L in TRMTs.  Drinking water standards in Canada dictate a level of 1.5 mg/L 
(Edmunds & Smedley, 2013) so the levels observed in all mesocosms are not excessive, even though 
TRMTs do contain significantly more than CTRLs; this does fall into the range for surface waters, which 
varies by region, but are generally below 10 mg/L.  The increase may be due to fluoride that was added 
to the potable water used to offset evaporative losses from the mesocosms over the summer (Davies, 
2018).  The precise mechanism for these minor differences is beyond the scope of this report, however, 
a couple of mechanisms are suggested.  Fluoride will bind with cations (e.g. barium), so decreased levels 
(in comparison to 2017) in TRMT mesocosms may have been due to elevated concentrations of cations 
in solution.  Additionally, fluoride can bind to clay (concentration-dependent and described by Langmuir 
adsorption isotherms), so solution concentrations in mesocosms with dFFT (or OSPW-some clay in 
suspension was expected) may have equilibrated with increased sorption to clay in dFFT (Mohapatra, 
Anand, Mishra, Giles, & Singh, 2009). 

The observation of peak concentrations of total chromium in the final collection session was 
unexpected, considering that bulk water was slightly alkaline and chromium tends to precipitate out of 
solution in neutral or alkaline water (Palmer & Wittbrodt, 1991).   The observation that this occurred to 
some extent across all mesocosms suggests a common environmental factor.  The mechanism is beyond 
the scope of this study, but biological factors may have played a role.  For example, some heavy metals 
like chromium can form soluble organo-ligand complexes which can alter the expected behavior and 
redox state of the resultant compound, complicating any attempts at understanding mechanistic 
processes (Puzon et al., 2008). 

Increase in dissolved magnesium in all mesocosms through the 2018 season - above and beyond 
levels documented in 2017 levels - was unexpected and can be explained by the addition of potable 
water.  The increased concentrations in CTRL 1 beyond the other mesocosms can also be attributed to 
the release of magnesium from the soil (in CTRL 1); as with arsenic (in the paragraphs preceding), 
adventitious macrophytes may have mobilized magnesium from the soil by the release of acidic 
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exudates in the rhizosphere.  Additionally, the acidic pH near the floor (in CTRL 1) may have contributed 
to mobilization of magnesium from the soil to the water column. 

Some observations seem noteworthy but are not when other factors are considered.  For example, 
boron appeared to increase in TRMTs but remained stable or decreased in CTRLs (where boron was at 
least an order of magnitude lower than in TRMTs).  What appeared as an increase in boron in TRMTs 
was likely diffusion with the attenuation of the chemocline, given it did not increase in concentration 
above 2017 levels.  The decrease in CTRLs is likely due to uptake by macrophytes and phytoplankton 
(boron is an essential plant and phytoplankton nutrient), which was not detectable in the TRMT 
mesocosms due to the much higher average concentrations (but undoubtedly occurred, as evidenced by 
plant and phytoplankton presence).  A decrease in total and dissolved calcium in CTRL 3 mesocosms 
might best be explained by the high pH observed in this group, especially at depth.  Under conditions of 
high pH, dissolved calcium can precipitate out of solution as a carbonate compound (Ksp= 3.3 x 10-9 at 25 
⁰C).  Figure 47 is included to demonstrate two oxygen demand measures that capture an important 
measurement but could lead to incorrect assumptions and predictions of dissolved oxygen levels; where 
BOD and COD are elevated (in some TRMT mesocosms), low levels of dissolved oxygen would be 
expected, however, this wasn’t the case (as shown in field water quality measurements) in 2018.  BOD 
and COD measurements collected at the last timepoint (after chemocline had attenuated) in 2017 and 
2018 are not significantly different (except for BOD in CTRL 1 and TRMT 4), which might suggest that 
dissolved oxygen levels were similar between the two years.  However, the dissolved oxygen levels 
observed in 2018 were often well above those of 2017, especially in TRMT groups and near the floor of 
the mesocosms.  This observation underscores the complex and dynamic character of mesocosms as 
model ecosystems, and the need for careful study design and interpretation of data collected using 
these systems. 



  
 

Page 146 

 
Figure 47. BOD and COD values from surface collected bulk water 2017/18 

(CTRL 1-control w/ soil CTRL 2-control w/o soil CTRL 3-control w/o soil or installed plants TRMT 1-dFFT TRMT 2- dFFT + 25% OSPW TRMT 
3-dFFT + 50% OSPW TRMT 4-dFFT + 100% OSPW TRMT 5- 50% OSPW) 

 
The decrease in the concentration of larger/more complex naphthenic acids over time was 

noteworthy.  Often, cited references suggest naphthenic acids do not break down over time, but this is 
not fully accurate; the half-lives of naphthenic acids are long, but not indefinite.  Half-lives of different 
naphthenic acid families have been estimated to be between 127 and 610 days when exposed to 
artificial solar radiation (McMartin et al. 2004).  Light energy is attenuated with depth and turbidity of 
water but - given the relative clarity of water and shallow depth in the mesocosms - the decrease in NA 
concentration is consistent with the decreased concentrations observed in 2018 in comparison to 2017.  
Also, naphthenic acid concentrations decrease with time in simulated wetlands (Toor et al. 2013).  It has 
been established that microbial populations indigenous to oil sands tailings are able to utilize NAs as a 
carbon source, which results in biodegradation of NAs (Herman et al. 1994).  Furthermore, microbes 
found in the rhizosphere and in wetland sediments also utilize NAs as a carbon source (Del Rio et al. 
2006; Biryukova, Fedorak, and Quideau 2007).  It is unlikely that the decrease in NAs observed in the 
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current study can be attributed to sorption; naphthenic acid pKa values are around 4-6 (Havre, Sjöblom, 
and Vindstad 2003).  At the pH in the mesocosms (over 8), naphthenic acids would be fully ionized, and 
have a negative charge, so partitioning would be to anion exchange sites (positively charged surfaces), 
which are limited in soils.  Soils have a pH- dependent and pH-independent portion (Essington 2015); at 
the pH levels observed in the mesocosms, it is unlikely the NAs were attached to any charged surfaces, 
especially considering the solution chemistry and competition for sites with other solutes.  The decrease 
in the proportion of Z-10 naphthenic acids (and not others) in TRMTs in comparison to 2017, is 
noteworthy, however, the mechanism behind this pattern cannot be resolved with the current dataset; 
further focused study is recommended.   

DOC as related to the chemocline appeared to attenuate in the TRMTs at a faster rate than in CTRLs, 
but did not exceed the 2017 concentrations.  The low levels of DOC at the first sample date are likely the 
result of brine rejection (Reynolds 2013), which may be resolved with samples collected at depth.  It is 
possible that the decrease in DOC in 2018 compared to 2017 was the result of degradation of 
naphthenic acids. 

Higher nitrite levels at the end of 2018 in mesocosms with OSPW was unexpected, given the low 
concentrations of nitrate and nitrite in the water samples collected in the first two sample sessions in 
2018, and the relatively high levels of dissolved oxygen as measured with the data sonde (where nitrite 
would be expected to oxidize to nitrate).  However, no measurements of oxygen were collected in the 
sediment or near the sediment:water interface, so oxygen levels are unknown in these portions of the 
mesocosms.  One hypothesis is may be related to the degradation of naphthenic acids (as discussed in 
previous paragraphs), specifically that  the biodegradation of naphthenic acids in denitrifying conditions 
has been observed (Gunawan, Nemati, and Dalai 2014; Clothier and Gieg 2016).  This could explain the 
low concentration of nitrate, but elevated concentration of nitrite (a denitrification product), which may 
be taking place near the water-tails/sediment interface.  Alternatively, the nitrite could be a product of 
incomplete nitrogen fixation by blue-green algae (Allen and Arnon 1955), however, the highly oxic water 
and absence of spike in CTRLs would tend to undermine this hypothesis. 

The concentration of dissolved phosphorus appeared to increase over the season, while the 
concentration of total phosphorus remained relatively steady.  Reactive phosphorus may be influenced 
by redox conditions, where reducing conditions can increase phosphorus availability   (Smith, Watzin, 
and Druschel 2011), however, the dissolved oxygen levels documented in the mesocosms would suggest 
oxidizing conditions were prevalent.  If this is considered important, future experiments could include 
data collection at the water:sediment interface to determine if conditions in the sediment are reducing. 

Chlorophyll a, when measured in water samples, did not change substantially through the season, 
but the mid-season was usually the lowest of the mean values; this is unexpected, considering that the 
sun should be most intense mid-season and growth would be expected to be peaking at this time.  As 
discussed in previous sections, some plants can reduce cellular concentration of chlorophyll with 
increased light intensity; therefore, comparisons across dates may be less reliable than within dates and 
across experimental groups.  Future studies might benefit from integrated depth sampling, given that 
phytoplankton are not uniformly distributed through the water column (Longhi and Beisner 2009).  

4.2.3 Installed Vegetation 
All installed plants were harvested at the close of the 2017 study and new individuals were installed 

in the spring of 2018 from a stock that was planted in the supply ponds in late summer of 2017. 
The emergent vegetation behaved as expected: plants increased in height over time before peaking 

at maturity height and then decreasing in height with senescence at the end of the season.  A. 
americanus appeared to peak at week 10 and plateau before peaking again at week 17; this pattern was 
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observed across all mesocosms, so the effect is likely due to a common environmental variable.  The low 
success rate of T. latifolia over winter was later found to be an issue with the depth of the shallow 
supply pond in that plants were left in water deeper than the main shoot for too long; depth of greater 
than 40 cm can be detrimental to cattail survival (Sharp 2002).   

Installed submergent vegetation failed to produce biomass sufficient to measure and compare 
across treatments.  Pondweeds are sensitive to freezing, so overwintering in the shallow supply ponds 
likely led to the low success rate observed in the mesocosms (personal communication, Heinjo Lahring).  
Pondweed installed int the 2017 study was overwintered in the deep supply ponds which would have 
not been the subject of freezing, but resulted in similar success rates to 2017, which may have been the 
result of escape from pots.  While some pondweeds reproduce by fractionation (Barrat-Segretain et al. 
2002), not all have this characteristic.  In future experiments, it is suggested to install plants in the year 
of measurement, rather than attempting to overwinter, or installing a species that is known to 
propagate through fractionation. 

Floating vegetation exhibited mixed levels of survival and growth.  The growth of Lemna minor is 
dependent on a minimum concentration of nitrogen (~800 µg/L), which was only present at the first 
water chemistry sampling in 2018 and not later in the year ( Smith 2014).  The failure of duckweed to 
increase in biomass during 2018 is likely due to relatively low levels of nitrogen, which was exhibited 
across all mesocosms.  C. demersum biomass did not increase during 2018 either, which may have been 
due to the low nutrient load in the water. Metaphyton physically entangled with C. demersum and was 
difficult/impossible to remove, thereby adding a confounding error when measuring C. demersum 
biomass; this was less pronounced overall in 2018 as compared to 2017, but more intermingling was 
observed in TRMTs than CTRLs (where the opposite was true in 2017).  The observed changes in 
metaphyton interference suggests a change in the overall metaphyton community size and composition, 
however, this was not quantified (future study may be advisable).  C. demersum can produce exudates 
that are allelopathic to metaphyton (Gross, Erhard, and Iványi 2003); if this is of interest, it would be 
possible to use greenhouse experiments to test if production of allelopathic exudates are influenced by 
materials in the TRMT mesocosms.  Future studies might also benefit from an increased mass of 
installed floating vegetation, or measurements only at installation and harvest; repeated biomass 
measurements through removal from the water might have been detrimental to overall growth. 

In 2018, emergent plants (Carex aquatilis and Typha latifolia) reached a lesser maximum height than 
in 2017; this is likely due to the decreased concentration of macronutrients (nitrate, phosphorus) in 
2018 in comparison to that present early in the season in 2017, and the low concentration of solutes in 
the water cap that was present after ice-off in 2018. Also, there appeared to be less variation in height 
within experimental groups in 2018, which is likely due to the increased replication in 2018.   

4.2.4 Toxicity 
Toxicity results through time were unremarkable.  No effect of time was observed with Daphnia or 

Oncorhynchus mykiss (Rainbow Trout); toxicity levels throughout 2018 reflect those found in the final 
sample collected in 2017.    A study on two OSPW types in simulated wetlands (microcosms) showed 
that acute toxicity to Rainbow Trout was either initially absent or attenuated (depending on source 
material) with time (52 weeks) (Toor et al. 2013).  Sublethal toxicity to Daphnia has been documented 
(Lari 2017); additional information on toxicity of OSPW could be gained by examining chronic toxicity to 
provide insight into potential longer-term effects of exposure to oil sands materials. 

The only significant change in toxicity with time was observed in CTRL 3 MicroTox results, where the 
EC20 decreased (became more toxic) later in the season.  It is possible that this was related to 
antimicrobial compounds produced by the algae mat in CTRL 3 (López-Flores et al. 2010), though mats 
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present in other experimental groups did not impact the test.  What is more likely is that, the high pH 
(near 10 throughout the water column, higher than all others) of the water in CTRL 3 may have had an 
impact on the test (Berglind, Leffler, and Sjöström 2010). 

4.2.5 Periphyton 
Collection of periphyton on slides was not reflective of anecdotal observations of periphyton growth 

observed on the walls of the mesocosms; anecdotal observations (summarized in section 3.9) suggest 
abundant periphyton populations, which is at odds with data collected using periphyton slides.  The 2-
week period when slides were deployed in the mesocosms may have been inadequate to allow for the 
accumulation of periphyton; however, a longer residence time where scrapers (e.g. snails) are present in 
a mesocosm may confound the data collected due to removal of periphyton by grazing (Mulholland et 
al. 1991).  Future periphyton measurements should include exclusion samplers (to exclude grazers) or 
collection directly from the mesocosm wall. 

Similar challenges were noted during the sampling of periphyton in 2017 and discontinuing this 
approach to measuring periphyton abundance was considered in favour of alternate methods at that 
time.  However, maintaining consistency in sampling methods and collection of the same datasets to 
allow comparison between years was deemed to be crucial.  Based on two years of data, however, the 
use of slide sampling boats to index periphyton abundance should be considered as unreliable for the 
current mesocosm configuration. 

4.2.6 Macroinvertebrates 
This section is restricted to a year over year comparison of macroinvertebrate measures, as only 

samples collected on a single date were analyzed each year.  In 2018, both the July and August samples 
demonstrated similar levels of diversity and abundance based on a preliminary analysis of samples from 
each month for CTRL 2 mesocosms.  The July sample in 2017 had exhibited the highest diversity of the 
monthly samples collected that year, so the July sample was selected for 2018, to be consistent between 
years.  As a reminder, statistical comparisons of these data were only made within year, so year-to year 
comparisons are based on qualitative comparisons. 

Abundance of macroinvertebrates was lower in 2018 in comparison to 2017 in all groups except 
TRMT 3 and 4.  Where there were significant differences between some groups in 2017, 
macroinvertebrate abundance did not vary significantly between any groups in 2018.  The similarity in 
abundance across all experimental groups in 2018 would suggest the influence of an environmental 
factor common to all mesocosms (mesocosm volume, depth, age) and not a specific treatment effect.  
The carrying capacity of these systems is likely better reflected in the abundance values observed in the 
2018 data, rather than those of 2017.   With freezing of the mesocosms, the volume of liquid water in all 
mesocosms would have decreased similarly over the winter, as would dissolved oxygen (though not 
directly measured).  Given the 2018 data is the first dataset documenting changes in the mesocosms 
throughout an entire year cycle, this decrease in abundance may reflect an effect of age; similar results 
have been observed in other mesocosms (Christman and Voshell 1993).  

Diversity of macroinvertebrates was similar between years.  Most aquatic invertebrates found in 
young small wetlands tend to be generalists, given the broad range of abiotic and biotic factors found in 
these habitats, so it follows that macroinvertebrate species here are likely generalist species (Darold P 
Batzer, Palik, and Buech 2004; Euliss, Wrubleski, and Mushet 1999).  While it is beyond the scope of this 
report, a deeper analysis of community structure in this dataset or future studies would provide insight 
into the community stability through time.  EPT (Ephemeroptera, Plecoptera and Trichoptera) and HBI-
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Hilsenhoff Biotic Index (Hilsenhoff 1987), may be applicable, though Plectoptera was found in only one 
sample in 2018, so further analysis of the data would be beneficial before considering potential indices.  

Species richness appeared to decrease in 2018 in comparison to 2017, with the decrease being most 
evident in the CTRL mesocosms; little change was evident between the two years in TRMT mesocosms. 
The high richness in 2017 in CTRL 1 mesocosms may have been an artefact of the soil, considering the 
exact location from which the soil was harvested is unknown and was not sterilized prior to installation; 
soils can be a seedbank for aquatic invertebrates if harvested from a floodplain, ephemeral stream or 
prairie pothole (Smith et al. 2017; Tronstad, Tronstad, and Benke 2005; Gleason et al. 2004).  Given the 
richness is similar across all groups in 2018, as with abundance, a common environmental factor (e.g. 
overwintering, time) is likely influencing species richness.  Extremes in nutrient status (e.g. oligotrophy 
and eutrophy) have been demonstrated to impact macroinvertebrate richness in wetlands (Euliss, 
Wrubleski, and Mushet 1999), so the decrease in the CTRLs may have been related to resource 
availability, where there was relatively low metal (and micronutrient) concentration as compared to 
TRMT mesocosms.  However, the colonization of adventitious vegetation in the CTRL mesocosms would 
suggest sufficient nutrient loads to support these florae.  It is plausible that the sample collection 
method (passive sampler) may have resulted in biased samples that were not representative of the 
populations; specifically, invertebrates may have evaded capture/collection by residing near the 
adventitious plants.  Future methods may benefit from other sampling methods (i.e. active sampler or 
sweep net collection). 

Functional groups show interesting patterns between 2017 and 2018.  Macrophyte-herbivore was a 
new addition to 2018 (CTRL 1 only), and a substantial increase in the proportion of scrapers in CTRLs and 
detection of this feeding group in TRMT mesocosms would suggest the structure of the mesocosm 
community evolved year over year.  Whether the increase in scrapers in the mesocosms was due to 
immigration or hatching from the egg-bank cannot be determined; additional information related to 
macroinvertebrate community changes and mechanisms driving that change could be obtained by 
examining community composition on multiple dates in future studies. 

4.2.7 Zooplankton 
This section is restricted to a year over year comparison of zooplankton measures, as only samples 

collected on a single date were analyzed each year for all mesocosms.  In 2018, both June and July 
samples demonstrated similar levels of diversity and abundance, so the June sample was selected to be 
consistent between years, as the June samples were analyzed in 2017.  As a reminder, statistical 
comparisons were only made within year, so year-to year comparisons are based on qualitative 
comparisons of the data.  Also, comparing between years must be done with a high degree of caution, 
as the lab that analyzed the 2017 samples was not available to complete the work in 2018, so 
differences in subsampling procedures and/or analytical personnel may have imparted different biases 
in the two datasets.  Selecting a lab to analyze all samples over the course of an experiment is 
suggested, as zooplankton taxonomic analysis is a specialized service, and reporting can vary between 
companies.   

Abundance of zooplankton was similar in most experimental groups when comparing 2018 to 2017, 
though variability around mean abundance appeared to be less for most groups in 2018.  This is not 
surprising, given the systems were new in 2017 and some dilution effect could be expected in treatment 
groups receiving OSPW.  Considering the mesocosms were established with river water, abundance 
would likely have been influenced by initial zooplankton communities in the river water.  The addition of 
2 L of sediment inoculum from a local wetland should have added additional species (discussed below), 
however, zooplankton eggs may not have had sufficient time to hatch and propagate after introduction, 
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so might not have had an effect on abundance  (Eskinazi-Sant’Anna and Pace 2018; Olmo, Armengol, 
and Ortells 2012).   Further to this, water temperature is inversely correlated to generation time, so the 
low temperatures observed near the floor in all  mesocosms early in the season may have retarded 
community development (Gillooly 2000). The only experimental group where abundance did not appear 
to increase or remain stable was TRMT 3, which does not correlate with any experimental factor, 
supporting the recommendation to increase replication and sampling dates in order to develop a better 
picture of fluctuations in zooplankton populations over time.   

Research has indicated that zooplankton richness may decrease in association with increased 
variability in chemical parameters (Shurin et al. 2010).  The apparent lower species richness documented 
in 2017 in TRMT mesocosms would be consistent with introduction of treatment materials causing an 
abrupt change in the chemical environment, with concomitant decreases in the richness of the 
zooplankton community.  However, as the systems aged, they would have stabilized and potential 
toxicity associated with the treatment materials may have decreased; as a result, species initially 
impacted by the test materials may have recovered from low levels of abundance, or additional species 
may have colonized the mesocosms, resulting in higher richness in 2018.  However, it is important to 
note that the apparent increased richness may have also been due to the change in laboratories, so the 
increased richness could be an artefact of changing labs.  In any case, the richness in TRMT mesocosms 
does appear to increase more than the CTRLs. 

4.2.8 Data loggers 
Dissolved oxygen loggers demonstrated that the bulk water was never anoxic, which was an initial 

concern and a major factor in the installation of these sensors in the mesocosms.  They also showed 
differing average concentrations and variations in diel fluctuations, which indicates different 
configurations (presence of plants and soil), have an influence on the dissolved oxygen.  Future studies 
might benefit from including DO loggers in mesocosms with treatment materials to better understand 
potential effects of diel fluctuations on response variables. 

The failure of 4 of 9 conductivity loggers was completely unexpected, especially considering this the 
model that has been used by government agencies (personal communication, Jim Davies).  Though the 
data are limited, Figure 46 demonstrates substantial diel variation in conductivity (which is not captured 
with data sonde measurements-which appear relatively stable).  As with DO loggers, mesocosm 
configuration and materials have an effect on diel fluctuations, so installation of loggers in mesocosms 
with treatment materials to better understand potential effects of diel fluctuations on response 
variables (if reliable loggers can be sourced). 

4.3 The Effect of OSPW 
Discussion points in this section focus on the comparison between CTRL 2 and TRMT 5 (50% OSPW, 

no dFFT), or that of the increasing OSPW concentration from TRMT 1 to 4, unless otherwise stated. 

4.3.1 Water Quality-Field Measurement 
Differences in field water quality measurements between experimental groups were less 

pronounced in 2018 than in 2017; no differences in water temperature, dissolved oxygen (though some 
influence on oxygen was observed in TRMT 4, which is discussed in the Effect of Depth Section 4.1) or 
chlorophyll could be associated directly with the presence of OSPW.  Turbidity was higher at the bottom 
of the mesocosm with increased OSPW concentration, but only on the first 3 sample measurement 
dates; while these differences were statistically significant, it is questionable whether these differences 
were biologically significant, especially as they were transitory.  The turbidity, as related to OSPW, was 
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likely a remnant of the turbidity associated with installation in 2017; turbidity decreased through 2017, 
but likely slowed as the water cooled in the fall of 2017 (increase in density) and accelerated in the 
spring of 2018 as the water warmed (density decreased), allowing the remaining solids in the water 
column to settle more quickly than in the colder (denser) water (Mkpenie, Ebong, and Abasiekong 
2007).  

The parameter that remained most highly correlated with OSPW concentration was conductivity.  
The Source Material Characterization (Appendix E, (Davies 2018)) showed OSPW contained a far higher 
concentration of dissolved solids than the Athabasca River water, so the increase in TDS (and 
conductivity) with the addition of OSPW to the mesocosms was expected. 

The lack of differences related to varying levels of OSPW concentration in 2018 in comparison to the 
stark differences in 2017 field water quality parameters is likely an artefact associated with the 
introduction of treatment materials in 2017 and subsequent settling of solids out of the liquid fraction.  
Because the tailings and OSPW were added through the water column in 2017, the solids in the material 
was suspended, and settled over time (as observed in the decrease in turbidity in 2017 measurements).  
There was some speculation that addition of dFFT through the water column would have released 
residual flocculant material, which would have accelerated settling of solids out of the water column in 
the bulk water fraction where dFFT was added.  However, the turbidity in TRMT 5 (50% OSPW, no dFFT) 
was less than TRMT 3 (50% OSPW, with dFFT), so this does not appear to be the case.  Two potential 
mechanisms for the increased rate of settling in mesocosms without dFFT are proposed: (1) dFFT 
contains more fine clays that will take longer to settle than the coarser material in OSPW, and (2) the 
excess phosphorus detected in OSPW in comparison to dFFT would have increased precipitation of 
metals from solution, decreasing overall density of the solution and increasing settling of solids out of 
solution. 

4.3.2 Water Quality-Laboratory Measurement 
The presence of OSPW was associated with an increase in most inorganic analytes.  The increased 

concentration of analytes was a result of the addition of the OSPW, which had a far higher 
concentration of dissolved solids than the Athabasca River water  (Appendix E, Davies 2018).  Analytes 
with low volatility (e.g. calcium) or high solubility (e.g. sodium) remained elevated when compared to 
mesocosms without OSPW, factoring out the effects of a concentration gradient associated with brine 
rejection (see Section 4.01).  Analytes with low stability (e.g. nitrate) or low solubility in the presence of 
anions (e.g. calcium phosphate) tended to be detected at lower concentrations in 2018.  The fact that 
the concentration of dissolved phosphorus in TRMT 5 in comparison to CTRL 2 was only different at the 
final sampling date suggests precipitation of metals with phosphorus reached equilibrium prior to the 
final sampling date and other factors that were not measured (i.e. redox potential) were at play in 
increasing the dissolved phosphorus concentration at the end of the 2018 season.  The depressed 
concentrations of calcium and magnesium in the presence of OSPW can be attributed to the softening 
(decreasing hardness by removing magnesium and calcium) of water prior to use in extraction; material 
characterization (Appendix E) demonstrates hardness in OSPW was lower than Athabasca River Water 
(Davies 2018).  Explanations of the mechanisms for each change in each analyte through the season is 
beyond the scope of this report; however, it should be noted that the fluctuations in inorganic analytes 
are consistent with changes potentially related to basic redox reactions, immobilization in live tissue 
and/or aqueous chemistry. 

OSPW was associated with an increase in the concentration of organic analytes in 2017, but this did 
not remain constant through 2018.  Naphthenic acid concentrations remained elevated in the presence 
of OSPW, albeit at lower concentrations than in 2017.  The decrease over time may have been due to 
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sorption on various substrates (Oiffer et al. 2009; Janfada et al. 2006; Headley and McMartin 2004; 
Headley et al. 1998) or through degradation (Del Rio et al. 2006; Hadwin et al. 2006; Del Rio 2004; Toor 
et al. 2013; Skeels and Whitby 2019; McMartin et al. 2004); however, plant and sediment samples were 
not analyzed, nor were metabolites of naphthenic acids, so the mechanism behind the observed 
decrease cannot be determined.  Analytes with high volatility (e.g. BTEX, phenols) and those susceptible 
to rapid photolysis (degradation) such as PAHs (Miller and Olejnik 2001) were near or below detection 
limit in 2018, a pattern which was also observed at the final sampling session in 2017 (Davies 2018).  The 
low aqueous solubility of volatile organic compounds results in low detection limits in water, so the low 
concentrations observed are not unexpected.  Sheens on the surface of the water (personal observation, 
R. Melnichuk) would suggest the presence of organic materials; however, these were not a constant 
feature over time nor observed in all mesocosms, and they were never analyzed to determine 
composition.   Future studies may benefit from a surface sample collection to qualitatively determine 
the composition of these sheens.  

Chemical oxygen demand (COD) remained elevated in 2018 where OSPW was present, though to a 
lesser extent than 2017; both DOC and naphthenic concentrations correlated with COD concentrations.  
While COD is a broad measure of water quality, the detailed analysis of other analytes (naphthenic 
acids, DOC, PAHs, etc.) is far more informative and so COD analysis could be eliminated from future 
analysis without compromising data quality. 

4.3.3 Installed Vegetation 
The effect of OSPW on installed vegetation was varied.  As a reminder, emergent vegetation was 

planted in 2016 and 2017, and were overwintered in the shallow supply pond to be installed in 
mesocosms the following study year.  Due to the low survival of emergent vegetation planted in 2016, 
vegetation planted in 2017 (for the 2018 study) were planted into a loamier soil and a small amount of 
fertilizer was added to improve survival through the winter.  Survival over winter improved, however, it 
is important to note that the loamier soil and fertilizer could confound comparison of the 2017 to 2018 
results.  With this caveat in mind, it seems unlikely that the different planting method for the 2018 
installed vegetation had any effect, given that plant heights and masses in 2018 were less than or equal 
to those in 2017. 

No effect of OSPW was observed in relation to emergent vegetation in 2018, though the presence of 
OSPW appeared to increase growth in 2017.  This increased growth was likely due to the elevated 
nutrient concentrations (nitrate, phosphorus) in the bulk water in 2017, which were found at lower 
concentrations in 2018.  One study found that naphthenic acid supplementation at low concentrations 
can have a beneficial effect on plant growth (Wort 1976); however, this study by Wort may have been 
confounded by the addition of potassium with NAs.  Some studies have found OSPW to be detrimental 
to emergent plant growth (Mollard, Roy, and Foote 2013; Mollard et al. 2012), though this was species 
dependent.  Other research has shown mixed effects that are impacted by other factors, such as pH, and 
plant species (Armstrong et al. 2009).  Therefore, it is challenging to form a general statement related to 
the effect of OSPW on emergent plants.  

Hornwort (C. demersum) biomass decreased in the presence of OSPW.  As in 2017, hornwort 
biomass decreased significantly in 2018 in the presence of OSPW, though this was less pronounced in 
2018 than in 2017.  The decreased effect of OSPW may have been due to the decreased turbidity of the 
bulk water and hydrocarbon artefacts (bitumen was observed in early 2017 in the mesocosms) (Davies 
2018).  The decrease in biomass observed in hornwort was expected, as sensitivity to changing water 
quality has been well documented in this species (Rooney and Bayley 2012; Trites and Bayley 2009).  The 
presence of metaphyton entangled with some of the hornwort was a confounding factor when 
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measuring biomass, so future studies may consider the use of different species, or the separation and 
removal (relocation to bulk water) of metaphyton entangled with floating  plants contained in floating 
socks on a periodic basis.  

4.3.4 Toxicity 
OSPW presence did not result in any observed measurable toxicity effects during the 2018 aquatic 

mesocosm study.  This is consistent with the trend of decreasing detectable toxicity observed in 2017 
(Davies 2018).  A substantial number of studies using standard acute Rainbow Trout and Daphnia 
protocols have been conducted and show OSPW to be toxic to these species (Mahaffey and Dubé 2016), 
though the level of toxicity is variable depending on the source and concentration of OSPW (Li et al. 
2017).  Attempts have been undertaken to elucidate which components of OSPW are toxic and early 
work suggests that naphthenic acids are one such component (Rogers et al. 2002), though commercial 
preparations often used in research are not good analogues to bitumen-derived materials (Bartlett et al. 
2017).   A recent study found that the organic fraction of aged OSPW is toxic to some species, but not all 
(of a broad range of eight species from all trophic levels), with the most polar components (non-classical 
NAs) having the largest effect (Bauer et al. 2019). The observation that toxicity of OSPW to fish 
decreases over time is consistent with other work; however, MicroTox values are often static (Toor et al. 
2013).  The inconsistency of MicroTox results observed in the present study as compared to the 
literature may be due to differing sources of OSPW from those in the literature, and more advanced 
treatment methods (treatment processes for OSPW have advanced since the publication of some of the 
listed studies). 

4.3.5 Periphyton 
The lack of a significant response from periphyton to the treatment materials is likely due to the 

method of analysis rather than differences in the abundance of periphyton.  Anecdotal observations 
(Section 3.10) indicate a visible periphyton colonization on the walls of all of the mesocosms containing 
OSPW, as well as on the floating vegetation socks, suggesting that OSPW did not inhibit periphyton 
growth.  No quantification or taxonomic characterization of the periphyton (outside of the floating 
installed slides) was completed, so any ostensible differences between experimental groups articulated 
here would be speculative.  Quantitative sampling, and potentially taxonomic analysis, are 
recommended in future studies to determine if differences are present in this foundational component 
of the food web, as studies have shown that oil sand process material can create selective pressure on 
this group of organisms (Kovalenko et al. 2013). 

4.3.6 Macroinvertebrates 
In the 2018 mesocosm study, no statistical effect of OSPW was found in relation to 

macroinvertebrates, however, there was the appearance of decreasing diversity (Shannon values) when 
comparing TRMT 1 to 4.   Macroinvertebrates have been shown to have fairly well-defined salinity 
tolerances, to the extent that some countries classify waterbodies based on the aquatic invertebrate 
community (Wolf et al. 2009).  One study found that diel oxygen and salinity levels were the strongest 
predictors of macroinvertebrate community indices (Spieles and Mitsch 2000), which is consistent with 
the increased salinity in the presence of increasing OSPW concentrations (TRMT 1-4) in the current 
study.  However, it would be prudent to further investigate this relationship, given the overlap in 
diversity values across the different levels of OSPW concentration examined in the present study.  The 
presence of dFFT appears to influence this relationship, such that there appears to be slightly higher 
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diversity in TRMT 3 compared to TRMT 5, though these values also overlap, so further study is 
recommended.   

There was an overall increase in the number of macroinvertebrate ecological functional groups, as 
well as the evenness by which they are represented in the overall macroinvertebrate community, from 
2017 to 2018; this suggests that the communities within the mesocosms are becoming more complex.  It 
is important to remember that the physical disturbance associated with the addition of materials (river 
water, OSPW, soil, and tailings) in 2017 was, to the degree possible, held constant across groups.  The 
complete replacement of ARW with OSPW in TRMT 4 represented a degree of disturbance which could 
not be replicated in other mesocosm groups, but disturbance levels were similar in all remaining 
mesocosms.  The main difference (outside of chemistry) across mesocosms would be the dilution effect 
(OSPW replacing ARW), so a decrease in some ecological measures (regardless of what the material) 
would be expected.  Additional sampling dates are recommended in future studies to further examine 
the rate of recovery of these systems when treatment materials are installed, if this is a parameter of 
interest 

Caution should be taken when examining the macroinvertebrate data, given the use of a single 
sampling method (Hester-Dendy) which is biased toward a subset of the overall macroinvertebrate 
population.  Further, analysis on one date alone does not capture the variations in macroinvertebrate 
population that occur over a season.  Further analysis of specific species is suggested (e.g. dominant or 
indicator species), however, such is beyond the scope of this screening study. 

4.3.7 Zooplankton 
The presence of OSPW does not appear to have had an effect on zooplankton, outside of the 

appearance (not statistically significant) of a decrease in richness, and this may be due to selective 
pressure related to water quality differences, or the change of analytical labs between 2017 and 2018 
(as discussed in Section 4.2.7).  Zooplankton species have different salinity tolerances, resulting in 
differential selection in environments with different salinity levels (Dodson, Cáceres, and Rogers 2010).  
In addition, salinity can trigger egg hatching in some species, resulting in shifts in the zooplankton 
community (Nielsen et al. 2003).  Others have found that PAHs present in surface water can have an 
adverse effect on the aquatic invertebrate community (Gerner et al. 2017); the low levels of PAHs 
detected in the OSPW in the current study may be why adverse impacts were not observed here.  
Others have demonstrated that OSPW can impair feeding by Daphnia magna (Lari et al. 2017); however, 
the source of OSPW used by Lari et al. (2017) was different than that used in our experiment, so it is 
likely that the chemical characteristics of the OSPW would also vary, with potentially different impacts 
on zooplankton populations.    

4.3.8 Phytoplankton coverage 
Phytoplankton (filamentous metaphyton) coverage appeared to be less where OSPW was present, 

though the range of coverage estimates makes comparison between experimental groups difficult.    
OSPW has been shown to inhibit the growth of some algae (Debenest et al. 2012; Warith and Yong 
1994).  Others have found that OSPW exerts a selective pressure on the phytoplankton community 
structure is though it does not but not inhibit phytoplankton community development (Leung, 
MacKinnon, and Smith 2003; Leung, MacKinnon, and Smith 2001).  The lack of a significant difference 
associated with the presence of OSPW (TRMT 5 vs. CTRL 2), combined with the high variation would 
suggest a closer look at this response variable is warranted in future study, with increased replication, 
and a higher precision method of quantification. 
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4.4 The Effect of dFFT 
Discussion points in this section focus on the comparison between CTRL 2 (no sediment, no OSPW) 

and TRMT 1 (dFFT present, no OSPW), unless otherwise stated. 

4.4.1 Water Quality-Field Measurement 
The only aberration from CTRL 2 measurements when compared to those of TRMT 1 was an 

elevated specific conductivity.  The increase in conductivity is not unexpected, given the densification 
process is intended to increase the release of pore-water (which is solute rich) and that the tailings are 
retrieved from an environment high in TDS, and so installation into the mesocosms would result in 
diffusion of some solutes from the tailings. 

4.4.2 Water Quality-Laboratory Measurement 
As discussed in 4.3.2, the presence of dFFT is associated with an increase in most inorganic and 

organic analytes, in much the same manner as OSPW, but to a lesser extent.  The increased 
concentration of these analytes in mesocosms treated with dFFT was a result of the addition of the 
material by pouring it through the water column in 2017; the result was water which had a far higher 
concentration of dissolved solids and organics than the Athabasca River water (Davies 2018),  though 
still less than when OSPW was added. Additionally, solutes were released from the dFFT over the course 
of the 2017 season.   

The putative influence of dFFT on the bulk water was far less evident in 2018.  Some analytes 
showed trends that were not observed in other experimental groups.  Total naphthenic acids appeared 
to demonstrate a mid-season increase, which was common in other TRMT groups, however, the TRMT 1 
mid-season concentrations were higher than concentrations in 2017, which was counter to the other 
TRMT groups.  Concentrations of TDS, sum of cations and anions were also elevated in 2018, as 
compared to 2017.  This would suggest the dFFT was interacting with the bulk water in 2018, however, 
the differences were small and may have failed to achieve statistical significance due to low replication.  
Further analysis with increased replication is recommended, if better understanding of how dFFT 
interacts with the overlying water column is considered a priority. 

4.4.3 Installed Vegetation 
dFFT had no effect on the growth or biomass of the emergent or floating plants.  While the 

increased turbidity and increased concentration of inorganic and organic constituents in 2017 had a 
detrimental effect on the hornwort, by 2018, the water had cleared and organic constituents were 
below detection.  As discussed above, the addition of dFFT increased the concentration of most 
analytes, but far less so than the addition of OSPW, so the lack of effect of dFFT alone is not unexpected. 

As a reminder, emergent vegetation were planted in 2016 and 2017, and were overwintered in the 
shallow supply pond to be installed in mesocosms the following study year.  Due to the low survival of 
emergent vegetation sown in 2016, a loamier soil was used for vegetation planted in 2017 (for the 2018 
study) and a small amount of fertilizer was added to improve survival through the winter.  Survival over 
winter improved, however, it is important to note that nutrients associated with the loamier soil and 
fertilizer could have confounded comparisons between the 2017 and 2018 results.  With this caveat in 
mind, it seems unlikely that the different planting method for the 2018 installed vegetation had an 
effect, given that plant heights and masses across all experimental groups in 2018 were less than or 
equal to those in 2017. 
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4.4.4 Toxicity 
As discussed above (Section 4.3.4), components of OSPW (and by extension dFFT) have been found 

to be toxic to various aquatic life, however, the lack of any observable effect attributable to OSPW  (or 
dFFT) in 2018 is consistent with the results from the last toxicity tests done in 2017 and some literature.  
While there is evidence that the dFFT did release some elements or compounds (inorganic ions and 
naphthenic acids) to the water column in 2018, the release was below any threshold that would elicit 
any toxicological effect. 

4.4.5 Periphyton 
The lack of a significant response from periphyton to dFFT is likely due to the method of analysis 

rather than the presence of periphyton.  Anecdotal observations (Section 3.9) indicate periphyton 
colonization on the walls of the mesocosms and the floating vegetation socks, suggesting that the 
presence of dFFT did not inhibit periphyton growth.  No quantification or taxonomic characterization of 
the periphyton was completed, so it is not possible to discuss differences between experimental groups 
in these parameters.  Quantitative sampling, and potentially taxonomic analysis, are recommended in 
future studies to determine if differences are present in this foundational component of a food web, as 
oil sands process material can exert selective pressure on this group (Kovalenko et al. 2013). 

4.4.6 Macroinvertebrates 
While not statistically significant, macroinvertebrate species richness and diversity appeared higher 

in the presence of dFFT without OSPW.  Neither richness nor diversity differed in response to dFFT when 
in the presence of 50% OSPW.  No literature was found on the interaction of dFFT with benthic 
invertebrates, so it would be beneficial to further explore this area of research. 

4.4.7 Zooplankton 
dFFT did not have a significant effect on zooplankton in 2018, nor did there appear to be any trends 

in the data.  Some effect of dFFT on the zooplankton community was observed in 2017.  Organic 
hydrocarbons have been found to affect zooplankton behavior (Seuront 2010); however, hydrocarbon 
levels decreased over time in 2017, eventually falling below detection limits later in the summer 2017; 
this state persisted throughout 2018 as well.  This is one potential explanation of the lack of relationship 
observed between zooplankton communities and the presence of dFFT in 2018.    

4.4.8 Phytoplankton coverage 
Phytoplankton (filamentous metaphyton) coverage appeared to be severely inhibited in the 

presence of dFFT.  While OSPW has been demonstrated to inhibit some algae species (Section 4.3.8), the 
stark contrast in coverage in the presence of dFFT was remarkable.  While some heavy metals have been 
associated with phytotoxicity, none were found in high concentrations during the water chemistry 
analysis.  A component of the densification process that was not quantified may be responsible but 
disentangling it from the present data set is beyond the scope of this study.  It should be noted that the 
presence of chlorophyll in both water chemistry samples and as detected by the data sonde would 
indicate that phytoplankton were present in the mesocosms containing dFFT; however, filamentous 
metaphyton mats were absent in these mesocosms, which is consistent with literature that indicates oil 
sands process materials can result in a selective environment (Leung, MacKinnon, and Smith 2003; 
Leung, MacKinnon, and Smith 2001). 
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4.5 The Effect of Soil 
The soil introduced in the mesocosms was an additional material, with physical, biological and 

chemical attributes that would have a direct effect on the chemical equilibria, ecology and water 
chemistry of the mesocosms to which it was added.  Comparisons in this section are between CTRL 1 
(soil, installed plants) and CTRL 2 (no soil, installed plants), unless otherwise specified. 

4.5.1 Water Quality-Field Measurement 
Water quality measures were influenced by soil presence, though external factors could also be 

responsible.  The temperature in the CTRL 1 mesocosms was lower at points through the season, which 
was potentially related to shading by the extensive metaphyton mats (Figure 46) that provided 
significantly higher coverage in this control group. The soil itself could feasibly provide a heat sink, 
however, this could have been offset by the absorbed light energy due to the colour (dark brown).  Also, 
this seems unlikely, given the tailings material in some treatment groups (lighter in colour, so more 
reflective of light energy) did not exhibit any decrease in temperature.   

pH appeared to be influenced by the presence of soil, but this was likely confounded by the 
adventitious plant growth (and subsequent decomposition), as discussed in Sections 4.1 and 4.2; 
respiration and metabolic byproducts of soil-associated macrophytes and microbes probably played a 
role in developing and maintaining the pH gradient between depths.  Turbidity in the presence of soil 
was likely driven by microorganisms, phytoplankton and macrophytes that would be present near the 
soil-water interface, where they could take advantage of diffusion of nutrients from the soil matrix.  
Some turbidity may have been due to the disturbance by measurement collection with the data sonde, 
but these values would have been removed as errors, assuming they were detected in the data set.  
Specific conductivity would be related to the aforementioned metabolic processes of respiration and 
photosynthesis; soluble metabolic by products would have increased specific conductivity.  Increased 
dissolved oxygen and chlorophyll measurements would indicate the presence of photosynthetically 
produced oxygen, though no direct characterization of the phytoplankton or metaphyton was 
conducted, so this cannot be confirmed.   

4.5.2 Water Quality-Laboratory Measurement 
The presence of soil was associated with an increase in some of the water chemistry analytes.  

Chlorine, sulfur and sulphate were the only non-metal ions that were elevated in the presence of soil.  
This may have been due to changes in redox potentials near the soil-water interface, driven by 
metabolic processes discussed above.  Barium, lithium, potassium, silicon and strontium were 
significantly lower in the presence of soil, likely due to sorption to cation exchange sites within the soil 
matrix.  Increased concentrations of other metals were likely due to release from cation exchange sites 
and are reflective of the soil chemistry (Appendix E).  A lack of increase in DOC is somewhat surprising, 
considering the organic matter content of the soil; however, this may reflect a sampling bias, as 
concentrations may have been higher at depth, whereas water samples were collected at the surface; 
integrated depth sampling should be considered in future studies. 

4.5.3 Installed Vegetation 
Soil presence did not influence any of the installed vegetation.  The appearance of adventitious 

vegetation would suggest that the soil had a positive influence on macrophyte growth, however, no 
effect on any of the installed vegetation (floating or emergent) was detected. 
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As a reminder, emergent vegetation were planted in 2016 and 2017, and were overwintered in the 
shallow supply pond to be installed in mesocosms the following study year.  Due to the low survival of 
emergent vegetation sown in 2016, a loamier soil was used for vegetation planted in 2017 (for the 2018 
study) and a small amount of fertilizer was added to improve survival through the winter.   As a 
reminder, emergent vegetation were planted in 2016 and 2017, and were overwintered in the shallow 
supply pond to be installed in the subsequent study year.  Survival over winter improved, however, it is 
important to note that the loamier soil and fertilizer could have confounded comparisons of the 2017 
with the 2018 results.  With this caveat in mind, it is unlikely that the altered planting method used for 
the 2018 installed vegetation had any effect, as plant heights and masses were comparable or less 
across all experimental groups in 2018 relative to 2017. 

4.5.4 Toxicity 
The presence of soil was not associated with toxicity of any kind, which was reflective of the source 

material characterization data (Appendix E-2017 report).  The soil was purchased from a source that 
suggest it be used as a matrix to support vegetation in landscaping, so no toxicity was anticipated. 

4.5.5 Periphyton 
The lack of a significant result from periphyton is likely due to the method of analysis rather than the 

presence of periphyton.  Anecdotal observations (Section 3.9) indicate a visible presence of periphyton 
colonization on the walls of the mesocosms and the floating vegetation socks, suggesting that soil did 
not inhibit periphyton growth.  No quantification or taxonomic characterization of the periphyton was 
completed; taxonomic analysis is recommended in future studies to determine the response of this 
foundational component of the food web to oil sands materials. 

4.5.6 Macroinvertebrates 
Soil presence appeared to have a positive influence on macroinvertebrate richness and diversity, 

though this was not statistically significant. In other studies, macroinvertebrate richness and  diversity 
was shown to be associated with macrophytes (Beckett, Aartila, and Miller 1992; Waters and San 
Giovanni 2002) so the increase in diversity could be linked to the adventitious macrophyte populations 
observed in CTRL 1, which established earlier and appeared to be larger than in CTRL 2.  The soil may 
have provided a matrix for macroinvertebrate egg deposition; however, no samples were collected to 
examine this hypothesis. 

4.5.7 Zooplankton 
Soil did not appear to have any influence on the zooplankton measurements collected.  Future 

studies should consider measurement of zooplankton on more than one date to examine the influence 
of variables on zooplankton diversity and abundance, which can vary greatly in a season. 

4.5.8 Phytoplankton coverage 
Phytoplankton (filamentous metaphyton) coverage was the most expansive in mesocosms where 

soil was present.  The soil provided a growth matrix for adventitious macrophytes (visibly obvious), 
presumably for microbes, and a chemical exchange matrix.  CTRL 1 mesocosms had the most common 
components (though not all) found in a functional wetland.  The presence of a large metaphyton 
community would suggest that these CTRL 1 mesocosms were simple functioning wetlands and 
exhibited the most habitat complexity of the mesocosm types in this study. 
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4.6 Recommendations 
A number of recommendations are proposed to strengthen future study designs (in no particular 

order): 
6) An increase in replication; three replicates are insufficient when variability can be high and 

differences between experimental groups are low. As a screening study, statistically significant 
differences were not the main objective of the current project; however, a study of this scale 
could produce data with potentially large contributions to literature if modest design changes 
are implemented. 

7) Topsoil is complex and can drive the processes in a system as a variable in itself; if a layer is to 
be installed on the floor of the mesocosm, an inert material (sand) should be considered. 

8) Soil provides a growth medium; the question of growth inhibition of a material may be 
addressed by installing some soil in a mesocosm, however, (a) it should be a fraction of what 
was used here, (b) it should be included in all experimental groups in the same volume and (c) if 
possible, it should be conditioned before installation. 

9) In the event a study is subject to an overwintering period, a chemocline can be expected, and 
sampling technique may need to be adjusted.  Discrete depth or integrated depth samples are 
recommended. 

10) Extreme diel variations in dissolved oxygen and conductivity observed in other mesocosm 
systems are not observed in this system and can be decreased by establishing mesocosms with 
installed potted macrophytes.  Data loggers may be suitable for installation in treatment 
mesocosms, dependent on study objectives. 

Learnings and recommendations related to the second objective include: 
6) Ecological samples (e.g. zooplankton and macroinvertebrates) should be analyzed on more than 

one date to examine the effect of time on community indices.  Also, alternative collection 
methods should be considered to capture different parts of the communities. 

7) Inclusion of chronic toxicity testing or screening toxicological testing.  Literature on chronic 
toxicology of oil sands materials is scarce, though understanding potential chronic toxicological 
effects would be warranted in end pit lakes. 

8) Alternative methods for collection of some samples (i.e. ‘sheens’ observed at surface of 
mesocosms) to determine source (biogenic or synthetic). 

9) Examination of phytoplankton/periphyton communities present; phytoplankton are a large 
portion of the population and can influence community metabolism (and compound 
degradation) 

10) Decreasing chemical parameters measured where there is strong correlation between analytes.   
Also, decreasing frequency or replication of measurements when parameters are consistently 
falling below detection limits (e.g. PAHs). 
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