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[bookmark: _Toc93505600]Executive summary

This study combines and builds upon previous NAIT research on native plants and Deltares research on aquatic and terrestrial worms which have been independently shown to facilitate the densification of oil sand tailings. Two native boreal species (Carex aquatilis and Salix interior), three organic amendments (hydrochar, alfalfa pellets and straw), and two worm types (aquatic worms [Lumbriculus variegatus] or terrestrial worms [earthworms], were evaluated in various treated fine tailings streams to provide shear strength gain focusing on key geotechnical, biological and greenhouse finding in three distinct phases in the greenhouse. The objective of phase 1 was to demonstrate that L. variegatus, amendments (alfalfa pellets or straw), and native plants can coexist and proliferate in the same tailings environment in a greenhouse column study for 12 weeks. Phase 2 evaluated whether amendments (hydrochar, straw or alfalfa pellets) had an impact on the survival rate of L. variegatus and earthworm. The third phase was established in columns and large barrels in a longer greenhouse study that lasted for 25 weeks to evaluate the interacting effects of native plants, inclusion of amendment (straw), and both L. variegatus and earthworm on tailings dewatering, strength improvement, and GHG gas emissions.

The results of phase 1 showed that planting with straw amendment supported the survival of worms, but alfalfa pellets increased worm mortality. Also, the leaf biomass of C. aquatilis significantly increased with straw incorporation, leading to a significant increase in tailings undrained shear strength and solids content with plant plus worm treatments reaching ~45kPa. In phase 2, earthworm was robust in tailings environment and both L. variegatus and earthworm were not substantially impacted by amendments. Phase 3 results showed that (a) addition of worms increased the leaf biomass of C. aquatilis and triggered a further and relevant increase of strength and solids content relative to what can be achieved with plants solely, although complete worm mortality was observed at the end of the study, (b) planting increased tailings undrained shear strength by 40 to 60 kPa in the presence of worms, solids content by 20% and water use by 98% when compared to unplanted treatments, (c) addition of straw was ineffective in improving plant growth or tailings measured geotechnical properties, (d) Some endogenous mycorrhizal fungi formed strong associations with plant roots in treatments without straw suggesting the potential for improved plant growth and survival in long term studies, and (e) planting mitigated greenhouse gas (GHG) emissions, while straw caused high methane (CH4) production.

This project consolidates our previous findings that plant mediated tailings dewatering and GHG emission reduction using native boreal species is feasible. Straw is ineffective in improving the growth of native plant with inconsistencies observed in different phases of the project including the high methane production, however, worms can improve tailings dewatering but the mortality observed in this study requires that additional work must be done to validate this hypothesis. 
[bookmark: _Toc2075405]  						
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[bookmark: _Toc526236582][bookmark: _Toc533329711][bookmark: _Toc2075408][bookmark: _Toc93505602]Introduction

Northern Alberta has the third-largest oilsands reserve in the world (Alberta Energy 2014) and approximately 10% of this deposit has an overburden depth less than 65 m, making it eligible for surface mining techniques and subsequent hot water extraction, resulting in oil sands tailings (Jeeravipoolvarn 2010). The latest industry data indicates that there are nearly 1.21 billion m³ tailings accumulated in tailings storage facilities, occupying a total area of over 220 km2 (Kent 2017). This large volume of tailings constitutes a significant challenge to land reclamation. In this regard, the Alberta Energy Regulator (AER) developed tailings management regulations where a key requirement is that tailings disposal areas must be trafficable and ready for reclamation within 10 years of the end of mine life (BGC 2010). However, in the absence of human interference, the high surface activity of fine clays presents a significant challenge to dewatering. Without intervention, these tailings will likely require centuries to consolidate sufficiently for land reclamation efforts. 

Several chemical, biological, and natural treatment techniques have been tested to accelerate tailings dewatering (Powter et al. 2010; Liang et al. 2015). However, in recent years, increasing priority has been placed on cost-effective and environmentally friendly techniques. The use of plants and / or microbes has shown significant promise whereby plants are able to extract tightly bound water and increase surface strength through root development (Silva et al. 1999; Wu, 2009, 2015; Yucel 2016; Schoonmaker et al. 2018), while the addition of microbes to tailings tends to accelerate tailings dewatering in various ways; through separation of organic carbon from particles with subsequent settling (Brigmon et al. 2016) or through the reduction of surface charge potential of clay particles (Siddeque 2014). Tailings can be limited in essential nutrients such as nitrogen (Collins et al. 2016), which is a key requirement for plant growth. Other factors such as salinity and hydrocarbons (Allen, 2008) can decrease survival of newly established plants (Huang et al. 2004; Nadeem et al. 2013). Conventional inorganic fertilizers or other organic, nutrient and carbon rich amendments have shown the potential to ameliorate some of the adverse effects and encourage plant development. Organic amendments such as peat (Renault et al. 2004), biochar (Fellet et al. 2014) and alfalfa pellets (Woosaree and Hiltz 2011) have all been effectively used to enhance plant development for tailings sand stabilization. These amendments can enhance plant growth by supplying and/or retaining nutrients as well as improving the physical, chemical, and biological properties of the tailing’s material.

In addition, a new, eco-friendly method using oligochaete worms has been recently tested for the accelerated treatment of oil sand tailings due to their resistance to toxicity (Engle et al, 1994; Lucan-Bouche et al, 1999) and the potential to improve dewatering while enhancing strengthening (de Lucas Pardo et al. 2016; Sittoni et al. 2018). For example, Tubifex tubifex worms, indigenous in Western Canadian provinces, have shown to be effective in accelerating oil sands tailings dewatering by increasing the solids content of mature fine tailings (MFT) by 40% and the undrained shear strength by 60% when compared to benchmark MFT without T. tubifex (Yang et al. 2020).  Later T. tubifex was subject of a COSIA study (2016-08), where the increase in solid contents and the undrained shear strength of both TT and FFT were found to be 100% greater than in the absence of T. tubifex (de Lucas Pardo et al, 2021).  However, T. tubifex can introduce whirling disease, which is harmful to salmonid fish (Hallett et al. 2005). Hereafter an investigation on Lumbriculus variegatus (LV), aquatic worms endemic to North Alberta that share similar characteristics (resistance to toxicity and anoxic conditions (Ellissen, 2007), size, and distribution, feeding modes, etc.) as T. tubifex, but without the risk of transmitting whirling disease, began in the 2016-08 project. The registered increases in solid contents and undrained shear strength ranged from 30% to 70%, and depending on the tailings type. 

In previous studies, it was found that 100% T. tubifex and L. variegatus individuals survive over one month in tailings, but the survival rate drops to 20% after three months (Yang et al. 2020). In current parallel research projects, straw was identified as an additive to ensure a factor 3 worm reproduction after four months. Nevertheless, the latter was obtained for small scale jars (500 ml), and the reproduction numbers could in general not be maintained when transition to larger scales (from 0.3m to 2 m depth), and due to challenges related to the adjustment of the straw concentration for larger scales and aging tailings. 

Although dewatering and densification of soft tailings deposits is a foremost concern by mine operators, the reduction of greenhouse gases represents another interrelated challenge that touches all oil sands mining operations, especially as all the oil sands mining operators have committed to being net-zero emitters by 2050.  Tailings ponds account for an estimated 3-5% of the greenhouse gas emissions from mining operations in the form of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) emissions. In addition, tailings ponds are also known to produce H2S which can be a serious safety concern if emitted in conjunction with methane.  The growth and development of plants within a tailings deposit could have the potential to offset some of the emissions from these ponds and may shift the microbial communities to different metabolic pathways also reducing emissions. However, plants have complex effects on the production, transport, and oxidation of CH4 and the overall balance of carbon (Adkinson et al. 2011). The complexity of these interactions requires further research to better understand how the mineralogy and chemistry interact with the biological aspects (worms and plants) of fluid tailings ponds in the sequestration or emissions of GHGs, particularly CH4 and CO2. Independent study at Deltares have also observed some ability of worms to decrease GHG emission. An oxic layer, left behind on the surface of worm tunnels, does not generate methane. If time scales allow, methane gas passing through an oxic layer may also be transformed into CO2, a less potent GHG. This phenomena is still under investigation by Deltares.

[bookmark: _Hlk86094497][bookmark: _Toc526236583][bookmark: _Toc533329716][bookmark: _Toc2075413]The overall objective of this project was to demonstrate the integrated use of native boreal plant species, worms, and organic amendment to stimulate a functional system that can accelerate tailings dewatering, improve the strength of the tailing’s matrix, and convert the tailings texture into something more closely resembling that of a natural soil. These dewatered and strengthened tailings can either act as a cap to support the placement of the currently required 1m of sand + 0.5 m of reclamation material (AEP 1998) or may be deemed feasible as a landscape on an appropriate trajectory towards reclamation without further intervention. This project was divided into three phases where the objective of the first phase was to demonstrate that an aquatic worm (Lumbriculus variegatus [LV]), organic amendment (alfalfa pellets or straw) and native plants can coexist and proliferate in the same tailings environment. The second phase of this study evaluated whether organic amendments had an impact on the survival rate of L. variegatus and terrestrial worm (earthworm). The third phase evaluated the interacting effects of native plants, inclusion of amendment, and both L. variegatus and earthworm on tailings dewatering, strength improvement, and GHG gas emissions.

[bookmark: _Toc93505603]Experimental

This study was articulated into three phases. The purpose of phase 1 was to identify which organic amendment (alfalfa pellets or straw) would better complement the survival of L. variegatus in columns planted with S. interior and C. aquatilis. Phase 2 further tested organic amendments including the hydrochar, straw, and alfalfa pellets with L. variegatus and earthworms, to understand if including a secondary, carbon rich source will enhance worm survival and growth. The best worm-amendment combination from these investigations were utilized for phase 3 trial. Phase 3 comprised a multi-factor growth trial with two native species (S. interior and C. aquatilis) and two worm species (L. variegatus or earthworm), grown in centrifuge cake.

[bookmark: _Toc93505604]Tailings characterization
The tailings intended for use throughout the study was originally planned to be thickened tailings (TT), sourced from Imperial Oil’s Kearl mine.  However, prior to phase 3, the high sand content (sand to fines ratio, SFR = 3.13) of the thickened tailings was determined to be detrimental to L. variegatus health (which were found to survive in SFR less than 1 in previous research projects), and the tailings type was subsequently updated to centrifuge cake (SFR = 0.07) from CNUL’s Jackpine Mine.  Both tailings types were characterized using the methylene blue index (MBI) (Kaminsky, 2014), Dean & Stark analysis (Dean & Stark, 1920), particle size distribution (PSD), ion chromatography (IC, Thermo Scientific Dionex Aquion Ion Chromatography System), pH, electrical conductivity (EC), alkalinity, and Atterberg limits.  Characterization details for both tailings are presented in Appendix B.  The PSD of the subsieve fraction for both materials is shown in Figure B1. For the centrifuge cake it was due to the very small amount of >44 micron material and for the thickened tailings it was to save budget after the decision to switch tailings types was made.  IC data is summarized in Table B1. The remaining initial characterization data is presented in Table B2.

[bookmark: _Toc93505605]Plant species
Native shrub, S. interior which inhabits floodplains and dry upland forests, and C. aquatilis which is a wetland species were chosen as these species are native to Alberta and have demonstrated high level of growth and tolerance to oil sands tailings and represent two distinct plant groups (herbaceous vs woody vegetation). Rooted seedlings of S. interior and C. aquatilis were utilized for phase 1 and 3 where S. interior were propagated from hardwood cuttings while C. aquatilis were propagated from vegetative multiplication of roots. Both species were grown in 77 mL styroblock cavities (Beaver PlasticsTM, Acheson Alberta Canada) filled with commercially available peat, watered as needed and fertilized up to 3 times per week for a three-month period prior to trial work (Fertilizer concentrations were as follows: 66 ppm N, 84 ppm P, 92 ppm K, 94 ppm Ca, 39 ppm Mg, 57 ppm S, 3 ppm Fe, 0.01 ppm Mn, 0.17 ppm Zn, 0.58 ppm Cu, 0.25 ppm B, 106 ppm HCO3, 87 ppm CaCO3, and 26.4 ppm Na).

[bookmark: _Toc93505606]Worm culture
Standard laboratory cultured L. variegatus, a wetland worm which is found throughout North America that occupy the edges of ponds, lakes, or marshes were sourced from a research organism supply company (Aquatic Research Organisms, Hampton, New Hampshire, USA), and kept alive in the laboratory using a plastic aquarium with a layer of aquarium gravel substrate, an air pump, and a sinking pellet as a food source. An upland earthworm was harvested in Peace River, Alberta and maintained for up to 3 weeks in pails filled with the same soil they were harvest from in the laboratory prior to tailings incorporation.
[bookmark: _Toc93505607]Amendment materials
Straw was sourced from a local farmer in the Peace River region in two collection periods (Sept 2018 for phase 1/2 and Sept 2020 for phase 3); consequently, the straw utilized in phase 3 was very ‘fresh’ as it had been cut and field dried within weeks of use whereas the straw from phase 1/2 had aged for 1+ years ahead of utilization.  Straw was hand-cut into small pieces (2-3 cm in length) to incorporate into tailings more effectively, consistently with previous experiments at University of Alberta and Deltares. Conventional alfalfa A pellets were provided by Western Alfalfa Co Ltd (Norquay Saskatoon, Table B3); pellets were weighed and incorporated into the required rate per treatment prior to planting as discussed in each specific phase of study. Hydrochar was prepared by extracting the water-soluble components from meat and bonemeal and hydrolyzing the 30% extracted solids and water solution for 4 hours at 210°C. Topsoil used in barrels containing earthworms was sourced locally in Peace River, AB.

[bookmark: _Toc93505608]Phase 1

[bookmark: _Toc93505609]Experimental design and set up
The phase 1 trial was a 3-factor study where plants were grown in 1 meter deep (10 cm diameter) clear-plastic columns, in a greenhouse with climatic controls from June 9th to August 6th, 2020 (Figure B2):

· Factor 1 (plant species; 2 levels) 
a. S. interior + C. aquatilis
b. No planting
· Factor 2 (worm incorporation; 2 levels)
a. L. variegatus incorporated at 1.5 g per column + earthworm incorporated at 10 living worms per column
b. No worm
· Factor 3 (Amendment application; 2 levels)
a. Straw applied at 5.8 g L-1
b. Alfalfa pellet applied at 3.33 g L-1

[bookmark: _Hlk80606512]The thickened tailings were first homogenized to create a consistent initial solids content and loaded into individual 7L non-draining columns and five replicates (treatments with L. variegatus) or two replicates (Treatments without L. variegatus) were evaluated resulting in 28 columns overall. Solids content was subsampled at bottom (65-100 cm), middle (35-65 cm) and top (0-35 cm) of tailings while filling, and 5.8g L-1 or straw or 3.33g L-1 of alfalfa pellets incorporated. Following column filling seedlings of S. interior and C. aquatilis were hand planted into the column and 0.24 g of Urea (46-0-0) and 0.15 g of starter fertilizer (Table B4) was sprinkled on the substrate surface of vegetation columns to ensure that key macro and micronutrients were not limiting plant growth. All columns were saturated for the first 4 weeks of trial, after which one replicate of each treatment with worms was destructively harvested to determine the state of L. variegatus prior to surface drying of columns. The remainder of the treatments were allowed to periodically dry until final destructive harvesting. 

[bookmark: _Toc93505610]Plant measurements
Plant measurements were conducted in July and August 2020. Survival throughout the study was assessed weekly and at the conclusion of the growing period, the aboveground biomass of all species was removed with hand clippers and a subsample of leaves from each treatment combination were frozen for determination of leaf area. The relationship between leaf mass and surface area was determined on a subset of leaves of individual species. For the determination of leaf area, individual leaves from each species were placed on a flatbed scanner and WinFOLIATM software (Regent Instruments Inc., Quebec Canada) was used to estimate the leaf area from the scanned image. The scanned leaves were then oven-dried at 70 °C and weighed to the nearest 0.0001 g. The ratio of leaf area: leaf mass was used to estimate leaf area index (LAI).

[bookmark: _Toc93505611]Worm measurements
Each column was extracted (cut into sections at top [0-35 cm], middle [35-65 cm], and bottom [65-100 cm]) for determination of earthworm and L. variegatus survival and mass respectively. All surviving worms were depurated on wet filter paper and weighed to the nearest 0.1 g. 

[bookmark: _Toc536639483][bookmark: _Toc93505612]Geotechnical measurements
Consolidation (amount of settlement) was measured daily until harvest where a measuring tape was used to quantify? the distance between the top of the column and the surface of the tailings to the nearest 0.5 cm. Tailings strength was measured using a hand-held shear vane (Pillicon SL815), which was carefully pushed into each column to minimize disturbance. The shear strength was analyzed by rotating the hand vane at a uniform rate of approximately 0.5˚/s using the torque application handle until the tailings yielded. The vane was then rotated an additional quarter turn to ensure the tailings material had reached the point of failure before recording the measurement. The maximum torque required to obtain tailings failure was measured and the vane was then rotated 10 complete turns before repeating the procedure above to measure the residual strength of the material.

This measurement was repeated every 10 cm through to a depth of 90 cm (measured from the surface of the tailings). Atterberg limits were measured post dismantling to check for changes relative to initial conditions. Solids content was measured by taking a representative tailings sample at depths of 0-30 cm (top), 30-65 cm (middle), and 65-100 cm (bottom), weighed, dried at 105ºC for 48 hours, and re-weighed to determine dry mass. Solids content (%) was calculated as dry mass divided by wet mass and multiplied by 100. 

[bookmark: _Toc93505613]Statistical analysis
Data was analyzed using R statistical software (R Core Team, 2021. The model was a 3-factor mixed effects model where factor 1 is Presence of plants, and factor 2 is worm incorporation and factor 3 is amendment application.  Analysis of variance (lme) was performed to test for differences in: (i) plant biomass, (ii) leaf area index (LAI), (iii) solids content, and (iv) tailings consolidation Replicate blocks were treated as a random effect and when significant (p≤ 0.05) differences were detected, treatments were separated with a post-hoc (Tukey) adjusted multiple mean comparison using emmeans function (Lenth, 2018). Model assumptions were checked with diagnostic plots of fitted and residual values, as well as histogram of residuals.

[bookmark: _Toc93505614]Phase 2
	
[bookmark: _Toc93505615]TT tailings pre-survival test
Initially, 1 g of aquatic worms L. variegatus were placed on the surface of 1 L TT (SFR 3.13) tailings in a single container. After 24 hours, the worms were observed to be under stress and all worms had died after 48 hours (data not shown). As such, a pre-survival test was established to identify the harmful component of the tailings.  Tailings solids and cap-water were separated by centrifuging the material at 7000 RCF for 5 min and stored in separate containers. Sand and water were also both collected from the aquarium where L. variegatus were kept. Aquarium water originated from consumer grade demineralized water and had been in the aquarium with L. variegatus for 3 days prior to the experiment. Duplicate treatments were established as outlined in Table B5 to evaluate the survival of 10 L. variegatus in 20 ml samples. Worms were incubated in samples for 1 week and recovered by emptying the sample contents into a 300 µm sieve and capturing worms with forceps.

[bookmark: _Toc93505616]Ion chromatography for TT tailings
Tailings were dried in an oven at 105°C and crushed with a pestle and mortar. Solids (20 g) were combined with 40 ml DI water, vortexed to homogenize the sample, and placed at 350 rpm on a VWR standard orbital shaker (model 3500) for 30 minutes. Samples were centrifuged at 5000g RCF for 10 minutes to remove solids and the supernatant was filter using an 0.45µm syringe filter. Aquarium water was filtered prior to IC analysis. Anions for TT were run on the IC using 4.5 mM Carbonate, 1.4 mM Bicarbonate mobile phase (flow: 1.2 mL/min) on a Dionex Ion Pac As22 column and cations were run using 20 mM Methanesulfonic acid mobile phase (flow: 1.0 mL/min) on a Dionex Ion Pac CS12A. Anions for aquarium water could not be run due to temporary equipment failure. 

[bookmark: _Toc93505617]Survival test setup in CT
Containers were established as outlined in Table B6 for L. variegatus and Table B7 for earthworms. Tailings were homogenized using a large handheld mixer to ensure even consistency before being subsampled into containers. Once amendments were weighed and added, the containers were homogenized again using a small hand mixer. L. variegatus were weighed and counted to determine the number of worms in 1 g, Earthworms were sorted by size in descending order where Worm 1 represents the largest worms and Worm 4 was the smallest (Figure B3). Ten earthworms were added to each container except for Worm 4 due to limited numbers, as such, only 7 were added to each treatment and only 1 replicate was established.

[bookmark: _Toc93505618]Worm counting
Containers with L. variegatus were deconstructed at 3-, 8-, and 12-weeks following setup to evaluate the survival and health of the worms. Worms were counted using two techniques in tandem. In the first technique, a paper towel was placed over a 500 µm sieve and the contents of one container was added to the surface. The tailings were gently rinsed with water to spread the tailings along the surface of the paper towel to make the worms visible for collection. In the second method, the contents of a container were poured into a 300 µm sieve and rinsed with tap water into a collection pan, the contents from the collection pan were then rinsed through a 150 µm sieve. Worms were collected from the surface of each sieve and counted into weigh boats. Excess water was removed with paper towel prior to weighing. Containers containing earthworms were added to 300 - 500 µm sieves and flushed with water. Worms were collected with forceps and counted into weigh boats. Paper towel was used to remove excess water prior to weighing.

[bookmark: _Toc93505619]Phase 3

[bookmark: _Toc93505620]Experimental design and setup
Phase three experimental design consist of a barrel and column study carried out side by side in the greenhouse. For the barrel study, 10 experimental barrels (47.50 cm diameter, 66 cm height and 90 L in volume) were filled with homogenized centrifuge cake with the following factors and levels: (i) presence or absence of plants, (ii) presence or absence of straw, and (iii) worm addition or none. The set-up of followed a common protocol where a single piezometer (to assess water table depth) and soil moisture (2 depths) (5TM sensors, Meter, Washington USA) and matric water potential (= suction) sensors (2 depths) (MPS-6 sensors, Meter, Washington USA) were installed. Each barrel received two rooted seedlings of C. aquatilis and three seedlings of S. interior, and the worm culture (L. variegatus at 0.012 g m2 and earthworm at 100 living earthworms per barrel) was added following planting. A thin layer of topsoil sufficient to cover the surface of the tailings was also added to barrels containing earthworms to promote the survival of the upland worm species. 
The column study is a two-factor (presence or absence of plants, and presence or absence of worms) study where plants were grown in a 1m deep (10 cm diameter) clear plastic columns (5 replicates, 30 columns overall) in the greenhouse from October 2, 2020, to March 11, 2021. Each planted column received one rooted seedlings of C. aquatilis and S. interior and the worm culture (L. variegatus at 0.012 g m2 or earthworm at 10 living earthworms per column) was added following planting.  

For both designs, solids content was subsampled while filling and one organic amendment (straw applied at 5.8g L-1) was incorporated by hand mixing. Urea (46-0-0) and starter fertilizer (0.15 L-1) were sprinkled on the tailings surface of barrels or columns. 

[bookmark: _Toc93505621]Plant measurements
For both designs, after 25 weeks of growth (October 5, 2020, to March 16, 2021, for barrels or October 2, 2020, to March 11, 2021, for columns), plants were harvested using hand clippers. Vegetation samples were oven dried at 70 ºC for 48 hours or until constant weight. Aboveground plant biomass was determined to the nearest 0.1 g. Tailings root sample core was obtained with a 5 cm diameter soil auger at 0-10 cm, 10-25 cm or 25-40 cm for barrels and 0-30 cm, 30-65 cm or 65-100 cm for columns from the tailings surface and stored at -4 °C to preserve roots until processing. Root separation from sample cores were soaked in a container of water overnight to allow the tailings to soften, easing separation of the roots from the tailings and reducing root breakage and fragmentation. Following soaking, the whole sample was mixed by hand to break up clods of tailings. Roots were then separated from the sample by washing through a series of soil sieves (#18 [1.0 mm opening], #60 [0.25 mm opening] and #120 [0.12 mm opening]). Root samples were oven dried at 70°C for 24 hrs. and weighed to the nearest 0.0001g. 
[bookmark: _Hlk85461788]
Specific to the barrel study, the relationship between leaf mass and surface area was determined on a subset of leaves of individual species as described in section 2.5.2  

[bookmark: _Toc93505622]Worm measurements
[bookmark: _Hlk80608138]For both columns & barrels, tailings containing earthworms were manually dispersed and earthworm survival recorded by visual observation.  For barrels containing L. variegatus, one core was sectioned at 10 cm increments along the depth of each barrel and L. variegatus survival recorded by rinsing tailings subsample through two stacked sieves of 350μm opening on top and 100μm opening below. For columns containing L. variegatus, each column was sectioned at 0-30 cm, 30-65 cm or 65-100 cm and four subsamples of tailings were retrieved (one subsample from above and below the water table interface, in addition to one subsample from each of the other two column sections) and L. variegatus survival recorded in similar way as the barrel. No surviving worms of either species were found in either the column or barrel study.

[bookmark: _Toc93505623]Microbiology
Triplicate samples of root-associated tailings for microbial analysis were taken from the upper 10 – 20 cm (top) and lower 30 – 40 cm (bottom) of the barrels within 24 hours of harvesting the plant biomass. Samples were collected with ethanol cleaned tools in sterile 118 ml Whirl-Pak bags (B01339; Whirl-Pack, Madison, Wisconsin, USA) and stored at -20 °C. Samples were thawed briefly at room temperature and extracted with a Qiagen DNeasy PowerSoil kit (12888-100; Qiagen, Hilden, Germany). Extracted genomic DNA was shipped on dry ice to CHU de Québec-Université Laval for cleanup, amplification, Illumina MiSeq V3 sequencing of the ITS1 and 16S rRNA genes, and data analysis using QIIME2 software. Unfortunately, the selected 16S rRNA primers were biased against Archaea.

Statistical significance was determined using ANOVA with Tukey HSD post-hoc test using the Real Statistics Resource Pack software (Release 5.4), Principal components analysis was also utilized to demonstrate the variation in overall bacteria community data, a graphical display of principal components 1-4 were illustrated utilizing the ggbiplot function in the statistical program R (R Core Team, 2018; Vu, 2011).

[bookmark: _Toc93505624]Geotechnical measurements
After plant harvesting, settlement (distance between the top of the barrel/column and the surface of the tailings) was measured to the nearest 0.5 cm. Tailings strength was measured using a hand-held shear vane as described in section 2.5.4. Solids content was measured by taking a representative tailings sample at depths of 0-10 cm, 10-25 cm, and 25-40 cm for barrels or 0-30 cm, 30-65 cm and 65-100 cm for columns, weighed, dried at 105° C for 48 hours, and re-weighed to determine dry mass. Solids content (%) was calculated as described in section 2.5.4. 

For all barrel samples, the liquidity (LI) index and predicted soil strength (Cwr) (Locat and Demers, 1988) were calculated using the equations: 

LI (Liquidity Index) = 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 – 𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝐿𝑖𝑚𝑖𝑡 (𝐿𝑖𝑞𝑢𝑖𝑑 𝐿𝑖𝑚𝑖𝑡−𝑃𝑙𝑎𝑠𝑡𝑖𝑐 𝐿𝑖𝑚𝑖𝑡)                                                                    	(1)

𝐶𝑤𝑟=(19.8/𝐼𝐿)2.44                                                   	(2)

The soil strength prediction was used as an approximation for the expected undrained soil strength based on the solids content measured at the end of the trial. Strength in excess of this value can be attributed to factors beyond normal consolidation such as strength from plant roots or crusting effects, since crusting was minimal, the strength is attributed to the roots.

[bookmark: _Toc93505625]Greenhouse gas measurement
Greenhouse gas measurements were only conducted on the barrel study. At each barrel, 13 carbon dioxide (CO2) and 13 methane (CH4) flux measurements were conducted over the study period (October 5, 2020, to March 16, 2021) using the closed chamber method (Alm et al. 2007). For CO2 flux measurements, a clear chamber (measuring 3730.6 cm3) was placed over the barrel. Following each CO2 or CH4 flux measurement, the temperature was taken from continuous logging (5 cm and 25 cm from the bottom of the barrel). For the CO2 flux measurements, a portable infrared gas analyzer (IRGA; EGM–4) was connected to the chamber with clear vinyl tubing, and CO2 (in ppm) and relative humidity (%) was recorded every 15 seconds over a 120 second flux period. A sensor that logged photosynthetically active radiation (PAR) placed next to the small or tall chamber during the CO2 flux measurements. PAR values, as well as the temperature in the chamber determined from a thermocouple and a temperature reader, were also recorded every 15 seconds over the 120 second flux period. Net ecosystem exchange (NEE) of CO2 was then calculated from the linear change of the CO2 concentration over time. At the time of a CO2 measurement, 2 fluxes were taken, each in full light, as well in dark conditions using a solid-colored tarp. The flux in dark conditions represents ecosystem respiration (ER), and gross ecosystem productivity (GEP) was calculated as the difference between NEE and ER.

CH4 flux was measured by connecting the chamber tubing to an ultra-portable greenhouse gas analyzer (Los Gatos Research; LGR) and taking real-time measurements at 5, 10, and 15 minutes. Fluxes of CO2 and CH4 were calculated based on the linear change in concentration over time. Using the R-squared function in Excel, R2 values were calculated to evaluate whether concentration change followed a linear trend. The slope function in Excel was applied to CO2 and CH4 concentrations, allowing for the NEE and CH4 flux to be determined.

[bookmark: _Toc93505626]Greenhouse gas related data analysis
For all data presented for the ecosystem carbon (C) balance, positive values represent a source of C to the atmosphere, whereas negative values denote a sink of C. The following equation was used to estimate the C balance for the partial growing for each species:

	(3)

where NEEus is the total CO2 (net ecosystem exchange) flux, and CH4us is the CH4 flux (Strack et al. 2017). The C budget is expressed in g C m-2 yr-1. NEEus was calculated using CO2 data (gross ecosystem productivity (GEP) and ecosystem respiration (ER)) collected over the growing season with the open closed chamber method and empirical models that relate GEP and ER to environmental variables that were continuously monitored (i.e. solar radiation for photosynthetically active radiation (PAR) and soil temperature at 5 cm depth, both logged hourly over the growing season). The sum of the total GEP and ER modelled over the growing season for the 159 days (October 08, 2020 – March 15, 2021) over which the flux measurements were taken represents the final NEEus value at each flux collar. To model growing season GEP a rectangular hyperbola with PAR values was used:

	(4)

where Q is the initial slope (quantum efficiency), GEPmax is a theoretical maximum GEP value and the asymptote of the hyperbole (Strack et al. 2014). To model ER, an equation with soil temperature at 5 cm depth (T5) was used:

	(5)

where ERref is ER at a reference temperature of 283.5 K, E0 refers to the activation energy, and T0 is 237.48 K (the temperature at which biological processes start; Lloyd and Taylor 1994). To determine Q and GEPmax for the collar GEP models, and ERref and E0 for the ER models, Excel’s Solver tool was used to minimize the sum of squares error to fit the models. Once all variables were determined through Solver, GEP and ER were estimated hourly, averaged daily, and summed for the 159 days of measurements. CH4us was calculated per species by multiplying the mean growing season CH4 flux by the 159 days over which flux measurements were made.

[bookmark: _Toc93505627]Statistical analysis

Data was analyzed using R statistical software (R Core Team, 2021). The model for the column study was a 2-factor mixed effects model where factor 1 is presence of plants, and factor 2 is worm incorporation. Analysis of variance (lme) was performed to test for differences in: (i) plant biomass, (ii) water use, (iii) solids content. When significant (p≤ 0.05) differences were detected, treatments were separated with a post-hoc (Tukey) adjusted multiple mean comparison using emmeans function (Lenth, 2018). Model assumptions were checked with diagnostic plots of fitted and residual values, as well as histogram of residuals.

To quantify differences in the GHG flux variables between treatments, GEP and NEE taken in full sun conditions (PAR > 1000 µmol m-2 s-1); were compared, along with ER and CH4 flux.
[bookmark: _Toc526236586][bookmark: _Toc533329720][bookmark: _Toc2075418]
[bookmark: _Toc93505628]Results and discussion

[bookmark: _Toc93505629]Phase 1

[bookmark: _Toc93505630]Influence of amendments on worm survival 
Straw or alfalfa was incorporated into tailings as a food source for worms and tested with or without planting. We observed that without planting, there was 100% mortality of inoculated worms including L. variegatus and earthworms in both amendment types (Table 1). With planting, approximately 5-20% of earthworms survived in alfalfa or straw-amended tailings respectively. We observed a similar mortality pattern with mass of L. variegatus where an ~ 88% decrease in mass was observed in alfalfa amended tailings compared to columns amended with straw. It is possible that planting increased the decomposition rate of applied straw, turning them into an improved food source for worms. As alfalfa pellets limited plant growth (Figure 1), this would have reduced rates of root development and presumably organic matter decomposition, leading to little or no food source for worms. It is also possible that the alfalfa pellets were initially toxic to the worms as they contained higher levels of N relative to straw. 

[bookmark: _Toc93505631] Influence of amendments or worms on plant growth 
The incorporation of amendments or worms affected the biomass of planted species in different ways. Firstly, we did not observe any significant difference in S. interior biomass with straw or alfalfa incorporation, or with or without worms (Table B8). However, C. aquatilis leaf biomass and leaf area index significantly increased in straw amended tailings by about 3.5 times relative to alfalfa amended tailings (Figure 1-2). Straw incorporation improves soil fertility and productivity through the increase in soil organic input. Many studies have reported the efficiency of straw as a natural organic fertilizer for plant growth due to its high organic matter content (Wang et al. 2015; Zhang et al 2015; Zhang et al. 2018), however the use of straw incorporation to increase plant yield is still a matter of debate since studies in different climates and soil types have led to inconclusive results. Alfalfa pellets, in principle, are an excellent organic nitrogen source for plants; however, the observed growth limitation in this study could be attributed to the allelopathic effect caused by the allelochemicals contained in alfalfa that can inhibit early growth (Xuan and Tsuzuki 2001).  It is possible that providing an initial resting period with fresh alfalfa pellet incorporation could have alleviated some of the allelopathic effects observed. Though the type of amendment seems to dominate, worms do have a slight positive effect for a given type of amendment (Table B8). 

[bookmark: _Toc93505632] Influence of amendments or worms on tailings geotechnical properties 
Tailings geotechnical properties including solids content and undrained shear strength appeared to be primarily driven by the relative growth of the plants in the columns (Figures 3-4). In alfalfa amended tailings, planting and/or worm incorporation did not have any effect on tailings undrained shear strength, in fact there was almost no measurable undrained shear strength observed (Figure 4). However, with the straw amendment, we observed an increase in undrained shear strength, in both plant only and plant + worm treatments, with tailings in plant + worm treatments having the highest strength gain of ~45 kPa in the top 0-30 cm and about 15 kPa on the average in the bottom 65-100 cm (Figure 4). Plant only treatments had lower shear strength at ~25 kPa in the top 0-30 cm and 5 kPa in the bottom 65-100 cm of columns. The final solids content followed a similar pattern where alfalfa amended tailings showed no difference in final solids content between planted, unplanted or worm treatments, but plant + worm treatments in straw amended tailings had the highest solids content at 95% in the top 0-30 cm and 80% in the bottom 65-100 cm (Figure 3).  Consolidation increased with time for all treatments regardless of amendment type with unplanted columns consolidating faster than planted columns (Figure 5). Unplanted columns especially straw amended columns without worms had the highest consolidation from initial measurements relative to alfalfa amended column, with straw amended tailings with worms following closely. This difference in consolidation could be related to the difference between the surface area and weight of straw and alfalfa pellets used in this study with the heavier amendment settling faster than the lighter amendment. Alternatively, it is possible that the straw created additional pathways for water to evaporate, thereby speeding the pace of consolidation. Results in parallel research projects (IOSI 2016-08) showed straw amended tailings having a consolidation that is typically near the consolidation without straw, and with worms addition always enhancing consolidation. 
[bookmark: _Toc526236592][bookmark: _Toc533329724][bookmark: _Toc2075421]
[bookmark: _Toc93505633]Phase 2

[bookmark: _Toc93505634]Worm survival in thickened tailings
As we had concerns in phase 1 with the high mortality rate observed with L. variegatus, a bench study was then developed to better understand if the water chemistry or physical properties of the thickened tailings were driving the mortality rates. We observed these worms growing in two conditions: in thickened tailings with a water cap and in the aquarium solids with a water cap originating from TT samples.  High worm mortality was observed in thickened tailings, where the worms were laying on the surface with limited movement, whereas no mortality was observed in samples with aquarium solids, even in the presence of TT cap-water with L. variegatus tunneling with aquarium solids (Table 2). These observations suggested the toxic element was in the solid material and not resulting from the ions in the tailings and there was a negative interaction with thickened tailings solids. This was despite high levels of sodium and sulfate in the thickened tailings water cap (Table 3).

The worm supplier had previously indicated that play sand must be used in the aquarium as the sand is rounded whereas quartz sand would harm the worms due to the jagged edges. Following discussion with our industry partners, we learned that the sand in TT tailings was predominantly quartz sand and is known to be very angular. Deltares had previously cultured L. variegatus worms in tailings without substantial mortality, however their tailings had an SFR of 0.42 (results from IOSI 2016-08). The SFR in the TT tailings was 3.13, suggesting the quartz sand was injuring the worms and causing worm mortality. Consequently, the tailings material was changed to centrifuge cake for all subsequent testing in phase 2 and 3. 

[bookmark: _Toc93505635]Influence of amendments on worm survival in centrifuge cake
L. variegatus showed poor recovery following 21 days of incubation in centrifuge cake (Table 4). While the number of worms recovered do not necessarily indicate high worm mortality, as there were substantial challenges in differentiating worms from the bitumen present in the tailings material, less than 30% of the worms were recovered indicating reduced survival in the tailings environment. The recovered L. variegatus count varied over the course of the experiment and was inconsistent within treatments overall (Table 4). No L. variegatus was found in the absence of amendment for the 79 days counting. The latter is consistent with the findings from Deltares at 2016-08, where only straw amended tailings exhibited surviving L. variegatus in the long term. Deltares did observe reproduction beyond the initial concentration of worms after 4 months, but the current experiments were stopped after 79 days only. Moreover, experiments in Europe showed good survival of LV worms under straw when tested in small scale conditions as these ones. The amount of straw added to the current tests was supposed to be consistent with the one for which Deltares found optimal survival results. Therefore we attribute the lack of reproduction of L. variegatus to a change in tailings properties from what tested in Europe, which should have probably called for a re-adjustment of the optimal amount of straw to be tested (i.e. different tailings contain different bacterial communities, which calls for a different % of straw to be added to ensure survival, as too much straw could lead to methanogenesis).

Earthworms were recovered at a much higher rate than L. variegatus after 21 days and showed better survival with time (Figure 6). Worm health as determined by the average weight of the worms remained relatively unchanged over the course of the incubation (Figure 7). These data suggest that all 4 worm “types” (size categories; Figure B3) were relatively robust in a tailings environment. Neither the earthworms or L. variegatus species appeared to be substantially impacted by the presence or absence of amendments (with the exception of L. variegatus survival in the long term only for amendments), therefore we proceeded to employ both worm species in Phase 3. 

[bookmark: _Toc93505636]Phase 3

[bookmark: _Toc93505637]Influence of amendments or worms on plant growth
For both the barrel and column study, 100% apparent worm mortality was observed even with straw addition. Yang et al. 2020 concluded that worm survival of 20% after three months may be expected without any additives, and Deltares showed a factor 3 reproduction under straw after four months; however, in the present study, it is possible that the worms could have died by the observed extreme anoxia due to straw degradation given the length of the longer six-month trial. The straw concentration should have been tuned as a function of its capacity to avoid anoxic conditions for the new type of tailings, but we did not foresee this to be a property of the tailings characteristics as well. As for the mortality in the absence of straw, worms could have either starved (though we expected synergies with root development) or disappeared because still unidentified reasons. Finally, as we only sampled at the conclusion of the study, it is uncertain what the timeframe of mortality may have been in the present study as both phase 1 and 2 studies above showed some levels of survival were possible within 3 months. It remains relevant to highlight that despite the reported mortality, worm (with plant) treated samples clearly exhibited the greatest geotechnical improvements in this project (as reported over the coming sections), suggesting its relevant role even as a temporary agent to enhance the positive effect of plants. 

Column study 
In our column study, we did not observe any significant differences in biomass of planted species with worm incorporation. However, although not significant, the leaf mass of C. aquatilis increased by 1.5-2 times with L. variegatus or earthworm incorporation (Table 5). There was also no significant difference in total plant root mass in columns, though the largest root mass was observed in columns with both worm species/groups present (Table 5). 

Barrel study 
Similar to the column study, plants growing with L. variegatus increased the leaf mass and LAI of C. aquatilis, but more substantial in treatments without straw (Table 6). Worms can modify plant growth by a multitude of mechanisms, both directly and indirectly and a detailed discussion of these mechanisms is beyond the scope of this report. However, some key mechanisms that may have contributed include: (1) contributing to nitrogen content of soil via worm decomposition, (2) nutrient-rich castings in their tunnels, providing a favorable environment for plant root growth and (3) worm tunnels also allow roots to penetrate deeper into the soil, where they can reach extra moisture and nutrients. Likewise, the incorporation of straw can also modify the tailings physical, chemical and/or biological properties including soil organic carbon (SOC), thereby providing an improved substrate for plant growth (Larney and Angers 2012).  

We did not observe any significant improvement in total root mass of the plant species with the addition of either type of worm. Previous studies have suggested that worms increase root biomass in soils through their impact on mineralization, the release of phytohormones and soil porosity (Welke and Parkinson 2003). However, we did not observe any clear and visible holes or tunnels burrowed by the worms which could have enhanced root growth overall. Nevertheless, the results in 2016-08 suggest geotechnical improvements at depth where tunnels were not visible with the naked eye, therefore enabling the possibility of worm tunnels not always being visible with the naked eye. Alternatively, plants could have developed smaller roots as the geo-chemically improved sediment environment by the worms could have shifted to an environment that improved nutrient availability, thereby eliminating the need for large root networks. Lastly, it is possible that our sampling method underestimated root mass in some barrels as the core samples taken were only a subset of the total tailings volume.  

[bookmark: _Toc93505638]Influence of amendments or worms on tailings geotechnical properties 

Column study 
All planted columns utilized more water reaching about 2.6 L in columns incorporated with L. variegatus and earthworm (suggesting again the synergetic effect of plants and worms) compared to unplanted columns that did not utilize any water except for unplanted treatments without straw or worm (Table B9). The initial solids content of tailings in the columns was ~37% on the average. Without planting, but with straw alone, the final solids content was highest at the top section reaching ~55%, with worm incorporation, solids content increased to 58% (Figure 8). With planting + straw, the final solids content increased to 60% (0-35 cm) without worm incorporation and with a further increase to over 70% with worm incorporation; planted columns incorporated with L. variegatus alone showed the highest solids content overall (Figure 8).  Moreover, only L. variegatus and plants exhibited a solids content larger than 60% at depth. Without planting, the shear strength of tailings was insignificant (< 1 kPa) even with worms, as it was not measurable with a hand vane (Figure 9). Incorporation of plants consistently increased undrained shear strength with the largest increases associated with plants and L. variegatus treatments (Figure 9). Again, only the L. variegatus and plants treatment exhibited large undrained shear strengths at depths reaching 10 kPa, with all other treatments staying under 5 kPa. 

Barrel study 
In the barrel study, we aimed to provide a sufficient quantity of water to ensure that the bottom 1/3 of the barrel was saturated throughout the study until the final 2 days prior to dismantling. Given this, the total amount of water added to these barrels after 24 weeks of plant growth clearly show that water utilization in planted barrels (15-36 L) was higher than in unplanted barrels which required < 1 L of water additions (Figure 10). At least under the controlled environment of the greenhouse, this suggests that plants have the capacity to uptake water from tailings with water loss via plant evapotranspiration at an accelerated rate compared with surface evaporation. This water use result corresponds to the results of undrained shear strength and solids content, which showed a positive strength gain in all vegetated barrels with vegetated + worm treated barrels having the highest measured strength at 40-60 kPa (Figure 11). A clear difference in dewatering was observed with the incorporation of both types of worms to plant-only barrels, suggesting that the observed corresponding biomass increase (Table 6) was enough to drive significant water use. In one growing season, S. interior and C. aquatilis dewatered the tailings in barrels to a point where the measured shear strength exceeded the predicted shear strength and was consistently higher than in unplanted barrels, with the highest increase observed in the planted barrel treated with L. variegatus (Figure 12). This observed increase in shear strength may be at least partly attributable to the reinforcement properties of the plant root system. While the root mass of plants in this treatment was not the highest, it is possible that this could be due to our sampling method missing the spatially heterogenous root systems or that the root system in this treatment was structurally unique with perhaps more finer roots, which would weigh less though potentially provide greater reinforcing strength. Complementarily, worms could be triggering changes in the microbial community of the soil via the increase hydraulic permeability and the subsequent increased exchange of substances with the water on top and that ultimately result in strengthening effects. 

[bookmark: _Toc93505639]Influence of tailings, amendments, and worms on the microbial community

Barrel study 
The presence of straw led to a decline in bacterial species richness (Figure 13a-b).  The nutrients and carbon provided by planting and straw likely promoted the growth of the more specialized microorganisms best able to capitalize on the presence of the new materials and outcompete the other community members. The presence of straw likely promoted the growth of bacteria adapted to degrading organic materials, these bacteria likely supported the methanogenic Archaeal community by producing simple sugars from the degradation of the cellulose in the straw. Unfortunately, the primers employed in this study were not able to identify Archaea and methanogens (methane producers) could not be quantified despite the detection of methane production. Changes in the fungal community indicated a substantial loss of diversity in the plant + straw treatments though the plant-only and straw-only treatments were similar to the control conditions (Figure 13d). This treatment had a smaller proportion of fungi by at least two orders of magnitude as compared to other treatments and did not produce sufficient high-quality sequences for identification. It is possible that this was due to competition with the bacterial community. 

The change in diversity is also echoed in the differences between microbial communities (Figure 14). In the bacterial community, the community structure was found to be significantly different between treatments with straw and treatments with plants, and between straw and untreated tailings. The data also correlates in the fungal community where the treatments containing plants and straw cluster very closely indicating that the community of bacteria and fungi are very similar in those treatments. Interestingly, when all treatments were examined, similar small clusters were seen in planted barrels + L. variegatus, planted barrels + earthworm + straw, and planted barrels + L. variegatus + straw with little overlap between them suggesting the addition of these treatments each resulted in unique communities implying these treatment combinations each have different selective pressures that promote the growth of specific microorganisms.  (Figure B4 C). In the bacterial community, strictly anaerobic bacteria were present at higher abundance in treatments without plants and in the bottom sections of treatments with plants and straw. This is because oxygen cannot infiltrate more than a centimeter below the surface of the tailings without the presence of plants whose roots provide channels for oxygen to infiltrate as the tailings become less saturated. The presence of straw caused a further depletion of oxygen because of the availability of the carbon in straw, which fermentative bacteria capable of aerobic metabolism will degrade thereby using up the oxygen preferentially before moving to anaerobic metabolism once the oxygen is depleted. Degradation of straw and the resulting sugars and carbohydrates are further utilized by bacteria such as Treponema, Sunxiuqinia, Aetherobacter, and Desulfobulbus, which were present at higher proportions in treatments with straw (Figure 15). These compounds are degraded to acetate and H2, which can then be utilized by methanogens to produce methane. Desulfobulbus, a bacterial genus also capable of oxidizing methane, likely formed a syntrophic relationship with methanogens present in straw amended tailings (Beckman et al., 2021). 

In the fungal community, a clear divide was observed between treatments with and without straw (Figure 16). Treatments with plants but without straw were dominated by Gymnomyces xerophilus. These ectomycorrhizal fungi are known to promote plant growth by sequestering water for plant use under drought conditions (Smith et al., 2006); while all the barrels were initially saturated, we allowed for progressive drying in the upper 2/3 of the barrels and is possible that this created periods of water deficiency and thus a need for these symbionts.  The presence of this group at low proportions in untreated tailings and all other treatments without plants (<0.1% to 6.2%) suggests that Gymnomyces (ectomycorrhizae) are endogenous in these tailings and able to strongly associate with the roots of plants. However, this group was also negatively affected by the presence of straw (Figure 16). The treatments containing plants only and L. variegatus with plants also contained higher proportions of the mycorrhizal fungi Heteroradulum (ectomycorrhizae). Mycorrhizal fungi associations with plants can benefit plant growth and survival at different stages in plant development. An improvement in biomass was observed in S. interior suggesting these microorganisms may have played a role in plant growth.  It is possible that this association would further benefit these plant species in longer term studies. 

[bookmark: _Toc93505640] Influence of plants, worms, and straw on Greenhouse Gas Emission 

Barrel study 
There were differences in CO2 fluxes which can be attributed to different combinations of plants, worms and straw (Figure 17). Without straw or worms, planted barrels had a more negative NEE (sequestered more carbon), when compared to other treatments throughout the sampling period; this is consistent with the observed biomass differences between these treatments with higher biomass values (Table 6) associated with greater potential sequestration of C. Organic matter additions can increase soil C content both by virtue of the added C in the amendment itself and through improving of the substrate attributes, but in our case, straw was ineffective in increasing carbon removals from tailings. In fact, plant + straw sequestered less carbon compared to plant-only barrels, meaning plants in these treatments photosynthesized less due to limited or slow growth as well as the possibility that the decomposition of straw released CO2 (Figure 17). Between December 2020 and January 2021, GEP, ER and NEE peaked on December 14th and sharply decreased. The decrease is related to the cutback of leaf biomass due to aphids’ outbreak in greenhouse. Once plants recovered and continued to grow, an increase in GEP, ER and NEE continued and peaked at the end of the experimental period. The unplanted straw treatment was the least productive and the net uptake of CO2 was close to 0 (NEE). As discussed previously, water balance was affected by plant use (evapotranspiration) and through evaporation, and these factors likely contributed to the quantity of CO2 and CH4 released over the study period. Higher water use was linked to high productivity and proportionally higher CO2 emissions in the planted treatments (Figure 17). Autotrophic respiration was likely the main source of CO2 although root exudates could have led to some heterotrophic respiration. 
CH4 flux was negligible in plant only treatments and compared to the control treatment, there appeared to be a modest decline in CH4 emission (Figure 18). The incorporation of straw caused high CH4 production despite the addition of plants and/or worms. Methane emissions are the outcome of the difference between CH4 production and oxidation (Sander et al. 2014). Methanogens produce CH4 under reduced tailings condition and organic carbon availability can affect CH4 production. Water table depth is known to control CH4 emissions (Couwenberg and Fritz 2012) in natural systems, with an elevated water table resulting in a larger anoxic zone for CH4 production and increased emissions. With the increase in tailings moisture content (lower water use) in straw treatments, the applied straw provides a carbon source for methanogenesis and develops strictly anaerobic tailings conditions. This changed tailings condition stimulates CH4 production, inhibits CH4 oxidation, and then increases CH4 emission (Sander et al. 2014), which aligns with the results of the current study (Figure 18).  

Reconciling the differences between methane production, photosynthesis and heterotrophic respiration through a net carbon balance (over 159 days) indicated that plants acted as carbon sinks in the following order from strongest to weakest: P>EW+P>LV+P>EW+P+S>P+S (Table 7). The plant-only barrel was the highest and reached a carbon sink of 1046g C m-2 (Table 7).  CH4 fluxes were negligible compared to GEP, indicating that over one growing season, the net carbon balance was driven by primary productivity of plants. Plant only treatment sequestered over 1.4 times as much carbon than when L. variegatus or earthworm were incorporated to planted barrels respectively. This reflects the biomass differences observed between the treatments, especially willow leaf biomass.  All unplanted barrels (including those incorporated with worms and straw) were a source of carbon (up to 311 g C m-2 for straw only barrel) to the atmosphere due to higher ER than GEP (Table 7).

[bookmark: _Toc93505641]Conclusions and recommendations

[bookmark: _Toc93505642]Conclusions
A number of key outcomes were illustrated across this three-phase study:

(1) The combination of plant species (S. interior and C. aquatilis) and aquatic worms (L. variegatus) and earthworm significantly increased the solids content and undrained shear strength of a centrifuged tailings product.  
i. Plants alone were able to increase the solid content of the tailings from an initial state of 55wt% to 70wt% and increase the undrained shear strength of the tailings from 0 kPa to 25 kPa.  
ii. A synergistic effect was observed when worm species were introduced alongside plants.  A combination of L. variegatus and plants was able to further increase the solid content to 75wt% and increase undrained shear strength to 60 kPa.  
iii. L. variegatus were not able to survive the high sand content of thickened tailings (SFR 3.13), but were able to persist in centrifuge cake (SFR 0.07) long enough to demonstrate the synergistic effect with plants.
(2) Plants were shown to sequester carbon by reducing CO2 and CH4 emissions while worms alone had little effect on greenhouse gas emissions. The addition of a straw additive applied as a nutrient source for worms decomposed and released CH4. 
(3) Some endogenous mycorrhizal fungi likely formed strong associations with plant roots in treatments without straw suggesting the potential for improved plant growth and survival in long term studies. The presence of these potential symbionts points towards a positive microbial-plant cycle development over a relatively short time frame and gives some confidence as to the efficacy of these treatments in longer-term investigations.
(4) Utilization of worms requires additional bench investigations to better understand the physical and environmental conditions associated with their survival. This study illustrated that they have some positive, though indirect, effects on tailings properties and plant development but the relative utility of this treatment requires a deeper understanding of the mechanisms behind these observations. The relevant and consistent geotechnical improvements that worms deliver in the presence of plants call for a study of these mechanisms. 
[bookmark: _Toc93505643]Recommendations for future work 

[bookmark: _Toc93505644]Potential strategies for applying plant/worm approaches to tailings management
Different plant species may be utilized under a variety of tailings management applications; however, knowledge of individual plant species morphology and growth habit are critical to linking the species to appropriate management application. Other ongoing projects at NAIT are currently examining the feasibility of adding fertilizers and other plant-supporting amendments in-line, utilizing robotic planters to introduce plants into otherwise inaccessible locations on tailings pond surfaces, and developing floating platforms for deployment of plants on to water surfaces.  An ongoing study at Deltares has also found that worms survive centrifugal pumping and can be added directly to a deposit. However, the present study showed that worm source is an important consideration, even within one species, as L. variegatus sourced from the USA showed marked differences from their counterparts in the Netherlands (though maybe caused by lack of consistency in the studied tailings). As such, further bench scale investigations will be required to identify the most applicable endemic worms to use for a northern Alberta setting. Application strategies are also varied. One potential strategy is to utilize plants as a sacrificial helper to enhance dewatering through evapotranspiration. Another application is to apply wetland species as a post-deposit amendment to help manage surface water.  Finally, provided the technology can be proven effective at field scale, plant-based tailings management strategies may one day serve as a replacement for the need for sand capping altogether.  We have described below four main pathways to the deployment of plant-based tailings strategies:

Deep in-pit deposits
This scenario takes place at the end of tailings deposition into a traditional pit.  For example, at Syncrude’s Mildred Lake operation, the North Mine South Pond East (NMSPE) area is being converted into a deep deposit for storing centrifuge cake (Syncrude Mildred Lake, 2020).  However, centrifuge cake is well understood to have low load bearing capabilities, cannot readily bear a sand cap, and requires time on the order of centuries to consolidate sufficiently for successful upland reclamation.  Furthermore, capping this material is both challenging and expensive.  Given the demonstrated ability of a combination of plants and worms to increase the solids content of a centrifuged tailings substrate to over 70% in this study, plants are a promising avenue for capping these types of deposits and warrant further investigation.  The favorauble effect of the combination of plants and L. variegatus in strengthening tailings in depth could constitute and advantage here, providing a thicker and more stable (or with more bearing capacity) cap. The plant species used would be tailored based on prioritized desired outcomes.  Woody species such as willows extend deeper roots and can reach deeper into a deposit. Wetland species, such as sedges, are more specialized towards managing pools of surface water.  To pursue a vegetative cap strategy, nutrients which support plants would need to be added to the last lift of tailings.  Plants of various species may then be introduced either by robotic planters or deployed using floating mats, depending on the state of the deposit.  Research projects into these deployment strategies are progressing in the form of parallel studies at NAIT and the University of Alberta.  The plant-based cap would provide an improvement to strength and help mitigate GHG emissions during a consolidation and strengthening phase prior to sand capping and regular reclamation.  Several key questions remain. 

Key questions:

· Do plants translate to benefits at scale over existing strategies such as freeze-thaw dewatering?
· How deep do the dewatering benefits extend?
· Will the presence of plants help or hinder sand capping efforts?
· Is the GHG mitigation benefit significant?
Further investigation into the in-pit deposit strategy would require further testing in 10m deep test cells and would require a parallel cell to be set up to be isolated from neighboring plant roots.  A potential intermediate step would be a 3m column fitted with grow lights, though such a study would exclude climatic influences and still be limited in truly representing field conditions.  Feasibility of sand cap placement following planting should also be tested.

Perched deposits
This scenario refers to using plants to assist in the dewatering and strengthening of tailings materials in shallow deposits where a portion of fluid tailings have been pumped out using submersible pumps and dredges.  Such is the case in areas like Suncor’s Base Plant South Tailings Pond (STP), where tailings are being relocated to Dedicated Disposal Area 3 (DDA3).  Due to various tree and muskeg debris left behind when the area was initially constructed, not all material can be removed.  The remaining perched deposits cannot be easily accessed to be pumped to a different location and are typically capped in place.  Similar to the in-pit scenario described above, the role of a plant-based cap in this application is also to assist with GHG emissions and expedite reclamation.  Furthermore, strength gains achieved with a vegetative cap may help reduce demand for sand, which is becoming a scarce resource on mining site, and have many competing usages.  The key questions and proposed next steps from the perched deposit deployment strategy are similar to those described for the in-pit scenario above.

Layered deposits
In this scenario, plants are applied to a shallow layer of deposited tailings materials and allowed to assist in dewatering and strengthening before the next layer of tailings are added.  Although this would primarily be a sacrificial technique, some plant species, such as S. interior may survive to persist between layers of FFT. Some species of worms have been shown to be able to climb up upon the deposition of new layer of sediment and consequently re-direct their beneficial effect to the newly deposited layer too. The drawback to this strategy is the limited rate at which tailings may be applied, in order for plants to grow and provide a tangible benefit.  A tailings application rate of 1-2m thick deposits per year is likely the maximum rate achievable though different lift thicknesses may be achievable if tree and tall shrub species are utilized and are sufficiently established to the point that they are utilizing higher quantities of water relative to the short-term investigations we have currently tested. If a rate of 1m/m2 can be maintained while achieving >70% solids/>60kPa strength the technique could still have a place in the suite of deployed technologies as it would be conceptually synergistic with existing inline thickening scenarios. In addition the plant biomass may be a useful GHG sequestration technique, contributing to the “Net Zero” pathway for the industry.  To maintain plant vigor, nutrients would be added to each layer as they are deposited

Key questions:

· Can willows or other related tree species (such as balsam poplar, Populus balsamifera) persist through multiple layers of tailings?  What is the maximum thickness of a layer that can be penetrated? Can worms help plant via their hability to climb up in newly deposited sediment?
· How quickly can the plants provide the dewatering benefit?  How thick of a layer can be applied each year and still obtain benefits from the plants? Is this rate affected by worms?
· Is it better to use thinner layers, and plant more often?
This testing is most appropriately done at a field scale to account for environmental impacts not readily seen at bench scale approaches however an initial trial could be conducted at a tote scale too see how the willows grow up through a second applied layer. 

“No-cap” strategy
The final proposed pathway to deployment postulates the possibility of planting directly on to a tailings surfaces as the final step to reclamation – as opposed to current practices of applying a sand cap, then forest floor mineral soil, followed by plants.  This strategy potentially represents significant cost savings in the form of reducing materials handling for the sand cap and forest floor mix placement.  However, this option is also least likely to be realized in the near future, as it would be the most challenging from a regulatory perspective.

Key questions:

· Do plants bioaccumulate any contaminants of concern?
· Will plants continue to thrive after added nutritional amendments are depleted?
· Will the vegetation be self-sustaining?  i.e., Do the plant species naturally multiply, or will manual replenishing be required?
Bioaccumulation of toxins and contaminants within plant species is of particular concern, as these plants could potentially become harmful to local wildlife.  Further study in collaboration with wildlife experts would be required to pursue this strategy.  A long term (5-10 year) sustainability study to test the viability of plants at scale would also be required.

[bookmark: _Toc93505645]Next steps 
As the current study concludes, several questions yet remain.  The main body of present experimental work focused on centrifuged tailings.  Froth treatment tailings contain more microbial activity as a result of the bioavailable diluents used in froth treatment, and it is unclear if plants are able to grow in them.  Bench scale study would be required for this evaluation.

While it is well understood that salinity is a source of stress for plants, further research is required to identify the maximum salinity different species of plants can tolerate and whether other amending treatments may reduce some of the physiological issues associated with salinity.  More established oil sands mining operations tend to be more saline, so it is important to understand which sites are eligible for plant-based tailings management strategies. The colonization of plant roots by mycorrhizal fungi suggests that amendment with fungi or the addition of nutrients that stimulate the growth of endogenous fungi may be able to play a role in helping plants overcome these challenges. Further studies are also required to understand what happens to toxic compounds as they are taken up by plants.
Further investigations are required to identify endemic aquatic and terrestrial worm species and quantify both worm survival potential and the solid content and shear strength benefits to tailings of various characteristics at the lab scale.

Depending on the appetite from the oil sands industry to pursue this avenue of plant-based tailings management studies, it is recommended to increase the next phase of study from the current scale of 100L barrels to the 1000L tote scale.  Although useful, greenhouse studies tend to be idealized and not be truly representative of field conditions.  A true field scale study would be the greatest utility in furthering the questions posted above as well as in having an evidence-based data set with which to understand the multi-year impacts that a plant-mediated tailings treatment approach could have.
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Table 1. [Phase 1] Survival and mass of worm L. variegatus in columns planted with S. interior and C. aquatilis, or none, and amended with alfalfa pellets or straw.

	Treatment
	Worm survival (%)
	Worm mass (g)

	Worm + straw
	0
	0

	Plant + worm+ straw
	20
	0.4

	Worm + alfalfa pellets
	0
	0

	Plant + worm+ alfalfa pellets
	5
	0.05



Table 2. [Phase 2] L. variegatus survival based on test conditions. Live worms recovered based on the average of 2 replicates. L. variegatus increased from 10 to 11 in one replicate of sample 3.

	Sample #
	Solid materials
	Capwater
	Live worms recovered

	1
	TT Tailings
	TT Tailings Capwater
	0.5

	2
	TT Tailings
	Aquarium Water
	2.5

	3
	Aquarium Sand
	TT Tailings Capwater
	10.5

	4
	Aquarium Sand
	Aquarium Water
	10



Table 3. [Phase 2] Anion and cation concentrations in thickened tailings (TT) and aquarium water.
	Anions (mg L-1)
	Fluoride
	Chloride
	Sulfate
	

	TT Sample
	8
	35
	504
	

	Cations (mg L-1)
	Sodium
	Potassium
	Magnesium
	Calcium

	Aquarium Sample
	18
	3
	11
	33

	TT Sample
	271
	17
	21
	42



Table 4. [Phase 2] L. variegatus recovered from tailings containers, only replicates where worms were recovered are shown. Day 0 represents the average of worms added to all containers at the start of the experiment. A total of three replicates were sacrificed and counted for each treatment at Day 21, 50, and 79, only treatments with live worms are included.

	
Sample
	
Count
	Average mass per L. variegatus
	Total 
mass (g)

	Day 0
	46
	0.002
	0.100

	Day 21
	
	
	

	Control
	
	
	

	- Replicate 1
	6
	0.002
	0.013

	- Replicate 2
	8
	0.002
	0.015

	- Replicate 3
	14
	0.002
	0.034

	Alfalfa
	
	
	

	- Replicate 1
	1
	0.006
	0.006

	Hydrochar
	
	
	

	- Replicate 1
	3
	0.002
	0.007

	- Replicate 2
	3
	0.002
	0.005

	Straw
	
	
	

	- Replicate 1
	9
	0.003
	0.023

	- Replicate 2
	9
	0.002
	0.016

	Day 50
	
	
	

	Control
	
	
	

	- Replicate 1
	5
	0.003
	0.014

	- Replicate 2
	1
	0.001
	0.001

	Alfalfa
	
	
	

	- Replicate 1
	2
	0.002
	0.003

	Day 79
	
	
	

	Alfalfa
	
	
	

	- Replicate 1
	2
	0.001
	0.002

	Hydrochar
	
	
	

	- Replicate 1
	1
	0.002
	0.002

	Straw
	
	
	

	- Replicate 1
	1
	0.001
	0.001

	- Replicate 2
	9
	0.001
	0.006



[bookmark: _Hlk70949446]Table 5. [Phase 3] Mean leaf and stem biomass of S. interior, leaf mass of C. aquatilis , and total root mass of S. interior and C. aquatilis  planted (P) in straw (S) columns amended, with worm incorporation (EW= earthworm, LV= L. variegatus) or none. Different letters indicate a significant difference (p <0.05) among treatments.

	[bookmark: _Hlk70494931]Treatment name
	S. interior leaf mass (g)
	S. interior stem mass (g)
	C. aquatilis leaf mass (g)
	Total plant biomass
	Total plant root mass (g)

	
	Mean
	SE
	Mean
	SE
	Mean
	SE
	Mean
	SE
	Mean
	SE

	P+S
	1.40a
	0.45
	0.61a
	0.43
	3.48a
	1.24
	4.45a
	1.59
	5.02a
	2.44

	EW+P+S
	-
	-
	0.77a
	0.43
	6.34a
	1.24
	7.11a
	1.59
	5.98a
	2.44

	LV+P+S
	1.20a
	0.32
	2.30a
	0.43
	4.76a
	1.24
	7.66a
	1.59
	5.53a
	2.44

	LV+EW+P+S
	1.15a
	0.32
	1.36a
	0.43
	4.23a
	1.24
	6.16a
	1.59
	7.31a
	2.44



Table 6. [Phase 3] Leaf biomass, stem biomass and leaf area index (LAI) of S. interior and C. aquatilis, and total root mass of S. interior and C. aquatilis in barrels amended with straw or none, with worm incorporation (EW= earthworm, LV= L. variegatus) or none.

	Worm type
	Amendment
	S. interior
	C. aquatilis
	Total root mass (g barrel-1)

	
	
	Leaf mass (g m-2)
	Stem mass (g m-2)
	LAI
	Leaf mass (g m-2)
	LAI
	

	LV
	None
	0.01
	0.02
	0.99
	0.08
	1.47
	51.32

	EW
	None
	0.01
	0.04
	1.51
	0.04
	0.89
	21.27

	None
	None
	0.02
	0.03
	1.56
	0.05
	1.01
	87.44

	LV
	Straw
	0.01
	0.01
	0.58
	0.06
	1.35
	9.73

	EV
	Straw
	0.01
	0.01
	1.20
	0.04
	0.88
	10.64

	None
	Straw
	0.01
	0.02
	0.83
	0.04
	0.89
	98.56


Table 7: [Phase 3] Carbon budget (g C m-2) for barrel planted with S. interior and C. aquatilis [P], or no plant, with worm incorporation (EW= earthworm, LV= L. variegatus), straw amendment [S], or none.  NEEus is total CO2 flux, and CH4us is CH4 flux. Positive values represent a source of C to the atmosphere, whereas negative values denote a sink of C. Refer to methods section for details on carbon balance equations and calculations.

	Treatment
	GEP
	ER
	NEEus
	Ch4 (mg)
	CH4(g)
	DOY
	CH4us
	Carbon balance (g C m-2)

	Control
	-15.52
	110.25
	94.73
	0.0046
	0.0000
	159
	0.0007
	94.73

	S
	-26.76
	337.72
	310.96
	0.1225
	0.0001
	159
	0.0195
	310.98

	LV+S
	-12.81
	97.63
	84.82
	0.1032
	0.0001
	159
	0.0164
	84.84

	EW+S
	-34.78
	332.31
	297.53
	0.167
	0.0002
	159
	0.0266
	297.56

	P
	-1501.58
	455.65
	-1045.93
	0.0004
	0.0000
	159
	0.0001
	-1045.93

	LV+P
	-1130.01
	567.20
	-562.81
	0.0002
	0.0000
	159
	0.0000
	-562.81

	EW+P
	-1165.01
	403.74
	-761.27
	0.0005
	0.0000
	159
	0.0001
	-761.27

	P+S
	-934.15
	826.79
	-107.36
	0.0567
	0.0001
	159
	0.0090
	-107.35

	LV+P+S
	-747.58
	932.36
	184.78
	0.0887
	0.0001
	159
	0.0141
	184.79

	EW+P+S
	-807.66
	478.13
	-329.53
	0.0779
	0.0001
	159
	0.0124
	-329.52
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Figure 1. [Phase 1] Mean aboveground biomass C. aquatilis, amended with alfalfa pellets or straw, each incorporated with worms (worm) or without worms (none). Error bars represent one standard error of the mean (± SE, n = 4). Different letters indicate a significant difference (p <0.05) among treatments. 
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Figure 2. [Phase 1] Mean leaf area index of C. aquatilis amended with alfalfa pellets or straw each incorporated with worms (worm) or without worms (none). Error bars represent one standard error of the mean (± SE, n = 4). Different letters indicate a significant difference (p <0.05) among treatments.
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Figure 3. [Phase 1] Mean solids content (%) of tailings co-planted with S. interior and C. aquatilis, or with no plants and under different amendments (alfalfa pellets or straw) averaged over worm treatments, sampled at top (0-35 cm), middle (35-65cm), and bottom (65-100cm).  Error bars represent one standard error of the mean (± SE, n = 4). Different letters indicate a significant difference (p <0.05) among treatments.
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Figure 4. [Phase 1] Mean undrained shear strength of tailings co-planted with S. interior and C. aquatilis, amended with alfalfa pellets or straw, each incorporated with worms (worm) or without worms (no worm).  Error bars represent one standard error of the mean (± SE, n = 4).
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Figure 5. [Phase 1] Mudline change over time from initial measurement of tailings co-planted with S. interior and C. aquatilis, amended with alfalfa pellets or straw, each incorporated with (no worm) or without worm (none).  Measurements taken from June 13, 2020, to August 6, 2020. Error bars represent one standard error of the mean (± SE, n = 4). 
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Figure 6. [Phase 2] Average number of earthworms recovered from each treatment. Error bars represent one standard deviation of the mean (± SD, n = 3), except Worm 4 where only 1 replicate was available.

Figure 7. [Phase 2] Average weight per worm recovered from each treatment.  Error bars represent one standard deviation of the mean (± SD, n = 3), except Worm 4 where only 1 replicate was available.



	
Figure 8. [Phase 3] Mean final solids content of tailings in columns treated with amendments, worms, and plants where: (S) = straw amendment, (P) = planted with S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus. Error bars represent one standard error of the mean (± SE, n = 5). 
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Figure 9. [Phase 3] Mean undrained shear strength of tailings in columns treated with amendments, worms, and plants where: (S) = straw amendment, (P) = planted with S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus. Error bars represent one standard error of the mean (± SE, n = 5).
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Figure 10. [Phase 3] Total water use (L) per barrel treated with amendments, worms, and plants where: (S) = straw amendment, (P) = planted with S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus. The reference condition (control) received no treatments. 
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Figure 11. [Phase 3] Undrained shear strength and solids content for tailings in barrels treated with amendments, worms, and plants where: (S) = straw amendment, (P) = planted with S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus. The reference condition (control) received no treatments. 
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Figure 12. [Phase 3] Predicted and measured undrained shear strength in barrels treated with amendments, worms, and plants where: (S) = straw amendment, (P) = planted with S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus. The reference condition (control) received no treatments. 
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Figure 13. [Phase 3] Mean Chao1 diversity metric of expected number of unique species in each treatment barrel. A and B depict results from 16S rRNA sequencing (bacteria) and C and D depict results from ITS1 sequencing (fungi). EW= earthworm, LV= L. variegatus, P= planted with S. interior and C. aquatilis, S= straw, Control= no treatment, None= all treatments not including those with straw (panels B and D) or plants (panel D). Error bars represent one standard deviation (n=3 replicate sample runs in same barrel).
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Figure 14. [Phase 3] Principal component analysis plots showing variance between microbial communities found in each treatment barrel. A and B depict results from 16S rRNA sequencing (bacteria) and C and D depict results from ITS1 sequencing (fungi). P= planted with S. interior and C. aquatilis, S= straw, Control = no treatment.

[image: ]






Figure 15. [Phase 3] Abundances of the top 20 bacteria genera in each sample based on 16S rRNA sequencing data in treatment barrels. EW= earthworm, LV= L. variegatus, P= planted with S. interior (willow) and C. aquatilis, S= straw, Control= no treatment. 
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Figure 16. [Phase 3] Abundances of the top 20 fungal genera in each sample based on ITS1 sequencing data in treatment barrels. EW= earthworm, LV= L. variegatus, P= planted with S. interior (willow) and C. aquatilis, S= straw, Control= no treatment. Treatments where samples could not be sequenced (P-S Top and Bottom) are not included in this figure. 
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Figure 17. [Phase 3] CO2 flux for barrels planted with S. interior and C. aquatilis (P), or no plant, with worm incorporation (EW= earthworm, LV= L. variegatus), straw amendment (S), or none.  Measurements taken from October 8, 2020, to March 15, 2021.
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Figure 18. [Phase 3] CH4 flux for barrels treated with amendments, worms and plants where: (S) = straw amendment, (P) = planted with S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus. The reference condition (control) received no treatments. 
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Figure A1. [Phase 1] Photos of S. interior and C. aquatilis vegetation columns grown in tailings amended with worm and straw (a-c) or straw only (d-f), from August 6, 2020.
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Figure A2. [Phase 1] Photos of S. interior and C. aquatilis vegetation columns grown in tailings amended with worm and alfalfa (a-c) or alfalfa only (d-e), from August 6, 2020.
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Figure A3. [Phase 3] Photos of S. interior and C. aquatilis vegetation columns grown in tailings amended with L. variegatus and straw (a-c) or earthworm and straw (d-f), from March 9, 2021.
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Figure A4. [Phase 3] Photos of S. interior and C. aquatilis vegetation columns grown in tailings amended with L. variegatus, earthworm, and straw (a-c) or straw only (d-f), from March 9, 2021.
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Figure A5. [Phase 3] Photos of S. interior and C. aquatilis vegetation barrels from phase 3 grown in tailings amended with L. variegatus and straw (a-c) or earthworm and straw (d-f), from March 17, 2021.
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Figure A6. [Phase 3] Photos of S. interior and C. aquatilis vegetation barrels from phase 3 grown in tailings amended with L. variegatus (a-c) or earthworm (d-f), from March 17, 2021.
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Figure A7. [Phase 3] Photos of S. interior and C. aquatilis vegetation barrels from phase 3 grown in tailings only (a-c) or with straw (d-f), from March 17, 2021.
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Figure A8. [Phase 3] Photos of barrels from phase 3 with tailings amended with (a) straw, (b) L. variegatus with straw, (c) earthworm with straw, (d) no amendment or worm, from March 17, 2021.



Figure A9. [Phase 3] Photos of barrels from phase 3 with tailings amended with (a) earthworm, (b) straw, (c) earthworm with straw, from day 1 (October 9, 2020) and (d) earthworm, (e) straw, (f) earthworm with straw from March 17, 2021.
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Appendix B

Table B1. Major cations and anions measured by ion chromatography and alkalinity for thickened tailings and centrifuged tailings substrates, expressed as mg L-1.

	ID
	Li+
	Na+
	NH4+
	K+
	Mg2+
	Ca2+
	F-
	Cl-
	NO2-
	Br-
	NO3-
	PO43-
	SO42-
	Alkalinity[footnoteRef:2] [2:  Alkalinity is expressed as ppm of CaCO3] 


	Thickened Tailings
	--
	164.52
	--
	12.12
	9.61
	23.01
	4.43
	19.23
	--
	--
	8.79
	--
	337.51
	97

	Centrifuged Tailings
	0.14
	283.23
	4.51
	16.77
	19.47
	45.42
	1.85
	99.53
	2.30
	--
	4.41
	--
	228.54
	193




Table B2. Supplementary characterization data for thickened tailings and centrifuged tailings substrates.

	ID
	MBI
[-]
	%Solid
[%]
	%Water
[%]
	%Bit.
[%]
	D10
[μm][footnoteRef:3] [3:  D10, D50, D90 for fines fraction (<44μm) of thickened tailings and centrifuge cake] 

	D50
[μm]
	D90
[μm]
	SFR
	pH
[-]
	EC
[mS/cm]
	LL
[%][footnoteRef:4] [4:  Liquid limit (LL) and Plastic limit (PL) are expressed as Geotechnical water content (mass water / mass solids)] 

	PL
[%]

	Thickened Tailings
	2.4
	72.3
	26.7
	1.0
	4.1
	8.4
	17.2
	3.13
	8.3
	0.973
	22.0
	16.6

	Centrifuged Tailings
	8.4
	37.5
	60.6
	2.3
	5.2
	11.8
	25.6
	0.07
	6.5
	1.002
	62.7
	25.0
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Table B3. Elemental content of conventional alfalfa pellets (sourced from Western Alfalfa Co Ltd).

	Elements
	Concentration (%)

	Nitrogen
	3

	Phosphorus
	0.2

	Potassium
	2.9

	Total soluble K2O
	2.9

	Available P2O5
	0.6

	Calcium
	1.9

	Magnesium
	0.3



Table B4. Elemental composition of starter fertilizer.

	Element
	Kg ha-1

	Nitrogen
	29.3

	Phosphoic acid (P2O5)
	58.5

	Potash (K2O)
	13.5

	Sulfur (S)
	2.6

	Magnesium (Mg)
	1.4

	Calcium (Ca)
	1.8

	Iron (Fe)
	2.3

	Zinc (Zn)
	0.5

	Organic matter
	33.8



Table B5. [Phase 2] Experimental outline to evaluate worm survival and identify harmful constituent.

	Sample #
	Solid materials
	Capwater

	1
	TT Tailings
	TT Tailings Capwater

	2
	TT Tailings
	Aquarium Water

	3
	Aquarium Sand
	TT Tailings Capwater

	4
	Aquarium Sand
	Aquarium Water







Table B6. [Phase 2] Composition of containers established for L. variegatus worm survival experiment.

	Treatment
	Replicates
	Amendment Concentration
	Tailings
	Amendment

	Control
	9
	-
	0.4 L
	-

	Hydrochar
	9
	0.5 g L-1 (0.05%)
	0.4 L
	0.25 g

	Alfalfa
	9
	3.33 g L-1
	0.4 L
	1.33 g

	Straw
	9
	5.6 g L-1
	0.4 L
	2.24 g


 
Table B7. [Phase 2] Composition of containers established for earthworm survival experiment.

	Worm Type
	Treatment
	Replicates
	Amendment Concentration
	Tailings
	Amendment

	Worm 1
	Control
	3
	-
	0.4 L
	-

	Worm 1
	Straw
	3
	5.6 g L-1
	0.4 L
	2.24 g

	Worm 2
	Control
	3
	-
	0.4 L
	-

	Worm 2
	Straw
	3
	5.6 g L-1
	0.4 L
	2.24 g

	Worm 3
	Control
	3
	-
	0.4 L
	-

	Worm 3
	Straw
	3
	5.6 g L-1
	0.4 L
	2.24 g

	Worm 4
	Control
	1
	-
	0.4 L
	-

	Worm 4
	Straw
	1
	5.6 g L-1
	0.4 L
	2.24 g





[bookmark: _Hlk89801338]Table B8. [Phase 1] Mean leaf biomass of S. interior planted in straw or alfalfa pellets column columns amended, with worm incorporation or none. Different letters indicate a significant difference (p <0.05) among treatments.

	[bookmark: _Hlk93519073]Amendment
	Worm
	Leaf biomass (g)

	Alfalfa pellet
	No
	0.86a

	
	Yes
	0.92±0.75a

	Straw
	No
	2.04±0.24a

	
	Yes
	2.22±0.47a




Table B9. [Phase 3] Mean Total water use (L) per column treated with straw, worms and plants: Where plants are S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus. 

	Plant
	Straw
	Worm
	Total water used (L)

	Yes
	Yes
	LV
	1.84±0.86

	Yes
	Yes
	Earthworm
	2.53±1.03

	Yes
	Yes
	LV+ Earthworm
	2.65±0.92

	No
	Yes
	LV+ Earthworm
	0

	No
	Yes
	None
	1.13±0.73

	No
	Yes
	None
	0






Figure B1. Particle size distribution for fines fraction (<44μm) of thickened tailings and centrifuged tailings substrates. Dry Sieve results of the >44μm fraction of thickened tailings shown below. Note the low SFR of the centrifuge cake precluded obtaining sieve results from the >44μm fraction.
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Figure B2. [Phase 1& 3] Greenhouse climate conditions (temperature and humidity) from June 9, 2020- August 6, 2020 (Phase 1) and October 3, 2020 – March 16, 2021 (Phase 3) of study. 
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Figure B3. [Phase 2] Examples of worm sorted by size category.
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Figure B4. [Phase 3] Principal component analysis plots showing variance between microbial communities found in each treatment.in each treatment. A and B depict results from 16S rRNA sequencing (bacteria) and C and D depict results from ITS1 sequencing (fungi). EW= earthworm, LV= L. variegatus, P= planted with S. interior and C. aquatilis, S= straw, Ts= topsoil, Control= no treatment.
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Pilot study 1: Survival of Lumbriculus variegatus (LV) and earthworm on tailings.

The objective of this pilot study was to use Lumbriculus variegatus (LV) or earthworm as a test organism to measure the effects tailings type, additional food, nutrient incorporation, and topsoil capping on the survival of worms. Against the backdrop of mortality of LV in in the main study, results from this pilot study will improve the knowledge on worm addition and survival in tailings. 

Method
Two different tailings type present at the Center for Boreal Research facility referred here as tailings type 1 and type 2 was used for this study, additional food including straw and alfalfa pellets (applied at similar rates to main trial, straw at 5.6 g L-1, alfalfa at 3.3 g L-1), nutrient incorporation (inorganic fertilizer at 0.15 g), and 2-5 cm topsoil capping was tested. LV or earthworm was introduced into saturated pots or unsaturated clear pots respectively (500 ml), filled with each of the two types of tailings, and amended with each food type and nutrient in the greenhouse. Due to tailings availability, time, and space constraints, only one treatment (Tailings + worm + straw) was capped with topsoil resulting in 40 pots (4 replicates per treatment) for each tailings type. One replicate of each treatment was destructively harvested to determine the survival of worms at day 7, and the remaining 3 replicates of each treatment was allowed to run for four weeks until final destructive harvesting. 

Table C1: Summary of worm-food source-nutrient treatments evaluated in 500 ml pots of thickened tailings for (a) LV worms and (b) field collected worms (earthworms predominately).

(a) LV worm treatments

	Treatment
	Food source
	Nutrient

	Worm only
	None
	None

	[bookmark: _Hlk44321573]Worm + food source
	Straw
	None

	Worm + food source
	Alfalfa pellets
	None

	Worm + nutrient
	None
	Inorganic fertilizer

	Worm + food source
	Straw
	Inorganic fertilizer

	Worm + food source
	Alfalfa pellets
	Inorganic fertilizer












(b) Field worm treatments

	Treatment
	Food source
	Nutrient
	Topsoil capping

	Worm only 
	None
	None
	None

	Worm + food source
	Straw
	None
	None

	Worm + food source
	Alfalfa pellets
	None 
	None

	Worm + nutrient
	None
	Inorganic fertilizer
	None

	Worm + food source
	Straw
	Inorganic fertilizer
	None

	Worm + food source
	Alfalfa pellets
	Inorganic fertilizer
	None

	Worm + nutrient
	None
	Inorganic fertilizer
	Yes

	Worm + food source
	Straw
	Inorganic fertilizer
	Yes

	Worm + food source
	Alfalfa pellets
	Inorganic fertilizer
	Yes



[bookmark: _Hlk88661087]Results and Discussion
We observed complete mortality of all worms (LV and earthworm) in all treatment types which could be caused by the sand content of the thickened tailings (sand to fines ratio, SFR=3.13). The sand has rough/sharp surfaces which could be harmful to worms. This pilot study was also carried out in the warmer months of summer between August 8, 2021, and August 18, 2021, and greenhouse temperatures at this time could have contributed to worm mortality due to their inability to hide from heat in small containers and by bacteria outcompeting for oxygen. Due to concerns with the sand content of thickened tailings, the team decided to continue the study with centrifuge cake with relatively lower sand-to-fines ratio (SFR=0.07) We further did a small trial (pilot study 2) where the survival of earthworm in centrifuge cake at room temperature was tested.  

Pilot study 2: Survival of earthworm on tailings at room temperature

The objective of this pilot study was to test the survival of earthworm in centrifuge cake with additional food, and topsoil capping. Due to the sand content of thickened tailings and the decision to continue with centrifuge cake for the main study, results from this pilot study will improve the knowledge on worm addition and survival in centrifuge cake. 

Method
Centrifuge cake present at the Center for Boreal Research facility was used for this study, additional food including straw (applied at 5.6 g L-1) and 2-5 cm topsoil capping was tested. 10 living earthworm was introduced into unsaturated clear pots (500 ml), filled with centrifuge cake, and straw was added. Treatment was replicated 4 times and left to stand at room temperature for 10 days. Treatment was destructively harvested at day 10, to determine the survival of worms.  






Table C2: Summary of worm-food source-capping treatments evaluated in 500 ml pots of centrifuge cake

	Treatment label
	Replicate
	Straw added per container (g L-1)
	# Of worms per container
	Capping

	[bookmark: _Hlk88660046]CC-W1-1
	1
	5.6
	10
	Capped with topsoil

	CC-W1-2
	2
	5.6
	10
	Capped with topsoil

	CC-W1-3
	3
	5.6
	10
	Capped with topsoil

	CC-W1-4
	4
	5.6
	10
	Capped with topsoil



Results and Discussion
About 50% of worms survived in this trial, although some worms looked short and stubby, ends did not look fresh, with some little nub (probably slitting). 

Table C3: Mean survival of earthworm in worm-food source-capping treatments evaluated in 500 ml pots of centrifuge cake. 

	Treatment
	Average #of survived worms per container 
	SE

	CC-W1
	4.75
	1.89



Conclusion
It was clear from the pilot study that earthworms were able to survive in centrifuge cake with sand to fines ratio of 0.07 and will be ideal for subsequent phase of study. 



[bookmark: _Toc93505653]Appendix D

Tailings geotechnical measurements: raw data

Table D1. [Phase 1] Mean ±SD of initial solids content of tailings in columns treated with straw, worms, and plants: Where plants are S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus. 

	Worm
	Amend-
ment
	Plant
	Solids content % (0-35 cm)
	Solids content % (35-65 cm)
	Solids content % (65- 100 cm)

	LV
	Straw
	None
	73.42±0.25
	73.31±0.51
	73.20±0.33

	LV
	Straw
	Plant
	73.38±0.34
	73.40±0.37
	78.52±0.30

	LV
	Alfalfa
	None
	74.56±0.35
	74.79±0.34
	74.77±0.15

	LV
	Alfalfa
	Plant
	74.87±0.38
	75.30±0.34
	74.97±0.20

	None
	Alfalfa
	None
	74.63±0.10
	74.64±0.14
	74.94±0.05

	None
	Alfalfa
	Plant
	74.53±0.07
	74.78±0.07
	74.59±0.13

	None
	Straw
	None
	72.05±2.50
	72.25±2.73
	72.04±2.55

	None
	Straw
	Plant
	73.51±0.32
	73.32±0.38
	73.07±0.06



[bookmark: _Hlk89802496]Table D2. [Phase 3] Mean ±SD of initial solids content of tailings in columns treated with straw, worms, and plants: Where plants are S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus

	Worm
	Amend-
ment
	Plant
	Solids content % (0-35 cm)
	Solids content % (35-65 cm)
	Solids content % (65- 100 cm)

	LV
	Straw
	Plant
	36.3±5.4
	33.0±14.5
	47.8±13.3

	EW
	Straw
	Plant
	33.0±2.7
	34.5±6.5
	41.6±7.5

	LV + EW
	Straw
	Plant
	34.9±5.9
	37.4±5.9
	34.3±3.6

	LV + EW
	Straw
	None
	34.9±5.6
	35.4±4.7
	40.8±7.2

	None
	Straw
	Plant
	40.7±5.2
	36.3±3.3
	34.9±5.7

	None
	Straw
	None
	37.2±5.5
	36.8±7.6
	36.9±3.2









Table D3. [Phase 3] Mean ±SD of initial solids content of tailings in barrels treated with straw, worms, and plants: Where plants are S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus

	Worm
	Amend-
ment
	Plant
	Solids content % (0-35 cm)
	Solids content % (35-65 cm)

	None
	None
	None
	45.5±0.3
	45.1±0.4

	None
	Straw
	None
	47.7±0.0
	47.6±0.0

	LV
	None
	Plant
	46.3±0.3
	46.3±0.3

	EW
	None
	Plant
	46.5±0.5
	46.3±0.3

	None
	None
	Plant
	46.9±0.3
	46.3±0.3

	LV
	Straw
	Plant
	44.4±0.6
	45.1±0.4

	EW
	Straw
	Plant
	48.0±0.1
	47.7±0.4

	LV
	Straw
	None
	47.6±0.1
	47.6±0.1

	EW
	Straw
	None
	45.3±0.4
	45.4±0.1

	None
	Straw
	Plant
	46.7±0.3
	46.1±0.1



[bookmark: _Hlk89802571]Table D4. [Phase 1] Mean ±SE of final shear strength and solids content of tailings in columns treated with straw, alfalfa, worms, and plants: Where plants are S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus

	Worm
	Amend-
ment
	Plant
	Shear strength (kPa, 0-35 cm)
	Shear strength (kPa, 35-65 cm)
	Shear strength (kPa, 65-100 cm)
	Solids content % (0-35 cm)
	Solids content % (35-65 cm)
	Solids content % (65- 100 cm)

	LV
	Alfalfa
	None
	2.5±0.2
	3.6± 0.6
	3.8± 0.4
	84.9±1.0
	79.2±0.0
	79.0±0.2

	LV
	Alfalfa
	Plant
	5.0±1.7
	2.8± 0.3
	3.6± 0.6
	85.1±1.6
	79.3±0.6
	78.7±0.3

	None
	Alfalfa
	None
	3.0±0.0
	3.0± 0.0
	3.5± 1.5
	85.3±3.3
	78.1±0.0
	78.2±0.0

	None
	Alfalfa
	Plant
	6.0± 2.0
	2.0± 0.0
	2.0± 0.0
	86.1±1.5
	78.5±0.0
	78.2±0.0

	LV
	Straw
	None
	1.6± 0.2
	2.8± 0.6
	2.1± 0.2
	78.7±0.7
	76.8±0.1
	76.8±0.2

	LV
	Straw
	Plant
	46.5±3.9
	17.0± 4.8
	18.0± 6.4
	94.5±0.4
	88.1±3.0
	80.9±0.9

	None
	Straw
	None
	1.8±0.3
	2.5± 0.5
	4.0± 0.0
	77.3±1.1
	75.7±0.7
	75.8±0.7

	None
	Straw
	Plant
	35.0±7.0
	8.5± 6.5
	6.0± 4.0
	93.8±0.9
	84.4±1.9
	77.9±0.7








Table D5. [Phase 3] Mean ±SE of final shear strength of tailings in columns treated with straw, alfalfa, worms, and plants: Where plants are S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus

	Worm
	Amend-
ment
	Plant
	Shear strength (kPa, 10 cm)
	Shear strength (kPa, 20 cm)
	Shear strength (kPa, 30 cm)
	Shear strength (kPa, 40 cm)
	Shear strength (kPa, 50 cm)
	Shear strength (kPa, 60 cm)
	Shear strength (kPa, 70 cm)

	LV
	Straw
	Plant
	13.0±6.7
	11.3±6.1
	12.3±6.8
	11.3±6.0
	9.5±6.4
	10.0±6.3
	10.5±6.7

	EW
	Straw
	Plant
	10.8±3.5
	4.3±1.7
	1.0±0.4
	0.3±0.3
	0.5±0.5
	0.3±0.3
	0.5±0.5

	LV + EW
	Straw
	Plant
	14.3±6.8
	6.5±3.6
	4.3±2.5
	3.3±1.9
	2.0±1.4
	2.3±1.4
	-

	LV + EW
	Straw
	None
	0.0±0.0
	0.0±0.0
	0.0±0.0
	0.0±0.0
	0.0±0.0
	0.0±0.0
	0.0±0.0

	None
	Straw
	Plant
	5.5±3.2
	5.5±4.0
	4.8±3.5
	1.8±1.0
	1.5±0.9
	1.3±0.8
	-

	None
	Straw
	None
	0.0±0.0
	0.0±0.0
	0.0±0.0
	0.0±0.0
	0.0±0.0
	0.0±0.0
	0.0±0.0




Table D6. [Phase 3] Mean ±SE of final solids content of tailings in columns treated with straw, alfalfa, worms, and plants: Where plants are S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus
	Worm
	Amend-
ment
	Plant
	Solids content % (0-35 cm)
	Solids content % (35-65 cm)
	Solids content % (65- 100 cm)

	LV
	Straw
	Plant
	72.5±12.0
	66.9±7.1
	67.1±6.6

	EW
	Straw
	Plant
	71.6±6.6
	55.6±1.9
	55.4±1.4

	LV + EW
	Straw
	Plant
	73.0±10.3
	64.6±4.4
	58.2±3.1

	LV + EW
	Straw
	None
	57.5±2.2
	54.0±5.6
	52.7±0.3

	None
	Straw
	Plant
	60.3±10.4
	57.2±5.1
	54.6±1.8

	None
	Straw
	None
	54.6±2.8
	53.3±0.9
	53.1±0.2





Table D7. [Phase 3] Mean ±SE of final shear strength and solids content of tailings in barrels treated with straw, alfalfa, worms, and plants: Where plants are S. interior and C. aquatilis and worm incorporation was represented by (EW) = earthworm or (LV) = L. variegatus

	Worm
	Amend-
ment
	Plant
	Shear strength (kPa, 0-10 cm)
	Shear strength (kPa, 10-25 cm)
	Shear strength (kPa, 25-40 cm)
	Solids content % (0-10 cm)
	Solids content % (10-25 cm)
	Solids content % (25- 40 cm)

	None
	None
	None
	0.0
	0.0
	0.0
	55.4
	54.2
	54.8

	None
	Straw
	None
	2.0
	1.3
	1.3
	60.1
	56.7
	56.8

	LV
	None
	Plant
	55.0
	60.2
	52.0
	74.4
	75.2
	74.0

	EW
	None
	Plant
	36.0
	33.2
	26.7
	73.3
	71.9
	69.7

	None
	None
	Plant
	25.3
	21.3
	14.8
	71.3
	70.2
	68.1

	LV
	Straw
	Plant
	14.5
	7.7
	3.8
	66.3
	66.0
	64.7

	EW
	Straw
	Plant
	17.0
	8.4
	3.7
	71.9
	67.2
	63.3

	LV
	Straw
	None
	1.7
	1.3
	2.0
	55.8
	56.2
	57.8

	EW
	Straw
	None
	2.2
	0.9
	0.8
	61.3
	56.4
	55.5

	None
	Straw
	Plant
	25.3
	18.3
	12.3
	70.7
	71.3
	69.2




Control	0	0	0	0	1.1547005383792495	1.5275252316519452	1.5275252316519452	0	0	0	0	0	2.0816659994661348	2.2867371223353739	0.57735026918962584	0	Worm 1	Worm 2	Worm 3	Worm 4	Worm 1	Worm 2	Worm 3	Worm 4	Day 0	Day 21	10	10	10	7	7.333333333333333	8.3333333333333339	6.666666666666667	3	Straw	0	0	0	0	2.0816659994661348	2.2867371223353739	0.57735026918962584	0	0	0	0	0	2.0816659994661348	2.2867371223353739	0.57735026918962584	0	Worm 1	Worm 2	Worm 3	Worm 4	Worm 1	Worm 2	Worm 3	Worm 4	Day 0	Day 21	10	10	10	7	9.3333333333333339	7.375	6.333333333333333	7	
Worm Count (#)




Control	0.10077084565157438	0.22146370658266673	3.7550277406876019E-2	0	7.8856508661830416E-2	4.1473021218979611E-2	0.14592943571580522	0	0.10077084565157438	0.22146370658266673	3.7550277406876019E-2	0	7.8856508661830416E-2	4.1473021218979611E-2	0.14592943571580522	0	Worm 1	Worm 2	Worm 3	Worm 4	Worm 1	Worm 2	Worm 3	Worm 4	Day 0	Day 21	0.8010666666666667	0.54136666666666666	0.21066666666666667	6.8000000000000005E-2	0.68233333333333324	0.39479523799999999	0.24150833333333332	1.2999999999999999E-2	Straw	0.12117957748729705	5.0324836479283812E-2	1.9432275557261267E-2	0	9.5143545809711794E-2	0.13140122937990584	0.11281690308901586	0	0.12117957748729705	5.0324836479283812E-2	1.9432275557261267E-2	0	9.5143545809711794E-2	0.13140122937990584	0.11281690308901586	0	Worm 1	Worm 2	Worm 3	Worm 4	Worm 1	Worm 2	Worm 3	Worm 4	Day 0	Day 21	0.87000000000000011	0.380025	0.25533333333333336	0.34542857100000002	0.78074978333333334	0.43770763899999998	0.30104761899999999	0.177571429	
Mass per Worm (g)




Chibuike Chigbo, 780-618-2607, CHIBUIKEC@nait.ca 					November 2021	
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