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Abstract 

Revegetation is employed to mitigate the spread of mine tailings in the environment by 

ameliorating tailings with organics to promote plant cover. Revegetation has proven to be 

successful in establishing plant cover, but the long-term effects are largely unknown. A field 

study was conducted to evaluate the success of four artificially revegetated tailings from 

Manitoba by comparing plant cover and diversity. Central Manitoba, Flin Flon, and Thompson 

had moderate cover while cover was low in Lynn Lake. All four sites had low diversity and were 

composed of early-successional species. The results suggest that while current revegetation 

methods promote plant growth on tailings, it is currently difficult to determine if and how the 

vegetation will progress from a grass-legume community to a boreal forest.  In addition, while 

various amounts of effort were invested into each site, the results indicate the degree of 

remediation does not affect overall success. 
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1. Introduction 

Mine tailings are ground rock wastes generated by the processes of extracting minerals 

from rock ore (Tordoff et al., 2000). Mine tailings are generally deposited in relatively remote 

areas and create inhospitable, man-made environments known as tailings ponds (Winterhalder, 

1996; Tordoff et al., 2000). Tailings contain high concentrations of heavy metals such as copper, 

iron, and lead, which are toxic to plants and soil microorganisms alike, disrupting vital biological 

processes such as nitrogen fixation and nutrient cycling (Winterhalder, 1996).  Furthermore, 

tailings have poor physicochemical structure such as high bulk density, low macronutrient status, 

and extreme pH. High bulk density impedes water and oxygen infiltration, which reduces plant 

root respiration and water uptake (Bulmer et al., 2007). Low macronutrient status retards overall 

plant growth and metabolism. Extreme pH of 3-4 increases the concentration of soluble heavy 

metals and lead to increased uptake and toxicity to plants and microorganisms (Winterhalder, 

1996). The poor physical and chemical structure of tailings have a synergistic effect that limit 

natural plant succession and as a result, tailings ponds are often nearly bare and devoid of 

vegetation, which are prone to wind and water erosion and leaching and could lead to the 

contamination of neighbouring ecosystems and bodies of water (Winterhalder, 1996; Tordoff et 

al., 2000). 

Revegetation has been employed as a means to mitigate the spread of tailings to bodies of 

water or neighbouring terrestrial communities (Winterhalder, 1996; Tordoff et al., 2000). 

Revegetation efforts typically ameliorate tailings with inorganic fertilizers and organic matter 

such as papermill sludge, manure, or peat to promote the growth of grasses and legumes. Once 

vegetation has established, tailings are rendered immobile by plant roots and are less prone to 

leaching and erosion (Tordoff et al., 2000). Revegetation can also serve as a successional process 
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and could potentially restore barren land to its former ecological function and act as a carbon 

sink (Winterhalder 1996; Renault et al., 2007). 

In the provinces of British Columbia, Saskatchewan, Manitoba, Ontario and the 

Northwest Territories in Canada, several mine tailings revegetation have been attempted in order 

to mitigate the problems that tailings impose on the environment (Bagatto and Shorthouse, 1999; 

Prairie Plant Systems Inc., 2004; Reid and Naeth, 2005b; Szczerski, 2007; Gardner et al., 2012). 

The practice of applying organic matter and inorganic fertilizer on tailings has been successful at 

encouraging plant growth and establishment. However, it is uncertain as to what type of plant 

communities develop on tailings and what long-term effects various organic amendments have 

on tailings physicochemical structure. 

In order to evaluate the efficacy of mine tailings revegetation methods, one field 

experiment in Manitoba and Saskatchewan and two greenhouse experiments were conducted. In 

the field experiment, four artificially revegetated mine tailings sites were examined to determine: 

1) the type of plant communities that develop in artificially revegetated tailings; 2) if different 

amendments could lead to different plant communities; and 3) the effectiveness of various 

organic amendments in improving tailings physicochemical structure. In addition, a second field 

experiment was conducted where a naturally revegetated mine tailings site was included in the 

study to serve as a contrast to artificially revegetated sites. In the first greenhouse experiment, 

unamended and amended tailings were collected from the artificially revegetated sites and used 

as growth media to assess the effects of amendments on the growth and physiology of Medicago 

sativa cv. Survivor (alfalfa) and tailings physicochemical structure under controlled greenhouse 

conditions since comparing different revegetated mine tailings in the field proved difficult. M. 

sativa was used in this study due to its adaptability, N-fixation ability, and capacity to grow and 
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survive on mine tailings (Szczerski, 2007; Green and Renault, 2008; Erice et al., 2011; Slama et 

al., 2011). The Survivor cultivar was chosen based on its ability to tolerate drought and its high 

yield potential (Brett Young, 2012). In the second greenhouse experiment, unamended and 

amended tailings were collected from Central Manitoba and Lynn Lake and used as growth 

media to assess the effects of dolomitic lime and inorganic fertilizers on the growth and 

physiology of M. sativa and tailings pH and nutrient content under controlled greenhouse 

conditions. Examining revegetated mine tailings, both artificial and natural, provides insights 

towards: 1) which revegetation methods are most effective; 2) refining current revegetation 

methods; and 3) how to approach future revegetation projects. 
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2. Literature Review 

2.1 Introduction 

 Metalliferous mining operations cause considerable destruction and disturbance to the 

natural environment despite bringing much economic prosperity (Winterhalder, 1996). 

Exploration, mining and milling, smelting and refining, and post operational waste management 

all disrupt the environment (Szczerski, 2007). However, the generation of mine tailings is 

perhaps the largest risk metalliferous mining poses on the environment (Winterhalder, 1996). 

Mine tailings, or simply tailings, are fine-grained materials (< 2 mm in size) produced from 

ground rock waste during ore processing. Prior to proper management laws or mine closure plans 

were in effect in Canada, tailings were discharged into remote areas where vegetation was 

growing (Winterhalder, 1996; Bagatto and Shorthouse, 1999; Tordoff et al., 2000; Szczerski, 

2007). The deposition of tailings eliminated existing vegetation and soil by blanketing the land 

and created inhospitable, man-made environments known as tailings ponds or impoundments. 

Tailings contain heavy metals and metalloids such as arsenic (As), cadmium (Cd), chromium 

(Cr), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), and zinc (Zn), which are toxic to plants and 

animals alike and can potentially spread to neighbouring vegetation and bodies of water through 

erosion and leaching. In addition, biotic and abiotic oxidation of sulphide mineral-derived 

tailings lower the pH (ca. 3-4) of tailings ponds, which in turn increase the solubility of heavy 

metals and other toxic elements and, ultimately, their movement in the environment 

(Winterhalder, 1996; Tordoff et al., 2000). 

 Several techniques have been developed in order to mitigate the spread of tailings 

including physical stabilization, capping with water, and revegetation (Tordoff et al., 2000). 

Physical stabilization involves capping tailings with clay and/or waste rocks to minimize the 
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erosion and leaching of tailings. However, the application of physical stabilization is limited by 

the availability of capping materials and transportation costs. Capping tailings with water 

reduces the oxidation rate of tailings and prevents wind erosion, but leaching can still occur. 

Revegetation efforts typically ameliorate tailings with inorganic fertilizers and organic 

amendments to promote plant growth and establish a vegetative cover (Shu et al., 2002; Reid and 

Naeth, 2005b; Green and Renault, 2008). A number of organic amendments have also been used 

in several revegetation experiments (Tordoff et al., 2000). Papermill sludge, manure, and peat 

have proven to be effective at encouraging plant growth on tailings (Ye et al., 1999; Green and 

Renault, 2008; Reid and Naeth, 2005a, 2005b). However, it is unknown if different amendments 

will have different long-term effects on tailings physicochemical structure or soil development 

on tailings. Revegetation can also serve as a successional process where seeded or planted 

species essentially function as pioneers or early colonizers (Szczerski et al., 2013). Once 

vegetation has established, heavy metals and other toxic ions in the tailings are rendered 

immobile by plant roots and are less prone to leaching and erosion. 

 The practice of applying organic matter and inorganic fertilizers on tailings has been 

successful at encouraging plant growth and establishment. However, the long-term effects of 

current revegetation methods on plant growth, plant communities, and tailings physicochemical 

structure are largely unknown. A revegetation experiment may seem successful initially when a 

vegetative cover establishes over tailings. However, the long-term growth and physiology of 

plants remain unknown when faced with the possibility of gradual decrease in nutrients and 

organic matter over the years (Tordoff et al., 2000). There is also little information in the 

literature if revegetation does in fact serve as a successional process where early pioneers or 

planted species are eventually supplanted by late colonizers. 
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 The goals of this literature review are to provide an overview: 1) of revegetation practices 

such amendments and plants employed; 2) the parameters that could or should be measured in 

the long-term; and 3) the challenges of evaluating the success of revegetated mine tailings. 

2.2 Mine Tailings in Canada 

 In Canada, there were either little or no enforced management laws or mine closure plans 

in place prior to the early 1900s (Szczerski, 2007). Consequently, many mines became 

abandoned or orphaned following mining operations. A mine is considered orphaned when the 

owner is unknown whereas a mine is abandoned when the owner is financially unable or 

unwilling to carry out site rehabilitation or closure (Mines Branch, 2012). 

2.3 Mine Tailings-associated Stresses 

 Tailings contain high concentrations of heavy metals such as Cu, Fe, and Pb, many of 

which are toxic to plants when present in large quantities (Winterhalder, 1996). The excess of 

soluble heavy metals and ions in tailings could induce water or osmotic stress to plants, which 

result in reduced water uptake and transpiration (Taiz and Zieger, 1998). The presence of Cd and 

Zn could further reduce water uptake and transpiration by inducing premature stomatal closure 

and binding to aquaporins (water channels), respectively (Taiz and Zieger, 1998; Shamsi et al., 

2010). Heavy metals such as Mn can also compete for other essential nutrients for uptake. 

Manganese will compete with Mg during uptake and could bind to ribulose bisphosphate 

carboxylase (Rubisco) and inhibit its activity thus reducing the photosynthetic rates (Taiz and 

Zieger, 1998). In addition, Mg is a component of photosynthetic pigments and the decrease in 

Mg uptake could further reduce photosynthetic activity (Raven et al., 2005). Iron can stimulate 

the formation of reactive oxygen species (ROS) (Halliwell and Gutteridge, 1984; Koppenol, 



7 

 

 

2001; Bhaduri and Fulekar, 2012) that can damage and oxidize proteins, DNA, and lipids, which 

can eventually lead to plant death over prolonged exposure.  

 Tailings have poor physicochemical structure such as high bulk density, low 

macronutrient levels, and extreme pH. High bulk density impedes water and oxygen infiltration, 

which reduces plant root respiration and uptake of water and nutrients (Bulmer et al., 2007). Low 

macronutrient status retards overall plant growth. In addition, the ability of roots to uptake 

nutrients (Mg) is inhibited by the presence of heavy metals (Mn) as they compete for ion 

transporters (Taiz and Zieger, 1998). Extremely low pH of 3-4 also increases the concentration 

of soluble heavy metals, which lead to increased uptake and, in turn, increased toxicity to plants 

(Winterhalder, 1996). In sulphide mine tailings, low pH is often the result of the oxidation of 

sulphur-bearing minerals. Conversely, high pH of 8 or higher precipitates phosphate, a limiting 

and essential macronutrient (Ulrich and Sumner, 1991). The poor physical and chemical 

structure of tailings has a synergistic effect that limits plant growth and as a result, tailings ponds 

are often nearly bare and devoid of vegetation. Consequently, tailings are prone to wind and 

water erosion and leaching, which could lead to the contamination of neighbouring ecosystems 

(Ye et al., 1999; Tordoff et al. 2000). 

2.4 Revegetation 

 Vegetation could mitigate the movement of heavy metals and other ions in the 

environment (Green and Renault, 2008; Gardner et al., 2012). However, natural succession on 

tailings ponds either occurs at comparatively slow rates or is nearly absent due to the toxic nature 

and poor physicochemical structure of tailings. In neutral or alkaline tailings ponds, plants have 

been known to colonize tailings naturally, though at a slower rate, possibly due to decreased 
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solubility and toxicity of heavy metals (Shu et al., 2005; Szarek-Łukaszewska, 2009, Wang, et 

al., 2011; Young et al., 2012). Conversely, plant succession on acid-generating tailings ponds is 

difficult due to low pH, increased solubility of heavy metals, and poor physicochemical structure 

of tailings (Winterhalder, 1996; Tordoff et al., 2000). In such cases, human intervention is 

required in order to facilitate the succession of native species (Winterhalder, 1996; Tordoff et al., 

2000). In anthropogenic revegetation, tailings are typically ameliorated with inorganic fertilizers 

and organic matter to promote plant growth (Shu et al., 2002; Reid and Naeth, 2005b; Green and 

Renault, 2008). 

2.4.1 Natural Revegetation 

 Natural revegetation or succession on anthropogenically disturbed sites initiates once 

human activities have ceased (Gusev, 2006). Succession is defined as community change where 

a given assemblage of organisms at a given site is supplanted by others with the passage of time 

(Wali, 1999). The rate of plant colonization on a disturbed site is highly dependent on the extent 

of the disturbance, the prevailing edaphic conditions, and the presence of neighbouring or 

residual vegetation from the initial disturbance (Gusev, 2006; Szarek-Łukaszewska, 2009). The 

high concentration of heavy metals, poor physicochemical structure, and low nutrient status of 

tailings further impede plant growth and colonization (Shu et al., 2005). In highly acidic tailings 

ponds, succession is very limited or near impossible due to the relatively high bioavailability of 

heavy metals (Winterhalder, 1995; Winterhalder, 1996). However, succession in neutral or 

slightly alkaline tailings ponds occurs at a comparatively faster rate as heavy metals have 

decreased solubility (Shu et al., 2005; Szarek-Łukaszewska, 2009). Succession on tailings ponds 

typically occur at the margins or in microsites where the concentration of heavy metals is 
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relatively low and/or microsites formed from the deposition of eroded soil, domestic refuse, or 

manure from wildlife (Shu et al., 2005; Markham et al., 2008; Young et al., 2012). Wind-borne 

seeds or vegetative propagules from neighbouring vegetation often invade pond margins and 

favourable microsites (Shu et al., 2005; Alday et al., 2011). In boreal regions, members of 

Poaceae and Asteraceae such as Elymus trachycaulus (slender wheatgrass) and Sonchus 

oleraceus (common sow thistle) often initiate the early stages of succession (Khusainov, 2005; 

Gusev, 2006). Other pioneers or weedy species such as Epilobium angustifolium (fireweed) and 

Rumex crispus (curly dock) have also been observed occurring on tailings and other disturbed 

sites (Zheleznova et al., 2005; Gusev, 2006). Woody species such as Betula spp. (birches), 

Populus spp. (poplars), and Salix spp. (willows) also frequently occur with grasses (Khusainov, 

2005; Zheleznova et al., 2005; Gusev, 2006; Markham et al., 2008). Rhizomatous plants such as 

Equisetum spp. (horsetails) also play a role in colonizing tailings ponds (Shu et al., 2005; 

Markham et al., 2008; Young et al., 2012). In the naturally vegetated portions of the Gunnar 

tailings ponds, located in Nopiming Provincial Park, southeastern Manitoba (Canada), Equisetum 

is largely the dominant pioneer (Young et al., 2012). 

 The Gunnar mine tailings site is an example of a naturally revegetated tailings pond 

(Young et al., 2012). The processing of 260 kilotonnes of ore between 1936 and 1942 covered 

11 hectares of land with 210,000 m3 of tailings. The tailings have a pH of 6.4 to 8.5 and are rich 

in magnesium (Mg), Fe, calcium (Ca), manganese (Mn), and titanium (Ti) (Young et al., 2012). 

The east side of the tailings pond grade down into a depression and a wetland has developed 

since mining activities have ceased. The residual vegetation from the surrounding forest also 

colonized the north, west, and southwest sides of the tailings pond. A total of 45 plant species 

from 17 families and 37 genera, most of which were indicative of highly disturbed sites such as 
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Equisetum palustre (marsh horsetail), Salix spp. (willows), Betula papyrifera (paper birch), 

Populus tremuloides (trembling aspen), Sonchus arvense (perennial sow thistle), and Melilotus 

albus (white sweet clover) were found (Young et al., 2012). Abies balsamea (balsam fir) and 

Picea mariana (black spruce) were also found on site, which are late successional species (Hart 

and Chen, 2006). The remaining 4.32 hectares are still unvegetated and it would likely take 

another 70 to 110 years for the site to be completely revegetated naturally (Markham et al., 

2008). 

2.4.2 Artificial Revegetation 

 In tailings ponds where natural succession is limited or absent, revegetation could be 

employed to mitigate the spread of tailings (Li, 2006). Organic amendments and inorganic 

fertilizers are often incorporated into or applied on tailings to remedy the tailings' inherently low 

nutrient status and poor physicochemical structure (Tordoff et al., 2000; Green and Renault, 

2008). Afterwards, amended tailings are planted and/or seeded with metal-tolerant species. Once 

vegetation has established, plant roots are able to stabilize the tailings surface and retard the 

movement of heavy metals, thus, localizing the pollution and preventing its spread (Dobson et 

al., 1997). The movement of heavy metals and other ions can be reduced through complexation 

and chelation with organic matter and metal-binding polypeptides (phytochelatins) produced by 

metal-tolerant plants (Khan et al., 2000; Li, 2006). Once organic matter has accumulated from 

the litter of pioneer species and the concentration of bioavailable heavy metals has decreased, 

further colonization of presumably less heavy metal-tolerant species could take place 

(Winterhalder, 1996). 
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 Revegetation is relatively cost-effective, visually attractive, and comparatively simple to 

execute compared to other methods of stabilization (Tordoff et al., 2000). In sites contaminated 

or damaged by tailings deposition, revegetation can also promote the re-colonization of native 

species to increase biodiversity, restore the barren land to its former ecological function, and act 

as a carbon sink (Winterhalder, 1996; Renault et al., 2007; Markham et al., 2008). 

 A number of techniques, soil amendments, and heavy metal-tolerant plants have been 

used in conjunction with revegetation throughout the years with varying success. 

2.4.2.1 Physical Stabilization 

 Physical stabilization involves capping tailings with waste rock, slag, water, or clay 

(Tordoff et al., 2000). The practice prevents wind and water erosion, but could potentially fail to 

prevent leaching and the lateral movement of heavy metals to neighbouring bodies of water and 

vegetation. In addition, the transport of capping materials can be quite expensive. Capping can 

be combined with revegetation (Prairie Plant Systems Inc., 2004). For example, in the South 

Tailings Area in Creighton, Saskatchewan (Canada), tailings have been capped with slag, a waste 

product from smelting ore. A layer of clay was added onto the slag cap, followed by another 

layer of organic amendments such as peat or straw mats, and finally seeded with grass species 

(Prairie Plant Systems Inc., 2004). 

2.4.2.2 Mycoremediation 

 Mycoremediation involves the use of fungi in revegetation (Khan et al., 2000). In 

addition to enhancing nutrient and water uptake in plants, several arbuscular mycorrhizal fungi 

(AMF) and ectomycorrhizal fungi (EMF) species such as Glomus mosseae, Laccaria bicolor, 

and Suillus brevipes have been implicated in enhancing metal tolerance in plants growing on 
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tailings or metal impacted soils (Kernaghan et al., 2002; Cornejo et al., 2008). The AMF-

produced soil protein glomalin reduces the bioavailability of Cu, Cd, Pb and Zn in the 

rhizosphere through chelation and, thus, alleviates or reduces the severity of the stress in the 

plant host (Cornejo et al., 2008). Certain strains of EMF have also been shown to uptake and 

accumulate heavy metals in hyphal cell wall components such as chitin (Khan et al., 2000). In a 

greenhouse study, Paxillus involutus improved the growth of the nitrogen-fixing species Alnus 

incana subsp. rugosa (speckled alder) in tailings and peat-tailings media by enhancing 

nodulation rate (Markham, 2005). Metal-tolerant mycorrhizal fungal strains are normally absent 

in tailings and their use could enhance plant establishment, restore nutrient cycling, and facilitate 

the invasion of obligately mycotrophic, late successional species (Allen, 1984; Tordoff et al., 

2000). 

2.4.2.3 Plants 

 Plants used in revegetation, such as grasses and legumes, are often drought-tolerant and 

can survive extreme pH, poor soil structure, low organic matter, and low nutrients (Peters, 1984; 

Tordoff et al., 2000). Grasses provide surface stability on tailings with their long fibrous roots. 

Legumes provide nitrogen inputs into the system. Grasses such as Elymus trachycaulus (slender 

wheatgrass), Agrostis scabra (ticklegrass), Festuca rubra (red fescue), Deschampsia cespitosa 

(tufted hair-grass), and Poa compressa (Canada bluegrass) have been used in revegetation 

projects in the provinces of Manitoba, Saskatchewan, and Ontario, Canada (Winterhalder, 1996; 

Szczerski, 2007; Green and Renault, 2008). Legumes such as Medicago sativa (alfalfa), 

Trifolium hybridum (alsike clover), and Lotus corniculatus (bird's foot tre-foil) have also 

displayed the ability to grow on amended tailings (Winterhalder, 1996; Szczerski, 2007; Green 
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and Renault, 2008). Woody species such as Betula papyrifera (paper birch), Salix monticola 

(mountain willow), Picea mariana (black spruce), and Pinus banksiana (jack pine) have also 

been used, but with varied success (Peters, 1984; TetrES Consultants Inc., 2008; Bourret et al., 

2009; Boyter et al., 2009). Betula papyrifera has been known to colonize disturbed sites from 

wind-blown seeds along with Populus spp. and Salix spp. and appear to be adapted to the adverse 

conditions of tailings and could be used as an alternative or in combination with grasses and 

legumes (Peters, 1984; TetrES Consultants Inc., 2008; Sudbury Area Risk Assessment Group, 

2008; Bourret et al., 2009; Boyter et al., 2009). In oil sand tailings revegetation, shrubs have 

been noted to play a nursing effect by protecting seedlings from herbivory and reducing solar 

radiation to the forest floor by providing cover and, in turn, reduce water stress (Rowland et al., 

2009). From an ecological restoration point of view, plants employed in revegetation projects 

serve as pioneers for later, presumably less metal-tolerant species (Winterhalder, 1996). Native 

species are ideal as foreign species could become invasive and exclude native flora (Li, 2006; 

Brown et al., 2007). However, in the absence of native, metal-tolerant species, foreign species 

become a desirable option (Peters, 1984; Winterhalder, 1996; Szczerski et al., 2013). Foreign 

species should only be used as a last resort with great consideration and caution due to their 

potential to inhibit the establishment of native species. 

2.4.2.4 Amendments 

 In most cases, soil amendments are necessary for revegetation in order to improve the 

nutrient status, water availability, surface stability, and physicochemical properties of tailings, 

ultimately facilitating the development of what would be a self-sustaining ecosystem (Tordoff et 

al., 2000; Reid and Naeth, 2005a, 2005b; Green and Renault, 2008). Most amendments are 
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relatively available and cost-effective, but their effects on tailings slightly vary (Tordoff et al., 

2000). 

 Lime 

 Lime is typically applied on acidic tailings as ground limestone or dolomitic lime in order 

to increase pH (Tordoff et al., 2000; Sudbury Area Risk Assessment Group, 2008). Increasing 

the pH in acidic tailings reduces metal bioavailability and electric conductivity, and it improves 

germination rates (Ye et al., 1999; Tordoff et al., 2000). In addition, dolomitic limestone can 

function as a source of Ca and Mg (Sudbury Area Risk Assessment Group, 2008). Moreover, Ca 

and Mg are essential elements necessary for a number of metabolic processes (Raven et al., 

2005). Calcium is a cell wall component, a co-factor of calmodulin, and regulates membrane 

activities. Magnesium is a component of chlorophyll and a co-factor of ribulose bisphosphate 

carboxylase. Furthermore, increasing the pH allows the formation of nodules and nitrogen 

fixation in legumes (Winterhalder, 1996). 

 NPK Fertilizers 

 Organic soil amendments are typically accompanied by NPK fertilizers in order to increase 

plant productivity (Shu et al., 2002; Green and Renault, 2008). Unfortunately, the beneficial 

effects of fertilizers are short-lived as a decline in growth can be observed a few years after 

application (Tordoff et al., 2000; Young, 2013). The application of fertilizers at regular intervals 

has become a common practice to maintain a persistent vegetative cover (Li, 2006). 

 Manure 

 Farmyard and poultry manure become desirable options as amendments when farms are 

present in the vicinities of tailings ponds as transportation costs could be reduced (Ye et al., 

1999). Das and Maiti (2009) have demonstrated that chicken manure could increase the pH of 
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acidic copper tailings, reducing heavy metal bioavailability. Manure also contains high levels of 

organic matter and can significantly increase shoot and root growth (Ye et al., 1999; Das and 

Maiti, 2009). 

 Domestic Refuse 

 Domestic refuse, much like manure, is used as an amendment when present in the vicinity 

of the site to be revegetated (Shu et al., 2002). Once pieces of metals and plastics have been 

removed, domestic refuse is essentially organic waste with high levels of nutrients and has been 

shown to support plant growth on tailings. 

 Peat Moss 

 Peat moss is also employed as an amendment and has been shown to increase available 

nitrate and phosphorus, cation exchange capacity, and water-holding capacity in kimberlite 

tailings (Reid and Naeth, 2005a, 2005b). 

 Sewage Sludge 

 Sewage sludge is an organic waste rich in organic carbon, potassium, and nitrate and can 

support dense grass cover. Unfortunately, sewage sludge contains fecal coliforms, Streptococcus, 

and quite possibly heavy metals such as cadmium and must be used with caution in large scale 

revegetation projects (Reid and Naeth, 2005a, 2005b). 

 Papermill Sludge 

 Papermill sludge is a by-product of the pulp and paper industry and could potentially be 

readily available and cost-effective (Renault et al., 2007). Papermill sludge contain high levels of 

organic carbon, nitrate, phosphorus, and calcium and could improve germination rates, shoot 

biomass, root biomass, and pigment content such as chlorophyll a, chlorophyll b, and carotenoids 

(Feagley et al., 1994; Green and Renault, 2008). In addition, papermill sludge also offers pH 
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buffering capacity, reduces bulk density, increases macro-aggregates, and increases water-

holding capacity (Green and Renault, 2008). 

 Humic Substances 

 Humic substances are soil products resulting from the biodegradation of living organisms 

and can also be found in lignite or brown coal (Tan, 2003; Ibrahim and Goh, 2004; Havelcová et 

al., 2009). Ibrahim and Goh (2004) have demonstrated that lignite-derived humic substances can 

increase the organic carbon content, macro-aggregation distribution, cation exchange capacity, 

and raise and buffer the pH of acidic sulphide mine tailings. In addition, humic substances can 

immobilize metals such as Al, Fe, Cu, Zn, Mn, Co, Hg, and Cd through chelation and 

complexation and reduce their availability to plants during uptake (Tan, 2003; Havelcová et al., 

2009; Janoš et al., 2010). 

 Biosolids 

 Biosolids are the result of treating human waste such as sewage sludge and waste water 

(Boyter et al., 2009; Gardner et al., 2012). In alkaline Cu mine tailings in British Columbia, 

Canada, the incorporation of biosolids into the tailings through roto-tilling increased plant 

biomass and improved plant biomass yield. 

 Other Inorganic Materials 

 Inorganic materials are seldom used in revegetation.  Reid and Naeth (2005a, 2005b) 

employed gypsum, rock phosphate, and calcium carbonate as calcium sources in their study, but 

did not observe any beneficial effects over two growing seasons. 

 In general, soil amendments have the ability to improve the nutrient status of mine tailings.  

The full extent of the effectiveness of most of the above amendments, on the other hand, is not 

known. Green and Renault (2008) have demonstrated that papermill sludge can buffer pH, 
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reduce bulk density, increase macro-aggregates, and increase water-holding capacity of tailings. 

However, such ameliorating properties have not been described in other amendments such as 

peat moss, manure, and sewage sludge. A clear understanding on the properties of various 

amendments used in revegetation is imperative as amendments are essentially the raw materials 

for soil formation in tailings. 

2.5 Parameters for Evaluating Success in Mine Tailings Revegetation 

 In restoration the term "success" can vary depending on the end goal. If the goal is to 

simply establish a long-term, vegetative cover over tailings, success can be achieved relatively 

easily through methods previously described. However, if the goal is reclamation where the land 

is intended to be used for commercial purposes or restoration where the land is to be reinstated to 

its former ecological function and form, achieving success and evaluating it can be quite difficult 

(Li, 2006). Choi (2004) and Li (2006) outlined the following problems and challenges in 

reclamation or ecological restoration: i) long-term research in mine tailings revegetation is rare; 

ii) the damage to some sites maybe irreversible; iii) the condition of a site prior to the 

disturbance is unknown; iv) finances could be insufficient to sustain long-term studies; and v) 

limited understanding of natural processes. Li (2006) stated further that at least in China, the lack 

of coordination between institutions leads to repeated research efforts and incompatible results. 

Several authors have stated that reclamation and restoration goals should be "set realistically in 

an ecologically, economically, and socially acceptable framework" (Choi, 2004 and references 

therein). In addition, the following social and biological criteria are required for a successful 

restoration: i) the value of nature to society; ii) the extent of social and political commitment to 

ecological restoration; iii) the prevailing ecological conditions in a damaged site; and iv) "the 
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quality of restorationist’s judgments about how to accomplish restoration." With the 

aforementioned criteria in mind, the feasibility and success of reclamation or restoration is 

indeed questionable. It has been proposed that creating an "alternate" ecosystem or an ecosystem 

that approximates pre-disturbance conditions may be more realistic for sites where the damage is 

irreversible (Choi, 2004). The following criteria have been outlined for evaluating a successful 

restoration: "(i) self sustainability; (ii) resistance to invasions of ‘undesirable’ species; (iii) 

original productivity; (iv) nutrient retention; and (v) integrated biotic interaction for judging the 

success of ecosystem reconstruction" (Choi, 2004 and references therein). Furthermore, a 

restored site should be connected to natural or undisturbed sites for gene flow and various 

ecological processes such as energy transfer and nutrient transport. Currently, it is not known if 

any data exist for a revegetated mine tailings site that has met all of the aforementioned criteria 

for success due to the time and effort required. Nevertheless, various parameters are used in 

evaluating the success of revegetation efforts in the literature. Plant growth parameters such as 

dry biomass yield, physiological responses such as stress indicators, tailings physicochemical 

properties such as pH, and ecosystem parameters such as decomposition rate are used. However, 

additional analyses should be considered when evaluating the success of revegetation long-term. 

2.5.1 Plant Growth Parameters 

 Plant growth parameters such as germination rates and dry biomass yield are typically used 

to assess the effectiveness of various amendments in promoting plant growth on tailings (Ye et 

al., 1999; Shu et al., 2002; Green and Renault, 2008; Das and Maiti, 2009; Gardner et al., 2012). 

 Dry biomass yield is often used to assess overall plant performance. In instances in the 

field where harvesting roots is tedious due to the difficulty of retrieving intact roots from large 
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plants or undesirable in order to avoid disturbing vegetation, plant cover could be used instead. 

Plant cover can also be combined with species richness and with various diversity indices such 

as Simpson's Index to determine the abundance of native flora relative to undesirable, potentially 

invasive non-native species and further assess a revegetated tailings' health (Simpson, 1949; 

Bagatto and Shorthouse, 1999). 

 Monitoring should also be considered when the goal for revegetation is restoration. Plants 

that inhabit tailings could potentially absorb and accumulate metals in their tissues (Naguit et al., 

2011), which could be toxic to grazing animals (Shao et al., 2010). Salix monticola (Mountain 

Willow) and other members of its genus are known to accumulate Cd and Zn in their shoots at 

levels that are considered zootoxic (Bourret et al., 2009; Boyter et al., 2009). Elemental analyses 

of vegetation and, possibly animals, at regular intervals maybe required in cases where the vast 

majority of species in a plant community are known to accumulate metals in their tissues. 

2.5.2 Plant Physiological Responses 

 Plants that grow in heavy metal-rich soils generally mitigate the uptake of metals by 

releasing phytochelatins in the rhizosphere that immobilize metals and/or possess cellular 

defence mechanisms such as antioxidants in order to cope with the various stresses that heavy 

metals impose (Khan et al., 2000; Aery, 2012). In addition to low nutrient status, low water 

retention, and poor physicochemical structure, the excessive uptake of heavy metals in mine 

tailings have the ability to stimulate the formation of reactive oxygen species (ROS) such as 

hydrogen peroxide, superoxide, and hydroxyl radicals. Reactive oxygen species often result in 

lipid membrane peroxidation, protein cleavage, and DNA damage (Dazy et al., 2008). 

Furthermore, at low pH, H+ displace Ca+2 in the plasma membrane and cell wall, an essential 
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element required for maintaining stability and integrity (Koyama et al., 2001). At the onset of 

revegetation, the physiology of plants growing on tailings was poorly understood (Tordoff et al., 

2000). However, recent studies have elucidated the various defence mechanisms plants employ 

against heavy metals and how metabolic processes such as photosynthesis and transpiration are 

adversely affected. 

 Antioxidants such as superoxide dismutase, catalase, ascorbate peroxidase, glutathione 

reductase, guaiacol peroxidase, and proline have been shown to scavenge ROS and reduce lipid 

and protein membrane damage (Dazy et al., 2008; Nouairi et al., 2009; Singh et al., 2009). In 

addition, the amino acid proline also functions in chlorophyll reconstruction during oxidative 

stress (Singh et al., 2009). In Vetiveria zizanioides (Vetiver Grass), superoxide dismutase and 

catalase activities were higher in shoots while peroxidase activity was higher in roots, suggesting 

different heavy metals accumulate in different plant organs and exert different effects on various 

metabolic processes (Pang et al., 2003). Similar results were found in Vicia faba (Faba Bean) 

where peroxidase stimulated cell wall thickening in roots and the subsequent accumulation of Pb 

and Zn thereafter (Probst et al., 2009). 

 Metabolic processes such as photosynthesis, transpiration, and nitrogen fixation are greatly 

affected by the presence of heavy metals. Photosynthetic rates and carbon assimilation are 

generally low in plants growing in tailings due to accelerated chlorophyll degradation during 

oxidative stress, inhibition of Rubisco, and stomatal closure in the presence of excess Cd (Pang 

et al., 2003; Pajević et al., 2009). Cadmium, Cu, Pb, and Zn are also known to decrease 

chlorophyll content (Ralph and Burchett, 1998; Sárvári et al., 1999; Shi and Cai, 2009) and, in 

turn, photosynthetic rates by disrupting chloroplast membrane integrity (Ralph and Burchett, 

1998). Heavy metals and other ions can also reduce pigment content by competing with essential 
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elements during uptake (Taiz and Zieger, 1998). For example, Mn competes with Mg, a 

component of chlorophyll, during uptake. A high concentration of soluble heavy metals could 

also induce osmotic stress, which results in reduced water uptake and transpiration (Taiz and 

Zieger, 1998). Increased number of stomata per unit leaf area, reduced stomata size, and reduced 

leaf area are often observed in plants during water deficit to conserve water (Kastori et al., 1992; 

Erice et al., 2011). Heavy metals also have negative effects on soil microorganisms such as 

Rhizobium leguminosarum and their ability to fix nitrogen with legumes (Winterhalder, 1996). 

Long-term exposure to heavy metals has resulted in strains of Rhizobium spp. with the inability 

to fix nitrogen and/or form nodules with legumes (Chaudhary et al., 2004). The atrophy of 

various metabolic processes such as carbon assimilation, water uptake, and nitrogen fixation 

results in decreased plant biomass and productivity, which become more pronounced in 

revegetation efforts when the initial beneficial effects of fertilizers expire (Tordoff et al., 2000). 

 In revegetation efforts, the physiological responses of plants to tailings should be 

considered part of the screening and selection process (Pajević et al., 2009). As one of the major 

components of what would be a self-sustaining ecosystem, plants that are to colonize tailings 

should possess tolerance to excess heavy metal concentrations and low nutrient and water status 

in order to minimize subsequent human intervention and costs of fertilizer reapplication (Tordoff 

et al., 2000). 

2.5.3 Tailings Physicochemical Structure and Ecosystem Parameters 

 Soil analyses and ecosystem health (diversity, nutrient cycling and retention) 

measurements are at times lacking in revegetation studies. Bulk density, pH, electrical 

conductivity, and macronutrients are soil parameters commonly measured in revegetation 
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experiments (Ye et al., 1999; Reid and Naeth, 2005b). Ecosystem health measurements are 

rarely performed or considered in mine tailings revegetation. Alday et al. (2011) determined that 

pH was a key factor in limiting plant growth and determining species composition in coal mine 

tailings, which is also likely the case in metalliferous mine tailings. In acidic metalliferous mine 

tailings, pH should be monitored over time and tailings limed when necessary to promote a long-

term vegetative cover (Peters, 1984). Water-holding capacity, carbon to nitrogen ratio, carbon 

quality, nutrient cycling, and net primary production should be considered when choosing the 

amendment to be used in revegetation projects. 

 As noted previously, amendments provide the raw materials for a future, functioning soil 

capable of retaining water and cycling nutrients. Revegetated tailings should have the ability to 

absorb and retain water in order to support self-sustaining, functioning ecosystems. That ability 

ultimately comes from the parent material (Brady and Weil, 2008). It is imperative that future 

studies consider the water-holding capacity of any amendments to be used prior to any large 

scale revegetation projects. The effects of amendments on water-holding capacity, base 

saturation, and carbon to nitrogen ratio of tailings are rarely measured in the literature. Green and 

Renault (2008) have demonstrated that papermill sludge improved water infiltration and 

retention of tailings through the formation of macro-aggregates in the 0.25 mm size class. 

 Currently, carbon to nitrogen ratio has been measured in some tailings that have naturally 

revegetated, but rarely in tailings revegetated with human intervention (Brown et al., 2007; 

Szarek-Łukaszewska, 2009). It is proposed that the ideal ratio is 20 (Wali, 1999; Szarek-

Łukaszewska, 2009). However, values reported in the literature are quite high, in a 35 year old 

naturally, revegetated site in Poland, the C:N was 87. Brown et al. (2007) also proposed a C:N of 

20 in anthropogenically revegetated tailings for encouraging greater species richness. The current 
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data suggests that N-cycling occurs at a relatively slow rate in revegetated mine tailings and it is 

quite possible that the activities of nitrogen-fixing bacteria are still hampered by the high 

concentrations of heavy metals (Winterhalder, 1996). In legumes, Cd and Zn can retard nodule 

formation or inhibit N-fixing enzymes, resulting in nodules incapable of N-fixation (Mahieu et 

al., 2011). Low temperatures, periods of drought, and the absence of N-fixing species also have a 

negative impact on nitrogen cycling (Stottlemyer and Toczydlowski, 1999). In anthropogenic 

revegetation, amendments could be supplemented with soil plugs or sod transplants in order to 

increase the diversity and genotypes of soil microorganisms. The possibility of introducing soil 

microorganisms with heavy metal tolerance could also increase nutrient cycling rates 

(Winterhalder, 1996). 

 Carbon quality is another parameter that can be used to measure microbial activity and 

decomposition rates in the soil. In late successional boreal forests, where the understory is 

dominated by mosses (Sphagnum spp., Pleurozium schreberi, and Hylocomium splendens) and 

the overstory is dominated by conifers (Abies balsamea and Picea mariana) (Johnson et al., 

1995), organic matter accumulates in the soil in layers (Bonan, 1990; Hilli et al., 2008). In the 

soil organic matter layer, C occurs in the forms of non-polar extractives (waxes, fatty acids, 

lipids), water-soluble extractives (sugars and phenolics), acid-soluble fractions (cellulose and 

hemicellulose), and acid-insoluble fractions (lignin, tannins) (Hilli et al., 2008). Non-polar 

extractives, water-soluble extractives, and acid-soluble fractions tend to decompose quite rapidly 

whereas acid-insoluble fractions decompose slowly and even impede decomposition rates 

(Bonan, 1990; Hilli et al., 2008). Currently, sequential fractionation of soil organic matter has 

yet to be done or reported in revegetated mine tailings. However, plant litter decomposition rate 

has been determined in a taconite iron ore tailings (Noyd et al., 1997). Noyd et al. (1997) found 
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mass losses of 60-70% from shoots and 40% from roots after 15 months despite the presence of 

the AMF Glomus intraradices, suggesting low microbial biomass or activity and low substrate 

quality. Determining the chemical composition of organic matter in mine tailings can provide 

insights to decomposition rates and nutrient cycling. 

 Nitrogen fixation is rarely measured in revegetated mine tailings. Nitrogen is an essential 

element and its availability can be quite limiting to growth and survival (Stottlemyer and 

Toczydlowski, 1999). Currently, N-fixation has only been measured in a Cu mine tailings in 

China where one third of the site is naturally and anthropogenically revegetated (Liu et al., 

2012). Liu et al. (2012) found that tailings with legumes (Astragalus adsurgens, Medicago 

lupulina, M. sativa) had elevated levels of NO3
- and NH4

+. In situ acetylene reduction activity 

also indicated N-fixation from June to September. Nitrogen fixed by legumes and other N-fixing 

species can be made available to other plants through the decomposition of leaf, root, and nodule 

litter (Bonan and Shugart, 1989). Nitrogen fixation and the potential enrichment of tailings 

should be considered when assessing successful mine tailings revegetation as N-cycling can be 

an indicator of a healthy or at least functioning soil microbial community. 

 Net primary production (NPP) can be used to assess the health of a revegetated mine 

tailings. Primary productivity is the creation of organic matter from CO2 by photosynthetic 

organisms through photosynthesis (Lieth and Whittaker, 1975). A fraction of the fixed carbon 

produced by autotrophs is used for respiration and homeostasis. The remaining fixed carbon, 

referred to as net primary productivity, is available for non-photosynthetic organisms. By 

convention, NPP is measured as units of biomass per area per time and can be useful for 

assessing ecosystem health since plants directly or indirectly provide the energy and materials 

required by most heterotrophic organisms (Lieth and Whittaker, 1975). Currently, NPP has yet to 
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be measured in revegetated mine tailings. In boreal forests, NPP varies with successional stages 

and, in turn, stand type (Gower et al., 2001; Goulden et al., 2011). In general, NPP is relatively 

low following disturbance where nutrients are limited, but increases with time and peaks in mid-

succession when vegetation becomes more established and nutrients accumulate in the soil 

(Goulden et al., 2011). However, in late succession, when competition for nutrients becomes 

intense and nutrient cycling decreases, NPP declines (Kimmins, 2004). In the case of revegetated 

mine tailings, NPP is likely to be low by comparison possibly due to heavy metal toxicity and 

low nutrient levels. Nevertheless, measuring NPP in revegetated mine tailings, natural or 

anthropogenic, could be indicative of plant productivity and health at the community scale. 

Indeed, it would be interesting to see how plant communities in revegetated mine tailings 

compare to communities in boreal forests unaffected by mine tailings. 

 Water-holding capacity, carbon to nitrogen ratio, and carbon quality should be analyzed 

in soil analyses when considering which amendment to use in revegetation efforts. The 

amendment or rather the parent material for the future soil should be able to support not only 

plant growth, but also microbial life for proper nutrient cycling and, thus, self-sustainability 

(Brady and Weil, 2008). Ecosystem parameters such as decomposition rates, nitrogen fixation, 

and NPP should also be measured and could be indicative of the restoration of ecological 

functions. 

2.6 Conclusions 

 The goal of a successful ecological restoration is to restore an ecosystem to its original 

state in terms of species composition, biodiversity, and function (Choi, 2004). In mine tailings, 

such a goal could potentially be unrealistic (Winterhalder, 1996). For practical purposes, the 
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alternative option would be to create a self-sustaining ecosystem that closely resembles the 

original prior to the disturbance (Sudbury Area Risk Assessment Group, 2008). However, 

successful restoration of mine tailings requires considerable resources and time (Choi, 2004). 

Several authors have argued that, "the time-constrained bias of human perception could limit our 

assessment of reference dynamics for ecological systems" (Choi, 2004 and references therein). 

Restricting research or studies within a relatively short time (ca 2-5 years) is insufficient in order 

to evaluate successful revegetation and/or restoration. Periodic monitoring of revegetated tailings 

is also essential for future studies in order to discern any patterns in succession; observe how soil 

develops from amendments; the restoration of ecological processes such as nutrient cycling; and 

the potential movement of metals through the food web (Choi, 2004; Li, 2006). 
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3. Materials and Methods 

 In order to evaluate the success of mine tailings revegetation, information regarding 

revegetated mine tailings was gathered by contacting Manitoba Innovation, Energy, and Mines 

(MIEM), mining companies (Hudbay Minerals Inc. and Vale), and the environmental consulting 

firm Stantec (formerly TetrES) to determine mine tailings site history, site descriptions (area, 

tailings deposition, etc.), and which organic amendments and plants species were used during 

revegetation. 

 Four artificially revegetated sites were visited during the spring and summer months of 

2010: Central Manitoba Tailings, South Tailings Area, East Tailings Management Area, and 

South Beach. The Ogama-Rockland, a site that revegetated naturally, was visited in summer 

2011 and used as a contrast to artificially revegetated sites. 

3.1 Site Descriptions 

3.1.1 Central Manitoba Tailings 

 The Central Manitoba Tailings pond is located in Nopiming Park, Manitoba (50° 54' 16" 

N 95° 20' 6" W). The gold mine tailings cover 20 hectares of land and generate acid with a pH of 

3 to 6 (Londry and Sherriff, 2005; Szczerski, 2007). Preliminary elemental analysis of 

unamended tailings indicated the site had elevated concentrations of As, Cd, Cr, and Cu (Table 

1). Four 4.3 m x 3 m revegetation trial split plots were set up in 2003 on the tailings, on the east 

side of highway #304 (Szczerski, 2007). Prior to amendment application, the tailings were roto-

tilled to a depth of 15 cm. Each plot was then divided into four 3 m x 0.7 m treatment blocks 

with each block corresponding to an application rate of modified humic substances from 

BlackEarth Humates Ltd. (Figures 1, 2). The humic substances from BlackEarth Humates Ltd. 
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were modified through proprietary processes to increase water solubility. The application rates of 

0, 7.5, 11.3 and 15 g modified humic substances per kg tailings were used in order to achieve the 

following concentrations of carbon: 0, 2, 3 and 4 g C kg-1 tailings, respectively (Ibrahim and 

Goh, 2004). The application rates were based on the assumption that the mass of unamended 

tailings in a treatment block was approximately 425 kg, determined from the bulk density of 

tailings (1347 kg m-3). Each treatment block was then further divided into five 0.5 m x 0.5 m 

subplots with each subplot seeded with a different plant species. The subplots were seeded with 

Brassica juncea (L.) Czern. (Indian mustard), Poa pratensis L. (Kentucky bluegrass), Festuca 

pratensis Huds. (meadow fescue), Medicago sativa L. (alfalfa), or Elymus trachycaulus (Link) 

Gould ex Shinners (formerly Agropyron trachycaulum) (slender wheatgrass) at a rate of 100 

seeds per species per plot. The plots were fertilized with 7.5 L (3.8 g L-1) of 20-20-20 NPK 

(Plant ProdTM). In 2004, another four 5.7 m x 3 m split plots were established in a similar manner 

as the 2003 plots, but with the addition of two treatments: 7.5 and 15 g of unmodified humic 

subtances per kg of tailings (2 and 4 g C kg-1). The unmodified humic substances had lower 

water solubility and lower pH (3.9). The 2004 plots were seeded with Thinopyrum ponticum 

(Podp.) Barkworth & D.R. Dewey (formerly Agropyron elongatum) (tall wheatgrass), E. 

trachycaulus, F. pratensis, Festuca rubra L. (red fescue), and M. sativa at a rate of 100 seeds per 

species per plot (Figure 3). The plots were fertilized with 7.5 L (7.4 g L-1) of 20-20-20 NPK 

(Plant ProdTM). Throughout the experiment in 2003 and 2004, M. sativa had the highest 

survivorship and dry biomass (Szczerski, 2007).
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Table 1. Preliminary elemental analysis of unamended tailings from Central Manitoba Tailings, Flin Flon, Lynn Lake, Thompson, and 

Ogama-Rockland. The concentration range of each element was determined from two samples using instrumental neutron activation 

analysis and inductively coupled plasma-mass spectrometry. Only elements potentially toxic to plants and common to metalliferrous 

mine tailings are presented below. 

Elements Sites  

(mg kg-1) Central Manitoba Tailings Flin Flon† Lynn Lake Thompson Ogama-Rockland 

Al 37,800-38,100 78,800-95,400 54,300-68,400 50,500-53,800 31,300-35,900 

As 6.6-7.4 6.7-17.6 0.5-3 35.2-56 137-205 

Cd 0.9-1 0.7-2.2 0.6 0.4-0.7 < 0.3 

Co 35-36 20-29 27 32-54 6-8 

Cr 87-252 99-129 812-958 546-580 2-29 

Cu 1,500-6,310 70-425 185-204 164-183 294-467 

Fe 34,700-65,200 44,200-48,800 70,000-93,900 14,500-17,1000 18,800-23,600 

Mn 301-458 571-641 1,070-1,170 655-843 231-297 

Ni 30-69 57-88 288-365 937-1,770 15-21 

Pb 21-26 20-55 5-7 17-27 3-9 

Zn 41-109 138-864 119-125 104-120 35-54 

† - the tailings at this site were capped with slag and clay and only clay samples could be obtained for elemental analysis 
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Figure 1. Schematic of a 2003 trial plot (Szczerski, 2007). The plot was divided into four 

treatment blocks and further subdivided into five subplots. The numbers inside the subplots 

represent different plant species. Empty blocks in the schematic represent buffering zones to 

control for nutrients potentially leaching into other subplots and/or treatment blocks.
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Figure 2. A 2003 plot amended with modified humic substances in Central Manitoba Tailings, Nopiming Park, Manitoba.
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Figure 3. Schematic of a 2004 trial plot (Szczerski, 2007). The plot was divided into five 

treatment blocks and further subdivided into five subplots. The numbers inside the subplots 

represent different plant species. Empty blocks in the schematic represent buffering zones to 

control for nutrients potentially leaching into other subplots and/or treatment blocks. 
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3.1.2 South Tailings Area 

 The South Tailings Area (referred to as "Flin Flon" hereafter) is located near the town of 

Creighton, Saskatchewan (54° 45' 44" N 101° 54' 13" W) and is managed by Hudbay Minerals 

Inc. The copper-zinc mine tailings have a pH of 5.5 (Prairie Plant Systems Inc., 2004) and 

preliminary elemental analysis indicated the site had elevated concentrations of As, Cd, Cr, Cu, 

Mn, and Zn (Table 1). Revegetation experiments were carried out on sloped and flat terrain in 

2004 and 2006 (Figure 4). However, due to subsequent alteration of the sloped area, only the flat 

terrain will be discussed. 

 The 2004 plots from the first experiment were assigned either a slag cover of 30-60 cm 

(thin) or 100-125 cm (thick) (Prairie Plant Systems Inc., 2004). Each slag cover was then 

covered with a layer of clay of 5-8 cm or 10-13 cm of thickness. Finally, each combination of 

varying slag and clay thickness received one of the following organic amendments: peat, straw 

mats, or none (control). Each combination was replicated three times for a total of 36 plots (2 

slag thicknesses x 2 clay thicknesses x 3 cover types x 3 replicates = 36 plots). Each plot was 3 

m x 4 m (Figure 4). The plots were seeded with the following species: Agrostis stolonifera L. 

(creeping bentgrass), Elymus trachycaulus (Link) Gould ex Shinners (formerly Agropyron 

trachycaulum) (slender wheatgrass), Elymus trachycaulus subsp. subsecundus (Link) Á. Löve & 

D. Löve (formerly Agropyron subsecundum) (awned wheatgrass), and Chamerion angustifolium 

(L.) Holub (formerly Epilobium angustifolium) (fireweed) at rates of 10, 15, 15, and 0.5 kg seed 

ha-1, respectively. All plots received 200 kg of 13N-16P-10K-0.1B fertilizer per hectare each 

spring until 2009 (Little, personal communication, 2010). 

 The 2006 plots had two surface treatments (Prairie Plant Systems Inc., 2004). The first 

treatment had a 10 cm clay cap with a peat/clay (70:30, v/v) mixture spread over the cap at
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Figure 4. The South Tailings Area: (A) an aerial overview of the 2004 and 2006 plots (image courtesy of Hudbay Minerals Inc., 

2010), (B) a 2004 Main plot amended with peat, (C) the 2004 Slope plots prior to expansion (image courtesy of Hudbay Minerals Inc., 

2010), and (D) the Slope plots after expansion in 2010.
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3-5 cm thickness as an amendment. The second treatment had no clay cap, but with the same 

peat/clay amendment spread over slag at 10 cm thickness. The plots were seeded with Agrostis 

stolonifera, A. scabra Willd. (ticklegrass), Elymus trachycaulus, and E. trachycaulus subsp. 

subsecundus, Deschampsia cespitosa (L.) P. Beauv. (tufted hair-grass), Poa alpina L. (alpine 

blue grass), Elymus innovatus Beal (hairy wildrye), and Vicia americana Muhl. ex Willd. 

(American vetch) at rates of 7.5, 1.5, 12, 12, 10, 10, 10, and 7 kg seed ha-1, respectively. In the 

2004 experiment, clay was reported to have no effect on plant growth regardless of application 

rate (Prairie Plant Systems Inc., 2004). Agrostis stolonifera achieved the greatest cover in the 

thin slag plots while Elymus trachycaulus and E. trachycaulus subsp. subsecundus achieved the 

greatest cover in the thick slag plots. Chamerion angustifolium was reported to be absent in all 

plots. In the 2006 experiment, plant cover increased with increased fertilizer application as 

capped plots with high fertility and high fertility/diversity had the highest plant cover while the 

low fertility/high diversity plots had the lowest cover. A similar trend was also reported for plots 

without a cap, although capped plots had higher percent cover by comparison. 

3.1.3 East Tailings Management Area 

 The east tailings management area (referred to as "Lynn Lake" hereafter) is located near 

the town of Lynn Lake, Manitoba (56°50'59.49" N 101°00'16.80" W). The impoundment was 

created from the deposition of approximately 20 million metric tonnes of nickel-copper mine 

tailings generated from the mining activities of Sherritt Gordon Mines Limited (Sherriff and 

Hozhina, 2004). The tailings now cover at least 200 hectares of land and generate acid with a pH 

of approximately 2 to 4. Preliminary elemental analysis of unamended tailings indicated the site 

had elevated concentrations of As, Cr, Cu, and Mn (Table 1). 
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 Revegetation attempts were done by constructing four windrows in the springs of 2007 

and another four in 2008 (TetrES Consultants Inc., 2008). The windrows were laid on tailings 

and were composed of 50% peat and 50% gravel (Figure 5). Each windrow is 20 cm deep, 5 m 

wide, and approximately 40 to 240 m long. The 2007 windrows varied in length (40, 135, 200 or 

240 m) whereas the 2008 windrows were of uniform length (240 m). Large woody debris was 

laid down along both sides of the windrows to protect the vegetation against desiccation. The 

windrows were planted with Picea mariana (Mill.) Britton, Sterns & Poggenb. (black spruce) 

and Pinus banksiana Lamb. (Jack pine). It was expected that the intact plants and seeds in the 

peat would colonize the tailings over time. 

 Preliminary plant monitoring activities in 2008 showed that the majority of the planted P. 

mariana and P. banksiana survived (TetrES Consultants Inc., 2008). In addition, species from 

the surrounding vegetation and species present in the seed bank of the peat were found growing 

on the windrows (Figure 6). 

3.1.4 South Beach 

 The South Beach (referred to as "Thompson" hereafter) nickel-copper mine tailings pond 

is located approximately 5 km south of Thompson, Manitoba (55° 38' N 97° 9' W) and is 

managed by the mining company Vale. The tailings generate acid with a pH of approximately 

3.5 (Sherriff et al., 2004; Hozhina and Sherriff, 2005) and preliminary elemental analysis of 

unamended tailings indicated the site had elevated concentrations of As, Cr, Cu, and Mn (Table 

1). 

 The trial plots at South Beach were reported to have been capped with either slag or 

waste rock and amended with either tree debris, horse manure, limestone, or sewage sludge in 

2003 (Figure 8). The plots were seeded with the following species: Poa pratensis L. (Kentucky 
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bluegrass), Poa palustris L. (swamp meadowgrass), Calamagrostis stricta (Timm) Koeler (slim-

stem reed Grass), Agrostis scabra Willd. (ticklegrass), Festuca saximontana Rydb. (Rocky 

Mountain fescue), Elymus trachycaulus (Link) Gould ex Shinners (formerly Agropyron 

trachycaulum) (slender wheatgrass), Elymus canadensis L. (Canada wildrye), Koeleria 

macrantha (Ledeb.) Schult. (prairie junegrass), Alopecurus aequalis Sobol. (shortawn foxtail), 

and Helianthus annuus L. (annual sunflower). Plant growth during the experiment was not 

reported in the documents obtained. 

3.1.5 Ogama-Rockland 

 The Ogama-Rockland tailings is located in Nopiming Provincial Park, Manitoba (50° 

53.04' N, 95° 23.53' W) (Londry and Sherriff, 2005). The site was created from the processing of 

126 kilotonnes of ore from a gold mine between 1942 and 1951. The gold mine tailings have a 

pH of approximately 7.44. Preliminary elemental analysis of unamended tailings indicated the 

site had elevated concentrations of As and Cu (Table 1). The site was reported to be nearly 

completely naturally revegetated (Slivitzky, 1996), but no further information on the vegetation 

or the site itself was available at the time of this study.
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Figure 5.  The layout and orientation of the 2007 (red) and 2008 (yellow) windrows in Lynn Lake, Manitoba (TetrES Consultants 

Inc., 2008). 
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Figure 6. A 2007 windrow colonized by Picea mariana (Black Spruce) and Equisetum arvense (Common Horsetail) in Lynn Lake, 

Manitoba. 
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Figure 7. The (A) slag + sewage sludge, (B) waste rock + horse manure, (C) waste rock + limestone, and (D) waste rock + dead tree 

lattice plots at the South Beach tailings, Thompson, Manitoba.
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3.2 Field Sampling 

In the spring and summer of 2010 and 2011, the five revegetated tailings were visited and 

compared in terms of vegetation cover, type of plant communities that have developed on each 

site, and tailings physicochemical structure. 

3.2.1 Vegetation Sampling 

 In each artificially revegetated site, experimental (amended) and unamended tailings, 

when available, were sampled for percent cover and species richness using the quadrat method 

(Gauch, 1982; Ludwig and Reynolds, 1988). The total cover of individual species in a 1 m2 

quadrat was determined and so cover can exceed 100% as opposed to whole plot cover. In 

Central Manitoba, Flin Flon, and Thompson, entire plots were sampled due to their relatively 

small size (Table 2). In Lynn Lake, three transects were established every 25 m along each 

windrow and quadrats were laid every metre along each transect, except for the 2007 windrow 

that was 40 m long. For the 40 m long 2007 windrow, three transects were established every 10 

m instead, although the sampling method was the same. Plants and lichens were collected and 

keyed out with a dissecting microscope and a number of identification manuals (Scoggan, 1957; 

Conard, 1959; Crum, 1976; Ireland, 1982; Farrar, 1995; Harris and Harris, 1995; Johnson et al., 

1995, Brodo et al., 2001; Royer and Dickinson, 2006). Species richness (total number of plant 

species per m2) and Simpson's Diversity Index were calculated for each treatment in each site 

(Krebs, 1999). 
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Simpson's Diversity Index was calculated as: 

 

ni - percent cover of a specie in a quadrat divided 

N - percent cover of all vegetation in a 1 m2 quadrat 

 

Unlike the four mine tailings sites visited in 2010, the Ogama-Rockland has naturally 

revegetated since the deposition of tailings in 1942 and 1951 (Londry and Sherriff, 2005). 

Londry and Sherriff (2005) described the site as being "almost completely revegetated." 

However, the precise area of the site is currently unknown and, consequently, the proportion of 

unvegetated tailings relative to vegetated tailings is also uncertain. At the time of visit in 2011, 

the vegetation observed on the site was also variable in terms of ground cover and species 

composition. 

The Ogama-Rockland site was stratified into four areas based on vegetation cover (Figure 

8). The first or "bare" stratum had very little or no vegetation. The second or "sparse" stratum 

was sparsely vegetated with herbaceous and young woody species. The third or "open canopy" 

stratum had complete or near complete ground cover with mature trees and an open canopy. The 

final or "closed canopy" stratum had complete ground cover with mature trees and a closed or 

nearly closed canopy. A mature tree is defined as a woody, single stemmed plant with a height of 

at least 3.048 m (Farrar, 1995). In each area or stratum, three 8 m x 8 m plots were randomly 

established. A preliminary vegetation survey was conducted in each stratum to determine species 

composition. Due to the difficulty of assessing species richness of the entire site, the jackknife 

estimate was calculated as described by Krebs (1999):
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Figure 8. The Ogama-Rockland site and the various strata of vegetation: (A) Bare, (B) Sparse, (C) Open canopy and (D) Closed 

canopy.
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Ŝ = s + (n – 1 / n) × k 

where Ŝ = jackknife estimate of species richness 

 s = observed total number of species present in n plots 

 n = total number of plots sampled 

 k = number of unique species 

The variance of the jackknife estimate was calculated with the following equation: 

 

where var(Ŝ) = variance of jackknife estimate of species richness 

 fJ = number of plots containing j unique species (a species found in only one plot) 

 k = number of unique species 

 n = total number of plots 

3.2.2 Tailings Sampling 

 The revegetated plots from Central Manitoba Tailings were divided into 1 m2 grids and in 

each grid, amended tailings were collected to a depth of 15-20 cm. Four samples of unamended 

tailings 3 m from the plots were also randomly collected to a depth of 15-20 cm. In this study, 

the 0 C g kg treatment in both the 2003 and 2004 plots is considered amended since fertilizer was 

applied 6 to 7 years earlier. In Flin Flon, two subsamples of clay were collected from each 2004 

plot to a depth of 15-20 cm since the tailings were capped with clay and slag and proved to be 

inaccessible. In the 2006 experiment, only the high diversity plots were sampled since the other 

treatments visually contained little or no vegetation. Furthermore, fertilizer concentration (low or 
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high) was omitted as a treatment since the plots no longer received fertilizer after 2009 (Little, 

personal communication, 2010), which results into 2 treatments for the 2006 plots: plots with or 

without a peat/clay cap. Two subsamples of clay were randomly collected per plot. In Lynn 

Lake, 3 transects were established every 25 m along each windrow and amended tailings were 

collected every metre along each transect, except for the 2007 windrow that was 40 m long. For 

the 40 m long 2007 windrow, three transects were established every 10 m instead, although the 

sampling method was the same. In Thompson, 6 subsamples of tailings were collected randomly 

from each plot to a depth of 15-20 cm. All unamended tailings were also randomly sampled to a 

depth of 15-20 cm. Unamended and amended tailings were air-dried at 25°C, passed through a 2 

mm sieve, and stored until further analysis. A summary of the plots sampled in each artificially 

revegetated site is listed in Table 2. 

In Ogama-Rockland, tailings were collected to a depth of 15-20 cm for preliminary 

physicochemical analyses. Five subsamples per plot in each stratum were collected to minimize 

variation. Tailings were stored as described previously.
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Table 2. A summary of which plots or windrows were sampled in each artificially revegetated site. 

Site Year Treatment Replicates Subsamples 

Central Manitoba Tailings† 2003 0 g kg-1 4 12 

 2003 2 g kg-1 4 12 

 2003 3 g kg-1 4 12 

 2003 4 g kg-1 4 12 

 2004 0 g kg-1 4 12 

 2004 2 g kg-1 4 12 

 2004 3 g kg-1 4 12 

 2004 4 g kg-1 4 12 

 2004 2 g kg-1* 4 12 

 2004 4 g kg-1* 4 12 

Flin Flon† 2004 Thick Slag/Thin Clay/Control 3 6 

 2004 Thick Slag/Thin Clay/Matting 3 6 

 2004 Thick Slag/Thin Clay/Peat 3 6 

 2004 Thick Slag/Thick Clay/Control 3 6 

 2004 Thick Slag/Thick Clay/Matting 3 6 

 2004 Thick Slag/Thick Clay/Peat 3 6 

 2004 Thin Slag/Thin Clay/Control 3 6 

 2004 Thin Slag/Thin Clay/Matting 3 6 

 2004 Thin Slag/Thin Clay/Peat 3 6 

 2004 Thin Slag/Thick Clay/Control 3 6 

 2004 Thin Slag/Thick Clay/Matting 3 6 

 2004 Thin Slag/Thick Clay/Peat 3 6 

 2006 Capped – Thin Clay/Peat 6 12 

 2006 Uncapped – Thick Clay/Peat 6 12 
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Table 2. Continued     

Lynn Lake 2007 Windrows 4 24 

 2008 Windrows 4 24 

Thompson† 2004 Limestone 1 6 

 2004 Horse Manure 1 6 

 2004 Sewer Sludge 1 6 

  2004 Tree Debris 1 6 

* - unmodified humic substances 

† - the entire plot area was sampled for vegetation analysis
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3.2.3 Elemental Analysis 

 Instrumental neutron activation analysis and inductively coupled plasma-mass 

spectrometry (ICP-MS) was used to determine the concentration of elements in each stratum at 

the Ogama-Rockland site. Elemental analysis was performed by Activation Labs Ltd. using 0.25 

g of tailings digested with hydrofluoric acid and then a mixture of nitric and perchloric acids 

(Activation Labs Ltd., 2011). Following digestion, a Varian ICP was used to analyze the 

samples. 

3.2.4 pH 

 The pH of tailings was determined by mixing 25 ml of tailings and 50 ml of 0.01 M CaCl2 

(Schofield and Taylor, 1955). The mixture was stirred for 30 min with a mechanical shaker (New 

Brunswick Scientific Company) and then allowed to settle for another 30 min. The pH of the 

supernatant was measured using an Accumet probe (Fisher Scientific) and an Orion3 Star meter 

(Thermo Scientific). 

3.2.5 Electrical Conductivity 

 Electrical conductivity was measured by mixing 25 ml of tailings and 50 ml of distilled 

water (Kalra and Maynard, 1991). The mixture was stirred for 1 h with a mechanical shaker 

(New Brunswick Scientific Company) and then filtered with a Buchner funnel and a Whatman # 

42 filter paper. The filtrate was measured for electrical conductivity with a conductivity probe 

(Traceable, Fisher Scientific) and a salinity Traceable Portable conductivity meter (Fisher 

Scientific). 
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3.2.6 Bulk Density 

The bulk density of unamended and amended tailings was determined by collecting 100 

to 400 ml soil cores with a 7.5 cm diameter core sampler in all sites (Blake, 1965). Cores were 

oven dried to a constant weight at 105°C. Bulk density was calculated with the following 

equation: 

Bulk Density = mass of oven-dried tailings / volume of soil core 

3.2.7 Extractable Inorganic Phosphate 

 Extractable phosphate was determined by adding 50 ml of 0.5 M NaHCO3 adjusted to a 

pH of 8.5 with 1 M NaOH to 2.5 g of oven dried tailings (Kalra and Maynard, 1991). The 

mixture was mixed on a reciprocal shaker (Burrell Corp.) for 30 min and filtered through a 

Whatman # 42 filter paper. One ml of 2.5 M H2SO4, 15.5 ml of distilled water, 8 ml 0.03 M of 

ascorbic acid (C6H8O6) dissolved in 0.005 M ammonium molybdate [(NH4)6 Mo7O24·4H2O] and 

4 mM antimony potassium tartarate [K(SbO)C4H4O6·½H2O] were then added to 10 ml of filtrate. 

An additional 15.5 ml of distilled water was added to make up the volume to 50 ml. The 

resulting mixture was vortexed with a miniRoto vortex (Fisher Scientific) for 1-2 seconds. The 

absorbance of the samples was measured with a spectrophotometer (Pharmacia Biotech) set at 

882 nm. The concentration of extractable phosphate was determined with a standard curve using 

0 mM, 1.29 mM, 3.22 mM, 6.44 mM, 9.66 mM, and 12.88 mM of KH2PO4. 

3.2.8 Extractable Inorganic Nitrogen 

 Extractable inorganic N was determined by adding 100 ml of 2 M KCl to 25 g of tailings 

(Kahn et al., 2000). The mixture was mixed for one hour on a mechanical shaker (New 

Brunswick Scientific Company) and allowed to settle for 24 h. Fifty ml of supernatant was then 
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obtained by passing the mixture through a 70 µm sieve. The filtrates were then transferred in 

modified 500 ml sealed, glass jars. The glass jars were modified by attaching a plastic cup 

underneath the lid with a 2 inch steel screw and a plastic twist-tie (Figure 9). At least 0.2 g of 

MgO and 0.2 g of Devarda's Alloy were added to the filtrate. The mixture was swirled and 

allowed to settle for 15 sec. Four ml of boric acid pH indicator solution was then added to the 

plastic cup. The indicator was prepared by dissolving 1.1 mM bromocresol green and 2 mM 

methyl red in 25 ml of ethanol and added to approximately one liter of 0.65 M boric acid at pH 

4.2-4.3. The reaction mixture was allowed to incubate in the glass jar for seven days. Following 

incubation, the boric acid indicator was titrated with 0.0025 M H2SO4. The extractable inorganic 

N was determined with a standard curve, with the standard containing both (NH4)2SO4 and 

KNO3. 

3.2.9 Extractable Organic Carbon 

Extractable organic C was determined from 2.5 g of oven-dried tailings passed through a 

0.5 mm sieve (Kalra and Maynard, 1991). Ten ml of 0.1667 M K2Cr2O7 and 20 ml of 

concentrated H2SO4 were added to the tailings and swirled for one minute. The mixture was 

allowed to incubate for 30 min. Following incubation, 30 ml of distilled H2O and four drops of 

0.025 M ortho-phenanthroline ferrous sulfate indicator were added to the mixture. The mixture 

was titrated with 0.5 M FeSO4. Two blanks (10 ml 0.1667 M K2Cr2O7 and 20 ml concentrated 

H2SO4) were also prepared for every 50 samples. 
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Extractable organic carbon was calculated with the following equation: 

                          V1 – V2 

C (%) = M × ––––––––––––– × 0.39 

                      mass of tailings 

M - molarity of FeSO4 

V1 - volume of 0.5 M FeSO4 required to titrate a blank 

V2 - volume of 0.5 M FeSO4 required to titrate a sample 

0.39 - the number is based on 3 × 10-3 × 100 × 1.3, where 3 is the equivalent weight of C and 1.3 

is a compensation factor for the incomplete oxidation of organic matter in the procedure 

3.2.10 Statistical Analyses 

 In artificially revegetated sites, plant cover, species richness, Simpson's Index, and tailings 

physicochemical structure were compared between the different amended and unamended 

tailings within each site. Statistical analyses were performed with Tukey's HSD (Honestly 

Significant Difference) test following ANOVA using the JMP software version 5.0 (SAS 

Institute Inc., Cary, North Carolina). Statistical analysis was omitted for Thompson since each 

treatment only had one replicate or plot.
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Figure 9. The (a) modified glass jar and (b) lid used for determining extractable inorganic nitrogen.
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3.3 Greenhouse Experiments 

Comparing plant cover between sites from the field study proved challenging due to 

variation in species composition, length of growing season, amount of precipitation, prevailing 

edaphic conditions, and distance between sites. Therefore, greenhouse experiments were 

conducted in order to compare plant growth between unamended and amended tailings within 

and between sites. 

3.3.1 Greenhouse Experiment 1 

 In order to compare the efficacy of the amendments examined in the field study, 

Medicago sativa cv. Survivor (alfalfa) was grown in unamended and amended tailings from 

Central Manitoba Tailings, Lynn Lake, and Thompson or clay from Flin Flon. In Flin Flon, only 

clay samples could be collected since the tailings were capped with slag and clay and proved 

inaccessible. 

3.3.1.1 Tailings Collection and Experimental Set-up 

 Unamended and amended tailings or clay were collected from Central Manitoba Tailings, 

Flin Flon, Lynn Lake, and Thompson to a depth of 15-20 cm as described in section 3.2.2.1. In 

Central Manitoba Tailings, amended tailings were collected from each treatment from both 

experimental years. In Flin Flon, clay samples were collected from plots with no amendment and 

plots amended with straw matting. In Lynn Lake, amended tailings were collected from each 

windrow in both experimental years. In Thompson, amended tailings were only collected from 

the sewage sludge plot. Following collection, samples were air-dried at 25°C and bulked by 

treatment for each site. Samples were passed through a 2 mm sieve to create a more 
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homogeneous media. In addition, commercial potting media (Premium Nature Mix by Hortibec) 

consisting of peat, woodchips, compost and perlite was used as a control. 

 The media were allowed to equilibrate for 15 days in one liter plastic pots and placed in 

four liter white ice cream buckets in order to prevent the leaching of tailings. The pots were 

seeded with Sinorhizobium melilotii-inoculated Medicago sativa L. cv. Survivor (alfalfa) 

supplied by Brett Young Seeds, Winnipeg, Manitoba, Canada. M. sativa was chosen based on its 

adaptability, N-fixation ability, and capacity to grow and survive on mine tailings (Szczerski, 

2007; Green and Renault, 2008; Erice et al., 2011; Slama et al., 2011). The Survivor cultivar was 

chosen based on its ability to tolerate drought and its high yield potential (Brett Young, 2012).  

Twenty seeds were sown in each pot. After 50 days, the number of plants in each pot was 

thinned to 10. Each treatment from each site had 10 replicates (pots) (Figure 10). The positions 

of the pots were randomized once a week to eliminate positional effects (Das and Maiti, 2009). 

The plants were grown under a photoperiod of 14 hours under supplemental lighting at 25 ± 3C 

for 80 days and watered daily with 100 ml of distilled water. The watering regime was based on 

a previous preliminary experiment where wet-dry cycles occurring in the field were simulated. In 

the preliminary experiment, it was determined that precisely one litre of air-dried unamended and 

amended tailings from Central Manitoba would saturate with water at a water content of 0.400 

m3 water m-3 tailings by watering 100 ml of distilled water from above and another 700 ml from 

the bottom. The volumetric moisture content remained approximately at 0.4 m3 water  m-3 

tailings and did not decrease until the water at the bottom of the ice cream buckets evaporated. 

Therefore, the pots were watered with 100 ml of distilled water from above and 300 ml from 

below in order to achieve saturation or near saturation levels. Volumetric moisture content 
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Figure 10. The experimental set-up of the first growth experiment.
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readings were done daily following watering with an ML2x Theta Probe and an HH2 moisture 

meter (both from Delta T, Inc). Once the moisture content of a pot dropped below 0.1 m3 m-3, the 

plants were watered with 100 ml from above and the remaining volume required to reach near 

saturation levels from the bottom. For example, if a given pot had a reading of 0.05 m3 m-3, the 

pot was watered with 100 ml from above and 250 ml from the bottom to reach near saturation or 

0.4 m3 m-3. 

In the current experiment, the same watering regime was employed, but later modified 

since the 300 ml of water added below was not completely absorbed by the media. In the 

preliminary experiment, precisely one litre of tailings was used, but in the current experiment, 

pots were completely packed with tailings. The poor physical structure and increased volume of 

tailings likely prevented water from reaching the seeds near the surface. As a consequence, 100 

ml of distilled water was added from the top initially. In subsequent waterings, the volumetric 

moisture content was determined and if a reading was ≤ 0.05 m3 m-3, up to 50 ml of distilled 

water was added from the top to reach a moisture content of 0.1 m3 m-3. 

3.3.1.2 Tailings and Potting Media Physicochemical Structure 

 The pH, electrical conductivity, extractable inorganic phosphate, extractable inorganic 

nitrogen, and extractable organic carbon of the growth media were determined prior to seeding 

and after harvest as described in sections 3.2.4, 3.2.5, 3.2.7, 3.2.8, and 3.2.9, respectively. Bulk 

density prior to seeding was estimated by placing 10 g of air-dried media into a graduated 

cylinder and allowing the media to settle with the volume recorded (Foth et al., 1971). Bulk 

density post harvest was determined by collecting clods that were approximately two cm in 

diameter from each pot (Blake, 1965). The clods were collected by carefully scooping media 

from the pots with a silver spoon. The clods were wrapped in saran wrap and placed in graduated 
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cylinders with a known volume of water. The volume of each clod was determined by measuring 

the amount of water displaced in the cylinder. The clods were then oven dried to a constant 

weight at 105°C and weighed. Bulk density was calculated as described in section 3.2.6. 

Analyses prior to seeding had four replicates while analyses post harvest had 10 replicates. 

3.3.1.3 Growth Measurements 

 The pots were monitored daily for germination for two weeks. A seed was considered 

germinated when the hypocotyl protruded through the tailings or potting media (control) (Al-

Whaibi et al., 1983). Any seedlings that germinated after two weeks were removed from pots. At 

the time of harvest, two plants were randomly selected from each pot for biomass measurement. 

The plants were rinsed with distilled water three times to remove tailings and other debris 

(Mustard and Renault, 2006). The plants were then blotted dry and weighed for fresh biomass. 

Afterwards, roots and shoots were separated and freeze-dried for 48 hours. Plant tissues were 

weighed for dry biomass and root to shoot ratios were calculated. 

3.3.1.4 Photosynthesis and Transpiration 

Photosynthetic and transpiration rates were determined with a LI-6400 Portable 

Photosynthesis System (LI-COR) by selecting a mature leaf from the top 5 cm of a 75 day old 

plant (Figure 11). Measurements were made between 11:30 and 12:30 PM when plants were 

most photosynthetically active. The leaf received 300 μmol m-2 s-1 of photosyntheically active 

radiation and a constant flow of CO2 at a rate of 400 μmol s-1. Photosynthesis and transpiration 

were calculated on a per unit of leaf area basis. Leaf area was determined with a LI-3100 Area 

Meter (LI-COR). Each analysis was replicated ten times for each treatment. 
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3.3.1.5 Pigments 

One mature leaf was selected from the top 5 cm of a randomly selected plant in each 

treatment and replicate prior to harvest. The leaves were then weighed for fresh biomass and 

clipped into smaller pieces. Chlorophyll a, chlorophyll b, and carotenoids were extracted from 

leaf tissues with four extractions of 2 ml 80% acetone (Mustard and Renault, 2006). The four 

extracts were combined and quantified for pigments with a spectrophotometer (Pharmacia 

Biotech) at wavelengths of 480 nm (A480), 645 nm (A645), and 663 nm (A663). The amount of 

pigments in each extract was calculated with the following equations: 

 

Chlorophyll a (mg g-1) = ( (12.72 * A663) – (2.58 * A645) ) * (V/FW) 

Chlorophyll b (mg g-1) = ( (22.87 * A645) – (4.67 * A663)) * (V/FW) 

Carotenoids (mg g-1) = ((A480) + (0.114 * A663) – (0.638 * A645) ) * (V/FW) 

 

V - Total volume of 80% acetone used during extraction (0.008 l) 

FW - Fresh Weight of Leaves (g) 

3.3.1.6 Proline 

Proline was measured since this amino acid accumulates in plants in response to water, 

oxidative, and heavy metal stresses (Ashraf and Foolad, 2007). Fresh leaf tissue (0.5 g) was 

collected from each plant in each treatment and replicate after harvest. Plant tissues were 

homogenized in 5 ml of 3% sulfosalicylic acid and 25 g of sand and centrifuged at 4900 g for 10 

min with a GLC-1 centrifuge (Sorvall) (Bates et al., 1973). One ml of supernatant was then 

added to 2 ml of 1% ninhydrin in 60% glacial acetic acid and incubated at 100°C for 1 h. After 

cooling on ice, 3 ml of toluene were added and the mixture was vortexed for 15 to 20 seconds
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Figure 11. The (a) infra red gas analyzer (IRGA) apparatus and (b) the leaf chamber used to 

measure photosynthesis and transpiration. 
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with a miniRoto vortex (Fisher Scientific). The absorbance of the upper (toluene) phase was 

determined at 520 nm using a spectrophotometer (Pharmacia Biotech). The proline concentration 

was determined with a standard curve using a series of known concentrations of proline. 

3.3.1.7 Statistical Analyses 

Growth measurements, stress responses, and growth media physicochemical structure 

were compared between treatments with Tukey's HSD following ANOVA. Statistical analyses 

were performed with the JMP software version 5.0 (SAS Institute Inc., Cary, North Carolina). 

3.3.2 Greenhouse Experiment 2 

 In the first growth experiment, plants in the unamended and amended Central Manitoba 

Tailings and Lynn Lake failed to germinate or had very limited growth. The experiment was 

repeated with fertilizer added to tailings from Central Manitoba and fertilizer and/or lime added 

to tailings from Lynn Lake to determine if the low pH and/or low nutrients are the limiting 

factors for plant growth. 

3.3.2.1 Tailings Collection and Experimental Set-up 

 In August 2011, unamended and amended tailings were collected from Central Manitoba 

Tailings and Lynn Lake to a depth of 15-20 cm as described in section 3.2.2.1. Tailings from 

Central Manitoba had the following treatments: 1) unamended tailings, 2) unamended tailings 

with fertilizer, 3) amended tailings, and 4) amended tailings with fertilizer. Note that all amended 

treatments from the field in Central Manitoba were combined for this study. Tailings from Lynn 

Lake had the following treatments: 1) unamended tailings, 2) unamended tailings with lime, 3) 

unamended tailings with fertilizer, 4) unamended tailings with lime and fertilizer, 5) amended 

tailings, 6) amended tailings with lime, 7) amended tailings with fertilizer, and 8) amended 
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tailings with lime and fertilizer. In addition, Turface® with fertilizer was used as control as the 

phenolics in the peat in the potting media used in the first experiment inhibited the growth of 

Sinorhizobium melilotii and, in turn, M. sativa. Turface® is made up of calcined clay and was 

used due to its inert nature and the precise amounts of nutrients available to plants can be 

controlled. Rorison's solution was used to fertilize the plants (Hunt and Mackey, 1993). The 

solution was prepared with 2 mM Ca(NO3)2•4H2O, 1 mM MgSO4•7H2O, 2 mM K2HPO4, and 

0.0534 mM of FeEDTA (ethylene diamine tetraacetic acid). The pH of the solution was adjusted 

to 4.50 ± 0.02 prior to the addition of FeEDTA with 1N HCl. Pots in treatments with fertilizer 

received 100 ml of the solution from above. Treatments with lime initially received 16 g of 

dolomitic lime (CaMg)(CO3)2 kg-1 tailings and allowed to incubate for 28 days. The application 

rate used was based on the results of MacLean and Dekker (1976). In their greenhouse 

experiment, it was determined that 8 g (CaMg)(CO3)2 kg-1 tailings was sufficient to neutralize 

tailings with Fe and S concentrations of 12,000 g kg-1 and 13,000 g kg-1, respectively. The 

tailings at Lynn Lake had Fe and S concentrations of 81,950 g kg-1 and 8,050 g kg-1, 

respectively. Following the 28 day incubation period, the pH of limed tailings was determined to 

be approximately 3 to 4. Consequently, another 16 g (CaMg)(CO3)2 kg-1 tailings was added to 

the limed treatments and allowed to incubate for another 28 days. After the second incubation 

period, the pH was determined to be approximately 5.5 to 6.5. 

 One litre pots with bulked tailings or Turface® were seeded with 20 Sinorhizobium 

melilotii-inoculated Medicago sativa L. cv. Survivor (alfalfa) supplied by Brett Young Seeds, 

Winnipeg, Manitoba, Canada. All treatments and control had 10 replicates. The positions of the 

pots were randomized once a week to eliminate positional effects (Das and Maiti, 2009). 
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 The plants were grown under a photoperiod of 14 hours under supplemental lighting at 

25C for 90 days and watered daily with 100 ml of distilled water as described previously. 

3.3.2.2 Tailings and Potting Media Physicochemical Structure 

 The pH, electrical conductivity, extractable inorganic phosphate, extractable inorganic 

nitrogen, and extractable organic carbon of unamended tailings and amended tailings were 

determined prior to seeding and after harvest as described in sections 3.2.4 to 3.2.9. The control 

were excluded from analyses due to the inert nature of Turface® and the difficulty of grinding 

and passing the material through a 2 mm sieve. Analyses prior to seeding had four replicates 

while analyses post harvest had 10 replicates. 

3.3.2.3 Growth Measurements 

 Germination rate, dry biomass, and root to shoot ratio were determined as described in 

section 3.3.1.3. 

3.3.2.4 Photosynthesis and Transpiration 

 Medicago sativa photosynthetic and transpiration rates were determined on 85 day old 

plants as described in section 3.3.1.4. 

3.3.2.5 Electrolyte Leakage 

 Electrolyte leakage was measured to quantify membrane damage (Gonzalez-Mendoza et 

al., 2009). Electrolyte leakage was determined based on a modified protocol by Szczerski (2007) 

and Sharma et al. (2009). Two 85 day old plants per pot were randomly chosen and a mature leaf 

from each plant was harvested. Leaf tissue was sampled with a 0.5 cm diameter core. The 

resulting two 0.20 cm2 leaf disks were placed into 50 ml plastic, culture tubes with 20 ml of de-
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ionized water. Leaf disks were first rinsed for an hour and then transferred into another culture 

tube with 20 ml of de-ionized water. The culture tubes were shaken gently for 2.5 hours, flipped 

gently, and shaken for another 2.5 hours. The conductivity was measured with a conductivity 

meter (Traceable, Fisher Scientific) to obtain the amount of electrolytes that have leaked from 

the leaves. To determine the total electrolyte content, the contents of the tubes were boiled for 15 

minutes to induce membrane damage. The conductivity of the water in the beakers was measured 

24 hours after boiling. Electrolyte leakage was determined with the following equation: 

Electrolyte Leakage (%) = [(a - a0)/(b - a0)] × 100 

a0 – electrical conductivity of water prior to addition of washed leaf disk 

a – electrical conductivity of water after leaf addition and shaking for 5 hours 

b - electrical conductivity of water 24 hours after boiling 

3.3.2.6 Nitrogen Fixation 

 Roots were harvested from a plant selected at random from each pot and incubated in 50 

ml glass jars with five ml of acetylene for an hour (Markham, 2005). Two controls were used: 

jars with five ml of acetylene and no plant materials to account for ethylene in the acetylene and 

jars with roots, but without acetylene to account for ethylene produced by plants as a hormone 

(Raven et al., 2005). A 5 ml sample of air was then extracted with a syringe from each jar. 

Nitrogen fixation was quantified by determining the amount of acetylene reduced to ethylene 

with a Varian 450-GC gas chromatograph (Varian). 

3.3.2.7 Pigments 

 Pigment content was determined as described in section 3.3.1.5. 
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3.3.2.8 Proline 

 Proline content was determined as described in section 3.3.1.6. 

3.3.2.9 Statistical Analyses 

 Growth measurements, stress responses, and tailings physicochemical structure were 

compared between treatments with Tukey's HSD following ANOVA. Statistical analyses were 

performed with the JMP software version 5.0 (SAS Institute Inc., Cary, North Carolina). 
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4. Results 

4.1 Field Experiments 

4.1.1 Central Manitoba Tailings 

4.1.1.1 Vegetation Data 

The effect of modified humic substances on plant growth varied between the 2003 and 

2004 plots. In the 2003 plots, the application of modified humic substances and inorganic 

fertilizers seven years earlier promoted a dense plant cover. The 3 g C kg-1 and 4 g C kg-1 

treatments had the highest plant cover, which exceeded 100%, and were at least 7.5 and 1.5 times 

higher than the 0 g C kg-1 and 2 g C kg-1 treatments, respectively (Figure 12). Brassica juncea 

(Indian mustard) and Festuca pratensis (meadow fescue) were absent in all treatments. Poa 

pratensis (Kentucky bluegrass) was notably present in all treatments despite having zero 

survivorship three months after seeding in the initial experiment (Szczerski, 2007). Elymus 

trachycaulus (slender wheatgrass) accounted for less than 3% cover in the 0, 2, 3 C g kg-1 

treatments and was absent in the 4 g C kg-1 treatment (Appendix 1). Unlike the other planted 

species, Medicago sativa (alfalfa) was relatively abundant and accounted for nearly half of the 

plant cover in the 2, 3, and 4 g C kg-1 treatments (Appendix 1). The remainder of the plant cover 

was provided by both native and non-native volunteer species (Appendix 1). Native species 

including Betula papyrifera (paper birch) Chamerion angustifolium (fireweed), Larix laricina 

(tamarack), Populus tremuloides (trembling aspen), and Salix lucida (shining willow), all of 

which are typical of a disturbed site, comprised only a small portion of the plant cover 

(Appendix 1). Sonchus arvensis (perennial sow-thistle) and Taraxacum officinale (dandelion), 
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both highly invasive non-native species, were the most abundant volunteer species (Appendix 1). 

The control (unamended tailings) had little or no vegetation. 

In the 2004 plots, plant cover in the amendment treatments was lower than the 2003 

plots. There were also no significant differences in plant cover between treatments (Figure 13). 

Festuca pratensis (meadow fescue) and F. rubra (red fescue) were absent in all treatments. E. 

trachycaulus (slender wheatgrass) and Thinopyrum ponticum (tall wheatgrass) accounted for less 

than 4% cover in the 0, 2, 3, and 4 g C kg-1 treatments and the 2 g C kg-1 unmodified humic 

substances treatment (Appendix 2). Both species were also absent in the 4 g C kg-1 unmodified 

humic substances treatment. M. sativa was the most abundant of the planted species, but had 

lower plant cover compared to the 2003 plots. Unlike in the 2003 plots, volunteer species 

comprised a greater proportion of the vegetation (Appendix 2). In addition, native species were 

more abundant than non-native species. Poa pratensis (Kentucky bluegrass) and Salix candida 

(sageleaf willow) were the most common volunteer species and accounted for 6 to 10% of the 

vegetation (Appendix 2). 

There was a significant difference in species richness between the 0 and 2 g C kg-1 

treatments in the 2003 plots where the species richness in the 2 g C kg-1 treatment was two times 

higher than the 0 g C kg-1 (Table 3). However, there were no further differences in species 

richness and diversity between treatments in both experimental years. Overall, a total of 22 

species, in 19 genera, in 13 families were found on site (Appendix 3). It is also interesting to note 

that more than half of the species present in the plots were anemochorous (wind dispersed) 

and/or exhibited clonal growth. Anemochorous species found in the plots included Betula 

papyrifera (paper birch), Chamerion angustifolium (fireweed), Populus spp. (poplars), Rumex 

salicifolius (willow dock), Salix spp. (willows), members of Asteraceae (composite family), and 
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members of Poaceae (grass family). Species capable of clonal reproduction found in the plots 

included Carex aurea (golden sedge), Equisetum variegatum (variegated horsetail), Poa 

pratensis, and Sonchus arvensis. Another interesting observation in the species composition of 

the plots was the near absence of annuals (Appendices 1, 2). The plant species found in the plots 

were perennials with the exception of Potentilla norvegica (rough cinquefoil), which could be an 

annual or a biennial (Johnson et al., 1995).
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Figure 12. Total plant cover of the 2003 plots at Central Manitoba Tailings (Mean ± SE, n = 4). 

Different letters represent significant differences (p < 0.05). 

 

 

 
 

Figure 13. Total plant cover of the 2004 plots at Central Manitoba Tailings (Mean ± SE, n = 4). 

"*" represents treatments amended with unmodified humic substances.
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Table 3. Plant diversity of the 2003 and 2004 plots at the Central Manitoba Tailings (Mean ± 

SE, n = 4). Statistical analyses were conducted separately for each year and different letters 

represent significant differences (p < 0.05). 

Treatments Species Richness m-2 Simpson's Index m-2 

2003   

0 g C kg-1 4.5 ± 1.6b 2.3 ± 0.9a 

2 g C kg-1 9.0 ± 0.9a 2.9 ± 0.4a 

3 g C kg-1 7.8 ± 0.8ab 4.3 ± 0.4a 

4 g C kg-1 7.5 ± 0.7ab 3.6 ± 0.7a 

   

2004   

0 g C kg-1 6.8 ± 0.5a 3.3 ± 0.7a 

2 g C kg-1 5.8 ± 1.3a 3.0 ± 1.0a 

3 g C kg-1 4.8 ± 1.8a 2.4 ± 0.8a 

4 g C kg-1 5.8 ± 0.3a 2.8 ± 0.5a 

*2 g C kg-1 4.5 ± 1.7a 2.7 ± 1.0a 

*4 g C kg-1 4.3 ± 1.7a 2.2 ± 1.1a 

* - unmodified humic substances
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4.1.1.2 Tailings Physicochemical Structure 

In the 2003 plots, modified humic substances had some ameliorative effects on mine 

tailings. While there were no differences found in bulk density between treatments, the bulk 

density of amended tailings was apprximately 50% lower compared to the unamended tailings 

(control) (Table 4). The 2, 3, and 4 g C kg-1 treatments had substantially greater concentration of 

inorganic PO4
-3 compared to the 0 g C kg-1 treatment and unamended tailings (Table 5). The 2 , 3, 

and 4 g C kg-1 treatments contained higher organic C than the 0 g C kg-1 treatment and 

unamended tailings (Table 5). However, there were no significant effects of amendment in a 

number of other parameters. There was no difference in pH (6.64 to 7.21) between unamended 

(control) and amended tailings (Table 4), but it should be noted that pH decreased by 

approximately 0.5 units since 2003 where pH was 7.84 to 7.99 (Szczerski, 2007). Likewise, there 

were no significant differences in electrical conductivity between unamended and amended 

tailings and between treatments (Table 4). However, electrical conductivity also decreased (124 

to 205 mS m-1) in the past seven years where it was 202 to 896 mS m-1 initially. Inorganic N was 

not significantly different between treatments with the exception of the 4 g C kg-1 treatment 

where inorganic N was twice as high compared to the other treatments (Table 5).  

In the 2004 plots, modified and unmodified humic substances had little ameliorative 

effects on mine tailings. Similar to the 2003 plots, there were no differences found in bulk 

density between treatments (Table 4). However, the bulk density of amended tailings was lower 

compared to the unamended tailings. There were no significant differences in pH between and 

amended tailings or between treatments (Table 4). However, pH increased where it was acidic (~ 

3.5) or decreased where it was basic (~ 8.3) in the past six years (Szczerski, 2007). Likewise, 

there were no differences in electrical conductivity between unamended and amended tailings 
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and between treatments (Table 4). However, electrical conductivity also decreased (205 to 303 

mS m-1) in the past six years where it was 202 to 896 mS m-1 initially. Inorganic PO4
-3 was not 

significantly different between treatments and from unamended tailings (Table 5). Inorganic N 

was not different between unamended and amended tailings and between treatments (Table 5). 

Organic C was not different between and from unamended tailings (Table 5). 
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Table 4. Physicochemical structure of amended and unamended tailings from Central Manitoba 

Tailings (Mean ± SE, n = 4). Statistical analyses were conducted separately for each year and 

different letters represent significant differences (p < 0.05). 

Treatments 

 

pH 

 

Electrical Conductivity 

(mS m-1) 

Bulk Density 

(g cm-3) 

Control 6.64 ± 0.67a 205 ± 43a 1.75 ± 0.08a 

    

2003    

0 g C kg-1 7.21 ± 0.05a 162 ± 55a 0.96 ± 0.02b 

2 g C kg-1 7.17 ± 0.06a 196 ± 23a 0.87 ± 0.06b 

3 g C kg-1 7.12 ± 0.07a 139 ± 28a 0.90 ± 0.04b 

4 g C kg-1 7.01 ± 0.03a 124 ± 7a 0.82 ± 0.09b 

    

2004    

0 g C kg-1 5.99 ± 0.92a 273 ± 35a 0.94 ± 0.05b 

2 g C kg-1 5.17 ± 0.89a 303 ± 20a 0.95 ± 0.09b 

3 g C kg-1 7.09 ± 0.07a 231 ± 45a 0.99 ± 0.06b 

4 g C kg-1 6.10 ± 1.00a 211 ± 25a 0.94 ± 0.09b 

*2 g C kg-1 5.27 ± 1.04a 215 ± 43a 1.03 ± 0.05b 

*4 g C kg-1 5.19 ± 1.04a 233 ± 35a 0.94 ± 0.05b 

* - unmodified humic substances 
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Table 5. Extractable inorganic phosphate, inorganic nitrogen, and organic carbon analyses of 

amended and unamended tailings from Central Manitoba Tailings (Mean ± SE, n = 4). Statistical 

analyses were conducted separately for each year and different letters represent significant 

differences (p < 0.05). 

Treatments 

 

Inorganic Phosphate 

(mg kg-1) 

Inorganic Nitrogen 

(mg kg-1) 

Organic Carbon 

(%) 

Control 0.01 ± 0.01d 2.78 ± 1.17a 0.28 ± 0.07a 

    

2003    

0 g C kg-1 0.37 ± 0.03cd 6.19 ± 0.51a 0.35 ± 0.13a 

2 g C kg-1 4.73 ± 0.65b 4.37 ± 0.73a 0.81 ± 0.10b 

3 g C kg-1 3.58 ± 0.61bc 7.41 ± 2.26a 0.90 ± 0.06b 

4 g C kg-1 10.32 ± 1.53a 20.50 ± 4.91b† 0.90 ± 0.07b 

    

2004    

0 g C kg-1 1.19 ± 0.77d 2.09 ± 0.61a 0.32 ± 0.10a 

2 g C kg-1 1.50 ± 1.25d 3.11 ± 1.27a 0.32 ± 0.11a 

3 g C kg-1 3.32 ± 1.81d 3.53 ± 1.44a 1.02 ± 0.11b 

4 g C kg-1 5.90 ± 2.69d 3.56 ± 0.94a 0.67 ± 0.11ab 

*2 g C kg-1 1.52 ± 1.28d 2.79 ± 1.05a 0.49 ± 0.20ab 

*4 g C kg-1 1.38 ± 1.02d 3.11 ± 1.50a 0.34 ± 0.12a 

* - unmodified humic substances 

† - n = 3 
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4.1.2 Flin Flon 

4.1.2.1 Vegetation Data 

In the 2004 plots, there was a significant difference between the thick slag-thick clay-

control treatment and the thin slag-thick clay-peat treatment where the latter had more than twice 

the amount of plant cover than the former (Figure 14). However, there were no differences 

between the other treatments regardless of slag depth, clay depth or amendment type (Figure 14). 

Contrary to previous data, Agrostis stolonifera (creeping bentgrass) was not found in plots with 

thin slag, but rather plots with thick slag where it had less than 1% cover (Appendices 4, 5). 

Elymus trachycaulus (slender wheatgrass) was the most abundant of the planted species in all 

plots. However, the plant cover of E. trachycaulus was still low regardless of slag depth, clay 

depth, or amendment type (Appendices 4, 5). Volunteer or non-planted species comprised only a 

small portion of the plant cover in the 2004 thick slag plots (Figure 14; Appendix 4). Conversely, 

there was a greater proportion of volunteer species in the thin slag plots (Appendix 5). Most of 

the plant cover in the thin slag plots was provided by Ceratodon purpureus (purple horn toothed 

moss); a common moss species typical of disturbed sites.  

In the 2006 plots, the presence or absence of a clay cap and amendment thickness had no 

effect on the vegetation (Figure 15). Agrostis scabra (ticklegrass), A. stolonifera, E. 

trachycaulus, Deschampsia cespitosa (tufted hair-grass), and Poa alpina (alpine blue grass) had 

plant cover values of approximately 3% or less. Elymus innovatus (hairy wildrye) was absent in 

all plots. Vicia americana (American vetch) had less than 1% plant cover in the plots capped 

with clay and was absent in uncapped plots. The plant cover of volunteer species was also low (< 

10%) in the 2006 plots. Overall, the plant cover of the 2006 plots was considerably lower 

compared to the 2004 plots. 
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Species richness and plant diversity were quite low in all plots for both years (Tables 6, 

7). A total of 28 species, in 22 genera, in 12 families were found on the entire site (Appendix 7). 

The majority of the species present in the plots were anemochorous (wind dispersed) such as 

Chamerion angustifolium (fireweed), Populus spp. (poplars), Salix spp. (willows), members of 

Asteraceae (composite family), and members of Poaceae (grass family). The plant species found 

in the plots were perennials with the exception of Sonchus asper (annual sow-thistle) and 

Lepidium densiflorum (common peppergrass) (Appendices 4, 5, 6). 
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Figure 14. Total plant cover of the 2004 plots at Flin Flon (Mean ± SE, n = 4). Different letters represent significant differences (p < 

0.05).
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Figure 15. Total plant cover of the 2006 plots at Flin Flon (Mean ± SE, n = 6). 

 

 

Table 6. Plant diversity of the 2004 plots from Flin Flon (Mean ± SE, n = 3). 

Treatments     

Slag Cover Clay Cover Amendment Species Richness m-2 Simpson's Index m-2 

Thick Thin Control 4.7 ± 0.88a 1.9 ± 0.4a 

Thick Thin Matting 3.7 ± 0.67a 1.6 ± 0.4a 

Thick Thin Peat 6.3 ± 0.67a 2.4 ± 1.0a 

     

Thick Thick Control 3.0 ± 0.58a 1.4 ± 0.3a 

Thick Thick Matting 4.3 ± 0.33a 1.7 ± 0.2a 

Thick Thick Peat 5.0 ± 1.73a 1.6 ± 0.1a 

     

Thin Thin Control 2.3 ± 0.33a 1.9 ± 0.2a 

Thin Thin Matting 3.7 ± 1.67a 2.0 ± 0.1a 

Thin Thin Peat 2.7 ± 0.67a 1.6 ± 0.1a 

     

Thin Thick Control 2.7 ± 0.67a 1.9 ± 0.2a 

Thin Thick Matting 3.0 ± 0.58a 1.7 ± 0.2a 

Thin Thick Peat 4.0 ± 0.58a 1.7 ± 0.3a 
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Table 7. Plant diversity of the 2006 plots from Flin Flon (Mean ± SE, n = 6). 

Clay Cap Clay/Peat Application Species Richness m-2 Simpson's Index m-2 

None Thick 7.0 ± 0.7a 2.3 ± 0.3a 

Capped Thin 8.7 ± 0.6a 3.8 ± 0.2a 
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4.1.2.2 Clay Physicochemical Structure 

In the 2004 plots, slag depth, clay depth, or amendment type had no effect on clay 

physicochemical structure. There were no significant differences found in pH (6.87 ± 0.26, mean 

± SD) between treatments (Table 8). The electrical conductivity of all treatments was 

considerably (Table 8). There were no differences in bulk density between treatments (Table 8). 

There were also no significant differences found in inorganic PO4
-3 and organic C (Table 10). 

Inorganic N concentration between treatments was not significantly different, except for the thin-

slag-thick-clay-control plot (Table 10). 

In the 2006 plots, the presence or absence of a clay cap had no effect on clay 

physicochemical structure. The pH was acidic in both the capped and uncapped plots (Table 9). 

Electrical conductivity analysis was low and comparable to the 2004 plots (Table 9). Bulk 

density was not different between capped and uncapped plots (Table 9). Both capped and 

uncapped plots had low inorganic PO4
-3 and inorganic N (Table 11). Organic C levels were 

moderate for both treatments (Table 11).
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Table 8. Physicochemical structure of clay samples collected from the 2004 plots at Flin Flon (Mean ± SE, n = 3). Different letters 

represent significant differences (p < 0.05). 

Treatments       

Slag Cover Clay Cover Amendment pH Electrical Conductivity (mS m-1) Bulk Density (g cm-3) 

Thick Thin Control 6.60 ± 0.16a 25 ± 3a 0.99 ± 0.16a 

Thick Thin Matting 7.00 ± 0.24a 28 ± 9a 1.03 ± 0.06a 

Thick Thin Peat 7.16 ± 0.07a 17 ± 2a 0.94 ± 0.10a 

      

Thick Thick Control 7.22 ± 0.05a 15 ± 2a 0.77 ± 0.05a 

Thick Thick Matting 6.43 ± 0.20a 24 ± 3a 0.84 ± 0.18a 

Thick Thick Peat 6.85 ± 0.26a 24 ± 2a 0.93 ± 0.10a 

      

Thin Thin Control 6.87 ± 0.26a 17 ± 1a 0.77 ± 0.05a 

Thin Thin Matting 6.92 ± 0.05a 20 ± 1a 0.88 ± 0.08a 

Thin Thin Peat 7.25 ± 0.06a 20 ± 2a 1.08 ± 0.06a 

      

Thin Thick Control 6.67 ± 0.13a 16 ± 1a 1.08 ± 0.04a 

Thin Thick Matting 6.63 ± 0.26a 15 ± 2a 1.06 ± 0.09a 

Thin Thick Peat 6.87 ± 0.19a 17 ± 1a 1.06 ± 0.08a 

 

Table 9. Physicochemical structure of clay samples collected from the 2006 plots at Flin Flon (Mean ± SE, n = 6). 

Treatments       

Clay Cap Clay/Peat Application pH Electrical Conductivity (mS m-1) Bulk Density (g cm-3) 

None Thick 4.66 ± 0.07a 25 ± 3a 0.75 ± 0.07a 

Capped Thin 4.67 ± 0.05a 31 ± 4a 0.65 ± 0.03a 
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Table 10. Extractable inorganic phosphate, inorganic nitrogen, and organic carbon analyses of clay samples collected from the 2004 

plots at Flin Flon (Mean ± SE, n = 3). 

Treatments       

Slag Cover 

 

Clay Cover 

 

Amendment 

 

Inorganic Phosphate 

(mg kg-1) 

Inorganic Nitrogen 

(mg kg-1) 

Organic Carbon 

(%) 

Thick Thin Control 1.47 ± 0.43a 10.18 ± 0.90a 0.98 ± 0.41a 

Thick Thin Matting 1.86 ± 0.26a 8.92 ± 2.86a 0.60 ± 0.38a 

Thick Thin Peat 1.69 ± 0.58a 5.02 ± 1.45a 0.16 ± 0.03a 

      

Thick Thick Control 1.61 ± 0.11a 6.18 ± 3.37a 0.09 ± 0.08a 

Thick Thick Matting 1.58 ± 0.41a 10.28 ± 4.47a 1.24 ± 0.16a 

Thick Thick Peat 1.96 ± 0.47a 8.40 ± 3.91a 0.60 ± 0.44a 

      

Thin Thin Control 1.32 ± 0.17a 8.10 ± 2.70a 0.52 ± 0.47a 

Thin Thin Matting 1.72 ± 0.20a 8.41 ± 1.79a 0.81 ± 0.29a 

Thin Thin Peat 1.74 ± 0.25a 9.05 ± 2.81a 0.05 ± 0.01a 

      

Thin Thick Control 1.91 ± 0.47a 25.06 ± 3.99b 0.58 ± 0.42a 

Thin Thick Matting 2.86 ± 0.80a 7.76 ± 0.70a 0.93 ± 0.45a 

Thin Thick Peat 1.53 ± 0.44a 7.63 ± 2.74a 0.82 ± 0.36a 
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Table 11. Extractable inorganic phosphate, inorganic nitrogen, and organic carbon analyses of clay samples collected from the 2006 

plots at Flin Flon (Mean ± SE, n = 6). Different letters represent significant differences (p < 0.05). 

Treatments       

Clay Cap Clay/Peat Application Inorganic Phosphate (mg kg-1) Inorganic Nitrogen (mg kg-1) Organic Carbon (%) 

None Thick 0.41 ± 0.06a 20.16 ± 3.42a 1.45 ± 0.01a 

Capped Thin 0.70 ± 0.13a 11.77 ± 2.30a 0.98 ± 0.30a 
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4.1.3 Lynn Lake 

4.1.3.1 Vegetation Data 

Unamended tailings (control) contained no vegetation. The 2007 and 2008 windrows had 

low plant cover and overall the lowest plant cover out of all the sites in the study (Figure 16). 

The two planted species, Pinus banksiana (Jack pine) and Picea mariana (black spruce), both 

had less than 2% cover in the windrows in both years (Appendix 8). The non-planted species 

also had very low plant cover and accounted for 9.2 ± 1.8% and 4.4 ± 0.4% of the vegetation in 

the 2007 and 2008 windrows, respectively. 

Species richness and plant diversity was low in both years (Table 12). Furthermore, there 

was little difference between the jack knife estimate and the observed species richness in both 

years. A total of 27 species, in 22 genera, in 13 families were found in the windrows (Appendix 

9). Unlike the Central Manitoba, Flin Flon, and Thompson sites, the majority of the vegetation 

on the windrows was typical of bogs and wetlands. Bog species included Andromeda polifolia 

(bog rosemary), Carex ssp. (sedges), Larix laricina (tamarack), Polytrichum juniperinum 

(juniper haircap moss), Salix myrtillifolia (blueberry willow), and Vaccinium ssp. (blueberries). 

Anemochorous species typical of disturbed sites were also found on the windrows such as Betula 

papyrifera (paper birch), Chamerion angustifolium (fireweed), and members of Poaceae (grass 

family). Consistent with the other sites, no annuals were found on the windrows (Appendix 8). 
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Figure 16. Total plant cover of the 2007 and 2008 windrows at Lynn Lake (Mean ± SE, n = 4). 

 

 

Table 12. Plant diversity of the 2007 and 2008 windrows at Lynn Lake (Mean ± SE, n = 4). 

Treatments 

 

Species 

Richness m-2 

Jack Knife 

Estimate m-2 

Simpson's 

Index m-2 

2007 Windrows 3.2 ± 0.5 3.3 ± 0.5 2.3 ± 0.3 

    

2008 Windrows 3.2 ± 0.2 3.3 ± 0.1 2.6 ± 0.2 
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4.1.3.2 Tailings Physicochemical Structure 

The application of peat in Lynn Lake decreased electrical conductivity and bulk density, 

increased macronutrient status, but it did not change the pH. The pH of amended tailings in both 

years remained highly acidic (Table 13). The electrical conductivity of the windrows was lower 

than unamended tailings (Table 13). Peat application reduced bulk density in the windrows 

relative to unamended tailings (Table 13). The inorganic PO4
-3 of amended tailings was 

significantly higher compared to unamended tailings (Table 14). The inorganic N of the 2007 

windrows was higher compared to unamended tailings (Table 14). However, there was no 

difference between the 2008 windrows and unamended tailings. The organic C of amended 

tailings was higher compared to unamended tailings (Table 14).
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Table 13. Physicochemical structure of the unamended and amended tailings at Lynn Lake (Mean ± SE, n = 4). Statistical analyses 

were done separately for each year and different letters represent significant differences (p < 0.05). 

Treatments pH Electrical Conductivity (mS m-1) Bulk Density (g cm-3) 

2007    

Control 3.50 ± 0.05a 138 ± 16a 1.15 ± 0.03a 

Windrows 3.51 ± 0.07a 80 ± 17b 0.93 ± 0.07b 

    

2008    

Control 3.63 ± 0.04a 110 ± 1a 1.02 ± 0.03a 

Windrows 3.51 ± 0.05a 48 ± 5b 0.64 ± 0.07b 

 

Table 14. Extractable inorganic phosphate, inorganic nitrogen, and organic carbon analyses of the unamended and amended tailings at 

Lynn Lake (Mean ± SE, n = 4). Statistical analyses were done separately for each year and different letters represent significant 

differences (p < 0.05). 

Treatments Inorganic Phosphate (mg kg-1) Inorganic Nitrogen (mg kg-1) Organic Carbon (%) 

2007    

Control 0.39 ± 0.05a 4.89 ± 0.70a 0.25 ± 0.03a 

Windrows 0.80 ± 0.06b 14.83 ± 2.58b 1.52 ± 0.01b 

    

2008    

Control 0.58 ± 0.04a 1.39 ± 0.12a 0.22 ± 0.06a 

Windrows 0.73 ± 0.04b 5.94 ± 2.16a 1.22 ± 0.12b 
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4.1.4 Thompson 

4.1.4.1 Vegetation Data 

There was no vegetation on unamended tailings (control) at the Thompson site. The 

addition of amendments promoted plant cover on the four remaining plots and cover ranged from 

45% to 71% (Figure 17). The majority of the planted species were no longer present in the plots. 

Poa pratensis (Kentucky bluegrass), Agrostis scabra (ticklegrass), Festuca saximontana (Rocky 

Mountain fescue), Koeleria macrantha (prairie junegrass), Alopecurus aequalis (shortawn 

foxtail), and Helianthus annuus (annual sunflower) could not be found in any of the plots. 

Elymus trachycaulus (slender wheatgrass) was the most abundant species in all plots and its plant 

cover ranged from 16% to 60% (Appendix 10). Elymus canadensis (Canada wildrye) was also 

present in all plots although in lesser abundance and its plant cover ranged from 0.17% to 9%. 

Calamagrostis stricta (slim-stem reed grass) and Poa palustris (swamp meadowgrass) were only 

present in the dead tree lattice plot with plant cover values of 1.67% and 0.17%, respectively. 

The remainder of the plant cover was provided by both native and non-native volunteer species 

(Figure 17; Appendix 10). Agrostis mertensii (arctic bentgrass), Ceratodon purpureus (purple 

horn toothed moss), Picea mariana (black spruce), and Populus tremuloides (trembling aspen), 

all of which are typical of a disturbed site, were the most abundant volunteer species. 

Conversely, non-native invasive species, Sonchus arvensis (perennial sow-thistle) and 

Taraxacum officinale (dandelion), comprised only a small portion of the plant cover. 

Species richness and plant diversity were low in all plots and comparable to the other 

three sites (Table 15). A total of 20 species, in 18 genera, in 9 families were found in the plots 

(Appendix 11). The majority of the species present in the plots were anemochorous (wind 

dispersed) such as Juncus longistylis (longstyle rush), Chamerion angustifolium (fireweed), 
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Populus tremuloides (trembling aspen), members of Asteraceae (composite family), and 

members of Poaceae (grass family). Annuals were also absent in all plots. 

4.1.4.2 Tailings Physicochemical Structure 

The pH of the unamended tailings (control) was highly acidic (Table 16). Amendment 

application increased the pH of the plots with dead tree lattice, sewage sludge, and horse manure 

plots, but not the lime plot, which remained highly acidic. The electrical conductivity of the 

sewage sludge and lime plots was comparable to unamended tailings whereas the dead tree 

lattice and horse manure plots had lower conductivity than the unamended tailings (Table 16). 

All treatments at the Thompson site had low bulk density relative to unamended tailings (Table 

16). All treatments had higher inorganic PO4
-3, inorganic N, and organic C compared to 

unamended tailings, except for the inorganic PO4
-3 in the sewage sludge where it was lower than 

unamended tailings (Table 17). 
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Figure 17. Total plant cover of the plots at Thompson. Statistical analysis was omitted since 

each treatment only had one replicate or plot. 

 

 

Table 15. Mean values of species richness and plant diversity at Thompson. Statistical analysis 

was omitted since each treatment only had one replicate or plot. 

Treatments Species Richness Simpson's Index 

Dead Tree Lattice 6.0 2.7 

Horse Manure 3.5 2.7 

Sewage Sludge 5.7 4.2 

Lime 2.0 1.0 
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Table 16. Mean values of physicochemical analyses of amended and unamended tailings at Thompson. Statistical analysis was 

omitted since each treatment only had one replicate or plot. 

Treatments pH Electrical Conductivity (mS m-1) Bulk Density (g cm-3) 

Control 3.30 290 1.71 

Dead Tree Lattice 7.04 70 1.11 

Horse Manure 6.12 172 0.40 

Sewage Sludge 6.97 213 1.23 

Lime 4.07 325 0.33 

 

 

 

Table 17. Mean values of extractable inorganic phosphate, inorganic nitrogen, and organic carbon analyses of amended and 

unamended tailings at Thompson. Statistical analysis was omitted since each treatment only had one replicate or plot. 

Treatments Inorganic Phosphate (mg kg-1) Inorganic Nitrogen (mg kg-1) Organic Carbon (%) 

Control 0.10 2.62 0.38 

Dead Tree Lattice 3.87 14.94 0.98 

Horse Manure 8.78 78.49 1.33 

Sewage Sludge 2.21 18.20 0.22 

Lime 7.68 94.21 1.32 
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4.1.5 Ogama-Rockland 

4.1.5.1 Species Richness 

There were no differences in species richness between the strata (Figure 18). However, 

there seemed to be a pattern in floral composition between the four strata (Appendix 12). The 

bare and sparse strata were largely composed of fast growing, shade intolerant species 

(Anaphalis margaritacea, Betula papyrifera, Equisetum ssp., Poa palustris, Populus ssp., Salix 

ssp.) typical of a disturbed site. The open canopy stratum, although still dominated by early 

invaders, marked the onset of mosses (Ceratodon purpureus, Distichium capillaceum, 

Pleurozium schreberi) and mature trees (Larix laricina, Picea mariana). The closed canopy 

stratum was largely dominated by slow growing, shade tolerant species (Abies balsamea, Cornus 

canadensis, Linnaea borealis) typical of a mature or late successional boreal forest. Overall, 61 

plant species, in 50 genera, in 25 families and 6 lichen species, in 2 genera, in 2 families were 

found, making Ogama-Rockland the most diverse site in the study. The species richness found 

on site was also likely to be an underestimate since some species were not present in the plots 

during sampling (Calypso bulbosa, Clintonia borealis, Hylocomium splendens, Lycopodium 

clavatum, Monotropa uniflora, Petasites frigidus, Pinus banksiana, Trientalis borealis) (personal 

observation). Therefore, jackknife estimates of species richness were calculated for each stratum. 

The jackknife estimates in the bare, sparse, open canopy and closed canopy strata were 27 ± 3, 

35 ± 4, 35 ± 3, and 44 ± 5 species, respectively (Figure 18). 

4.1.5.2 Tailings Properties 

The pH was moderately alkaline in all four strata (Table 18). The pH of the sparse and 

open canopy strata were not different from each other or from bare and closed canopy, although 

the bare and closed canopy strata were different from each other. Bulk density was highest in the 
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bare and sparse strata whereas it was the lowest in the closed canopy stratum (Table 18). There 

were no differences found in extractable inorganic N between strata (Table 18). 
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Figure 18. Species richness and jack knife estimate of each vegetation stratum at Ogama-

Rockland. 

 

 

 

Table 18. The pH, bulk density, and extractable inorganic nitrogen of tailings collected from 

each vegetation stratum in Ogama-Rockland, Manitoba. 

Strata pH Bulk Density (g cm-3) Inorganic Nitrogen (mg kg-1) 

Bare 7.88 1.16 3.35 

Sparse 7.75 1.12 7.47 

Open Canopy 7.66 0.96 4.46 

Closed Canopy 7.50 0.32 5.37 
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4.2 Greenhouse Experiments 

4.2.1 Greenhouse Experiment 1 

4.2.1.1 Tailings Physicochemical Structure 

Physicochemical analyses prior to seeding indicated the tailings were compacted and 

contained little macronutrients and organic carbon. The bulk densities of unamended and 

amended tailings from each site were higher relative to the control (potting mix) (Table 20). The 

extractable inorganic PO4
-3 of all treatments was 2 to 29 times lower compared the control (Table 

21). With the exception of the Lynn Lake amended tailings, extractable organic C was 1.4 to 

36.8 times lower in all treatments relative to the control (Table 21). Unlike inorganic PO4
-3 and 

organic C, extractable inorganic N was 8 to 33 times higher compared to the control except for 

Thompson unamended tailings (Table 21). Prior to seeding, the pH of unamended and amended 

tailings across all sites ranged from highly acidic to neutral (Table 20). Compared to the slightly 

acidic pH of the control (potting mix), the Central amended, Flin Flon amended, and Thompson 

amended tailings had neutral pH. The Central unamended and Flin Flon unamended tailings were 

slightly acidic and not significantly different from the control. The Lynn Lake unamended, Lynn 

Lake amended, and Thompson unamended tailings were strongly acidic. With the exception of 

the Flin Flon unamended and amended tailings, electrical conductivity was significantly higher 

in all treatments relative to the control (Table 20). 

Following the 80 day growth period, several changes in tailings physicochemical 

structure were detected. The pH increased in all treatments by 0.2 to 0.3 units, with the exception 

of the Flin Flon unamended tailings (Table 20). Electrical conductivity decreased in all 

treatments by 20 to 60% (Table 20). Further compaction was observed as bulk density increased 

in all treatments by approximately 50 to 150% (Table 20). Inorganic PO4
-3 decreased in Central 
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amended by 27% (Table 21). However, inorganic PO4
-3 increased in Flin Flon amended, Lynn 

Lake unamended, and Thompson amended by 15 to 27% although PO4
-3 was still lower 

compared to the control. With the exception of Thompson amended, inorganic N decreased in all 

treatments and was 2 to 34 times lower relative to the control (Table 21). Organic C increased in 

the Central amended, Flin Flon amended, and Thompson amended tailings by 24%, 19%, and 

50%, respectively, although organic C was still significantly lower compared to the control 

(Table 21). 

4.2.1.2 Growth Parameters 

Germination was severely reduced in the Lynn Lake unamended tailings and completely 

inhibited in the Thompson unamended tailings (Table 22). In the Thompson amended tailings, 

germination was reduced by 40% relative to the control. In the remaining treatments and sites, 

germination was not significantly different from the control. Plants grown in the Flin Flon 

unamended and amended tailings had the significantly highest dry biomass across all treatments 

and were also 166.3% and 260.4% greater than the control (Figure 19; Table 22). The biomass 

from the Thompson amended tailings was not different from the control. In the Central 

unamended, Central amended, and Lynn Lake amended tailings, biomass was reduced by 91%, 

84%, and 94%, respectively. In the Lynn Lake unamended tailings, all seedlings died after one 

week. Compared to the control, root to shoot ratio was 5.0, 3.2, and 2.8 times higher in the 

Central unamended, Central amended, and Thompson amended tailings, respectively (Table 22). 

In the Flin Flon unamended, Flin Flon amended, and Lynn Lake amended tailings, root to shoot 

ratio was not significantly different from the control. 
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Table 20. Physicochemical structure of tailings and potting media (control) prior to seeding (Mean ± SE, n = 4) and post harvest 

(Mean ± SE, n = 10). Different letters represent significant differences between treatments prior to seeding and at post harvest (p < 

0.05) and "*" indicates significant difference between pre-seeding and post harvest values (p < 0.05). 

Treatments pH Electrical Conductivity (mS m-1) Bulk Density (g cm-3) 

 Pre-seeding Post Harvest Pre-seeding Post Harvest Pre-seeding Post Harvest 

Control 6.76 ± 0.02c 7.03 ± 0.04b* 39.4 ± 0.4e 49.7 ± 8.1de* 0.25 ± 0.00f 0.36 ± 0.04c* 

       

Central Unamended 6.84 ± 0.04bc 7.07 ± 0.12b* 131.0 ± 9.1c 95.2 ± 8.9c* 0.80 ± 0.04bc 1.60 ± 0.28ab* 

Central Amended 7.20 ± 0.05a 7.43 ± 0.07a* 111.6 ± 1.3c 89.7 ± 18.2c* 0.78 ± 0.07cd 1.94 ± 0.46a* 

       

Flin Flon Unamended* 6.89 ± 0.02bc 6.91 ± 0.19b 18.6 ± 1.0e 8.3 ± 0.6f* 0.86 ± 0.03ab 1.70 ± 0.28ab* 

Flin Flon Amended* 6.95 ± 0.04b 7.05 ± 0.05b* 20.1 ± 2.6e 8.6 ± 1.8f* 0.90 ± 0.00a 1.73 ± 0.29ab* 

       

Lynn Lake Unamended 3.56 ± 0.02d 3.81 ± 0.04c* 111.8 ± 1.7c 64.4 ± 11.8d* 0.70 ± 0.04de 1.57 ± 0.46ab* 

Lynn Lake Amended 3.30 ± 0.01e 3.66 ± 0.03cd* 68.6 ± 3.9d 34.3 ± 4.9e* 0.66 ± 0.03e 1.20 ± 0.46b 

       

Thompson Unamended 3.25 ± 0.01e 3.54 ± 0.06d* 359.8 ± 6.0a 175.0 ± 14.4a* 0.74 ± 0.03cde 1.48 ± 0.12a* 

Thompson Amended 7.15 ± 0.07a 7.51 ± 0.06a* 220.4 ± 12.1b 134.0 ± 17.5b* 0.91 ± 0.03a 1.33 ± 0.50ab 

* - the tailings at this site were capped with slag and clay and only clay samples could be obtained for physicochemical analysis 
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Table 21. Extractable inorganic phosphate, inorganic nitrogen, and organic carbon analyses of tailings and potting media (control) 

prior to seeding (Mean ± SE, n = 4) and post harvest (Mean ± SE, n = 10). Different letters represent significant differences between 

treatments prior to seeding and at post harvest (p < 0.05) and "*" indicates significant difference between pre-seeding and post harvest 

values (p < 0.05). 

Treatments Inorganic PO4
-3 (mg kg-1) Inorganic N (mg kg-1) Organic C (%) 

 Pre-seeding Post Harvest Pre-seeding Post Harvest Pre-seeding Post Harvest 

Control 4.09 ± 0.18a 7.09 ± 0.67a* 1.37 ± 0.51e 13.91 ± 0.40a* 1.47 ± 0.01a 1.47 ± 0.08a 

       

Central Unamended 0.20 ± 0.02d 0.24 ± 0.05ef 27.03 ± 1.32c 5.72 ± 0.75bc* 0.19 ± 0.04e 0.29 ± 0.03f 

Central Amended 1.88 ± 0.05b 1.37 ± 0.43c* 32.26 ± 2.32bc 3.99 ± 0.57c* 0.49 ± 0.05d 0.61 ± 0.01e* 

       

Flin Flon Unamended* 2.00 ± 0.07b 2.04 ± 0.06b 45.59 ± 1.22a 4.07 ± 0.20c* 1.03 ± 0.05b 1.08 ± 0.05c 

Flin Flon Amended* 1.88 ± 0.04b 2.15 ± 0.09b* 33.96 ± 1.60b 4.30 ± 0.20c* 1.08 ± 0.05b 1.28 ± 0.02b* 

       

Lynn Lake Unamended 0.40 ± 0.00cd 0.55 ± 0.05de* 9.53 ± 0.86d 0.72 ± 0.24d* 0.04 ± 0.01e 0.02 ± 0.01g 

Lynn Lake Amended 0.64 ± 0.02c 0.70 ± 0.11d 30.66 ± 1.05bc 5.45 ± 0.46c* 1.48 ± 0.01a 1.45 ± 0.01a 

       

Thompson Unamended 0.14 ± 0.01d 0.11 ± 0.06f 0.95 ± 0.17e 0.41 ± 0.06d* 0.90 ± 0.04b 0.87 ± 0.02d 

Thompson Amended 1.79 ± 0.06b 2.28 ± 0.11b* 7.51 ± 1.00d 7.5 ± 0.38c 0.72 ± 0.06c 1.08 ± 0.06c* 

* - the tailings at this site were capped with slag and clay and only clay samples could be obtained for physicochemical analysis 
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4.2.1.3 Physiological Responses 

Photosynthesis, transpiration, pigment content, and proline content were only measured 

for the Flin Flon unamended, Flin Flon amended, Thompson amended, and control plants. Plants 

from the other treatments and sites either did not survive or had limited growth and were too 

small to use equipment like the infrared gas analyzer. Photosynthesis was reduced in the Flin 

Flon unamended and Thompson amended tailings by 33% and 38%, respectively (Figure 20). 

The photosynthetic rate of the plants from Flin Flon amended tailings was not significantly 

different from the control plants. Transpiration was reduced in the Flin Flon unamended, Flin 

Flon amended, and Thompson amended tailings by 56%, 55%, and 64%, respectively, relative to 

the control (Figure 21). Chlorophyll a was significantly higher in the Flin Flon unamended, Flin 

Flon amended, and Thompson amended tailings compared to the control (Figure 22). A similar 

trend was also found in chlorophyll b where it was higher in the treatments compared to the 

control. There was no difference in carotenoid content between treatments (Figure 23). However, 

plants grown in the Flin Flon amended tailings had higher carotenoid content than the control. 

Chlorosis and necrosis were also observed on a number of plants throughout the growth 

experiment (Figure 24). Proline content increased in the Flin Flon amended and Thompson 

amended tailings by 49% and 151%, respectively, relative to the control (Figure 25). Plants in 

the Flin Flon unamended tailings were not significantly different from the control.  
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Figure 19. Eighty day old Medicago sativa cv. Survivor plantst. Note that 1 = Control; 2 = 

Central Unamended; 3 =  Central Amended; 4 = Flin Flon Unamended; 5 = Flin Flon Amended; 

6 = Lynn Lake Amended; and 7 = Thompson Amended. 
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Table 22. Growth parameters of Medicago sativa cv. Survivor in potting media (control), amended tailings, and unamended tailings 

(Mean ± SE, n = 10). Different letters represent significant differences (p < 0.05). 

Treatments Germination (%) Total Dry Biomass (mg) Root to Shoot Ratio 

Control 75.5 ± 2.4a 159.46 ± 32.75c 0.6 ± 0.1d 

    

Central Unamended 68.5 ± 5.5a 14.76 ± 1.02d 3.0 ± 0.3a 

Central Amended 74.5 ± 2.2a 24.72 ± 2.27d 1.9 ± 0.1b 

    

Flin Flon Unamended 65.0 ± 5.1a 424.71 ± 33.91b 1.1 ± 0.1cd 

Flin Flon Amended 59.0 ± 5.7ab 566.81 ± 50.02a 1.2 ± 0.1cd 

    

Lynn Lake Unamended 9.0 ± 2.6c N/A* N/A* 

Lynn Lake Amended 76.5 ± 3.7a 8.84 ± 1.47d 1.2 ± 0.2cd 

    

Thompson Unamended 0.0 ± 0.0d N/A† N/A† 

Thompson Amended 45.5 ± 5.2b 245.68 ± 43.11c 1.7 ± 0.2bc 

N/A – not applicable 

* - all plants died prior to harvest 

† - no germination occurred
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Figure 20. Photosynthetic rate of 75 day old Medicago sativa cv. Survivor (Mean ± SE, n = 10). 

Different letters represent significant differences (p < 0.05). 

 

 

 
Figure 21. Transpiration rate of 75 day old Medicago sativa cv. Survivor (Mean ± SE, n = 10). 

Different letters represent significant differences (p < 0.05). 
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Figure 22. Chlorophyll content of 80 day old Medicago sativa cv. Survivor (Mean ± SE, n = 10). 

Different letters represent significant differences (p < 0.05). 

 

 

 

 

 
Figure 23. Carotenoid content of 80 day old Medicago sativa cv. Survivor (Mean ± SE, n = 10). 

Different letters represent significant differences (p < 0.05). 
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Figure 23. Eighty day old plants from the Flin Flon amended tailings displaying chlorosis and 

necrosis. 
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Figure 25. Proline content of 80 day old Medicago sativa cv. Survivor (Mean ± SE, n = 10). 

Different letters represent significant differences (p < 0.05). 
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4.2.2 Greenhouse Experiment 2 

4.2.2.1 Tailings Physicochemical Structure 

Physicochemical analyses of tailings from Central Manitoba prior to seeding indicated 

that amended tailings with or without fertilizer had greater fertility than unamended tailings with 

or without fertilizer. The pH of all treatments was slightly acidic and no significant differences 

were found (Table 23). Electrical conductivity was lower in amended and amended + fertilizer 

than unamended and unamended + fertilizer tailings (Table 23). Inorganic PO4
-3 was 

considerably higher in amended and amended + fertilizer tailings than unamended and 

unamended + fertilizer tailings (Table 24). Inorganic N was at least four times higher in amended 

and amended + fertilizer tailings than unamended and unamended + fertilizer tailings (Table 24). 

Organic C was also at least four times higher in amended and amended + fertilizer tailings than 

unamended and unamended + fertilizer tailings (Table 24). The presence of organic matter (peat) 

and application of lime and/or fertilizer improved the fertility of the tailings from Lynn Lake. 

The pH was highest in the amended + lime and amended + lime + fertilizer tailings (Table 23). A 

similar trend was observed in the unamended + lime and unamended + lime + fertilizer tailings. 

The pH remained highly acidic in the other treatments. Electrical conductivity was lower in 

treatments with the organic amendment than treatments without (Table 23). Organic C was 

higher in tailings with the amendment, lime, and/or fertilizer than tailings without (Table 24). 

However, inorganic PO4
-3 and inorganic N were low in all treatments (Table 24). 

Following the 90 day growth period, pH decreased by approximately 0.10 units in the 

amended and amended + fertilizer tailings from Central Manitoba (Table 23). Electrical 

conductivity decreased in the amended tailings, but increased in the amended + fertilizer tailings 

(Table 23). Inorganic PO4
-3 increased in unamended and unamended + fertilizer tailings, but 
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decreased in amended and amended + fertilizer tailings (Table 24). Inorganic N decreased in all 

treatments although inorganic N was still significantly higher in amended and amended + 

fertilizer tailings than unamended and unamended + fertilizer tailings (Table 24). Organic C 

increased in all treatments although organic C was still significantly higher in amended and 

amended + fertilizer tailings than unamended and unamended + fertilizer tailings (Table 24). In 

the Lynn Lake tailings, pH increased further by 0.20 to 1.50 units in treatments with the 

amendment and/or lime (Table 23). Electrical conductivity decreased in the unamended, 

unamended + lime, unamended + fertilizer, amended, and amended + fertilizer, but increased in 

the amended + lime + fertilizer (Table 23). Inorganic PO4
-3 in all treatments, except for the 

amended tailings where PO4
-3 increased (Table 24). Inorganic N decreased in unamended + 

fertilizer, amended + lime, and amended + fertilizer tailings whereas inorganic N increased in 

unamended + lime tailings (Table 24). Organic C increased in tailings with the amendment, lime, 

and/or fertilizer (Table 24). Organic C also increased in unamended + lime and unamended + 

lime + fertilizer tailings, but decreased in unamended and unamended + fertilizer tailings. 

4.2.2.2 Growth Parameters 

Germination rate in the tailings from Central Manitoba was not significantly different 

between the control and all treatments (Table 25). However, germination rate in the Central 

amended tailings was 20 to 100% higher when compared to the other treatments from the same 

site and Lynn Lake. In the Lynn Lake treatments, germination rate was improved by the presence 

of an amendment (peat) and application of lime. The germination rate of the amended + lime and 

amended + lime + fertilizer treatments were comparable to the control and the Central Manitoba 

treatments. Conversely, germination was reduced by 67 to 100% in treatments from Lynn Lake 

that lacked the amendment and/or lime. 
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In the Central Manitoba treatments, fertilizer did not have any effect on plant growth 

since no differences in biomass were found between unamended and unamended + fertilizer or 

amended and amended + fertilizer treatments (Table 25). However, dry biomass was 

significantly higher in amended and amended + fertilizer tailings compared to the unamended 

and unamended + fertilizer tailings, the control, and the Lynn Lake treatments. In the Lynn Lake 

treatments, the amended + lime + fertilizer tailings had the highest dry biomass compared to the 

other Lynn Lake treatments, although it was not significantly different from the control and 

lower compared to the amended treatments from Central Manitoba. The other treatments from 

Lynn Lake had limited growth and were similar to the plants grown in unamended tailings from 

Central Manitoba. 

In the Central Manitoba treatments, plants grown in amended and amended + fertilizer 

tailings had significantly lower root to shoot ratio compared to plants in unamended and 

unamended + fertilizer tailings, but not the control (Table 25). In the Lynn Lake treatments, 

plants grown in unamended + lime and amended tailings had the significantly highest root to 

shoot ratio (Table 26). The other treatments were not different from each other or the control. 

4.2.2.3 Physiological Responses 

Physiological responses were only measured for plants grown in Central amended and 

amended + fertilizer tailings and Lynn Lake amended + lime + fertilizer tailings since plants 

from the other treatments did not grow sufficiently. There was no difference in electrolyte 

leakage, transpiration, acetylene reduction activity, and proline content between plants grown in 

amended and amended + fertilizer tailings and Lynn Lake amended + lime + fertilizer tailings 

(Table 26). There was also no difference in chlorophyll a, chlorophyll b, and carotenoids (Figure 

26).
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Table 23. The pH and electrical conductivity of tailings prior to seeding (Mean ± SE, n = 4) and 

post harvest (Mean ± SE, n = 10). Different letters represent significant differences between 

treatments in each site (p < 0.05) and "*" indicates significant difference between pre-seeding 

and post harvest values (p < 0.05). 

Treatments pH Electrical Conductivity (mS m-1) 

 Pre-Seeding Post Harvest Pre-Seeding Post Harvest 

Central Manitoba     

U 6.81 ± 0.13a 6.97 ± 0.01a 334.5 ± 6.6cd 335.4 ± 6.5bc 

U + F 6.99 ± 0.02a 6.99 ± 0.01a 323.3 ± 15.8cd 322.5 ± 6.0cd 

A 6.86 ± 0.02a 6.74 ± 0.02b* 290.5 ± 1.9de 282.6 ± 2.1e* 

A + F 6.88 ± 0.02a 6.76 ± 0.01b* 268.8 ± 4.7e 293.8 ± 5.4de* 

     

Lynn Lake     

U 3.00 ± 0.02f 3.01 ± 0.01e 340.5 ± 10.2bc 267.2 ± 7.6e* 

U + L 4.40 ± 0.14d 5.52 ± 0.07d* 426.0 ± 13.7a 357.9 ± 4.2ab* 

U + F 3.06 ± 0.04f 3.05 ± 0.01e 357.0 ± 15.9bc 287.7 ± 4.1e* 

U + L +F 3.97 ± 0.08e 5.55 ± 0.05d* 387.3 ± 4.3ab 380.8 ± 10.1a 

A 2.75 ± 0.02f 2.98 ± 0.04e* 194.5 ± 9.1f 112.8 ± 7.8h* 

A + L 5.57 ± 0.16b 6.34 ± 0.01c* 174.9 ± 6.7f 168.3 ± 8.7fg 

A + F 2.74 ± 0.02f 2.98 ± 0.03e* 201.7 ± 9.0f 150.8 ± 5.1g* 

A + L + F 5.12 ± 0.12c 6.22 ± 0.01c* 158.4 ± 8.7f 197.7 ± 8.1f* 

Note: U = Unamended, A = Amended, L = Lime, F = Fertilizer 
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Table 24. Extractable inorganic phosphate, inorganic nitrogen, and organic carbon analyses of tailings prior to seeding (Mean ± SE, n 

= 4) and post harvest (Mean ± SE, n = 10). Different letters represent significant differences between treatments in each site (p < 0.05) 

and "*" indicates significant difference between pre-seeding and post harvest values (p < 0.05). Statistical analyses were conducted 

separately for each site. 

Treatments Inorganic PO4
-3 (mg kg-1) Inorganic N (mg kg-1) Organic C (%) 

 Pre-seeding Post Harvest Pre-Seeding Post Harvest Pre-Seeding Post Harvest 

Central Manitoba       

U 0.05 ± 0.02b 0.13 ± 0.03e* 10.17 ± 1.87b 2.80 ± 0.55bcd* 0.26 ± 0.08cd 0.39 ± 0.03de* 

U + F 0.07 ± 0.03b 0.09 ± 0.03e* 10.43 ± 0.57b 2.48 ± 0.65cd* 0.22 ± 0.02cd 0.32 ± 0.02e* 

A 4.56 ± 1.04a 3.14 ± 0.12b* 46.59 ± 3.38a 5.25 ± 0.94abc* 1.06 ± 0.03b 1.30 ± 0.03b* 

A + F 5.81 ± 0.30a 3.71 ± 0.18a* 48.07 ± 3.75a 5.93 ± 1.09a* 1.15 ± 0.06b 1.18 ± 0.05b 

       

Lynn Lake       

U 0.43 ± 0.02b 0.40 ± 0.04de* 1.92 ± 0.62c 2.44 ± 0.32cd 0.28 ± 0.08cd 0.06 ± 0.01f* 

U + L 1.05 ± 0.18b 0.29 ± 0.07e* 0.65 ± 0.40c 0.99 ± 0.21d* 0.12 ± 0.01d 0.52 ± 0.02c* 

U + F 0.59 ± 0.05b 0.38 ± 0.06de* 3.51 ± 0.43bc 1.95 ± 0.19d* 0.44 ± 0.03c 0.26 ± 0.03e* 

U + L +F 0.68 ± 0.05b 0.18 ± 0.15e* 1.02 ± 0.67c 1.76 ± 0.31d 0.38 ± 0.04cd 0.47 ± 0.04cd* 

A 0.63 ± 0.06b 0.66 ± 0.08cd* 8.16 ± 0.87bc 6.52 ± 1.24a 1.94 ± 0.03a 2.13 ± 0.02a* 

A + L 0.46 ± 0.08b 0.13 ± 0.02e* 1.50 ± 0.43c 1.21 ± 0.24d* 1.87 ± 0.03a 2.16 ± 0.01a* 

A + F 0.88 ± 0.11b 0.87 ± 0.12c* 7.79 ± 0.00bc 5.89 ± 0.67ab* 1.82 ± 0.14a 2.18 ± 0.01a* 

A + L + F 0.31 ± 0.03b 0.35 ± 0.08de* 1.76 ± 0.18c 2.12 ± 0.29d 1.83 ± 0.02a 2.17 ± 0.01a* 

Note: U = Unamended, A = Amended, L = Lime, F = Fertilizer 
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Table 25. Growth parameters of Medicago sativa cv. Survivor in Turface® + fertilizer (control), amended tailings and unamended 

tailings from Central Manitoba and Lynn Lake (Mean ± SE, n = 10). Different letters represent significant differences (p < 0.05). 

Treatments Germination Rate(%) Total Biomass (mg) Root:Shoot 

Control    

Turface + F 60.5 ± 4.80ab 69.80 ± 36.79bc 0.70 ± 0.20d 

    

Central Manitoba    

U 52.0 ± 2.50b 15.48 ± 2.33c 2.11 ± 0.25b 

U + F 56.0 ± 4.33b 17.18 ± 2.34c 1.81 ± 0.21bc 

A 75.0 ± 2.80a 300.25 ± 30.01a 0.76 ± 0.05d 

A + F 58.0 ± 3.35ab 352.08 ± 74.67a 0.69 ± 0.06d 

    

Lynn Lake    

U 0.0 ± 0.00d N/A N/A 

U + L 20 ± 3.65c 21.11 ± 2.70c 3.57 ± 0.36a 

U + F 1.5 ± 1.07d 17.25 ± 8.25c 1.06 ± 0.94bcd 

U + L +F 12 ± 3.43cd 17.00 ± 4.17c 1.95 ± 0.43bc 

A 13.5 ± 5.68cd 9.30 ± 3.80c 2.19 ± 0.62b 

A + L 56.5 ± 4.10b 65.15 ± 9.09c 0.68 ± 0.06d 

A + F 8.5 ± 3.66cd 17.00 ± 7.05c 0.99 ± 0.18bcd 

A + L + F 50.5 ± 2.83b 147.95 ± 14.39b 0.53 ± 0.03d 

Note: U = Unamended, A = Amended, L = Lime, F = Fertilizer, N/A = not applicable (all plants died)
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Table 26. Electrolyte leakage, transpiration rate, acetylene reduction activity (ARA), and proline 

content of 80 day old Medicago sativa cv. Survivor (Mean ± SE, n = 10). 

Treatments 

 

Electrolyte 

Leakage (%) 

Transpiration 

(mmol H2O m-2 s-1) 

ARA 

(nmol g-1) 

Proline 

(µmol g-1) 

Central A 5.82 ± 0.76a 5.85 ± 0.33a 0.12 ± 0.01a 3.50 ± 0.55a 

Central A + F 9.88 ± 2.45a 5.08 ± 0.71a 0.20 ± 0.07a 5.95 ± 1.72a 

Lynn Lake A + L+ F 5.74 ± 0.82a 5.21 ± 0.48a 0.0 ± 0.0a 3.31 ± 0.89a 

Note: A = Amended, L = Lime, F = Fertilizer 

 

 

 
Figure 26. Pigment content of 90 day old Medicago sativa cv. Survivor (Mean ± SE, n = 10). 

Different letters represent significant differences (p < 0.05). Note: U = Unamended, A = 

Amended, L = Lime, F = Fertilizer
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5. Discussion 

5.1 Field Experiment 

5.1.1 Effects of organic matter on mine tailings physicochemical structure 

In Central Manitoba, Flin Flon, and Thompson, organic matter application improved the 

physicochemical structure and nutrient content of metalliferrous mine tailings. In Lynn Lake, 

peat did little to improve mine tailings physicochemical structure and nutrient content. The 

application of organic matter conferred pH-buffering to most mine tailings sites examined in the 

study. In Central Manitoba, humic substances decreased pH where it was moderately alkaline (~ 

8.3) or increased pH where it was acidic (~ 3.5) in the past six to seven since the initial 

experiment. The complex physical and chemical composition of humic substances allow for 

acid-base buffering (MacCarthy, 2001). The decrease in pH could have resulted from the 

displacement of H+ by metal cations on the exchange sites of humic substances (Havelcová et 

al., 2009). Humic substances can also increase pH by releasing base cations. The modified humic 

substances Szczerski (2007) used contained significant amounts of Na+ (3.04 g kg-1) and K+ (157 

g kg-1), which could have increased pH. Lignite-derived humic substances are also known to 

have a similar effect on acidic, heavy metal-contaminated soils (Janoš et al., 2010). Similar 

increases in pH were also found in the Thompson site (Table 16). It should be noted that the lime 

plot was still strongly acidic (pH 4.07) at the time of sampling despite being reportedly amended 

with limestone. The lime plot may have been mislabelled during the initial revegetation 

experiment based on its acidic pH and visually lack of lime when samples were collected 

(personal observation). It is also possible the pH increased after lime was applied, but decreased 

over the years due to sulphide oxidation (Forsberg and Ledin, 2006). In the horse manure, dead 
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tree lattice, and sewage sludge plots, the application of organic matter most likely increased pH 

since organic matter imparts pH buffering capacity (Curtin and Rostad, 1997; Skyllberg et al., 

2001). Das and Maiti (2009) also found similar results where chicken manure increased the pH 

of acidic Cu mine tailings. The dead tree lattice and sewage sludge plots also contained clay 

(although it was not mentioned in any reports obtained), which could have minimized the 

exposure of tailings to oxygen and, in turn, sulphide oxidation and acid generation (Herbert, 

1992). Unlike Central Manitoba and Thompson, the pH of unamended and amended tailings 

(windrows) at Lynn Lake was highly acidic (3.50-3.63) in both 2007 and 2008 (Table 13). The 

data suggest the peat used in the initial revegetation experiment had poor pH-buffering capacity. 

Peat itself is acidic (Verhoeven and Liefveld, 1997) and likely did little to buffer the inherently 

acidic nature of the tailings on site. In Flin Flon, the pH ranged from slightly acidic to neutral 

(6.43 to 7.25) in the 2004 plots (Table 8). Based on the data at hand, it is difficult to evaluate the 

effects of straw matting and peat on pH due to lack of data on unamended tailings, lack of data at 

the time of the initial revegetation experiment, and the fact that the tailings were capped with 

slag and clay. The slightly acidic to neutral pH of the plots likely resulted from capping the 

tailings with clay and slag rather than the application of organic amendment. Indeed, the pH of 

clay samples collected from the plots was within the range (5.3-8.1) of what has been reported 

for clay rich soils in Canada (Nichol and Turner, 1957; Ehrlich and Smith, 1958). In the 2006 

plots, the pH was strongly acidic (ca. 4.66) at the time of sampling (Table 9). Data from Prairie 

Plant Systems Inc. (2008) indicated that the pH was initially moderately acidic (ca. 5.50) in 2006 

and increased further in 2008 (ca. 5.90). The decrease in pH over time could be due to high 

application of peat and its origin (Prairie Plant Systems Inc., 2008). The peat used in the 
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experiment was excavated from a bog, which is an acidic environment (Johnson et al., 1995; 

Prairie Plant Systems Inc., 2008). 

In Ogama-Rockland, a naturally revegetated site, the pH was moderately alkaline in all 

four strata (Table 18). Based on the current data, it is quite possible there is a decreasing trend in 

pH with increasing vegetation. Plants themselves also likely affect mine tailings pH, provided 

successful establishment is achieved. Plants can directly modify the pH of their environment by 

releasing root exudates and/or indirectly through the decomposition of leaf litter (Hart and Chen, 

2006; Ottenhof et al., 2007). Plants can decrease rhizosphere pH with various acidic root 

exudates in order to facilitate nutrient uptake (Dakora and Phillips, 2002). Phenolic compounds 

from conifer leaf litter can also decrease pH (Northup et al., 1995; Ste-Marie and Paré, 1999; 

Périé and Ouimet, 2008). 

The electrical conductivity of unamended and amended tailings of the sites examined in 

the study was low compared to reported values in the literature (Tables 4, 8, 9, 13, 16). Reported 

values in the literature for the electrical conductivity of sulphide-derived metalliferous mine 

tailings range from 207 to 1800 mS m-1 (Conesa et al., 2007; Alvarenga et al., 2008; Boyter et 

al., 2009). The oxidation of sulphides in tailings result in low pH (< 4.5), which increases the 

concentration of soluble ions and, in turn, electrical conductivity (Tordoff et al., 2000; Johnson 

et al., 2002). In the current study, both unamended and amended tailings conductivity values 

were either less than or at the lower end of the aforementioned range. It is described in the 

literature that organic matter can reduce electrical conductivity by binding and chelating ions 

(Khan et al., 2000; Tordoff et al., 2000; MacCarthy, 2001; Li, 2006; Havelcová et al., 2009; 

Janoš et al., 2010). However, it is more likely that the low tailings conductivity in 2010 was not 

the result of organic matter application, but rather high precipitation. In Central Manitoba, Lynn 
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Lake, and Thompson, the annual precipitation in 2010 was 817 mm, 402 mm, and 642 mm, 

respectively, whereas the average annual precipitation was 558 mm, 486 mm, and 553 mm 

(Environment Canada, 2012; The Weather Network, 2013). The higher than average 

precipitation in Central Manitoba and Thompson could have resulted in the leaching of ions and 

in turn, decreased conductivity. In Lynn Lake, the annual 2010 precipitation may have been 

lower than the average; however, the site was sampled on a rainy day, which could also have 

resulted in low electrical conductivity (personal observation). In Flin Flon, the conductivity of 

the 2004 plots was below the range of what has been reported for clay rich soils in Manitoba (40 

to 1960 mS m-1) (Ehrlich and Smith, 1958). The adsorptive properties of clay and the near 

neutral pH of the plots could have resulted in low conductivity (Herbert, 1992; Chaturvedi et al., 

2007). Chaturvedi et al. (2007) found that phosphatic clay can minimize the solubility of Cu, 

Mn, Pb, and Zn at pH 5 to 7 in Zn mine tailings through adsorption. In the 2006 plots, the 

conductivity was also below the range of what has been reported for clay rich soils in Manitoba 

despite the lower pH (Ehrlich and Smith, 1958; Chaturvedi et al., 2007). The low conductivity 

could be the result of little, if any, percolation of heavy metals and other ions through the slag 

and clay cap. The low conductivity of the 2004 and 2006 plots imply that the slag and clay cover 

were successful in minimizing the availability of heavy metals and other toxic ions to plants. 

Mine tailings are fine-grained materials (< 2 mm in size) and lack physical structure and 

as a consequence, are prone to self-compaction (Winterhalder, 1996; Tordoff et al., 2000). In 

Central Manitoba, Lynn Lake, and Thompson, unamended tailings (control) had high bulk 

density (1.15 to 1.75 g cm-3), which suggest compaction (Tables 4, 13, 16). The bulk density of 

unamended tailings in the study was comparable to compacted agricultural soils (1.16 to 1.49 g 

cm-3) and surface mineral (E) horizons (ca. 1.30 g cm-3) in Populus tremuloides (trembling 
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aspen) forests (Huang and Schoenau, 1998; Głąb, 2011). Organic matter application decreased 

bulk density in the aforementioned sites. The bulk density of amended tailings from Central 

Manitoba (0.87 to 1.03 g cm-3) and Lynn Lake (0.64 to 0.93 g cm-3) was comparable to the bulk 

density of A horizons in P. tremuloides, Picea glauca (white spruce), and Pinus banksiana (jack 

pine) forest soils in Alberta (Tables 4, 13) (Strong and La Roi, 1985). In Thompson, the lime 

(0.33 g cm-3) and horse manure (0.40 g cm-3) plots were similar to organic horizons in boreal 

forests soils (Strong and La Roi, 1985; Huang and Schoenau, 1998). The dead tree lattice (1.11 g 

cm-3) and sewage sludge (1.23 g cm-3) plots, which contained clay, were comparable to clay rich 

soils and A horizons of boreal forests soils (Strong and La Roi, 1985; Grant and Lafond, 1993; 

Huang and Schoenau, 1998). Organic matter application improves physical structure, allows for 

mechanical resistance, slows recompaction, and promotes water retention (Bulmer et al., 2007; 

Périé and Ouimet, 2008; Głąb, 2011). Shoot and root litter also contribute to the accumulation of 

organic matter and, in turn, the reduction of bulk density. Moreover, the roots of certain plants 

(M. sativa) are capable of penetrating highly compacted substrates, which increase aeration and 

decrease bulk density (Głąb, 2011). Young et al. (2012) also found Equisetum palustre to have a 

similar effect on gold mine tailings in Manitoba. In Flin Flon, the tailings were capped with slag 

and clay and a comparison between unamended and amended tailings could not be made. The 

bulk density (0.77 to 1.08 g cm-3) of the 2004 plots was within the range of what has been 

reported for clay rich soils (1.03 to 1.37 g cm-3) in Canada (Table 8) (Grant and Lafond, 1993). 

The 2006 plots (0.65 to 0.75 g cm-3) were similar to A horizons in boreal forest soils (Table 9) 

(Strong and La Roi, 1985; Huang and Schoenau, 1998). In Ogama-Rockland, there was a 

decreasing trend in bulk density with increasing vegetation (Table 18). The decrease in bulk 

density could be attributed to the presence of vegetation and build up of organic matter over 
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time. The bulk density from the bare, sparse, and open canopy strata was comparable to 

compacted agricultural soils and boreal forest mineral soils (Strong and La Roi, 1985; Głąb, 

2011). The bulk density of the closed canopy stratum was comparable to organic horizons in 

boreal forests (Strong and La Roi, 1985; Huang and Schoenau, 1998). 

Mine tailings typically contain low concentrations of macronutrients available for plant 

uptake (Tordoff et al., 2000; Wang et al., 2011). Tailings deposition eliminates or blanket 

existing soil along with its reservoir of nutrients (Winterhalder, 1996; Tordoff et al., 2000). 

Furthermore, nutrient cycling in tailings pond is either absent or reduced due to low populations, 

if any, of soil microflora (Tordoff et al., 2000). Unamended tailings from Central Manitoba, 

Lynn Lake, and Thompson had low concentrations of inorganic PO4
-3 (0.01 to 0.58 mg kg-1), 

inorganic N (1.39 to 4.89 mg kg-1), and organic C (0.22 to 0.38%) (Tables 5, 14, 17). 

Unamended tailings were not collected from Flin Flon since the tailings were capped with slag 

and clay, but data from the other sites suggest that the nutrient status of Flin Flon was likely low 

prior to revegetation. Organic matter application increased the concentrations of inorganic PO4
-3 

(0.73 to 10.32 mg kg-1), inorganic N (14.83 to 94.21 mg kg-1), and organic C (0.81 to 1.52%) in 

amended tailings at Central Manitoba, Lynn Lake, and Thompson (Tables 5, 14, 17). Similar 

values were also found in the clay samples collected from Flin Flon (Tables 10, 11). The 

inorganic PO4
-3, inorganic N, and organic C of the aforementioned sites were comparable or 

higher than what has been reported in naturally revegetated mine tailings (Wang et al., 2011; 

Young et al., 2013). However, higher values have been reported in artificially revegetated mine 

tailings and boreal forests (Huang and Schoenau, 1998; Smith et al., 2000; Reid and Naeth, 

2005b; Gardner et al., 2012). The macronutrients in amended tailings may have decreased over 

the years due to leaching, plant uptake, and lack of nutrient cycling. 
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In Ogama-Rockland, the inorganic N of  all strata was within the range of what has been 

reported in naturally revegetated mine tailings (Wang et al., 2011; Young et al., 2013). However, 

higher values have been reported in boreal forests not impacted by mine tailings (Huang and 

Schoenau, 1998; Smith et al., 2000). Nitrogen available for plant uptake varies temporally in the 

boreal forest (Huang and Schoenau, 1998). Available N tends to decrease as the growing season 

progresses when plants uptake N for growth and other metabolic functions. However, available 

N increases in the fall with the build up and decomposition of litter. The site was sampled once 

in August and it is likely the values obtained are not indicative of the site's fertility. Intensive 

sampling over a growing season is required to determine the amount of N and other nutrients 

available to plants. Such information would be useful in revegetating other mine tailings when 

planning the amount of organic amendments and NPK fertilizers to use. 

Organic C is an important factor in nutrient cycling and retention (Sorenson et al., 2011). 

The decomposition of organic matter and carbon liberate nutrients previously inaccessible to 

plants and soil microbes (Shu et al., 2005). Organic matter also improves physical structure, 

allows for mechanical resistance to compaction, and promotes water retention (Bulmer et al., 

2007; Périé and Ouimet, 2008; Głąb, 2011). 

5.1.2 Effects of organic matter on plant cover and diversity 

Organic matter application promoted the establishment of vegetation on amended mine 

tailings where the pH was neutral and adequate nutrients were present for plant growth. In all 

four artificially revegetated sites, there was little or no vegetation on unamended tailings due to 

low pH and lack of nutrients. The application of organic matter remedied the limitations mine 

tailings impose on plant growth and establishment, although at varying degrees of success. 
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In Central Manitoba, there was little or no vegetation on unamended tailings, most likely 

due to a lack of organic matter and nutrients (Table 5). In the 2003 plots, plant cover increased 

with increased application rate of modified humic substances (Figure 12). The 3 g kg-1 and 4 g 

kg-1 treatments had the highest plant cover in the entire site and also the entire study (Table 19). 

Neutral tailings pH and a higher concentration of nutrients most likely resulted in greater plant 

cover (Tables 4, 5). Nearly half of the plant cover was contributed by Medicago sativa (alfalfa) 

(Appendix 1). Nitrogen is a limiting nutrient in mine tailings and other mesic temperate forests 

(Tilman, 1985; Liu et al., 2012) and the N-fixation ability of M. sativa likely allowed it to persist 

in the last seven years. It should be noted that the nodules of M. sativa on the plots were pink in 

colour, implying there was N-fixation at the time of sampling (Shetron and Spindler, 1983). The 

other planted species, Brassica juncea (Indian mustard), Festuca pratensis (meadow fescue), 

Poa pratensis (Kentucky bluegrass), and Elymus trachycaulus (slender wheatgrass), were either 

absent or present in lesser abundance. B. juncea seedlings were lost from grazing by Phyllotreta 

sp. (flee beetles) during the initial revegetation experiment (Szczerski, 2007). Festuca pratensis 

most likely suffered from osmotic stress and declined in growth over the years. The modified 

humic substances used in the experiment had high concentrations of Fe, P, K, and Na and could 

have raised the electrical conductivity to levels sufficient to inhibit plant growth (Szczerski, 

2007). Humic substances can also form mobile organic complexes with Cu and raise tailings 

conductivity further (Whiteley and Williams, 1993). Poa pratensis was notably present in all 

treatments despite having zero survivorship three months after seeding in the initial experiment 

(Szczerski, 2007). P. pratensis is widespread (Johnson et al., 1995) and seeds from a nearby 

population could have invaded the plots. Elymus trachycaulus accounted for less than 3% cover 

in the 0 g kg-1, 2 g kg-1, 3 g kg-1 treatments and was absent in the 4 g kg-1 treatment (Appendix 1). 
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E. trachycaulus could also have suffered from osmotic stress following the application of 

modified humic substances seven years earlier (Szczerski, 2007). 

The remainder of the plant cover was provided by both native and non-native volunteer 

species in the 2003 plots at Central Manitoba (Figure 12; Appendix 1). Native species like Betula 

papyrifera (paper birch) Chamerion angustifolium (fireweed), Larix laricina (tamarack), 

Populus tremuloides (trembling aspen), and Salix lucida (shining willow), all of which are 

typical of a disturbed site, comprised only a small portion of the plant cover (Appendix 1) 

(Johnson et al., 1995; Hart and Chen, 2006; Bourret et al., 2009). Sonchus arvensis (perennial 

sow-thistle) and Taraxacum officinale (dandelion), both highly invasive non-native species, were 

the most abundant volunteer species (Appendix 1) (Royer and Dickinson, 2006). Both species 

are widespread with a near cosmopolitan distribution and are known to grow in highly disturbed 

sites including mine sites and heavy metal-contaminated soils (Kuleff and Djingova, 1984; Surat 

et al., 2008). In addition, both are regarded as noxious weeds in agriculture due to their ability to 

outcompete crops for nutrients and space (Royer and Dickinson, 2006). Both species are efficient 

at nutrient uptake and are known to decrease crop yield (Malicki and Berbeciowa, 1986; Lemna 

and Messersmith, 1990; Stewart-Wade et al., 2002). T. officinale can also inhibit the germination 

of grass and legume species with allelochemicals (Gyenes and Béres, 2006). Furthermore, both 

species grow rapidly and reproduce prolifically through asexual means (Lemna and Messersmith, 

1990; Stewart-Wade et al., 2002). S. arvensis can reproduce vegetatively through its roots and T. 

officinale can set seeds through apomixis and both species could potentially form large colonies 

that prevent the establishment of other species. The initial high concentration of nutrients seven 

years prior could have favoured the faster growing S. arvensis and T. officinale rather than the 

volunteer native species, which may have slower growth rates. The abundance of S. arvensis and 
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T. officinale relative to native species could be a potential risk in the future where both species 

exclude the establishment of native flora. In other revegetation studies, excessive application of 

organic matter and NPK fertilizers resulted in weedy species outcompeting native species 

intended for restoration (Moss et al., 1989; Ewing, 2002). Moss et al. (1989) found that high 

rates of sludge application on a coal mine resulted in grasses and other herbaceous species 

suppressing the growth of their planted Pinus rigida × taeda (Pitch × loblolly pine hybrid). In a 

prairie restoration experiment, 5 cm of yard waste also resulted in weeds outcompeting the 

planted Festuca idahoensis (Idaho fescue) (Ewing, 2002). In mine tailings revegetation, it is well 

established that the addition of organics and NPK fertilizers is essential for encouraging plant 

growth (Tordoff et al., 2000). However, determining the amount of amendments to add to 

tailings is critical, especially for the purposes of ecological restoration, as excessive nutrients 

could favour the growth of invasive species over native species (Moss et al., 1989; Ewing, 2002) 

while inadequate nutrients may result in limited plant growth. The amount of amendment 

required to stimulate plant growth will also vary from site to site due to differences in pH, 

elemental composition, and growing conditions for plants. Field trials could be undertaken prior 

to large scale revegetation where amendments with known concentrations of nutrients are 

applied at various rates in order to determine which rate of amendment application would be 

most appropriate to use in a specific site (Brown et al., 2007). 

In the 2004 plots, there were no significant differences in plant cover between treatments 

(Table 4). In the initial revegetation experiment, the plots were established where the pH was 

highly variable (3.46 to 8.37) (Szczerski, 2007). Furthermore, there was 843 mm of precipitation 

in 2004 compared to the average of 558 mm (Environment Canada, 2012). The combination of 

variable pH and excessive precipitation could have resulted in poor plant establishment in the 
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2004 plots. Festuca pratensis (meadow fescue) and F. rubra (red fescue) were absent in all 

treatments. E. trachycaulus (slender wheatgrass) and Thinopyrum ponticum (tall wheatgrass) 

accounted for less than 4% cover in the 0, 2, 3, and 4 g kg-1 treatments and the 2 g kg-1 

unmodified humic substances treatment (Appendix 2). Both species were also absent in the 4 g 

kg-1 unmodified humic substances treatment. All four grass species most likely suffered from 

osmotic stress and declined in growth over the years as described above. M. sativa was the most 

abundant of the planted species, but had lower plant cover compared to the 2003 plots due to the 

unfavourable conditions six years prior. Unlike in the 2003 plots, volunteer species comprised a 

greater proportion of the vegetation (Figure 13; Appendix 2). The reduced establishment of 

planted species six years earlier likely allowed a greater proportion of volunteer species to 

establish due to decreased competition. In addition, native species were more abundant than non-

native species. Poa pratensis (Kentucky bluegrass) and Salix candida (sageleaf willow) were the 

most common volunteer species and accounted for 6 to 10% of the vegetation. The 

comparatively lower concentration of nutrients and variable pH of the 2004 plots could have 

suppressed the proliferation of non-native species and favoured the growth of native species 

instead. P. pratensis and several Salix species have been reported to invade mine tailings or mine 

tailings-impacted soils naturally and are presumably more tolerant of low pH and low nutrient 

conditions (McLaughlin, 1988; Bourret et al., 2009). 

In Flin Flon, there were no differences in plant cover between most treatments in the 

2004 experiment (Figure 14). Contrary to previous data, Agrostis stolonifera (creeping 

bentgrass) was not found in plots with thin slag, but rather in plots with thick slag where it had 

less than 1% cover (Appendices 4, 5). A. stolonifera naturally grows in basic and nutrient rich 

sites and the slightly acidic or neutral pH and low nutrients of the plots may have resulted in 
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decreased plant cover over the years (Tables 8, 10) (Kik et al., 1990). Elymus trachycaulus 

(slender wheatgrass) was the most abundant of the planted species in all plots. However, the 

plant cover of E. trachycaulus was still low regardless of slag depth, clay depth, or amendment 

type. Low nutrients level may have resulted in reduced plant cover. Volunteer or non-planted 

species comprised only a small portion of the plant cover in the 2004 thick slag plots (Figure 14; 

Appendix 4). Conversely, there was a greater proportion of volunteer species in the 2004 thin 

slag plots (Appendix 5). Most of the plant cover in the thin slag plots was provided by Ceratodon 

purpureus (purple horn toothed moss); a common moss species typical of disturbed sites 

(Johnson et al., 1995). The higher moisture levels where the thin slag plots are situated may have 

favoured the growth of C. purpureus (Johnson et al., 1995; Prairie Plant Systems Inc., 2004; 

2008). 

 In the 2006 plots at Flin Flon, the presence or absence of a clay cap and amendment 

thickness had no effect on the vegetation (Figure 15). Plant cover may have declined over the 

years due to low pH and/or nutrients. Agrostis scabra (ticklegrass), A. stolonifera, E. 

trachycaulus, Deschampsia cespitosa (tufted hair-grass), and Poa alpina (alpine blue grass) had 

plant cover values of approximately 3% or less. Elymus innovatus (hairy wildrye) was absent in 

all plots. Vicia americana (American vetch) had less than 1% plant cover in the plots capped 

with clay and was absent in uncapped plots, most likely due to the presence of peat. Peat 

contains phenolic compounds (p-coumaric acid, cinnamic acid, vanillic acid) which inhibit the 

growth of Rhizobium and, in turn, nitrogen fixation (Rao and Iswaran, 1973; Verhoeven and 

Liefveld, 1997; Bhattacharya et al., 2010). Other phenolic compounds (trans-cinnamic acid) 

from peat also inhibit the growth of most vascular plants (Verhoeven and Liefveld, 1997). Heavy 

metals such as Cu also inhibit the synthesis of isoflavonoids and stimulate the production of anti-
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microbial phytoalexins, which could have further inhibited nodulation and N-fixation (Parry et 

al., 1994; Bhattacharya et al., 2010). The plant cover of volunteer species was also low in the 

2006 plots. The lack of nutrients and seed source may have resulted in lower plant cover. 

The lowest plant cover was observed in Lynn Lake (Figure 16; Table 19). Low pH and 

low nutrients most likely limited plant cover. The two planted species, Pinus banksiana (Jack 

pine) and Picea mariana (black spruce), both had less than 2% cover in the windrows. The non-

planted species also had very low plant cover (Appendix 8). Bagatto and Shorthouse (1999) 

found similar results in Sudbury, Ontario where a Ni-Cu mine tailings pond had a pH of 4 and 

had a meager 3% plant cover. Tamás and Kovács (2005) also found that pH had a stronger effect 

on vegetation than total heavy metal concentration in a Hungarian Pb-Zn mine tailings pond. 

In Thompson, there was little or no vegetation on unamended tailings, most likely due to 

low pH, low organic matter, and low nutrients (Table 16; Table 17). The input of amendments 

promoted plant cover on the four remaining plots (Figure 17). The majority of the planted 

species were no longer present in the plots. Poa pratensis (Kentucky bluegrass), Agrostis scabra 

(ticklegrass), Festuca saximontana (Rocky Mountain fescue), Koeleria macrantha (prairie 

junegrass), Alopecurus aequalis (shortawn foxtail), and Helianthus annuus (annual sunflower) 

could not be found in any of the plots. Elymus trachycaulus (slender wheatgrass) was the most 

abundant species in all plots and its plant cover ranged from (Appendix 10). Elymus canadensis 

(Canada wildrye) was also present in all plots although in lesser abundance. Calamagrostis 

stricta (slim-stem reed grass) and Poa palustris (swamp meadowgrass) were only present in the 

dead tree lattice plot. 

The remainder of the plant cover was provided by both native and non-native volunteer 

species (Figure 17; Appendix 10). Agrostis mertensii (arctic bentgrass), Ceratodon purpureus 
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(purple horn toothed moss), Picea mariana (black spruce), and Populus tremuloides (trembling 

aspen), all of which are typical of a disturbed site, were the most abundant volunteer species 

(Appendix 10) (Johnson et al., 1995; Hart and Chen, 2006). Conversely, non-native invasive 

species, Sonchus arvensis (perennial sow-thistle) and Taraxacum officinale (dandelion), 

comprised only a small portion of the plant cover (Johnson et al., 1995; Royer and Dickinson, 

2006). It is likely the planted species established a thick cover and limited the invasion of 

volunteer species. In fact, in the plot amended with lime, only two species were present: Elymus 

trachycaulus and E. canadensis. 

It is very likely that the combination neutral pH and organic amendment favoured better 

plant cover in Central Manitoba, Flin Flon, and Thompson whereas highly acidic pH limited 

plant cover in Lynn Lake. It is also likely that the neutral to moderately alkaline pH at Ogama-

Rockland promoted natural plant succession. In coal mine tailings, it is hypothesized that pH is a 

key factor in plant establishment and community structure (Alday et al., 2011) and the same is 

likely to be true in metalliferous mine tailings. High pH of 8 or higher precipitates phosphate, a 

limiting and essential macronutrient (Ulrich and Sumner, 1991). Conversely, low pH of 3 to 4 

increases the solubility of heavy metals, which leads to increased uptake and, in turn, increased 

toxicity to plants (Adams, 1984; Robson, 1989; Winterhalder, 1996). At high concentrations, 

heavy metals also compete with nutrients during uptake, which could lead to nutrient 

deficiencies (Taiz and Zieger, 1998). Tamás and Kovács (2005) also found that pH had a 

stronger effect on vegetation than total heavy metal concentration in a Hungarian Pb-Zn mine 

tailings pond. Bagatto and Shorthouse (1999) found similar results in Sudbury, Ontario where a 

Ni-Cu mine tailings pond had a pH of 4 and a meager 3% plant cover. Furthermore, McLaughlin 

(1988) found pH to have an effect on the species composition of a mine tailings pond at Copper 
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Cliff, Ontario where Poa pratensis dominated sites with a pH > 5 and Agrostis gigantea 

dominated sites with a pH < 5. Organic matter also improves physical structure, allows for 

mechanical resistance to compaction, and promotes water retention (Bulmer et al., 2007; Périé 

and Ouimet, 2008; Głąb, 2011). Indeed, moderate to high plant cover was attained in treatments 

where organic matter was applied at Central Manitoba, Flin Flon, and Thompson. In other 

studies, organic matter and carbon have been implicated in plant growth on mine tailings. In 

naturally revegetated mine tailings, plants tend to establish on microsites where organic matter 

has accumulated (Shu et al., 2005; Tamás and Kovács, 2005; Ottenhof et al., 2007; Wang et al., 

2011; Young et al., 2012). In artificially revegetated mine tailings, plants generally exhibit 

greater growth when tailings are amended with organic matter compared to tailings amended 

with inorganic fertilizers alone, suggesting organic matter plays a more critical role in plant 

growth and development (Shu et al., 2002; Green and Renault, 2008). In the case of Lynn Lake, 

plant cover was low despite the higher concentration of organic C relative to the other sites 

(Figure 16, Table 14). The data suggest that low pH was more limiting to plant growth at Lynn 

Lake. 

Plant diversity did not differ between treatments within each site (Tables 3, 6, 7, 12, and 

15). Throughout the study, species richness ranged from 2 to 9 per 1 m2 quadrat. On a per site 

basis, species richness ranged from 20 to 28 in the four artificially revegetated mine tailings, 

which indicate low diversity. Bagatto and Shorthouse (1999) also found low plant diversity in 

artificially revegetated mine tailings in Sudbury, Ontario. Plant diversity in the boreal forest 

typically varies from 39 to 77 species (Hart and Chen, 2006). In the boreal forest, species 

richness and diversity increase with time during the early stages of succession due to the 

availability of space and nutrients. Disturbances like fire and wind throw liberate previously 
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inaccessible nutrients and the sudden influx of nutrients is exploited by fast growing species. In 

such cases, plants are known to colonize all available space within five to seven years. In 

contrast, mine tailings deposition as a form of disturbance eliminates existing soil along with its 

reservoir of nutrients (Winterhalder, 1996; Tordoff et al., 2000). The lack of nutrients in addition 

to high concentrations of heavy metals and low pH preclude plant colonization and, ultimately, 

limit plant diversity. Indeed, the examined sites in the study contained little vegetation until the 

addition of organic matter and inorganic fertilizers (Hozhina and Sherriff, 2005; TetrES 

Consultants Inc., 2008; Szczerski et al., 2013). In revegetated coal mine tailings in Spain, 

nutrient accumulation has been associated with increased species richness (Alday et al., 2011). 

However, there may be other environmental parameters that affect species richness, plant 

diversity, and succession such as species-specific herbivory, temperature-dependent growth, 

allelopathy, and topography (Tilman, 1985; Hart and Chen, 2006). 

It is also interesting to note the vast majority of the species found were anemochorous 

(wind dispersed) and/or exhibit clonal growth. Wind dispersed diaspores are capable of 

traversing great distances and are likely to colonize disturbed sites (Shu et al., 2005). 

Anemochorous species found in the study include Betula papyrifera (paper birch), Chamerion 

angustifolium (fireweed), Populus spp. (poplars), Rumex salicifolius (willow dock), Salix spp. 

(willows), members of Asteraceae (composite family), and members of Poaceae (grass family). 

Similar species, genera, and families have also been found in other mine tailings and other sites 

disturbed by human activities. Bagatto and Shorthouse (1999) also found Betula papyrifera, Poa 

pratensis, and Populus tremuloides (trembling aspen) as volunteer species in artificially 

revegetated mine tailings at Sudbury, Ontario. In Europe, the following genera have been found 

to colonize mine tailings: Betula, Carex, Elymus, Equisetum, Larix, Medicago, Poa, Potentilla, 



128 

 

 

Rumex, Salix, and Taraxacum (Khusainov, 2005; Tamás and Kovács, 2005; Szarek-

Łukaszewska, 2009). Members of Asteraceae and Poaceae are also known to occur in mine 

tailings in China (Shu et al., 2005; Wang et al., 2011). Betula ssp., Ceratodon purpureus (purple 

horn toothed moss), Chamerion angustifolium, Equisetum arvense (common horsetail), Melilotus 

albus (white sweet clover), Poa pratensis, Populus ssp., Salix ssp., and Sonchus arvensis have 

been found in other disturbed sites impacted by human activities including phosphogypsum 

dumps and oil-contaminated soils (Zheleznova et al., 2005; Gusev, 2006). 

Species capable of clonal reproduction found in the study included Carex aurea (golden 

sedge), Equisetum variegatum, Poa pratensis, and Sonchus arvensis. Clonal plant species have 

also been found in other mine tailings. In the Gunnar mine tailings in Manitoba, Equisetum 

palustre (marsh horsetail) was the dominant species found where vegetation established naturally 

(Young et al., 2012). In China, Equisetum ramosissimum (branched horsetail) and rhizomatous 

members of Poaceae were found colonizing mine tailings naturally (Shu et al., 2005; Wang et 

al., 2011). It is hypothesized that clonal reproduction is an important adaptation to mine tailings 

since genes for heavy metal tolerance are maintained (Shu et al., 2005; Wang et al., 2011). In 

addition, established, older plants can also translocate nutrients to younger ramets. 

Another interesting observation in the study was the scarcity of annuals. Young et al. 

(2012) also found a similar pattern in the naturally revegetated Gunnar mine tailings in Manitoba 

where the vast majority of the species present were perennials. However, in other studies in 

Spain, annuals were found to be quite common on recently disturbed sites (Bonet and Pausas, 

2004; Alday et al., 2011). Annuals tend to be common early in succession due to their ability to 

colonize new space and fast growth rate, but are displaced later by more competitive perennial 

species. Annual species may have been present earlier, but were displaced by the current flora. It 



129 

 

 

is also possible that vegetative reproduction may be a more successful form of reproduction on 

metalliferous mine tailings than seeds produced sexually. 

In contrast to the artificially revegetated sites, the naturally revegetated Ogama-Rockland 

site had high floral diversity. There may have been no significant differences in species richness 

between strata (Figure 18). However, there seems to be a pattern in floral composition between 

the four strata (Appendix 5). The bare and sparse strata were largely composed of fast growing, 

shade intolerant species (Anaphalis margaritacea, Betula papyrifera, Equisetum ssp., Poa 

palustris, Populus ssp., Salix ssp.) typical of a disturbed site (Johnson et al., 1995). The open 

canopy stratum, although still dominated by early invaders, marked the onset of mosses 

(Ceratodon purpureus, Distichium capillaceum, Pleurozium schreberi) and mature trees (Larix 

laricina, Picea mariana), suggesting greater moisture and nutrient content compared to the bare 

and sparse strata (Hart and Chen, 2006). The closed canopy stratum was largely dominated by 

slow growing, shade tolerant species (Abies balsamea, Cornus canadensis, Linnaea borealis) 

typical of a mature or late successional boreal forest (Johnson et al., 1995). Overall, 61 plant 

species, in 50 genera, in 25 families and 6 lichen species, in 2 genera, in 2 families were found, 

which makes Ogama-Rockland the most diverse site in the study. The species richness found on 

site is also likely to be an underestimate since some species were not present in the plots during 

sampling (Calypso bulbosa, Clintonia borealis, Hylocomium splendens, Lycopodium clavatum, 

Monotropa uniflora, Petasites frigidus, Pinus banksiana, Trientalis borealis) (Naguit, personal 

observation, 2011). 

In the boreal forest, species richness increase with time during the early stages of 

succession due to the availability of space and nutrients (Hart and Chen, 2006). Wind dispersed, 

fast growing, shade intolerant species (Anaphalis margaritacea, Betula papyrifera, Elymus 
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trachycaulus, Equisetum ssp., Populus ssp., Salix ssp.) are known to colonize all available space 

within five to seven years. As plants establish with time, competition for nutrients and light 

intensify (Tilman, 1985). Early invaders are eliminated as nutrients and light become limiting 

and are supplanted by slow growing, shade tolerant species (Abies balsamea, Clintonia borealis, 

Cornus canadensis, Hylocomium splendens, Linnaea borealis, Pleurozium schreberi) (Hart and 

Chen, 2006). 

Based on the current data, the different strata of Ogama-Rockland represent different 

stages of succession. However, due to the lack of replicates and other forms of analyses, it is 

uncertain how the site naturally progressed from a wasteland to a forest. In revegetated coal mine 

tailings in Spain, pH and nutrient accumulation have been associated with community structure 

and increased species richness, respectively (Alday et al., 2011). However, there may be other 

environmental parameters that affect species richness, plant diversity, and succession such as 

species-specific herbivory, temperature-dependent growth, allelopathy, and topography (Tilman, 

1985; Hart and Chen, 2006). Understanding the processes that governed succession in Ogama-

Rockland could be useful in future revegetation projects. 

5.2 Greenhouse Experiment 1 

In the first greenhouse experiment, Medicago sativa cv. Survivor (alfalfa) was grown in 

unamended and amended tailings from Central Manitoba Tailings, Lynn Lake, and Thompson or 

clay from Flin Flon in order to compare the efficacy of the amendments examined in the field 

study. Physicochemical analyses of unamended and amended tailings prior to seeding and post 

harvest were consistent with field results (Tables 20, 21). 
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 Greenhouse results confirm the field data of tailings physicochemical analysis, pH may 

have had a profound effect on germination and subsequent growth. In most studies, pH of 6.0 to 

6.5 is reported to be optimum for M. sativa growth in agricultural soils (Van Lierop et al., 1980; 

Mandić et al., 2012). In the current study, highly acidic pH (~ 3.5) inhibited germination. Highly 

acidic pH could be damaging to plants (Robson, 1989). Heavy metals have increased solubility at 

low pH and, therefore, increased toxicity (El-Kherbawy et al., 1989). Hexavalent chromium, 

Cd+2, Cu+2, and Zn+2 have also been reported to inhibit germination in M. sativa cv. Malone 

grown in heavy metal-treated soil (Peralta-Videa et al., 2002) and agar media (Peralta-Videa et 

al., 2001). The findings of the study are further corroborated by El-Kherbawy et al. (1989) who 

reported zero germination in M. sativa grown in heavy metal-contaminated soil with a pH of 4.3. 

Conversely, neutral pH could have promoted superior germination. Most heavy metals have 

decreased solubility at higher pH and, therefore, decreased toxicity (El-Kherbawy et al., 1989). 

Similar to field data, plant growth in the greenhouse experimented was influenced by pH 

and the availability of nutrients. The high dry biomass of plants in the Flin Flon unamended, Flin 

Flon amended, and Thompson amended tailings could be attributed to neutral pH and adequate 

nutrients. The concentration of inorganic PO4
-3, inorganic N, and organic C were higher in the 

Flin Flon unamended, Flin Flon amended, and Thompson amended tailings compared to the 

other treatments, which contributed to greater biomass yield (Table 21). Furthermore, clay was 

employed as a cap at Flin Flon and possibly Thompson over tailings to minimize the oxidation of 

sulphides and to reduce heavy metal exposure to plants (Herbert, 1992; Chaturvedi et al., 2007; 

Prairie Plant Systems Inc., 2008). Thus, it is also likely that the high biomass was achieved in 

part due to decreased heavy metal toxicity. 
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In the Central unamended and amended tailings, the low concentration of nutrients likely 

reduced plant growth. In the Lynn Lake unamended and amended tailings, the combination of 

low nutrients and low pH likely inhibited growth. The concentration of inorganic PO4
-3 in both 

unamended and amended tailings was the lowest across all treatments (Table 21). The 

concentration of inorganic N was also the lowest in unamended tailings whereas in amended 

tailings, inorganic N was comparable to the Flin Flon tailings where biomass was the highest. 

However, low pH and presumably higher concentrations of dissolved heavy metals and other 

ions could have limited nutrient uptake through competition (Taiz and Zieger, 1998). Low pH 

(ca. 3.5 to 5.0) can also adversely affect the survival of rhizobia and nodulation rates of legumes 

(Porter and Sheridan, 1981). In addition to nutrient uptake competition, heavy metals are also 

toxic. Cadmium is known to inhibit photosynthesis and chlorophyll production in Triticum 

aestivum (wheat) and NH4
+ assimilation in Zea mays (corn) (Boussama et al., 1999; Ci et al., 

2010). Excessive nickel is also known to reduce plant growth by disrupting photosynthesis, 

water relations, and cell division (Gajewska and Skłodowska, 2008). In Brassica juncea (Indian 

mustard), Pb is known to disrupt microtubule organization in meristematic cells (John et al., 

2009). Copper and Cd inhibit the activity of indole-3-acetic acid in M. sativa (Neumann et al., 

2011). Moreover, the peat itself in amended tailings could also have limited the growth of M. 

sativa since the phenolic compounds in peat inhibit the growth of rhizobia and, in turn, nitrogen 

fixation (Rao and Iswaran, 1973; Bhattacharya et al., 2010). 

 Growth was only moderate in the control plants despite the neutral pH, low conductivity, 

and the lack of excessive heavy metals. The inferior growth could have been due to the 

composition of the substrate (peat, woodchips, and perlite). Peat contains phenolic compounds 

(p-coumaric acid, cinnamic acid, vanillic acid) which inhibit the growth of Rhizobium and, in 
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turn, nitrogen fixation (Rao and Iswaran, 1973; Verhoeven and Liefveld, 1997). Other phenolic 

compounds (trans-cinnamic acid) from peat also inhibit the growth of most vascular plants 

(Verhoeven and Liefveld, 1997). 

In general, root to shoot ratios greater than one indicate low water and nutrient conditions 

as plants increase their root to shoot ratios in order to increase nutrient uptake (Green and 

Renault, 2008; Brassard et al., 2009; Das and Maiti, 2009). In the case of M. sativa, root to shoot 

ratio values should be interpreted with caution since the species possess a deep tap root, which 

functions as a storage of carbon and its preponderance will vary temporally (Shetron and 

Spindler, 1983; Raun et al., 1999). In the spring, there could be a decrease in root biomass as 

stored carbohydrates are metabolized for shoot production. Stored carbohydrates are then 

replenished throughout the growing season until the plant flowers and set seeds. With respect to 

the study, the conventional use of root to shoot ratio could be applied to M. sativa. Indeed, the 

high ratio in the Central unamended and Central amended tailings is truly indicative of low 

nutrient status based on the macronutrient analyses (Table 21). In the case of the Thompson 

amended tailings, the high ratio could be due to water deficit induced by high electrical 

conductivity in the tailings or compaction (Table 20). Similar trends have been reported in other 

mine tailings studies. Vetiveria zizanioides (vetiver grass) and Phragmities australis (common 

reed grass) are known to exhibit higher ratios in response to low nutrients in unamended Pb/Zn 

mine tailings compared to amended tailings (Chiu et al., 2006). Cymbopogon citratus (lemon 

grass) also exhibited higher ratios when grown in unamended Cu mine tailings (Das and Maiti, 

2009). Several M. sativa cultivars have also demonstrated higher ratios in response to water 

stress (Slama et al., 2011; Boldaji et al., 2012). 
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In the case of the Flin Flon unamended, Flin Flon amended, and Lynn Lake amended 

tailings, the comparatively lower ratios are not indicative of high nutrient status based on the 

macronutrient analyses (Table 21). In plants grown in Flin Flon unamended and amended 

tailings, the relatively lower ratio may have also been due to flowering (Shetron and Spindler, 

1983). Flowering is a metabolically demanding process and likely utilized the carbohydrate 

stores in the roots (Shetron and Spindler, 1983; Raven et al., 2005). In plants grown in Lynn 

Lake amended tailings, root growth was likely inhibited by low pH and phenolic compounds 

from peat (Adams, 1984; Verhoeven and Liefveld, 1997; Bhattacharya et al., 2010). 

Photosynthesis, transpiration, pigment content, and proline content were only measured 

for the plants that grew sufficiently to be measured. In most of the examined treatments, 

photosynthesis and transpiration were reduced and proline content increased compared to the 

control (potting mix). This suggests water deficit during the growth period. The compaction of 

the growth media during the course of the experiment could have reduced water infiltration and, 

in turn, reduced water uptake (Shetron and Spindler, 1983; Bulmer et al., 2007; Głąb, 2011). 

Under water deficit, water becomes limiting in photosynthesis (Taiz and Zieger, 1998). Stomata 

also close during water stress, which result in reduced CO2 diffusion into leaves and, in turn, C-

fixation and assimilation (Erice et al., 2011). Water deficit and stomatal closure can further 

instigate photooxidation and increased production of reactive oxygen species (Foyer et al., 

1994). Reactive oxygen species (O2
-, 1O2, H2O2, 

·OH-) can inhibit photosynthesis by damaging 

photosynthetic enzymes and pigments. The results of the experiment are corroborated by 

previous work on several M. sativa cultivars where water deficit inhibited photosynthetic activity 

and transpiration (Erice et al., 2011; He et al., 2012). Ferree et al. (2004) also found similar 

reductions in photosynthesis and transpiration in Malus x domestica (apple) grown in compacted 
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soils. Proline is known to accumulate in most plants through increased production and/or 

decreased degradation under stressful conditions (Yoshiba et al., 1997; Sharma and Dietz, 2006; 

Ashraf and Foolad, 2007). Proline functions as an organic osmolyte or compatible solute under 

water stress and can accumulate without disrupting cellular processes unlike inorganic solutes 

(Goicoechea et al., 1998; Gajewska and Skłodowska, 2008; Safarnejad, 2008; John et al., 2009). 

Consistent with the findings of the experiment, several M. sativa cultivars have been reported to 

accumulate proline under water deficit (Irigoyen et al., 1992; Goicoechea et al., 1998; 

Safarnejad, 2008; Slama et al., 2011; He et al., 2012). Similar findings were also reported in 

water stressed Solanum tuberosum (potato) (Knipp and Honermeier, 2006). 

The pigment data are difficult to interpret since the control plants did not grow 

sufficiently and had reduced pigment content (Figures 22, 23). The photosynthesis, transpiration, 

and proline data suggest the plants grown in Flin Flon unamended, Flin Flon amended, and 

Thompson amended tailings were stressed throughout the growth experiment and it is likely the 

pigment content of the aformentioned treatments was low. Indeed, chlorosis and necrosis were 

observed on a number of plants throughout the growth experiment possibly due to low water and 

nutrient content of the growth media (Figure 24). 

5.3 Greenhouse Experiment 2 

In the first growth experiment, plants in the unamended and amended Central Manitoba 

Tailings and Lynn Lake failed to germinate or grow sufficiently. The experiment was repeated 

with fertilizer added to tailings from Central Manitoba and fertilizer and/or lime added to tailings 

from Lynn Lake to confirm that the low pH and/or low nutrients are the limiting factors for plant 

growth. Physicochemical analyses of unamended and amended tailings prior to seeding were 

consistent with field results (Tables 23, 24). While organic matter (peat) by itself had no effect 
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on pH in the Lynn Lake tailings, a combination of organic matter and lime significantly 

increased pH compared to lime alone (Table 23). Indeed, the pH increased further by 0.20 to 

1.50 units during the 90 day growing period in treatments with amendment and/or lime. The 

alkaline nature of dolomitic lime (CaMg)(CO3)2 and/or pH-buffering capacity of organic matter 

neutralized some of the acidity in the tailings. Similar findings have also been reported in the 

literature (Conesa et al., 2007). Ye et al. (2000) have demonstrated that lime and manure 

compost resulted in higher pH in acid generating Pb/Zn tailings than just lime alone. Biosolids 

and composted municipal waste in combination with lime were also reported to have a similar 

effect on Cu mine tailings (Khan and Jones, 2009; Verdugo et al., 2011). Alvarenga et al. (2008) 

have shown municipal waste and lime application increased the pH of pyrite-rich mine tailings. 

The fertilizer applied in unamended and amended tailings from Central Manitoba had no 

effect on germination and plant growth (Table 25). The data suggests the concentration of 

nutrients in the fertilizer may have been insufficient to promote better growth. Based on the data, 

it can also be inferred that organic amendments are more effective in promoting plant growth 

than fertilizer alone. Organic matter is an important factor in nutrient cycling and retention 

(Sorenson et al., 2011). Organic matter also improves physical structure, allows for mechanical 

resistance, slows recompaction, and promotes water retention (Bulmer et al., 2007; Périé and 

Ouimet, 2008; Głąb, 2011). In other studies, plants generally exhibit greater growth when 

tailings are amended with organic matter compared to tailings amended with inorganic fertilizers 

alone, suggesting organic matter plays a critical role in plant growth and development (Shu et al., 

2002; Green and Renault, 2008). Plants grown in Central amended and amended + fertilizer 

tailings had significantly lower root to shoot ratio compared to plants in unamended and 

unamended + fertilizer tailings (Table 25). In general, root to shoot ratios greater than one 
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generally indicate low water and nutrient conditions as plants increase their root to shoot ratios in 

order to increase nutrient uptake (Green and Renault, 2008; Brassard et al., 2009; Das and Maiti, 

2009). The higher nutrient content of the amended and amended + fertilizer tailings likely 

resulted in lower root to shoot ratios. As discussed in the previous greenhouse experiment, the 

root to shoot ratio of M. sativa vary temporally (Shetron and Spindler, 1983; Raun et al., 1999). 

With respect to the study, the conventional use of root to shoot ratio could be applied to M. 

sativa. Indeed, the high ratio in the Central unamended and unamended + tailings is truly 

indicative of low nutrient status based on the macronutrient analyses and the reverse is true for 

Central amended and amended + fertilizers (Table 25). 

In the case of Lynn Lake, dolomitic lime promoted germination and plant growth when 

used with an organic amendment (peat) (Table 25). The data suggests organic matter and lime 

stimulated germination in M. sativa grown in acidic mine tailings. M. sativa is an acid sensitive 

plant and other studies have shown pH lower than 5 inhibit its germination and growth (El-

Kherbawy et al., 1989; Mandić et al., 2012). According to Adams (1984), the optimum pH for 

M. sativa is 6 to 7. Indeed, the nearly neutral pH of the Lynn Lake amended + lime and amended 

+ lime + fertilizer tailings promoted the highest germination rate. Verdugo et al. (2011) have 

reported similar findings in Lolium perenne (perennial ryegrass) grown in limed Cu mine 

tailings. Furthermore, the amended + lime + fertilizer treatment had higher dry biomass 

compared to the other treatments. The high biomass could be attributed to increased pH and 

additional nutrient input. Higher pH (6 to 7) also increases nodulation rates since Rhizobium is 

inhibited at pH 5 or lower (Adams, 1984). Additional nutrient input likely alleviated nutrient 

deficiencies inherent in peat. It has also been reported that fertilizers increase M. sativa yield 

when nodulation fails, which is the case in the study (discussed below) (Hannaway and Shuler, 
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1993). In other studies, liming has been reported to increase biomass yield in M. sativa grown in 

acidic organic soil (Van Lierop et al., 1980). Furthermore, the former also reported M. sativa can 

grow at low pH (ca. 4.50) if sufficient nutrients are provided. With respect to mine tailings, 

similar findings have been reported on other plant species (Conesa et al., 2007). Ye et al. (2000) 

demonstrated lime and manure compost promoted growth in Cynodon dactylon (Bermuda grass) 

grown in acid generating Pb/Zn mine tailings. Biosolids or municipal waste with lime also have a 

similar effect on Lolium perenne (perennial ryegrass) grown in mine tailings (Alvarenga et al., 

2008; Verdugo et al., 2011). Plants grown in Lynn Lake unamended + lime and amended tailings 

had the significantly highest root to shoot ratio (Table 25). The other treatments were not 

different from each other or the control. The higher ratio in Lynn Lake unamended + lime and 

amended tailings could be attributed to nutrient and/or water deficit. The lower ratio in the other 

treatments could be due to the presence of an amendment and the addition of lime and/or 

fertilizer. In amended + lime, amended + fertilizer, and amended + lime + fertilizer, it is also 

possible root growth was inhibited by low pH and phenolic compounds (trans-cinnamic acid) 

from peat (Adams, 1984; Verhoeven and Liefveld, 1997; Bhattacharya et al., 2010). 

In the current study, it is likely M. sativa cv. Survivor was not under oxidative or water 

stress at the time of sampling. Electrolyte leakage was low in the examined treatments (Table 

26). Transpiration rate and proline content of plants in the current experiment was comparable to 

the transpiration of the control plants in the previous experiment (Figure 21; Table 26). It is 

likely there was no water deficit at the time transpiration was measured. Acetylene reduction 

activity (ARA) in plants grown in Central amended and amended + fertilizer tailings was low 

and there was no ARA in plants grown in Lynn Lake amended + fertilizer + lime tailings (Table 

26). The data suggests the plants grown in Central amended and amended + fertilizer tailings 
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fixed nitrogen. However, ARA was likely reduced due to the presence of heavy metals. Several 

heavy metals (Cd, Cu, Zn) and As are known to inhibit nodule development and nitrogenase in 

M. sativa (Bouton et al., 1981; Porter and Sheridan, 1981; Porter, 1983; El-Kherbawy et al., 

1989; Neumann et al., 1998). Nitrogenase inhibition is likely due to heavy metals binding to 

sulfhydryl (-SH) groups (Porter and Sheridan, 1981). In plants grown in Lynn Lake amended + 

fertilizer + lime tailings, ARA was likely completely inhibited by phenolic compounds. Trans-

cinnamic acid in peat inhibit root growth whereas p-coumaric acid, cinnamic acid, and vanillic 

acid inhibit the growth of Rhizobium (Rao and Iswaran, 1973; Verhoeven and Liefveld, 1997). 

The low ARA in plants and possibly insufficient nutrients in the tailings could have contributed 

to reduced pigment content. Compared to the previous greenhouse experiment, the pigment 

content of the plants in the current experiment is at least 50% lower, which possibly indicates 

chlorosis. Szczerski (2007) and Green and Renault (2008) also reported similar values for M. 

sativa cv. Survivor when grown in mine tailings from Central Manitoba. 
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6. Conclusions and Recommendations 

 In the 2003 plots at Central Manitoba Tailings, high plant cover (72.3 to 112.4%) was 

achieved through roto-tilling and a comparatively small application of amendements 

seven years after treatment. In the 2004 plots, moderate plant cover (25.5 to 46.2%) was 

still achieved despite low plant establishment six years earlier. Furthermore, Medicago 

sativa (alfalfa) was able to persist six to seven years after the initial revegetation 

experiment whereas the other planted species (Brassica juncea, Festuca pratensis, F. 

rubra, Poa pratensis, Elymus trachycaulus, Thinopyrum ponticum) died or declined in 

growth over the years. The ability to fix atmospheric N2 likely allowed M. sativa to 

survive. The data suggest N is a limiting nutrient on mine tailings and legumes and/or 

actinorrhizal plants should be considered in future revegetation projects for increased 

nutrient cycling and to minimize the use and cost of inorganic fertilizers. It is also 

important to note that several native species (Betula papyrifera, Larix laricina, Salix 

spp.,) were also found growing on both the 2003 and 2004 plots. 

 In the 2004 plots at Flin Flon, moderate to high plant cover (23.5 to 80.5%) was achieved 

through capping tailings with slag and clay. It is interesting to note the plant cover of the 

2004 plots was comparable to the plant cover of Central Manitoba Tailings despite the 

differences revegetation methods used. In the 2006 plots, plant cover was low (15.3 to 

23.6%) due to low pH, low nutrients, and possibly the phenolic compounds in peat. 

 In Lynn Lake, plant cover was low (5.7 to 11.8%) in the windrows in both years. Low pH 

and low nutrients resulted in low plant cover. Liming the site to neutralize low pH or 

capping the acidic tailings with clay is likely necessary to promote revegetation. 
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 In Thompson, moderate to high plant cover (45.5 to 71.5%) was achieved although it is 

difficult to draw conclusions from data obtained from this site since there was only one 

replicate per treatment. More than one replicate should have been used in this study in 

order to better determine the effectiveness of the amendments (horse manure, limestone, 

wood debris, sewage sludge) used in this study. Furthermore, plots on this site were not 

as described in the report obtained. It is critical to accurately document methodology and 

results for use in future studies. 

 All four artificially revegetated mine tailings had low diversity (20 to 28 species). The 

floral composition of each site was also typical of a disturbed site or an early successional 

forest. Late successional species could be introduced to artificially revegetated mine 

tailings to increase native plant biodiversity. 

 At Ogama-Rockland, there was no difference in the elemental composition of tailings 

despite the marked difference in floral composition and structure between strata. The 

preliminary data suggest there could be other factors (pH, bulk density, nutrient content) 

other than elemental composition that affects plant establishment and subsequent 

community structure. Additional study should also be conducted at the Ogama-Rockland 

site as it is uncertain how the site naturally progressed from a wasteland to a forest. 

Understanding the processes that governed natural revegetation in Ogama-Rockland 

could be useful in future revegetation projects. 

 It is well established that the addition of organics and NPK fertilizers is essential for 

encouraging plant growth (Tordoff et al., 2000). However, determining the amount of 

amendments to add to tailings could be difficult, especially for the purposes of ecological 

restoration, as excessive nutrients could favour the growth of invasive species over native 
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species (Moss et al., 1989; Ewing, 2002) while inadequate nutrients may result in limited 

plant growth. The amount of amendment required to stimulate plant growth will also vary 

from site to site due to differences in pH, elemental composition, and growing conditions 

for plants. Field trials should be undertaken prior to large scale revegetation where 

amendments with known concentrations of nutrients are applied at various rates in order 

to determine which rate of amendment application would be most appropriate to use in a 

specific site (Brown et al., 2007). Regular monitoring of recently revegetated tailings 

should also be conducted since the beneficial effects of inorganic fertilizers are often 

short-lived. 

 Throughout the study, low pH (ca. 3 to 4) was a limiting factor in plant growth and 

establishment, especially at Lynn Lake. Heavy metals have increased solubility at low pH 

and, therefore, increased plant uptake and toxicity. The highest plant cover in the field 

study was in the 2003 plots of Central Manitoba Tailings where the pH was nearly 

neutral while the lowest plant cover was in the windrows of Lynn Lake where the pH was 

highly acidic. Similar results were also found in both greenhouse studies where low pH 

reduced or completely inhibited the germination and growth of Medicago sativa cv. 

Survivor. As evident in the second greenhouse experiment, increasing pH with an 

application of dolomitic lime and organic matter promoted the growth and survival of M. 

sativa. Based on field and greenhouse data, correcting pH alone is insufficient to promote 

plant growth. An application of organic matter and inorganic fertilizers in combination 

with neutralizing pH are more likely to promote long-term plant cover. 

 The results of the study show that while current revegetation methods promote plant 

growth on tailings, it is difficult to determine at this point in time if and how the 
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vegetation will progress from a grass-legume community to a mature boreal forest. In 

addition, while various amounts of effort were invested into each site, our results indicate 

the degree of remediation does not affect overall success as summarized below. 

 

Table 27. A summary of the approach, effort invested and success in each artificially revegetated 

site in the study. 

Sites Approach Relative Effort Relative Success 

Central Manitoba Tailings roto-tilling little high 

    

Lynn Lake one stage cap moderate low 

    

Thompson one stage cap moderate moderate 

    

Flin Flon multi-stage cap high moderate 
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Appendix 1. Mean plant cover of individual species in in the 2003 plots at Central Manitoba. 

Species Life Form Amendment Rate 

    0 g kg-1 2 g kg-1 3 g kg-1 4 g kg-1 

Anaphalis  

margaritaceae Perennial   0.4  

Betula papyrifera Woody   1.7  

Bryum caespiticium Bryophyte 0.9 5.2 6.0 2.5 

Carex aurea Perennial  0.4   

Ceratodon purpureus Bryophyte 3.4   0.4 

Chamerion angustifolium Perennial  0.1 4.7  

Cladonia rangiferina Lichen  0.1   

Elymus trachycaulus Perennial 0.8 2.2 1.3  

Equisetum variegatum Perennial 2.5 0.2   

Larix laricina Woody 0.1 0.2 0.2 1.3 

Medicago sativa Perennial 1.7 38.8 47.1 48.4 

Melilotus albus Perennial  0.4 8.3 88 

Poa palustris Perennial  6.7  4.6 

Poa pratensis Perennial 0.5 4.8 7.2 12.2 

Populus balsamifera Woody   0.4  

Populus tremuloides Woody  1.7 1.3 0.4 

Potentilla norvegica Annual / Perennial  0.3 0.6 0.1 

Rumex salicifolius Perennial 0.4    

Salix candida Woody 3.3   0.4 

Salix lucida Woody    0.4 

Sonchus arvensis Perennial 0.1 6.3 18.0 16.3 

Sphenopholis intermedia Perennial  0.9 0.4  

Suaeda maritima Perennial  0.2   

Taraxacum officinale Perennial 0.1 6.1 15.5 16.7 

Thinopyrum ponticum Perennial 0.8 0.1   
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Appendix 2. Mean plant cover of individual species in the 2004 plots at Central Manitoba. 

Species Life Form Amendment Rate 

    0 g kg-1 2 g kg-1 3 g kg-1 4 g kg-1 *2 g kg-1 *4 g kg-1 

Bryum caespiticium Bryophyte 6.7 0.4 4.2 3.8 0.5 3.8 

Ceratodon purpureus Bryophyte 2.6 5.1 2.1 3.8 1.8 5.8 

Elymus trachycaulus Perennial 2.2 2.1 0.6  0.2  

Medicago sativa Perennial 3.3 2.3 2.3 13.8 5.1 17.2 

Melilotus albus Perennial 4.3 0.4     

Poa pratensis Perennial 10.2 8.1 9.2 7.9 5.0 7.2 

Populus balsamifera Woody   0.1 1.7   

Populus tremuloides Woody  0.4     

Potentilla norvegica Annual / Perennial 0.2 0.8 0.4  0.1 0.1 

Rumex salicifolius Perennial  0.1  0.4 0.2 0.4 

Salix candida Woody 6.3 6.8 0.1 0.4 6.7 3.3 

Salix lucida Woody      0.8 

Sonchus arvensis Perennial 0.1 2.1  0.4  0.8 

Sphenopholis intermedia Perennial  0.8     

Suaeda maritima Perennial 0.5 0.4 1.9 0.5 0.2 0.1 

Taraxacum officinale Perennial 3.0 1.8 1.8 4.6 0.9 6.7 

Thinopyrum ponticum Perennial 2.9 0.5 2.9 3.8 0.4  

* - unmodified humic substances 
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Appendix 3. Species list of the vegetation at the Central Manitoba Tailings, Nopiming Park, 

Manitoba. 

Family Genus Species Authority 

Amaranthaceae Rumex salicifolius Weinm. 

 Suaeda maritima (L.) Dumort. 

Asteraceae Anaphalis margaritacea (L.) Benth. 

 Sonchus arvensis L. 

 Taraxacum officinale F.H. Wigg. 

Betulaceae Betula papyrifera Marshall 

Bryaceae Bryum caespiticium Hedw. 

Cladoniaceae Cladonia rangiferina (L.) Weber ex F.H.Wigg.  

Cyperaceae Carex aurea Nutt. 

Ditrichaceae Ceratodon purpureus (Hedw.) Brid. 

Equisetaceae Equisetum variegatum Schleich. ex F. Weber & D.M.H. Mohr  

Fabaceae Medicago sativa L. 

 Melilotus albus Medik. 

Onagraceae Chamerion angustifolium (L.) Holub 

Pinaceae Larix laricina (Du Roi) K. Koch  

Poaceae Elymus trachycaulus (Link) Gould ex Shinners 

 Poa palustris L. 

  pratensis L. 

 Sphenopholis intermedia (Rydb.) Rydb.  

 Thinopyrum ponticum (Podp.) Barkworth & D.R. Dewey 

Rosaceae Potentilla norvegica L. 

Salicaceae Populus balsamifera L. 

  tremuloides Michx. 

 Salix candida Flüggé ex Willd. 

    lucida Muhl. 
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Appendix 4. Mean plant cover of individual species in the 2004 thick slag plots at Flin Flon. 

Species Life Form Thick Slag 

  Thin Clay  Thick Clay 

    Control Straw Matting Peat   Control Straw Matting Peat 

Agrostis stolonifera Perennial 0.5 0.5 0.1   0.2 0.3 

Betula papyrifera Woody   2.1     

Bromus inermis Perennial      1.0 0.4 

Bryum caespiticium Bryophyte 4.3 5.6 2.8  2.7 5.8 4.9 

Ceratodon purpureus Bryophyte     0.1   

Crepis tectorum Annual 0.4 0.1      

Elymus trachycaulus Perennial 24.6 20.9 19.4  19.8 25.5 24.2 

Elymus virginicus Perennial 0.8  0.1     

Melilotus albus Perennial       0.1 

Phleum pratense Perennial  0.1    0.1 0.1 

Populus balsamifera Woody       0.1 

Populus tremuloides Woody     0.4 0.4  

Salix bebbiana Woody 0.1  0.5  0.4  0.1 

Salix lucida Woody   0.4     

Sonchus asper Annual 4.3  1.4   0.4 0.2 

Taraxacum officinale Perennial  0.9 0.3  0.1 0.1 1.3 

Urtica dioica Perennial 0.4       

Vicia americana Perennial   2.2     
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Appendix 5. Mean plant cover of individual species in the 2004 thin slag plots at Flin Flon. 

Species Life Form Thin Slag 

  Thin Clay  Thick Clay 

    Control Straw Matting Peat   Control Straw Matting Peat 

Bromus inermis Perennial  0.4 0.1     

Bryum caespiticium Bryophyte 1.5 1.1   1.6 0.8 2.3 

Ceratodon purpureus Bryophyte 30.3 37.5 23.4  18.1 35.8 59.2 

Cladonia pocillum Lichen       0.1 

Elymus trachycaulus Perennial 20.8 23.6 21.2  16.1 14.5 18.6 

Elymus virginicus Perennial  0.3 0.8  0.7 0.4  

Hieracium umbellatum Perennial  0.4     0.1 

Populus tremuloides Woody       0.1 

Sonchus asper Annual       0.1 

Taraxacum officinale Perennial  0.4     0.1 

 

 

 

 

 

 



165 

 

 

Appendix 6. Mean plant cover of individual species in the 2006 plots at Flin Flon. 

Species Life Form Clay Cap No Cap 

Agrostis scabra Perennial 3.0 2.4 

Agrostis stolonifera Perennial 0.1 0.2 

Betula papyrifera Woody 0.1 0.1 

Ceratodon purpureus Bryophyte 5.7 15.6 

Chamerion angustifolium Perennial 0.1 0.1 

Cornus sericea Woody 0.1 0.1 

Deschampsia cespitosa Perennial 0.9 0.2 

Elymus trachycaulus Perennial 2.3 1.9 

Lepidium densiflorum Annual  0.1 

Poa alpina Perennial 2.5 2.9 

Poa arctica Perennial 0.2  

Poa pratensis Perennial 0.3 0.1 

Populus balsamifera Woody 0.1  

Populus tremuloides Woody 0.1  

Sonchus asper Annual 0.1 0.1 

Vicia americana Perennial 0.1   
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Appendix 7. Species list of the vegetation at the South Tailings Area, Creighton, Saskatchewan. 

Family Genus Species Authority 

Asteraceae Crepis tectorum L. 

 Hieracium umbellatum L. 

 Sonchus asper (L.) Hill 

 Taraxacum officinale F.H. Wigg. 

Betulaceae Betula papyrifera Marshall 

Brassicaceae Lepidium densiflorum Schrad. 

Bryaceae Bryum caespiticium Hedw. 

Cladoniaceae Cladonia pocillum (Ach.) O.J. Rich. 

Cornaceae Cornus sericea L. 

Ditrichaceae Ceratodon purpureus (Hedw.) Brid. 

Fabaceae Melilotus albus Medik. 

 Vicia americana Muhl. ex Willd. 

Onagraceae Chamerion angustifolium (L.) Holub 

Poaceae Agrostis scabra Willd. 

  stolonifera L. 

 Bromus inermis Leyss. 

 Deschampsia cespitosa (L.) P. Beauv. 

 Elymus trachycaulus (Link) Gould ex Shinners 

  virginicus L. 

 Phleum pratense L. 

 Poa alpina L. 

  arctica R. Br. 

  pratensis L. 

Salicaceae Populus balsamifera L. 

  tremuloides Michx. 

 Salix bebbiana Sarg. 

  lucida Muhl. 

Urticaceae Urtica dioica L. 
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Appendix 8. Mean plant cover of individual species in the 2007 and 2008 windrows at Lynn 

Lake. 

Species Life Form 2007 Windrow 2008 Windrow 

Agrostis scabra Perennial 0.2 0.6 

Andromeda polifolia Woody 0.1 0.1 

Betula papyrifera Woody 0.1 0.1 

Calamagrostis canadensis Perennial  0.3 

Carex alopecoidea Perennial 0.1 0.1 

Carex scoparia Perennial  0.1 

Carex  stipata Perennial  0.1 

Chamerion angustifolium Perennial 1.2 0.1 

Cladonia rangiferina Lichen 0.1  

Deschampsia cespitosa Perennial 0.1 0.51 

Equisetum arvense Perennial 4.7 0.5 

Equisetum sylvaticum Perennial 0.3 0.1 

Hordeum jubatum Perennial 0.1  

Larix laricina Woody  0.1 

Maianthemum canadense Perennial 0.1  

Phleum pratense Perennial  0.1 

Picea mariana Woody 0.8 0.7 

Pinus banksiana Woody 1.9 0.6 

Plantago major Perennial  0.1 

Poa arctica Perennial 0.7 1.2 

Polytrichum juniperinum Bryophyte 0.1 0.1 

Rhododendron groenlandicum Woody 0.7 0.6 

Rubus idaeus Woody 0.1 0.1 

Salix myrtillifolia Woody  0.1 

Vaccinium myrtilloides Woody 0.1  

Vaccinium uliginosum Woody 0.3 0.1 

Vaccinium vitis-idaea Woody 0.1 0.1 
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Appendix 9. Species list of the vegetation at the East Tailings Management Area, Lynn Lake, 

Manitoba. 

Family Genus Species Authority 

Asparagaceae Maianthemum canadense Desf. 

Betulaceae Betula papyrifera Marshall 

Cladoniaceae Cladonia rangiferina (L.) Weber ex F.H.Wigg.  

Cyperaceae Carex alopecoidea Tuck. 

  scoparia Schkuhr ex Willd. 

  stipata Muhl. ex Willd. 

Equisetaceae Equisetum arvense L. 

  sylvaticum L. 

Ericaceae Andromeda polifolia L. 

 Rhododendron groenlandicum (Oeder) Kron & Judd 

 Vaccinium myrtilloides Michx. 

  uliginosum L. 

  vitis-idaea L. 

Onagraceae Chamerion angustifolium (L.) Holub 

Plantaginaceae Plantago major L. 

Pinaceae Larix laricina (Du Roi) K. Koch  

 Picea mariana (Mill.) Britton, Sterns & Poggenb. 

 Pinus banksiana Lamb. 

Poaceae Agrostis scabra Willd. 

 Calamagrostis canadensis (Michx.) P. Beauv. 

 Deschampsia cespitosa (L.) P. Beauv. 

 Hordeum jubatum L. 

 Phleum pratense L. 

 Poa arctica R. Br. 

Polytrichaceae Polytrichum juniperinum Hedw. 

Rosaceae Rubus idaeus L. 

Salicaceae Salix myrtillifolia Andersson 
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Appendix 10. Mean plant cover of individual species in the plots at Thompson. 

Species Life Form Sewage Sludge Limestone Dead Tree Lattice Horse Manure 

Agrostis mertensii Perennial 8.7  40.2 3.8 

Aralia nudicaulis Woody    0.2 

Calamagrostis stricta Perennial   1.7  

Ceratodon purpureus Bryophyte 1.7   15.0 

Chamerion angustifolium Perennial    0.2 

Elymus canadensis Perennial 8.5 0.3 4.5 0.2 

Elymus trachycaulus Perennial 17.7 60.0 16.7 34.3 

Hordeum jubatum Perennial 1.0   2.7 

Juncus longistylis Perennial 0.2    

Melilotus albus Perennial 4.3  1.7  

Phleum pratense Perennial   0.2  

Picea mariana Woody    6.7 

Poa alpina Perennial 0.2    

Poa palustris Perennial   0.2  

Populus tremuloides Woody   2.5  

Solidago multiradiata Perennial    0.2 

Sonchus arvensis Perennial 1.2  1.3 0.2 

Taraxacum officinale Perennial 2.2  0.8 0.2 

Trifolium repens Perennial   1.7  

Vicia americana Perennial     0.2   
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Appendix 11. Species list of the vegetation at South Beach, Thompson, Manitoba. 

Family Genus Species Authority 

Araliaceae Aralia nudicaulis L. 

Asteraceae Solidago multiradiata Aiton 

 Sonchus arvensis L. 

 Taraxacum officinale F.H. Wigg. 

Ditrichaceae Ceratodon purpureus (Hedw.) Brid. 

Fabaceae Melilotus albus Medik. 

 Trifolium repens L. 

 Vicia americana Muhl. ex Willd. 

Juncaceae Juncus longistylis Torr. 

Onagraceae Chamerion angustifolium (L.) Holub 

Pinaceae Picea mariana (Mill.) Britton, Sterns & Poggenb. 

Poaceae Agrostis mertensii Trin. 

 Calamagrostis stricta (Timm) Koeler 

 Elymus canadensis L. 

  trachycaulus (Link) Gould ex Shinners 

 Hordeum jubatum L. 

 Phleum pratense L. 

 Poa alpina L. 

  palustris L. 

Salicaceae Populus tremuloides Michx. 
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Appendix 12. Species list of the vegetation at Ogama-Rockland, Nopiming Park, Manitoba. The "" indicates the presence of a 

species at a vegetation stratum. 

Taxa   Strata 

Family Genus Specie Authority   Bare Sparse Open Closed 

Amaranthaceae Rumex sp. L.      

Araliaceae Aralia nudicaulis L.      

Asteraceae Anaphalis margaritacea (L.) Benth.      

 Doellingeria umbellata (Mill.) Nees      

 Erigeron acris L.      

 Euthamia graminifolia (L.) Nutt.      

 Hieracium umbellatum L.      

 Petasites frigidus (L.) Fr.      

 Solidago speciosa Nutt.      

 Sonchus arvensis L.      

 Symphyotrichum ciliolatum (Ledeb.) G.L. Nesom      

  ericoides (L.) G.L. Nesom      

  laeve (L.) Á. Löve & D. Löve      

 Taraxacum officinale F.H. Wigg.      

Betulaceae Alnus incana (Du Roi) R.T. Clausen      

 Betula nana L.      

  papyrifera Marshall      

Caprifoliaceae Linnaea borealis L.      

 Viburnum opulus L.      

Caryophyllaceae Stellaria media (L.) Vill.      

Celastraceae Parnassia palustris L.      

Cladoniaceae Cladonia borealis S. Stenroos      

  chlorophaea (Flörke ex Sommerf.) Spreng.      

  cenotea (Ach.) Schaer.      
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 multiformis G. Merr.      

  stellaris (Opiz) Pouzar & Vězda      

Conocephalaceae Conocephalum conicum (L.) Lindb.      

Cornaceae Cornus canadensis L.      

  sericea L.      

Cupressaceae Juniperus communis L.      

Cyperaceae Carex aurea Nutt.      

  capillaris L.      

 Trichophorum alpinum (L.) Pers.      

Ditrichaceae Ceratodon purpureus (Hedw.) Brid.      

 Distichium capillaceum (Hedw.) Bruch & Schimp. in B.S.G.      

Ericaceae Arctostaphylos uva-ursi (L.) Spreng.      

 Pyrola asarifolia Michx.      

 Rhododendron groenlandicum (Oeder) Kron & Judd      

Equisetaceae Equisetum arvense L.      

  scirpoides Michx.      

  variegatum Schleich. ex F. Weber & D.M.H. Mohr      

Hylocomiaceae Pleurozium schreberi (Brid.) Mitt.      

Juncaginaceae Triglochin maritima L.      

Onagraceae Chamerion angustifolium (L.) Holub      

Orchidaceae Cypripedium parviflorum Salisb.      

 Platanthera hyperborea (L.) Lindl.      

Peltigeraceae Peltigera aphthosa (L.) Willd.      

Pinaceae Abies balsamea (L.) Mill.      

 Larix laricina (Du Roi) K. Koch      

 Picea mariana (Mill.) Britton, Sterns & Poggenb.      

Poaceae Elymus trachycaulus (Link) Gould ex Shinners      
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 Koeleria pyramidata (Lam.) P. Beauv.      

 Muhlenbergia glomerata (Willd.) Trin.      

 Poa palustris L.      

  pratensis L.      

 Schizachne purpurascens (Torr.) Swallen      

Polytrichaceae Polytrichum juniperinum Hedw.      

Rhamnaceae Rhamnus alnifolia L'Hér.      

Rosaceae Fragaria virginiana Duchesne      

 Ribes lacustre (Pers.) Poir.      

 Rosa acicularis Lindl.      

Rubiaceae Galium trifidum L.      

Salicaceae Populus balsamifera L.      

  tremuloides Michx.      

 Salix bebbiana Sarg.      

  discolor Muhl.      

    planifolia  Pursh        
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Appendix 13. Vegetation data from Central Manitoba Tailings (Mean ± SE, n = 4). Statistical 

analyses were conducted separately for each year and different letters represent significant 

differences (p < 0.05). 

Treatments Planted Species Cover (%) Non-planted Species Cover (%) 

2003   

0 g kg-1 3.0 ± 1.1b 11.7 ± 6.5c 

2 g kg-1 45.7 ± 4.4a 28.6 ± 6.1bc 

3 g kg-1 55.5 ± 7.0a 56.9 ± 7.1a 

4 g kg-1 60.6 ± 8.4a 51.8 ± 4.8ab 

   

2004   

0 g kg-1 8.4 ± 4.8a 33.7 ± 10.4a 

2 g kg-1 5.7 ± 3.1a 27.4 ± 5.0a 

3 g kg-1 5.6 ± 2.3a 19.9 ± 3.6a 

4 g kg-1 17.5 ± 8.4a 23.4 ± 10.4a 

*2 g kg-1 5.7 ± 3.0a 15.3 ± 5.6a 

*4 g kg-1 17.2 ± 9.9a 29.0 ± 14.9a 

* - unmodified humic substances 
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Appendix 14. Vegetation data from the 2004 plots at Flin Flon (Mean ± SE, n = 3). Different 

letters represent significant differences (p < 0.05). 

Treatments     

Slag 

Cover 

Clay 

Cover Amendment 

Planted Species 

Cover (%) 

Non-planted Species 

Cover (%) 

Thick Thin Control 25.1 ± 2.4a 10.3 ± 3.8ab 

Thick Thin Matting 21.4 ± 3.2a 6.7 ± 4.0b 

Thick Thin Peat 19.5 ± 4.1a 9.9 ± 5.2b 

     

Thick Thick Control 19.8 ± 3.5a 3.7 ± 2.1b 

Thick Thick Matting 25.7 ± 3.4a 7.9 ± 1.3b 

Thick Thick Peat 24.4 ± 3.7a 7.2 ± 1.0b 

     

Thin Thin Control 20.8 ± 1.6a 31.8 ± 13.6ab 

Thin Thin Matting 23.6 ± 4.7a 40.1 ± 3.9ab 

Thin Thin Peat 21.2 ± 3.7a 24.4 ± 17.2ab 

     

Thin Thick Control 16.1 ± 3.8a 21.1 ± 13.9ab 

Thin Thick Matting 14.5 ± 4.2a 37.1 ± 21.2ab 

Thin Thick Peat 18.6 ± 4.2a 62.0 ± 6.9a 

 

 

Appendix 15. Vegetation data from the 2006 plots at Flin Flon (Mean ± SE, n = 6). Different 

letters represent significant differences (p < 0.05). 

Treatments     

Clay 

Cap 

Clay/Peat 

Application 

Planted Species 

Cover (%) 

Non-planted 

Species Cover (%) 

None Thick 7.7 ± 1.1a 15.9 ± 6.6a 

Capped Thin 8.9 ± 1.4a 6.4 ± 2.7a 
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Appendix 16. Vegetation data from the 2007 and 2008 windrows at Lynn Lake (Mean ± SE, n = 

4). 

Treatments Planted Species Cover (%) Non-planted Species Cover (%) 

2007   

Windrows 2.7 ± 0.7 9.2 ± 1.8 

   

2008   

Windrows 1.2 ± 0.4 4.4 ± 0.4 

 

Appendix 17. Mean values of vegetation data at Thompson. 

Treatments Planted Species Cover (%) Non-planted Species Cover (%) 

Dead Tree Lattice 23.0 48.5 

Horse Manure 43.8 19.7 

Sewage Sludge 27.2 18.3 

Lime 60.3 0.0 
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Appendix 18. Shoot, root, and total dry weight of Medicago sativa cv. Survivor in potting media 

(control), amended tailings, and unamended tailings (Mean ± SE, n = 10). Different letters 

represent significant differences (p < 0.05). 

Treatments 

 

Shoot Dry Weight 

(mg) 

Root Dry Weight 

(mg) 

Control 97.69 ± 15.90 c 61.76 ± 17.83c 

   

Central Unamended 3.85 ± 0.32d 10.91 ± 0.88c 

Central Amended 8.84 ± 1.19d 15.89 ± 1.21c 

   

Flin Flon Unamended 194.91 ± 15.59b 229.81 ± 21.90ab 

Flin Flon Amended 256.91 ± 18.20a 309.90 ± 33.65a 

   

Lynn Lake Unamended N/A* N/A* 

Lynn Lake Amended 4.16 ± 0.73d 4.69 ± 0.82c 

   

Thompson Unamended N/A† N/A† 

Thompson Amended 88.55 ± 12.17c 157.13 ± 32.21b 

N/A – not applicable 

* - all plants died prior to harvest 

† - no germination occurred 
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Appendix 19. Growth parameters of Medicago sativa cv. Survivor in Turface® + fertilizer 

(control), amended tailings and unamended tailings from Central Manitoba and Lynn Lake 

(Mean ± SE, n = 10). Different letters represent significant differences (p < 0.05). 

Treatments Dry Shoot Biomass (mg) Dry Root Biomass (mg) 

Control   

Turface + F 50.0 ± 20.0b 20.0 ± 10.0b 

   

Central Manitoba   

U 10.0 ± 1.0b 15.48 ± 2.33c 

U + F 10.0 ± 1.0b 17.18 ± 2.34c 

A 170.0 ± 20.0a 130.0 ± 10.0a 

A + F 210.0 ± 40.0a 140.0 ± 40.0a 

   

Lynn Lake   

U N/A N/A 

U + L 5.0 ± 1.0b 20.0 ± 2.0b 

U + F 10.0 ± 0.3b 10.0 ± 10.0b 

U + L +F 10.0 ± 2.0b 10.0 ± 3.0b 

A 3.0 ± 1.0b 10.0 ± 3.0b 

A + L 40.0 ± 10.0b 30.0 ± 4.0ab 

A + F 10.0 ± 4.0b 10.0 ± 3.0b 

A + L + F 100.0 ± 10.0a 50.0 ± 10.0a 

Note: U = Unamended, A = Amended, L = Lime, F = Fertilizer, N/A = not applicable (all plants 

died) 


