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Abstract 

Mining activity in Canada's subarctic Hudson Bay Lowland is increasing. It is now 

producing processed kimberlite waste and other mine wastes that must be reclaimed to 

novel upland ecosystems dominated by native plant species. Reclaiming these waste piles 

to regionally compatible, productive and self-sustaining ecosystems first requires an 

understanding of existing soils, plant communities and succession, and soil-plant 

relationships on analogous natural environments. Currently, little is known about these 

factors and relationships on existing uplands in this region.  

The broad objective of this study was to determine regionally-relevant reference 

conditions of upland ecosystems to guide mine restoration. Specifically, objectives were 

to (i) describe existing upland plant communities and soil profiles in this region; (ii) 

describe the mean condition and the range of conditions for measured parameters; (iii) 

group similar plant communities and soils together; and (iv) characterize the variation of 

soils, vegetation and soil-plant relationships in these groups. 

Key vegetation and soil characteristics were sampled in natural ecosystems near the 

De Beers Victor Mine, Ontario, Canada. A first series of sites were sampled along a 

natural successional gradient of well-drained riverbank sites (n=37).  Interior natural 

uplands were also examined along a 150km east-west geological chronosequence 

beginning at James Bay (n=34). Each site was sampled using existing protocols 

developed for forest ecosystem classification in northern Ontario, in which (i) vegetation 

in a 100 m
2
 plot was described, and (ii) soils were described a central soil pit in each plot. 

Vegetation parameters measured included vegetation structure and cover, species richness 

and species composition, tree height, DBH and age, and coarse woody debris. Soil 

parameters measured included depth and type of soil horizons, bulk density, soil moisture 

regime, rooting depth, and chemical characteristics of the horizon with the maximum 

rooting density, specifically, pH, cation exchange capacity, CNS content and bioavailable 

elements. Descriptive statistics were calculated for all quantitative variables. Plant species 

assemblages were identified using nonmetric multi-dimensional scaling and cluster 

analysis. Soil types were further elucidated using principal component analyses and 

cluster analyses on the chemistry of the principal rooting horizon. 
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Soils in the interior uplands were dominated by sandy textured Podzols and the 

uplands along the river were dominated by silty loam, slightly alkaline Regosols. Soils at 

interior and river upland sites differed from mine wastes in most chemical parameters and 

were separated in a PCA. However, on an individual soil parameter basis, mine wastes 

and reclamation materials from the Victor mine mostly fell within or close to ranges of 

soil parameters found at inland and river reference sites. 

Vegetation across the two natural analogues could be separated into seven upland 

plant community groups. These plant community groups followed the classification of 

site types based on soils; two interior upland plant communities and four riverbank 

upland plant communities were identified, with another plant community from an 

abandoned gravel pit. Both along the river and in the interior, plant community groups 

differed in successional age. They ranged from early successional to mature and old 

growth ecosystems.  

Plants from mid-successional stages of either reference condition can be used as 

reference targets on a reclaimed soil that incorporates qualities of substrates from both, 

but research trials will be required to determine which species will be most successful. As 

vegetation is established, the reference conditions can be used to as a benchmark to 

examine the relative success of the reclamation effort in achieving a community target. 

The variability described in the natural ecosystems will provide bounds for creating 

regionally compatible upland ecosystems on mine waste rock. These reference conditions 

offer a template of possible successional trajectories and community targets in similar 

environments, and a repeatable method for doing so in alternate environments.    
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Introduction  

Ecology incorporates relationships between living organisms and the natural 

environment. Restoration ecology uniquely incorporates a profound anthropocentric 

component, as humans are often either the primary cause of disturbance, have a direct 

interest in the results of restoration efforts, or both.  

CONCEPTS OF RESTORATION 

Two distinct primary concepts of restoration are ‘ecological restoration,’ and 

‘restoration ecology’. Ecological restoration is the “intentional activity that initiates or 

accelerates the recovery of an ecosystem with respect to its health, integrity and 

sustainability” (Clewell et al. 2004), whereas restoration ecology is “is the science 

underpinning the practice of repairing damaged ecosystems” (Hobbs 2009). Restoration 

ecology does not focus on the application as much as it provides tools, concepts, 

methodology and models for restoration managers. In these ways, the science and 

practice of restoration is inextricably linked, balanced and built upon.  

The term ‘restoration’ on its own implies a specific and exacting initiative intended 

to return the land altered by human activities to original successional pathways. 

Restoration sensu stricto is the return of a degraded site to both its former composition, 

structure and functioning, as was the vision of Aldo Leopold and his associates (Jordan et 

al. 1987). Restoration sensu stricto is based on theories grounded in natural selection, 

which state that selective pressures, operating over evolutionary time scales, select 

species that coexist and fit their environments (Richardson et al. 2010). In North 

America, restoration in this strict sense would thus require the return to conditions 

emulating pre-European colonization (Donlan et al. 2006). 

The return of an ecosystem to an historic state may not be possible or reasonable. 

Firstly, the extent of site degradation may be too extreme. Secondly, the stochasticity and 

dynamics of ecological systems and the constant change of floral and faunal communities 

over time makes exact replication of an historic ecosystem unlikely (Cairns and Heckman 

1996). Also, and perhaps most importantly, it is often not desirable to re-create pre-

disturbance conditions, as those conditions and species may not be compatible with 
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contemporary conditions (Hobbs 2007). Considerations of regional climate change, 

human population growth, local environmental change, and intentions for future land 

management, can aid in conceptualizing the new ecosystem, which should not only be 

complementary to the surrounding environment, but also resilient or adaptive to these 

future potential stressors (Rice 2003). 

 Restoration sensu lato is a more flexible interpretation that allows for broader 

variation at a recovering site (Walker and del Moral 2003). It encompasses a range of 

practices beginning from strict restoration, proceeding to less stringent concepts of 

rehabilitation and reclamation as described below. No matter the context, the unifying 

goal of all restoration concepts is to emulate or accelerate some natural state of 

succession. 

Least extreme of restoration efforts is reclamation, where the primary objectives are 

to revegetate a barren or degraded site to a ‘useful’ state, often of some economic value 

(Walker and del Moral 2003). Reclamation initiates a plant community on a site that has 

no biota, or has had most of its biotic components removed, such as the harsh oxidized 

sand-like acid metalliferous tailings of INCO Ltd. near Sudbury, Ontario (Bagatto and 

Shorthouse 1999). Amelioration of these sites may first be required to permit 

establishment of a plant community (Walker and del Moral 2003). As such, it is akin to 

initiating primary succession, and is often accompanied by the goal of accelerating 

succession. Reclamation is often limited to providing suitable physical conditions for 

plant growth, so focuses on broadly providing suitable abiotic conditions (soils, moisture 

conditions and microclimates), and managing the site to sustain and encourage acceptable 

plant growth. Unlike rehabilitation or restoration, the return of native species has not 

necessarily been a goal for reclamation in the past. However, the use of native species in 

reclamation is becoming more common (Noyd et al. 1997; Kyle et al. 2007; Mackenzie 

and Naeth 2009).  Reclamation is a first step towards restoration in a mining context 

where new deposits of waste rock, overburden and processed rock or tailings must be 

amended to support a vigorous plant community.  

In some cases, the site to be created may pose novel conditions with no true 

analogue in nature, so novel ecosystems are created to revegetate the landscape. The 

creation of an ecosystem goes beyond the goal of restoring a pre-existing condition or 
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replacing a disturbed ecosystem with functional and structural surrogates. It shifts 

management goals from the traditional concept of rehabilitation and reclamation to more 

subjective forward-thinking goals that consider ecosystem compatibility, contribution and 

functionality in the greater landscape (Richardson et al. 2010).  

REFERENCE CONDITIONS 

Restoration of any measure is an anthropogenic effort to construct a functioning 

ecosystem by manipulating and emulating natural successional stages and mechanisms 

with the goal of achieving an ecosystem target (sensu Luken 1990). All concepts of 

restoration require some sort of ecosystem target. These targets are termed reference 

conditions, which are measured at reference sites. The utility of reference conditions is 

three-fold: (1) to compare and estimate the extent of degradation against the natural 

undisturbed setting; (2) to set targets for restoration; and (3) to identify the environmental 

conditions presumed required for the establishment of the appropriate biotic community.  

The reference system concept has several interpretations, but most commonly refers 

to established past natural benchmarks against which current states can be measured and 

evaluated. Typically, benchmarks are defined by the average and spread of values 

corresponding to measurements of selected natural parameters and indices over a 

geographic area (sensu Stoddard et al. 2006). Using benchmarks of the natural state as a 

tool for comparison against disturbances is a common application of reference data 

(Stevens and Walker 1970; Schwendenmann 2000; Zedler et al. 2001; Bailey et al. 2005; 

Galatowitsch 2006; Gibbons et al. 2008; Nestler et al. 2010). Benchmarks for comparison 

differ from ecosystem targets for emulating aquatic (Kennard et al. 2006; Bennion et al. 

2010), wetland (Harris 1999; Page 2009), or terrestrial environments (Moore et al. 1999; 

Gonzalez 2005; Shinneman and Baker 2008).  

The particular assumptions regarding what constitutes the reference condition 

implicitly affect the outcome of, and expectations for, restoration. Methodology for 

defining these expectations is currently a recognized weakness in reclamation. Improving 

models for doing so will increase the likelihood of deriving reliable and replicable 

reclamation results, which can facilitate public consultation, closure planning, and long-
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term management decisions, as well as in avoiding post hoc explanations for seemingly 

arbitrary outcomes of reclamation efforts and ecosystem development. 

The ability to evaluate the success of restoration efforts also requires a 

comprehensive understanding of the variation, alternatives, possible end states, what 

constitutes progress and how environmental benefits of the new system can be quantified 

(Nestler et al. 2010). For these reasons, it is necessary that reference conditions be 

defined along with the method used to do so (Stoddard et al. 2006). The use of standard 

methods, with standard and rigorous data collection protocols, supports reliable and 

replicable reference conditions. They will also enable more critical and justifiable 

assessments of restoration success, as well as accountability for the outcome. 

The variability inherent in natural systems should be the guide to conceptualize and 

develop an appropriate future community. Multiple, ecologically-relevant, abiotic and 

biotic parameters must be collected to apply the reference condition concept, though 

attributes of any reference parameter should not be seen as strict targets. As such, it is 

best to characterize the natural variability of reference conditions (White and Walker 

1997). This variability is described as “the ecological conditions, and spatial and temporal 

variation in these conditions, that are relatively unaffected by human activity, within a 

period of time and geographic area appropriate to an expressed goal” (Landres et al. 

1999). The spatial and temporal boundaries of reference conditions must be clear and 

justifiable to interpret variability correctly. Metrics for conveying variability commonly 

include mean, median, percentiles, ranges, standard deviations, frequency and shape 

distributions of chosen reference parameters (Landres et al. 1999). Understanding the 

natural variability of the area is necessary to set achievable and maintainable goals.  

Past ecosystem conditions are often less useful than contemporary or even future 

conditions for setting reference conditions for restoration, in part due to the rapid pace at 

which land is changing in response to anthropogenic pressures (Rice 2003). The use of a 

local, contemporary, unaltered reference site permits the study of a similar environment 

where natural processes have occurred with little human intervention. Comparing natural, 

unaltered sites with disturbed sites can highlight similarities and differences in ecosystem 

function, characteristics and structure (Moore et al. 1999; Wassen et al. 2005). If 

reference ecosystems are located far from sites to be restored, differences are introduced 
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in climatic, geologic and biogeographic parameters. Sites in similar biogeoclimatic 

regions are useful for providing general reference conditions because they represent 

relevant successional states in a comparable spectrum of vegetation, or some deviation of 

a desired state. If a reference ecosystem does not exist in nature, that is, if the site to be 

restored will be novel, reference parameters must be synthesized from other environments 

or sources of data to form comprehensive reference conditions that incorporate an 

appropriate natural variability. 

A hybrid between historical information and present-day conditions is found along 

a chronosequence. Chronosequences occur where contemporary ecosystems of different 

successional age exist in close proximity (Taylor et al. 1988; Hodkinson et al. 2003; Jules 

et al. 2008). They provide detail on how a community ages and how community structure 

and assemblages change throughout succession, allowing restoration professionals a 

probable sequence of temporally referenced conditions to consider as the new ecosystem 

ages. In this space-for-time scenario, it is feasible to interpret temporal and spatial 

dynamics, although current rates and conditions may unknowingly differ from those of 

the past (Pickett 1989), adding another measure of variability through the non-

equivalency of the analogue and the site to be rehabilitated (White and Walker 1997).  

Some restoration ecologists believe that those parameters which describe ecological 

function are most critical for the evaluation of success (Cortina et al. 2006), because 

ecosystem functions and their associated processes describe the dynamics of a 

community. Examples of such process-related parameters include productivity, 

decomposition, and other changes in mass or energy balance, and would also include 

parameters that control these processes, such as fire or flooding interval and extent 

(Ruizjaen and Aide 2005; Schowalter 2008). 

Parameters that measure ecosystem structure are often used to define reference 

conditions, and are also used as criteria for assessment. Vegetation is one of the most 

obvious, measurable and reproducible components of a terrestrial ecosystem and is 

therefore often the focus for measurement of success (Young 2000). In particular, 

vegetation structure is targeted, including parameters such as plant live and dead biomass, 

height, tree basal area or composition and cover in different vegetative layers. These 
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measures are important to provide baselines for habitat suitability, ecosystem productivity 

and to suggest potential successional pathways.  

Soils are often hidden by layers of vegetation, and are less accessible for 

measurement than surface vegetation. Soils have not been as thorough a documented 

component of reference conditions in the past, in part due to the unknown extent 

of landscape-scale spatial heterogeneity (Cambardella et al. 2003). Regardless of their 

enigmatic disposition, soil chemical and physical properties, as well as biological 

properties, are foundational to the establishment and success of plant communities, and 

may well influence the species that exist on a site and whether or not these species thrive. 

Therefore soils must also be described as criteria for reference conditions in order to form 

a complete and usable set of parameters with a strong relationship to plant species 

presence and abundance (Beadle 1953; Czech 2004).  

Narrow and precise reference conditions, such as those derived through describing 

one ‘ideal’ community type and its limited variation can reduce biodiversity, at either 

alpha, beta or gamma scales. If reclamation success criteria are constrained in this way, 

the spatial and temporal heterogeneity inherent in natural systems would be compromised 

(Tilman et al. 1996). Overly zealous predictions and assumptions restrict the success of 

the reclamation effort, both in regulatory evaluation of the effort, and in the potential for 

the system to be allowed to naturalise, stabilise, and become a self-sustaining, functioning 

ecosystem that exists in harmony with the surrounding natural environment.  

REFERENCE CONDITIONS FOR THE HUDSON BAY LOWLANDS 

The Hudson Bay Lowlands (HBL) is a near-pristine, subarctic region in northern 

Ontario, Canada, that covers 325,000 km P

2
P or 3.5% of Canada’s land mass (Riley 2003). 

Less than five percent of this landscape is upland; vast peatlands cover the plain, forming 

the third largest wetland in the world (Fraser and Keddy 2005). The HBL is undergoing 

an industrial transition and would benefit from a thorough documentation of natural 

reference conditions in advance of large-scale development. 

The HBL has recent active mining and extensive advanced exploration for other 

mines. In 2007, high-grade nickel-copper-platinum-palladium deposits were discovered 

by Noront Resources Ltd. in the HBL, 150 km west of the Victor Mine (CBJ.ca 2009). 
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This discovery has led to unprecedented staking of the region by numerous companies in 

an area now known as Ontario’s “Ring of Fire”. This has led to additional discoveries of 

exploitable iron, vanadium, and gold deposits, and the first high-grade deposits of 

chromite in the Americas (CBJ.ca 2009). 

The De Beers Victor Mine, officially opened in 2008, is located 90km west of 

Attawapiskat and is Ontario’s first diamond mine. The main kimberlite pipe at the Victor 

Mine is one of sixteen diamondiferous kimberlites in the area, which suggests that 

diamond mining in this region may continue well into the future. The Victor Mine is 

perhaps the first operational mine in the HBL, but it will likely not be the last.  

Mine closure plans are required for all mines in Canada, and related waste deposits 

and disturbances are mandated to be reclaimed to varying physically and chemically 

stable, safe states (Cowan et al. 2010). The primary goals of the De Beers Victor Mine 

site reclamation and revegetation program are erosion control, establishment of an initial 

plant cover, and the acceleration of native vegetation to the reclaimed area, in order to re-

establish a self-sustaining, natural vegetative cover (AMEC 2005). A post-closure site 

plan schematic for the Victor Mine illustrated that approximately 888 ha of raised, well-

drained  mine features, such as kimberlite containment facilities, stockpiles, building pads 

and roads, are planned reclamation sites by the end of mine life (AMEC 2005). 

Regionally-relevant reference conditions must be known to be able to set sound 

targets for reclamation. Reference conditions for upland mine features must be 

established using raised, well-drained sites, hereafter referred to as “uplands”, because 

much of the impacted mine area will exist as uplands following mine closure. 

Unfortunately, very little is known about natural upland environments in the HBL, 

preventing the formulation of regionally-relevant reference conditions and guidelines for 

ecological restoration of man-made uplands in the Hudson Bay Lowland. 

The natural upland sites surveyed in this study are those within the same region and 

closely located to the mine waste upland of the Victor Mine, and so should be considered 

the best available resource from which to derive general reference conditions. The sites 

surveyed also represent relevant successional states in the regional spectra of vegetation, 

and therefore some derivative of a desired state in a novel ecosystem (Walker and Del 
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Moral 2003). As the features to be restored are novel, reference conditions and 

parameters can be synthesized from a variety of available environments and data sources.  

Much ecological research in the Hudson Bay Lowlands has largely targeted the 

peatlands (Sjörs 1959; Glaser et al. 2004; Riley 2011). Riley undertook a massive effort 

to catalogue flora across the HBL, documenting some 816 native vascular species over 

eleven phytogeographic areas, including upland species (Riley 2003). This list helps to 

set a broad context for possible upland flora, but does not examine the vegetation in terms 

of major associations or structure.  

Studies of succession have also occurred on beach ridges, however these features 

are most apparent near the coast, therefore, these beach ridge studies did not reveal 

succession away from coastal influences (Glooschenko and Martini 1983). Beach ridge 

soils near Winisk, 300 km to the north of the Victor Mine, were studied in detail by 

Cowell (1983); ridges near the coast had Orthic Regosols, whereas further inland, there 

were Podzols and incipient Podzols. These substrates were transformed via succession to 

paludified treed bog as the distance from the coast increased. In another study, in the 

southernmost James Bay Lowlands, ~330 km south east from Victor Mine, the rate of 

Podzol development on sandy, upland soils was found to be about twice as fast as 

compared to the more northerly, drier Hudson Bay Coastal zone, where the Ae-Bf 

horizons required at least 2300 yr to develop (Protz et al. 1984; Protz et al. 1988). These 

studies help to set the general outline of soil conditions that could be expected on uplands 

in the Hudson Bay Lowlands; however given the extent of the region and the distances 

from the Victor mine, these studies are insufficient for providing meaningful reference 

conditions for soils to guide restoration after mining.  

THESIS OBJECTIVES 

The goal of this thesis was to describe regionally-relevant reference conditions to 

guide restoration of man-made upland features at the DeBeers Victor Mine. Specifically, 

the objectives were to characterize the variation of soils, vegetation and soil-plant 

relationships on existing subarctic uplands near the Victor Mine. This variation is key, as 

it presents the possible range of potential restoration targets. Upland ecosystems were 
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examined along chronosequences of increasing successional age to characterize potential 

restoration targets for different successional stages. 

I present comprehensive reference conditions for the reclamation of novel uplands, 

mine features, in the subarctic Hudson Bay Lowlands, based on two natural analogues 

(interior uplands and river uplands) and the distinct subcomponents (plant community 

groups, or, PCG) that exist within each. These regional reference conditions are 

descriptions of soil parameters and plant community parameters that are important to 

consider for plant growth and for the eventual establishment of a self-sustaining plant 

community composed of native species on reclaimed areas, which in turn will contribute 

to a sustainable end-point for mine reclamation. 

Although this research is meant to apply to the Victor Mine, these reference 

conditions should also be applicable to disturbed upland sites elsewhere in the Hudson 

Bay Lowlands, and to other subarctic uplands in the far north of Ontario. Furthermore, 

the methods developed here for determining reference targets and natural range of 

variability can act as a template for future studies in the regions, which can be examined 

and built upon.  

 

Methods 

STUDY AREA  

This study was carried out in the subarctic region of the Hudson Bay Lowlands 

(HBL), centred around the De Beers Canada Victor Mine. The study area extended 150 

km  west from the James Bay coast at Attawapiskat, Ontario, and about 75km north-

south, encompassing a sample area within the region of 11,250 km P

2
P (82P

o
P00’W to 

85P

o
P00’W and 52 P

o
P30N to 53 P

o
P15’N; Fig. 1 and Fig. 2). The dimensions and location of the 

study area were determined based on logistics of accessibility from the Victor Mine, 

seasonal time-constraints, and presence of natural upland features.  

This area of the Hudson Bay Lowlands consists of a Paleozoic limestone plain 

overlain by fine marine and glaciolacustrine sediments, which are overlain in turn by 

surficial peat (Martini et al. 2006). The land is actively rising and new land is emerging in 

this area, and across the HBL, due to post-glacial isostatic rebound of the region, at rates 
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of about 1 m centuryP

-1
P at the coast, which decrease further inland (Protz. et al. 1984; 

Riley 2003). The region is flat with a low slope of 65-100cm/km (Riley 1982), composed 

mostly of fen and bog peatland (Riley 2003). The study area is primarily drained by the 

Attawapiskat River, and secondarily by the Lawashi and Ekwan Rivers. Less than 5% of 

the study area is upland.  

The study area has a humid microthermal subarctic climate (Martini 1981; Cowell 

et al. 1991) and is part of the part of the Perhumid High Boreal Ecoclimatic Region 

(Ecoregions Working Group 1989). It falls within the James Bay Ecoregion ‘2E’ of the 

Ecosystem Land Classification of Ontario as described by Crins et al. 2009 (Fig. 3). 

Hudson and James Bays are the cause of persistent summer winds, increased fog, and 

reduced temperatures in this region. Freshwater rivers flowing into Hudson Bay and 

James Bay dilute the marine waters, allowing these bays to freeze, which imposes a 

compressed continental climate gradient during the winter (Riley 2003). At the nearest 

climatically relevant climate station to Victor Mine (Lansdowne House, now Neskantaga 

First Nation, 52 P

o
P14’ N, 83 P

o
P53’W, 280 km WSW from Victor Mine; Environment Canada 

2008), mean annual temperature was  -1.2°C, with monthly means ranging from -22.3°C 

in January to 17.2°C in July. There were 1244 growing-degree days above 5 °C. Annual 

precipitation was 615 mm, over half of which fell between June and September.  

 



  

11 

 

 
Fig. 1 Regional context of the Victor Mine and study site. On the left, a map of Canada with the province of Ontario darkened; On the right, the thin dashed line 

outlines the boundary of the HBL in northern Ontario, and the solid rectangle outlines the study area. 
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Fig. 2 Location of interior uplands across the Hudson Bay Lowlands region and the area of interest for this study depicted within the black rectangle. Segments of 

river studied are depicted by a solid black line. Original source: Ministry of Northern Development and Mines (Pala et al. 1991). 
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Fig. 3 Map of the province of Ontario divided by Ecozone and Ecoregion. The James Bay Lowlands and 

the area of interest for this study are located in Ecozone 2E-1. 
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LOCATION OF UPLAND SAMPLE PLOTS  

Sample plots were located on one of two broadly defined upland geomorphic types: 

(1) interior upland features, and (2) river valley uplands.  

Interior uplands 

Thirty-four isolated upland features were sampled (Fig. 4, Appendix A – General 

Table A-1). These features rise above the surrounding peatlands and are either compound 

or unique glaciomarine formations of raised beaches, reworked eskers or limestone 

outcrops. Eskers and beach ridges could not be easily distinguished in the field. 

Limestone outcrops were likely bioherms, that is, mid-Silurian limestone outcrops of 

reefal origin that have persisted within the peat mantle as complexes of small limestone 

outcrops (Cowell 1983; Whittington and Price 2006; Riley 2011). Several resources were 

used jointly to attempt the discernment of all interior upland features in the study area. 

Aerial photo maps of the National Topographic Series (NTS; 1:50,000) were first 

examined for anomalous upland features in the peatlands. These areas were further 

investigated using stereoscopic aerial photo imagery at the scale of 1:5,000, imagery held 

at the National Air Photo Library in Ottawa, Ontario, Canada. A low-resolution map of 

the surficial geology of the Attawapiskat River Basin Area was used to further identify 

interior uplands (Pala et al. 1991). These identified features represent what is considered 

here to be the population of interior upland sites, from which a representative subset was 

sampled, based largely on its size and distance from James Bay (Appendix A – Table A-

1). Each interior upland feature was first classified as large (>1 km P

2
P) or small (<1km P

2
P). 

Seven large features, consisting of modified eskers and beach ridges, were found within 

the sample area (Fig. 2, Fig. 4). Smaller upland features less than 0.2km P

2
P were most often 

limestone outcrops (bioherms), usually found in clusters, and being mid-Silurian are not 

represented on the Quaternary map. Most of these sites were accessed by helicopter, 

except for a few small limestone outcrops near the Victor Mine. Questionable sites were 

verified by helicopter prior to landing and sampling.  

The initial plot was always placed at the point of highest elevation on a feature. For 

large upland features, a second plot was selected based on a timed walk of at least one 

hour, towards increasing elevation. The second plot was set at the point reached at the end 
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of the hour walk, therefore, distance between the two sample points was greater in the 

absence of ground obstacles such as fire and windstorm debris or tall, gnarled shrub 

layers.  

River uplands 

Thirty-seven plots were sampled on slopes on the banks and levees of the 

Attawapiskat (primarily) and Nayshkootayaow Rivers, and on islands in the Attawapiskat 

River (Fig. 4, Appendix A – Table A-1). These river valleys and islands have been 

formed by erosive and depositional action of the rivers. Although peatlands exist on the 

plateau above these valleys, the steep slopes leading to the rivers allow for drained upland 

conditions to occur along the slopes. Nearer to the river, more moderate slopes are subject 

to spring flooding and ice block erosion, but they were almost all well drained throughout 

the growing season. Because of this frequent disturbance, these riparian areas often 

provided an upland chronosequence from pioneer, herbaceous and shrub-dominated 

communities closer to the shore, leading to young forest, then older forests further 

upslope and away from the shoreline. 

Access to the river was by motored freighter canoe or aluminum jet boat. Plot 

selection along the river was based first on accessibility and secondly on the presence of 

well-drained slopes. River sites were sampled in two discrete segments, one near the 

Victor Mine and the other closer to the coast, just upriver from the community of 

Attawapiskat (Fig. 4, Appendix A – Table A-1). The portion of river between the Victor 

segment and the Attawapiskat segment was not feasible to access due to low water levels, 

rapids and otherwise dangerous conditions. Near the coast, the elevation gradient 

decreases noticeably, reducing the potential of finding valley slopes with well-drained 

mineral substrates.  Over a six-day river trip upstream from the community of 

Attawapiskat, all environments that met the requirements for sampling were located, for a 

total of 7 plots along this 50 km section. Along the river near the Victor Mine, the river 

valley slopes and islands were scouted between the rapids for visibly upland, well-drained 

environments. A total of 30 plots were sampled along this 16.5 km section. Where 

possible, areas along the river with an observable chronosequence were selected as sites 
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so that plots could be sampled along the chronosequence, perpendicular to the river, with 

one plot per successional stage. 

FIELD SAMPLING 

Site parameters 

Plots were located in areas of homogenous vegetation community types on site-

typical geomorphic surfaces (Darmody et al., 2004). Plot locations avoided straddling 

ecotones, breaks and edge communities. Plots were 100 m2 with dimensions 10 m X 10 

m, aside from four exceptions along thin areas of riverbank. These sites, 21 and 68 (5 m x 

20 m) and 64 and 77 (7 m x 14 m), consisted of thin bands of young vegetation. As a 

result, alternate dimensions were used so as not to confound observations with 

transitional plant communities. Geographic position was recorded in latitude and 

longitude using a Garmin GPSmap 60Cx. Site position, the vertical location of the plot 

relative to the slope, was assigned a class according to the Field Manuel for Describing 

Soils in Ontario (Denholm et al. 1993). Slope angle of the within-plot area was 

determined using a clinometer.  

Field soil descriptions 

Soil horizons were profiled in a 1mP

3
P pit dug in the centre of each plot, after the 

vegetation was surveyed. The pit was shallower if permafrost, bedrock or water table was 

encountered before 1m (Darmody et al., 2004). Photo records were first taken of the 

overall profile, horizons and litter layer. Organic and mineral soils were described in the 

field according to detailed procedures in the Field Manual for Describing Soils in Ontario 

(Denholm et al. 1993). Briefly, the thickness of each horizon was measured. For each 

mineral horizon, field texture was determined (Denholm et al. 1993), and their colour was 

identified with a Munsell P

®
P Soil Colour Chart. The naming of soil horizons, great groups, 

and soil orders was according to the Canadian System of Soil Classification (Soil 

Classification Working Group 1998). Soil moisture regime was determined from keys 

using the depth of gleyed horizons and the depth, size and contrast of mottles compared 

to the soil matrix  (Denholm et al. 1993). The texture of the effective layer was 

determined from the soil horizon that influences primary soil profile characteristics, 
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which was determined using standard protocol from the Canadian System of Soil 

Classification (Denholm et al. 1993; Soil Classification Working Group 1998). 

For organic soils, degree of decomposition was classified using the Von Post scale 

(Denholm et al. 1993). The horizon with the maximum rooting density of all roots was 

visually assessed, and the maximum rooting depth was measured.  

A soil sample was collected from every mineral and organic soil horizon. Where 

possible, a second sample was taken for bulk density near the upper limit of each horizon 

by manually inserting a 7.62 cm diameter hole saw (3” diameter; 300 cm P

3
P). Soil samples 

were placed in ZipLock bags for transport to the laboratory.  

Vegetation sampling 

Total cover of vegetation in each 100 m P

2
P plot was determined using a visual 

assessment of percent cover per stratum for total trees, shrubs, forbs, graminoids, ferns 

and fern allies, bryophytes and lichens. Ground covers such as rock, downed woody 

debris, and litter were also recorded. 

Vegetation in the plot was surveyed by identifying each vascular plant to species, 

and each bryophyte or lichen to family or genus, and then determining taxon percent 

cover by visual assessment. The area surrounding the plot was surveyed during a 10 

minute walk-about (5 minutes per surveyor) for local incidental species. Voucher 

specimens of all species were taken for later curation at an herbarium. Species 

identification was verified by expert taxonomist Dr. D. Campbell. Nomenclature followed 

the Integrated Taxonomic Information System (ITIS). 

Canopy cover was assessed at 1.37 m height parallel to the ground in the four 

cardinal directions using a Model-C concave spherical densitometer (Robert E. Lemmon, 

Forest Densiometers, Bartlesville OK), and averaged. Basal density of the overall stand 

was determined using a two-factor basal prism sweep at 1.37m but snags were not 

included. 

The heights of all trees taller than 1.37 m within the plot were measured using 

either a measuring tape, a Senshin P

®
P telescopic height measuring pole, or a measuring tape 

and a Suunto P

®
P clinometer. Clinometer measurements were taken at varying distances 

depending on stand density, mobility and line of sight, but no less than 10 m away, except 
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in rare cases. Tree diameter was measured at 1.37 m using a diameter tape. A 

representative number of trees of each tree species were cored at approximately 30cm 

above the root collar on the north side of the tree. If two attempts produced rotten cores, a 

sample was taken at 1m or the tree was abandoned. Cores were stored in plastic tubes for 

transport back to the laboratory. 

Coarse woody debris (CWD) was measured by volume based on methods and 

criteria from Bate et al. (2002). Criteria for measurement was that logs be greater than 1m 

in length, have fallen at an angle less than 45 P

o
P, have large end diameters greater than 

10cm and that more than half the diameter of the log must appear above the ground. Only 

the portion of log inside the plot was measured. Separate pieces were measured as 

individual logs. Volume was calculated by Smalian’s formula using the length, large-end 

and small-end diameter measurements (FSBC Timber Pricing Branch 2011). 
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Fig. 4 Location of interior plots (green circles, n = 34) and river plots (blue circles, n = 37). Interior upland features are outlined in black. Red diamond indicates 

location of the DeBeers Victor Mine. Some individual plots are hard to identify due to overlap. Digital Elevation Map supplied by GeoGratis (NRCan). Map 

created with ArcGIS 2007
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LABORATORY ANALYSES 

Plot elevation 

Elevation of sampled plots above sea level was measured using a GeoBase sourced 

DEM, a digital elevation model, (Canadian Digital Elevation Data 2010a; b; c; d; e; f; g; 

h; i; j) in ArcMAP (ESRI 2009). The area of each individual interior upland feature was 

determined by measuring the area of a polygon that traced the feature of interest in the 

DEM. Feature boundaries were recognized as drastic changes in elevation, relative to the 

slope of the region (Fig. 4). 

Soil analyses 

All soil samples were air-dried until processed. Soil samples for bulk density were 

dried in a Fisherbrand P

®
P Isotemp oven at 105 P

o
PC for 24 hours and weighed to 0.01g 

precision using a Denver instruments Denver Instruments P

®
P balance (model PI-2002). 

Bulk density was determined by dividing sample weight by the sample volume.  

The soil horizon from each site with the highest rooting density was sub-sampled 

for chemical analyses. This strategy for partial analyses of soil profile chemical (rooting 

layer only) was used to obtain information on the best conditions for plants at a site, as 

determined by the plant roots. Sub-samples were oven-dried, weighed to 0.01 g precision, 

then sent to the Elliot Lake Research Field Station (ELRFS), Laurentian University, 

Sudbury, Ontario. Samples were first dry-sieved through a 2 mm mesh, and only the 

smaller-size fraction was used for chemical analyses. Untreated soil samples were used 

for pH in water, pH in CaClR2 Rand bioavailable elements. Soil samples for C-N-S analysis 

and for cation exchange capacity were pre-treated to remove soil carbonates by pre-

digesting them in dilute (10%) HCl, until addition of fresh HCl no longer produced 

effervescence. 

Soil pH in water was determined using a ThermoOrion Per’pHecT LogR Meter 

(model 370) with a ThermoScientific electrode (Orion 8165BNWP) in a mixture of soil 

and distilled water at a ratio of 1:10 for organic samples, and a ratio of 1:4 for mineral 

samples. The pH meter electrode was recalibrated every 12 samples using a two-point 

method in pH 4.01 (Orion #910914) and pH 7.0 (Orion SB108B01) solution. Soil pH in 
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CaClR2R was completed following the same method substituting water with a solution of 

0.01 M CaClR2 R(Kalra and Maynard 1991). 

Lithium nitrate (LiNOR3R) extraction was used to analyse bioavailable nutrients, 

following procedure developed by (Abedin et al. 2012). The method was modified 

slightly to conserve sample while maintaining integrity in the technique. Soils with high 

organic content required a greater amount of solution due to high water adsorption and 

retention, therefore a higher soil:solution ratio was required. Samples were agitated for 

twelve hours and filtered with a 0.45 µm filter. The LiNOR3R solution was analysed using 

Individually Coupled Atomic Electron Spectroscopy (ICP-AES) in a Varion-Liberty II 

AX Sequential unit.  

Cation exchange capacity (CEC) was determined using the pre-treated sample to 

remove carbonates, mixed with 0.1 M BaClR2R in a ratio of 1:10 for mineral soils and 1:60 

for organics, and shaken for 12 hours. Samples were then centrifuged, decanted and 

filtered using #42 Watman filters. The same ratios of 18MΩhm water were added to the 

remaining samples, which were shaken for twelve hours before the supernatant was 

removed. The same ratios of 1M NHR4RCl were then added and shaken for 12 hours to 

check for a balanced reaction. The BaClR2R exchange method assumes a 98% recovery. 

Ratios of C-N-S were determined from 0.2g pre-treated samples through loss on 

ignition of organic matter. Analysis of C:N:S ratios was outsourced by ELRFS to a 

facility in Thunder Bay, Ontario. 

Tree core analysis 

Tree cores were mounted on notched wood bases. Once dry, the cores were sanded 

flush with the mounts using 60 grit down to 600 grit sand paper. The polished cores were 

scanned at a resolution of 2400 dpi or greater using a Canon CanoScan LiDE 200scanner. 

The images were imported into WinDENDROP

TM 
Pfor aging (Regent Instruments Canada 

Inc. 2010).  
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DATA ANALYSES 

Soils analyses 

Simple box plots were constructed to express the distribution of many of the soils 

measured parameters at interior versus river sites, including organic layer thickness, 

modified mineral soil thickness, moisture regime, depth to root presence and all soil 

chemical parameters. To provide restoration context, chemical parameters of natural 

materials were also compared to the chemistry of reclamation materials from the Victor 

Mine (coarse processed kimberlite; fine processed kimberlite; marine silt overburden; and 

peat overburden; K. Bergeron, Department of Biology Laurentian University, 

unpublished data).  

Univariate analyses of variance were conducted to compare parameters between 

interior and river sites. Orthogonal contrasts were used to compare parameters at these 

natural sites to reclamation materials where data was available. Data were tested for 

normality and were logR10R transformed if required. These univariate analyses were 

conducted using a generalized linear model (GLM) in Statistica P

®
P version 8 (StatSoft Inc. 

2007). 

Multivariate analyses were conducted on the chemistry data of soils for (i) all 

natural sites and reclamation materials combined, ii) interior sites, and iii) river sites. The 

parameters in each analysis included pH, CEC, bioavailable elements, and total elements 

for CNS. Principal component analyses (PCA) were first conducted on each data set. 

Significant loadings were identified with significant Pearson correlation coefficients 

(P < 0.05). Cluster analyses were also used to analyze each data set using Euclidean 

distances and a group average clustering algorithm. Each branch in the dendrogram was 

bootstrapped to identify significant clusters (999 permutations; P < 0.05). The PCA were 

conducted with Statistica, version 8 and PRIMER-E (Clarke 1993; Clarke and Gorley 

2006), while the cluster algorithms were conducted with the Cluster and Simprof routines 

in PRIMER-E (Clarke 1993). 

Vegetation analyses 

Two matrices were created from the species percent cover data. A first matrix, for 

analysis of richness and diversity, included all taxa within the plot, and incidental species 
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from the 10 minute walk around the plot, but excluded species that were identified to 

genus or family level, as well as species found at fewer than three sites having a 

maximum percent cover value of less than 3% on any one plot. Incidental species 

observed in this second matrix were given values of 0.005%. The second matrix, for 

analyses of abundance, included all taxa within the plot, including taxa only identified to 

genus or family.  

Using the first matrix, species richness and Simpson’s Diversity Index (1-D) were 

calculated (Magurran 2004). Analyses of variance were used to compare differences in 

interior and river site plot richness and species diversity, using Statistica 8.0 (StatSoft Inc. 

2007). Rank-abundance plots were also determined for interior versus river sites 

(Magurran 2004). Using the second matrix, multivariate analyses were conducted using 

PRIMER-E (Clarke 1993). 

 The matrix was first square-root transformed, then a resemblance matrix was 

calculated using the Bray-Curtis similarity measure. A two dimensional non-metric multi-

dimensional scaling ordination (NMDS) was conducted with a minimum of 25 restarts. A 

cluster-analysis was then performed using an agglomerative average clustering algorithm, 

and clusters were bootstrapped to identify significant clusters. (999 permutations; 

P < 0.05). These clusters were then semi-qualitatively grouped into broader plant 

community groups (PCG) that reflected observed environmental gradients. Similarity 

percentage of percent contribution (SIMPER) by species was completed for each post-hoc 

plant community group (determined by cluster analysis, as above) using the Bray-Curtis 

resemblance matrix.  

Box plots were created from data of canopy cover, basal density, CWD, age and 

height for interior and river sites, as well as in a breakdown of each broadly determined 

PCG. 
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Results 

SOILS 

Interior and river upland sites differ greatly by soil type and development.  At 

interior sites, Orthic Humo-Ferric Podzols composed the largest soil sub group (n = 15, 

44%); only one such Podzol was observed along the river. Orthic, Orthic Humic and 

Gleyed Regosols combined formed the largest group of soils along the river, occurring at 

over half of the sites (n = 22, 59.5%), whereas only three Regosolic profiles were found 

in the interior. Several of the Brunisolic sub groups were observed, primarily in the 

interior (n = 6) and were also found to occur along the river (n = 4), but with more 

diversity in sub groups (Fig. 5). 

Organic Hemic and Organic Humic Folisols of thick organic matter were frequently 

found over limestone outcrops in the interior (n = 6, 18%), but no soils of the Organic 

order were found along the river. Conversely, Gleysols (Rego, Rego Humic and Humic 

Organic) were only found along the river. Cryosols were observed equally in the interior 

and along the river, however sub groups in the interior were Organic Fibric and Organic 

Mesic Cryosols, while those along the river were Histic Regosolic Static and Regosolic 

Static Cryosols. 

Total depth of organic matter was greater at interior sites than at river sites 

(FR1, 69R = 3.79, P = 0.056; mean ± SE, interior: 16.5 ± 3.3 cm; river 9.4 ± 1.7 cm). Over 

half of all sites in the study had less than 10 cm of organic matter. All but two interior 

upland sites had more than 1cm of organic material above mineral layers, and almost half 

had organic matter thickness above 10 cm to a maximum of 80 cm. Along the river, many 

sites had no or little organic material. Eleven of the river sites had less than 1cm of 

organic matter (Fig. 6). 

Mineral soils were further developed and development was observed at greater 

depths in the interior than along the river (FR1, 69R =11.99, P <0.001). Nearly two thirds of 

the sites along the river had less than 5 cm of developed mineral soil, while less than a 

third of the interior sites had such little development. The vast majority of these were 

Regosols along the river, and Organic Cryosols and Folisols in the interior (Fig. 7).  
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Fig. 5 Comparison of soil development by found at the interior (n=34) and river sites (n=37) by subgroup 

(CSSC 1998). 
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Fig. 6 Histograms of the depth of organic matter at interior sites (n=34) and river sites (n=37). 

 

 
 

Fig. 7 Histograms of the thickness of modified mineral soil horizons, at interior (n = 34) to river sites (n = 

37), categorised in 5 cm increments.   
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Soil textures along the river were variable and more or less evenly distributed 

among silty clays to loamy sands, with the highest frequency being clay loams, followed 

by silty clay, silt loam and loam (Fig. 8). Almost half of the sites in the interior had sand 

to silty sand texture, while the remainder were mostly organic soils (Organic Cryosols 

and Folisols).  

Organic soil horizons at river and interior sites had similar bulk densities, between 

0.1 – 0.4 g cm P

-3
P. Between all interior and river sites, compaction of mineral horizons 

ranged from 0.6 – 1.8 g cm P

-3
P. Bulk densities of B horizons in the interior had 21 

observations ranging between 0.8 – 1.6 g cm P

-3
P, which was comparable to the number of 

observations and range of densities observed in C horizons of the interior (Fig. 9). At the 

river, the majority of observations were of the C horizon, where bulk density ranged 

primarily from 0.6 – 1.4 g cm P

-3
P, comparable in number of observations and range of 

densities to B and C horizons of the interior overall. The most noticeable difference 

between all soil horizons was the number of loamy, low density (0.1 – 1.2 g cm P

-3
P) ‘A’ 

horizons observed at the river, and their absence in the interior. 

Moisture regimes of soil profiles were not significantly different between the river 

and interior sites (FR1, 69R =0.022 P=0.88). Two thirds of the interior sites had a very dry to 

moderately fresh moisture regime (-2` to 2); almost a quarter of them had a dry moisture 

regime (0). Along the river, soils were more evenly distributed over moisture regimes, 

with most having a moisture regime of either fresh (2) or moist (6) (Fig. 10).  

Maximum depth of roots was significantly shallower at interior sites than along the 

river (FR1, 69R = 9.4, P = 0.003).  They were also less evenly distributed in the interior, 

where depths ranged from 0-60 cm with the majority of depths occurring from 10-30cm. 

Along the river, roots were present from 0-90 cm (Fig. 11).  

Cation exchange capacity (CEC) from the horizon with maximum rooting density 

did not differ significantly between interior and river sites (P = 0.953; mean ± SE over all 

samples: 90.22 ± 14.09)  The average CEC of soil from the sampled horizons of sites in 

the natural environment did not significantly differ from average CEC values of samples 

from across the four stockpiled reclamation materials found at the Victor Mine 

(P =  0.686) (Fig. 12, Table 1).  
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The mean soil pH of the maximum rooting density horizon in the interior sites was 

5.3, and this was significantly lower than along the river, which had a mean pH of 7.8 

(P < 0.001). The mean pH of the natural sites was slightly lower than the average across 

all reclamation materials from Victor Mine (P < 0.001), which had a high mean pH as a 

result of the alkaline processed kimberlite, silt overburden and limestone, although peat 

was within the range of the natural analogues (Fig. 13, Table 1). 

Total carbon content of the maximum rooting density horizon did not differ 

between river and interior sites (P = 0.288) (Fig. 14, Table 1), but natural sites had 

significantly more carbon than the mean of the reclamation materials from Victor Mine 

(P = 0.006), though again, peat was an exception. Sulphur showed a similar pattern, with 

no significant difference in total S between the maximum rooting density horizon of 

interior versus river sites (P = 0.351) (Fig. 15, Table 1), but had more total S overall in 

the reclamation materials (P < 0.001). FPK and CPK have similar total S levels as in the 

maximum rooting horizons of natural soils, but the silt overburden and especially the peat 

have higher total S content. In contrast, total N content of the maximum rooting horizons 

was slightly but significantly higher in the interior sites than along the river (P = 0.013). 

These natural sites had marginally higher mean total N content than the reclamation 

materials from Victor Mine (P = 0.077). This is due to the high N content in the peat; the 

other Victor Mine reclamation materials had negligible N content (Fig. 16, Table 1).  

In terms of other major nutrients, bioavailable P levels were similar and very low at 

both interior and river sites (P = 0.631; mean ± SE over all samples: 7.12 ± 7.37). The 

natural analogue sites had higher bioavailable P levels than reclamation materials from 

the Victor Mine (P = 0.016) (Fig. 17, Table 1). Similarly, bioavailable potassium levels 

were not different between interior and river sites (P = 0.192; mean ± SE over all 

samples: 36.56  ± 13.9). In contrast, reclamation materials from the Victor Mine had more 

bioavailable K overall (P < 0.001), as a result of high levels in the FPK, the silt 

overburden and the peat.  The silt and the peat had almost ten-fold more bioavailable K 

on average than the natural sites (Fig. 18, Table 1).  
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Fig. 8 Scatter-bubble plot of clay and sand content of the effective horizon at each site in the interior 

(triangles, n=34) and river (circles, n=37). The scatter plot is superimposed on the soil texture triangle of 

the Canadian System of Soil Classification (Soil Classification Working Group 1998). 
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Fig. 9 Histogram of bulk density by soil horizons at interior and river sites.  
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Fig. 10 Histograms of the moisture regimes of soil profiles at interior sites (n=34) and river sites (n=37). 

The scale increases in moisture from driest (Θ) to ‘6’ in mineral soil. Extremely wet organic moisture 

regimes are ‘7’ – ‘9’; the last two categories with highest moisture were not observed at any of the sites in 

the study. Three sites at the river were Static Cryosols (S.C.) for which moisture regime was not 

determined. 

 

 

 

 

 

 

 

 
 

Fig. 11 Histograms of depth to root presence in the soil profile between interior (n=34) and river sites 

(n=37) 
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Table 1 Univariate results of ANOVAs for chemical parameters of soils of the maximum rooting horizons 

of natural sites (river and interior) and Victor mine reclamation materials (coarse PK, fine PK, silt 

overburden and peat overburden). A priori contrasts are shown between interior and river sites and between 

natural sites and Victor mine reclamation materials. Selected variables were log-transformed to meet 

assumptions of the ANOVA. Significant differences are bolded. 

  ANOVA  A priori Contrasts  

      

Naturals:  

Interior vs River 

Naturals vs 

Reclamation Materials 

Variable FR(5,91) P t P t P 

CEC-log  (cmol/kg) 1.6 0.172 0.1 0.953 0.4 0.686 

pHR  39.0 < 0.001 10.6 < 0.001 5.1 < 0.001 

C-log (g/kg)  13.8 < 0.001 -1.1 0.288 -2.8 0.006 

S-log (g/kg)  15.4 < 0.001 -0.9 0.351 4.3 < 0.001 

N-log (g/kg)  16.5 < 0.001 -2.5 0.013 -1.8 0.077 

Al-log (mg/kg)  17.9 < 0.001 -4.0 < 0.001 -3.5 0.001 

As (mg/kg)  0.3 0.910 -0.4 0.673 -1.0 0.313 

Ba-log (mg/kg)  11.3 < 0.001 -2.6 0.011 6.0 < 0.001 

B-log (mg/kg)  8.2 < 0.001 -2.2 0.033 3.8 < 0.001 

Ca-log (mg/kg)  14.1 < 0.001 4.5 < 0.001 2.6 0.012 

Cd-log (mg/kg)  7.3 < 0.001 0.0 1.000 4.9 < 0.001 

Co-log (mg/kg)  5.1 < 0.001 -4.5 < 0.001 -2.0 0.046 

Cr (mg/kg)  178.0 < 0.001 -4.1 < 0.001 19.9 < 0.001 

Cu (mg/kg)  5.8 < 0.001 0.3 0.741 1.7 0.097 

Fe (mg/kg)  8.4 < 0.001 -1.2 0.248 1.6 0.114 

K-log (mg/kg)  12.3 < 0.001 -1.3 0.192 5.3 < 0.001 

Mg-log (mg/kg)  27.0 < 0.001 5.9 < 0.001 9.4 < 0.001 

Mn-log (mg/kg)  5.0 < 0.001 -3.3 0.001 -1.4 0.181 

Na-log (mg/kg)  18.8 < 0.001 -1.5 0.128 7.5 < 0.001 

Ni-log (mg/kg)  2.0 0.089 -2.5 0.014 0.3 0.747 

Pb-log (mg/kg)  2.0 0.086 -2.5 0.013 -0.4 0.675 

P-log (mg/kg)  1.4 0.236 -0.5 0.631 -2.5 0.016 

Se (mg/kg)  3.4 0.007 0.0 1.000 2.0 0.046 

Sr-log (mg/kg)  110.0 < 0.001 0.1 0.903 23.4 < 0.001 

V (mg/kg)  3.7 0.004 -0.5 0.608 0.6 0.535 

Zn-log (mg/kg)  3.6 0.005 -2.9 0.004 1.2 0.221 
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Fig. 12 Comparison of the spread of cation exchange capacity (CEC) values between natural analogs in the 

interior (I; n=34) and river (R; n=37) with the CEC values of the reclamation materials coarse processed 

kimberlite (C; n=8) fine processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). Legend: Box plots 

represent 25% and 75% quartiles, with a solid bar denoting the median; Whiskers represent the upper and 

lower 95% confidence intervals; Solid points represent outliers, and hollow points represent extremes.  

 

 

 

 
Fig. 13 Comparison of the spread of pH values between natural analogs in the interior (I; n=34) and river 

(R; n=37) with the pH values of the reclamation materials coarse processed kimberlite (C; n=8) fine 

processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). See Fig. 12 for description of legend.  
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Fig. 14 Comparison of the spread of total carbon content between natural analogs in the interior (I; n=34) 

and river (R; n=37) with the carbon content in the reclamation materials coarse processed kimberlite (C; 

n=8) fine processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). See Fig. 12 for description of 

legend. 

 

 

 

 

 

 

 
Fig. 15 Comparison of the spread of total sulphur content between natural analogs in the interior (I; n=34) 

and river (R; n=37) with the sulphur content in the reclamation materials coarse processed kimberlite (C; 

n=8) fine processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). See Fig. 12 for description of 

legend. 
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Fig. 16 Comparison of the spread of total nitrogen content between natural analogs in the interior (I; n=34) 

and river (R; n=37) with the carbon content in the reclamation materials coarse processed kimberlite (C; 

n=8) fine processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). See Fig. 12 for description of 

legend. 

 

 

 

 
Fig. 17 Comparison of the spread of bioavailable phosphorus content between natural analogs in the 

interior (I; n=34) and river (R; n=37) with the bioavailable phosphorus content in the reclamation materials 

coarse processed kimberlite (C; n=8) fine processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). 

See Fig. 12 for description of legend. 
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Fig. 18 Comparison of the spread of bioavailable potassium content between natural analogs in the interior 

(I; n=34) and river (R; n=37) with the bioavailable potassium content in the reclamation materials coarse 

processed kimberlite (C; n=8) fine processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). See Fig. 

12 for description of legend. 

 

 

 

 

 
Fig. 19 Comparison of the spread of bioavailable calcium content between natural analogs in the interior (I; 

n=34) and river (R; n=37) with the bioavailable calcium content in the reclamation materials coarse 

processed kimberlite (C; n=8) fine processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). See Fig. 

12 for description of legend. 
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Fig. 20 Comparison of the spread of bioavailable magnesium content between natural analogs in the 

interior (I; n=34) and river (R; n=37) with the bioavailable magnesium content in the reclamation materials 

coarse processed kimberlite (C; n=8) fine processed kimberlite (F; n=3) silt (S; n=10) and peat (P; n=5). 

See Fig. 12 for description of legend. 
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Natural reference sites however had significantly lower bioavailable Ca and Mg 

than reclamation materials overall (Ca: P = 0.012; Mg: P < 0.001). Bioavailable Ca was 

especially high in the silt overburden and the peat as compared to the natural sites (Fig. 

19, Table 1). In contrast, bioavailable Mg was especially high in the CPK, FPK and the 

peat (Fig. 20, Table 1). Only the FPK and the CPK had higher levels of bioavailable Mg 

than Ca. Calcium and magnesium showed similar patterns in their bioavailable 

concentrations. Bioavailable Ca and Mg are both higher at river sites than at interior sites. 

For the other bioavailable elements, interior sites were distinctly different than 

those along the river, with higher bioavailable levels of Al, Ba, B, Co, Cr, Mn, Ni, Pb and 

Zn (Table 1; Appendix B – Table B-1). Levels of the other elements were not 

significantly different between the interior and river sites (Table 1). In a comparison of 

these natural reference sites with the reclamation materials from Victor mine, the natural 

sites have significantly more Al and Co, but the reclamation materials have more Ba, B, 

Cd, Cr, Na, Se and Sr. Compared to all other samples, FPK is extremely high in Cr and 

Sr. Cadmium and selenium were not present at either of the natural analogues, but were 

found in the reclamation materials, with highest concentrations being in the FPK and peat 

(Cd) and CPK and silt (Se) (Appendix B – Fig. B-1).  

The differences between the interior and river sites and between the natural sites 

and the mine materials are easily seen in a joint principal component analysis (PCA) of 

the soil chemistry data from the horizon of maximum rooting density (Fig. 21). The first 

two PCs explain 38% of the data total. The first PC, explaining 24.5%, was strongly 

negatively correlated to C, B, N, K, and S (-0.84 > r > -0.72), and moderately negatively 

correlated to pH (r = -0.46) and positively correlated to CEC (r = 0.55) (Appendix B – 

Table B-2). Several of the interior sites with Cryosols or Folisols were outliers along this 

axis. The second principal component was moderately negatively correlated to Sr, Mg, 

pH, S, (-0.62 > r >0.49) and positively correlated to Pb (r = 0.47). Interior sites separate 

from the river sites along the second principal component axis. The reclamation materials 

from Victor Mine group separate from the river and interior sites, with the exception of 

the silt overburden samples. Both processed kimberlite grades bear little similarity to the 

natural analogues, this difference being strongly influenced in part by the high pH of 
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these reclamation materials. Peat was also dissimilar to all groups, having elevated levels 

of Mg, Sr, S, Na, Ca, Cd and Cr compared to samples from the natural analogues.  

PCA analyses and cluster analyses on the chemistry of only interior soils and river 

soils reveal relationships that are related to soil groups. For the interior sites, the first two 

principal components explain 54% of the total variance (Fig. 22). The first principal 

component is strongly negatively correlated with Pb, C, Cr, Na As, N and K (-0.91 > r > -

0.77). The second principal component is negatively correlated to Ca, Sr, S, N, pH and 

CEC (-0.64 > r > -0.50), and positively associated with Zn (r = 0.52).  The cluster 

analysis produced four significantly different and environmentally meaningful clusters, 

and one anomalous site (site ‘P30’; Fig. 22, inset). The cluster analysis generally agrees 

with the PCA, and it agglomerates soil Great Groups aside from a few Folisols and 

Organic Cryosols that cross between sparse clusters.  The five observed soil Great Groups 

in the interior are visibly stratified along PC1, although there is more overlap along PC2. 

Along PC1, Folisols and Organic Cryosols (clusters A, B and D and site P30) separate 

from the mineral soils in cluster C. As would be expected, strongly overlapping chemical 

relationships are most common between Brunisols and Podzols, in cluster C. Folisols tend 

to separate from Organic Cryosols along PC2. CEC is also higher among the Folisols as 

compared to the organic Cryosols. Mineral soils also tend to have a higher pH. Generally, 

the organic soils have an overall higher bioavailable nutrient content as compared to the 

mineral soils. 

For the soil chemistry PCA of the river sites, the first two principal components 

explain 42.6% of the total variance (Fig. 23). The first principal component, explaining 

26.2% of the variance, is most strongly influenced by negative correlations with Cr, Fe, 

As, K and V, and positive correlations with pH (0.44 > r > 0.78). The second principal 

component is negatively correlated to Ca, N, S and CEC (-0.79 > r >0.72) and positively 

correlated to Al (r = 0.65). Cluster A is primarily Regosols and Gleysols, while Cluster B 

is an even mix of Cryosols and Regosols. The most distant four clusters were each 

composed of an individual site: P72, P22, P03 and P04.  These four sites bear little 

chemical relation to the other sites along the river, which form clusters A or B. The river 

clusters do not separate into soil Great Groups as neatly as in the interior sites, although 

the Euclidean distance gives some measure of relative dissimilarity. 
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Fig. 21 Principal component analyses based on chemistry of maximum rooting density horizons at river and 

interior sites and of reclamation materials from the Victor mine. Only variables that are significantly 

correlated with either axis are shown (r > |0.304|; P < 0.01). See Appendix B - Table B-2 for factor 

loadings. 
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Fig. 22 Principal component analyses and cluster analysis based on chemistry of maximum rooting density 

horizons at interior sites (n=34), with sites plotted according to soil Great Group. Only variables that are 

significantly correlated with either principal component axis are shown on the PCA (r > |0.436|; P < 0.01). 

See Appendix B – Table B-3 for factor loadings. The cluster analysis was based on Euclidean distance and 

used an average clustering algorithm. Clusters are identified on the PCA diagram. 
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Fig. 23 Principal component analyses and cluster analysis based on chemistry of maximum rooting density 

horizons at river sites (n=34), with sites plotted according to soil Great Group. Only variables that are 

significantly correlated with either principal component axis are shown on the PCA (r > |0.325|; P < 0.01). 

See Appendix B – Table B-4for factor loadings. The cluster analysis was based on Euclidean distance and 

used an average clustering algorithm. Clusters are identified on the PCA diagram. 
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VEGETATION 

Many of the river and interior sites had low species richness (Fig. 24a). Species 

richness was significantly greater along the river than in the interior (F = 25.14, 

P < 0.001), with site averages of 35 and 20 species, respectively (Fig. 24a). Simpson’s 

diversity (1-D) was not significantly different between river and interior site types (F = 

0.321, P = 0.573), although the river sites had greater variation, with sites that had both 

greater and less diversity than interior sites (Fig. 24b). 

Overall tree cover was high; median tree cover at river sites was much lower than 

median coverage at interior sites, but overall, river sites had much greater variability in 

tree cover and distribution across that variability was skewed towards higher percent 

cover (Fig. 25). Both minimum and maximum tree cover over all sites were observed 

along the river. This wide range in cover reflects the successional sequence of sites along 

the river, from new open communities to established dense forests. 

Percent cover of shrubs shared a similarly patterned distribution between interior 

and river locations, with overall cover being lower than that of trees. Again, there was 

more cover on average at interior sites, but absolute minimum and maximum shrub 

covers along with greater variability was found among the river sites (Fig. 25). 

Covers of forbs, graminoids and pteridophytes, considering that they are 

significantly smaller than either trees or shrubs, were low in both interior and river (Fig. 

25), but had much higher species richness (Fig. 26). These three plant growth forms also 

had the greatest cover at river sites, compared to their interior counter-parts. In contrast, 

covers of bryophytes and lichens were far greater at interior sites than along the river. 

Although bryophyte presence was low along the river, lichens were almost non-existent 

(Fig. 25).  

Between interior and river sites overall, relatively few tree species were 

encountered, whereas forb, shrub and herb plant types were the most species-rich (Fig. 

26). For all plant groups except trees and lichens, which had equal numbers of species at 

river and interior sites (although not the same composition or abundance), river sites had 

higher species richness compared to interior sites. Most of the species encountered in the 

study were located at sites along the river. Only one third of all recorded species were 

observed in the interior. The greatest difference in species richness between river and 
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interior site types was among the forbs, where over twice as many species were observed 

at the river, when compared to interior sites. 

The principal tree species in the interior were black spruce (Picea mariana) and 

jack pine (Pinus banksiana) (Fig. 27a). The third most abundant species was trembling 

aspen (Populus tremuloides); other tree species were infrequently also present.  The shrub 

layer was dominated by Ledum groenlandicum, followed by Alnus viridis ssp. crispa and 

Vaccinium myrtilloides. The principal forbs were Linnea borealis, Cornus canadensis, 

Chamerion angustifolium ssp. angustifolium, Rubus chamaemorus and Geocaulon 

lividum. Leymus mollis ssp. mollis was the most abundant graminoid, but had low cover 

overall. Pteridophytes were not abundant at interior sites, but where they were present 

Lycopodium complanatum and L. annotinum were the most frequent (Fig. 27.a). 

Bryophytes of the interior (Fig. 28.a) were dominated by feather mosses, specifically 

Pleurozium schreberi and Hylocomium splendens, with two leafy liverwort genera, 

Ptilidium and Bazzania (Fig. 28.a), whereas lichens were dominated by Cladina species. 

The river sites, in contrast, had more even percent cover distribution of tree species, 

dominated by white spruce (Picea glauca) rather than black spruce (Picea mariana), 

balsam poplar (Populus balsamifera) and a few others (Fig. 27.b). Despite being present 

at many of the interior sites, Jack pine (Pinus banksiana) was not found once along the 

river. In turn, although balsam fir (Abies balsamea) was found at many river sites, this 

species was not found in the interior (Fig. 27.a and b). The river sites had a more 

gradually decreasing distribution of shrub species than the interior, and also a greater 

variety of shrub species, dominated again by Alnus viridis ssp. crispa, but also with Alnus 

incana ssp. rugosa, then by Cornus sericea ssp. sericea, Ledum groenlandicum, Rosa 

acicularis, Dasiphora floribunda and Salix bebbiana. Forbs along the river were 

extremely diverse and much more evenly distributed than in the interior. River forbs were 

dominated by Mertensia paniculata, then Linnea borealis, Cornus canadensis and Rubus 

pubescens. In terms of graminoids, Calamagrostis canadensis and Agrostis scabra were 

by far the most abundant species, and were often found to occupy a site densely, or 

portions of a site. Equisetum species were the most frequent pteridophyte, particularly E. 

pratense and E. arvensis (Fig. 27b). Bryophytes along the river (Fig. 28.b) were, like 

interior sites, dominated by feather mosses, especially Pleurozium schreberi and 
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Hylocomium splendens. Lichen cover, although not often observed, was dominated by 

Cladina and Peltigera species. 

The cluster analysis of plant community composition delineated seven significantly 

distinct plant community groups (PCG) with two outlier sites (SIMPROF with 1000 

permutations, P < 0.05) (Fig. 29 inset). In a two dimension ordination diagram, these 

seven plant community groups separate the river sites from the interior sites with only a 

few exceptions in PCG-A (Fig. 29). 

Plant community groups A and B consist primarily of interior sites. Based on 

species composition, PCG-A had 53% similarity among its sites, three of which were 

river sites (Table 2). PCG-A was primarily composed of four species, Picea mariana, 

Pleurozium schreberi, Ledum groenlandicum and Cladina rangiferina, with P. mariana 

being the most representative species, as indicated by its high similarity-to-SD ratio. 

PCG-B had 40% similarity among its sites and had greater species richness and diversity. 

It was dominated by shade-intolerant species such as Pinus banksiana, Vaccinium 

myrtilloides, Linnea borealis, Rosa acicularis, Alnus viridis ssp. crispa and 

Chamerion angustifolium ssp. angustifolium, with the most representative species being 

V. myrtilloides and C. angustifolium ssp. angustifolium.  

Plant community groups C, D, E, F and G were all plant community groups found 

along the river and are listed in order of decreasing successional maturity. PCG-C had 

46% similarity among sites within this group, and was dominated by mature and shade-

tolerant forest species, such as Picea glauca, Abies balsamea, Cornus canadensis and P. 

mariana. The most representative species were P. glauca and C. canadensis, as 

determined by their high similarity-to-SD ratio. PCG-D was more diverse, with only 32% 

within-group similarity. PCG-D was dominated by tall but shade-intolerant woody 

species and forbs, such as Alnus viridis spp. crispa, Populus balsamifera, Mertensia 

paniculata, Rosa acicularis, and Rubus pubescens. (Table 2). Species with the highest 

similarity-to-SD ratio and, therefore most representative of the group, were M. paniculata 

and Actaea rubra. PCG-E was again diverse, with only 34% within-group similarity, and 

was comprised of shade intolerant shrubs, especially Rosa acicularis, Alnus viridis ssp. 

rugosa, Cornus canadensis, Populus balsamifera, Physocarpus opulifolius, Alnus incana 

ssp. rugosa and R. blanda. Dasiphora floribunda and Picea glauca were the most 
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representative species of the group, according to their high similarity-to-SD ratios. PCG-

F, having 35% within-group similarity, had the most species-rich sites, which were 

dominated by short woody plants and herbs, especially Salix exigua, Populus 

balsamifera, Agrostis scabra, Achillea millefolium, Fragaria virginiana, Elymus 

trachycaulus ssp. trachycaulus, Argentina anserina and Rosa acicularis. The most 

representative species, indicated by the high similarity-to-SD ratio, were A. millefolium, 

A. scabra, A. anserina, F. virginiana, P. balsamifera and P. major.  

Plant community group G consisted of only two sites, both from the same 

recovering human-disturbed area, formerly a gravel pit, along the river. It had high 

within-group similarity of 56% with the most abundant species being Calamagrostis 

canadensis, Populus balsamifera, Anemone canadensis and Stachys pilosa. Because 

PCG-G was composed of only two sites, SD and similarity-to-SD ratio could not be 

calculated, although the sites were noticeably non-diverse and species poor. 

Canopy cover had a similar range between the interior and river sites, although 

interior sites had a much higher median cover (8TFig. 308T.a). When the median cover values 

are compared between plant community groups ( 8TFig. 308T.b), the reason for this difference 

is apparent. Interior plant community groups A and B had a wider distribution of cover 

than river sites, with PCG-A having, on average, a higher median percent coverage, but 

PCG-B having much greater variation. Along the river, plant community groups had 

much narrower distributions, with C and D having high tree cover, groups E and F both 

with low tree cover, and group G with no cover. This reflects the difference in 

successional age of these river plant community groups.  

Similar overall trends were reflected in the basal density of trees. Interior and river 

sites had similar ranges, although the distribution was greater in the interior (8TFig. 318T.a). 

Among the interior sites, plant community group A, dominated by the black spruce, had 

twice the median basal density as in the jack pine dominated group B ( 8TFig. 318T.b). Plant 

community group C along the river, dominated by mature white spruce, had the highest 

median basal density overall and a narrow distribution. The river plant community group 

D, dominated by deciduous trees, had lower median basal density, but with a wider 

distribution. The other river sites in plant community groups E, F and G had no trees that 

met qualification for measurement, hence no measurable basal density.  
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Coarse woody debris (CWD) volume was similar between both the interior and 

river sites, but with greater extremes in the interior (8TFig. 328Ta). Interior sites that had 

exceptionally high volumes of CWD were most often sites on which a mature forest had 

existed prior to recent and severe fire disturbance. Other sites in the interior also often 

had obvious signs of past fire disturbance, which was not the case along the river. Both 

plant community groups A and B, composed entirely of interior sites aside from three 

instances, had higher volumes of CWD, especially at sites of group B, which was entirely 

composed of interior sites ( 8TFig. 328T.b). Other than one site in PCG-D, PCG-C was the only 

site type along the river with CWD, and was found at similar levels as the interior sites.  

The age distribution of trees in the interior was less distributed and more skewed 

towards older ages, compared to tree ages along the river, which did not reach such 

extreme ages and had more individuals of various species distributed throughout the age 

classes. The majority of trees of the interior were older than most trees of the river sites 

(Fig. 33); however this can be attributed primarily to the dominance of old Picea 

mariana in PCG-A (Fig. 34, Appendix C – Table C-4). Picea mariana of PCG-A had a 

mean age of 137 years, with younger trees of other species also present. Group B had 

much younger trees, with a mean age of only ~45 years for the dominant species, Pinus 

banksiana. Along the river, dominant trees in PCG-C had a mean age of ~100 years (P 

glauca: 103 yr, P. mariana: 96 yr), and the other common tree species, Abies balsamea, 

was slightly younger (mean age: 75 yrs). Trees in PCG-D were younger, reflecting an 

earlier successional age, with PCG-D’s most prevalent species, Populus balsamifera, 

having a median age of only~30 years. Few trees were encountered in plant community 

groups E and F, as sites of these groups were younger and trees species, if they were 

present, were likewise younger in age; PCG-G had no tree species present. 

Heights of trees in the interior (Fig. 35.a) were on average lower than the heights of 

trees along the river (Fig. 35.b). A direct comparison of this relationship can be made 

looking at the height of conspecifics between the site types. For example, Picea mariana 

is substantially shorter in the interior (Fig. 36), despite being significantly older (Fig. 34). 

Picea mariana also had the greatest range of heights of all tree species in the interior. It 

was often co-dominant in the overstory with P. banksiana in the less-advanced 

successional stage of PCG-B (Fig. 36) but was found, albeit in far greater numbers, to be 



  

48 

 

significantly shorter than P. bansksiana in the mature community group PCG-A where 

both species were present. 

Pinus banksiana dominated the overstory of the interior sites in the less-advanced 

successional stage (PCG-B). Where P. banksiana was found co-dominating mature sites, 

the height difference was more noticeable, with the relatively small number of P. 

banksiana being on average significantly taller than the majority of the highly abundant 

P. mariana. 

Populus tremuloides grew taller than P. balsamifera at the mature plant community 

stage of both interior and river sites (Fig. 36, PCG-A and PCG-C). Along the river, P. 

tremuloides was not present at the intermediate or early successional stages (PCG-D and 

PCG-E), but was present in greater numbers and at greater heights than P. balsamifera at 

the mature successional stage (PCG-C). Abies balsamea was found at the river, but was 

only of measurable stature in the mature plant community group (PCG-C). 

A non-metric multi-dimensional scaling (NMDS) separated sites by plant 

community composition and species abundance (8TFig. 378T). Edaphic relationships were 

observed by overlaying the soil type of each site plotted in the NMDS. Two plant 

community groups (A and B) are apparent over the interior natural analogue, which are 

underlain by Humoferric Podzols and Folisols (PCG-A) and Dystric Brunisols (PCG-B). 

Soils of PCG-B tended to be less developed and better drained mineral soils compared to 

the soils of PCG-A, which were more developed and had greater organic accumulation 

(8TFig. 378T). 

Four plant community groups were distinct in the river natural analogue, one group 

underlain by Regosols and Static Cryosols (PCG-C), one group with an assortment of soil 

types (PCG-D) another group by Regosols and Gleysols (PCG-E) and another by 

Regosols and Humic Regosols (PCG-F). Plant community group C, considered the most 

successionally advanced along the river, was established over undeveloped soils, whereas 

PCG-D, a less successionally advanced group, was established over six Soil Orders in 

various stages of development. Plant communities of PCG-E were established primarily 

over poorly developed soils with some humic content. The plant communities in PCG-F 

were established primarily over poorly developed soils ( 8TFig. 378T). 
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Fig. 248T Box plots of 8T(a) species richness and (b) Simpson’s diversity index of isolated interior uplands (n = 

34) versus river uplands along the Attawapiskat River (n = 37). The line cross-sectioning the box denotes 

the median, the box delimits the 25 P

th
P and 75P

th
P quantiles, and the whiskers show the 1 P

st
P and 99P

th
P percentiles. 

 

a) 

b) 
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Fig. 25 Total percent cover of vascular and non-vascular plant species comparing between isolated interior 

uplands (n = 34) and river sites (n = 37) by plant growth form. The median value is indicated across the 

box, the box limits denote the 25 P

th
P and 75 P

th
P quantiles, and whiskers denote the 1 P

st
P and 99 P

th
P percentiles. 
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Fig. 26 Total count of species richness by plant growth form on isolated interior upland sites (n = 34), on river uplands (n = 37), and throughout 

the total study (overall). 
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Fig. 27 Rank/abundance plot of vascular plant species (a) at isolated interior uplands (this page, above) and (b) at river sites (next page) based on mean 
percent cover and stratified by plant growth form. Bars represent relative percent cover for each species and reflect species dominance in the canopy. All 
species found at interior sites are shown (site n = 34; total species n = 91), and all species at the river except singletons are shown (site n = 37; total 
species n = 188). 
                                                                                                                                                                                                                                                                                                                                 

a) 



  

53 
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Fig. 28 Rank of non-vascular species from (a) isolated interior uplands and (b) river natural analogue sites 

plotted by relative percent canopy cover. The bars represent relative percent cover for each species, family 

or taxonomic grouping, and reflect dominance in the forest layer. (Interior site n = 34; River site n = 37).   
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Fig. 29 Non-metric multi-dimensional scaling ordination diagram  based on square-root transformed Bray-

Curtis resemblance measure of species percent cover in plant communities of isolated interior uplands 

(green triangles) and river uplands (blue circles). Sampled sites are grouped into plant communities 

separated by the dotted line and denoted by letters ‘A’ through ‘G’. Plant community groups are derived 

from a cluster analysis (inset) using an agglomerative average clustering algorithm based on the same 

resemblance matrix. 
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Table 2 Average abundance ( ̅) of important vascular plant species in community groups A-G, and their 

contribution ( ̅ ) to the average within-group similarity ( ̅) as determined in a SIMPER analysis performed 

on a square root transformed Bray-Curtis resemblance matrix. Community groups were determined via 

cluster analysis (Fig. 25) (Complete table available in Appendix C – Table C-3). 

Community 

Group Species (RiR) 

Average 

Abundan

ce ( ̅) 

Average 

Similarity 

(  ̅   ) 

Similarity 

/SD 
(  ̅      )) 

Cumulative 

contribution 

(%) 

A Picea mariana 6.3 17.9 4.7 34.1 

( ̅   52.6) Pleurozium schreberi 3.9 8.0 1.3 49.3 

  Ledum groenlandicum 3.3 7.1 1.3 62.9 

  Cladina rangiferina 2.6 5.8 1.7 74.0 

B Pinus banksiana 2.6 5.5 1.4 13.9 

( ̅   39.7) Vaccinium myrtilloides 2.2 5.1 2.3 26.8 

  Linnaea borealis 1.6 3.6 1.7 35.9 

  Rosa acicularis 1.4 3.0 1.3 43.5 

  Picea mariana 1.5 2.1 0.8 48.9 

  Cornus canadensis 1.1 2.1 1.1 54.2 

  Alnus viridis ssp. crispa 1.9 2.0 0.4 59.2 

  Ledum groenlandicum 1.3 1.7 .8 63.5 

 
Chamerion angustifolium 

ssp. angustifolium 0.8 1.5 13 67.3 

  Dicranaceae 0.9 1.5 1.1 71.0 

  Cladina mitis 1.7 1.4 0.5 74.5 

C Picea glauca 6.1 16.8 4.4 36.8 

( ̅   45.7) Abies balsamea 2.5 4.6 1.1 47.0 

  Cornus canadensis 1.3 3.4 2.6 54.4 

  Picea mariana 1.7 2.1 0.6 59.1 

  Mertensia paniculata 1.0 2.1 1.4 63.7 

  Linnaea borealis 1.3 2.0 1.1 68.1 

  Mitella nuda 0.9 1.5 1.0 71.5 

  Viburnum edule 0.9 1.5 1.0 74.8 

D Alnus viridis ssp. crispa 5.1 9.6 1.1 29.7 

( ̅   32.3) Populus balsamifera 3.7 5.1 0.9 45.3 

  Mertensia paniculata 1.5 2.4 2.8 52.9 

  Rosa acicularis 1.1 2.0 1.0 59.1 

  Rubus pubescens 1.0 1.8 1.0 64.7 

  Equisetum arvense 1.0 1.1 0.9 68.2 

  
Cornus sericea ssp. 

sericea 1.7 1.1 0.7 71.7 

  Actaea rubra 0.5 1.1 3.7 75.0 

E Dasiphora floribunda 1.9 3.5 2.5 11.9 

( ̅   33.8) Rosa acicularis 1.5 3.0 1.1 22.3 

  Alnus viridis ssp. crispa 2.0 2.9 1.0 31.0 

  

Cornus sericea ssp. 

sericea 1.6 2.7 1.3 39.7 

  Populus balsamifera 1.4 1.8 0.9 47.6 
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Table 2 (continued)  

Community 

Group Species (RiR) 

Average 

Abundan

ce ( ̅) 

Average 

Similarity 

(  ̅) 

Similarity 

/SD 
(  ̅      )) 

Cumulative 

contribution 

(%) 

  Physocarpus opulifolius 1.0 1.6 0.6 53.0 

  Alnus incana ssp. rugosa 1.6 1.4 0.7 57.7 

  Rosa blanda 0.9 1.3 0.7 61.8 

  Picea glauca 0.9 1.0 3.6 65.7 

  Galium boreale 0.4 0.8 0.7 68.8 

  Fragaria virginiana 0.6 0.5 0.5 71.2 

  Cornus canadensis 0.5 0.5 0.7 72.6 

  Bromus ciliatus 0.5 0.5 0.5 73.9 

F Salix exigua 0.9 3.2 1.6 8.5 

( ̅   38.3) Populus balsamifera 0.8 2.9 2.3 16.0 

  Agrostis scabra 0.8 2.8 7.4 23.4 

  Achillea millefolium 0.6 2.6 9.1 30.1 

  Fragaria virginiana 0.6 2.4 3.4 36.4 

  

Elymus trachycaulus ssp. 

trachycaulus 0.7 2.0 1.6 41.5 

  Argentina anserina 0.4 1.9 4.5 46.5 

  Rosa acicularis 0.7 1.7 1.1 50.9 

  Prunella vulgaris 0.5 1.6 1.0 55.0 

  Plantago major 0.4 1.2 2.2 58.0 

  Alnus viridis ssp. crispa 0.4 1.1 1.1 61.0 

  Solidago sp. 0.3 1.1 1.0 63.9 

  Pleurocarpus moss 0.4 0.9 0.6 66.3 

  Primula mistassinica 0.4 0.9 0.7 68.6 

  Alnus incana ssp. rugosa 0.8 0.7 0.3 70.5 

  Physocarpus opulifolius 0.4 0.7 0.6 72.1 

  Equisetum arvense 0.2 0.6 0.9 73.8 

G Calamagrostis canadensis 4.9 10.0 na 17.8 

( ̅   56.2) Populus balsamifera 1.9 5.5 na 27.5 

 Anemone canadensis 1.6 4.5 na 35.5 

  Stachys pilosa 2.6 4.5 na 43.4 

  Thalictrum venulosum 1.6 4.5 na 51.4 

  Galium boreale 1.2 3.2 na 57.0 

  Mertensia paniculata 1.4 3.2 na 62.6 

  Prenanthes racemosa 1.3 3.2 na 68.2 

  Achillea millefolium 1.5 2.2 na 72.2 

  Agrostis scabra 1.0 2.2 na 76.2 
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8TFig. 30 Box plots of canopy cover a) between isolated interior uplands (n = 34) and all river uplands (n = 

37), and b) among plant community groups as defined by cluster analysis. 8TThe line cross-sectioning the box 

denotes the median, the box delimits the 25th and 75th quantiles, and the whiskers show the 1st and 99th 

percentiles.  

 

 

a) 

b) 
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8TFig. 31 Box plots of basal density a) between isolated interior uplands (n = 34) and all river uplands (n = 

37), and b) among plant community groups as defined by cluster analysis. 8TThe line cross-sectioning the box 

denotes the median, the box delimits the 25 P

th
P and 75P

th
P quantiles, and the whiskers show the 1 P

st
P and 99P

th
P 

percentiles. 

 

 

a) 

b) 
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8TFig. 32 Box plots of coarse woody debris volume a) between isolated interior uplands (n = 34) and all river 

uplands (n = 37), and b) between plant community groups as defined by cluster analysis. 8TThe line cross-

sectioning the box denotes the median, the box delimits the 25 P

th
P and 75 P

th
P quantiles, and the whiskers denote 

the 1 P

st
P and 99 P

th
P percentiles. 

 

 

a) 

b) 
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Fig. 33 Box plots of ages of main tree species in (a) the isolated interior uplands and (b) the river uplands.  

The line cross-sectioning the box denotes the median, the box delimits the 25 P

th
P and 75P

th
P quantiles, and the 

whiskers denote the 1 P

st
P and 99 P

th
P percentiles. Sample size is shown below species names.

a) 

b) 
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Fig. 34 Tree age by 8Tspecies within each of the distinct plant community groups; groups are derived from a cluster analysis using an agglomerative average 

clustering algorithm based on the same resemblance matrix. Plant community groups are noted in the upper left of each graph. The line cross-sectioning the box 

denotes the median, the box delimits the 25th and 75th quantiles, and whiskers denote the 1st and 99th percentiles. Sample size is shown below species names. 

a) b) 

PCG-E PCG-D 

PCG -B 

PCG-C 

PCG-A 
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Fig. 35 Box plots of height of tree species in (a) interior uplands and (b) river uplands.  Plant community 

groups are noted in the upper left of each graph. The line cross-sectioning the box denotes the median, the 

box delimits the 25th and 75th quantiles, and whiskers denote the 1st and 99th percentiles. Sample size is 

shown below species names.

a) 

b) 
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Fig. 36 Tree height by species within each of the distinct plant community groups; groups are derived from a cluster analysis using an agglomerative average 

clustering algorithm based on a Bray-Curtis resemblance matrix. Plant community groups are noted in the upper left of each graph. The line cross-sectioning the 

box denotes the median, the box delimits the 25 P

th
P and 75 P

th
P quantiles, and whiskers denote the 1 P

st
P and 99 P

th
P percentiles. Sample size is shown below species names. 

PCG-E PCG-D 

PCG -B 

PCG-C 

PCG-A 
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8TFig. 37 8TNon-metric multi-dimensional scaling ordination diagram based on Bray-Curtis similarity resemblance measure of species percent cover in plant 

communities, presented per site by Soil Order. Plant community groups, separated by the dotted line and denoted by letter, are derived from a cluster analysis 

using an agglomerative average clustering algorithm based on a Bray-Curtis resemblance matrix. 
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Discussion 

REFERENCE CONDITIONS FOR SOILS  

Soils at the river and interior sites mostly originate from different parent materials. 

Predictably, the physical and chemical characteristics of the soils and extent of 

development are substantially different between soils of the interior and soils along the 

river in the James Bay Lowlands (Kruckeberg and Rabinowitz 1985). This difference in 

chemistry is emphasised in the results of the PCA ordination diagram in Fig. 21, 

suggesting that these two natural analogues form mutually exclusive foundations for soil 

reference conditions and associated plant communities, each with a unique set of 

characteristic parameters and associated ranges. 

The attributes of either interior or river soil reference conditions provide physical 

and chemical criteria for a constructed soil that emulates conditions in the natural 

environment. The characteristics of each reclamation material at the DeBeers Victor Mine 

can be individually evaluated against parameters in either reference condition to gauge 

the similarity or extent of any amendment that may be required to emulate natural 

conditions. The inherent characteristics of the reclamation materials will have a direct 

effect on the properties of the constructed soil and will directly relate to the success, or 

not, of a particular plant community, and there are both potential benefits and drawbacks 

to exclusively pursuing either an interior or river reference condition. A selection of best 

and most achievable properties between the two soil reference conditions is likely to 

provide the most flexible and successful reclamation substrate to support a flexible range 

of plant community options using species from both plant community reference 

conditions. 

The majority of soils in the interior are frequently more developed than soils along 

the river. Orthic Humo-Feric Podzols form the majority of soil types in the interior, 

followed by Eluviated and Orthic Dystric Brunisols, which share some physical and 

chemical characteristics. The development of Podzols on carbonate sands found in these 

interior uplands implies long-term soil development. Protz et al. (1984) examined soil 

formation along the southwestern coast of Hudson Bay and found that Podzols with the 

distinctive Ae – Bf sequence of soil horizons took at least 2300 years to develop. Organic 
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matter accumulation approximately doubled in these soils every 1000 years and peaked at 

about 3000 years of age. As in Protz’s study, this type of soil development was frequently 

observed beneath black spruce (Picea mariana) and lichen communities, similar to those 

found in many of the interior sites from this study.  

In contrast, soil development along the river is limited because of ongoing dynamic 

erosion, deposition, and flooding events. The majority of river sites have Regosolic soils 

with poor soil development. Those Regosolic soil sites not subject to ongoing disturbance 

were found to support mature white spruce forests. The extent of natural soil development 

processes is only great over a geologic timespan. Little soil development can be expected 

of the reclamation materials within human timeframes without some level of intervention, 

but based on the establishment of mature vegetation over poorly developed soils in the 

natural environment, the extent of development in a constructed soil is not a great 

determinant for successful vegetation establishment and therefore successful reclamation. 

Nutrient content and availability in the constructed soil may be a limiting factor for 

plant growth. A constructed soil composed of reclamation materials mixed in an 

appropriate ratio may be able to emulate conditions in the natural environment to varying 

degrees as defined by these reference conditions, but will require amendments for greater 

accuracy and better success. Most of the natural sites have some amount of surface 

organic layer composed of litter and further decomposed organic material (Fig. 6). 

Microclimate is strongly affected by litter and other surface organic debris, therefore to 

create a suitable microclimate for germination, water retention and nutrient cycling, 

surface organic matter will be a key requirement on the reclaimed novel features 

(Crawley 1997; Sayer 2006). Soil amendments such as addition of inorganic fertilizers 

and organic material are known to be effective treatments for creating an adequate 

environment for plant establishment, as demonstrated in a similar environment on similar 

processed kimberlite substrate, where addition of structure-improving and nutrient-

providing amendments significantly enhanced plant growth, and also improved substrate 

properties such as cation exchange capacity, percentage of organic carbon, and 

macronutrient availability, in both greenhouse studies (Reid and Naeth 2005a) and in 

field trials (Reid and Naeth 2005b).  
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Organic matter like peat overburden and woody debris are limited at the Victor 

Mine and should be salvaged. These materials will be best used to augment site 

conditions and emulate habitat in their natural form, as it will be important for their 

characteristics to be present at the new reclaimed sites, and these are difficult to 

artificially reproduce well. Biochar has been used in land reclamation of mine tailings 

with the results of improving conditions for plant growth while decreasing the availability 

of heavy metals (Fellet et al. 2011). Biochar can be procured, or potentially derived from 

compostable materials produced by the operation, which could possibly be incinerated 

onsite. Biochar has the potential to mitigate nitrate leaching (Knowles et al. 2011) and 

increase nutrient availability and moisture retention capacity in soil (Fellet et al. 2011), 

all of which will be important in establishing a green cover on the nutrient poor novel 

sites.  

Direct comparisons of the reclamation materials with soils of the natural 

environment show little similarity; however, the silt overburden in particular shares a 

number of commonalities with soils along the river, and a large amount of reclamation 

material stockpiled for the constructed soil is silt overburden. For the most part, the silt 

overburden is of the same marine origin as much of the soil along the river, although the 

marine sediments that exist along the river have been transported and deposited, and have 

mixed with other geologic materials during this process. The texture and soil chemistry, 

specifically CEC, Ca and Mg, of the silt overburden is similar, but not identical, to soil 

conditions along the river (Fig. 12, Fig. 19, Fig. 20). Using silt overburden as a primary 

constituent in a constructed soil would help to achieve soil conditions more similar to 

those along the river.  

Like the overburden silt, fine processed kimberlite (FPK) has a similar silty texture 

to soils along the river (Fig. 4), but being of a different parent material the chemistry is 

substantially different. The small grain size and silty texture of FPK make its chemical 

constituents more available than in its counterpart, coarse processed kimberlite (CPK). 

For almost all measured chemical parameters, FPK contains substantially higher 

concentrations compared to CPK. Use of FPK in the constructed soil would contribute to 

creating texture similar to that along the river, but not chemistry. Per parameter, the 

chemistry of FPK is often wide ranging, which may be due to a small sample size. 
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Nonetheless, the chemistry of FPK is significantly different from most interior or river 

reference condition levels, therefore, it is not advisable to use high quantities of FPK in 

the constructed soil. 

Processed kimberlite, followed by overburden silts, constitutes the majority of 

stockpiled reclamation materials intended for the constructed soils at the Victor Mine. 

The texture of CPK is most similar to the sandy substrates found in the interior (Fig. 8). 

The chemistry profile of CPK overlaps with both river and interior natural analogues in 

the cases of CEC, S and K. In the case of Ca, CPK chemistry is similar to the interior, and 

not the river sites.  

To achieve reference condition pH levels of an interior or river target, 

approximately 5.3 and 7.7 respectively, pH will have to be lowered in the reclamation 

materials, which untreated have a pH of between ~8 - ~9 (Fig. 13). Adding stockpiled 

peat, applying conifer litter (Swift et al. 1979; Sariyildiz et al. 2005), or another 

amendment, will be required to reach a constructed soil with pH values that are in line 

with river pH values; more effort will be required to reach the lower pH values observed 

at the majority of sites in the interior. The high pH of the reclamation materials may still 

pose a challenge for achieving the reference conditions outlined by either the interior or 

river natural analogue, as studies examining these materials have shown difficulty in 

adjusting pH (Rouble 2011), therefore plants able to tolerate these high pH conditions 

should be considered for establishing reclamation vegetation. 

Peat overburden is the least available of the reclamation materials, but has 

characteristics that make it desirable for incorporation in the constructed soil. Peat is 

almost entirely organic matter, and had a high N content, which are high by both interior 

and river reference condition standards, and low in all reclamation materials other than 

peat. The pH of peat is also very low compared to the other reclamation materials. These 

attributes mean that peat additions may be used to increase nitrogen and carbon content 

while lowering the pH in the constructed soil. A higher ratio of organic material will be 

required to achieve values within ranges outlined by interior reference conditions 

compared to river reference condition parameters.  

Since natural soil processes cannot reasonably be accelerated, soil salvage and 

borrow is a common substitute in reclamation. For instance, soil lifts from the A and 
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sometimes B horizons, mostly in areas of planned disturbance, can be borrowed to 

simplify and expedite having these ideal substrate conditions present at a reclamation site 

(Hass and Zobel 2011). Due to the scarcity of upland soil formations, particularly those 

which are also intended for excavation, this option is not suggested for the DeBeers 

Victor mine.  

With the knowledge that natural soil development processes will not have a 

substantial effect on the system for possibly thousands of years, reclamation efforts 

should not aim to replicate this soil development, but should aim to replicate physical and 

chemical conditions of the soils that are the foundation of desired plant community 

reclamation targets. The ability of the constructed soil to emulate physical properties of 

the natural soils will be constrained by the physical properties and proportions of 

reclamation materials used. Soil physical properties will likely be more stable than 

amended soil chemistry after subsequent exposure to environmental conditions, and 

reclamation ecologists need to ensure that suitable soil chemistry and nutrients at the 

reclaimed site are sustained over the long term through the development of self-sustaining 

and cycling systems.  

Each natural analogue has unique components and characteristics that make it more 

or less similar to inherent characteristics of the reclamation materials, and therefore more 

or less desirable as a reclamation target. Further research and trials, beyond the scope of 

this study, will be required to determine which soil reference condition, or blend, will be 

the simplest to achieve, and most effective at supporting plant growth. The findings of 

these investigations will be of great importance when considering species for 

establishment.  

 Presence and intensity of harsh conditions, water availability and nutrient 

availability control the distribution of vegetation to a high degree (Darmody and Thorn 

2004). Therefore, emulating key edaphic parameters is important to achieving a target 

plant community. The following edaphic parameters should be given special 

consideration during reclamation, based on the reference conditions described in in this 

study. 

Soil texture and moisture: Proper surface soil water balance, i.e. soil moisture, may 

be one of the more difficult aspects of the reference condition to achieve in reclamation. It 
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is vital to note that the new barren uplands are located inland, and therefore will not form 

part of a riparian hydrological system, as the sites of the river natural analogue do. Local 

silts and clays along the river valleys may have similar textures to overburden silts and 

FPK from the mine sites; in all these deposits, infiltration is compromised by the small 

particle size, percolation is retarded and moisture retention is improved. However, silts 

and clays along the river valley receive regular inputs of moisture and so hydrology will 

differ from similar-textured overburden silts and the FPK at the mine site. Materials with 

too fine a texture may go through wetting and drying cycles that lead to the formation of a 

cracked pavement-like surface that is not easily susceptible to infiltration. Although the 

coarse textured CPK does not have the water holding capacity of silt or FPK, its porosity 

facilitates percolation to the rooting zone. Conversely, the new waste rock upland features 

will be discrete formations with hydrological process more similar to those of the upland 

formations of the interior natural analogue, where greater permeability and percolation, 

and lower soil moisture retention, is common.   

Soil texture and compaction: Fine particles, like those along the river, are also more 

susceptible to soil compaction, whereas coarser materials like those in the interior have a 

lower bulk density (Fig. 9) and are more susceptible to root penetration. The process of 

applying a large-scale reclamation cap to an upland mine feature will necessitate the use 

of heavy industrial machinery, known to compact soil, and in turn prohibit plant growth 

(Tomlinson 1984).  Surface site preparation of the mine feature, such as scarification or 

rough and loose surface configurations (Polster 2011) may be required before a cap has 

been applied, or afterward if the cap has been compacted, to condition heavily compacted 

ground prior to seed dispersal and planting.  

Serpentine-like soils: Processed kimberlite, has excessive Mg, creating a low 

Ca:Mg imbalance, characteristic of serpentine soils (Reid and Naeth 2005b; Walker et al. 

2007). The ratio of calcium (Ca) to magnesium (Mg) is important to plant growth 

(Crawley 1997), particularly those species vulnerable to Mg toxicity, and plant adaptation 

to such serpentine soils has been studied extensively (Brady et al. 2005). Certain metals 

(e.g. Ni, Cr) can also approach phytotoxic levels in serpentine soils (Brady et al. 2005). 

These serpentine-like conditions can be problematic for many plant species to establish 

on and thrive in. Species found at the river, where more serpentine conditions exist 
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naturally, may be better adapted to tolerate a low Ca:Mg ratio typical of these serpentine 

soils. Nonetheless, the lower Ca:Mg ratio at the river (5.8:1) compared to the interior 

(10.2:1) is still far higher than the Ca:Mg ratios of any of the constructed soil 

components, which on average hover between 0.8:1 and 1.25:1. Calcium and magnesium 

levels are generally higher in the reclamation materials at the Victor Mine than in the 

surrounding natural environment; Mg relatively more so (Fig. 19 and Fig. 20). To achieve 

communities similar to either the river or interior reference conditions as defined here, 

levels of Ca and Mg will have to be kept low in the rooting zone of the constructed soil. 

The reference conditions outlined here can be used as a target for the ratios and actual 

concentration of bioavailable Ca and Mg in the constructed soil so that regional native 

plants can establish in conditions they are adapted to. 

VEGETATION  

Vegetation is one of the most obvious, measurable and reproducible components of 

a terrestrial ecosystem. It is therefore often the focus for reclamation efforts and 

measurements of success (Young 2000). General vegetation parameters such as plant live 

and dead biomass, height, tree basal area, or cover in different strata are important to 

provide baselines for habitat suitability, ecosystem productivity, and inform on potential 

successional pathways. A general scope is important for the novel site conditions to 

support a novel plant community, encompassing what is considered the range of natural 

variation as defined by the reference condition from the natural analogues, sub-sets of the 

reference condition (the plant community groups), and the variation inherent in each one 

of these. 

Many plant species were not observed at both river and interior sites;  these species 

and assemblages may be unique to either river or interior upland environments. In the 

natural environment, species assemblages are largely related to species interactions and 

particular soil chemistry. Specific-species assemblages may be representative of a 

particular stage of succession, and may also be unique to conditions of that environment 

and prior stochastic events. For example, disturbances along the river create 

heterogeneous microsites ideal for species recruitment and establishment, which increases 

the opportunity for greater species richness.  
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Forbs, followed by shrubs, were the most species diverse plant growth forms found 

on uplands in the HBL. This is the case certainly along the river where there are nearly 

twice as many forbs adapted to river conditions compared to interior conditions. 

However, plant limiting conditions of mine waste-rock uplands and of the constructed 

soil should be the primary consideration when selecting species that will form the 

reclamation strategy.  

If soil amendments are to be more reflective of soils along the river, plant 

communities emulating the spectrum of successional stages across the river reference 

condition may be pursued. Professionals should be mindful that river disturbances and the 

consequent diversity of microsites may inflate the apparent range of species that might be 

used in reclamation. Many of these species may be colonizers, niche modifiers, 

specialists, or otherwise temporary species indicative of early succession, which have a 

short life cycle and turnover quickly as new species are recruited to the site, 

characteristics that are not ideal for creating a stable vegetated state, but may be useful in 

initiating stages of stabilization (Brenner et al. 1984).  

In terms of species richness at reclamation sites, the reference conditions show that 

numbers of shrub and forb species should be approximately equal and present in the 

greatest numbers, followed by all other plant growth forms. Dominant vascular species 

comprising these groups can be seen in the rank/abundance plot, (Fig. 27), and likewise 

non-vascular species can be seen in the respective rank/abundance plot (Fig. 28). 

REFERENCE CONDITION PLANT COMMUNITY GROUPS 

The results of this study delineate six reference targets for plant communities (plant 

community groups – PCG) that may be suitable for reclaimed upland areas in the Hudson 

Bay Lowlands. Although the delineated PCGs share some similarities regarding the soil 

types that underlie them, there is an observable, over-riding bi-modal distribution of soil 

characteristics between river sites and interior sites.  

River Plant Communities 

Ecosystems of different successional age exist con-currently in close proximity to 

one another within the riparian areas of the Attawapiskat River. In the river natural 

analogue, as demonstrated by the ordination and cluster analysis (Fig. 25), plant 
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communities occur in various stages of succession from colonization through primary, 

intermediate to mature. The numbers of species that colonize the natural analogues are far 

greater for the river, as there are a greater number of niche opportunities due to early 

stages of succession in frequently disturbed areas. This greater species richness provides a 

longer list of species to choose from when selecting species for reclamation. However, 

this number of potential species for use in reclamation is attributable to the greater 

number of different successional communities along the river. Intermediate stages of 

succession and disturbances are known to create more niche environments for species to 

colonise, therefore species richness increases. Many of these are transitional species and 

are temporary at the site. The duration of a species’ presence needs to be considered, as 

some species can occur throughout the entire transitional period, whereas others only 

appear in early stages when conditions are harsher and inter-species competition is not yet 

a controlling factor. Species that only occur in early stages of succession along the river 

(PCG-D, PCG-E and PCG-F) should be reviewed carefully before being considered for 

reclamation use, unless particular properties make them well-suited for ameliorating site 

conditions, or advancing and establishing the community.  

PCG-F is an immature community and establishing plants from this group would 

reflect colonization and primary succession. No soil development has occurred at this 

stage, there is little to no propagule bank in the substrate, no biological legacy and very 

little biological material is present. Species that exist briefly in these barren wet 

environments, like Prunella vulgaris, Plantago major, Primula mistassinica are not ideal 

candidates for reclamation due to their particular habitat preference and short residency. 

Graminoid species like Agrostis scabra, and Elymus trachycaulus ssp. trachycaulus may 

be desirable, however, if they serve a function such as soil stabilization.  

Mid-successional plant communities such as PCG-D and PCG-E offer a suite of 

species that include r-selected, short-lived, quickly reproducing prolific species, as well 

as species with the opposing evolutionary strategy of k-selection. These k-selected 

species are more robust and longer lived species of later successional stages, but because 

of their existence throughout transitioning successional stages, they can be advantageous 

to use in reclamation; they establish in earlier, more open communities and dominate in 

later years, leading the site from harsh conditions towards an established mature 
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community. PCG-D and PCG-E are composed primarily of woody shrub species, many 

of which appear to be faster growing. Both mid-successional plant communities E and D 

share sufficient species overlap that, in practice, it will not serve to separate the targets.  

Species that are unique to PCG-E include Dasiphora floribunda, Physocarpus 

opulifolius, Alnus incana ssp. rugosa and Rosa blanda. Species that exist in both PCG-D 

and PCG-E include Alnus viridis ssp. crispa, Cornus sericea ssp. sericea and Rosa 

acicularis. These are species that do well in the open conditions often present at a young 

site, recognizably similar to early stages of mine reclamation. It is apparent they do well 

in open barren environments. It is also possible that they will perform some measure of 

site stabilization and modify the site for future species. It will also be important to include 

the species of later successional stages early on in reclamation, so that the plant 

community is directed and already advancing toward the final reclamation target.  

Species of the river late-successional stage (PCG-C), such as Cornus canadensis 

and Picea glauca, also occur in the younger PCG-E; Mertensia paniculata occurs in both 

PCG-C and PCG-D. It would be ideal to use species such as these which overlap 

successional stages as they can lead the development of the site from early conditions, 

tolerate a less stable environment, ameliorate site conditions and facilitate the ingress and 

establishment of longer lived more robust species of later successional stages. This 

progression would inherently begin to restore ecosystem function as well, though 

processes such as nutrient cycling. A hybrid community composed of niche modifiers and 

requisite biomass accumulators could accelerate the process of natural succession by 

including species intended to form the final community, based on the most advanced 

reference condition. The intention with this strategy is that the desired plant community 

targets are reached more quickly than if left to succeed spontaneously (Walker et al. 

2007). 

The late successional river community, PCG-C, is characterised by Picea glauca, as 

well as Cornus canadensis and Mertensia paniculata. Abies balsamea is the co- or sub-

dominant tree species. This later stages of succession, with a well-developed bryophyte 

community, has proliferated with  time and under greater ecosystem stability (Taylor 

1920). Based on ages of Picea glauca and Abies balsamea at least 100 years are required 

to form this community. This interval does not include the time required for the site to 
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reach conditions that are adequate for the species to establish initially. It is important to 

note that A. balsamea was not found at mid-successional sites (PCG-D) or younger 

(PCG-E, F and G), however young Picea glauca were found in these earlier stages. As 

such, this reference condition would take in excess of 100 years to form. 

Interior Plant Communities 

Similar to the chronosequences found along the river, present-day chronosequences 

exist on a grander scale across the landscape between the shores of James Bay and the 

inland environment of the Lowlands. Unlike the river sites, where primary succession and 

transition is observable in high resolution, natural disturbances in the interior occur at a 

rate faster than new barren soil appears. Because of this, the community transitions 

observed in the interior, apparent in the clustering and ordination diagrams (Fig. 29), 

demonstrate the progression of secondary succession after disturbances such as fire and 

wind, to mature climax communities, some of which are advanced enough to be in early 

stages of paludification. 

Tree ages give a very coarse minimum age of these communities. Assuming a 

natural trajectory and speed, the climax interior plant community (PCG-A), dominated by 

Picea mariana, is at least 125 years old.  However, the wide range of tree ages and the 

presence of young Picea mariana at these sites gives indications of gradual replacement 

of canopy trees, so these sites may be much older and could represent old-growth 

communities. Young P. mariana also appears in earlier successional stages (e.g. PCG-B), 

indicating that this may be a good candidate species for directing and accelerating 

ecosystem progression during ecosystem rehabilitation. Other species of the interior 

climax community, such as Ledum groenlandicum, Pleurozium schreberi and Cladina 

rangiferina, could immigrate naturally to the reclamation sites site, but may have to be 

intentionally introduced. 

If the restoration goal is to pursue an interior plant community successional 

trajectory, species recruited in earlier plant community stages, such as PCG-B, should be 

considered. Species representative of this sere, in decreasing order are Chamerion 

angustifolium ssp. angustifolium, Vaccinium myrtilloides, Linnaea borealis, Pinus 
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banksiana, Rosa acicularis, Cornus canadensis, Ledum groenlandicum and Picea 

mariana.  

Other Plant Communities 

PCG-G has been excluded from reference conditions here because, as a former 

gravel pit, it is not considered a good example of ‘natural’ conditions without human 

disturbance. However, sites like PCG-G may provide insights to reclamation, and can be 

further discussed in a study reviewing species that are prone to ingress naturally on 

disturbed areas. This site suggests that recolonization may be dominated by a few 

competitive species, which although may be native, and able to vegetate the site, may not 

be forming habitat or meeting other desired end land uses. Unless spontaneously 

establishing species are the ideal ones, this example helps make the case for commencing 

reclamation as soon as possible after disturbance, which will help to prevent some of the 

management problems that arise with having aggressive unwanted species establish prior 

to stocking or seeding the desired species. 

Reference conditions and soil and plant relationships 

Closer examination reveals diversity within the river and interior sites. The question 

that needs to be asked, however, is how important is it, and to what resolution, should 

natural ecosystems be dissected in order to design and engineer a desired ecosystem? 

Sub-sets of soil reference conditions are apparent from the two cluster analyses and 

PCA’s performed separately on interior and river soil chemistry data sets (Fig. 22 and 

Fig. 23). Within each cluster and ordination pair, there is one cluster/group that holds the 

majority of sites, and the remaining sites are divided among a few other clusters. 

Although the interior cluster analysis distinguished four statistically different and 

ecologically similar soil groups, plant communities that occur in the interior only 

separated into two plant community groups when the same cluster and ordination 

methods are were applied to these plots. Interestingly, the cluster analysis of river soil 

chemistry distinguished only two significantly different clusters (and four anomalous 

sites), while the plant communities that comprise the river natural analogue separated into 

four distinct plant community groups. Despite poor soil development, the natural soils are 

capable of supporting diverse plant communities, and a greater diversity in interior soils 
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did not produce greater diversity in plant communities, despite their lack of diversity and 

soil development.  

In future evaluations of the plant communities that become established on the novel 

features, it will be important to look at interior and river conditions at a high level, as one 

broad natural reference condition with the widest range of possible plant community 

assemblages. 

The high level approach of presenting means and ranges of parameters for interior 

and river natural analogues, and not by sub-sets of distinct clusters, avoids the 

preoccupation with details that are not significant for plant growth, or seemingly 

particular to a certain plant community. This also is also logical because it will be nearly 

impossible to reproduce homogenous ‘natural’ soil conditions, due in part to the large-

scale industrial machines commonly used to blend the soil mix, but and also because of 

the significantly shorter time frame,  relative to soil development processes, within which 

plant communities establish and turnover. Spatially, as well as temporally, soils are more 

homogenous, stable and slower to change than the plant communities that exist upon 

them. 

It is well documented that plant communities modify the soil environment from 

early successional stages onward (Choii and Wali 1995; Walker and del Moral 2003; 

Zvereva and Kozlov 2007), facilitating the ingress of species from more advanced 

successional stages. Plants composing older communities are known to create an 

environment that sustains or improves edaphic conditions for the persistence of that 

community (Walker and Del Moral 2003). This type of relationship is often seen in more 

advanced stages of succession, where important components processes such as litter 

accumulation and organic matter decomposition are sustained. 

It still remains important that initial soil conditions be based on targets that 

accurately reflect key soil criteria in the natural analogue that exist beneath the targeted 

plant community group, but because of this the capacity for plants to modify their niche, 

it is less imperative that precise, homogenous soil conditions be achieved prior to 

revegetation on these novel features. The variation inherent in natural soils is both 

desirable and acceptable in the new constructed soil, as this variation will in turn support 

the range of possible plants that are within the a target plant community, as well as the 
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variety of possible plant community assemblages that fall within the spread of reference 

condition parameters. Soil conditions for plant growth, such as structure, moisture 

capacity, extent of development, and general chemical characteristics, including pH and 

cation exchange capacity, will be further refined as plants modify soil conditions 

throughout succession.   

 

Conclusion 

The reference conditions observed in the natural environment allow for a 

framework of soil characteristics and species introduction and assemblage on novel 

upland mine features in the Hudson Bay Lowlands, as well as a benchmark of natural 

conditions with which to compare future established reclamation efforts. Since the end 

goal of reclamation is to promote and sustain native plant communities, the soil 

conditions around the rooting layer should be replicated in the constructed soil, as plant 

roots indicate the location of best available resources in the soil.  

Characteristics inherent in the reclamation materials should be matched with 

characteristics from either reference condition, and materials blended to create a medium 

that is most likely to support species that exist in both natural analogues and cross 

successional groups.  

Examining succession at the seral level offers short-term predictions inside of long 

term perspectives. The breakdown of plant communities throughout succession and 

associated with substrate characteristics provides a series of reference conditions that can 

guide management activities to optimal outcomes (Van Andel and Aronson 2006; Walker 

et al. 2007). The plant community groups outlined here provide a higher resolution 

insight to change in community structure throughout succession, suggesting a series of 

reference conditions from either the interior or river natural analogue, or a combination of 

both. Early and intermediate successional stages observed in this study provide initial 

plant community targets for reclamation. Should one or a derivative of one of these sub-

set plant communities be achieved, the novel ecosystem can justifiably be considered ‘on 

track’. At this later point in reclamation, the reference conditions provide a standard 

trajectory based on the natural environment with which to evaluate reclamation progress 
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over time. Later successional stages can act as broad targets, and more directly as 

benchmark criteria for evaluating the success of reclamation in achieving a mature, stable 

plant community that integrates well with the surrounding natural environment, and 

graded based on departure from the original target. 

The six plant community groups PCG-A through PCG-G should be considered a 

series of options to inform the reclamation effort. Each of these targets has its own range 

of natural variation, adding flexibility to the species selection process and increasing the 

application of the overall reference condition resulting in successful reclamation. 

Reclamation professionals should be conscious to not let precise achievement of these 

targets to overshadow the natural variability inherent in the surrounding natural 

environment; it could also be considered, depending on the stringency of reclamation 

success criteria, that any combination of natural soil traits and plant community 

assemblages found in nature that emerge on reclaimed areas are representative of natural 

conditions. 

It would be premature to advise a firm reclamation strategy based on the observed 

natural plant communities and soil conditions without knowledge of the physical and 

chemical characteristics of the future constructed soil, and an undertaking of respective 

trials. There is a substantial amount of variation in the observed natural environment 

between soils of the river and interior natural analogues, as well as the plant communities 

that exist within each.  

The reference conditions provided here can be used directly as targets, or to 

synthesize an ideal plant community suited to the characteristics of the [future] 

constructed soil. Native species from these reference conditions that should be used are 

those most likely to do best on a barren, high pH and water-limited substrate of this type 

– likely species from early successional stages of the interior and intermediate 

successional stages along the river. Other species should be introduced from later 

successional stages that also appear in earlier stages of succession, and which ones will 

depend on the reference condition that the upland mine feature most resembles at the 

point of a second planting. 

Knowledge of characteristics from more advanced successional stages can be used 

to guide site development. As the site reclamation and revegetation progresses, this 
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information can be used as a direct benchmark to evaluate the outcome of reclamation 

and the success of the attempt to replicate a natural plant community assemblage.  

The novel communities and the constructed soil on the upland mine feature can be 

evaluated and graded based on their departure from either a synthetic ‘ideal’ system, or 

the natural systems, while incorporating the natural range of variability. It would be 

reasonable to consider reclamation that departs from an ecosystem target greater than the 

variability observed in the natural analogues to be unsuccessful in achieving parameters 

outlined by the reference condition, but not necessarily unsuccessful reclamation. 

Streamlining acceptable standard methods for restoration, especially for 

reclamation, and building in much of what is currently done ad hoc into a scientific 

framework founded in theoretical understanding, subjected to the rigor of replication and 

peer-reviewed, will also contribute to a scientific and academic understanding of 

succession in an applied context, as well as strengthen the practical contributions of 

restoration research and reclamation. The ability to design and achieve an ecosystem 

goal, to justify it and validate the result, will be the acid-test of our understanding of plant 

community assembly, edaphics and succession (Walker et al. 2007).  
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Appendix A – General 

Table A-1 Sample population and geographic location of all plots in the study. Size of isolated upland 

features for interior plots is included.   

Interior         River     

Plot No. Latitude Longitude Area (kmP

2
P) 

 
Plot No. Latitude Longitude 

P11 52.904296 -82.552261 6.70 
 

P1 52.878468 -83.912313 

P12 52.845817 -84.138883 367.43 
 

P2 52.879524 -83.930048 

P16 52.844814 -84.14287 367.43 
 

P3 52.87971 -83.930317 

P18 52.841427 -83.799685 2.29 
 

P4 52.90582 -82.688033 

P19 52.851705 -83.909045 8.88 
 

P5 52.905373 -82.639742 

P23 52.839833 -83.931208 7.52 
 

P6 52.892655 -82.636783 

P26 52.864627 -83.968937 4.65 
 

P7 52.54332 -82.38389 

P30 52.832912 -83.769621 4.76 
 

P8 52.926108 -82.952762 

P31 52.912041 -83.863144 6.24 
 

P9 52.91727 -82.839363 

P34 52.979944 -84.115123 445.19 
 

P10 52.910023 -82.559882 

P35 52.875353 -83.978528 7.89 
 

P13 52.87745 -83.93142 

P37 52.877597 -83.976199 3.95 
 

P15 52.878899 -83.912736 

P38 53.142273 -82.678608 23.40 
 

P20 52.882655 -83.929616 

P39 53.144231 -82.676828 23.40 
 

P21 52.801952 -83.872109 

P40 52.953123 -84.236156 10.25 
 

P22 52.801952 -83.872109 

P41 52.955767 -84.244354 9.44 
 

P25 52.871574 -83.921833 

P42 52.952306 -84.331622 1433.87 
 

P27 52.874342 -83.919885 

P43 52.953569 -84.329481 1433.87 
 

P28 52.872127 -83.913957 

P48 53.240186 -84.15351 12307.00 
 

P29 52.88288 -83.930378 

P49 53.241012 -84.156328 12307.00 
 

P33 52.8789 -83.912726 

P50 53.118826 -83.889908 28335.60 
 

P44 52.85265 -83.807341 

P51 53.119283 -83.893433 28335.60 
 

P46 52.877771 -83.908983 

P52 53.192987 -84.469761 1807.03 
 

P47 52.877652 -83.909191 

P53 53.239364 -84.267599 6065.99 
 

P64 52.882336 -83.929653 

P54 53.189888 -84.472404 1807.03 
 

P65 52.883554 -83.929812 

P55 53.021986 -84.462448 1023.60 
 

P66 52.878683 -83.930209 

P56 53.024699 -84.4641 1023.60 
 

P67 52.852519 -83.808011 

P57 52.888711 -83.870108 4.57 
 

P68 52.86061 -83.809646 

P58 52.667641 -83.297137 1892.33 
 

P69 52.860967 -83.810933 

P59 52.665343 -83.29263 1892.33 
 

P70 52.885937 -83.925908 

P60 52.549165 -83.396001 2949.84 
 

P71 52.850775 -83.814698 

P61 52.549541 -83.403933 2949.84 
 

P72 52.885984 -83.926166 

P62 52.663284 -83.044629 99.12 
 

P73 52.885572 -83.926665 

P63 52.667613 -83.041321 99.12 
 

P74 52.859225 -83.846472 

     
P76 52.850699 -83.814446 

     
P77 52.850856 -83.81482 

          P79 52.872102 -83.922222 
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Table A-2 Rooting horizon soil samples sent for chemical analysis to the Elliott Lake Research Field 

Station, Sudbury, Ontario. 

Sample 

ID# 

Rooting 

Horizon Analysed   

Sample 

ID# 

Rooting 

Horizon Analysed 

1 Ck YES  1 Ck YES 
2 Ah YES  2 Ah YES 
3 Ck YES  3 Ck YES 

4 Ck YES  4 Ck YES 
5 ICk YES  5 ICk YES 

6 Ahk YES  6 Ahk YES 

7 Ahk YES  7 Ahk YES 
8 Ck YES  8 Ck YES 

9 Ah YES  9 Ah YES 
10 Ahk YES  10 Ahk YES 

11 Of YES  11 Of YES 

12 Bf YES  12 Bf YES 
13 Ck YES  13 Ck YES 

14 ICk YES  14 ICk YES 
15 Ck YES  15 Ck YES 

16 Bm YES  16 Bm YES 
17  No  17  No 

18 Ck YES  18 Ck YES 

19 F YES  19 F YES 
20 Ck YES  20 Ck YES 

21 Ck YES  21 Ck YES 
22 Ae YES  22 Ae YES 

23  No  23  No 

24  No  24  No 
25 Ckgj YES  25 Ckgj YES 

26 Of YES  26 Of YES 
27 Ah YES  27 Ah YES 

28 Ah No  28 Ah No 
29 Ck YES  29 Ck YES 

30 F YES  30 F YES 

31 M YES  31 M YES 
32 F YES  32 F YES 

33 Ck YES  33 Ck YES 
34 Aek YES  34 Aek YES 

35 M YES  35 M YES 

36  No  36  No 
37 M YES  37 M YES 

38 Of1 YES  38 Of1 YES 
39 Om1 YES  39 Om1 YES 

40 Ahk YES  40 Ahk YES 
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Appendix B – Soil 

 

Table B-1 Descriptive statistics of raw values for chemistry of the horizon of maximum rooting density for 

interior and river sites. 

  

N Mean Median Minimum Maximum Std.Dev. 

River Sites       

CEC (cmol/kg) 37 62.606 50.200 5.670 171.000 44.621 

pH-H2O 37 7.753 7.800 3.900 8.796 0.829 

Al (mg/kg) 37 7.005 5.200 0.460 29.000 5.758 

As (mg/kg) 37 0.004 0.000 0.000 0.040 0.009 

B (mg/kg) 37 0.069 0.000 0.000 0.940 0.212 

Ba (mg/kg) 37 0.183 0.140 0.050 0.950 0.155 

Ca (mg/kg) 37 328.546 272.000 52.200 721.000 168.010 

Cd (mg/kg) 37 0.000 0.000 0.000 0.000 0.000 

Co (mg/kg) 37 0.001 0.000 0.000 0.050 0.008 

Cr (mg/kg) 37 0.014 0.000 0.000 0.060 0.019 

Cu (mg/kg) 37 0.023 0.000 0.000 0.260 0.051 

Fe (mg/kg) 37 6.704 5.730 1.940 17.200 3.499 

K (mg/kg) 37 14.359 9.530 1.470 51.300 12.104 

Mg (mg/kg) 37 56.341 41.800 10.600 237.000 45.886 

Mn (mg/kg) 37 1.011 0.510 0.000 6.950 1.580 

Na (mg/kg) 37 7.584 4.590 0.000 80.900 13.464 

Ni (mg/kg) 37 0.025 0.020 0.000 0.200 0.035 

P (mg/kg) 37 3.635 0.298 0.000 46.300 10.217 

Pb (mg/kg) 37 0.005 0.000 0.000 0.030 0.009 

Se (mg/kg) 37 0.000 0.000 0.000 0.000 0.000 

Sr (mg/kg) 37 0.307 0.240 0.120 1.410 0.223 

V (mg/kg) 37 0.014 0.010 0.000 0.060 0.017 

Zn (mg/kg) 37 0.037 0.010 0.000 0.550 0.095 

C (g/kg) 37 51.638 14.600 0.000 534.300 93.773 

S (g/kg) 37 0.341 0.201 0.022 1.180 0.308 

N (g/kg) 37 2.072 0.931 0.266 9.889 2.505 

Interior Sites       

CEC (cmol/kg) 34 120.262 25.850 5.590 592.000 161.121 

pH-H2O 34 5.308 5.294 2.955 7.834 1.294 

Al (mg/kg) 34 21.367 15.850 0.000 86.400 20.380 

As (mg/kg) 34 0.004 0.000 0.000 0.050 0.012 

B (mg/kg) 34 0.410 0.000 0.000 2.450 0.773 

Ba (mg/kg) 34 0.347 0.300 0.060 1.050 0.222 

Ca (mg/kg) 34 239.449 103.550 2.550 1390.000 327.972 

Cd (mg/kg) 34 0.000 0.000 0.000 0.000 0.000 

Co (mg/kg) 34 0.030 0.000 0.000 0.140 0.044 

Cr (mg/kg) 34 0.049 0.030 0.000 0.190 0.047 

Cu (mg/kg) 34 0.013 0.000 0.000 0.240 0.052 

Fe (mg/kg) 34 11.444 6.440 0.000 44.400 12.871 

K (mg/kg) 34 60.710 8.820 1.160 898.000 166.698 

Mg (mg/kg) 34 23.264 14.900 1.850 138.000 26.348 
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Mn (mg/kg) 34 4.592 1.755 0.000 38.100 8.472 

Na (mg/kg) 34 12.600 5.060 1.120 78.200 18.390 

Ni (mg/kg) 34 0.069 0.020 0.000 0.430 0.109 

P (mg/kg) 34 10.920 0.000 0.000 184.000 35.255 

Pb (mg/kg) 34 0.042 0.010 0.000 0.300 0.075 

Se (mg/kg) 34 0.000 0.000 0.000 0.000 0.000 

Sr (mg/kg) 34 0.315 0.175 0.040 1.150 0.309 

V (mg/kg) 34 0.020 0.005 0.000 0.120 0.028 

Zn (mg/kg) 34 0.443 0.060 0.000 5.110 1.050 

C (g/kg) 34 158.906 11.155 1.683 547.400 219.339 

S (g/kg) 34 0.450 0.170 0.040 1.595 0.480 

N (g/kg) 34 4.016 1.437 0.404 13.520 4.262 
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Fig. B-1 Box plots of soil chemistry for all natural and reclamation materials from the horizon of maximum 

rooting density.  

 

Box Plot of ECEC-log grouped by  Location

1.Soil-AllChem+KB_MASTER in Soils-FinalResults-Data 90v*97c

 ECEC-log:   F(5,91) = 1.5847, p = 0.1723
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Fig. B-2 Histogram of modified soil thickness, categorised by Soil Order. 

 

 

 
Fig. B-3Histogram of depth to root presence, categorised by Soil Order. 
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Fig. B-4 Histogram of moisture regime, categorised by Soil Order. 

 

 
 
 
 
 

 
Fig. B-5 Histogram of organic materials in soil profiles (LFH+O), categorised by Soil Order. 
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Table B-2 Factor loadings for the first three factors of a principal component analysis on soil chemistry of 

natural (interior and river) and reclamation materials (coarse PK, fine PK, silt overburden, peat 

overburden). Pearson's correlation coefficient was used to determine variables that were 99% significantly 

correlated, and are presented in italics. (r = |0.304|, α = 0.01(2)). 

 

Variable Factor 1 Factor 2 Factor 3 

ECEC -0.553 0.015 -0.235 

pH-H2O 0.457 -0.500 -0.009 

Al -0.263 0.462 0.056 

As -0.531 0.282 0.018 

B -0.777 -0.300 -0.105 

Ba -0.218 -0.189 0.774 

Ca -0.481 -0.363 -0.480 

Cd -0.329 -0.373 0.037 

Co 0.163 0.357 0.199 

Cr -0.116 -0.332 0.802 

Cu -0.210 0.053 0.058 

Fe -0.418 0.367 -0.274 

K -0.722 0.298 0.251 

Mg -0.534 -0.620 0.028 

Mn -0.311 0.443 0.206 

Na -0.514 -0.391 0.324 

Ni -0.613 0.369 0.231 

P -0.172 0.161 -0.059 

Pb -0.684 0.468 0.173 

Sb 0.088 -0.002 -0.076 

Se -0.006 -0.057 0.180 

Sr -0.241 -0.696 0.625 

V -0.429 0.387 0.099 

Zn -0.658 0.432 0.261 

C -0.840 -0.102 -0.264 

S -0.719 -0.489 -0.340 

N -0.742 -0.330 -0.414 
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Table B-3 Factor loadings for the first three factors of a principal component analysis on soil chemistry of 

interior sites. Pearson's correlation coefficient was used to determine variables that were 99% significantly 

correlated, and are presented in italics. (r = |0.436|, α = 0.01(2)). 

 

Variable Factor 
1 

Factor 
2 

Factor 
3 ECEC -0.666 -0.504 -0.233 

pH-H2O 0.408 -0.543 0.493 

Al -0.008 0.230 0.709 

As -0.767 0.210 0.297 

B -0.869 -0.062 -0.218 

Ba -0.199 0.280 -0.060 

Ca -0.504 -0.642 0.393 

Co 0.396 0.368 -0.115 

Cr -0.864 0.263 0.079 

Cu -0.211 0.122 -0.267 

Fe -0.372 0.088 0.741 

K -0.745 0.390 0.079 

Mg -0.687 0.208 0.407 

Mn -0.212 0.410 0.134 

Na -0.803 0.310 -0.285 

Ni -0.703 0.176 -0.364 

P -0.258 -0.043 0.088 

Pb -0.907 0.207 0.069 

Sr -0.650 -0.604 0.057 

V -0.568 0.240 0.436 

Zn -0.725 0.520 -0.208 

C -0.883 -0.241 -0.153 

S -0.701 -0.603 -0.173 

N -0.750 -0.563 -0.069 
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Table B-4 Factor loadings for the first three factors of a principal component analysis on soil chemistry of 

river sites. Pearson's correlation coefficient was used to determine variables that were 99% significantly 

correlated, and are presented in italics. (r = |0.418|, α = 0.01 R(2)R). 

 

Variable Factor 
1 

Factor 
2 

Factor 
3 ECEC -0.264 -0.715 -0.209 

pH-H2O 0.521 -0.231 0.197 

Al -0.628 0.651 -0.154 

As -0.755 -0.394 -0.045 

B -0.041 0.185 -0.524 

Ba -0.527 0.549 -0.100 

Ca -0.356 -0.792 -0.123 

Co -0.360 0.343 -0.534 

Cr -0.784 0.021 0.408 

Cu -0.268 0.158 -0.403 

Fe -0.757 0.274 0.125 

K -0.753 -0.144 -0.310 

Mg -0.659 -0.591 0.069 

Mn -0.673 0.211 -0.209 

Na -0.177 0.159 0.652 

Ni -0.400 0.250 -0.189 

P -0.139 -0.130 0.210 

Pb -0.686 0.405 0.312 

Sr -0.330 -0.299 0.477 

V -0.736 0.273 0.436 

Zn -0.281 0.341 -0.224 

C -0.161 -0.624 -0.161 

S -0.440 -0.716 -0.006 

N -0.333 -0.782 -0.151 
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Appendix C – Flora 

Table C-1 Results of ANOVA between interior and river for species richness and diversity. 

  Source Richness (count)  Simpson's Diversity (1-D)  

  df SS MS F p SS MS F p 

Location 1 2286.3 2286.3 25.1 0.000 0 0 0.321 0.573 

Error 71 6457.2 91.0 
  

1 0.01 
 

  

Total 72 8743.5       1.01       
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Table C-2 A priori site groupings as determined by cluster analysis results. 

Factor Groups 

Site Group  Site Group 

P06 A  P02 C 

P11 A  P08 C 

P12 A  P09 C 

P16 A  P21 C 

P18 A  P29 C 

P19 A  P33 C 

P22 A  P44 C 

P26 A  P45 C 

P30 A  P46 C 

P31 A  P47 C 

P32 A  P69 C 

P34 A  P72 C 

P35 A  P74 C 

P37 A  P10 D 

P38 A  P25 D 

P39 A  P27 D 

P55 A  P66 D 

P56 A  P67 D 

P57 A  P03 E 

P62 A  P04 E 

P63 A  P64 E 

P76 A  P68 E 

P40 B  P70 E 

P41 B  P01 F 

P42 B  P15 F 

P43 B  P20 F 

P48 B  P65 F 

P49 B  P71 F 

P50 B  P73 F 

P51 B  P77 F 

P52 B  P79 F 

P53 B  P05 G 

P58 B  P07 G 

P59 B  P13 P13 

P60 B  P54 P54 

P61 B    
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Table C-3 Results of the plant community SIMPER analysis completed in PRIMER v6.  

PCG - A       
Average similarity: 52.61     
Species Av.Abund Contrib% Cum.% 

Picea mariana 6.29 34.06 34.06 
Pleurozium schreberi 3.88 15.28 49.34 
Ledum groenlandicum 3.28 13.57 62.91 

Cladina rangiferina 2.63 11.06 73.97 

Cladina stellaris 2.59 7.94 81.91 
Vaccinium vitis-ideae 1.11 4.18 86.09 

Hylocomium splendens 1.96 4.17 90.26 
Bazzania sp. 1.03 1.96 92.22 

Dicranaceae 0.76 1.77 93.99 
Ptilidium sp. 1.03 1.76 95.75 

     

PCG - B       
Average similarity: 39.70     
Species Av.Abund Contrib% Cum.% 

Pinus banksiana 2.58 13.91 13.91 
Vaccinium myrtilloides 2.15 12.9 26.81 

Linnaea borealis 1.57 9.07 35.88 
Rosa acicularis 1.4 7.65 43.53 

Picea mariana 1.5 5.38 48.91 
Cornus canadensis 1.06 5.29 54.2 

Alnus viridis ssp. crispa 1.9 5.01 59.22 

Ledum groenlandicum 1.33 4.27 63.49 
Chamerion angustifolium ssp. angustifolium 0.76 3.78 67.26 

Dicranaceae 0.89 3.68 70.95 
Cladina mitis 1.69 3.5 74.45 

Cladonia sp. 1.01 3.24 77.69 
Vaccinium vitis-ideae 0.92 3.08 80.77 

Cladina rangiferina 1.14 2.59 83.36 

Arctostaphylos uva-ursi 1.12 2.34 85.71 
Viburnum edule 0.73 2.27 87.97 

Cladina stellaris 1.35 1.74 89.72 
Pleurozium schreberi 0.68 1.73 91.44 

Piptatherum pungens 0.58 1.67 93.11 

Shepherdia canadensis 0.57 1.37 94.48 
Rubus idaeus ssp. strigosus 0.48 0.78 95.26 
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Table C-3  (Continued). Results of the `plant community SIMPER analysis completed in PRIMER v6 

PCG-C      
Average similarity: 45.69     
Species Av.Abund Contrib% Cum.% 

Picea glauca 6.08 36.81 36.81 
Abies balsamea 2.5 10.16 46.98 
Cornus canadensis 1.26 7.39 54.37 

Picea mariana 1.7 4.69 59.06 

Mertensia paniculata 1.02 4.63 63.69 
Linnaea borealis 1.25 4.41 68.1 

Mitella nuda 0.9 3.36 71.46 
Viburnum edule 0.92 3.32 74.78 

Rubus pubescens 0.94 2.89 77.67 

Alnus viridis ssp. crispa 1.01 2.39 80.06 
Hylocomium splendens 1.19 2.18 82.24 

Rosa acicularis 0.69 2.18 84.42 
Ribes lacustre 0.48 1.8 86.22 

Populus tremuloides 1.13 1.79 88.01 
Orthilia secunda 0.42 1.42 89.44 

Populus balsamifera 0.72 0.96 90.4 

Pyrola minor 0.37 0.94 91.34 
Cornus sericea ssp. sericea 0.43 0.93 92.28 

Pleurozium schreberi 0.99 0.82 93.1 
Equisetum pratense 0.42 0.7 93.79 

Viola renifolia 0.27 0.69 94.48 

Dicranaceae 0.32 0.65 95.13 
    

PCG-D       
Average similarity: 32.31     
Species Av.Abund Contrib% Cum.% 

Alnus viridis ssp. crispa 5.1 29.66 29.66 
Populus balsamifera 3.74 15.68 45.33 

Mertensia paniculata 1.46 7.54 52.87 
Rosa acicularis 1.05 6.23 59.1 

Rubus pubescens 0.99 5.62 64.72 
Equisetum arvense 1.01 3.5 68.22 

Cornus sericea ssp. sericea 1.74 3.47 71.69 

Actaea rubra 0.53 3.34 75.04 
Mitella nuda 0.6 3.07 78.11 

Ribes triste 0.77 2.95 81.06 
Ribes lacustre 0.68 2.82 83.89 

Salix myricoides 0.74 2.17 86.06 
Viburnum edule 0.71 1.76 87.82 

Picea glauca 1.5 1.64 89.46 

Equisetum pratense 0.83 1.59 91.05 
Amelanchier alnifolia 0.77 1.19 92.24 

Chamerion angustifolium ssp. angustifolium 0.75 1.16 93.41 
Salix bebbiana 0.8 0.91 94.32 

Rosa blanda 0.4 0.87 95.19 
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Table C-3  (Continued). Results of the `plant community SIMPER analysis completed in PRIMER v6 

PCG-E       
Average similarity: 38.27     
Species Av.Abund Contrib% Cum.% 

Salix exigua 0.9 8.46 8.46 
Populus balsamifera 0.79 7.51 15.97 
Agrostis scabra 0.81 7.38 23.35 

Achillea millefolium 0.55 6.75 30.1 

Fragaria virginiana 0.63 6.25 36.35 
Elymus trachycaulus ssp. trachycaulus 0.65 5.17 41.52 

Argentina anserina 0.44 4.93 46.45 
Rosa acicularis 0.69 4.41 50.86 

Prunella vulgaris 0.53 4.14 55 

Plantago major 0.35 3 58 
Alnus viridis ssp. crispa 0.35 2.97 60.97 

Solidago sp. 0.33 2.9 63.87 
Pleurocarpus moss 0.41 2.43 66.29 

Primula mistassinica 0.41 2.33 68.62 
Alnus incana ssp. rugosa 0.76 1.83 70.45 

Physocarpus opulifolius 0.38 1.69 72.14 

Equisetum arvense 0.21 1.67 73.82 
Cornus sericea ssp. sericea 0.3 1.66 75.47 

Poa palustris 0.28 1.54 77.02 
Bromus ciliatus 0.3 1.42 78.44 

Dasiphora floribunda 0.35 1.39 79.83 

Trisetum melicoides 0.23 1.38 81.21 
Vicia cracca 0.19 1.36 82.57 

Erigeron hyssopifolius 0.23 1.27 83.84 
Trisetum spicatum 0.3 1.27 85.11 

Mentha arvensis 0.3 1.21 86.32 
Packera paupercula 0.24 1.12 87.45 

Hieracium umbellatum 0.26 1.08 88.53 

Galium boreale 0.22 0.86 89.39 
Parnassia palustris 0.23 0.86 90.25 

Euthamia graminifolia 0.28 0.83 91.07 
Symphyotrichum lanceolatum var. lanceolatum 0.26 0.72 91.79 

Rosa blanda 0.2 0.68 92.47 

Erigeron philadelphicus 0.16 0.61 93.08 
Taraxacum officinale ssp. offinale. 0.21 0.6 93.68 

Salix bebbiana 0.26 0.59 94.27 
Picea glauca 0.24 0.58 94.85 

Muhlenbergia mexicana 0.13 0.52 95.36 
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Table C-3  (Continued). Results of the `plant community SIMPER analysis completed in PRIMER v6 

PCG-F       
Average similarity: 33.83     
Species Av.Abund Contrib% Cum.% 

Dasiphora floribunda 1.93 11.86 11.86 
Rosa acicularis 1.54 10.43 22.29 
Alnus viridis ssp. crispa 1.95 8.75 31.03 

Cornus sericea ssp. sericea 1.6 8.7 39.73 

Populus balsamifera 1.41 7.87 47.6 
Physocarpus opulifolius 1 5.35 52.95 

Alnus incana ssp. rugosa 1.63 4.73 57.67 
Rosa blanda 0.93 4.12 61.79 

Picea glauca 0.93 3.92 65.72 

Galium boreale 0.42 3.07 68.79 
Fragaria virginiana 0.58 2.38 71.17 

Cornus canadensis 0.54 1.39 72.56 
Bromus ciliatus 0.53 1.36 73.93 

Solidago sp. 0.52 1.35 75.28 
Shepherdia canadensis 0.49 1.28 76.55 

Viburnum edule 0.33 1.22 77.77 

Elymus trachycaulus ssp. trachycaulus 0.42 1.13 78.9 
Betula papyrifera 0.55 1.13 80.03 

Solidago hispida 0.28 1.09 81.12 
Rubus pubescens 0.25 1.06 82.18 

Populus tremuloides 0.44 1 83.18 

Achillea millefolium 0.27 0.95 84.13 
Thalictrum venulosum 0.34 0.91 85.04 

Betula pumila 0.5 0.81 85.85 
Salix bebbiana 0.33 0.78 86.62 

Agrostis scabra 0.89 0.77 87.4 
Abies balsamea 0.29 0.75 88.15 

Muhlenbergia glomerata 0.37 0.74 88.88 

Juniperus communis 0.67 0.72 89.6 
Picea mariana 0.39 0.69 90.29 

Poa palustris 0.27 0.69 90.98 
Calamagrostis canadensis 0.36 0.58 91.56 

Amelanchier sanguinea 0.24 0.56 92.13 

Carex scirpoidea 0.39 0.49 92.62 
Solidago canadensis var. lepida 0.26 0.48 93.09 

Dicranaceae 0.22 0.47 93.57 
Trisetum spicatum 0.25 0.43 94 

Packera paupercula 0.17 0.4 94.4 
Symphyotrichum ciliolatum 0.22 0.39 94.79 

Trisetum melicoides 0.23 0.36 95.15 
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Table C-4 Summary table of descriptive statistics for tree ages, broken down by tree species in plant 

community clusters. Values for Alder and Salix are provided for interest only; these genera were not 

considered 'trees' in the study.  Sites of plants community clusters F and G were treeless. 

  Species N Mean Med. Min. Max. Std.Dev 
P

la
n

t 
C

o
m

m
u

n
it

y
 C

lu
st

er
 

A Picea mariana 161 136.8 123 56 357 62.0 
A Larix laricina 6 60 61.5 37 84 16.7 
A Pinus banksiana 12 116.8 118.5 99 130 9.2 
A Salix sp. 1 71 71 71 71  
A Populus 

balsamifera 
1 73 73 73 73  

A Populus 
tremuloides 

4 61.8 62.5 39 83 21.5 
A Betula papyrifera 1 55 55 55 55  
A All species 186 130.3 117 37 357 61.0 
        
B Picea mariana 23 48.7 53 19 85 20.1 
B Populus 

tremuloides 
11 21.7 22 19 26 1.8 

B Populus 
balsamifera 

3 23.7 24 22 25 1.5 
B Pinus banksiana 42 44.7 24 10 138 41.0 
B All species 79 41.9 24 10 138 33.0 
        
C Picea glauca 78 102.7 106.5 43 191 35.7 
C Betula papyrifera 2 57.5 57.5 50 65 10.6 
C Abies balsamea 21 75.0 68 32 144 30.0 
C Picea mariana 32 96.3 113 36 164 40.9 
C Populus 

tremuloides 
8 88.5 78 67 133 24.3 

C Populus 
balsamifera 

2 78 78 68 88 14.1 
C All species 143 95.4 92 32 191 36.5 
        
D Picea glauca 9 26.4 18 8 56 16.5 
D Populus 

balsamifera 
16 37.4 29 14 94 25.9 

D Alnus viridis 3 15.7 16 14 17 1.5 
D Alnus incana-

rugosa 
2 12.5 12.5 10 15 3.5 

D Betula papyrifera 3 16.3 17 14 18 2.1 
D All species 33 29 18 8 94 21.7 
        
E Populus 

balsamifera 
6 26 22.5 20 43 8. 6 

E Picea mariana 1 50 50 50 50  
E All species 7 29.4 23 20 50 12.0 
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Table C-5 Tukey HSD test for tree age between Plant Community Groups. Approximate Probabilities for 

Post Hoc Tests. Error: Between MSE = 2209.7, df = 443.00, a = 0.05. Sites of plant community cluster 

group F are treeless. 

  A B C D 
 {130.26} {41.90} {95.40} {29.00} 

B <0.0001    
C <0.0001 <0.0001   

D <0.0001 0.676 <0.0001  

E  {29.23} <0.0001 0.962 0.003 1 

 

 

Table C-6 Tukey HSD test for tree height between Plant Community Groups. Approximate Probabilities 

for Post Hoc Tests. Error: Between MSE = 21.386, df = 1251, a = 0.05. Sites of plant community cluster 

group F are treeless. 

  A B C D 
 {12.64} {6.52} {8.56} {5.80} 

B <0.0001    
C <0.0001 0.002   
D <0.0001 0.270 <0.0001  
E  {10.83} 0.574 0.003 0.410 0.0004 

 

 

Table C-7 Results of ANOVA between interior and river for Canopy Cover )%), CWD Volume (m P

3
P) and 

Basal Density (mP

3
P/ha). 

    Canopy Cover (%) 

 
df SS MS F p 

Location 1 57.1 57.1 0.05 0.82 

Error 69 72631 1052.6 
  

Total 70 72688 
   

    CWD Volume (m3) 

 
df SS MS F p 

Location 1 0.95 0.9487 2.22 0.14 

Error 69 29.48 0.4272 
  

Total 70 30.43 
   

    Basasl Density (m3/ha) 

 
df SS MS F p 

Location 1 35 35 0.22 0.64 

Error 69 11032 159.9 
  

Total 70 11067 
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Table C-8 Results of ANOVA between Plant Community Group for Canopy Cover (%), CWD Volume 

(mP

3
P) and Basal Density (m P

3
P/ha). 

    Canopy Cover (%) 

 
df SS MS F p 

Plant 
Community 

5 35018 7003 14.22 <0.0001 

Error 61 30037 492 
  

Total 66 65055 
   

    CWD Volume (m3) 

 
df SS MS F p 

Plant 
Community 

5 6.47 1.30 3.36 0.01 

Error 61 23.5 0.39 
  

Total 66 30.0 
   

    Basasl Density (m3/ha) 

 
df SS MS F p 

Plant 
Community 

5 6180 1236 17.95 <0.0001 

Error 61 4200 68.9 
  

Total 66 10380 
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Table C-9. Tukey HSD test for % Canopy Cover between Plant Community Groups with trees. Approximate Probabilities for Post Hoc Tests. Error: Between 

MSE = 492.4, df = 61, a = 0.05. 

  A B C D E 
 {57.278} {38.164} {78.8} {74.152} {8.268} 

B 0.135     
C 0.076 0.0003    
D 0.644 0.032 0.999   
E 0.0006 0.1171 0.0001 0.0004  
F  0.0005 0.211 0.0001 0.0004 0.992 

 

 

Table C-10. Tukey HSD test for CWD Volume (m P

3
P) between Plant Community Groups. Approximate Probabilities for Post Hoc Tests. Error: Between MSE = 

0.386, df = 61, a = 0.05. 

  A B C D E 
 {.242} {.866} {.570} {.096} {0} 

B 0.050     
C 0.660 0.816    
D 0.9974 0.180 0.697   
E 0.9696 0.095 0.510 1  
F {0} 0.934 0.030 0.332 1 1 

 

 

Table C-11. Tukey HSD test for basal density (m P

3
P/ha) between Plant Community Groups. Approximate Probabilities for Post Hoc Tests. Error: Between MSE = 

68.863, df = 61, a = 0.05. 

  A B C D E 
 {16.773} {6.929} {28.615} {13.2} {0} 

B 0.011     
C 0.002 0.0001    
D 0.952 0.696 0.010   
E 0.002 0.600 0.0001 0.136  
F {0} 0.0002 0.422 0.0001 0.073 1 
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Appendix D – Index of Species 

Latin binomial and authority Common name 

Abies balsamea  (L.) P. Mill. balsam poplar 

Achillea millefolium  L. yarrow 

Acrocarpus moss  

Actaea pachypoda  Ell. white baneberry 

Actaea rubra  (Ait.) Willd. red baneberry 

Agrostis scabra  Willd.  rough bentgrass 

Alnus incana ssp. rugosa  (Du Roi) Clausen speckled alder 

Alnus viridis ssp. crispa  (Ait.) Turrill green alder 

Amelanchier alnifolia (Nutt.) Nutt. ex M. Roemer Saskatoon Serviceberry 

Amelanchier sanguinea  (Pursh) DC. roundleaf serviceberry 

Anemone canadensis  L. Canada anemone 

Anemone multifida var. hudsoniana  DC. Hudson's anemone  

Anemone parviflora  Michx. Northern Anemone 

Anemone quinquefolia  L. wood anemone 

Apocynum cannabinum  L. Dogbane 

Aquilegia brevistyla  Hook. smallflower columbine 

Arabis hirsuta var. pycnocarpa  (M. Hopkins) Rollins Rollins creamflower  

Aralia nudicaulis  L. Wild Sarsaparilla 

Arctostaphylos uva-ursi  (L.) Spreng. Kinnikinnick  

Argentina anserina  (L.) Rydb. silver-weed 

Arnica angustifolia  Vahl narrowleaf arnica 

Artemisia campestris ssp. canadensis  (Michx.) Scoggan Northern Sagewort 

Asteraceae  

Bazzania  S.Gray  

Betula papyrifera  Marsh. paper birch 

Betula pumila  L. bog birch 

Botrychium virginianum  (L.) Sw. Rattlesnake fern 

Bromus ciliatus  L.  fringed brome 

Calamagrostis canadensis  (Michx.) Beauv. Bluejoint 

Calamagrostis stricta  (Timm) Koel.  narrowspike reedgrass 

Carex concinna  R. Br. low northern sedge 

Carex eburnea  Boott bristle-leaf sedge 

Carex foenea Willd. dry-spike sedge 

Carex garberi Fernald Garber's sedge 

Carex scirpoidea Michx. Canadian single-spike sedge 

Carex sp.  

Castilleja septentrionalis Lindl. Labrador Indian paintbrush 

Chamerion angustifolium ssp. angustifolium (L.) Holub  fireweed 

Cinna latifolia (Trevir. ex Göpp.) Griseb.  drooping woodreed 

Cladina mitis (Sandst.) Hustich reindeer lichen 
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Cladina rangiferina (L.) Nyl.  greygreen reindeer lichen 

Cladina stellaris (Opiz) Brodo star reindeer lichen 

Cladonia sp.  

Clintonia uniflora (Menzies ex Schult. & Schult. f.) Kunth bride's bonnet 

Coptis trifolia (L.) Salisb.  threeleaf goldthread 

Corallorhiza trifida Chatelain yellow coralroot 

Cornus alternifolia L. f.  alternateleaf dogwood 

Cornus canadensis L.  bunchberry dogwood 

Cornus sericea ssp. sericea L. redosier dogwood 

Corylus cornuta Marshall beaked hazel 

Crepis sp. c.f.   

Dasiphora fruticosa (L.) Rydb. shrubby cinquefoil 

Deschampsia cespitosa (L.) P. Beauv. tufted hairgrass  

Avenella flexuosa (L.) Drejer wavy hairgrass 

Dicranaceae  

Doellingeria umbellata var. umbellata (Mill.) Nees parasol whitetop 

Drosera rotundifolia L  roundleaf sundew 

Elaeagnus commutata Bernh. ex Rydb. silverberry 

Elymus trachycaulus ssp. trachycaulus (Link) Gould ex 

Shinners 

slender wheatgrass 

Empetrum nigrum L.  black crowberry 

Equisetum arvense L.   field horsetail 

Equisetum fluviatile L.  water horsetail 

Equisetum pratense Ehrh. meadow horsetail 

Equisetum scirpoides Michx.  dwarf scouringrush 

Equisetum sylvaticum L.  woodland horsetail 

Erigeron hyssopifolius Michx.  hyssopleaf fleabane 

Erigeron philadelphicus L.  Philadelphia fleabane 

 Euphrasia disjuncta Fernald & Wiegand polar eyebright 

Euphrasia hudsoniana Fernald & Wiegand  Hudson Bay eyebright 

Euthamia graminifolia (L.) Nutt.  slender goldentop 

Festuca rubra L. red fescue 

Fragaria virginiana Duchesne  wild strawberry 

Galium boreale L.  northern bedstraw 

Galium triflorum Michx.  fragrant bedstraw 

Gaultheria hispidula (L.) Muhl. ex Bigelow   creeping snowberry 

Gentianella amarella (L.) Börner  annual gentian 

Geocaulon lividum (Richardson) Fernald  false toadflax 

Goodyera repens (L.) R. Br.  dwarf rattlesnake-plantain 

Halenia deflexa (Sm.) Griseb.  spurred-gentian 

Heracleum sphondylium ssp. montanum (Schleich. ex 

Gaudin) Briq. 

cow parsnip  

Hieracium umbellatum L.  Canadian hawkweed 

Hylocomium splendens (Hedw.) Schimp. in B.S.G.   splendid feather moss 

Juncus arcticus Willd.  Arctic rush 

Juncus filiformis L.  thread rush 
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Juncus sp.  

Juniperus communis L. common juniper 

Juniperus horizontalis Moench creeping juniper 

Larix laricina (Du Roi) K. Koch  tamarack 

Lathyrus palustris L. marsh vetchling 

Lathyrus pratensis L.  meadow pea 

Rhododendron groenlandicum (Oeder) Kron & Judd bog Labrador tea 

Leymus innovatus (Beal) Pilg. downy ryegrass 

Leymus mollis ssp. mollis (Trin.) Pilg.  American dunegrass 

Linnaea borealis L.  twinflower 

Lobelia kalmii L.   brook lobelia 

Lonicera dioica L.   limber honeysuckle 

Lonicera involucrata (Richardson) Banks ex Spreng.  bearberry honeysuckle 

Lonicera villosa (Michx.) Schult. mountain fly honeysuckle 

Lycopodium annotinum L. clubmoss 

Lycopodium complanatum L.  Christmas green 

Maianthemum stellatum (L.) Link  false Solomon's seal 

Marchantiaceae   

Mentha arvensis L.  wild mint 

Mertensia paniculata (Aiton) G. Don  tall bluebells 

Mitella nuda L.  naked miterwort 

Muhlenbergia glomerata (Willd.) Trin bristly muhly 

Muhlenbergia mexicana (L.) Trin. Mexican muhly 

Oclemena nemoralis (Aiton) Greene bog aster 

Solidago ptarmicoides (Torr. & A. Gray) B. Boivin prairie goldenrod  

Orthilia secunda (L.) House  one-sided wintergreen 

Oryzopsis asperifolia Michx.  roughleaf ricegrass 

Packera paupercula (Michx.) Á. Löve & D. Löve  balsam groundsel 

Parnassia palustris L.  marsh grass of Parnassus 

Peltigera sp.  

Petasites frigidus var. palmatus (Aiton) Cronquist arctic sweet coltsfoot 

Physocarpus opulifolius (L.) Maxim. Atlantic ninebark 

Picea glauca (Moench) Voss white spruce 

Picea mariana (Mill.) Britton, Sterns & Poggenb. black spruce 

Pinus banksiana Lamb.   jack pine 

Piptatherum pungens (Torr.) Dorn mountain ricegrass 

Plantago major L.   common plantain 

Pleurocarpus moss  

Pleurozium schreberi (Brid.) Mitt.   Schreber's big red stem moss 

Poa glauca Vahl  glaucous bluegrass 

Poa palustris L.  fowl blue grass 

Poaceae  

Polygala paucifolia Willd. gaywings 

Polygala polygama Walter bitter milkwort 

Polytrichaceae  

Populus balsamifera L. balsam poplar 

Populus tremuloides Michx. quaking aspen 
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Potentilla norvegica L. Norwegian cinquefoil 

Prenanthes racemosa Michx.  purple rattlesnake-root 

Primula mistassinica Michx. bird's-eye primrose 

Prunella vulgaris L.  common selfheal 

Prunus pensylvanica L. f.  pin cherry 

Ptilidium sp.  

Ptilium crista-castrensis (Hedw.) De Not.  knights plume moss 

Pyrola asarifolia Michx.  bog wintergreen 

Pyrola chlorantha Sw. green-flowered wintergreen 

Pyrola minor L.   lesser wintergreen 

Pyrola sp.  

Ranunculus pensylvanicus L. f.  bristly buttercup 

Rhamnus alnifolia L'Hér.  alder-leaf buckthorn 

Rhinanthus minor ssp. minor L.  little yellowrattle 

Rhodobryum roseum (Hedw.) Limpr.  rose rhodobryum moss 

Rhytidiadelphus triquetrus (Hedw.) Warnst.  rough goose neck moss 

Ribes glandulosum Grauer  skunk currant 

Ribes hirtellum Michx. hairystem gooseberry 

Ribes hudsonianum Richardson  black currant 

Ribes lacustre (Pers.) Poir. prickly currant 

Ribes sp.  

Ribes triste Pall.  swamp red currant 

Rosa acicularis Lindl.  prickly rose 

Rosa blanda Aiton smooth rose 

Rubus arcticus ssp. acaulis (Michx.) Focke dwarf raspberry 

Rubus chamaemorus L.  cloudberry 

Rubus sachalinensis var. sachalinensis H. Lév. common red raspberry 

Rubus pubescens Raf. dwarf red blackberry 

Salix bebbiana Sarg. Bebb's willow 

Salix candida Flüggé ex Willd. sageleaf willow 

Salix cordata Michx. heartleaf willow 

Salix exigua Nutt.  narrowleaf willow 

Salix glauca L.  grayleaf willow 

Salix lucida Muhl. shining willow 

Salix maccalliana Rowlee McCalla's willow 

Salix myricoides Muhl. bayberry willow 

Salix pellita (Andersson) Bebb  satiny willow 

Salix planifolia Pursh  plainleaf willow 

Salix pseudomonticola C.R. Ball  false mountain willow 

Salix pseudomyrsinites Andersson firmleaf willow 

Salix pyrifolia Andersson  balsam willow 

Salix sp.  

Shepherdia canadensis (L.) Nutt. russet buffaloberry 

Sibbaldiopsis tridentata (Aiton) Rydb.  shrubby fivefingers 

Sisyrinchium montanum Greene  mountain blue-eyed grass 

Solidago bicolor L. white goldenrod 

Solidago canadensis var. canadensis L. Canada goldenrod 
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Solidago lepida DC. Canada goldenrod 

Solidago hispida Muhl. ex Willd.  hairy goldenrod 

Solidago multiradiata Aiton arctic goldenrod 

Solidago nemoralis Aiton dyersweed goldenrod 

Solidago rugosa Mill. wrinkleleaf goldenrod 

Solidago sp.  

Solidago uliginosa Nutt.  bog goldenrod 

Sorbus americana Marshall  American mountain-ash 

Sorbus decora (Sarg.) C.K. Schneid. northern mountain-ash 

Sphagnum sp.  

Stachys pilosa Nutt.  hairy hedgenettle 

Stellaria longifolia Muhl. ex Willd.   longleaf chickweed 

Symphoricarpos albus (L.) S.F. Blake common snowberry 

Symphyotrichum boreale (Torr. & A. Gray) A. Löve & D. 

Löve  

northern bog aster 

Symphyotrichum ciliolatum (Lindl.) A. Löve & D. Löve Lindley's aster 

Symphyotrichum lanceolatum var. lanceolatum (Willd.) 

G.L. Nesom 

white panicle aster 

Symphyotrichum novi-belgii var. novi-belgii (L.) G.L. 

Nesom 

 New York aster 

Tanacetum vulgare L. common tansy 

Taraxacum ceratophorum (Ledeb.) DC. horned dandelion 

Taraxacum officinale ssp. officinale  common dandelion 

Thalictrum dasycarpum Fisch. & Avé-Lall. purple meadow-rue 

Thalictrum venulosum Trel. veiny meadow-rue 

Trientalis borealis Raf.  northern starflower 

Trifolium repens L.  white clover 

Graphephorum melicoides (Michx.) Desv. purple false oat  

Trisetum spicatum (L.) K. Richt.  spike trisetum 

Unknown sp.  

Vaccinium angustifolium Aiton lowbush blueberry 

Vaccinium myrtilloides Michx. velvetleaf blueberry 

Vaccinium oxycoccos L. small cranberry 

Vaccinium uliginosum L. bog blueberry 

Vaccinium vitis-idaea L. lingonberry 

Viburnum edule (Michx.) Raf. squashberry 

Vicia americana Muhl. ex Willd. American vetch 

Vicia cracca L. cow vetch 

Viola adunca Sm.  hook violet 

Viola macloskeyi F.E. Lloyd  Macloskey's violet 

Viola renifolia A. Gray northern white violet 

Viola sororia Willd. common blue violet 

Viola sp.  
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Appendix E 

Site Photos of Soils and Vegetation, by Plant Community Group 

Plant Community Group A ............................ pg. 118 

 

Plant Community Group B ............................ pg. 123 

 

Plant Community Group C ............................ pg. 128 

 

Plant Community Group D ............................ pg. 133 

 

Plant Community Group E ............................ pg. 136 

 

Plant Community Group F ............................ pg. 139 

 

Plant Community Group G ............................ pg. 141 
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PCG-A Select Images from plots. Clockwise starting upper left: P57; P62; P16; P57 
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PCG-A Select Images from plots. Clockwise starting upper left: P56; P55: P12; P19 
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PCG-A Select Images from plots. Clockwise starting upper left: P56; P16; P11; P62 
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PCG-A Select Images from plots. Clockwise starting upper left: P39; P57; P30; P33 
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PCG-A Select Images from plots. Clockwise starting upper left: P35; P17; P55; P18 
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PCG-B Select Images from plots. Clockwise starting upper left: P43; P44; P58; P51 
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PCG-B Select Images from plots. Clockwise starting upper left: P61; P61; P42; P40 
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PCG-B Select Images from plots. Clockwise starting upper left: P49; P49; P59; P52 
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PCG-B Select Images from plots. Clockwise starting upper left: P51; P61; P60; P48 
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PCG-B Select Images from plots. Clockwise starting upper left: P40; P52; P48; P49 
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PCG-C Select Images from plots. Clockwise starting upper left: P45; P69; P02; P46 
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PCG-C Select Images from plots. Clockwise starting upper left: P02; P44; P72; P44 
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PCG-C Select Images from plots. Clockwise starting upper left: P47; P13; P46; P45 
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PCG-C Select Images from plots. Clockwise starting upper left: P21; P45; P09; P45 
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PCG-C Select Images from plots. Clockwise starting upper left: P21; P08; P46; P69 
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PCG-D Select Images from plots. Clockwise starting upper left: P66; P25; P27; P66 
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PCG-D Select Images from plots. Clockwise starting upper left: P10; P67; P67; P10 
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PCG-D Select Images from plots. Clockwise starting upper left: P10; P66; P66 
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PCG-E Select Images from plots. Clockwise starting upper left: P74; P77; P65; P73 
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PCG-E Select Images from plots. Clockwise starting upper left: P77; P15; P01; P01 
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PCG-E Select Images from plots. Clockwise starting upper left: P65; P65; P20; P71 
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PCG-F Select Images from plots. Clockwise starting upper left: P68; P68; P03; P68 
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PCG-F Select Images from plots. Clockwise starting upper left: P70; P64; P64; P04 
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PCG-G Select Images from plots. Clockwise starting upper left: P05; P07; P07; P05 
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PCG-G Select Images from plots. Clockwise starting upper left: P05; P07; P05; P07 

 


