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Abstract

:

Sites disturbed through mining practices can be challenging to restore with native vegetation, as the path of ecological succession is often unknown and hard to predict. We conducted an establishment study that explored restoration strategies to increase native vegetation on a newly formed stockpile of soil at New Gold’s New Afton Mine in British Columbia, Canada. Establishment of native species in semi-arid grasslands is often constrained by seed and seedling microsite limitations, so treatments were imposed to assist in reducing these limitations. We established a fully factorial design with a native seed treatment (seeded and unseeded) and four soil preparations: raking, hydroseed slurry, a combination of raking and hydroseed slurry, and no preparation. Raking assisted in increasing total seedling establishment, regardless of whether the site was seeded or not. Raking and seeding increased the number of native seedlings and resulted in the greatest species richness, suggesting that native seedling establishment is primarily seed-limited, but that microclimate is also important for the establishment of some native seeds. We found that exotic species were able to capitalize on the disturbance and outcompeted the native species, but reducing seed-limitations by sowing more native seeds and increasing available microclimates by raking or tilling may increase native species’ success at the establishment phase.






Keywords:


colonization; competitor; disturbance; forb; grass; legume; microclimate; mine; native diversity; native seed; richness; ruderal; stress tolerator












1. Introduction


Global land-use change and industrialization have created degraded sites around the world that require remediation to re-establish important ecosystem services, such as native biodiversity, habitat, erosion control, and carbon sequestration. While mining provides important natural resources and economic growth, the activities associated with mining, including the building of infrastructure and the mining process itself, create heavily disturbed areas that can be particularly difficult to revegetate. Mining can reduce the availability of soil nutrients [1], disrupt soil microbial communities [2,3], increase soil compaction from the use of heavy equipment resulting in decreased water and root penetration [1], and increase the potential for invasion by exotic species [4,5]. Without intervention, natural succession on mine sites can be a slow process, and it can take between 50–100 years for vegetative cover to be adequately restored [6,7]. Restoration measures are often required at mine sites to manipulate the physical environment or biota in ways that accelerate plant establishment in an effort to reduce erosion by establishing vegetative cover quickly [8].



Historically, mines have used agronomic seed mixes in restoration because of their ability to colonize quickly, reducing erosion and making the area aesthetically pleasing [9,10]. However, agronomic species can become dominant monocultures, reducing native species’ abundance and diversity within the site and the surrounding landscape [11]. More recently, there has been a desire to move away from planting agronomic species in favor of planting native species to increase native diversity, restore sites to a more natural state and create ecosystems that are self-sustainable [12]. Seeding with native species from nearby remnants could increase the emergence, survival, and establishment of a variety of native seedlings, which are expected to establish reproducing populations that will assemble into a community similar to the natural landscape [13,14,15].



Seedling emergence and colonization is a critical stage in successfully restoring ecosystems with native species, because this stage funnels individuals into the system that may not have appeared without intervention [13]. However, restored ecosystems often have lower plant species richness and diversity compared to sites that have been restored with spontaneous revegetation. Low species diversity is often associated with reduced seedling emergence rates, which may be the result of seed limitation or seedling microsite limitation within the site, and can greatly affect germination and seedling survival [13,16,17,18]. Successional communities developing on these degraded sites often become dominated by exotic species [19,20], which may contribute to the low diversity associated with these sites and may inhibit native plant colonization, depending on their ability to monopolize resources and inhibit recruitment [19,21]. Further, restoration of semi-arid grasslands presents a unique set of challenges, as it is often constrained by environmental factors, such as erosion, soil compaction, and climate, as well as economic limitations [8,22]. Additionally, the lack or low availability of and/or the high cost of native seeds can make native restoration goals difficult to obtain in large-scale mine restorations [23]. Together, these factors make finding techniques to ensure successful restoration of native species challenging.



Along with seeding with native species to help promote the establishment of native populations, different site preparation techniques have been used in grassland restoration to increase colonization of desirable species, increase the native seed bank, and reduce microclimate constraints [13,24,25]. Here, we explore two site preparation techniques along with planting native seeds to increase seedling colonization, tilling and hydroseeding. Tilling can increase soil porosity, allowing for better root penetration and access to water and nutrients; increase water infiltration rates; and increase surface heterogeneity, creating microsites for seedling establishment [26,27,28]. Low-disturbance tilling like raking can reduce soil compaction [29] and promote native seedling establishment by roughening the soil surface and creating microclimates [9,26,30,31,32,33]. While low-disturbance tilling can promote native seedling establishment, whether tilling decreases or increases invasion by exotics remains unclear [26,27,34,35].



Another common site preparation used in restoration of semi-arid degraded sites like mines [12,36] or road slopes [37,38] is hydroseeding. Hydroseeding involves spraying binder, mulch, wood or paper fiber, and seeds using water over large and/or inaccessible areas [25]. Hydroseeding is often used for revegetation in an attempt to reduce erosion and create microclimates by altering the amount of evapotranspiration and soil moisture availability [39]. The use of hydroseeding in semi-arid and disturbed environments has produced conflicting results, with some finding hydroseeding with native species resulted in poor seedling establishment [38,40] and others successfully revegetating road banks with hydroseeded native species [27,41]. The components of the hydroseed mixture may mimic the effects small amounts of litter have on microclimates and increase soil nutrient availability [25,38,40,42,43]. The low amounts of litter provided by hydroseeding may improve seedling growth when competitors are present, which may have an indirect positive effect on seedling emergence or growth [44].



Little is known about how implementing these site restoration techniques, specifically hydroseeding and raking, will affect native seedling establishment in heavily disturbed mine sites. The goal of this research was to explore ecological restoration methods that help reduce seed and seedling microsite limitations in an effort to maximize native plant diversity. Sites were established on stockpiled mine soils. The stockpile used in this experiment was newly formed (less than 2 years old) and consisted of a mixture of soils from O to C horizons. We established a fully factorial experiment that incorporated native seed (seeded or unseeded) and site preparation (none, raking, hydroslurry, and raking and hydroslurry) treatments. We use the phrase hydroslurry instead of hydroseeding because some of the treatments included the native seed mix while others did not; thus, hydroslurry indicates a mixture of water, mulch, and other binding materials that are typically present in hydroseed mixtures. We explore four main questions: (1) does seeding with native species increase native seedling establishment; (2) are site preparations, hydroseeding and raking, necessary to aid in the establishment of native seedlings; and (3) how do these treatments impact the diversity of colonized species?




2. Materials and Methods


2.1. Site Description


The study took place at New Gold’s New Afton Mine west of Kamloops, British Columbia, Canada (50°38′54.92″ N 120°29′59.67″ W, elevation 775 m). The New Afton Mine is an underground, working copper–gold mine situated on a historical open pit. The mine is located in the Ponderosa Pine and Interior Douglas-fir biogeoclimatic zone, and the surrounding grasslands are a northern extension of the Pacific Northwest Bunchgrass grasslands, also known as Middle Grasslands [45]. The soils associated with the Middle Grasslands in this region are characterized as silt loam to silty clay loam McQueen Orthic Dark Brown Chernozem [46,47,48]. The Middle Grasslands are characterized by the absence of the characteristic shrub species, Artemisia tridentata, of the Lower Grasslands and of the taller forbs and broad-leaved shrubs of the Upper Grasslands. The climax community in the Middle Grasslands is dominated by Pseudoroegneria spicata and Poa secunda [46,47,48]. This area has a short, warm summer season (May–September), with average temperatures ranging from 8 °C to 29 °C respectively. Winter mean annual temperatures range from −6 °C to 5.6 °C. The mean annual precipitation is 278 mm, with 81% of the moisture coming as rainfall and 19% coming as snowfall [45].




2.2. Seed Collection


Plant species selected for sowing were chosen based on their common presence within the interior grasslands of British Columbia, their cultural importance to indigenous people of the local First Nations bands (TK’emlups and Skeetchestn) and our ability to obtain seeds in sufficient quantity (Table 1). Seeds were either handpicked or sourced from local seed companies. Seeds purchased from Pick Seed and Quality Seeds were advertised as having seed viability of greater than 90%. Seeds collected in the field were obtained from several populations near the site in the fall of 2012, with the exception of Mentzelia laevicaulis and Oxytropis campestris. Both M. laevicaulis and O. campestris were collected from a single population at the New Afton Mine site and Teck Resources’ Highland Valley Copper Mine site, respectively. After collection, all seeds were allowed to air dry in a paper bag; dried seeds were sealed in plastic ziplock bags and stored in a chest freezer at −18 °C. To estimate seed viability, twenty seeds of each species were placed on moist sand in petri dishes in the greenhouse and were observed for germination over a period of 26 days [49]. Germination rates were estimated to be >90% for grass species and >80% for most forb species (Table 1). Seed packets were prepared for fall planting and included enough seeds to seed at a rate of 1200 seeds/m2 [50]. Sand was used as a carrying agent in each of the envelopes, and 12 forb and 12 graminoid native species were added at 200 seeds/plot for each species.




2.3. Experimental Design


A stockpile located north of the tailing pond at New Afton Mine was levelled, and a grid of 80 bare soil plots was established in October 2012. The stockpile was approximately two years old at the time of the experiment and included a mixture of soils from the O to C horizons. Each plot measured two m2 with a half-meter buffer between each plot. Eight treatments were applied to each plot and replicated 10 times (n = 10). Four soil preparation treatments—(1) raking, (2) hydroslurry, (3) hydroslurry and raking, and (4) no site preparation—and two seeding treatments—seeded and not seeded—were established in a fully factorial design. Raking was applied using a hand rake with ten 6-cm tines. The hydroslurry treatment was created using a formula used by the mine to hydroseed embankments. The hydroslurry mixture included two bags of ecofibre premium wood fibre mulch (22.68 kg), 2.25 L premium super tackifier, 18.1 kg jet spray fibre mulch with poly fibre. This mixture and water was added to a large hydroseeder drum to fill the drum to 550 gallons and was thoroughly mixed with mixing paddles.



Seeding took place in November 2012, when temperatures were low enough (<10 °C) to ensure early germination would not occur [20]. Seeds designated to the hydroslurry treatment were mixed into the hydroslurry by filling 2 × 12 L buckets and then adding half of the seed mixture into each bucket. To ensure even mixing of the seeds in the slurry, a stick was used to stir the seed mix into the slurry. Packets without seeds contained only sand and were mixed into the hyrdroslurry in a similar fashion to the seeded packets. The hydroslurry mixtures were spread over the plots by pouring the two buckets evenly over each plot. Seeds that did not receive the hydroslurry treatment were hand-broadcast onto treatment plots, including sand-only packets. Hand-seeding was conducted by the same two people to reduce bias. All unseeded plots received the hydroslurry first to ensure no contamination occurred between unseeded and seeded treatment sites.



In the spring of 2013, plots were watered with 4 mm of water twice a week beginning in May using watering cans with disperser spouts. Watering continued until June rains began and then plots were only watered on watering days when there was no precipitation. Plots were watered until the water pooled on the soil surface. This moisture was allowed to seep through the soil before the remaining water was added.



Vegetation surveys were conducted in July of 2013 using a 1 m2 grid placed in the center of each treatment plot, and individuals within the grid were counted and recorded by species. Richness (S) was considered the number of different species within each plot. The Shannon–Weaver diversity index (H’) was calculated using the equation below, where pi is the proportion of individuals of each species divided by the total number of individuals that germinated. Evenness was calculated using Pielou’s evenness (J), where J = H’/log(S) [51].


  Shannon –  Weaver   index  =   H ′   =   ∑  i S   p i  ln  (   p i   )   



(1)







Seedlings were classified as exotic or native based on their status in the Global Invasive Species Database [52] and whether they were seeded or not (Table 2), and the percentage of each of the four classifications were calculated based upon the total seedlings established in each plot. Seedlings were also classified using Grime’s C-S-R theory, using current literature to describe the plant history traits of the seedlings that were established [53,54]. While this classification has been criticized as an oversimplification of communities, the C-S-R theory can be useful for understanding the type of succession occurring [54] and would allow us to gain a general understanding of how our treatments could potentially affect succession.




2.4. Data Analysis


Data were analyzed using mixed-model of analysis of variance in R version 3.61 (R Foundation for Statistical Computing, Vienna, Austria) using the ‘lmer’ function from the package “lme4” [55]. All models included block as a random variable, and degrees of freedom were calculated using the Kenward–Roger method. Continuous variables were transformed when needed to fulfill model assumptions. Models exploring the effects of site preparation (hydroslurry and/or raking or no preparation), seed treatments (seeded or unseeded), and their interaction on seedling establishment and diversity metrics were calculated using the total number of individual seedlings per m2. Models exploring seedling composition based on plant functional groups (forb, grass, or legume), C-S-R category and native status (exotic or native) used the percent relative to the total number of individuals established per m2. Tukey HSD post-hoc analyses were performed on all models using the “emmeans” package to generate estimated marginal means (EMM; [56]). We also used a permutational multivariate analysis of variance (PERMANOVA) using Bray–Curtis similarity to assess community-level divergence between treatments based on the number of individuals per m2 using the ‘adonis’ function in the “vegan” package in R [51,55]. We used a Principal Coordinates Analysis to visualize the dissimilarity matrix. A post-hoc similarity percentage (SIMPER) analysis was performed to determine which species contributed most to differences among preparation treatments using the ‘simper’ function in the “vegan” package in R [55].





3. Results


3.1. Total Seedling Establishment


The total number of individuals per m2 varied depending on the site preparation treatment used (F3, 63.2 = 11.64, p < 0.0001). Specifically, both raking treatments, raking alone and raking + hydroslurry, increased the number of seedlings that colonized the site compared to no preparation (p < 0.05, Tukey HSD, Figure 1a). Seeding did not significantly affect the number of seedlings that colonized the sites. While total seedling establishment was not impacted by seeding with native species, seeding and raking or raking + hydroseeding increased the establishment of native species (F3,62.1 = 4.79, p < 0.01; Figure 1b), although most seedlings that established were exotic species.




3.2. Plant Community Responses


Richness (S) increased as a result of seeding (F1, 62.9 = 32.45, p < 0.0001), and there was an interactive effect between the site preparation and seeding treatments (F3, 62.8 = 2.99, p = 0.04). Post-hoc analysis revealed that the combination of seeding and raking alone likely results in greater richness compared to the no-preparation treatment (p < 0.05, Tukey HSD, Figure 2a). Evenness (J) was impacted by the site preparation used (F3, 63.2 = 3.31, p = 0.026), where raking alone decreased evenness and hydroslurry alone increased evenness, whether the sites were seeded or not (p < 0.05, Tukey HSD, Figure 2b). The seeding treatment did not affect evenness. Diversity (H) increased as a result of seeding (F11, 9.2 = 12.28, p < 0.01; Figure 2c).



The PERMANOVA revealed community divergence was influenced by the site preparation treatments (p < 0.0001; Figure S1). The species driving the divergences (>5%) between site preparation treatments were Kochia scoparia, Salsola tragus, Sisymbrium loeselii, and Melilotus alba (Table S1). These species are all exotic forbs, with the exception of M. alba, which is an exotic legume. As a result of the low colonization rates of native species, we were unable to determine which native species contributed to the divergence between communities. However, the native species that colonized the site at the highest numbers appeared to benefit from raking alone, except B. sagittata, which performed the best when hydroseeding and raking were both implemented (Table 3).




3.3. Exotic vs. Native Species


Most of the seedlings (>88%) that became established were species that were exotic species. These exotic species were almost exclusively exotic, with only 19 total native individuals of six different species becoming established across sites (Table 3). Seeding reduced the percentage of exotic seedlings that became established (F1, 63.12 = 33.27, p < 0.0001; Figure 3a) and increased the percentage of native species (F1, 63.2 = 63.84, p < 0.0001; Figure 3b) from less than 2% to slightly over 7%. Site preparation was not found to have an effect on the proportion of exotic or native species.




3.4. Life History Traits


3.4.1. Plant Functional Groups


As a result of the small proportion of native species that established, models were run only on the total percentage of plant functional types’ (forb, legume, and grass) colonization, regardless of native or exotic status (See Figure 3). Forb seedlings dominated all of the sites, with a mean percentage of forb seedlings being 86.6 ± 1.1% across sites. Of the forb seedlings that colonized, only 3.8 ± 0.5% were native forbs with the remainder being exotic species (96.2 ± 0.5%). We found that overall forb colonization was impacted by site preparation (F3, 63.1 = 9.08, p < 0.0001; Figure 4a), where the hydroslurry treatment decreased the proportion of forb seedling establishment (Tukey HSD, p < 0.05).



Legumes were the next most abundant seedlings to colonize the sites, at 8.7 ± 0.8% across all treatments. Again, most of the legumes that established were exotic species comprising 88.3 ± 3.4% of the legume species that colonized the sites compared to native legume species (1.7 ± 0.8%). Site preparation affected the percentage of legume seedlings that became established (F2, 63.1 = 6.57, p < 0.001; Figure 4b). The hydroslurry-only treatment increased the percentage of legume seedling colonization compared to no preparation and raking only treatment (Tukey HSD, p < 0.05).



Only a small portion of grasses colonized the sites with a mean percent of grasses that became established across all sites being 4.5 ± 0.5%. Of the grass seedlings that became established, 65.4 ± 4.7% were exotic and 19.6 ± 3.7% were native species. Seeding increased the percentage of grass seedlings that became established (F3, 63.1 = 6.08, p = 0.016; Figure 4c), and site preparation had no effect on grass seedling establishment.




3.4.2. Plant Adaptive Strategies: Grime’s CSR


Competitor seedling establishment was impacted by the site preparation that was used, whereas ruderal and stress tolerator species were not impacted by any treatment implemented (F3, 63, p = 0.022). Seeding did not influence the colonization of competitor, stress tolerator, or ruderal seedlings. Post-hoc analysis revealed that the hydroslurry only treatment increased the number of competitor species compared to the raking treatment (Tukey HSD, p < 0.05; Figure 5).






4. Discussion


Seedling establishment at severely disturbed mine sites in semi-arid grasslands can be challenging, particularly when native seed mixes are used. Site preparation and seeding may aid in the establishment of seedlings by reducing the negative environmental conditions that often constrain establishment, like microclimate conditions, poor soil quality, limitations in the number of microclimates suitable for growth and establishment, and propagule pressure [13,16,17,18].



Raking is a method that is often used to increase the frequency of the occurrence of microclimates that seeds require to germinate [18], and we found that raking assisted in increasing the total number of seedlings that colonized a site, regardless of if the site was seeded or not. Raking may also reduce seed displacement through wind and water movement at post-mining sites, which are typically open and susceptible to erosion [57,58]. While we did not observe large amounts of runoff after watering our plots, we may have increased the chance for water erosion and displacement of native seeds. However, others suggest that irrigation could promote soil erosion control through indirect effects on soil structure, where increases in water availability enhance aggregate stability [37,59]. We suggest that it is more likely that the low germination rates of the native seeds were the result of seed predation, failure to break dormancy, low seed viability, or low propagule pressure compared to exotic species [60], highlighting the challenges of re-vegetation on altered landscapes in arid environments using native species [57,58].



While total native seedling establishment was low (7%), seeding with native species increased richness and native seedling establishment. Raking and seeding also resulted in the greatest species richness compared to all other treatments, suggesting that native seedling establishment is primarily seed-limited but that microclimate is important for some native seeds to germinate [57,61]. Site preparation also impacted the evenness of the system, where the hydroslurry mixture increased evenness and raking decreased evenness relative to each other. We suggest that the hydroslurry mixture likely resulted in alterations to microclimate sites that were suitable for species-specific germination or seedling survival requirements, such as the amount of solar radiation received and water availability [39,43]. Further, the components within the hydroseed mixture, such as the binding material or tackifier, may have inhibited the establishment of certain native species, increasing the evenness of the dominant exotic species [25]. On the other hand, raking likely resulted in a more heterogenous soil by creating more microclimate environments for the colonization of more species [17,62]. Overall diversity (H’) was not impacted by the site preparation treatments, but increased as a result of the seeding treatment, suggesting that diversity was seed-limited either by insufficient sowing of seed and/or because the conditions at the site were not suitable for many native species to break dormancy and germinate [39,43,60].



However, like other studies exploring native seed establishment, the seedlings that became established were almost exclusively exotic species [20,63,64], and seeding only decreased establishment of unseeded species by an average of 6%. The large amount of exotic seedling colonization was likely the result of the topsoil stockpile’s seed bank being contaminated with exotic species and/or an influx of seed from adjacent areas that may have been seeded with traditional agronomic species like Melilotus alba, one of the species that contributed the most to community divergence [20,64]. Site preparation did not influence the establishment of exotic species. However, site preparation did alter the composition of species based on plant functional traits and life history strategies, which may be important for determining future steps in successfully revegetating mine sites with native seeds [7,20,65].



Forbs, the most dominant functional group present, decreased, and legumes increased when the hydroslurry treatments were implemented. In this case, legumes appeared to have benefited the most from the conditions that the hydroslurry treatment created. Martínez-Ruiz et al., 2007, found legumes and grasses benefitted from hydroseeding [20], but, in this study, only legumes benefited from hydroseeding but grasses were not impacted by site preparation. The overall high success of forbs compared to grasses and legumes is likely the result of the colonization ability of these species and species-specific requirements for germination and establishment [66]. Kochia scoparia, an exotic forb, dominated the plant communities in this study, which is likely due to the ruderal strategy of this species [65,66]. K. scoparia has been found to dominate in the first-year of colonization in another mine restoration study, but this later declined in subsequent years following its initial colonization [66], suggesting that the presence of this species may decrease over time. The other forb that contributed most to community divergence was Salsola tragus, an exotic stress tolerator. While some authors have found poor performance of stress tolerators in semi-natural grasslands [66], others contend that their presence may reflect low soil fertility or a strong degree of habitat specialization of these species [66,67].



While the majority of species in this study were ruderal or stress tolerators, we found that site preparations can impact the abundance of competitive species within the system. Competitors increased when a hydroslurry was used compared to the raking treatment. Like litter, the hydroslurry may have provided additional resources that may have been important for seedling survival allowing for greater competitor emergence. In the raking treatment, the decrease in competitors created a positive impact on ruderals and stress tolerators, which may have driven the increase in species richness associated with raking [57,66]. In this case, the native species that colonized the site in the highest numbers were either ruderal or stress tolerators. These results further emphasize the idea that restoration of mine sites with native vegetation may provide benefit by improving natural colonization, although this comes at a financial cost and requires more effort managing the site to reduce the success of exotic species [7,20].




5. Conclusions


The seedling establishment phase is a critical part of the restoration process, because without native seedling establishment, self-sustaining populations of native species will likely not occur [13,14,15]. This is particularly true of heavily disturbed areas with seed banks or nearby remnants that are dominated by exotic species. By exploring the colonization of species, we were able to better understand how native species may respond to common restoration methods. While native seedling establishment was low, there are several important aspects to consider when seeding with native species to promote germination and survival. Specifically, native seeds should be sown in large enough numbers to reduce seed limitation and increase establishment. To accomplish this, more research on native seed viability under these harsh conditions may help with successful establishment. Further, species should be carefully selected to ensure the environmental conditions allow for their success, and this may involve a more thorough understanding of how natural colonization strategies can be used to improve the success of native species. Further, raking or tilling can be used to create additional microsites for colonization for ruderal or stress tolerator species to help suppress competitive species. Ultimately, in this experiment, the exotic species were able to capitalize on the disturbance and outcompeted the native species, making it critical to ensure that the topsoil used does not have a seed bank that is overly abundant with exotic species and that wind dispersal of exotic seeds from nearby remnants is minimized.
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Figure 1. Mean (a) total seedling establishment (±SE, n = 10) and (b) native seedling establishment based upon site preparation (N—no preparation, H–hydroslurry, and R—raking treatments and seed treatments (No—black and Yes—grey). Uppercase letters represent significant differences between site preparation treatments alone, and lower case letters represent differences found between the interaction of site preparation and seed treatments (Tukey HSD, p < 0.05). 
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Figure 2. Mean (a) richness (S), (b) evenness (J), and (c) Shannon diversity (H; ±SE, n = 10) according to site preparation (N—no preparation, H—hydroslurry, and R—raking) and seeded (No—black and Yes—gray) treatments. Lower-case letters represent differences found between the interaction of site preparation and seed treatments, and upper-case letters indicate differences between site preparation treatments (Tukey HSD, p < 0.05). Seeded treatment resulted in significant differences when indicated (alpha < 0.05). 
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Figure 3. Mean percent (a) exotic and (b) native seedlings (±SE, n = 10) according to site preparation (N—no preparation, H—hydroslurry, and R—raking) and seeded (No—black and Yes—gray) treatments. Seeded treatment resulted in significant differences (p < 0.0001). 
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Figure 4. Mean percent (a) forb, (b) legume, and (c) grass seedling establishment (±SE, n = 10) according to site preparation (N—no preparation, H—hydroslurry, and R—raking) and seeded (No—black and Yes—gray) treatments. Upper-case letters indicate differences between site preparation treatments (Tukey HSD, p < 0.05). Seeded treatment resulted in significant differences when indicated (alpha < 0.05). 






Figure 4. Mean percent (a) forb, (b) legume, and (c) grass seedling establishment (±SE, n = 10) according to site preparation (N—no preparation, H—hydroslurry, and R—raking) and seeded (No—black and Yes—gray) treatments. Upper-case letters indicate differences between site preparation treatments (Tukey HSD, p < 0.05). Seeded treatment resulted in significant differences when indicated (alpha < 0.05).
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Figure 5. Mean percentage of seedlings that established according to plant adaptive strategies using Grime’s CSR categorization (Competitive (C)—dark gray, Ruderal (R)—medium gray, Stress tolerator (S)—light gray). Each bar represents the seeded (NS—not seeded or S—seeded) and site preparation (N—no preparation, H–hydroslurry, and R–raking). Upper-case letters indicate differences between site preparation treatments for only competitive (C) species (Tukey HSD, p < 0.05). 
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Table 1. List of seeded species, including plant functional group, where seeds were purchased (Pickseed, Vancouver, BC or Quality Seeds West, Abbotsford, BC) or (when hand-picked) where the seed populations were located, and the First Nations Secwepemc names when known. An asterisk next to the species name indicates seeds that had germination rates lower than 80%.
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	Species
	Common Name
	Functional Group
	Source
	First Nations

Secwepemc Name





	Achnatherum hymenoides
	Indian rice grass
	Grass
	Pickseed
	



	Elymus glaucus
	Blue wildrye
	Grass
	Pickseed
	



	Elymus trachycaulus
	Slender wheatgrass
	Grass
	Pickseed
	



	Festuca campestris
	Rough fescue
	Grass
	Pickseed
	



	Festuca idahoensis
	Idaho fescue
	Grass
	Pickseed
	



	Festuca saximontana
	Rocky mountain fescue
	Grass
	Pickseed
	



	Hespirostipa comata
	Needle-and-thread grass
	Grass
	Pickseed
	



	Koeleria macrantha
	June grass
	Grass
	Pickseed
	



	Poa juncifolia
	Alkali bluegrass
	Grass
	Pickseed
	



	Poa secunda
	Sandberg bluegrass
	Grass
	Pickseed
	



	Pseudoroegneria spicata
	Blue bunch wheatgrass
	Grass
	Pickseed
	



	Sporobolus cryptandrus
	Sand dropseed
	Grass
	Pickseed
	



	Achillea millifolium
	Yarrow
	Forb
	Pickseed
	qets’uye7ellp (W)



	Antennaria rosea/umbrinella
	Pussytoes (rose/umber)
	Forb
	Lac du Bois, Kamloops, BC
	



	* Astragalus purshii
	Woollypod milkvetch
	Forb
	Lac du Bois, Kamloops, BC
	



	Balsamorhiza sagittata
	Arrow-leaved balsamroot
	Forb
	Pickseed
	Ts’elqenupye7



	Campanula rotundifolia
	Harebell
	Forb
	Lac du Bois, Kamloops, BC
	



	Delphinium nuttallianum
	Larkspur
	Forb
	Quality Seeds
	



	Erigeron compositus
	Cutleaf fleabane
	Forb
	Lac du Bois, Kamloops, BC
	



	Erigeron filifolius
	Threadleaf fleabane
	Forb
	Lac du Bois, Kamloops, BC
	



	Fritillaria pudica
	Yellow bells
	Forb
	Quality Seeds West
	



	Gaillardia aristata
	Brown-eyed susan
	Forb
	Pickseed
	sqlelten re ckwtut’stens



	Mentzelia laevicaulis
	Blazing star
	Forb
	New Afton Mine, Kamloops, BC
	



	* Oxytropis campestris
	Field locoweed
	Forb
	Highland Valley Copper, Logan Lake, BC
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Table 2. Species that established across sites that are categorized by: plant functional type, native, or exotic status, whether the species was seeded or not, and C-S-R category. The main indicators for the CSR classifications were: Competitors = perennials, tall, large leaf area, found in high resource locations; Ruderals = annuals; Stress-tolerators = perennials, long-lived, carbon-based defense mechanisms, storage organs.






Table 2. Species that established across sites that are categorized by: plant functional type, native, or exotic status, whether the species was seeded or not, and C-S-R category. The main indicators for the CSR classifications were: Competitors = perennials, tall, large leaf area, found in high resource locations; Ruderals = annuals; Stress-tolerators = perennials, long-lived, carbon-based defense mechanisms, storage organs.













	Species
	Common Name
	Plant Functional Type
	Native/Exotic
	Seeded
	CSR





	Artemisia frigida
	Praire sagewort
	Shrub
	Native
	N
	S



	Astragalus tenellus
	Pulse milk vetch
	Legume
	Native
	N
	S



	Artemisia tridentata
	Big sagebrush
	Shrub
	Native
	N
	S



	Lotus denticulatus
	Riverbar bird’s-foot trefoil
	Legume
	Native
	N
	S



	Myosotis spp.
	forget-me-not
	Forb
	Native
	N
	S



	Poa compressa
	Canada bluegrass
	Grass
	Native
	N
	C



	Rumex acetosella
	Common sheep sorrel
	Forb
	Native
	N
	C



	Thlaspi arvense
	Field pennycress
	Forb
	Native
	N
	R



	Achillea millefolium
	Yarrow
	Forb
	Native
	Y
	R



	Balsamorhiza sagittata
	Arrowleaf
	Forb
	Native
	Y
	S



	Erigeron filifolius
	Threadleaf fleabane
	Forb
	Native
	Y
	S



	Elymus glaucus
	Wild rye
	Grass
	Native
	Y
	C



	Elymus trachycaulus
	Slender wheatgrass
	Grass
	Native
	Y
	R



	Festuca spp.
	
	Grass
	Native
	Y
	S



	Fritillaria pudica
	Yellow fritillary
	Forb
	Native
	Y
	S



	Gaillardia aristata
	Blanketflower
	Forb
	Native
	Y
	S



	Mentzelia laevicaulis
	Smoothstem blazingstar
	Forb
	Native
	Y
	S



	Poa sandbergii
	Sandberg bluegrass
	Grass
	Native
	Y
	R



	Pseudoroegneria spicata
	Bluebunch wheatgrass
	Grass
	Native
	Y
	S



	Sporobolus cryptandrus
	Sand dropseed
	Grass
	Native
	Y
	S



	Agropyron cristatum
	Crested Wheatgrass
	Grass
	Exotic
	N
	C



	Berteroa incana
	Hoary alyssum
	Forb
	Exotic
	N
	S



	Bromus squarrosus
	Corn brome
	Grass
	Exotic
	N
	C



	Bromus tectorum
	Cheatgrass
	Grass
	Exotic
	N
	R



	Chenopodium album
	Lambsquarters
	Forb
	Exotic
	N
	R



	Camelina microcarpa
	Littlepd false flax
	Forb
	Exotic
	N
	C



	Centaurea stoebe
	Spotted knapweed
	Forb
	Exotic
	N
	C



	Descurainia sophia
	Herb sophia
	Forb
	Exotic
	N
	R



	Elymus repens
	Quackgrass
	Grass
	Exotic
	N
	C



	Kochia scoparia
	Kochia
	Forb
	Exotic
	N
	R



	Latuca serriola
	Prickly lettus
	Forb
	Exotic
	N
	R



	Melilotus alba
	Sweetclover
	Legume
	Exotic
	N
	C



	Medicago lupulina
	Black medick
	Forb
	Exotic
	N
	S



	Polygonum aviculare
	Oval-leaf knotweed
	Forb
	Exotic
	N
	C



	Poa pratensis
	Kentucky bluegrass
	Grass
	Exotic
	N
	R



	Sisymbrium loeselii
	Small tumbleweed mustard
	Forb
	Exotic
	N
	C



	Salsola tragus
	Prickly Russian thistle
	Forb
	Exotic
	N
	S



	Taraxacum officinale
	Common dandelion
	Forb
	Exotic
	N
	C



	Triticum spp.
	Wheat
	Grass
	Exotic
	N
	C
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Table 3. Mean number of the native species that colonized the plots (2 m2) in the highest numbers (>1 individual); ±SE) according to site preparation. Each of these species was seeded at a rate of 200 seeds/plot.
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	Preparation
	Achillea millefolium
	Balsamorhiza sagittata
	Elymus trachycaulus
	Festuca spp.
	Gaillardia aristata
	Pseudoroegneria spicata





	None
	1.5 (0.5)
	0.1 (0.1)
	0
	0.3 (0.2)
	1.1 (0.2)
	0



	Hydroseed
	0
	0.3 (0.2)
	0
	0.2 (0.2)
	1.1 (0.3)
	0



	Hydroseed + Rake
	0.3 (0.2)
	2.7 (0.9)
	0.1 (0.1)
	0.9 (0.4
	3.6 (1.5)
	1 (0.5)



	Rake
	2.9 (0.7)
	0.5 (0.4)
	1.4 (.5)
	1 (0.6)
	4.7 (1.2)
	3.4 (1.3)











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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