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Abstract
Aim: We explore long-term plant community responses 17 years after a one-time ap-
plication of biosolids (0, 50, 100, 150, 200, 250 dry Mg/ha) to determine: (a) whether 
the land application of biosolids on mine tailings, seeded with an agronomic grass-
legume mixture, affects long-term plant community responses; (b) how application 
rates and soil texture influenced plant community responses and community struc-
ture; and (c) whether native plant species have colonized and contributed to the re-
claimed plant community.
Location: Two tailings deposits (sand and silt loam) generated by a copper–molybdenum 
(Cu–Mo) mine in southern British Columbia, Canada.
Methods: Plant communities were sampled by visual evaluation of cover percentage 
to the lowest taxonomic level possible. Vegetation surveys were completed on two 
mine tailings deposits within the storage facility that have different soil textures (sand 
and silt loam).
Results: Results showed that the interaction of biosolids applications and soil tex-
ture impacted multiple community plant responses, including increasing plant cover at 
both sites, and increasing richness, evenness and diversity at the sandy site. Biosolids 
application enhanced the performance of spontaneously established species (volun-
teer species) and non-native/naturalized grasses.
Conclusion: Our study demonstrated that biosolids application facilitates ecological 
succession by enhancing the establishment of non-native volunteer species over the 
long term, which increases vegetative cover on both deposits and promotes plant 
communities’ diversity on sites with sandy soil texture.
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1  |  INTRODUC TION

Rehabilitation efforts are often required to initiate ecological suc-
cession on highly degraded ecosystems, such as mine tailings facil-
ities, which are lands used to stock mining waste (Prach & Hobbs, 
2008). The conditions on these sites limit vegetation establishment, 
as tailings lack organic matter and nutrients, have a low water-
holding capacity, poor microbial diversity, and experience wind ero-
sion (Gardner et al., 2010; Sheoran et al., 2010). Generally, the two 
main goals of restoration are: (a) to increase the natural integrity of a 
disturbed site; and (b) to improve ecosystem functions and services 
(e.g., carbon sequestration, hydrological controls, protection against 
erosion, biodiversity and wildlife habitats; Hobbs & Norton, 1996; 
Cusser & Goodell, 2013; Gastauer et al., 2017). Since bringing back 
mining sites to a state close to the historical ecosystem can be chal-
lenging, restoration efforts often lead to the creation of a novel eco-
system with different species, interactions, and functions than the 
original site (Hobbs et al., 2009). Novel ecosystems can be valuable 
natural assets, but there is an increasing desire to re-establish near-
natural ecosystems to sustain biodiversity and improve resilience in a 
changing climate (Baethke et al., 2020; Salgueiro et al., 2020).

Traditional reclamation methods often involve the use of a chemical 
fertilizer, but this type of amendment has shown to have limited effects 
on enhancing soil properties for plant growth (Gardner et al., 2010). 
As an alternative, treated solid residue (sewage sludge) from municipal 
wastewater, known as biosolids, are used as a soil amendment to assist 
the establishment of a vegetative cover (CCME, 2012; Wallace et al., 
2016; Avery et al., 2018). The use of biosolids provides a gradual source 
of plant-available nitrogen and phosphorus and improves the physical, 
chemical and biological properties of the soil, enhancing vegetation es-
tablishment (Cuevas et al., 2000; Martinez et al., 2003; Paschke et al., 
2005; Walter et al., 2006; Gardner et al., 2010; Gardner et al., 2012; 
Ploughe et al., 2020; Harris et al., 2021). While traditional reclamation 
methods focus on the control of erosion, new methods generally aim to 
establish diverse, and preferably native plant communities.

Studies exploring the efficacy of biosolids in reclamation 
often focus on the early success of vegetation establishment. 
Many authors have demonstrated an increase in plant produc-
tivity and total cover percentage following biosolids application 
(Diaz et al., 1997; Brofas et al., 2000; Meyer et al., 2004; Moreno-
Peñaranda et al., 2004; Madejón et al., 2006; Brown et al., 2009; 
Kowaljow et al., 2010; Gardner et al., 2012; Blumenthal et al., 
2017; Antonelli et al., 2018). However, the effect that biosolids 
have on plant community responses, such as plant composition, 
richness, evenness, and diversity, is unclear, especially over the 
long term. An important management consideration is to deter-
mine the rate at which biosolids should be applied to establish 
diverse and sustainable plant communities over the long term. 
Specifically, some authors express concern that adding high 
levels of nutrients on degraded lands could increase competi-
tion between species, which could lead to a simplification of 
the community composition and an increase of exotic species 
success (DiTommaso & Aarssen, 1989; Carpenter et al., 1990; 

Moreno-Peñaranda et al., 2004; Cleland & Harpole, 2010; Yin 
et al., 2017). Heckman et al. (2016) showed that fertilization in-
creased exotic plant cover but only in communities exposed to 
vertebrate herbivores in an old field in North Carolina.

Biosolids have been applied at variables rates ranging from 5 
to 371 Mg/ha in mine restoration studies (e.g., Pierce et al., 1998; 
Pepper et al., 2013). Here, we assess the long-term effects follow-
ing a one-time application of biosolids using various rates: 0, 50, 
100, 150, 200, and 250 dry Mg/ha, or inorganic fertilizer on plant 
community responses, specifically total cover percentage, richness, 
evenness and diversity. Biosolids were applied 17 years and fertiliz-
ers 16 years prior to the vegetation samples taken in this study on 
two tailings deposits with different soil textures (silt loam and sand) 
located in the southern interior of British Columbia, Canada as de-
scribed by Gardner et al. (2010). We were also interested in explor-
ing how the amendment additions and soil texture impacted plant 
community structure, and the characteristics of plants that colo-
nized the sites. At the time of reclamation, the goal was to establish 
a grassland type of ecosystem for agriculture and grazing use. The 
site was reclaimed with an agronomic seed mix with species that 
were palatable to cattle but had some level of resistance to create 
open grazing areas.

2  |  METHODS

2.1  |  Site description

This study was carried out on the tailings storage facility at the 
Teck-Highland Valley Copper (HVC) Cu–Mo mine located in 
southern interior of British Columbia, Canada (50°28′23.22″  N, 
121°01′18.50″ W). The study area is part of the Thompson Plateau 
in an open-ended valley where predominant soils are cambisols 
and luvisols (FAO-UNESCO, 1975). The site receives 393.2 mm of 
precipitations annually and has a mean daily temperature of 4.4°C 
(Government of Canada, 2019). Warm, dry summers cause frequent 
water deficits and winters are cold. The study area is part of the 
Montane Spruce biogeoclimatic zone. The natural vegetation that 
characterizes this zone is subalpine fir (Abies lasiocarpa), douglas-fir 
(Pseudotsuga menziesii), lodgepole pine (Pinus contorta) and species 
such as pinegrass (Calamagrostis rubescens), lupine (Lupinus arcticus), 
and kinnikinnick (Arctostaphylos uva-ursi), etc.

Two storage facilities were used as part of this research: Trojan, 
a sandy tailings deposit, and Bethlehem, a silt loam deposit, approx-
imately 1 km apart (Figure 1). Both sites have a soil pH of 8 and an 
elevation of 1,400 m. Natural vegetation was present surrounding 
the storage facilities (Figure 1).

2.2  |  Experimental design and treatments

Gardner et al. (2010) established a randomized complete block experi-
mental design where seven treatments were implemented: biosolids 
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at rates of 50, 100, 150, 200 and 250 dry Mg/ha (B50, B100, B150, 
B200 and B250), an inorganic fertilizer (F), and a control with no soil 
amendments (C). There were eight treatments replicates at each site. 
The biosolids were applied in 1998, and the fertilizer in 1999 at the 
time of seeding. No amendment was applied in the following years. 
Each plot measured 3 m × 7 m and was separated by a 1-m buffer. In 
2015, the plots were reduced to 5 m × 2 m to reduce edge effects of 
vegetation encroachment and blown-in sediment noted on plot edges.

The biosolids used were a digested sewage sludge (class B biosol-
ids — see Appendix S2) from Metro Vancouver. In British Columbia, 
Class B biosolids are stabilized sewage sludges recovered from a mu-
nicipal wastewater treatment process, which have been treated to re-
duce pathogens and vector attraction to allow for their beneficial use. 
In June 1999, inorganic fertilizer treatments were manually broad-
casted, but not incorporated, at a rate of 87 kg/ha ammonium nitrate 
(34.5–0–0; N–P–K fertilizer grades), 111 kg/ha triple superphosphate 
(0–45–0), 83 kg/ha potassium chloride (0–0–60) with a mineral mix 
containing 0.5  kg Zn/ha as zinc chloride (99.9%) and 21  kg/ha of 
granular boron (14%). Application rates were based on total nitro-
gen, phosphorus, potassium, zinc and boron concentrations found in 
B150 treatments the previous September. Concurrent to the fertil-
izer treatments, all treatments were seeded with an agronomic seed 
mix. The site was broadcast-seeded with an agronomic grass–legume 
mix at a rate of 36 kg/ha and lightly raked by hand. The seed mix 
consisted of 33.2% pubescent wheatgrass (Agropyron trichophorum), 
7.5% orchard grass (Dactylis glomerata), 4.0% creeping red fescue 
(Festuca rubra subsp. rubra), 14.7% Russian wild ryegrass (Elymus jun-
ceus), 34.6% alfalfa (Medicago sativa), and 5.9% alsike clover (Trifolium 
hybridum); all non-native agronomics introduced to North America.

2.3  |  Field sampling

Plant communities were sampled by visual evaluation of cover per-
centage to the lowest taxonomic level possible in August 2015, 

which was 17 years after biosolids were applied. A 0.2 m × 0.5 m 
quadrat was randomly set ten times in each experimental plot 
(2 sites × 7 treatments × 8 replicates × 10 quadrats by plot = a total 
of 1,120 quadrats). Plant cover data were evaluated by species and 
summed to get the total cover percentage by quadrat. Total cover 
could exceed 100% due to species overlap.

2.4  |  Statistical analysis

Statistical analyses were completed using R-software, version 3.6.1 
(R Core Team, 2018). Total cover percentage, species richness (S), 
Pielou's evenness (J') and Shannon-Weaver diversity (H’) were calcu-
lated using the vegan package (Oksanen et al., 2019). ANOVAs (type 
1) were conducted to test for differences in the plant communities 
(total cover percentage, S, J', H', functional groups, percentage of 
seeded and spontaneously established species [henceforth referred 
to as volunteer species], and percentage of native and non-native/
naturalized species) according to the amendment applied and the 
soil texture of the site. Replicates were included as a random fac-
tor in the statistical models. Data for functional groups, native and 
non-native and seeded and volunteer species were square-root-
transformed to meet model assumptions. Post-hoc tests (estimated 
marginal means; emmeans R package version 1.4.3.01) were con-
ducted if effects were significant (p < 0.05). A permutational multi-
variate analysis of variance (PERMANOVA) based on a Bray–Curtis 
dissimilarity distances matrix was conducted to test for differences 
in community structures between treatments and was performed 
over square-root-transformed data (absolute abundances), and 
single occurrence taxa were removed as suggested in Clarke and 
Warwick (2001). Community structure was visualized via a non-
metric multi-dimensional scaling (NDMS) graphic in PRIMER (Clarke 
& Gorley, 2015). Two SIMPER analyses were conducted in R to dis-
play the species that contributed the most to difference between 
sites and treatments.

F I G U R E  1 Map of Bethlehem and 
Trojan's tailings storage facilities and their 
experimental design
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3  |  RESULTS

A total of 23 species were found on the two sites (Appendix S3). Among 
the six seeded species, three were observed (Dactylis glomerata, Festuca 
rubra subsp. rubra, and Medicago sativa). Twenty volunteer species were 
found; ten species were native, and the other ten were non-natives species.

3.1  |  Biodiversity indexes

The interaction of the amendment applied and the two different soil 
textures between the tailings sites influenced total cover percent-
age, richness, and Shannon-Weaver diversity, while evenness was 
influenced only by amendment applications (Table 1).

On both deposits, total plant cover was significantly higher when biosol-
ids were applied than on control plots (Figure 2a). Greater total plant cover 
was found on the silt loam deposit compared to the sandy site (Figure 2a). 
On the silt loam deposit, richness was the same on control and biosolids 
treatment plots, but decreased at the application rate of 200 Mg/ha (B200) 
(Figure 2c). On the sandy site, richness did not change between biosolids 
application rates, but was significantly higher on biosolids plots than on the 
control (Figure 2c). Evenness and diversity were not influenced by biosolids 
applications on the silt loam, while these indexes were significantly higher 
when biosolids were applied on the sandy site (Figure 2b,d). The one-time 
fertilizer application had no impact on all of the diversity indexes measured 
(total cover percentage, S, J' and H') at both sites (Figure 2a–d).

3.2  |  Performance of functional groups

The interaction of soil texture and amendment application also in-
fluenced functional group composition (p < 0.001). On the silt loam 
deposit, grasses performed better than forbs on all treatments 
plots, and their performance increased even more on biosolids plots 

(Figure 3). On the sandy deposit, the proportions of grasses and 
forbs were both low on control and fertilizer plots, and the perfor-
mance of grasses was higher on biosolids plots (Figure 3).

3.3  |  Performance of seeded and volunteer species

The interaction of soil texture and amendment applications influenced 
the cover of seeded and volunteer species (p < 0.001). On the silt loam 
site, seeded species performed better at a biosolids rate of 50 Mg/
ha compared to the control, and volunteers performed better on bio-
solids plots of rates 100 Mg/ha and greater (Figure 4). At the sandy 
site, volunteers had a low cover percentage on the control plots, but 
performed significantly better when biosolids were applied (Figure 4). 
The inorganic fertilizer had no effect on percentage of seeded and vol-
unteer species on either site compared to the control (Figure 4).

3.4  |  Performance of native and non-native/
naturalized species

The interaction of soil texture and amendment application influ-
enced the abundance of native and non-native/naturalized species 
(p  <  0.001). At both sites, non-native species performed better 
when biosolids were applied, while natives had a low abundance 
on all treatment plots (Figure 5). Both natives and non-natives had 
the same abundance on fertilizer and control plots (Figure 5).

3.5  |  Performance of non-invasive and 
invasive species

Soil texture and treatments alone influenced the performance of non-
invasives and invasives species (p < 0.001), while their interaction did 

TA B L E  1 Summary of two-way ANOVAs testing the effect of amendment application (biosolids application [B50, B100, B150, B200, 
B250], an inorganic fertilizer [F] and a control [C]), and soil texture (sand and silt loam) on total cover percentage, richness (S), Pielou's 
evenness (J') and Shannon–Weaver\ diversity (H')

Source df F ratio p-Value df F ratio p-Value

Total cover percentage Evenness (J’)

Amend 6 122.0 <0.001*** Amend 6 0.0425 0.002**

Texture 1 68.94 <0.001*** Texture 1 3.8339 0.840

Amend*texture 6 2.219 0.049* Amend*texture 6 1.4010 0.224

Total 111a Total 111a

Richness (S) Shannon-Weaver diversity (H’)

Amend 6 20.89 <0.001*** Amendment 6 7.4074 <0.001***

Texture 1 5.491 <0.001*** Texture 1 0.1866 0.187

Amend*texture 6 5.651 <0.001*** Amend*texture 6 4.8221 <0.001***

Total 111a Total 111a

***, ≤0.001; **, ≤0.01; *, 0.05.
aThe total df equal 111 because results from one plot were missing.
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not have a significant influence (p = 0.07). Overall, all treatments at 
both sites were composed almost exclusively of non-invasive species.

3.6  |  Plant community structure

The PERMANOVA revealed that species structure based on a Bray–
Curtis distance matrix was influenced by the interaction of the soil 
texture and the amendment applied (p = 0.001, Table 2). This rela-
tionship is shown on a non-metric multi-dimensional scaling (NMDS) 
graphic (Figure 6), that illustrates that data are clustered into two 
distinct groups which shows that soil texture was an important 
driver of change for plant community development. According to 
the SIMPER analysis, the abundance of five species (Festuca rubra, 
Thinopyrum intermedium, Psathyrostachys juncea, Chamaenerion an-
gustifolium, and Poa pratensis) explains 76.61% of the difference in 

diversity between sites. The species that influenced diversity be-
tween amendments plots were these same five species, and also 
Achillea millefolium and Agropyron cristatum. According to the vec-
tors, Thinopyrum intermedium, Psathyrostachys juncea and Agropyron 
cristatum had a greater cover on biosolids plots (Figure 6). Also, 
the silt loam site was characterised by a high proportion of Festuca 
rubra, and the sandy site by a high proportion of Psathyrostachys 
juncea (Figure 3).

4  |  DISCUSSION

4.1  |  Influence of biosolids on cover percentage

Applying biosolids increased total cover percentage at both sites, 
which coincides with the results from prior studies exploring its 

F I G U R E  2 Mean (a) total cover percentage (%), (b) Pielou's evenness (J'), (c) richness (S), and (d) Shannon-Weaver diversity (H') according to 
the amendment applied (biosolids treatments at a rate of 50–250 Mg/ha [B50, B100, B150, B200, B250], inorganic fertilizer [F], and control 
[C]) and soil texture (sand and silt loam) (±SE; n = 8). Total cover percentage could exceed 100% due to species overlap. Letters and numbers 
indicate significant statistical differences between the amendment treatments
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use in reclamation (Brofas et al., 2000; Moreno-Peñaranda et al., 
2004; Madejón et al., 2006; Brown et al., 2009; Gardner et al., 
2012) and demonstrates this effect can persist for many years 
following one application. This positive response could be attrib-
uted to the improvement of physiochemical properties (e.g., bulk 
density and available nutrients) related to biosolids applications 
(Gardner et al., 2010; Antonelli et al., 2018). Gardner et al. (2010) 
reported that bulk density at year 1 (1999) and year 2 (2000) de-
creased when biosolids were applied, which may have created 
soil spaces and facilitated roots to penetrate the soil (Rigueiro-
Rodríguez et al., 2000; Meyer et al., 2004). This suggests that 
plants in biosolids plots benefited from a better access to water 
and nutrients, which, in turn, positively influenced their growth 
(Boone, 1986; Arvidsson & Håkansson, 1991; Stirzaker et al., 
1996). Also, Antonelli et al. (2018) and Harris et al. 2021 showed 
that concentrations of available P, available N and available K 
were greater on biosolids plots 13  years following the restora-
tion. This indicates a greater access to these macronutrients for 
plants compared to control plots, which could have contributed 
to the increase in total cover percentage at this site (Sheoran 
et al., 2010).

4.2  |  Influence of soil texture on cover percentage, 
richness, evenness and diversity

Our results showed that soil textures resulted in different plant com-
munity responses. For instance, total plant cover was higher on the 
silt loam than the sandy site which could be explained by the differ-
ent conditions allowed for plants to grow at each site. According to 
the inverse-texture hypothesis, productivity is higher on finer soils 
than on coarser soils in semiarid regions (Noy-Meir, 1973; Sala et al., 
1988; Epstein et al., 1997). Our results coincide with this theory as 
our sites are in a semi-arid region and we found higher cover per-
centage on the silt loam deposit (finer soil) than on the sand (coarser 
soil). This response could be attributed to the higher water-holding 
capacity of the silt loam soil, allowing for higher water and nutrient 
uptake for plant growth (Lane et al., 1998). This inherent capacity of 
fine soil's texture to hold water could also explain why richness, and 
evenness and diversity increased with the application of biosolids 
only at the sandy site. The limited vegetation cover on sand control 
plots (mean of 2.33% ± 1.50) indicated that the inherent condition 
of the coarser soil texture did not allow vegetation establishment 
unlike the silt loam deposit (56.94% ± 9.44) which is finer.

F I G U R E  3 Mean cover percentage 
(±SE; n = 8) of plant-functional groups 
(grass and forbs) according to the soil 
texture (between the two sites) and 
amendment application treatments. Total 
cover percentage could exceed 100% due 
to species overlap. Letters and numbers 
indicate significant statistical differences 
of functional groups between treatments 
plots

F I G U R E  4 Mean cover percentage 
(±SE; n = 8) of seeded and volunteer 
species according to the soil texture 
(between the two sites) and amendment 
application treatments. Total cover 
percentage could exceed 100% due to 
species overlap. Letters and numbers 
indicate significant statistical differences 
of plant groups (seeded and volunteer 
species) between treatments plots
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4.3  |  Influence of biosolids application rates on 
plant community responses (cover percentage, 
richness, evenness and diversity)

Our results demonstrated that plant community responses were 
not impacted by the level of biosolids applied. Diaz et al. (1997) also 
found no change in total plant cover at different biosolid application 
rates (13, 19.5 and 26 Mg/ha) in a semiarid Mediterranean site, which 
they attributed to the inhibitory effect of biosolids to increase elec-
trical conductivity. High electrical conductivity indicates a high salt 
concentration, which can cause abiotic stress to plants and impact 
their growth (Yadav et al., 2011; Bai et al., 2017). The electrical con-
ductivity of biosolids used in our study exceeded soil quality guide-
lines for agricultural land use (CCME, 2014), but Gardner et al. (2010) 
showed that salts leached in the years following their application. 
The lack of total cover percentage difference between biosolids rates 
is likely attributed to the greater availability of nutrients found in the 
biosolid-treated plots (Harris et al., 2021). This could be due to the 
slow nutrients release from biosolids attributed to the site's condi-
tions allowing for a slow mineralization of the organic matter content 
(Ryals et al., 2015; Page-Dumroese et al., 2018). Changes in richness, 
evenness and diversity attributed to the application of amendments 
are generally explained by the increase in resource availability that 
allowed biomass increases of some species that exclude others from 

light access (DiTommaso & Aarssen, 1989; Carpenter et al., 1990; 
Cleland & Harpole, 2010; Yin et al., 2017). Given that the application 
rates tested did not influence plant community responses, this sug-
gests that the rates applied result in the release of equivalent avail-
able nutrient quantities over the long term.

4.4  |  Characteristics of plants that 
colonized the sites

Among the six species included in the seed mix, only three were ob-
served on our sites and generally performed better on the silt loam 
deposit, especially Festuca rubra var. rubra. The fact that the plant 

F I G U R E  5 Mean cover percentage 
(±SE; n = 8) of natives and non-natives/
naturalized species according to the 
soil texture (between the two sites) and 
amendment application treatments. Total 
cover percentage could exceed 100% due 
to species overlap. Letters and numbers 
indicate significant statistical differences 
of plant groups (seeded and volunteer 
species) between treatments plots

TA B L E  2 PERMANOVA’s results testing the community 
structure according to the amendment applied (biosolids [B50, 
B100, B150, B200, B250] and inorganic fertilizer [F]) and soil 
texture (sand and silt loam)

Source df F ratio p-Value

Amendment 6 67.9859 0.001***

Texture 1 9.6033 0.001***

Amendment*texture 6 5.0325 0.001***

Residual 93

Total 106

***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05.

F I G U R E  6 Non-metric multi-dimensional scaling (NMDS) 
representation of plant community structure according to soil 
texture (between the two sites) and amendment application 
treatments. The species that contributed to the differences 
between textures and treatment according to SIMPER analysis 
were fitted to vectors along the direction of correlation. The 
length of the line reflects the strength of the correlation. F. 
rubra = Festuca rubra, T. intermedium = Thinopyrum intermedium, P. 
juncea = Psathyrostachys juncea, C. angustifolium = Chamaenerion 
angustifolium, P. pratensis = Poa pratensis, A. millefolium = Achillea 
millefolium and A. cristatum = Agropyron cristatum
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community did not resemble the seed mix over the long term could 
be a result of the use of some species in combination with others 
or that some species were not best adapted to our sites (Sheoran 
et al., 2010; Borden & Black, 2011; Tarrasón et al., 2014). For ex-
ample, Thinopyrum intermedium was reported to be best adapted to 
single-crop haying situations, and Psathyrostachys junceus is not to 
be considered the best choice for erosion control for either wind or 
water erosion objectives (USDA, n.d. a; USDA, n.d. b).

Our results showed that the predominant plants that established 
at both sites were volunteer species (non-seeded), mostly agronomic 
non-native/naturalized grasses. While nutrient addition often fa-
vours non-native/naturalized grasses at the expense of other species 
such as native forbs (Blumenthal et al., 2017), results showed that 
non-native/naturalized grasses were predominant on all treatments 
plots regardless if amendments were applied or not. This suggests 
that the conditions provided by tailings themselves favoured the es-
tablishment of non-native/naturalized grasses (Kuhman et al., 2010). 
The severe conditions provided by the nature of tailings and their 
exposition to erosion may have contributed to the colonization of 
these species, since they are better adapted to harsh conditions than 
slow-growing perennial species generally found in grasslands (Pysek 
& Richardson, 2007; Blumenthal et al., 2009, 2017; Leishman et al., 
2010; Penuelas et al., 2010). Although applying biosolids and sow-
ing enhanced the establishment of non-native/naturalized grasses, 
it did not appear to be an obstacle for native species. There were 
no differences in native species richness between all biosolids appli-
cation levels at both sites (see Appendix S1). Native species did not 
spontaneously establish well when biosolids were not applied; spe-
cifically the mean richness for native species was low at the loamy 
sites, and the sandy site did not have any native species established. 
Considering that total cover percentage, and richness were low on 
control plots after 17 years, this suggests that spontaneous succes-
sion would not be an effective restoration method for our sites. As 
mentioned by Prach and Hobbs (2008), environmental site condi-
tions have an important role to play in spontaneous succession and 
when conditions are too extreme technical measures are needed 
to restore degraded lands. However, the fact that non-native/nat-
uralized grasses benefit more from nutrient addition show that this 
is still a challenge to overcome (Huang et al., 2018). Restoring with 
native seedlings may be an alternative and contribute to increase 
native species’ success (Baethke et al., 2020).

Results also showed that the interaction of soil texture and 
amendment application rates had an impact on plant communities’ 
structure. Although these two factors influenced performances of 
certain species, the fact that non-native/naturalized grasses were 
predominant showed that other factors might have influenced plant 
communities’ compositions found. For instance, it is possible that 
seeding operations conducted annually close to our research area 
influenced the species found on our research plots, especially con-
sidering that non-native/naturalized grasses are often used to re-
store the tailings storage facility as they are well adapted to harsh 
conditions found on these sites. Lemke et al. (2013) showed that 

planting non-native species close to their site area was likely the 
major driver of the high diversity of non-native, invasive plants mea-
sured. Furthermore, Calinger et al. (2015) showed that the proxim-
ity to roads can promote non-native species’ establishment as they 
provide corridors for the spread of species. This factor could have 
also influenced plant composition found at our sites as road embank-
ments are usually reclaimed using non-native grasses (Kuhman et al., 
2010). Overall, non-native/naturalized grasses showed to be well-
adapted to establish and persist over the long term (17 years fol-
lowing the application of biosolids) on reclaimed tailings. The goals 
of establishing grasslands and providing ecosystem services such as 
erosion control and grazing areas for cattle were accomplished. As 
the species that established on our sites were different than those 
found in the reference natural ecosystem, the sites can be consid-
ered as novel ecosystems (Hobbs et al., 2009). In the future, the ob-
jective is to reclaim the rest of the tailings storage facility with a plan 
more focused for wildlife use.

5  |  CONCLUSION

Our study found that applying biosolids at rates as low as 50 Mg/ha 
was enough to establish vegetative cover for 17 years following the 
initial application regardless of texture tailings deposits and this was 
not at the expense of diversity. The rate of application of biosolids 
(50–250 Mg/ha) yielded similar results in terms of all plant commu-
nity responses. Sites that may be more challenging for vegetation to 
re-establish, such as sites with sandy soil texture, may benefit from 
the use of biosolids as this amendment has shown to increase rich-
ness, evenness and diversity. Overall, the use of biosolids to reclaim 
tailings storage facilities appears to provide the benefit of control-
ling erosion on the long term. However, further studies should be 
conducted to find strategies to improve the success of native species 
on reclaimed mining sites.
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