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Abstract: Seedling establishment is often a critical bottleneck to revegetation of mine tailings and similar
substrates with a low capacity to retain water and plant nutrients. Biochar and deactivated yeast are potential
sustainable, low-cost materials with high nutrient- and water-holding capacity that could be used in this
context as seed coatings to aid in seedling establishment on challenging substrates. We conducted a greenhouse
study to assess the effectiveness of biochar and deactivated yeast, applied alone in a factorial combination, as
seed coatings, on the germination, establishment, and early growth of white clover (Trifolium repens) and purple
prairie clover (Dalea purpurea). Coated seeds were applied to a mine tailing, a coarse granitic sand, and potting
soil mix substates; seedling establishment and growth were monitored over 75 days. Results indicate strong
interactive effects of seed coatings with species and substrate. Biochar coatings enhanced seedling
establishment of Trifolium, with biochar or biochar plus yeast coatings giving the best results. In some cases,
these effects persisted throughout the experiment: biochar coatings resulted in a ~5-fold increase in Trifolium
biomass at harvest for plants in the potting soil mix but had neutral effects on sand or tailings. Biochar seed
coatings also enhanced Dalea germination in some cases, but benefits did not persist. Our results indicate that
biochar-based seed coatings can have lasting effects on plant growth well beyond germination, but also
emphasize highly species-specific responses that highlight the need for further study of broader patterns and
mechanisms.

Keywords: biochar; charcoal; clover; ecological restoration; inactive brewer’s yeast; mine tailings;
revegetation; seed coatings; seed germination; seedling establishment

1. Introduction

Mine tailings and other mine waste materials impact an estimated 50 million km? of the earth’s
surface [1,2], presenting an enormous challenge for sustainable land management. Restoration
projects for mine tailing sites are challenged by poor soil quality and elevated concentrations of
potentially toxic elements (PTEs). Tailing substrates are characterized by low organic matter, limited
bioavailable nutrients, lack of soil macrostructure, and low water-holding capacity [3]. In addition,
the weathering of sulfide minerals often causes acidic mine drainage and wider contamination with
PTEs, which can have long-lasting impacts on local ecosystems. These factors often drastically limit
the establishment and survival of plant species on tailings [4].

“Biochar” refers to pyrolyzed biomass material prepared for and used as a soil amendment [5].
Biochar has been found to increase plant growth and overall biomass production, particularly on
coarse-textured, acidic substrates [6,7], and in the context of ecological restoration on mine tailings
and degraded soils [8-10]. Biochar enhances substrate nutrient status and water holding capacity [11]
and can reduce bioavailability of PTEs [8].

Biochar directly provides significant amounts of bioavailable P, K, Ca, and Mg, but most N
present is either lost due to volatilization, or covalently bound in the biochar structure during
pyrolysis [12,13]. Biochar has also been found to immobilize soil N [14], which can cause N
deficiencies that negatively impact plant growth [15]. The tendency of biochar to induce N deficiency

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202407.1730.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1730.v1

has motivated applied research on use of N-rich co-amendments with biochar, such as urea [16],
composts [17], and manures [18]. Spent deactivated yeast is a major waste product of the brewing
industry with a notably high N content and very low C:N ratio [19]. Recycling of deactivated brewer’s
yeast is difficult due to the high volumes produced and short storage lifespan [20]. Its high N content
and low cost make deactivated yeast of interest as a co-amendment with biochar, and one recent
study has shown exceptional plant growth responses to mixtures of biochar and deactivated yeast
[21].

The cost of biochar is a disincentive for its use in large-scale restoration projects. Concentrating
the application of biochar and other amendments at the establishment site for seeds or seedlings
could potentially greatly reduce costs. In particular, seed coatings are potentially a low-cost
pathway to help seeds germinate and establish within harsh tailing environments. Biochar has
recently been explored as a seed coating in ecological restoration [22,23], as well as in agricultural
systems [24,25]. In the context of mine tailings restoration, biochar-based seed coatings might
specifically be beneficial by improving soil water retention, increasing soil pH, adsorbing heavy
metals, providing key nutrients, and enhancing soil microbial communities [26]. Seed coatings in
general can be used to alter seed properties including size, weight, surface roughness or to add active
ingredients to promote seedling establishment and early growth; seed coatings typically consist of
binding agents, fillers and active ingredients [27]. In agriculture, seed coating treatments can
including abscisic acid, salicylic acid, soil surfactants, and pest repellants have shown beneficial
impacts on seedling germination, establishment, and growth [28]. Selection of appropriate binding
agents is also important; for example, a recent study indicates that polyvinyl acetate, which has been
commonly used in seed coating applications, has phytotoxic effects and can greatly reduce
germination rates [29].

There has been less attention to deactivated yeast as a possible component in seed coatings,
though live yeasts have been used in this context as antagonists to common pathogenic fungi [30].
Several recent studies have described growth benefits for plants after yeast biofertilizer
supplementation [19,21,31,32]. Lonhienne et al. [32] used both inactive and active yeast as a fertilizer
for tomato seedlings. Both yeast fertilizers increased root N and P, while inactive yeast increased
overall root biomass, which was theorized to be a result of more rapid breakdown and dispersal than
active yeast within the soil, allowing more rapid plant nutrient uptake. This presents a potential
advantage of inactive yeast over live microorganisms. Inactive brewer’s yeast (Saccharomyces
cerevisiae) is primarily made up of proteins (45-60%) and nucleic acids (6-15%) with a total N of ~9%
producing very low C:N ratios [20]. Deactivated yeast also has shown PTE sorption in a number of
studies, with sorption capacities of 1-20, 10-100, and 10-300 mg/g, for Cu, Cd, and Pb, respectively
[33]. Uptake mechanisms for PTEs by yeast may be a combination of redox reactions, complexation,
electrostatic attraction and ion exchange similar to biochar [34]. Yeast additions can also improve
microbial communities [35]. The combination of biochar and deactivated yeast has not, to our
knowledge, previously been examined in the context of seed coatings.

In the present study we assess the potential of biochar and yeast seed coatings, examining
responses on three substrates including a mine tailing, a granitic sand, and a standard potting mix.
Seed coating treatments include a factorial combination of biochar, deactivated yeast, and both
ingredients, with starch used as a binding agent. We hypothesized that: (1) biochar and yeast coatings
will increase the establishment and performance of seedlings with the greatest effects on the harsh
tailings soil; (2) the combination of biochar plus yeast will have maximally beneficial effects; (3)
although positive effects on seed establishment are expected, longer-term effects on growth will be
limited due to the small volume of soil amendments associated with the seed coatings.

2. Materials and Methods
2.1. Species Selection

Two clover species, Trifolium repens L. (white clover, hereinafter Trifolium), a non-native species,
and Dalea purpurea Vent. (purple prairie clover, hereinafter Dalea), a native species to eastern and
central North America, were chosen for the study due to their rapid germination rates and identity
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as legumes. Clovers are desirable for phytoremediation because of their capacity to fix atmospheric
N and rapid growth and survival in harsh environments. N-fixing legumes also have commonly been
found to show high growth responses to biochar, likely due to fact that N fixation can offset biochar-
related N deficits [36]. White clover showed increased in shoot and total biomass in cadmium-
contaminated soil amended with biochar [37]. Increases in abundance of Trifolium species have also
been noted in several studies examining biochar responses of plant communities in a restoration
context [38-41]. Studies of soil remediation using clovers native to North America are limited;
however, tallgrass prairie species including Dalea transplanted onto coal mine tailings grew with
“exceptional vigor” [42].

2.2. Growth Media

Northern Ontario hosts one of the world’s largest gold camps in orogenic deposits of the Abitibi
greenstone belt. The Delnite mine tailings used in this study have particularly elevated
concentrations of As, and Cr, among other metals including Co and Cu [41]. High levels of As are
commonly associated with gold in these deposits. The PTE typically found in orogenic gold deposits
reflect a metamorphosed carbonaceous shale source. Organometallic complexes in these shales can
host high levels of Mo, As, Zi, and Ni, while pyrite in the same sediments hosts gold and sulfur [43].
Orogenic gold deposits including the historic Delnite mine typically contain 3-5% sulfide minerals
the majority of which are pyrite (FeS2), pyrrhotite (FesSs) and arsenopyrite (FeAsS) [44]. Historical
mine tailings were sourced from the property located along the Porcupine-Destor deformation zone,
which hosts many exploited Archean gold deposits. The pH was measured as 8.80 + 0.06 and electrical
conductivity (EC) 91.90 £ 8.72 uS cm! with bulk density of 1.08 g/cm?. Gold mine tailings including
Delnite are generally characterized by low aggregation and cohesion as well as fine texture which
makes sites highly susceptible to erosion by wind or water [35]. Further details on the tailings used
are given by [41].

PRO-MIX® HP® high porosity mycorrhizae growing medium (Pro-mix, Riviere-du-Loup,
Quebec, Canada) was used as a control substrate. The mixture is composed of sphagnum peat moss,
perlite, limestone, a wetting agent and mycorrhizae (Rhizophagus irregularis). The pH measured 6.67
+0.56 with EC of 286 + 225 uS cm™. A granitic sand sourced from near Haliburton, ON, was used as

a textural analog for the Delnite tailings. Its pH was measured as 6.16 + 0.31 with EC of 79 + 10 uS cm-
1

2.3. Biochar and Deactiated Yeast Properites

Biochar and yeast used were the same as in a prior study [21]. Biochar was produced at 625 °C
from mixed conifer feedstock using slow pyrolysis with a residence time of twenty minutes. It has
very fine grain size <0.042 mm and is hydrophobic, with a pH of 7.88 + 0.03 and electrical conductivity
(EC) of 86.07 + 1.63 puS cm, and bulk density of 0.158 g cm [21]. The species S. cerevisiae produced
the inactive brewer’s yeast used. The deactivated yeast had pH 6.20 + 0.01, EC 1027 + 88 uS cm, and
bulk density 1.08 g cm? [21]. Additional information on these materials is given by Sifton et al. [21].

2.5. Experimental Design and Implementation

The overall experimental design consisted of a 2 x 2 x 3 factorial combination of biochar seed
coating, yeast seed coating, and substrate type, with 6 replicates per treatment, implemented for each
of the two species (2 x 2 x 3 x 6 x 2 =144 pots in total). Three coated seeds of a designated species and
treatment were added to every pot. Seed coatings were produced using an adhesive mixture of 4%
tapioca starch solution which was heated and stirred for 5-10 minutes. One mL of adhesive was used
for every nine seeds. The mass of treatment applications was determined by average seed mass,
which was 0.0060 g and 0.0019 g for Trifolium and Dalea, respectively. Yeast treatment per seed was
0.5x the seed mass and biochar treatment was 2x the seed mass; the yeast plus biochar treatment was
additive (i.e., 0.5x seed mass of yeast plus 2x seed mass of biochar).


https://doi.org/10.20944/preprints202407.1730.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1730.v1

Dalea seeds were scarified and stored at 2-3 °C for 7 days to improve germination rates. Trifolium
seeds did not require scarification and were stored at room temperature prior to coating. Seed
coatings and seeds were applied to 1.5 x 1.5 cm squares of filter paper (Whatman #2), marked with
their species and treatment. The coated seeds were left to air dry for two hours before sowing. Square
plastic plant pots measuring 10 x 10 cm were lined with polysynthetic fabric mesh used to retain
substrate media. Each pot received 240 mL of the designated substrate. Pots were arranged in a
randomized block design with six replicates to reduce spatial effects.

Seeds were sown on Nov. 21, 2023 and plants harvested Feb. 3, 2024, giving a total experimental
runtime of 75 days. The average temperature within the greenhouse was 19.8°C with extremes of
38.8°C and 3.3°C. Humidity varied between 2.7% and 61.8% with an average of 25.8%. Pots were
watered to field capacity every two days depending on conditions within the greenhouse.
Supplemental light was provided by sodium vapor lamps for 12 hours per day. Germination was
recorded every four days during the first 3 weeks to track germination rates and seedling
survivorship was recorded once weekly after the germination phase. A PAR sensor (LI-190R, Li-Cor,
Lincoln, NE, USA) was used to record measurements of ambient light levels which were taken every
three weeks at noon. Ambient light averaged 569 umol m?2 s.

At harvest soil samples were added to test tubes with a 1:5 ratio of soil to deionized water then
placed in an orbital shaker at 85 rpm for 24 hours. For all pots with live seedlings, the number of
survivors and leaf numbers were recorded. Above and below ground biomass were separated for
each pot, oven dried for 48 hours at 60°C, and weighed to the nearest 0.01 mg. Leaf area was recorded
for each pot using an optical area meter scanner (LI-3100, Li-Cor, Lincoln, NE, USA). Leaf area ratio
was calculated as leaf area per total plant biomass.

2.6. Statistical Analysis

Data were first analyzed using (generalized) linear mixed model analyses with biochar, yeast,
and substrate as fixed factors, and block as a random factor. Block was not significant in any case,
and so 3-way analysis of variance (ANOVA) was used. All analyses were performed separately by
species. Counts of live seedlings after germination and at harvest were assessed using proportional
odds ordered logistic function (“polr” function in R) to compare treatment effects. Values of leaf area,
leaf number, soil pH, soil EC, aboveground biomass, belowground biomass and total biomass
measured at harvest were assessed using the linear model (“Im”) function. Leaf area was transformed
using a log function to normalize the data. Significant results were defined by p-values under 0.05.
Post-hoc contrasts were preformed using the Tukey HSD procedure; in the case of seedling density
data, the non-parametric Dunn post-hoc test was used (with a p-value <0.1 considered significant due
to the lower test power). Analyses were performed in the R programming environment (R version
4.2.3) [45], using the mass and car packages.

3. Results
3.1. Germination and Early Seedling Establishment

The vast majority of germinations observed occurred during the first two weeks of the
experiment (Figure 1). In general, Trifolium germinated faster than Dalea. After one week, biochar
had a significant (p<0.05) positive effect on the germination and subsequent establishment of
Trifolium (Figure 1A; Table 1). There was also a significant interactive effect of the substrate x biochar
interaction with the strongest positive effect observed on the potting soil control. In addition, the
biochar plus yeast treatment gave the best early germination response in the case of Trifolium on the
sand substrate (Figure 1A). For Dalea at one week, there was a significant substrate x biochar (Table
1), corresponding to a stronger positive effect of biochar on the sand and tailings substrates (Figure
1D). There was also a significant biochar x yeast interaction term in Dalea consistent with non-additive
effects, with the biochar plus yeast treatment showing reduced performance relative to either
treatment alone (Figure 1D).
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Figure 1. Seedling establishment by species, substrate and treatment, at 7, 14, and 75 days after seeds
were sown, for (A-C) Trifolium and (D-F) Dalea. Significant effects of substrate (S), (B), yeast (Y) and
interactions are indicated: * p< 0.05; full GLM results in Table 1. Letters indicate significant differences
(p <0.1) by post-hoc Dunn tests within each substrate. Means are plotted +1 SE.

Table 1. Analysis of deviance results (using proportional odds ordered logistic model) for germinant
counts at days 7, 14, and 75 after seed additions. P-values < 0.05 are in bold text.

Effect x? T”f;lfmm p x D;lfm p
Day 7

Substrate 0.659 2 0.7192 1.221 2 0.5431
Biochar 5.612 1 0.0178 0.018 1 0.8934
Yeast 0.756 1 0.3846 2.478 1 0.1155
Substrate x biochar 7.193 2 0.0274 6.037 2 0.0489
Substrate x yeast 1.600 2 0.4493 1.804 2 0.4058
Biochar x yeast 0.181 1 0.6702 4.078 1 0.0435
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Substrate x biochar x yeast ~ 3.388 2 0.1838 1.864 2 0.3937
Day 14

Substrate 0.838 2 0.6577 0.777 2 0.6781

Biochar 1.338 1 0.2475 1.927 1 0.1651

Yeast 0.020 1 0.8864 1.959 1 0.1616

Substrate x biochar 3.596 2 0.1656 3.055 2 0.2171

Substrate x yeast 1.364 2 0.5057 5.152 2 0.0761

Biochar x yeast 0.029 1 0.8642 0.760 1 0.3834

Substrate x biochar x yeast ~ 1.340 2 0.5118 1.608 2 0.4474
Day 75

Substrate 1.656 2 0.4370 1.154 2 0.5616

Biochar 0.317 1 0.5735 1.676 1 0.1955

Yeast 1.310 1 0.2524 0.332 1 0.5642

Substrate x biochar 1.111 2 0.5739 0.181 2 0.9136

Substrate x yeast 0.845 2 0.6556 3.709 2 0.1566

Biochar x yeast 2.715 1 0.0994 0.103 1 0.7481

Substrate x biochar x yeast =~ 1.442 2 0.4862 0.319 2 0.8525

The effects of treatments on germination diminished over time (Figure 1B,CEF). After two
weeks, there was only a marginally significant (p<0.1) substrate x yeast interaction for Dalea and
biochar x yeast interaction for Trifolium at day 75 (Table 1). Although not statistically significant, the
early positive effects of biochar and biochar plus yeast apparent at 7 days persisted through the
experiment in the case of Trifolium (Figure 1B,C).

3.2. Seedling Biomass

Plant biomass at harvest was much greater on the potting soil than either sand or tailings
substrates for both species (Figure 2; Table 2). The biochar, yeast and combination coatings had a
strong positive effect on aboveground, belowground and total biomass for the Trifolium in potting
soil (Figure 2A-C; Table 2); however, effects on the other substrates were not significant. This pattern
corresponds to significant biochar x substrate interactions in each case (Table 2). In contrast, Dalea
only showed a significant effect of substrate on biomass (Figure 2D-F; Table 2). In addition, there
were significant 2- and 3-way interactive effects of the yeast seed coating treatments for Trifolium,
mainly attributable to positive effects of the yeast and yeast plus biochar coatings on the control
(potting soil) substrate, but not on sand or tailings substrates (Figure 2A-C). Yeast-alone coatings
showed the highest biomass for Dalea on tailings (Figure 2D), but this apparent effect was not
statistically significant. Although both species are nodulating N-fixers, no recognizable root nodules
were observed during root processing.
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Figure 2. Final biomass at harvest for (A,B) aboveground, (C,D) belowground, and (E,F) root biomass
for Trifolium (A-C) and Dalea (D-F) grown for 75 days. Significant effects of substrate (S), (B), yeast (Y)
and interactions are indicated: * p< 0.05; ** p<0.01, *** p< 0.001; full ANOVA results in Table 2. Letters
indicate significant differences (p < 0.05) by post-hoc HSD tests within each substrate. Means are
plotted +1 SE.

Table 2. Analysis variance for growth measurements at final harvest (75 days). P-values < 0.05 are in

bold text.
Trifolium Dalea
Effect F df P F daf
Total biomass

Substrate 33.15 2 <0.0001 8.28 2 0.0007
Biochar 6.62 1 0.0126 1.91 1 0.1721
Yeast 0.18 1 0.6732 0.04 1 0.8360
Substrate x biochar 7.95 2 0.0009 0.41 2 0.6639
Substrate x yeast 0.68 2 0.5085 1.95 2 0.1511
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Biochar x yeast 8.16 1 0.0059 0.58 1 0.4490
Substrate x biochar x yeast  11.31 2 <0.0001 1.67 2 0.1970
Aboveground biomass

Substrate 28.71 2 <0.0001 3.12 2 0.0514
Biochar 7.14 1 0.0097 3.58 1 0.0634
Yeast 1.15 1 0.2875 0.67 1 0.4178
Substrate x biochar 6.80 2 0.0022 0.27 2 0.7681
Substrate x yeast 2.52 2 0.0890 1.84 2 0.1684

Biochar x yeast 10.39 1 0.0020 0.03 1 0.8566
Substrate x biochar x yeast  12.07 2 <0.0001 0.04 2 0.9579
Root biomass

Substrate 23.47 2 <0.0001 9.93 2 0.0002
Biochar 3.34 1 0.0727 1.06 1 0.3068
Yeast 0.22 1 0.6432 0.29 1 0.5943
Substrate x biochar 5.98 2 0.0043 0.37 2 0.6946
Substrate x yeast 0.12 2 0.8900 1.59 2 0.2125

Biochar x yeast 3.00 1 0.0907 0.75 1 0.3898
Substrate x biochar x yeast ~ 5.84 2 0.0048 2.26 2 0.1128
Total leaf area

Substrate 61.66 2 <0.0001 1.35 2 0.2667
Biochar 14.12 1 0.0004 2.86 1 0.0963
Yeast 1.09 1 0.3007 0.25 1 0.6203
Substrate x biochar 13.83 2 <0.0001 0.08 2 0.9241
Substrate x yeast 0.77 2 0.4661 2.04 2 0.1400

Biochar x yeast 13.44 1 0.0005 0.25 1 0.6168
Substrate x biochar x yeast  12.58 2 <0.0001 0.01 2 0.9858
Leaf area ratio

Substrate 78.26 2 <0.0001 3.50 2 0.0404
Biochar 2.20 1 0.1454 0.01 1 0.9127
Yeast 0.04 1 0.8333 0.26 1 0.6135
Substrate x biochar 212 2 0.1325 0.73 2 0.4894
Substrate x yeast 0.49 2 0.6175 1.86 2 0.1700

Biochar x yeast 0.06 1 0.8049 0.00 1 0.9793
Substrate x biochar x yeast  0.12 2 0.8830 1.09 2 0.3462
Root mass fraction

Substrate 1.20 2 0.3109 11.16 2 0.0001
Biochar 2.18 1 0.1470 0.11 1 0.7465
Yeast 0.20 1 0.6603 0.04 1 0.8523
Substrate x biochar 2.98 2 0.0610 1.17 2 0.3206
Substrate x yeast 3.10 2 0.0551 0.04 2 0.9569

Biochar x yeast 0.02 1 0.8816 0.04 1 0.8395
Substrate x biochar x yeast ~ 0.31 2 0.7381 1.26 2 0.2947

3.3. Seedling Leaf Development and Morphometrics

Leaf area at harvest showed a strong biochar main effect in Trifolium with interaction terms
similar to those for biomass, corresponding to a strong positive effect on the control substrate only
(Figure 3A; Table 2). In the case of Dalea there was a marginally significant negative effect of biochar
on leaf area (Figure 3D; Table 2). The two species also showed markedly different responses of
morphometrics. Trifolium showed a large reduction in leaf area ratio on sand and tailings substrates
compared to the potting soil control, while Dalea showed the opposite pattern (Figure 3 B,E; Table 2).
In addition, Dalea showed a strong reduction in root mass fraction on tailings compared to the other
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substrates (Figure 3F; Table 2). Seed coating effects on leaf area ratio and root mass fraction were not
significant (Figure 3; Table 2).
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Figure 3. Leaf area (A,D) leaf area ratio, (B,E), and root mass fraction (C,F) at harvest for Trifolium (A-
C) and Dalea (D-F) grown for 75 days. Significant effects of substrate (S), (B), yeast (Y) and interactions
are indicated: * p< 0.05; ** p< 0.01, ** p< 0.001; full ANOVA results in Table 2. Letters indicate
significant differences (p < 0.05) by post-hoc HSD tests within each substrate. Means are plotted +1
SE.

Leaf area per container at the time of harvest showed a significant effect for the biochar treatment
for Trifolium in the potting soil (p<0.001) (Figure 2; Table 2). Of note is the large difference in leaf area
between the potting soil substrate and other substrates for Trifolium and the large difference in leaf
area for Trifolium vs. Dalea in the potting soil. The highest leaf area was observed for Trifolium grown
in potting soil with the biochar only treatment.


https://doi.org/10.20944/preprints202407.1730.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1730.v1

10

4. Discussion

Overall, the seed coatings tested had positive effects on seedling establishment and growth
performance. Both species generally responded best to the biochar-only treatment in terms of the
early germination and seedling establishment. There were also significant interactive effects such that
in some treatments the biochar plus yeast combination produced favorable responses; however,
contrary to our initial hypothesis, this was not generally the case. In addition, we found that seed
coatings could have long-lasting effects on plant performance; in particular, the biochar-only seed
coating greatly increased final biomass production in Trifolium on the potting soil substrate. In
contrast, Dalea showed no such long-term seed coating benefit.

Species-specific responses to biochar treatments have been recorded in a number of studies,
though the mechanisms involved are generally not yet well understood. A glasshouse study by Gale
et al. [15] showed highly species-specific responses to the same biochar among 13 herbaceous plant
species, with both negative and positive responses observed; Trifolium repens was among the majority
species showing a strong positive response. Similarly, in a field study examining biochar effects on
tree seed germination and radicle extension growth, there was a strong positive effect on seedling
performance overall, but great variation among species with both positive and negative responses
observed [46]. Biochar can immobilize soil N [14], which may negatively affect species with high
nitrogen demands [15]. The poorer response of Dalea could possibly be explained by this effect,
implying higher seedling N demands than Trifolium.

Results for yeast in the seed coatings are somewhat ambiguous. The ANOVAs for Trifolium
showed significant interaction 2- and 3-way interaction terms for the yeast addition treatments (Table
2), but the main pattern accounting for this was that biochar-alone coatings provided stronger
performance than coatings with yeast on the potting soil substrate (Figure 2A-C). However, for
Trifolium on the sand substrate early seedling establishment was superior for the biochar plus yeast
treatment (Figure 1A). Dalea quantitatively showed the highest biomass and leaf area values for the
yeast-alone coating treatment on tailings (Figures 2,3D-F); however, this pattern was not statistically
significant and Dalea plants showed low growth in all treatments. Deactivated yeast thus plausibly
has benefits as a seed coating, either alone or in combination with biochar, particularly on adverse
substrates such as sand or mine tailings; however, further studies are required on this point.

The benefits to plant performance provided by seed coatings were very short-lived on the sand
and tailings substrates. This likely reflects the very low nutrient status and low water and nutrient
holding capacity of these substrates, plus metals toxicity of the tailings substrate. The marked
reduction in root allocation in Dalea grown on tailings likely reflects the toxicity of the substrate and
the roots’ role as metal uptake sites. Metals including cadmium, copper and zinc have been found to
cause reductions of root length up to 60% attributed to various disruptions of cellular function [47].
Additional soil amendments at the time of sowing of coated seeds may be necessary to improve root
biomass and phytostabilization.

Trifolium seeds responded more positively to biochar coatings than Dalea, but only in the potting
soil. The minimal effect of biochar on the sand and tailings substrates contradicts findings that
biochar has stronger impacts on low-fertility soils [48]. Several factors may have contributed to this.
The quantities of biochar added were almost certainly insufficient to increase bulk soil pH. The liming
effect is one of the main factors thought to improve soil characteristics by decreasing heavy metal
bioavailability and buffering high acidities [49]. The tailings used in the present study were alkaline,
such that any liming effect of biochar is unlikely to further limit metal bioavailability. The elemental
composition of the tailings used is also important when considering the neutral to negative response
of seeds with biochar coatings. The majority of PTEs are cationic with one notable exception: anionic
arsenic, which is increasingly bioavailable at higher pH, presenting a potential limitation for biochar
in remediation [49]. Arsenic is commonly found at tailings sites in Northeast Ontario due to its spatial
association with orogenic gold deposits which are the most productive in the region, including the
Delnite tailings used in the present study (with As content of 320 + 9 ppm [41]).

The results of the biochar seed coatings on the potting soil, although not the initial focus of this
study, were the most surprising. Despite the very small volumes of biochar used, Trifolium seedlings


https://doi.org/10.20944/preprints202407.1730.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1730.v1

11

with biochar-only coatings showed a ~5-fold increase in biomass at harvest, ~11 weeks after sowing.
The mechanism for this effect is uncertain; however, one possibility is that the biochar treatment
provided key micronutrients during the earliest stages of growth. Biochars commonly contain
appreciable quantities of important plant micronutrients including B, Fe, Mn, Mo, and Zn [50]. A
number of studies have recorded increased plant micronutrient uptake in response to biochar
additions [21,41,51], though reductions are also possible due to liming effects. Long-persistent effects
of biochar-based seed coatings might also be mediated by reductions in seedling stress or microbial
interactions.

The limited persistence of positive effects from either biochar or deactivated yeast coatings on
the sand and tailings substrates suggests that although the coatings can improve germination, further
soil amendments are needed to promote long-term establishment of species. High-carbon wood ash
biochar from bioenergy facilities is a likely cost-effective option [40,41], but a range of possibilities
exist, including reclaimed topsoil or peat, wood mulches, and lignin residues [52-54].

5. Conclusions

Increasing vegetation cover and improving plant diversity on tailings sites can help restore
natural soil profiles, increase soil stability and improve the overall hydrologic cycle [55]. Restoration
of mine tailings, including sand-capped tailings structures, is challenged by low nutrient availability,
low water holding capacity and extreme pH values which inhibit germination and growth of plant
species. The treatments used in the present study may improve success of direct seeding, which has
been challenged by low seedling establishment rates typically under 10% [23,28]. Successful direct
seeding would greatly reduce restoration costs especially when compared to other common
restoration methods including planting of seedlings [56]. Our results indicate that biochar and
deactivated yeast can promote seedling establishment and growth; however, responses are strongly
species- and substrate-specific. A focus on tailoring seed coatings to target substrates, including more
acidic tailings or tailings with varying PTE composition, is a priority for future work.
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