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Abstract
Use of waste wood biomass for bioenergy produces wood ash as a by-product; this ash is typically landfilled, but can poten-
tially play an important role in soil improvement and forest restoration. In particular, high-carbon wood ash biochar (HCWAB) 
could supply nutrients, improve substrate water-holding capacity and pH, and emulate the ecosystem benefits of wildfire 
residues. Thickened tailings sites at metal mines across Canada are subject to stringent restoration regulations that entail 
planting of native trees to promote rapid reforestation. While HCWAB may prove beneficial in this context, field trials have 
been very limited to date. We conducted a large-scale, replicated field trial on sand-capped tailings at an operational gold 
mine in the Canadian boreal forest to assess the impact of HCWAB (at dosages of 0, 6.4, 12.8, and 19.1 t/ha) on survival 
and growth of four native tree species, as well as substrate chemical properties and element uptake in tree tissues. After 
2 years, the survival of planted, native trees was highest at low to moderate application rates; HCWAB dosages above 13 t/ha 
presented reduced tree survival to levels comparable to unamended substrates. Tree growth was higher across all HCWAB 
doses relative to growth in samples planted on untreated substrates; tree species and initial size also had large impacts on 
final tree survival and aboveground growth. The survival of Betula papyrifera was significantly higher than other species, 
while smaller transplanted trees in general survived in greater numbers compared to larger size classes. Volunteer herbaceous 
vegetation significantly increased at the higher HCWAB application dosages and tree performance was negatively correlated 
with vegetation cover, consistent with a resource competition effect. HCWAB additions to sand-capped mine tailings did not 
significantly alter tree tissue concentrations or substrate availability of potentially toxic metals (Cd, Cu, Al). We conclude 
that low to moderate dosages of HCWAB on sand-capped tailings, particularly between 6.4 and 12.8 t/ha, may offer benefits 
to early tree survival, growth, and substrate nutrient status without causing significant risks of phytotoxicity and recommend 
future field trials focus on strategies to reduce tree competition with competing vegetation.
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Introduction

Modern advances in geological exploration, mining tech-
nologies, and ore processing have led to increased mineable 
resources and extended mine life for operations worldwide 
(Reid et al. 2009), while also creating additional overburden 
waste and tailings material. The design of safe and high-
capacity tailings impoundments has thus been an emerg-
ing research focus; priorities include minimizing surface 
footprint, optimizing storage and closure costs, and reduc-
ing environmental risks (Wei et al. 2016). Recently, thick-
ened or paste tailings have been preferred to conventional 
slurry to increase stacking height, and reduce spread, as 
well as lower risks of seepage and structural failure (Simms 
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2017). However, the low hydraulic conductivity and poor 
aeration associated with stacked, thickened tailings can 
dramatically inhibit volunteer plant establishment (Ye et al. 
2002; Mendez and Maier 2007) and tree root development 
(Larchevêque et al. 2014; Tordoff et al. 2000; Borgegard 
and Rydin 1989), thus ultimately impairing revegetation and 
restoration. Once mining operations cease, thickened tailings 
are generally capped with layers of inert materials that lack 
the organic matter, nutrients, and physical structure neces-
sary for plant life. Establishing native vegetation cover and 
reforestation are generally mandatory components of mine 
closure plans despite being exceptionally difficult to achieve 
on most thickened tailings sites or capped impoundments 
(Beesley et al. 2011). Broadly, forest restoration aims to shift 
a damaged ecosystem toward its previous, more natural state 
(Kuuluvainen and Nummi 2023), and hence relies on the 
success of volunteer and planted native species. Local plant 
diversity generally enhances beneficial ecosystem functions, 
such as productivity and carbon storage, in forests and other 
environments (Chisholm et al. 2013; Xu et al. 2020) and 
thus a focus on native species is the benchmark for modern 
mine tailings reforestation programs. Covering tailings sites 
with new or salvaged topsoil can allow for long-term planted 
tree success; however, this material may be unavailable in 
large quantities, particularly at remote sites; hence, there is 
an increasing focus on accessible amendments that facilitate 
the growth and survival of plant life.

The term biochar refers to high-carbon material produced 
from heating biomass feedstocks at high temperatures under 
oxygen-limited conditions (Lehmann and Joseph 2015). The 
impacts of a specific biochar on plants and broader eco-
system functions vary based on feedstock and production 
conditions (Joseph et al. 2021); however, typical benefits 
include increased soil pH, water holding capacity, and nutri-
ent retention as well as reduced availability of heavy metal in 
soils (Beesley and Marmiroli 2011). To date, most research 
attention has been devoted to biochar’s effects within agri-
cultural systems (Biederman and Harpole 2013), with less 
focus on forest ecosystems, particularly under field condi-
tions (Thomas and Gale 2015). Biochar on contaminated, 
degraded mine tailings may enhance plant and tree reveg-
etation as well as substrate remediation objectives, but 
most data available are from lab and greenhouse trials (e.g., 
Fellet et al. 2011; Lebrun et al. 2019; Trippe et al. 2021), 
with very few field trials on mine tailing sites (Liu et al. 
2022; Román-Dañobeytia et al. 2021; Williams and Thomas 
2023a, 2023b). Improvements in plant survival (e.g., Kuttner 
and Thomas 2017; Marsh et al. 2023) and growth (Thomas 
and Gale 2015) have been observed from the addition of 
biochar in restoration trials at various rates and produced 
under a range of pyrolysis conditions. Biochar derived from 
wood feedstocks could be particularly beneficial on mine 
tailings sites in fire-adapted ecosystems, such as those within 

Canada’s boreal forest zone (Brais et al. 2015). However, 
the acquisition and transport of designed, wood biochar for 
large-scale, remote applications remains financially and 
logistically impractical.

Wood ash is produced as a by-product of wood-fueled 
heat and power generation; the ash is comparable to biochar 
in that it is porous, may be high in important plant nutrients, 
and has a high liming potential (Pitman 2006). Research 
conducted to date suggests that the impacts of wood ash 
on forest soils vary with ash properties, dosage applied, 
and initial substrate conditions (Augusto et al. 2008). Some 
wood ashes contain high levels of total carbon (TC), which 
qualifies them as a biochar based on regulatory guidelines 
for soil amendments (IBI 2015; Hannam et al. 2018). Incon-
sistent feedstock and gasification processes contribute to 
more heterogeneous products relative to conventional pyro-
lyzed biochars (James et al. 2014) and variation in wood ash 
properties has been a barrier for more widespread research 
and application (Huotari et al. 2015), particularly on con-
taminated mine tailings. Impurities in wood ash products, 
notably toxic metal/loids, may introduce risk for their use 
if these become bioavailable in soils. Still, there remain 
strong motivations for applying high-carbon wood ash bio-
char (HCWAB) to boreal forest ecosystems: its accessibil-
ity in remote mining regions, affordability relative to other 
amendment options, as well as the potential HCWAB holds 
to improve to soil nutrient and heavy metal status, and ulti-
mately tree performance (Augusto et al. 2008; Hope et al 
2017). On acidic soils in Northern Alberta, Gill et al. (2015) 
found that low dosages of wood ash, as well as wood ash 
combined with N, both reduced fertilizer requirements and 
resulted in increased crop yields, pH, and soil nutrient avail-
ability. Indeed, experiments applying wood ash to soils have 
reported improved available plant nutrients such as calcium 
and magnesium (Saarsalmi et al. 2004), decreased bioavail-
ability of toxins (DeVolder et al. 2003), and increased her-
baceous vegetation (Ferreiro et al. 2011) and tree growth 
(Omil et al. 2013; Salam et al. 2019).

In the fire-adapted boreal forest, application of wood 
ash to soils has resulted in increased growth of scots pine 
seedlings (Hytönen 2003; Moilanen et al. 2002); however, 
growth responses have been negative or neutral on some 
N-limited soils (Bieser and Thomas 2019; Jacobson et al. 
2014; Saarsalmi et al. 2004). Growth effects from wood ash 
are also variable based on initial soil pH and tree species. 
Indeed, a meta-analysis of wood ash trials from managed 
forests across Europe and North America found that ini-
tial soil pH and tree species were the strongest predictors 
of tree growth, and wood ash amendments only resulted 
in greater growth for softwoods in very acidic soils (Reid 
and Watmough 2014). Emilson et al. (2019)’s review of 
Canadian forest trials found significantly higher wood ash 
growth response in jack pine relative to spruce species. 
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Growth declines from wood ash have also been reported; 
on a managed boreal forest plot, Brais et al. (2015) found 
that spruce growth at high wood ash amendment dosages 
was significantly reduced, while no treatment growth effects 
were observed in jack pine over the same 5-year time.

Wood ash from electricity-generating facilities has been 
applied to mine tailings in greenhouse pot trials (DeVolder 
et al. 2003; Salam et al. 2019); however, very few field trials 
have tested application of high-carbon wood ash biochar for 
reforestation of tailings sites (Williams and Thomas 2023b). 
The use of HCWAB as part of a mine site restoration plan 
will depend on its in situ effects, particularly those related 
to the performance of planted native trees, in addition to 
tree nutrient and contaminant uptake response. A large-
scale, 2-year field experiment was installed on sand-capped 
tailings at an operational gold mine in Northern Ontario, 
Canada, in order to evaluate the effect of HCWAB on (1) 
survival and aboveground growth of planted native locally 
collected saplings (“wildings”), (2) substrate concentration 
of available nutrients and potentially toxic elements (PTEs), 
and (3) levels of nutrients and metals in aboveground tree 
tissues. We hypothesized that HCWAB amendments would 
increase the substrate supply of available plant nutrients 
and that this would result in greater concentrations meas-
ured in branch and foliage tissues of planted wildings. We 
also predicted that concentrations of toxic elements such as 
heavy metals in both tailings and tree tissues would decrease 
in response to increased dosages of HCWAB, but that this 
trend may not extend to the highest dosages applied as trace 
toxins in the char itself may become mobilized at a thresh-
old HCWAB rate above 15–20 t/ha (Williams and Thomas 
2023b). Species-specific survival and growth responses were 
also expected independent of HCWAB treatment, with  high 
survival and growth predicted in Salicaceae species (willows 
and poplars) since they are well-adapted to open sites and 
variable environmental conditions (Mosseler et al. 2014). 
Lastly, we anticipated that fire-adapted Pinus banksiana 
wildings would exhibit the strongest survival and growth 
treatment effects from HCWAB.

Materials and methods

Study site

The field experiment was installed on an outer section of 
the sand-capped tailings zone at Musselwhite Mine, an 
operational underground gold mine located in Northwest-
ern Ontario’s boreal forest (52.61°N, 90.36°W). The mine’s 
underground operations commenced in 1997 and have a cur-
rent life of mine estimation extending to 2028. Expanded 
mineral reserves motivated a shift to thickened tailings 
in 2010; however, the experiment was installed on a zone 

with conventional, 50% solids slurry produced during early 
operations (Kam et al. 2011). The tailings slurry was evenly 
capped with a ~ 3-m deep layer of inert sand material from 
adjacent burrow pits. Average temperature at nearby Pickle 
Lake weather station ranges from − 19.3 °C in January to 
17.7 °C in July, with the minimum daily temperature being 
above freezing from May to September inclusive (Environ-
ment Canada 2023). Topsoil layers around the mine site are 
mostly impervious and tailings have maintained low oxida-
tion and near neutral pH levels throughout the operations. A 
natural forest fire impacted large areas around the mine and 
experiment site in 2011; stands at the time of experimental 
setup were dominated by regenerating Pinus banksiana, as 
well as other species typical of boreal forest regions, notably 
Picea glauca, Picea mariana, Abies balsamea, and Larix 
laricina and native deciduous species including Betula papy-
rifera, Populus balsamifera, and Populus tremuloides. Heavy 
rainfall and aeolian transport in the years prior to experiment 
installation had led to deposition of some thickened tailings 
material from the more modern storage pond, which has 
naturally integrated into the sand layer (D. Achircano Con-
dori, Newmont Musselwhite, pers. comm.).

Experimental design

Site installation

A 4 × 4 factorial block design was installed in August 2017 
along an accessible, slightly elevated area of the sand-capped 
tailings storage site. To do so, existing low-lying vegetation 
and shrubs were removed from the site by hand, then sub-
strate compaction was loosened by tilling with a bulldozer 
and manually raking the upper 10-cm layer. Twelve 10 m × 
10 m plots were delineated, separated from east to west by 
alleys 1-m wide, and north to south by a 3-m wide central 
corridor. To each plot, one of four HCWAB dosages—0.0, 
6.4, 12.8, and 19.1 t/ha—was applied in a randomized block 
design with three total replications of each treatment. Wood 
ash biochar was raked into the top 6-cm layer of each plot. 
A combined total of 432 wildings were planted, all native 
to the area and readily found in regenerating forested zones 
of the mine property: Pinus banksiana Lamb (jack pine, 
hereinafter pine) (67%), Salix bebbiana Sarg. (Bebb’s wil-
low, hereinafter willow) (11%), Populus tremuloides Michx. 
(trembling aspen, hereinafter aspen) (11%), and Betula 
papyrifera Marshall (paper birch, hereinafter birch) (11%). 
A plan-view diagram of the field experiment is included in 
Fig. 1. The tree cuttings were harvested with roots intact to 
the degree possible, then placed upright with roots in shal-
low water, and preserved in a cool, sheltered environment for 
12 h prior to planting on the tailings. Once planted, each tree 
was watered and tagged for monitoring. The selection of spe-
cific tree species for planting was motivated by availability 
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in the surrounding forest ecosystem and the planting design 
was confirmed to be reflective of the company’s ultimate 
reforestation plans.

HCWAB and tailings characterization

The HCWAB applied on site was bottom ash acquired from 
a wood gasification co-energy facility located in Kirkland 
Lake, Ontario. The HCWAB material was packaged in 
sealed, industrial 0.75-m3 sacks and transported to site then 
divided into smaller sacks for weighing and distribution 
onto each experimental plot. HCWAB material was also col-
lected from each package for immediate laboratory analysis. 
Prior to characterization, HCWAB was washed and oven 
dried at 105 °C, and then homogenized. Triplicate samples 
were analyzed at the University of Toronto (Scarborough, 
Canada) for total carbon (TC) and nitrogen (TN) through 
Dumas combustion analysis (C:N 628, LECO Instruments, 
Canada) and results were verified using a Thermo Flash 
2000 (Thermo Fisher Scientific, USA), while exchangeable 
K+, Mg2+, and Ca2+ were extracted with ammonium acetate 
and filtered through Fisher P8 filter paper for analysis with 
atomic absorption spectrometry (AAnalyst200, PerkinElmer, 
USA). After 2 years, substrate samples were collected from 
the top 6 cm of substrate at three randomly selected points 
in every plot using a 5-cm diameter soil corer. The sam-
ples were sealed in airtight bags, frozen for transport, then 
dried, pooled, and homogenized for analysis. Both HCWAB 
and untreated tailings were measured for pH and electrical 
conductivity (EC) from a 1:20 (pH) and 1:5 (EC) substrate 
to water solution (Denver Instruments UB-10 Ultra Basic 
analyzer fitted with a Bluelab pH electrode). Organic carbon 
content of HCWAB was evaluated at Activation Laboratories 

(Ancaster, Ontario): carbonate carbon was removed from 
subsamples by reaction with HCl in a filtering combus-
tion crucible, and the residual analyzed for non-carbonate 
carbon by infrared gas analysis (using ELTRA Helios and 
CS-800 instruments). Triplicate samples of both tailings 
and HCWAB were analyzed for elemental composition at 
Activation Laboratories (Al, Ag, As, Au, Ba, Be, Ca, Cd, 
Cr, Cu, Fe, K, Mg, P, Pb, S, Zn, among others—complete 
list in Tables S1 and S2) using inductively coupled plasma 
mass spectrometry (ICP-MS) following digestion with a 
mixture of hydrochloric, nitric, perchloric, and hydrofluoric 
acids. Moisture, volatile matter, and ash contents of wood 
ash biochar were measured at the University of Toronto, 
Department of Forestry, following standardized methodol-
ogy (ASTM D1762-84): oven drying at 105 °C, determining 
loss of weight during 950 °C muffle furnace heating, and 
measuring residue upon combustion at 750 °C, respectively.

Tree growth and physiological measurements

In September 2017, 1 month following installation and 
planting, the height and root collar diameter (RCD) of each 
cutting were measured and recorded. In July 2018 and 2019, 
survival was inventoried, and tree height, leader length, and 
RCD were measured on living samples in order to quantify 
growth trends. Aboveground biomass (AGBM) for each 
sample was estimated based on species-specific allometric 
equations by Bond-Lamberty et al. (2002):

where AGBM is the tree aboveground biomass in g, RCD is 
the tree stem diameter at soil surface in cm, and AGE is the 

log10AGBM = a + b
(

log10RCD
)

+ c(AGE) + d(log10RCD × AGE)

Fig. 1   Schematic plan-view of 
experimental installation on 
sand-capped tailings
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approximate stand age in years. Species-specific values for 
parameters a, b, c, and d are provided by Bond-Lamberty 
et al. (2002). Average AGBM at planting across all species 
was 16.2 ± 0.80 g. Twelve months following HCWAB appli-
cation, ion exchange resins (Plant Root Simulators: West-
ernAg Innovations, Saskatoon, Canada) were installed in 
the twelve plots at a frequency of four per plot (two cation 
probes, two anion probes). The probes were removed in Sep-
tember 2018, 2 months following installation, and packaged 
in air-tight sealed plastic bags for shipment and analysis. 
Ground-level volunteer vegetation cover was inventoried at 
the same time interval as tree survival (12 and 24 months 
following HCWAB application). The vegetation cover and 
community composition were quantified by sub-quadrants 
of each experimental plot; full method details for vegetation 
sampling are described in Williams and Thomas (2023a).

Twenty-four months following installation, the final sur-
vival inventory was collected and select live tree samples 
of branches, leaves, and needles were harvested, oven-dried 
for 36 h at 60 °C, and analyzed for elemental composition 
through laser-ablation coupled to an ICP-MS instrument 
(LA ICP-MS) at the Department of Earth Sciences, Univer-
sity of Toronto (St. George). LA ICP-MS analyses were per-
formed with a ESL193 excimer-based laser ablation system 
(Elemental Scientific Lasers, USA) paired with an Agilent 
7900 quadrupole mass spectrometer (Agilent Technologies 
Inc., USA). The laser was manually positioned at a randomly 
selected point on each intact sample and then set to execute 
a two-way, 600-µm laser sweep. External calibration was 
conducted using a NIST610 with glass matrix; the NIST 
sample was ablated and analyzed across four distinct linear 
trajectories with two sweeps mapped prior to and following 
the branch, needle, and leaf sample sets. All laser ablation 
ICP-MS analyses were conducted using 43Ca as a standard 
element measured through electron microprobe analysis 
(EPMA) (JEOL JXA8230 5-WDS, JEOL, Tokyo, Japan) at 
the Department of Earth Sciences, University of Toronto. 
Microprobe measurements were taken at three randomly 
selected points on every needle/leaf and branch, and sample 
measurements were averaged prior to statistical analysis.

Statistical analysis

Data from field measurements and laboratory testing were 
analyzed using the R statistical programming environment 
(R Core Team 2020). Annual survival of planted wildings 
was analyzed with a generalized linear mixed effects model 
with binomial distribution using the glmer function in the 
lme4 R statistical package; other variables were assessed 
using linear mixed effects models after confirming data 
normality and homoscedasticity. Analyses treated HCWAB 
dosage as the fixed, independent variable and a random 
block effect was included. Analysis of variance (ANOVA) 

tests on the mixed effects model were first conducted exclu-
sively with the treatment variable and block effect and then 
repeated with a model that included initial tree biomass as 
a covariate. The mixed model ANCOVA analysis was also 
repeated for survival data applying tree species as a covariate 
term and a treatment × species interaction term added to the 
generalized linear model. Separately, plot-level cumulative 
tree survival was applied to a generalized linear model with 
Gaussian distribution and individual models constructed 
for each tree species. Yearly change in total and plot-level 
AGBM (growth) was analyzed as a response variable using 
the same models as tree survival with a Gaussian distribu-
tion. In order to study growth and survival dose-dependence, 
we fitted the variables to individual 2nd-order polynomial 
models with initial tree AGBM and species included as 
covariates. We described polynomial functions by employ-
ing the glm function with a quadratic model (including lin-
ear covariate terms).

Data acquired from PRS probes and LA ICP-MS analysis 
were both analyzed by fitting linear mixed models to results 
for each element measurement individually as a function of 
HCWAB dosage with a random effect. For all analyses, a 
random block effect was initially included and tested through 
model comparison using Akaike’s Information Criterion 
(AIC); the random effect term was maintained as a factor 
when it reduced AIC by ≥ 1 unit; otherwise, the term was 
dropped and data were analyzed as a fixed effects model with 
one-way ANOVA or ANCOVA.

In addition to dose–response analysis, element bioaccu-
mulation factors (BAFs) were considered; the mean leaf/
needle uptake for important plant nutrients and metals were 
expressed individually with respect to the element’s associ-
ated substrate concentration. Substrate concentrations were 
determined by considering direct dose-specific HCWAB 
inputs to tailings. The bioaccumulation of select metals 
and plant nutrients was fitted to linear regression models. 
Post hoc investigations were conducted with p < 0.05 and 
Dunnett’s test in the “DescTools” package in R to identify 
means of each response variable significantly different from 
untreated controls, with multiple comparison t-tests applied 
using the “multcomp” package in R (Hothorn et al., 2023) 
with corrected p-values using the false discovery rate pro-
cedure for models with a significant random effects term 
(Benjamini and Hochberg 1995). Analysis of variance and 
linear regression models are outlined in supplemental tables.

Volunteer vegetation and tree performance data were col-
lected for sub-divided quadrants in each of the twelve experi-
ment plots. First- and second-year cover data were applied 
with HCWAB dosage to form distinct linear models. Each 
model tested the relationship of total cover and treatment 
dose on (1) final tree survival and (2) overall tree growth by 
ANCOVA. Significant effects of analysis of covariance results 
were plotted and linear regression analysis was performed for 



43879Environmental Science and Pollution Research (2024) 31:43874–43895	

all data. Separate fitted regression lines of each HCWAB dose 
category were also plotted for the total surviving trees and 
respective growth data that had significant (p ≤ 0.05) within-
dose variation across changes in vegetation cover.

Results

Properties of wood ash and sand‑capped tailings

Chemical composition and physical properties of the 
HCWAB and tailings substrate are detailed in Tables S1 and 
S2, respectively. The wood ash biochar applied was mar-
ginally alkaline (pH = 8.6) and had high ash (78.3 ± 0.46%) 
and TC content (30.4 ± 1.0%; 18.3 ± 1.1% Corg), qualify-
ing it as a “class 3” biochar based on conditions stipulated 
by the International Biochar Initiative (IBI) (IBI 2015). 
HCWAB samples measured above the lower limits of 
IBI’s allowable toxicant concentration thresholds for use 
on soil for As (29.0 ± 1.5 ppm), Cd (3.36 ± 0.20 ppm), 
Cu (145.3 ± 6.1  ppm), Mo (10.2 ± 4.6  ppm), and Zn 
(511.3 ± 23.3 ppm), all of which are also elements with 
phytotoxicity potential. The sand-capped tailings substrate 
initially had near neutral pH (7.48 ± 0.03) and was much 
lower in TC (0.6 ± 0.07%), TN (trace), and other important 
plant nutrients such as K (1.38 ± 0.01%), P (0.08 ± 0.001%), 
Zn (39.67 ± 0.67 ppm), and Ca (2.53 ± 0.03%). The substrate 
measured higher than the HCWAB with respect to numer-
ous elements posing environmental toxicity risk such as Al 
(6.44 ± 0.06%), Ce (75.0 ± 4.16 ppm), Co (9.70 ± 0.15 ppm), 
and Ni (33.90 ± 0.17 ppm). Final plot-level TC analyses sug-
gest that the HCWAB amendments remained stable in the 
upper 6-cm layer over the 2-year experiment, apart from 

the mid-range dosage plots; substrate surface layer samples 
from 12.8 t/ha plots were significantly higher in TC than all 
other areas. Other responses of substrate physical properties 
are reported in Table S2, with additional characterization 
described in Williams and Thomas (2023a).

Survival and growth of planted wildings

At the time of initial planting, the average wilding AGBM 
was 16.2  g; however, there was considerable variation 
(SD = 16.4 g, CV = 101%) due in part to among-species size 
differences (F(3, 416) = 12.2, p < 0.001). Among the four spe-
cies, pine had the largest AGBM at planting, with samples 
averaging 18.9 ± 17.1 g. Initial average AGBM of other trees 
were as follows: 16.7 ± 18.6 g (aspen), 9.7 ± 7.9 g (birch), 
and 5.0 ± 7.16 g (willow) (Fig. S1). An effort was made to 
allocate all size classes collected within each experimen-
tal plot and, so ultimately no significant variation in initial 
AGBM was recorded based on plot location (p = 0.73).

The total survival of wildings across all HCWAB doses 
after 2  years was 31.7 ± 1.28%. After 1  year, HCWAB 
dosage had a significant effect on the rate of tree survival 
(F(3,431) = 10.16, p = 0.0174; Fig. 2a); however, there was 
no significant effect on tree survival after 2 years. Consist-
ently highest survival rates were observed in the 6.4 t/ha and 
12.8 t/ha plots across both the first and second years of data 
collection, with final survival rates at these doses reaching 
39.8 ± 2.5% and 33.3 ± 2.3%, respectively. Wildings planted 
in the highest dosage substrate had lowest survival rates after 
1 year and rates equivalent to the control plots after 2 years; 
average final survival in the highest amendment plots was 
26.8 ± 1.3%.
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Fig. 2   Average tree survival during the 2 years of data collection, (a) 
separated by HCWAB dosage, and (b) grouped by species. Y-axis in 
(a) is on ln scale and means ± 1SE are plotted exclusively on the com-
bined total data. Means (± 1SE) (b) denoted by a different lowercase 

(year 1) or uppercase (year 2) letter indicate significant differences 
between species (p ≤  0.05) based on post hoc comparisons. Species 
labels on x-axis refer to the following: BEPA, B. papyrifera; PIBA, P. 
banksiana; POTR, P. tremuloides; SABE, S. bebbiana 
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We observed significant species-specific differ-
ences in survival across the four tree species after 1 year 
(F(3,431) = 34.4, p < 0.001) and 2  years (F(3,431) = 19.07, 
p < 0.001); the survival among birch samples was signifi-
cantly higher than in pine and aspen after 1 year, but exclu-
sively higher than the survival rates of aspen after 2 years 
(Fig. 2b). Two years after planting, 16.7 ± 4.7% of aspen 
samples remained alive compared to 50 ± 8.7% of birch wild-
ings. When each species was considered separately, HCWAB 
dosage did not display significant effects on survival, though 
survival of each species was highest in the mid-range 
HCWAB dosages between 6.4 and 12.8 t/ha (Fig. 3). We 
considered a binomial second-order polynomial model of 
the form: y = x − x2 + z, where y is the final tree survival, x 
is the HCWAB dosage, and z is the tree species. Analysis of 
variance run on the model found that final year tree survival 
varied significantly based on both the second-order HCWAB 
treatment term and species covariate term (χ2

(3,126) = 3.89, 
ptmt = 0.049 and χ2

(3,126) = 19.18, pspecies < 0.001).

Tree survival during each year of data collection also var-
ied significantly based on the initial size at the time of plant-
ing (year 1: χ2

(3,431) = 20.5, p < 0.001; year 2: F(3,431) = 28.46, 
p < 0.001). Indeed, the smallest wildings at planting—with 
individual AGBM measures below 15 g—survived at sig-
nificantly greater rates compared to trees from the largest 
initial size class (AGBM > 30 g) (Fig. 4). When consider-
ing each species independently, this effect was consistently 
observed, with survival of pine trees most significantly influ-
enced by initial size (χ2

(7,431) = 15.34, p = 0.030; Fig. S2). 
We described tree species and initial size together by fitting 
a second-order polynomial of the form: y = x − x2 + z, where 
y is the proportion of trees alive, x is the pooled tree initial 
AGBM at time of planting, and z is the tree species. The 
second-order initial AGBM term (χ2

(6,431) = 22.7, p = 0.0009) 
and tree species (χ2

(3,431) = 13.3, p = 0.0040) were both found 
to have significant effects on final survival.

The average aboveground biomass per tree declined 
after 1 year followed by increases throughout the second 

Fig. 3   Proportion of wildings 
surviving 2 years after planting 
across all HCWAB dosages 
applied, distinguished by tree 
species. Means relate to data 
from each distinct species and 
are denoted ± 1SE
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Fig. 4   Survival vs. aboveground 
biomass (allometric estimates at 
time of planting) of transplanted 
saplings measured 2 years after 
planting. Means are plot-
ted ± 1SE, and values denoted 
by distinct letters indicate 
significant differences between 
size classes (p ≤  0.05) based on 
post hoc comparisons
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year in every HCWAB dosage category (Fig. 5a). Overall 
tree growth across all species measured at the time of har-
vest averaged 10.33 ± 0.87 g and increased with HCWAB 
dosage, though treatment effects were not statistically 
significant (Fig.  6). Rather, HCWAB effects on tree 
growth varied significantly between species (χ2

(1,3) = 5.19, 
p = 0.0021) and were also dependent on initial size of 
trees at planting (Z2

(6,126) = 3.81, p = 0.05). AGBM aver-
ages on a plot-level were slightly higher across all treat-
ment dosages relative to the control plots in both years, 
and averages across the 6.4 t/ha dosages were greatest 
compared to all other samples (Fig. 5b). Average total tree 
growth was modeled with HCWAB treatment and initial 
AGBM as a second-order polynomial function; initial tree 
size displayed a significant growth effect (χ2

(6,431) = 22.7, 
p = 0.0009).

Ion supply and total carbon

The supply rate of plant nutrients measured by PRS probes 
did not vary significantly among HCWAB dosages (Table 1); 

however, nutrients detected by the probes were consistently 
highest in the mid-range treatment plots (6.4 and 12.8 t/ha). 
Tailings amended at 6.4 t/ha showed maximum average lev-
els of P, Fe, and Zn ions, while the greatest Ca, K, and Mg 
supply was measured in tailings with the 12.8 t/ha HCWAB 
treatment (Fig. S3). We did not observe significant treat-
ment effects on either Total N or NO3

− ion supply; however, 
average nitrate was less than in unamended plots across all 
HCWAB dosages and declined consistently with increas-
ing HCWAB fitting a 3-parameter log-logistic function (Fig 
S3b). In the high 19.1 t/ha HCWAB treatment, a 76.8 ± 7.0% 
decrease in nitrate was measured relative to the control plots. 
We did not observe statistically significant ion supply dose 
response from the range of metals and elements of emerging 
toxicity concern. Average rates of Cu and Cd were highest in 
both 6.4 t/ha and 12.8 t/ha dosage plots, whereas the supply 
of Pb was highest in the 12.8 and 19.1 t/ha treatments. The 
measures for other potentially phytotoxic ions—namely Al, 
B, and Mn—were inconsistent across treatments.

Total substrate carbon measured 2 years following experi-
mental installation varied significantly with HCWAB dosage 
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Fig. 5   Average (a) tree-level and (b) plot-level aboveground biomass production measured 2 years after planting; means are plotted ± 1SE. Data 
is distinguished by (a, b) HCWAB treatment dosage and (c, d) totaled across all dosages
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(F(1,34) = 6.51, p = 0.015), with greater levels of TC meas-
ured in each HCWAB-amended substrate relative to con-
trol plots. Measurements of TC were significantly higher in 
plots with 12.8 t/ha HCWAB doses. Neither plot-level tree 
survival or initial size (AGBM) could explain variation in 
TC (F(1,11) = 1.55, psurv = 0.244; F(1,11) = 1.17, psize = 0.304).

Tree tissue chemistry

Concentrations of stored nutrients and PTEs in tree tissues 
did not exhibit significant effects from HCWAB treatments; 
however, the average needle and leaf concentrations of sev-
eral elements were higher across all HCWAB treatments 
compared to the tissue concentrations from control plots, 
specifically: Mo, Ba, Cu, As, Pb, and La. Average needle 
concentrations of important plant nutrients (K, P, Zn, and 
Mg) were inconsistent across the samples (Table 2). The 
treatment effect on Fe tissue concentrations was not statisti-
cally significant, still Fe levels measured in needle and leaf 
samples increased with higher HCWAB dosage. The Fe bio-
accumulation factor was plotted and fit to a linear regression, 
which displayed a significant negative relationship between 
concentrations in tree needles vs, substrates (R2

adj = 0.946, 
F(1,4) = 53.76, p = 0.0181, Fig. 7). All elements measured in 
tree branch samples were consistently lower than in cor-
responding tree needle and leaf samples but did not display 
any significant HCWAB treatment effect. Otherwise, sub-
strate elemental content was not a strong predictor of associ-
ated needle or leaf tissue storage based on bioaccumulation 
factors (Table S3).

Volunteer vegetation and tree responses

As reported in a prior publication (Williams and Thomas 
2023a), volunteer vegetation on the site increased signifi-
cantly in response to HCWAB additions, with both 12.8 t/
ha and 19.1 t/ha plots displaying significantly more cover 
relative to the control plots. Early (first year) volunteer 
vegetation was a significant predictor of final tree survival 
(F(1,47) = 5.51, p = 0.0232, Fig. 8a), with lower survival rates 
associated with areas of higher vegetation cover. This inter-
active effect was significant across all data, but most pro-
nounced in the control plots and 12.8 t/ha treatments. Tree 
growth 2 years following the planting was also significantly 
lower in quadrants with higher first-year volunteer cover 
(F(1,47) = 7.85, p = 0.0074, Fig. 8b). In addition, there was 
an interactive effect of volunteer vegetation and HCWAB 
dosage on final tree growth, with a more pronounced nega-
tive growth effect of volunteer vegetation measured in the 
two highest HCWAB treatments (12.8 t/ha: F(1,47) = 7.25, 
p = 0.0226; 19.1: F(1,47) = 5.53, p = 0.0406).

Discussion

Results from our 2-year field experiment on sand-capped 
mine tailings revealed that applying HCWAB led to higher 
survival of planted, native wildings at mid-range applica-
tion rates. However, tree survival declined at dosages over 
12.8 t/ha, above which survival closely matched that on 
unamended substrate for most species. The specific species 
and initial size of wildings, more so than HCWAB amend-
ment dosage, were most important in determining final tree 
survivorship and growth. On average, peak pine, birch, and 
willow survival was observed in the mid-range HCWAB 
dosages (6.4–12.8 t/ha). In contrast, more aspen wildings 

a) b)

12

12.812.8 19.16.40.0

Fig. 6   Total growth of live wildings 2 years after planting grouped by HCWAB dosages applied (a) for all live trees and (b) distinguished by tree 
species. All means are denoted ± 1SE
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planted on control plots survived after 2 years compared 
to HCWAB-amended plots. Average aboveground biomass 
production of planted trees was higher in all HCWAB doses 
compared to untreated plots. Smaller planted trees (ini-
tially < 15 g AGBM) survived at higher rates compared to 
larger size classes, a pattern most apparent in pine. Overall, 
survivorship was highest in birch and lowest in aspen.

HCWAB additions did not significantly alter substrate 
availability of potentially toxic metals (Cd, Cu, Al), while 
the availability of select important plant nutrients (P, Zn, 
Fe) was higher in amended tailings at all dosages relative 
to levels in the tailings alone. Our analyses did not reveal 
significant treatment effects on tree tissue chemistry, with 

concentrations of potential toxic elements remaining well 
below toxicity limits for plants and food chain transfer. 
Taken together, the improved status of available plant 
nutrients in amended plots combined with limited effects 
on tree tissue contaminant uptake indicates direct HCWAB 
benefits for planted trees. However, our results also sug-
gest that changes in tree survival and growth across the 
site depended on interactive effects of species, initial tree 
size, and exposure to induced competition on HCWAB-
amended plots.

Table 1   HCWAB dose response of bioavailable element supply at Musselwhite experimental site (measured by ion exchange resin probes  
(µg/10cm2×70days)). Values are listed with associated standard error in parentheses. P-values are given for minimum AIC model in each case

PRS element Control (0 t/ha) 6.4 (t/ha) 12.8 (t/ha) 19.1 (t/ha) Random effect AIC χ2
(1,12) F(1,12) Dosage effect 

(p)

Total N 9.67 (4.41) 11.53 (3.87) 9.11 (4.54) 2.19 (1.22) None 82.0 2.33 0.158
Block 82.1

NO3
− nitrogen 9.38 (4.18) 9.40 (2.80) 8.15 (3.97) 2.18 (1.23) None 78.0 2.75 0.128

Block 78.7
NH4

+ nitrogen 0.29 (0.29) 2.13 (1.07) 0.96 (0.74) 0.01 (0.01) None 45.0 0.327 0.580
Block 51.2

Ca 1121.82 
(144.25)

947.29 
(111.01)

1675.82 
(238.02)

977.00 
(259.45)

None 184.1

Block 167.1 0.067 0.80
Mg 72.29 (36.17) 31.95 (3.20) 77.22 (24.20) 38.01 (11.33) None 126.8

Block 119.4 0.3 0.584
K 36.57 (1.51) 28.11 (4.59) 66.83 (34.65) 41.83 (6.63) None 120.3

Block 114.0 0.463 0.496
P 2.10 (0.34) 4.61 (0.80) 3.71 (0.20) 2.90 (0.14) None 42.1 0.231 0.641

Block 49.3
Fe 4.67 (0.80) 7.56 (1.43) 5.71 (0.28) 5.50 (1.48) None 55.4 0.0138 0.91

Block 59.9
Mn 2.83 (2.21) 3.37 (0.94) 1.80 (0.50) 1.39 (0.46) None 54.4 1.30 0.28

Block 59.0
Cu 0.22 (0.05) 0.61 (0.14) 0.57 (0.13) 0.45 (0.27) None 8.9 0.703 0.421

Block 21.1
Zn 0.40 (0.07) 1.07 (0.24) 0.84 (0.18) 0.83 (0.20) None 13.6 1.25 0.300

Block 25.1
B 1.28 (0.63) 0.62 (0.31) 0.11 (0.02) 1.22 (1.03) None 40.1 0.06 0.811

Block 47.1
S 201.25 

(193.69)
17.56 (3.38) 226.75 

(213.57)
82.42 (75.06) None 170.2 0.0526 0.819

Block 155.6
Pb 0.01 (0.01) 0.00 (0.00) 0.04 (0.02) 0.06 (0.06) None  − 33.4 2.21 0.168

Block  − 14.2
Al 19.51 (5.83) 14.39 (3.47) 10.34 (0.87) 20.99 (12.59) None 97.6 0.300

Block 95.0 0.0001 0.991
Cd 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) None  − 94.1 0.0001 0.990

Block  − 65.7
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Tree survival and growth

Of the four species planted, pine displayed the highest aver-
age growth after 2 years across all treatment doses. Average 
growth in birch was greatest in high (19.1 t/ha) HCWAB 
plots, while growth of pine peaked at 12.8 t/ha. In contrast, 
both aspen and willow exhibited highest growth in the lowest 
treatment dosage and their growth decreased with additional 
HCWAB application. Our results correspond to the findings 
of Bélanger et al. (2021), who applied fly ash on two distinct 
northern Canadian boreal sites and reported a positive linear 
growth response in planted jack pines with increasing ash 
dosages up to 14 t/ha. Emilson et al. (2019)’s review of eight 
field experiments across Canada found a species-specific 
tree growth effect of wood ash and highest increases in jack 
pines compared to other native conifers (white, hybrid, and 
black spruce). Although Emilson et al.’s results were inde-
pendent of the stand development stage, Brais et al. (2015) 
found no growth increases from 5 t/ha application of wood 
ash to a mature jack pine stand, which suggests jack pine 

growth responses could be accentuated in younger trees. 
Jack pines are a fire-adapted, pioneer species and rapidly 
acquire resources from the proximate environment (Rudolph 
and Laidly 1990). The jack pine wildings planted on our site 
may have profited from the increases in available nutrients 
at higher HCWAB dosages. A study in natural stands near 
the present field trial found large growth responses of jack 
pine saplings to variation in pyrogenic carbon from natural 
fire residues, with a peak response at ~ 30–60 t/ha (Gale and 
Thomas 2021). In the present study, the AGBM results after 
2 years suggest that surviving jack pines rapidly acquired 
resources from their adjacent substrate, resulting in a higher 
relative growth. The variation in total carbon measured 
across plots after 2 years mirrored that of jack pine growth, 
increasing with HCWAB dosage until a peak at 12.8 t/ha.

Despite increased growth responses, the proportion of 
surviving pines after 2 years was relatively low and did 
not display a significant response to HCWAB dosage. Our 
results are consistent with the findings of Barette et al. 
(2022), who planted four tree species—jack pine, paper 

Fig. 7   Fe needle and leaf 
concentrations related to (a) Fe 
concentration in the experimen-
tal substrates and (b) HCWAB 
dosage applied, and (c) Fe 
branch concentrations related to 
HCWAB dosage applied. Means 
representing ± 1SE are plotted
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birch, tamarack, and hybrid willow—on boreal gold mine 
tailings and reported lowest survival rates among the jack 
pine samples. At a historic asbestos mine in Québec, Gri-
mond et al. (2023) also observed lowest survival of young 
jack pines compared to five other tree species planted on 
both waste rock and tailings-derived technosols. Low sur-
vival in jack pines is commonly attributed to substrate pH, 
as the species benefits from slightly acidic soil conditions 
(Rudolph and Laidly 1990). Substrate pH across our experi-
mental plots ranged from 7.3 to 7.5, likely above optimal 
for jack pine (Zhang et al. 2015). Although volunteer jack 
pines are commonly found on newly exposed, moisture- and 
nutrient-poor sites, they may be succeeded by more selec-
tive species, particularly if substrate conditions improve 
(Rudolph and Laidly 1990). On loamy soils in Canada, jack 
pines are naturally succeeded by paper birch, and results 
from our experiment site suggest this succession pattern in 
the high-dosage HCWAB plots. Indeed, the high overall sur-
vival among planted paper birch wildings supports a more 

widespread use of the species for boreal tailings reforesta-
tion. The survival of aspen remained below 20% regardless 
of substrate treatment, opposing our initial hypothesis and 
suggesting this species may be less suitable for tailings 
reforestation.

Substrate ion supply

The supply of bioavailable nutrients measured by ion 
exchange resin probes did not exhibit significant dose-spe-
cific responses from the HCWAB; however, some impor-
tant plant nutrients were consistently higher in all treated 
plots compared to the controls. Specifically, the average 
supply rates of P, Fe, Cu, and Zn were highest in HCWAB-
treated plots. Recent reports on wood ash applied to soils 
have described an initial rise in substrate and foliar P due to 
increased soil pH and phosphate-solubilizing microorgan-
isms (Omil et al. 2013). We similarly observed higher foliar 
P levels in amended plots, which may be a consequence of 

Fig. 8   Mean volunteer cover 
after 1 year related to with (a) 
mean final tree survival and (b) 
mean final growth. Regression 
lines plotted represent total data 
and exclusively HCWAB dos-
ages with significant (p ≤ 0.05) 
interaction effects on survival. 
Points are color-coded by 
HCWAB dose: 0 t/ha (red), 
6.375 t/ha (blue), 12.75 t/ha 
(green), 19.1 t/ha (magenta). 
Significant regression rela-
tionships are as follows: (a) 
all doses: y =  − 0.9x + 38.44, 
adjR2 = 0.088, p = 0.0232; con-
trol (0 t/ha): y =  − 1.75x + 38.9, 
adjR2 = 0.329, p = 0.030; 
12.75 t/ha: y =  − 1.43x + 42.2, 
adjR2 = 0.341, p = 0.0272 
and (b) all doses: 
y =  − 1.57x + 37.77, 
adjR2 = 0.127, p = 0.00742; 
12.75 t/ha: y =  − 2.19x + 42.87, 
adjR2 = 0.362, p = 0.0226; 
19.1 t/ha: y =  − 2.14x + 43.96, 
adjR.2 = 0.292, p = 0.041

Total
0 t/ha
12.8 t/ha

a)

Total
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the initial low-P status of the site. Prior experiments in boreal 
forests have tested wood ash additions at dosages of 4–8 t/ha 
and reported increased supply of important plant nutrients 
in amended substrates relative to controls (Deighton et al. 
2021; Bieser and Thomas 2019; Noyce et al. 2016). On his-
toric gold mine tailings in the boreal, higher HCWAB dos-
ages (> 9 t/ha) resulted in significant increases in substrate 
availability of Ca, P, Zn, and K, as well as a decrease in 
substrate Fe (Williams and Thomas 2023b). These results 
are compatible with the dissolution of salts and release of 
carbonates from compounds on the wood ash surficial layers 
(Ludwig et al. 2002). Recent studies have established that 
wood ash’s effects on soil nutrient availability relate to direct 
nutrient inputs, as well as induced changes in soil pH and 
microbial activity (Demeyer et al. 2001). Indeed, lower solu-
bility of wood ash P has been observed on substrates with 
higher initial pH (Park et al. 2005), and this likely explains 
the relatively minor increases on the neutral pH tailings at 
our experiment site.

The supply of total soil nitrogen (TN) and nitrate ions 
measured was lower in HCWAB-amended plots, with lowest 
values measured at the highest HCWAB dosage. Nitrogen in 
wood feedstock is converted to gaseous forms during pyroly-
sis (Winter et al. 1999; Pitman 2006), resulting in a high-C, 
low-N product. Kameyama et al. (2016) found that nitrate 
sorption by biochars in soils was highest for wood chars 
produced at high temperatures (above 800 °C). Our results 
corroborate these findings, as well as those from HCWAB 
application on N-limited historic mine tailings (Williams 
and Thomas 2023b) and on a boreal clearcut site (Bieser 
and Thomas 2019). Our field results also underscore obser-
vations made by Saarsalmi et al. (2010); in N-limited eco-
systems, char-amended substrates may require additional N 
input. Other reports, such as those by Ferreiro et al. (2011) 
and Sifton et al. (2022), have proposed combining applica-
tion of wood ash or biochars with N-fixing companion plants 
to maximize substrate supply available for trees. However, 
there is need for additional field studies to test this approach 
on N-limited mine tailings.

Applying HCWAB for the purpose of soil nutrient and pH 
improvements may also introduce excess toxic elements into 
the soil and plant ecosystem, and this could increase the like-
lihood of phytotoxicity or transfer to the animal food chain. 
Tailings amended with HCWAB from our experiment site did 
not display significant increases in phytotoxic elements (i.e., 
Al, B, Pb, S, and Cd). These findings agree with a number 
of prior incubation and field studies on wood ash to north-
ern forest soils (Perkiömäki et al. 2003; Pugliese et al. 2014; 
Saarsalmi et al. 2004). Our previous field study on historic 
tailings found significant increases in available Zn and Pb 
in HCWAB-amended plots, but only at higher application 
rates of 30 t/ha (Williams and Thomas 2023b). Maintained or 
reduced availability of PTEs following wood ash application 

to substrates has been attributed to the ash’s pH-neutralizing 
effect (Augusto et al. 2008); however, further field experi-
ments are required to understand whether PTEs from wood 
ash may be released into the soil system at higher application 
rates or on highly acidic/acid-generating mine tailings.

Nutrient and PTE uptake in tree tissues

We did not detect significant HCWAB addition effects on 
tree tissue nutrient levels; however, the concentration of K, 
Mg, P, Fe, and Zn was marginally higher in foliage sam-
ples from amended plots compared to the control samples, 
and Fe levels increased in branch tissues (Table 3, Fig. 7). 
A number of prior studies have likewise found little effect 
of wood ash additions on foliar nutrients (e.g., Saarsalami 
et al. 2004; Omil et al. 2013); however, a meta-analysis of 
28 trials found that wood ash amendments on mineral soils 
significantly increased foliar K and P in early years after 
application (Augusto et al. 2008). The increase in tissue Fe 
observed on site is similar to that reported in Pinus laevigata 
planted on biochar-amended tailings by Ramírez-Zamora 
et al. (2022).

We did not find significant HCWAB effects on PTE tis-
sue concentrations for either needle or branch samples, 
though certain elements of concern—La, As, Mn, Ba, Cu, 
and Mo—were detected at marginally higher levels in tis-
sues from all amended plots relative to those from control 
tailings. Maximum concentrations of La, As, Mn, Ba, and 
Cu were measured in the 12.8 t/ha plot samples, whereas 
highest amounts of Mo were found in the samples from 
6.4 t/ha treatments. Compared to other wood ashes, those 
produced from wood gasification often contain substan-
tially elevated levels of dangerous metal/loids, such as Cd 
(Augusto et al. 2008), Pb, and As (Lebrun et al. 2017), as 
well as micronutrients that may be present in excess, such 
as Mn and Ba (Bélanger et al. 2021). However, few field 
studies have reported on phytoabsorption of PTEs from 
wood ash amendments. In boreal forest plantations, wood 
ash additions led to no significant changes in Mn and Ba 
needle concentrations in jack pine (Bélanger et al. 2021); 
declines in conifer needle Mn levels as a response to wood 
ash have also been observed (Saarsalmi et al. 2004). Arsenic 
is a particular concern, and the bioavailability of As ions 
in substrates increases with higher pH (Beesley et al. 2011; 
Lebrun et al. 2017). In a previous field trial on historical 
tailings, we detected increased As levels in jack pine nee-
dles, but only at the highest HCWAB dosage tested (30 t/ha) 
(Williams and Thomas 2023b). In the present study, slightly 
elevated As levels in needle/leaf tissues from HCWAB addi-
tion treatments were not statistically significant (Fig. S2, 
Table 2). Results to date suggest that tree tissue accumu-
lation of As is likely a result of high dosage or repeated 
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wood ash applications, or from HCWAB used concurrent 
to alkalinizing treatments such as liming.

Effects of volunteer vegetation

We observed significant increases in volunteer vegetation 
cover (Williams and Thomas 2023a) and a rise in soil TC 
levels in substrates on the higher dosage plots (12.8 t/ha 
and 19.1 t/ha). The large cover increase was correlated with 
reduced tree survival and growth (Fig. 8a, b). Our results 
thus suggest that the rapid, early response of volunteer 
vegetation amplified resource competition in treated plots 
and ultimately diminished the benefit of HCWAB for the 
planted trees. Reports from other field experiments in the 
boreal describe similar responses in volunteer vegetation, 
with particularly important effects in nitrogen-fixing species, 
attributed to higher soil available K in treated plots (Bieser 
and Thomas 2019; van de Voorde et al. 2014). Prior stud-
ies have found competition from select nitrogen-fixing spe-
cies to be especially detrimental for jack pine survivorship 
(Barette et al. 2022; Robinson et al. 2014), though N-fixing 
nurse species such as alder can also have facilitative effects 
on jack pine growth in some cases (Thiffault and Hébert 
2017). In the present experiment, we measured notable posi-
tive responses to HCWAB of overall vegetation cover and 
nitrogen-fixing legumes, including increases in the competi-
tive, invasive species Melilotus spp., Medicago sativa, and 
Crepis tectorum (Williams and Thomas 2023a).

HCWAB application strategies

Use of native vegetation cover for mine tailings restoration 
has been associated with improvements in substrate struc-
ture, microporosity, and fertility (Tordoff et al. 2000). How-
ever, early growth of competitive understory plants may slow 
forest succession on tailings sites (Franklin et al. 2012; Mac-
donald et al. 2015), including those in the Canadian boreal 
(Guittonny-Larchevêque et al. 2016). The HCWAB applied 
on our experiment site introduced important plant nutrients, 
but these were likely rapidly taken up by understory ruderal 
vegetation and thus diverted away from the planted trees. 
Considerations of complex ecosystem-wide interactions and 
possible contraindications for HCWAB application should 
be a focus of future tailings reforestation research. Applying 
wood ash just prior to tree seeding or planting facilitates an 
even ash distribution and may minimize the risk of physical 
damage to young transplants (Hannam et al. 2018), but may 
not result in significant nutrient acquisition by trees (Stu-
pak et al. 2016), suggesting a possible strategy of repeated 
applications.

Applying HCWAB together with N-fixing nurse plants may 
compensate for the low available nitrogen typically observed 
in soil with biochar (Sifton et al. 2022). N-fixing plants can 
enhance N status of proximate soils and surrounding vegeta-
tion, including planted trees (Munroe and Isaac 2014); biochar 
can then potentially enhance facilitative interactions by retain-
ing fixed N in mixed-species systems (Thomas et al. 2019). 
The co-planting of N-fixing vegetation and tree saplings facili-
tate beneficial interactions, particularly when native compan-
ion species are prioritized over non-native, competitive plants 
(Sifton et al. 2022). In the context of tailings restoration, nitro-
gen is among the most limiting soil nutrients, and prior studies 
have noted relatively strong performance of N-fixing plants 
on tailings (e.g., Cross et al. 2021); however, the strategic use 
of native N-fixing companion plants for tailings reforestation 
appears not to have been explored.

The lack of HCWAB effects on foliar elements in tree 
samples from our site suggests wood ash biochars could be 
used at dosages below 20 t/ha without adverse accumulation 
in trees or any detrimental food chain exposure. However, 
the early increased supply of available nutrients and PTEs 
measured on amended plots, albeit marginal, may indicate 
accumulation in herbaceous vegetation. As is the case with 
other types of biochar, HCWAB is likely to sorb or otherwise 
immobilize PTEs while influencing substrate permeability 
and hydraulic conductivity (Beesley et al. 2011). There is 
thus a need for further trials that investigate more compre-
hensively the fate of PTEs on HCWAB-amended mine tail-
ings, with the goal of developing ameliorative and adaptive 
long-term reclamation strategies.

Conclusion

The experimental trial described addresses a critical knowl-
edge gap regarding in situ effects of HCWAB additions for 
remediation of sand-capped thickened tailings, this being the 
prevalent modern practice. Over two growing seasons, the 
survival of planted wildings was highest on tailings amended 
with 6.4–12.8 t/ha of HCWAB, and final tree growth increased 
slightly but steadily with HCWAB rate. The supply of impor-
tant plant nutrients, including P, K, Zn, and Mg, was highest 
in the mid-level HCWAB dosage range, while no significant 
treatment responses were observed for potentially toxic ele-
ments. Of the four native tree species planted, birch survived 
at significantly higher rates independent of the HCWAB treat-
ment and transplanted saplings with the lowest initial above-
ground tree biomass survived at higher rates. Tree performance 
was negatively correlated with volunteer vegetation cover, 
which increased at the higher HCWAB dosage plots, consistent 
with increased HCWAB additions exacerbating competition. 
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Findings from this field trial demonstrate the value of low to 
mid-level HCWAB treatment on mine tailings for planted tree 
performance and supply of important plant nutrients. Fur-
ther investigations are required to establish optimal timing of 
HCWAB application and tree planting, and potential use of 
co-amendments and companion herbaceous species that would 
enhance facilitative rather than competitive effects.
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