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Trace metal biogeochemical responses following wood ash
addition in a northern hardwood forest
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and Adam Gorgolewski

Abstract: Wood ash may be useful as a forest soil amendment in Canada, but trace metals can have detrimental effects if
they accumulate in, or are transported from, forest ecosystems. Metal concentrations in soil water and sugar maple (Acer
saccharum Marsh.) seedling tissue chemistry were measured in a north temperate hardwood forest over 4 years following a
biomass boiler ash addition field trial. Twenty plots (3 m x 3 m) were established in Haliburton Forest with both fly and bot-
tom ash treatments of 0, 4, and 8 Mg-ha ' with four replicates, and tension lysimeters were positioned in each plot at 30,
50, and 100 cm depths. Over the 4 years, soil water metal concentrations in treated plots were not significantly different
from those of the control plots. No differences in metal concentrations in foliage of sugar maple seedlings could be
detected, but there were significantly higher concentrations of some metals (Al, Fe, Zn, Pb, Ni, and Sr) in roots of treated
plots. Simulated drought mobilized several metals in upper mineral soil, but this mobilization occurred similarly in con-
trols and ash-treated soils. These results suggest that doses below 8 Mg-ha ' industrial wood ash with trace metal concentra-
tions below Canadian regulatory limits do not cause an increase in trace metal mobility or availability in northern
hardwood forests with acidic soils during the first 5 years after application.

Key words: fly ash, bottom ash, sugar maple, metal toxicity, forest soil amendments.

Résumé : On peut utiliser la cendre de bois pour amender les sols au Canada mais les métaux-traces peuvent avoir des effets
néfastes s’ils sont exportés des écosystemes forestiers ou s’y accumulent. La concentration des métaux dans I’eau du sol et
les propriétés chimiques des tissus des semis d’érable a sucre (Acer saccharum Marsh.) ont été mesurées dans une forét
feuillue nordique tempérée pendant quatre années suivant I’apport de cendres de chaudieres alimentées en biomasse dans
le cadre d’un essai sur le terrain. Vingt placettes (3 m x 3 m) ont été établies dans la forét Haliburton et traitées avec des cen-
dres volantes et résiduelles a raison de 0, 4 et 8 Mg-ha™ avec quatre répétitions. Des lysimétres a tension ont été placés dans
chaque placette a 30, 50 et 100 cm de profondeur. Au cours des quatre années, la concentration des métaux dans I’eau du sol
des placettes traitées n’était pas significativement différente de celle des placettes témoins. Aucune différence dans la con-
centration des métaux n’a pu étre détectée dans le feuillage des semis d’érable a sucre mais la concentration de certains
métaux (Al, Fe, Zn, Pb, Ni et Sr) était significativement plus élevée dans les racines des placettes traitées. Une sécheresse
simulée a entrainé la mobilisation de plusieurs métaux dans la partie supérieure du sol minéral, mais cette mobilisation est
survenue de facon similaire dans les sols témoins et les sols traités avec la cendre. Ces résultats indiquent que des doses infé-
rieures a 8 Mg-ha™ de cendre de bois industrielle avec des concentrations de métaux-traces inférieures aux limites permises
au Canada n’entrainent pas d’augmentation de la mobilisation ou de la disponibilité de métaux-traces dans les foréts feuillues
nordiques sur des sols acides durant les premiéres cinq années apreés une application. [Traduit par la Rédaction]

Mots-clés : cendre volante, cendre résiduelle, érable a sucre, toxicité des métaux, amendement du sol en forét.

Introduction

Concerns over soil acidification and associated ecological impacts
has promoted the potential use of wood ash as an amendment to
increase soil pH and nutrient levels. Increased production of wood
ash from a growing bioenergy sector (Pugliese et al. 2014) as well as
increasing costs of landfill disposal and difficulties in finding new
landfill sites (Demeyer et al. 2001) have sparked interest in using
wood ash as a fertilizer in eastern North America (Hannam et al.
2018). However, more research is needed on the fate of trace metals

in wood ash and the detrimental effects these metals may have if
they accumulate in forest ecosystems.

Regulation of wood ash is done at the provincial and territorial
levels in Canada, and many of these areas require ash to be ana-
lyzed for trace element concentrations of arsenic (As), cadmium
(Cd), chromium (Cr), cobalt (Co), copper (Cu), mercury (Hg), molyb-
denum (Mo), nickel (Ni), lead (Pb), selenium (Se), and zinc (Zn) prior
to application (Hannam et al. 2016). Alberta is the only province in
Canada with guidelines for the use of wood ash as a soil amendment
(Alberta Environment 2002). In Ontario, the use of wood ash as a
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soil amendment is governed by the Environmental Protection Act
and the Nutrient Management Act, and no specific guidelines have
yet been developed for its use on agricultural and forest soils
(Hannam et al. 2016).

Wood ash has been shown to increase soil pH and mitigate the
effects of soil acidification (Reid and Watmough 2014), and apply-
ing wood ash at rates equivalent to liming requirements should
not cause any environmental risk (Campbell 1990). Sugar maple
(Acer saccharum Marsh), an economically important and dominant
species in eastern North America, has been shown to benefit
from liming and calcium (Ca) additions (Long et al. 1997; Moore
et al. 2012; Juice et al. 2006), with increases in soil pH, foliar Ca
concentration, and tree growth metrics (Reid and Watmough
2014), and thus could also benefit from wood ash addition. How-
ever, specific concerns with wood ash must be addressed before
it is used widely as a forest soil amendment in Canada (Hannam
etal. 2018).

Wood ashes with high trace metal concentrations can be detri-
mental to forest ecosystems if applied at high dosages (Pitman
2006; Augusto et al. 2008). Industrial wood ashes are typically
separated into fly ash and bottom ash waste streams in boilers.
Fly ash is more lightweight and reactive than bottom ash and
generally contains higher levels of metals such as Cd, Zn, Cu, and
Pb (Huang et al. 2004). The initial increase in soil pH brought
about by soil amendments such as wood ash generally results in
a decreased availability of Zn, Cd, Pb, Cu, Ni, and other metals
(Sommers 1980), through either the precipitation of insoluble
phases (such as metal hydroxides) or promoting metal sorption
via surface complexation processes (Querol et al. 2006). When
the effects of wood ash on soil pH begin to decrease with acid
additions from rain or other sources, metals retained in the soil
become solubilized and mobilized (Zhan et al. 1996), which may
result in leaching and subsequent groundwater contamination
(Chirenje 2000). Additionally, concern over forest ecosystem pol-
lution from trace metals in wood ash may be exacerbated due to
increased occurrences of drought caused by climate change. Fol-
lowing summer drought events, declines in soil water pH associ-
ated with oxidization of sulfur (S) stored in upland organic soil
can cause significant increases in dissolved metal concentrations
(Landre et al. 2010).

Wood ash may be a useful product to lessen the effects of acidi-
fication and nutrient losses in eastern North American soils, but
concern with trace metal accumulation and enrichment must be
addressed before it can be used as a regular forest management
practice (Huotari et al. 2015). Experiments have focused on changes
in soil pH and the exchangeable base cation pool and tree growth
rather than investigations of soil solution to measure the effective-
ness of wood ash applications in forest ecosystems. It is widely
accepted that ash application on peatlands promotes tree growth
(Moilanen et al. 2012; Saarsalmi et al. 2014); however, on upland
forest soils, ash application generally does not increase tree growth
(Jacobson 2003). Ash application is still recommended on upland
forest soils for nutrient cycling, particularly in Sweden (Olsson
et al. 2017), and has been shown to have a positive effect on Jack
pine (Pinus banksiana Lamb.) growth in upland forest sites in Canada
(Emilson et al. 2020). Currently, field studies are being conducted
across Canada to help policy makers address provincial and territo-
rial restrictions regarding wood ash regulation (Hannam et al.
2017). Investigations of soil solution chemistry have shown
increased concentrations of Ca, Mg, NO3, and SO, in soil water
following ash application to acidic forest podzols (Kahl et al.
1996; Williams et al. 1996; Norstrom et al. 2012), and a review
by Lundstrém et al. (2003) concluded that wood ash application
generally increased dissolved organic carbon leaching and decreased
soil solution pH.

Currently in Canada, wood ash field trials are being conducted
in British Columbia, Saskatchewan, Manitoba, Ontario, and Quebec
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to examine the effects of wood ash on forest ecosystems (Hannam
et al. 2017). Recent publications from research conducted at these
sites found that some concentrations of metals (Cu, molybdenum
(Mo), and Zn) increased in forest floor (LFH) soil following ash appli-
cation (Domes et al. 2018), and further research is needed on the
potentially detrimental effects wood ash may have on understory
vegetation communities and seedling growth, such as increases in
plant tissue metal concentrations (Bieser and Thomas 2019; Emilson
et al. 2020; Hart et al. 2019; Deighton and Watmough 2020).

The aim of this study was to investigate the fate of various trace
metals in wood ash as a function of soil water and plant tissue
concentrations in the 5 years post ash application. We also con-
ducted a laboratory drought experiment to investigate the poten-
tial for metal mobilization to occur in upland forest soils following
summer drought events and whether this response was greater in
ash-treated soils. We predicted that an increase in soil and soil
water metal concentrations would occur in the ash treatments,
with the largest changes in the upper soil horizons (0-30 cm)
during the first year following ash application. We also predicted
that sugar maple seedling foliar metal concentrations would
increase following wood ash application and that differences
would be more pronounced in fly ash treatments at a higher
application rate. It was also predicted that soil water metal con-
centrations would be highest following simulated drought and
that the impact of drought would be lessened in ash-amended
soils despite larger metal pools due to alkalinity associated with
the ash buffering acidity generation.

Materials and methods

Site location

The study site was located in Haliburton Forest and Wildlife
Reserve (45'11N, 78'35W), a mixed-deciduous forest underlain by
granitic gneiss Precambrian Shield Bedrock (Neary et al. 1987).
Dominant canopy trees included sugar maple (Acer saccharum
Marsh.) and American beech (Fagus grandifolia Ehrh.), but there
was also a heavy presence of yellow birch (Betula alleghaniensis
Britton.) and eastern hemlock (Tsuga canadensis (L.) Carr). Stem
density was approximately 450 stems-ha ' and basal area was
28.3 m*ha™". In the summer of 2013, dominant understory vege-
tation (total height of less than 2 m and diameter at breast height
of <1 cm) included sugar maple, beech (Fagus spp.), and raspberry
(Rubus spp.). Climate is north temperate — south boreal (Reid and
Watmough 2016), with a long-term mean annual precipitation of
1074 mm and a long-term mean annual temperature of 5.0 °C
(1981-2010; Environment Canada 2019). During the study period
0f2013-2017, the mean annual precipitation was 1324, 1146, 977.3,
1080, and 1330 mm, respectively (Environment Canada 2020),
and the mean annual temperature was 5.0, 3.9, 5.1, 6.4, and 5.8 °C,
respectively (Environment Canada 2020). Soils were shallow,
acidic (pH ranging from 4.0 to 5.5) (Gorgolewski et al. 2016),
medium- to course-textured sandy loams (Chapman and Putnam
1984) belonging to the Eluviated Dystric Brunisol subgroup based
on the Canadian System of Soil Classification (Soil Classification
Working Group 1998). Soil horizon thickness averaged 8 cm (LF),
12 cm (H), and 10 cm (Ah). The site was managed using single tree
selection silviculture (Gorgolewski et al. 2016), which maintains
an uneven-aged stand by removing about 30% of the stand every
20- to 25-year cycle. Phillips and Watmough (2012) estimated that
tree harvesting could remove 7.0 to 15.4 kg-ha '.year ' (approxi-
mately 340 kg-ha ™! per 20- to 25-year cycle).

Experimental design

Haliburton Forest in situ
An area of forest was selected and twenty 3 m x 3 m study plots
were established, each with a 2.5 m buffer, in the summer of 2012
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Table 1. Elemental concentration of fly and bottom ash applied in
Haliburton Forest and Wildlife Reserve in August 2013.

NASM limits”

Fly ash Bottom ash

concn.” concn.? CM1 CM2
pH 8.6 9.7
LOI (g-kg™) 204.2 4.3
C(g'kg™ 175.7 5.2
N (g-kg™) 0.9 nd
S (g'kg™) 422 2.9
Ca (g-kg™) 1011 43.6
Mg (g-kg™) 8.7 8.4
K(g'kg™) 30.7 14.3
P(g-kg™) 3.8 17
Na (g-kg™) 36.4 16.3
Mn (g-kg™?) 8 3.2
Al (g'kg™) 23.3 447
Fe (g-kg™) 154 28.2
Mo (mg-kg™) 3 1 5 94
As (mg-kg™) 10 12 13 170
Cd (mg-kg™) 6 1 3 34
Zn (mg-kg™) 691 140 500 4200
Cu (mg-kg™) 52 38 100 1700
Pb (mg-kg™) 21 15 150 1100
Cr (mg-kg™) 28 33 210 2800
Co (mg-kg™) 10 13 34 340
Ni (mg-kg™) 16 20 62 420
Se (mg-kg™) 10 3 2 34
Be (mg-kg™) nd 1
V (mg-kg™) 40 63
Sr (mg-kg™) 387 218
Ba (mg-kg™) 17 0.9
La (mg-kg™) 10 18
Li (mg-kg™) 12 22

Note: Values are the mean of 3 replications. nd, not detected.

“Gorgolewski et al. (2016).

PNutrient and Management Act (Government of Ontario 2002). Ontario
Regulation 267/03 of the Nutrient Management Act limits for unrestricted (CM1)
and restricted (CM2) use of wood ash for land application as a non-agricultural
non-aqueous source material are also shown.

(Gorgolewski et al. 2016). The site was naturally regenerated,
with no site preparation, and the plots and buffer zones were
free from saplings and large trees (diameter at breast height
(DBH) > 2.5 cm). Treatment blocks were identified based on mois-
ture content and light availability and were randomized within
blocks to reduce variability not caused by treatment effects. The
five treatments were controls (no ash), untreated loose bottom
ash (applied at either 4 or 8 Mg-ha™'), and untreated loose fly ash
(applied at either 4 or 8 Mg-ha ). Each treatment was replicated
four times. Ash application rates were determined with respect
to an estimated 340 kg-ha ' Ca that is removed through tree
harvesting (Phillips and Watmough 2012). Fly ash (containing
101 g-kg ™' Ca) applied at a rate of 4 or 8 Mg-ha ' would add 404
and 808 Mg-ha™' Ca, respectively, and bottom ash (containing
44 g-kg ' Ca) applied at a rate of 4 or 8 Mg-ha ' would add 176 or
352 Mg-ha ' Ca, respectively. Ash chemistry is described in Table 1.

Bottom and fly ashes were produced from bark residues recov-
ered from a large Babcock and Wilcox RotoStoker VGC biomass
boiler system (for details, see Gorgolewski et al. 2016). In mid-
August 2013, bottom and fly ashes were weighed, carried to plots
in plastic buckets, and hand distributed as evenly as possibly by
sectioning each plot into quarters. Both ashes were applied to
plots as untreated, loose ash.

Six porous cup tension lysimeters were installed vertically
from the soil surface in each plot at 0.3 m (x3), 0.5 m (x2), and
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1m (x1) depths. The lysimeters were installed at least 0.5 m away
from the edge of the plot, with at least 0.5 m between each lysim-
eter. Lysimeters were constructed with 2 bar standard ceramic
cups with 1.3 pym pore size (Model B02M2, Soil Moisture Equip-
ment Corp., Santa Barbara, California). Prior to installation the
lysimeters were acid washed with 1 mol-L™' HCl and then rinsed
repeatedly with deionized water. Rinsing was complete when the
PH, conductivity, and base cation and trace metal concentrations
of solution passing through each lysimeter had reached the value
of the deionized water. Each lysimeter was left to equilibrate for
2 weeks prior to initial sampling. Lysimeters were sampled three
times with the solutions being discarded (Soil Moisture Equip-
ment Corp., Santa Barbara, California) and allowed to equilibrate
prior to the initiation of sampling in August 2013. Lysimeters
were sampled monthly from August 2013 to November 2017 (exclud-
ing events where the ground was frozen) and evacuated to 50 kPa
and left to accumulate solution for the subsequent month. Lysime-
ters were largely still under suction when visited for the next
monthly sampling. There were three sampling occasions in 2013,
nine in 2014, ten in 2015, nine in 2016, and seven in 2017 (fre-
quency varied depending on rainfall events). Subsamples within
each replicate treatment plot (at the same lysimeter depth and
sampling occasion) were pooled prior to analysis.

Soil and sugar maple seedling samples were collected in the
study plots in August 2017. Soil and seedling were not disturbed
where the lysimeters collected soil water. From each plot, soil
grab samples were sampled using a trowel to a depth of 30 cm.
Soil samples were taken from three soil horizons, upper organic
(LF), lower organic (H), and mineral (Ah). Additionally, soil cores
were taken from each horizon using a soil corer, mallet, and
wooden block to estimate bulk density (0.12, 0.54, and 0.93 g-cm >
for LF, H, and Ah soil horizons, respectively). Self-regenerated sugar
maple seedlings (DBH < 2.5 cm, n < 6 per plot) were removed care-
fully (keeping the roots intact) from treatment and control plots.
Soil and seedling samples were sealed in plastic bags and stored at
4 °C until analysis.

Laboratory drought experiment ex situ

A 30-day simulated drought experiment was established in
February 2019. Two treatments, with four replicates, were estab-
lished: a 30-day drought treatment and a 30-day continually ‘wet’
treatment adapted from Juckers and Watmough (2014). For each
treatment, approximately 70 g of homogenized, field moist soil
(sampled from experimental treatment plots 4 years after ash
application, including upper organic (LF) and lower organic (H)
soil horizons from the 0-20 cm depth) (Soil Classification Working
Group 1998) was added to 120 cm?® plastic containers and placed in
an incubator (Thermo Scientific Precision Economy Incubator 3522)
at 27 °C. Lids were left ajar in both treatments to allow air exchange.
The mass of each sample was recorded at the beginning of the
experiment and recorded every three days to maintain field moist
conditions of the ‘wet’ treatments by adding back the mass of water
lost from samples using deionized water. After 30 days, the mass
of water lost in the drought treatment was added back using
deionized water, and the samples were homogenized using a
glass stirring rod and left for 24 h.

Chemical analysis

Wood ash

Ash chemistry was determined prior to addition. Carbon (C),
nitrogen (N), and S were determined with a CNS combustion ana-
lyzer (Vario EL III, Elementar Americas, Mt. Laurel, New Jersey)
and Ca, magnesium (Mg), potassium (K), phosphorous (P), sodium
(Na), manganese (Mn), aluminum (Al), iron (Fe), Mo, As, Cd, Zn,
Cu, Pb, Cr, Co, Ni, Se, beryllium (Be), vanadium (V), strontium
(St), barium (Ba), lanthanum (La), and lithium (Li) were measured
with an inductively coupled argon plasma spectrometer (Varian
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Analytical Instruments, Walnut Creek, California) following high
temperature microwave acid digestion (EPA standard method 3052;
www.epa.gov) (Gorgolewski et al. 2016).

Soil and sugar maple seedlings

Soil cores were weighed, dried at 105 °C for 24 h, and then
weighed again to calculate bulk density. Five grams of oven-dried
soil was transferred to a muffle furnace at 450 °C for 16 h to deter-
mine percent organic matter using loss-on-ignition. Soil grab
samples were analyzed for moisture content by drying 5 g of wet
soil at 105 °C for 24 h, and reweighing. The remainder of the grab
samples were left to air-dry for 2 weeks then sieved (<2 mm). A
1:5 soil to 0.01 mol-L ! CaCl, slurry and a 1:5 soil to reverse osmo-
sis water slurry was used to measure pH and electrical conductiv-
ity, respectively, by allowing the slurries to be stirred every 2 min
for 10 min and left to rest for 10 min before taking readings with
an OAKTON pH 510 series multimeter (Oakton Instruments, Vernon
Hills, Illinois, USA). The probe was calibrated every 15 samples.
Sugar maple seedlings were washed with deionized water to
remove excess soil particles and oven-dried at 60 °C for 48 h. The
seedlings were separated into roots, stem, and foliage; weighed
to the nearest 0.0001 g; and ground using a ball-mill. Replicate
samples of roots stem and foliage from the same plots were
pooled plotwise prior to chemical analysis.

Soil and seedling chemistry was determined using a CNS com-
bustion analyzer (Elementar vario MACRO cube CNS) for total C,
N, and S, and using inductively coupled plasma optical emission
spectrometry (ICP-OES) following nitric acid digestion (Aristar®
Plus, CAS 7697-37-2) for Ca, Mg, K, P, Na, Mn, Al, Fe, As, Cd, Zn, Cu,
Pb, Ni, and Sr. The nitric acid digestion was used to determine the
total metal concentration in the soil to enable an assessment of
the input-output mass balance, rather than as a measurement of
the bioavailable or geochemically reactive metal concentrations.
Precision of CNS analysis was confirmed using standard soil sam-
ples (EnviroMAT SS-2). Samples for ICP-OES were weighed (~0.2 g
each) and placed in 50 mL DigiTUBEs (SCP Science, Quebec,
Canada), where 2.5 mL of 100% (v/v) nitric acid was added. Caps
were loosely placed on the tubes to allow air exchange. The sam-
ples were cold digested at room temperature for 8 h, then left
to digest on a hot plate at 100 °C for 8 h or until all of the sample
had dissolved. The samples were then rinsed with deionized
water three times while being transferred to a 25 mL volumetric
flask through P8 Fast Flow Filter Paper. Then, the solution was
adjusted to 25 mL using deionized water. Lastly, the samples
were transferred to a 50 mL Falcon tube and stored in a refrigerator
until analysis. Glassware was soaked in 5% (v/v) nitric acid
overnight, rinsed with deionized water, and left to air-dry prior
to use. Precision of analysis was confirmed using blanks and
NIST-1515-SRM apple leaves every 25 samples.

Soil water

Lysimeter soil water samples were analyzed at the Great Lakes
Forestry Centre in Sault Ste. Marie, Ontario, for conductivity,
alkalinity, pH, major ions, nutrients, and metals. Conductivity,
alkalinity, and pH were measured with a Man-Tech PC-Titrate
system (Mantech, Guelph, Ontario). Silica dioxide (SiO,), nitrate
(NO3), ammonium (NHy), total nitrogen (IN), and dissolved organic
carbon (DOC) were measured with a Technicon Autoanalyser II
(SEAL Analytical Inc., Mequon, Wisconsin) by the ascorbic acid,
cadmium reduction, sodium nitroprusside, autoclave digestion,
and potassium persulfate methods, respectively. Sulfate (SO4) and
chloride (Cl) concentrations were determined by ion chromatogra-
phy. Base cations and metals were analyzed with an Agilent 7700X
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (Agilent
Technologies, Santa Clara, California).
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Soil water from the simulated drought experiment was extracted
for chemical analysis by centrifuging approximately 40 mL of the
soil-water suspension at 5000 r-min ' for 15 min. Soil water samples
were analyzed at the Trent Environmental Research Lab with an
OAKTON pH 510 Series meter (Oakton Instruments, Vernon Hills,
Illinois) then filtered with a 0.45 pm nylon syringe filter for further
analysis. Dissolved organic carbon concentrations were deter-
mined using a Shimadzu TOC-V instrument (5 mL sample and
15 mL deionized water) and concentrations of SO, and NO; were
measured using ion chromatography (0.5 mL sample). Base cat-
ion (Ca, Mg, K, Na) and dissolved metal (Mn, Al, Fe, As, Cd, Zn,
Cu, Pb, Co, Ni) concentrations were determined with an induc-
tively coupled argon plasma spectrometer (Varian Analytical
Instruments, Walnut Creek, California).

Statistical analysis

Soil water chemistry was modelled using a two-way mixed-
model analysis of variance (ANOVA) with interaction effects. Con-
centration of analyte in soil water (repeated measures factor) was
modelled as a function of treatment (fixed effect) and time (fixed
effect). Separate models were created for each sampling depth.
To control for the effect of differences among replicate plots
within the same treatment type, a blocking treatment (random
effect) was added to the ANOVA; however, it was not included
in the final model, as it did not affect how much variation in the
dependent variable they explain (low sum-of-squares and high
p value). To check whether the model fits the assumption of
homoscedasticity, quantile-quantile plots were used. Principal
components analysis (PCA) was used to investigate relationships
in soil water chemistry within each sampling depth. A correla-
tion analysis (Pearson’s R) was performed before PCA to remove
analytes with no or low correlations. Outliers were identified
(<1% of the dataset) using a quantile-quantile plot and removed
prior to PCA. Non-normal data (according to Levene’s test) were
log transformed prior to PCA and ANOVA calculations.

To test the null hypothesis that ash has no effect on soil and
sugar maple seedling tissue chemistry 4 years after application,
comparisons were made between treated and control plots using
a one-way ANOVA. Dunnett’s post hoc test was used to compare
treatment plots with control plots, and Tukey’s honestly signifi-
cant difference test was used to determine pairwise comparisons.
The post hoc tests were completed only on those variables for
which a significant treatment effect was determined by one-way
ANOVA.

All statistical analysis was performed using RStudio, ver-
sion 1.1.383 (RStudio Team 2016), and all results were significant
atp < 0.05 unless otherwise stated.

Results

Wood ash chemistry

Metal concentrations in fly and bottom ashes were within non-
agricultural source material limits for restricted land application
of wood ash, but concentrations of Cd, Se, and Zn in fly ash
breached limits for unrestricted land application (Nutrient and
Management Act, 2002) (Table 1). Fly ash had much higher (15-
30 times) C and S concentrations than bottom ash, and concen-
trations of Ca, Na, K, and P were approximately double those in
bottom ash. Nitrogen concentrations were low in fly ash and not
detected in bottom ash. Concentrations of metals were similar in
both bottom ash and fly ash, with the exception of Zn and Cd,
which were 4-6 times higher in fly ash.

Soil water chemistry (2013-2017)
Soil water chemistry at all three depths varied considerably
over time (Supplementary Tables S1-S5'). There was a significant

'Supplementary data are available with the article at https://doi.org/10.1139/cjfr-2020-0320.
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Fig. 1. Mean concentrations for lysimeter (30 cm) soil water concentrations of pH, SO4, Mn, Al, Fe, Mo, B, As, Cu, Cd, Zn, Pb, Cr, Co, Ni,
Se, Sr, and Ba. Day 0 represents first sampling day in August 2013. Red line represents Canadian Council of Ministers of the Environment
(CCME 1987) long-term water quality guidelines for fresh water (ug-L?). Updated CCME guidelines for B (2009), As (1997), Cd (2014), Zn
(2018), and Cr (1997) were used. Limits for sulfate (500 mg-L '), Mo (73 ug-L "), B (1500 pg-L "), and Ni (25 pg-L ") are not shown. No data
were available for Ba. No guidelines were available for Sr or Mn, so Guidelines for Canadian Drinking Water Quality (Health Canada 2016,
2019) were used. Statistical significance: *, p < 0.05; **, p < 0.01; **, p < 0.001; n.s., no significance.
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treatment effect on soil water pH and SO, concentrations follow-
ing ash addition (p < 0.05). Soil water pH was significantly lower
in fly ash (8 Mg-ha ') plots than in control plots from 2014 to 2017
at the 30 cm depth. The response of SO, following ash application
was opposite that of pH in soil water, with significantly higher

concentrations of SO, in fly ash (4 and 8 Mg-ha™") plots at all
depths from 2013 to 2017.

Concentrations of some metals at the 30 cm depth (Fe, Mo, As,
Cd, Pb, Cr, Se, and Sr) were higher in all treatments and controls
for the first year following ash addition compared with
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Fig. 1 (continued).
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subsequent years (Fig. 1). For other metals (Mn, Al, boron (B), Cu,
Co, Ni, and Ba), concentrations at the 30 cm depth were generally
consistent through the sampling period, except for Zn concentra-
tions, which tended to increase over time in all treatments and
controls. This pattern was also seen at the 50 and 100 cm depths
(Supplementary Tables S1-S5%).

There was also a significant treatment effect on the soil water
Mn, Al, Fe, B, As, Cd, Cr, Co, Ni, Sr, and Ba concentrations (p < 0.05;
Fig. 1). However, most of these significant differences were
among the ash-treated plots, and ash treatments were generally
not significantly different from the control plots (Supplementary
Tables S6-S8'). Significant differences between treatment and

control plots were only found for Co, Ni, and Se; however, Se con-
centrations were significantly lower compared with control plots
in all cases, and Co concentrations were higher or lower depending
on depth and year and did not seem to follow any pattern. Concen-
trations of Ni at 30 cm were higher in treatment plots compared
with control plots in 2013, 2014, 2015, and 2016, but this result was
only significant in fly ash plots (Supplementary Tables S1-S5).

Concentrations of some metals differed by depth, irrespective
of treatment. For example, Mn, Fe, As, Cu, Cr, and Zn concentra-
tions tended to decrease with depth in all treatments and con-
trols, whereas Sr and Ba concentrations tended to increase with
depth (Supplementary Tables S1-S5%).
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Fig. 1 (concluded).
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Cumulative Day

Concentrations of metals in soil water were generally low, but
several metals exceeded provincial or Canadian Council of Minis-
ters of the Environment (CCME 1987) surface or drinking water
quality guidelines (even in control plots) (Fig. 1). For example,
short-term concentrations of Cd in freshwater should not exceed
1.0 pug-L ' (CCME 1987); however, this limit was exceeded 45 times
in control plots and 26-44 times in treatment plots from 2013 to
2017 (Table 2).

PCA analysis revealed pH, alkalinity, SO,4, and conductivity to be
major factors explaining the variability in metal concentrations at
all depths. At the 30 cm depth, 39% of the variability in soil water
chemistry could be explained by the first two axes of a PCA (Fig. 2).

Cumulative Day

The first PCA was negatively loaded with SO,4, B, conductivity, and
metals such as Mo, Cd, Cr, Ni, Sr, and Ba. The second axis reflected
variability in pH and alkalinity but few metals. Similar patterns
were found at 50 cm, where SO, was the major factor explaining
variability in metal concentrations (Supplementary Fig. S1%), but
this was less evident at 100 cm, where much less of the variability
could be explained by the first two axes of the PCA (Supplementary
Fig. S2").

Soil physical and chemical properties
Four years after ash addition, there was no significant difference

in pH among treatments in the upper organic horizon (Table 3).
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Fig. 2. Principal component analysis for volume-based concentration data at lysimeter (30 cm) soil water depths. BOT4T and BOTS8T,
bottom ash at 4 and 8 Mg-ha ', respectively; FLY4T and FLY8T, fly ash at 4 and 8 Mg-ha?, respectively. DOC, dissolved organic carbon;

TN, total nitrogen; TIC, total inorganic carbon.
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In the lower organic horizon, the 8 Mg-ha ' ash treatments tended
to have higher pHs than their corresponding 4 Mg-ha ' treatments;
however, this pH difference was only significantly different from
the control in fly ash (8 Mg-ha ') plots. Mineral soil pH in all treat-
ments was 0.3-0.6 units higher than that in the control after 4 years,
but no significant treatment effect was found. Fly and bottom ash
addition had no significant effect on soil organic matter and mois-
ture in both organic horizons and the mineral soil horizon; how-
ever, organic matter and soil moisture tended to be higher in
mineral soil in all treatments. For example, soil organic matter

was about 2% higher in treatment plots compared with control
plots in all horizons. Similarly, soil moisture was 3%-14% higher
in treatment plots compared with control plots in the lower or-
ganic horizon and 1%-3% higher in treatment plots compared
with control plots in the mineral horizon 4 years after ash
addition.

Four years after ash application, significant differences in some
nutrient and metal concentrations were observed in the lower or-
ganic and mineral soil horizons (Table 4). Concentrations of S, P,
Ca, Mg, and K in the ash treatments were generally much higher
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Table 2. Total number of lysimeter (30 cm) soil water samples from
2013 to 2017 that were above Canadian Council of Ministers of the
Environment (CCME 1987) long-term water quality guidelines for
fresh water (ug-L™).

Bottom ash Fly ash
Control 4Mgha' 8Mgha' 4Mgha' 8Mgha'

Mn* 7 10 19 15 8
Al 75 89 79 90 101
Fe 0 2 0 3 0
Cd 45 26 35 37 44
Zn 95 101 106 85 98
Cu 94 97 95 93 98
Pb 8 6 4 5 8
Cr 3 6 3 5 1
Se 20 15 17 1 21

“Guidelines for Canadian Drinking Water Quality (Health Canada 2016) were
used.

(2-3 times), and significantly greater for the 4 Mg-ha ' treatments
than control plots when measured 4 years after wood ash addition.
There were fewer significant differences in soil metal concentra-
tions, although Al and Sr tended to be higher in treatment than
control plots, and As and Ni tended to be lower in treatment than
control plots. For example, Sr concentrations were 1.4-3 times
higher in treatment plots than control plots. Cadmium and Zn con-
centrations were also significantly higher than control plots in the
fly ash (4 Mg-ha ") plots.

Sugar maple seedling tissue chemistry

There were few significant differences between treatment and
control plots in sugar maple seedling foliar chemistry measured
4 years after ash application (Table 5). The only significant differ-
ences in foliar chemistry between treatment and control plots
were observed in fly ash (8 Mg-ha™?) seedlings that had signifi-
cantly lower levels of Zn and Sr and in fly ash (4 and 8 Mg-ha™})
seedlings that had significantly higher levels of Fe. In general, fly-
ash-treated seedlings had higher levels of foliar Fe than bottom-
ash-treated seedlings (Table 5).

There were significant differences among treatments in sugar
maple root and stem chemistry measured in 2017, but responses
were quite variable (Supplementary Table S9'). Many root metal
concentrations (Mn, Al, Zn, Pb, and Ni) were significantly higher
in the fly ash (8 Mg-ha ') seedlings compared with the control.
Bottom ash (4 Mg-ha™') seedlings had significantly higher Fe, Al,
Zn, and St concentrations in roots compared with the control.
Stem Cu concentrations were significantly higher in all ash-
treated plots compared with the control 4 years following appli-
cation. Fly ash (8 Mg-ha ") seedlings also had significantly higher
concentrations of Cd and Pb compared with the control. Gener-
ally, Al, Fe, Zn, Pb, and Ni were found in higher concentrations in
root biomass, whereas Cu and Sr concentrations were higher in
the stems.

Soil water response to simulated drought

Base cation concentrations (Ca, Mg, K, and Na) and pH tended
to be higher in treatment plots relative to control plots for soil
water sampled from the ‘wet’ treatment that was not exposed to
simulated drought (Table 6). Soil water SO, concentrations were
significantly higher in fly (4 and 8 Mg-ha™') and bottom ash
(8 Mg-ha™') plots when compared with the control. Baseline
metal concentrations, however, were low and very similar among
all treatiments.

Simulated drought resulted in a decrease in soil water pH and
DOC concentrations (Fig. 3) and an increase in SO4 and NOj; in
all treatments (Fig. 4). The response to simulated drought was
not always significant, but patterns were consistent among
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Table 3. Soil organic matter, moisture, and pH in control and treat-
ment plots for organic (LF and H) and mineral (Ah) soil horizons 4 years
after ash application.

Organic matter (%) Moisture (%) PpH (CaCO3)

Upper organic (LF)
Control 89.3(3.3) NA 47 (4.7-4.8)
Bottom ash

4Mgha™'  91.0(21) NA 4.8 (4.6-4.9)

8Mgha ' 91.5(1.3) NA 4.6 (4.4-4.9)
Fly ash

4Mgha ' 90.7(2.4) NA 4.8 (4.6-4.9)

8Mgha ' 92.8(1.2) NA 4.8 (4.5-5.3)
Lower organic (H)
Control 18.6 (0.7) 50.5(2.9) 4.3 (4.0-4.4)a
Bottom ash

4Mgha™'  20.2(51) 56.8(8.1) 4.3 (4.1-4.6)ab

8Mg-ha™!  282(5.2) 64.0 (1.9) 4.5 (4.3-4.6)ab
Fly ash

4Mgha™'  30.4(75) 53.6(5.2) 4.3(4.1-4.7)a

8Mg-ha™!  19.9(L6) 57.4 (5.6) 4.8(4.6-5.2)b*
Mineral (Ah)
Control 11.5 (2.4) 30.2 (4.2) 4.4(41-5.0)
Bottom ash

4Mgha™'  13.9(25) 31.3(2.3) 5.0 (4.7-5.1)

8Mg-ha™!  125(L6) 31.1(6.7) 4.8(4.0-5.2)
Fly ash

4Mgha™'  14.5(14) 30.9 (1.8) 4.7 (4.5-4.9)

8Mg-ha™!  12.8(2.2) 33.5(7.7) 4.8(4.6-4.9)

Note: Values are the mean (*+SE) of 4 replications; values in parentheses for
PH are the range. Significant differences (p < 0.05) from pairwise comparisons
(Tukey) are indicated with different lowercase letters. An asterisk (*) indicates a
significant difference from the control at p = 0.05, unless otherwise stated, as
determined by Dunnett’s post hoc test. The post hoc tests were completed only
on those variables where a significant treatment effect was determined by one-
way ANOVA. NA, not applicable.

treatment and control plots. For example, all treatment and con-
trol plots showed a decrease in pH following simulated drought
of approximately 0.5 pH units (Fig. 3).

The response of soil water Ca, Mg, K, Na, Mn, Fe, As, Cd, and Zn
concentrations to drought were similar across all treatments
(Fig. 4). Soil water concentrations of these elements increased fol-
lowing simulated drought; however, the magnitude of response
differed among treatments. Concentrations of Al, Cu, and Pb in
soil water behaved similarly to DOC following simulated drought,
with concentrations lower in drought compared with the continu-
ally wet treatment (Fig. 5). Soil water Co and Ni concentrations
showed little change following simulated drought (Fig. 4).

Discussion

This 4-year study examined trace metal behaviour in hardwood
forest plots treated with bottom or fly ash at 4 and 8 Mg-ha™!
obtained from a biomass boiler in eastern Canada. Metal levels in
ashes were low but were generally higher in fly ash. After 4 years,
metal concentrations in soil were variable and a few metals (Al,
Cd, Zn, and Str) were higher in upper soil horizons in fly ash plots
relative to control plots. Contrary to our expectations, there were
few significant effects of treatment on sugar maple seedling
foliar metal concentrations. Wood ash applications generally
had minimal impact on soil water metal concentrations relative
to control plots and simulated drought led to a decrease in soil
PH and an increase in soil water metal concentrations, but this
occurred in all treatments including control.

<. Published by NRC Research Press



Can. J. For. Res. Downloaded from cdnsciencepub.com bPI Natural Resources Canada on 06/05/21
For personal use only.

826

Can. J. For. Res. Vol. 51, 2021

Table 4. Total elemental concentrations of Haliburton soil (weighted mean H and Ah horizons) in
control and treatment plots4 years after ash application.

Bottom ash Fly ash

Control 4Mg-ha™! 8 Mg-ha™! 4Mg-ha™! 8 Mg-ha !
C(gkg™ 8.7 (31) 10.0 (4.5) 11.8 (5.0) 12,5 (1.3) 9.4 (1.6)
N (g-kg™) 1.7 (0.3) 2.0(0.2) 2.4(0.4) 2.4(0.5) 1.7 (0.4)
S (g-kg™) 0.6(0.2)a 1.5 (0.1)b* 1.3(0.2)b* 1.0 (0.2)ab 1.0 (0.4)ab
Ca(g-kg™) 2.8(1.2)a 5.9 (0.7)b* 4.3 (0.1)ab 8.6 (1.8)c* 3.6 (1.3)ab
Mg (g-kg™) 0.6 (0.1)a 0.9 (0.1)ab 1.0 (0.4)ab 1.3(0.3)b* 0.8 (0.2)ab
K (g-kg™) 0.6 (0.1)a 1.2 (0.1)bc* 1.0 (0.1)a 1.4 (0.3)c* 0.8(0.2)ab
P (g-kg™) 0.4 (0.1)a 1.0 (0.1)b* 0.9 (0.1)b* 0.8 (0.1)b* 0.8 (0.4)b*
Na (g-kg™) 0.4 (0.0)ab 0.3(0.0)ab 0.3(0.1)a 0.7 (0.3)b 0.3(0.1)a
Mn (g-kg™) 0.9 (0.6) 1.0 (0.5) 0.7(0.2) 1.5(0.6) 0.6 (0.0)
Al (g'kg™) 2.7 (0.1)a 3.4 (1.2)ab 3.3(2.1)ab 5.4 (1.4)b* 3.8(0.8)ab
Fe (g-kg™) 5.2 (1.5)ab 5.0 (1.0)a 4.8(2.3)a 6.4 (0.8)ab 7.9 (1.0)b
As (mg-kg™) 6.2 (2.3)b 2.4 (0.8)a* 5.2(1.9)b 2.6 (L.5)a* 6.4 (1.9)b
Cd (mg-kg™) 0.8(0.3)a 1.0 (0.1)b 0.8 (0.4)a 2.3(0.5)b* 0.3(0.0)a
Zn (mg-kg™) 49.9 (23.6)a 51.3(3.6)a 56.4 (9.8)a 119 (46 b* 46.5 (15.4)a
Cu (mg-kg™) 32.2 (0.3)ab 25.0 (L.6)a 30.4 (4.4)ab 32.7 (31)b 36.0 (1.2)b
Pb (mg-kg™) 26.0 (5.1)ab 161 (4.7)a 15.5 (6.6)a 151 (1.4)a 32.0 (11.1)b
Ni (mg-kg™) 9.9 (0.6)b 6.4 (0.8)a* 6.0 (0.5)a* 7.2(0.8)a* 6.2 (0.2)a*
Sr(mg-kg™) 19.4 (9.0)a 45.2 (3.5)b* 35.1(0.7)a 59.4 (11.2)b* 27.5(8.2)a

Note: Values are the mean * standard error of 4 replications. Significant differences (p < 0.05) from pairwise
comparisons (Tukey) are indicated with different lowercase letters. An asterisk (*) indicates a significant difference
from the control at p = 0.05, unless otherwise stated, as determined by Dunnett’s post hoc test. The post hoc tests
were completed only on those variables where a significant treatment effect was determined by one-way ANOVA.

Table 5. Sugar maple seedling foliar metal concentrations 4 years after addition of fly and bottom ash.

As(mg-kg™) Cd(mgkg") Zn(mgkg™)

Cu(mg-kg™) Pb(mgkg”) Ni(mgkg?) Sr(mgkg?)

Ash dosage
Ashtype (Mgha ') Mn(gkg") Fe(gkg™)
Control 0 0.56 (0.28)  0.04a(0.02) 5.45(2.81)  0.24(0.06)
Bottom 4 0.64(0.18)  0.03a(0.08) 7.40(3.23)  0.17(0.08)
8 0.37(010)  0.02a(0.05) 4.44(3.20) 0.30(0.05)
Fly 4 0.66(017)  010b*(0.03) 5.55(4.22)  0.29(0.05)
8 0.55(0.15) 0.07b*(0.03) 8.44(5.89)  0.17(0.08)

19.30a (1.51) 26.23(6.60) 215(0.41)  0.71(019)  5115b(9.59)
25.74a(317) 2517(5.48) 147(0.34) 0.67(0.32)  63.06b (7.90)
21.86a(1.35) 27.01(2.56) 1.73(0.35) 0.63(0.21)  50.33b (6.00)
20.05a(3.64) 21.87(2.61) 173(0.45) 0.91(0.22) 55.27b (6.96)
10.49b* (010) 23.69(3.22) 143(0.43) 0.86(0.47) 24.21a*(2.02)

Note: Values are the mean =+ standard error of 4 replications. Significant differences from pairwise comparisons (Tukey) are indicated with different lowercase
letters. An asterisk (*) indicates a significant difference from the control at p < 0.05, as determined by Dunnett’s post hoc test. The post hoc tests were completed only

on those variables where a significant treatment effect was determined by one-way ANOVA.

Ash properties

Possibly one of the largest concerns with using wood ash as a
soil amendment is the potentially high trace metal content of
wood ash (Pitman 2006). However, concentrations of metals in
both ashes used in this study were low, and none exceeded the
2002 Nutrient Management Act guidelines for Category 2 non-
agricultural source material. In addition, the pH of the ashes
used in this experiment were 8.6 for fly ash and 9.7 for bottom
ash, which are at the lower end of ranges for wood-fired boiler
ashes of 7.8-13.1 reported by Vance (1996) and 8.9-13.5 reported by
Demeyer et al. (2001).

Soil water chemistry

There is concern over contamination of surface and ground
waters after application of wood ash to forest environments
(Kahl et al. 1996). In this study, metal concentrations in soil water
varied considerably over the 4-year period. Concentrations of sev-
eral metals (Mn, Fe, Mo, As, Cd, Pb, Cr, Co, Ni, Se, and Sr) were
higher during the first 1 to 2 years of study, but there was only
a significant treatment effect on Mo, As, Co, Ni, and Se, and in
general, these differences were not between wood ash treat-
ment plots and control plots. Several studies have investigated
the effects of trace metal inputs into forest ecosystems. No sig-
nificant treatment effect was found in soil solution for most
metals up to 2 years following ash application (Rumpf et al.
2001; Ozolincius and Varnagiryte 2005; Saarsalmi et al. 2005).

Some studies found increased metal concentrations at 10-20 cm
(Cd, Zn, and Pb) and 50 cm (Ni) depths; however, these values were
either well within legal limits for drinking water or lower than
the maximum recommended metal input (Rumpf et al. 2001;
Ozolincius and Varnagiryte 2005). Following ash addition, metals
were bound in insoluble forms, mainly in the organic horizon,
which is likely why no negative changes in soil solution chemistry
were found (Bramryd and Fransman 1995; Eriksson 1998).

The high concentration for some metals measured during the
first year after ash application could be related to the lysimeter
installation. Hydrological anomalies as a result of soil disturb-
ance associated with tension lysimeter installation can last any-
where from 2 months to 2 years (Titus and Mahendrappa 1996).
Litaor (1988) observed extremely high levels of several trace met-
als in soil solution collected 3 weeks after lysimeter installation
and found these anomalies to be due to root responses to soil and
rhizosphere disturbance.

Soil solution pH remained relatively consistent throughout the
study period, except in fly ash (8 Mg-ha™?) plots where a 0.4 drop
in pH units was observed across all depths 3 years following ash
addition. A similar decrease of 0.3 pH units was seen after wood
ash (2.4 Mg-ha ') application in a pine stand in northern Ger-
many, which was attributed to soluble salts leaching from the
ash leading to desorbed exchangeable protons (Rumpf et al. 2001).
The PCA analysis indicates that increased soil water metal concen-
trations are associated with high SO, concentrations, and although
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Table 6. Baseline pH, dissolved organic carbon (DOC), sulfate, nitrate, base cation, salt, and
metal concentrations of soil water (0-20 cm) from Haliburton Forest experimental plots 4 years

following wood ash addition.

Bottom ash Fly ash

Control 4Mgha! 8 Mg-ha ! 4Mg-ha ! 8 Mg-ha !
pH 3.8*0.1a 4.2+0.2a 4.4+0.2a 4.4+0.2a 4.6+0.3b*
DOC (mg-LY)  71+0.9a 12.4+1.2b* 6.0+2.0a 7.8+4.0ab 6.5+0.8a
SO, (mg-L™ 2.8+01a 2.6+01a 3.4+0.2b* 5.4+0.2¢* 4.9+0.3¢*
NO; (ug-L™) 561+34.5 94.3+45.7 112.4+604  108.3%76.5 84.2+59.6
Ca (mg-L‘l) 27.5*21a 42.5+12.8ab 41.9+3.8b* 42.5+6.7b* 44.8+6.2b*
Mg (mg-L™Y) 51+0.7 70+15 8.4+0.8 6.6+2.3 8.0+11
K (mg-L™) 6.220.7 9.8+2.3 8.9+0.8 7.3+2.3 10.8+1.1
Na (mg-L™) 1.7+0.5a 2.8+0.9a 4.0+0.6ab 2.6*+1.0a 6.0+0.7b*
Mn (mg-L7) 3.5+0.8 43+11 47+01 3.7+1.0 41+1.0
Al (pg-L‘1) 1140.3+172.2 914.0+61.1 848.1+76.8 815.2*115.5 727.0*31.4
Fe (mg-LY) 11+0.5 0.4+0.2 0.4+0.2 0.2+0.1 0.2+0.1
As (ug-L™) 9.8+5.7 9.7+47 12.2+3.9 11.4+2.4 16.7+4.0
Cd (pg-LY 21+0.4 2.5+0.8 1.8+01 1.6+0.3 1.7+0.4
Zn (pg-L‘l) 159.9+28.8 156.8+40.3 135.8£23.9 138.0*+20.6 184.5+£39.4
Cu (ug-L™ 12.0+8.9 40+25 45+29 3.6+2.8 2.0+1.2
Pb (ug-L™) 8.8+15 8.6+0.7 7.3+0.9 81+1.9 5.9+0.8
Co (ug-L™Y 13.3%75 5.2*1.4 9.9+3.9 3.8+3.2 3.0+0.7
Ni (ug-L7™) 10.7+2.8 9.2+3.4 7.7+0.5 5.7+0.5 61+0.9

Note: Values are the mean * standard error of 4 replications. An asterisk (*) indicates a significant
difference from the control at p < 01, as determined by Dunnett’s post hoc test. The post hoc tests were
completed only on those variables where a significant treatment effect was determined by one-way ANOVA.

Fig. 3. pH and dissolved organic carbon (DOC) concentrations
(mean *SE) in soil water (0-20 cm) extracted from Haliburton
Forest wood ash experimental plots (n = 4) and subject to two
treatments: 30-day drought (@) and wet (¢). Statistical significance:
**, p < 0.05; **, p < 0.001. BOT4T and BOT8T, bottom ash at 4 and
8 Mg-ha ', respectively; FLYAT and FLYST, fly ash at 4 and 8
Mg-ha !, respectively.
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this was most pronounced in the shallow soil depth (30 cm), similar
patterns were observed at 50 and 100 cm. The S concentration of fly
ash used in this study is high compared with the average for bark
ashes (42.2 versus 6.5 g-kg ') (Pitman 2006) and is likely why there

were high SO, concentrations in soil pore water following fly ash
application. Sulfate concentrations remained significantly higher
in fly-ash-amended plots up to 4 years after treatment. A study on
an acidic forest Podzol (Kahl et al. 1996) amended with wood ash
found a similar pattern with elevated SO, concentrations in soil
solution following treatment. Increased SO, in soil solution was
attributed to it being desorbed from the soil by the reduction of
positively charged anion sites due to increased soil pH (Kahl et al.
1996). No changes in DOC due to ash addition were found, which is
consistent with other studies (Rumpf et al. 2001), suggesting that
variation in metal concentration is less impacted by changes in
DOC.

Concentrations of several metals in soil water exceeded federal
and (or) provincial guidelines for surface or drinking water on
numerous sampling days, but this occurred as frequently in con-
trols as in treatment plots further indicating that wood ash appli-
cation had limited effect on soil water metal values for up to
4 years post application. While we would not expect soil water
concentrations to directly align with these surface water stand-
ards, they provide reference levels as a point of comparison.
Landre et al. (2010) collected soil water from mineral soil hori-
zons at a nearby upland forest site without ash applications and
found similar soil water metal concentrations for all metals
except Zn and Cu. Concentrations of Zn and Cu for control plots
in this study (on average, 29-324 and 3.2-8.8 ug-L !, respectively)
were much higher than those recorded by Landre et al. (2010),
who found average soil water concentrations of 16 ug-L~" for Zn
and 0.33 pg-L~" for Cu.

Soil chemistry

In this study, trace metal concentrations in ash were low com-
pared with acceptable limits for land application in Ontario, and
although not statistically significant, ash application tended to
increase mineral soil pH by 0.3-0.6 units after 4 years. This
is comparable to data found in a meta-analysis by Reid and
Watmough (2014), who showed a mean increase in mineral soil
pH of 0.36 units, with the greatest effects seen during the first
4 years after ash application. One year after application at the same
site, ash treatments resulted in a large increase in pH (2 units) in
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4) and subject to two treatments: 30-day drought (black circle) and wet (open diamond). Statistical

Fig. 4. Concentration (mean *SE) of SO4, NO3, Ca, Mg, K, Na, Mn, Fe, As, Cd, Zn, Co, and Ni in soil water (0-20 cm) extracted from Haliburton

Forest wood ash experimental plots (n
significance: *, p < 0.1; ™, p < 0.05; **, p < 0.001. BOT4T and BOTST, bottom ash at 4 and 8 Mg-ha ', respectively; FLY4T and FLYST, fly ash at

4 and 8 Mg-ha ™', respectively.
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ble that the effects of higher pH on metal mobility will eventually

be reversed, and trace metals from the ash immobilized in the soil

can limit trace metal mobility (Sommers 1980), although it is possi-
will become more mobile (Demeyer et al. 2001).

BOTS8T FLY4T FLYS8T

BOT4T

Control
were seen into the mineral soil, possibly because it takes longer for

neutralization effects to be seen in deeper soil layers (Saarsalmi
et al. 2001). An increase in soil pH resulting from ash application

the organic soil horizons (Gorgolewski et al. 2016), but no effects
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Fig. 4 (concluded).
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Significant increases in nutrients (S, Ca, Mg, K, and P) and sig-
nificant decreases in Pb and Ni were also apparent in the fly ash
plots. Increases in nutrients following fly ash application to soils
is widely recognized in literature (Vance 1996; Pitman 2006; Augusto
2008). For example, 7 years following ash addition to an acidic for-
est Podzol (0-30 cm), Saarsalmi et al. (2001) found Ca concentra-
tions in fly ash (3 Mg-ha™!) amended plots (350 mg-kg™") to be
2.3 times higher compared with control plots (150 mg-kg ), which
is similar to this study (3600 and 8600 mg-kg ' in 4 and 8 Mg-ha™!
fly ash plots, respectively, compared with 2800 mg-kg " in control
plots). Decreases in Pb concentration following addition of soil
amendments such as ash or calcium carbonate has been found in
other studies (Arvidsson and Lundkvist 2003; Pugliese et al. 2014)
and may be the result of increasingly basic conditions resulting in
the precipitation of lead hydroxides and phosphates (Bradl 2004).

Although not significantly different, soil Na concentrations
were slightly higher in fly ash (4 Mg-ha™') amended plots com-
pared with controls, a result consistent with Domes et al. (2018)
for ash applied to Luvisolic soils in northern British Columbia.
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Sodium concentrations were only 2 times higher in the fly-ash-
amended plots in our study 4 years after application compared
with 43 times higher in fly-ash-amended plots compared with
the control in a study by Pugliese et al. (2014) 8 weeks after appli-
cation. Pugliese et al. (2014) conducted a sealed jar microcosm
experiment using ash from the same boiler as our study (just
2 years earlier), and other larger changes in soil nutrient and
metal levels reported in their study compared with our present
study indicate that ash effects are more muted with field applica-
tions. The concentrations of Na in fly ash used in this study
(36.4 g-'kg™") and that used in Pugliese et al. (2014) (34.0 g-kg ™)
are high compared with those reported by Augusto et al. (2008)
(2-5 g-kg "), which suggests that immediately following applica-
tion, increased Na concentrations are a result of direct transfer
from the ash to the soil. Over time, Na concentrations most likely
dissolve in soil water and exit the forest ecosystem, as Na interacts
weakly with the system (Bailey et al. 2003).

Concentrations of acid extractable trace metals in the soil
varied slightly by treatment, with fly ash showing the most
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Fig. 5. Concentration (mean *SE) of Al, Cu, and Pb in soil water (0-20 cm) extracted from Haliburton Forest wood ash experimental plots
(n = 4) and subject to two treatments: 30-day drought (black circle) and wet (open diamond). Statistical significance: *, p < 0.1; **, p < 0.05;
** p < 0.001. BOT4T and BOTST, bottom ash at 4 and 8 Mg-ha ?, respectively; FLYAT and FLYS8T, fly ash at 4 and 8 Mg-ha ’, respectively.

8000

6000 | l i

D)

o bt e

2000 1 ‘é. . o o

4000 A

Al (ugL

80 T

<>

RERS

50

40 4

<> .
1ty

20 A

Pb(ugL)

Control BOT4T BOTS8T FLY4T FLY8T

significant differences. Four years after application of fly ash, Fe,
Cd, As, Ni, Zn, and Sr concentrations were significantly higher
(relative to control plots) in some wood ash treatment plots in
the top 30 cm of the soil profile. These results are consistent with
other studies that showed increases in Fe, Mn, Cd, Zn, Cu, Pb, Cr,
and Ni (Nieminen et al. 2005; Singh and Agrawal 2010; Hansen
et al. 2018) in the upper 10-20 cm of soil following ash applica-
tion. However, mobility of these metals is likely to occur only
under acidic conditions, and soils with higher organic matter
concentrations and pH should be less vulnerable to trace metal
toxicities than more acidic soils (McBride et al. 2004).

Soil and sugar maple seedling tissue chemistry

Trace metals in ash could have the potential to accumulate
in sugar maple seedling tissues, leading to restricted growth
or lower survival rates. In this study, there was no significant
increase in foliar concentrations of any metal analyzed 4 year
after ash addition, except for Fe, which increased from about
40 mg-kg ' in control plots to 70-100 mg-kg ' in treatment plots.
These elevated foliar Fe concentrations are still within the
range of 59-130 mg-kg ! for healthy sugar maples (Kolb and
McCormick 1993). The initial increase in soil pH brought about by
soil amendments such as wood ash generally show a decreased
availability of Cd, Zn, Cu, Pb, Ni, and other metals (Sommers
1980), through either the precipitation of insoluble phases (such
as metal hydroxides) or promoting metal sorption via surface
complexation processes (Querol et al. 2006). Several metals (Al,
Fe, Zn, Pb, Ni, and Sr) were significantly higher in the roots of
seedlings from treatment plots compared with control plots.
Increased metal levels in roots could possibly be due to uptake
and restricted translocation or surface contamination by ash
residues or may simply be a result of surface adsorption as roots
can be difficult to clean. Elements of interest should be consid-
ered when determining methods for washing roots free of soil
particles (Park and Yanai 2009). Cadmium, Zn, and Pb have
shown translocations from roots to other plant parts following

Control BOT4T BOTST FLY4T FLYS8T

ash addition in field studies (Rumpf et al. 2001; Ludwig et al. 2002;
Arvidsson and Lundkvist 2003; Deighton and Watmough 2020).

Simulated drought

The potential for enhanced metal mobility following drought
was tested under experimental conditions. While minimal mo-
bility and uptake was observed over the 4-year period, repeated
applications of wood ash as a forest soil amendment may lead to
metal retention if the rate of trace metal input exceeds the rate
of loss (Lindberg and Turner 1988). The organic horizons of forest
soils have been shown to naturally accumulate metals (Friedland
et al. 1984), and metal concentrations in soil water could be
higher following severe drought (Dillon et al. 1997), and possibly
elevated even further at sites with organic soils that act as sinks
for metals from atmospheric deposition (Juckers and Watmough
2014).

The experimental drought data for Haliburton show that
drought conditions can cause acidification of soil water in the sur-
face horizons of upland forest soils. Simulated drought resulted in
the release of SO, and NO; in soil water of the control treatment
because of the oxidization of reduced S and N, which is consistent
with other studies (Dillon et al. 1997; Clark et al. 2006; Juckers and
Watmough 2014). These studies also show a decrease in pH fol-
lowing drought due to oxidation of reduced S and N compounds
creating SO, and NO3, which increase H* ions in soil water upon
rewetting. In this study, S and N content was similar in all ash-
treated plots, and all soils behaved similarly for SO, in response
to drought, although the response of NO; in soil water to ash
treatment was more variable but differences were not signifi-
cantly different.

Concentrations of base cations (Ca, Mg, K, Na) and some metals
(Mn, Fe, As, Cd, and Zn) increased in soil water following drought,
regardless of wood ash treatment. The increased solution concen-
tration of base cations and weakly binding metals, such as Cd
and Zn, corresponds with drought-induced acidification of soil
and incoming H* ions competing for exchange sites that mobi-
lizes base cations and metals in the soil solution (Brown et al.
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2000). Drought has also been shown to increase salinity by con-
centrating salts in soil water (McKee et al. 2004), which is why
increases in K and Na were most likely seen. Arsenic and Fe con-
centrations in soil water also increased following drought. Other
studies have also shown that As and Fe are immobilized follow-
ing oxidation during dry periods on ferric iron hydroxides in sur-
face peat and then can be rapidly mobilized by iron reduction
upon rewetting (Appleyard et al. 2006; Blodau et al. 2008).
Dissolved organic carbon concentrations in soil water declined
following drought. Following drying events, DOC concentrations
in soil water are thought to decrease mainly due to SO -induced
acidification of soil water but could also be due to abiotic factors
such as increased microbial consumption of DOC and subsequent
respiration of carbon dioxide (Clark et al. 2012). Aluminum, Cu,
and Pb soil water concentrations declined in response to the
simulated drought in a pattern similar to that of DOC. Strongly
binding metals such as Al, Cu and Pb can displace H" ions from
soil exchange sites following acidification, resulting in the
immobilization of these metals in an organic form (Tipping
et al. 2003; Clark et al. 2012). If drought events persist, however,
release of these metals has been shown after 60 days due to
increasing amounts of H* jons outcompeting metals, particu-
larly Al and Cu, for binding sites (Juckers and Watmough 2014).

Conclusion

Over the 4-year study period there were few significant increases
in soil water metal concentrations collected at 30, 50, and 100 cm soil
depth compared with the control plots after fly and bottom ash
additions in an upland northern hardwood forest soil. Treat-
ment plots receiving fly ash had higher concentrations of some
metals (Al, Cd, Zn, and Sr) in the top 0-30 cm of soil 4 years after
application, although soil pH tended to be higher, which likely
limits metal mobility and availability. Wood ash had no effect on
sugar maple foliar metal concentrations, with the exception of
Fe, which were still within the healthy range for sugar maple
seedlings 4 years after application. Significant differences in
root metal chemistry were seen, which could be due to restricted
metal translocation or uptake or to surface absorption from
improper cleaning. Simulated drought led to an increase in
some metal concentrations in soil water, but this occurred in
all treatments including the control. Our results suggest that
applying wood ash with low trace metal concentrations in low
to moderate doses to an acidic Brunisol leads to only moderate
increases in soil concentrations of some metals 4 years after ash
application.
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