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Contrasted growth response of hybrid larch (Larix x marschlinsii), jack
pine (Pinus banksiana) and white spruce (Picea glauca) to wood ash
application in northwestern Quebec, Canada

Nicolas Bélanger ",
Gustavo Palma Ponce @,
Suzanne Brais ¥

The use of wood ash as a soil amendment in afforestation and reforestation ef-
forts is increasing. While most studies suggest benefits or neutral results on
tree growth and survival, a few studies indicate adverse effects. Hybrid larch,
jack pine and white spruce were studied at three northwestern Quebec plan-
tation sites after they received wood ash at two application rates. Soil chemi-
cal properties, foliar nutrients and seedling growth and mortality were moni-
tored over a period of eight years. The response of soil to ash application was
mostly observed in the forest floor and was more pronounced in year 3 than
year 8, likely due to the acidifying nature of the boreal soils studied. Jack pine
growth increased linearly with wood ash application rates, white spruce
growth showed an inconsistent and delayed positive response under the higher
application rate, and hybrid larch growth and survival were either increased
or decreased under the lower application rate depending of site but decreased
at all sites under the higher application rate. The divergence in growth re-
sponse between tree species underlines a trade-off between species with
rapid acquisition of resources (e.g., pine, larch) to species that use more con-
servative strategies and store nutrients in their tissues for longer periods
(e.g., spruce). In the case of hybrid larch, it accumulated larger amounts of Mn
in its needles under the higher application rate and thus, the high bioavailabil -
ity of Mn appears to have been detrimental to its survival and growth. Its
higher sensitivity to Mn addition from ash is likely due to its highly acquisitive
(nutrients) nature compared to other coniferous species as well as the initial
levels of available Mn levels in the soil. The contrasted growth responses re-
ported here under similar growing conditions highlight the importance of iden-
tifying suitable species, sites and application rates to maximize the benefits of
wood ash amendments for future tree plantations in the boreal forest.
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Introduction

Wood ash used as a soil amendment
for afforestation or reforestation is com-
mon in some European countries (Lund-
borg 1998). Application of wood ash gener-
ally leads to improved soil nutrient avail-
ability and tree growth (Augusto et al.
2008, Reid & Watmough 2014, Emilson et
al. 2020). Another incentive of applying ash
in forests is the reduced landfill disposal
costs for forest and bioenergy industries
(Hannam et al. 2016). Wood ash composi-
tion depends on combustion conditions
(e.g., fly, bottom, mixed, cyclone) and fuel
type (e.g., wood, peat, bark, chips — Swe-
dish University of Agricultural Sciences,
http://woodash.slu.se/eng/). Ash is general-
ly Ca-, Mg-, K- and P-rich and N-poor and it
may contain relatively large amounts of mi-
cronutrients (e.g., Mn, Cu and Zn) and toxic
metals (e.g., Cd and Pb). Augusto et al.
(2008) characterized the bioavailability of
toxic metals in forest soils following ash
application and concluded that their pres-
ence was limited to surficial soil horizons
and was not likely problematic for tree

155

growth. This is likely due to: (i) a decrease
in the solubility of most toxic metals associ-
ated with the increase in soil pH following
ash application; (ii) the high capacity of or-
ganic matter in the forest floor to bind
toxic metals; and (iii) the direct negative
impacts of toxic metals on microbial activ-
ity (e.g., fungi), which tends to slow the
mobilization not only of nutrients but of
toxic metals as well. However, there are
some studies suggesting that ash applica-
tion can lead to tree growth decline in both
juvenile and adult plantations, and toxici-
ties induced by high levels of micronutri-
ents (e.g., Mn), non-nutrient metals (e.g.,
Cd) or salinity are suspected as the causes
(Staples & Van Rees 2001, Brais et al. 2015,
Bieser & Thomas 2019). Such situations are
more likely to occur at higher ash applica-
tion rates and some tree species (e.g.,
Picea spp.) are possibly more susceptible to
a toxic response (Brais et al. 2015, Emilson
et al. 2020). A few studies also reported
negative impacts of wood ash application
on seedling survival rate (Staples & Van
Rees 2001, Mandre et al. 2004).
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Lags in the growth response of tree spe-
cies to ash application are common and
can be associated to delays for nutrients
from the ash to transfer to and react with
the soil and eventually be absorbed by tree
roots (Reid & Watmough 2014). In the
short term, nutrients stored in tree seed-
lings at the nursery could mask the positive
growth response to ash application (Tim-
mer 1997). Nutrient reserves in seedlings
could also alleviate toxicities induced by
high levels of micronutrients such as Mn
and non-nutrient metals such as Cd, as
seen for many plants species (Alam et al.
2007, Kashem & Kawai 2007). Short-term
tree responses to ash application may not
reflect long-term responses (Reid & Wat-
mough 2014), which means that more lon-
gitudinal studies are required. The diversity
in the direction, timing and magnitude of
growth responses is prompting for new
studies of various tree species growing on
an array of soils (e.g., acid-base and N sta-
tus) and receiving different ash treatments
to set proper threshold application rates.

In Canada, wood ash is classified as a
waste material and as such, application in
forest settings is discouraged under most
provincial regulations and policies (Han-
nam et al. 2016). Due to the challenges of
obtaining regulatory approval for applica-
tion of ash to soils, the majority of the ash
produced annually in the country is land-
filled. Yet, this practice is increasing in pop-
ularity in some Canadian provinces, such as
Quebec and Alberta, but most ash is ap-
plied in an agricultural context. Application
rates to agricultural soils are set based on
wood ash and soil chemical compositions,
namely the content of toxic metals in ash
(e.g., 88 Mg ha" per 20 years in Hébert 2015
for Quebec), but these are well above the
recommended rates for European forests
(e.g., 6 Mg ha" per rotation in Varnagiryte-
Kabasinskiene 2012 for Lithuania). AshNet,
a network of Canadian government, aca-
demic and industry researchers, is aiming
to study the potential benefits of wood ash
on tree growth and come up with recom-
mendations in regard to application rates

for Canadian provinces and territories
(Emilson et al. 2018). The work presented
here is part of the AshNet initiative.

Our study reports mortality rates,
growth, foliar nutrition and soil chemical
composition of planted hybrid larch (Larix
x marschlinsii), jack pine (Pinus banksiana)
and white spruce (Picea glauca) seedlings
over an eight-year period following ash ap-
plication in the Quebec boreal forest.
These species were selected because they
are believed to have contrasted nutrient
acquisition strategies. Hybrid larch is be-
lieved to be the most acquisitive, followed
by jack pine and then white spruce (Gower
& Richards 1990, Diaz et al. 2004, Thiffault
et al. 2006). In this respect, they are likely
to respond differently to ash application.
The primary objectives were to: (i) describe
the growth response of these tree species
to various ash application rates over time;
and (ii) assess soil and foliar nutrients un-
der the ash treatments as a means to ex-
plain growth responses. The hypothesis
was that, as a whole, tree growth and sur-
vival would be improved by ash application
and that the benefits would be greater un-
der the higher application rate due to sig-
nificantly improved soil nutrient availabil-
ity, mostly in the forest floor, as well as for
the more acquisitive tree species. How-
ever, there is also the possibility that some
tree species could be sensitive to the high
levels of some metals in the ash and in
turn, tree growth and survival could be im-
paired if a certain threshold was exceeded.

Materials and methods

Study sites and experimental design

The study was conducted in the Abitibi re-
gion of northwestern Quebec, Canada,
within the balsam fir (Abies balsamea) —
white birch (Betula papyrifera) bioclimatic
domain (Saucier et al. 1998) of the boreal
forest and within the Precambrian Shield.
Two sites were selected: Pascalis (48° 12" N,
77° 27' W; 345 m a.s.l.) and Senneterre (48°
24' N, 77° 04’ W; 380 m a.s.l.). Climatic data
are not available for these sites. Basic cli-

Tab. 1 - Forest floor and mineral soil (upper B horizon) chemical properties prior to
wood ash application at the study sites and used to calculate the ash application rate
needed to adjust the upper B mineral soil pH in water to 5.5. pH was measured in
water (active acidity). pH buffer capacity was measured after adding a buffer solution
(7.0) as an indication of the acidity reserve and the amount of lime required to neu-
tralize it and to reach a target pH in water. Organic matter was measured by loss on
ignition in a muffle furnace at 375 °C (McKeague 1978). It was not measured for the
forest floor (n/a). CEC. is effective cation exchange capacity and was calculated from
exchangeable Ca, Mg, K, Na and acidity after an extraction with 0.1 M NH,Cl (Bélanger
et al. 2007). See Materials and Methods section for details on analyses.

: pH buffer Organic CEC.

Layer Site PH capacity matter (%)  (cmol. kg™")

Pascalis 6.00 3.90 n/a 15.1
Forest floor

Senneterre 5.60 4.20 n/a 18.4

Pascalis 4.82 6.35 2.38 1.05
Mineral soil

Senneterre 4.73 5.90 5.83 1.50
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matic variables were therefore simulated
using the BioSIM model (Régniere 1996)
for each year of the study period (2007-
2014), and then computed into an average
over the 8 years. The model uses elevation,
latitude and longitude and multivariate re-
gressions for extrapolating data from the
nearest weather stations. It provides data
that are not statistically different from
measured data. At Pascalis, mean daily air
temperatures in January and July were -
15.5 °C and 17.6 °C, respectively, whereas
mean annual precipitation was 918 mm. At
Senneterre, mean daily air temperatures
were -15.6 °C in January and 16.9 °C in July,
while mean annual precipitation was 932
mm. Of the total precipitation at both
sites, 49% fell between May and Septem-
ber. Soils at both sites are Dystric Eluviated
Brunisols developed from quaternary de-
posits (Expert Committee on Soil Survey
1998). The forest floor at the sites is a mor
type (10-15 cm depth) originating from
feathermoss. Field assessments suggest
that the mineral soil (i.e., upper B horizon)
at Pascalis and Senneterre have a loamy
sand texture and a sandy loam texture, re-
spectively. This is consistent with a slightly
higher effective cation exchange capacity
and acidity reserve of the mineral soil at
Senneterre (Tab. 1). Organic matter levels
in the upper B horizon are quite low. Using
a correction of 0.583 (Expert Committee
on Soil Survey 1998), they are equivalent to
1.39% and 3.40% of carbon in Pascalis and
Senneterre, respectively,

The experimental design was comprised
of three plantations/sites or experimental
blocks (i.e., Pascalis 1, Pascalis 2 and Sen-
neterre) varying from 30 to 40 ha in size
which were former jack pine stands har-
vested in 2005. It was set as a randomized
complete block design with three blocks
(plantation/sites), three ash treatments
(3x%) and three species (3x) nested within
each ash treatment. Again, the species
were hybrid larch, jack pine and white
spruce. Hybrid larch and jack pine were
present at all sites (3x), whereas white
spruce was present at Pascalis 1 and Pas-
calis 2 only (2x).

The ash was loose non-stable fly ash (see
Tab. 2 for physicochemical composition)
originating from a wood residue thermal
power plant, which mostly uses softwood
bark residues from sawmills. Compared to
the fly ash data (n=189) compiled in the
Wood Ash Database (http://woodash.slu.se
|eng/stats.cfm), the fly ash in our study ex-
hibits relatively low levels of toxic metals,
except for Mn and Ba which are compara-
ble to the average fly ash in the Wood Ash
Database.

The ash treatments consisted in a control,
a half load and a full load. The full load cor-
responded to an ash application rate to ad-
just the upper B mineral soil pH in water to
5.5. To determine this value, we first mea-
sured general soil properties of a few soil
samples at each site, namely the acidity re-
serve (pH buffer capacity) of the upper B
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horizon and pH in water (Tab. 1). Analytical
methods are detailed in Tab. 1 or specified
later in this section. Fine lime was consid-
ered to have an acid neutralizing capacity
of 85%, an efficiency of 88%, and an effec-
tive neutralizing capacity (ENC) of 75%
(CRAAQ 2013). Fine lime requirements
were calculated on a hectare basis for 17
cm of soil and assuming a soil bulk density
of 1320 kg m3 (CRAAQ 2013). Chemical anal-
yses at the power plant determined that
the wood ash has an acid neutralizing ca-
pacity of 35%, an efficiency of 100% and an
ENC of 35%. The very high fineness of grind
explains the full efficiency of the wood ash.
Thus, for a lime requirement of 6.7 dry Mg
ha“ to reach a soil pH in water of 5.5 at the
Senneterre site, the equivalent wood ash
requirement was calculated as: (6.7 dry Mg
ha" fine lime requirement x 75% ENC_lime)/
(35% ENC_wood ash) = 22 Mg ha of wood
ash.

Because the wood ash is 65% dry matter
and fine lime is close to 100% dry matter,
this is equivalent to 14 Mg ha" of dry ash.
The coarser texture and thus the lower re-
serve of acidity of the mineral soil at Pas-
calis (Tab. 1) explain the lower wood ash
application rate needed to raise soil pH in
water to 5.5. This was calculated as an
equivalent of 5 dry Mg ha™ in Pascalis 1 and
Pascalis 2. The treatment corresponding to
the half load was thus 2.5 dry Mg ha" in
Pascalis 1 and Pascalis 2 and 7 dry Mg hain
Senneterre. The ash was applied in the fall
of 2006 using a forest harvester equipped
with a road sander. Following application,
the sites were mechanically prepared with
a TTS power disc trencher to incorporate
the ash in the mineral soil. Sites were
planted in late May to early June of 2007.

Field measurements, sampling and
laboratory analyses

In the fall of 2007 (year 1), surviving seed-
lings were measured for diameter at breast
height (DBH) and total height in two 10 x
10 m sampling units within each blockxash
treatmentxspecies sub-plot of the experi-
ment. Measurements were repeated in
2008, 2009 and 2014 (years 2, 3 and 8, re-
spectively) in the same sampling units on
surviving seedlings. Because sampling units
contained 25 seedlings, it was possible to
calculate a yearly mortality rate based on
the number of measured seedlings. There
was one exception for hybrid larch in 2009
when seedlings falling outside the sam-
pling units were inadvertently measured to
reach a total of 25 seedlings per sampling
unit. Thus, a mortality rate could not be cal-
culated in 2009 for hybrid larch.

In year 3, two seedlings per sampling unit
were harvested after tree hardening (sec-
ond week of October), and their total nee-
dle mass was air dried and ground for
chemical analyses. Samples were digested
in a HSO,-H,0, mixture. Phosphorus, K, Ca
and Mg were measured by ICP mass spec-
trometry (Perkin-Elmer Optima® 4300DV),
while total N was measured using the Kjel-
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dahl method. Total needle mass and nutri-
ent concentration allowed the measure-
ment of needle nutrient content. Thus, the
changes in needle mass and N, P, K, Ca and
Mg nutrient concentration and content un-
der the half and full loads were measured
relative to the control in year 3. In the sec-
ond week of October in year 8, needles
were sampled from a single branch of six
seedlings per sampling unit and then air
dried and ground. Considering the rela-
tively high levels of Mn and Ba in ash (Tab.
2), these elements along with N, P, K, Ca
and Mg were analyzed on foliar samples
collected at year 8. The same analytical
methods as in year 3 were used, except for
a different ICP mass spectrometer (Varian®
820MS, Agilent Technologies, CA, USA).

Soil samples were collected from the re-
sidual forest floor and the 0-15 cm mineral
soil at opposite extremities of each sam-
pling unit in 2009 and 2014. Forest floor
and mineral soil samples were air-dried,
sieved (2 mm) and analyzed for pH in 0.01
M Cadl, using 1:4 and 1:2 ratios, respec-
tively. Exchangeable cations were ex-
tracted with NH,Cl-BaCl, (Amacher et al.
1990). Calcium, Mg, K and Na were ana-
lyzed by inductively coupled plasma atomic
emission (ICP - Perkin-Elmer Optima® 4300
DV), whereas exchangeable acidity was an-
alyzed by titration (848 Titrino plus, Metr-
ohm AG, Herisau, Switzerland). Effective
cation exchange capacity (CEC.) was esti-
mated by calculating the sum of base cat-
ions and exchangeable acidity (Aciditye).
Base saturation was defined as the sum of
Ca, Mg, K and Na divided by CEC.. Available
P was assessed by means of a Bray 2 ex-
traction in 2009 and a Mehlich-3 extraction
in 2014 (Ziadi & Sen Tran 2008). In both
cases, extractions were analysed by ICP. Fi-
nally, soil samples were ground to pass
through a 250 um mesh and analyzed for
Kjeldahl N after a digestion in a HSO,-H,0,
mixture.

Because of the high levels of Mn in the fly
ash (Tab. 2), a sequential extraction for Mn
was conducted on a subset of forest floor
and mineral soil samples collected under
hybrid larch in year 8 (i.e., 3 sites x 3 treat-
ments x 2 soil types x 1 bulk sample from
the two replication plots per site/treat-
ment) according to the method of Warden
& Reisenauer (1991). This procedure sepa-
rates Mn into four forms, i.e., readily solu-
ble Mn (0.05 M Ca(NO;),), weakly adsorbed
Mn (0.025 M CaDTPA in 0.025 M Na,B,0,),
specifically adsorbed Mn (0.05 M Cu(CO;),
in 0.05 M Ca(NO;),), and oxide-Mn (0.1 M
NH,-OH-HCl in 0.01 M HNO;). This is the se-
quence for carbonate-free soils (the 1.6 M
HNO,; extraction was omitted which is for
carbonate-bound Mn). The fly ash also had
relatively high levels of Ba (Tab. 2). Thus, all
forest floor samples collected in year 8
were also extracted with 0.1 M NH,Cl (Bé-
langer et al. 2007) instead of NH,Cl-Bacl, in
order to analyze Ba (and Mn) by ICP mass
spectrometry (Varian 820MS).

Tab. 2 - Chemical properties of fly ash
used in this study. Macro- and micro-ele-
ments were analyzed by ICP (Perkin-
Elmer Optima 4300DV) from HNO; or
HNO;-HCl digestions, or by x-ray fluores-
cence spectroscopy (Bruker S8 Tiger).

Prqper Variable Value
ties
S Calcium carbonate 31
§ :‘5 8 equivalent
2 € £ Fineness 92
£ _g "é (particles < 2mm)
& Organic matter 22
" Calcium 67
% Magnesium 4
g“‘; Nitrogen <1
Té & Phosphorus
é - Potassium 9
Sodium 2
Arsenic 2
Bore 62
Barium 1516
Cadmium 3
Chromium 11
Cobalt 10
‘g _ Copper 20
EFZOn Iron 1216
g 2 Lead 10
é Manganese 7350
Mercury 0
Molybdenum 4
Nickel 12
Rubidium 90
Strontium 582
Zinc 286

Statistical analyses

Descriptive statistics were conducted to
calculate annual means and standard devi-
ations of mortality rate, diameter, total
height and foliar nutrients and Ba by ash
treatments and tree species. For soil chem-
ical variables, annual means and standard
deviations were calculated for each treat-
ment without distinguishing between tree
species. Two-way ANOVAs were conducted
on the different variables measured to test
whether there was a significant interaction
term between the two factors (i.e., treat-
ments and sites). This test was selected
over a mixed effect model because the
sites were not intentionally selected to
cover specific characteristics. ANOVAs
were conducted by species on mortality
rate, diameter, total height and foliar nutri-
ents and Ba to test whether there is a sig-
nificant interaction term between treat-
ments and sites. ANOVAs were conducted
similarly on soil variables without distin-
guishing between tree species. In all tests,
sampled years were treated separately. No
statistical test was conducted on sequen-
tial extraction Mn soil data to compare ash
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Fig. 1- Hybrid larch (a), jack
pine (b) and white spruce
(c) mortality rates under
the ash treatments in years 80
1, 2, 3 and 8. Means with 70
standard deviations are
presented. A significant
interaction term (treat-
mentxsite) is represented
by the * symbol. In such
cases, treatment differ-
ences between site were
detected using simple main
effects testing and for con- 0
cision, outcomes are sum-
marized in writing in the
results section.
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treatments under hybrid larch considering
that only one sample per treatment per
site was analyzed. When an interaction
term was significant, simple main effects
testing was conducted to characterize
treatment (ash) effects within each site. In
these cases, significant results were sum-
marized in writing in the next section - for
the sake of concision, they were not pre-
sented graphically. If there was no signifi-
cant interaction and a significant treatment
effect was detected, a post hoc comparison
was conducted using the Tukey’s honest
significant difference (HSD) test. The as-
sumption of normality of residuals for the
ANOVAs was met — data were transformed
for only a few tests to meet this assump-
tion. However, transformation of growth
and foliar variables occasionally failed to
homogenize variances between groups
and thus, the assumption of homogeneity
of variances could not be met for all tests.
To avoid introducing an error in the test, a
significant treatment effect on mortality
rate, diameter, total height and foliar nutri-
ents and Ba was accepted at P<0.02 when
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1

1 year 2 year 3 year 8

the assumption of homogeneity of vari-
ance was not met. Otherwise, the signifi-
cance level for interactions and compari-
son of means was set at P<0.05. Finally,
one-way ANOVAs were conducted to test
for significant differences in mortality rate,
diameter and height between tree species
and treatments in year 8, followed by post
hoc comparisons using the Tukey’s HSD
test at P<0.05. All statistics were con-
ducted using the SigmaStat module in
SigmaPlot® v. 13.0 (Systat Software, Inc.,
San José, CA, USA).

Results

Mortality rate, diameter and total
height

Mean mortality rate, diameter and height
of hybrid larch in year 8 were respectively
20.7%, 49.1 mm and 144 cm under the con-
trol, 28.7%, 50.6 mm and 276 cm under the
half load and 59.3%, 19.0 mm and 96.3 cm
under the full load (Fig. 1a, Fig. 2a, Fig. 2d).
The interaction term was significant for all
of the tests regarding hybrid larch mortal-

ity (years 1, 2 and 8) and the tests for diam-
eter and total height in years 3 and 8. This
led to simple main effects testing of treat-
ments within each site. A negative effect of
the full load relative to the control was ob-
served at all sites for these variables. How-
ever, differences in mortality and diameter
were significant only at Pascalis 2 and Sen-
neterre, whereas differences in total height
were significant at all sites in year 8 and
only at Pascalis 2 in year 3 (results not
shown). Survival, diameter and total height
under the half load were anywhere from in-
creased to decreased relative to the con-
trol. Overall, (i) the half load in Pascalis 1
had significantly higher mortality and lower
diameter and total height than the control
- values under the half load reached similar
values to those under the full load in year
8; (ii) the half load in Pascalis 2 had signifi-
cantly lower mortality and higher total
height than the control; and (iii) the half
load in Senneterre had significantly higher
mortality, diameter and total height than
the control (results not shown). Hybrid
larch growth data in year 2 suggest similar
overall trends, but ANOVAs did not meet
the condition of homogeneity of variance
and the significance threshold of P<0.02.

Jack pine mean mortality rate, diameter
and height in year 8 were respectively 22.0
%, 39.5 mm and 180 ¢cm under the control,
12.0%, 49.9 mm and 256 cm under the half
load and 13.3%, 59.5 mm and 303 ¢cm under
the full load (Fig. 1b, Fig. 2b, Fig. 2e). There
was no difference in mortality rate be-
tween treatments, but there was a signifi-
cant positive growth response of jack pine
to the full load (Fig. 1b, Fig. 2b, Fig. 2e).
Both diameter and total height under the
full load were generally significantly higher
than the control and half load starting in
year 2 and continuing in year 8. At year 8,
however, there was no significant differ-
ence in diameter between the half and
full loads. A linear relationship between
growth and ash application rates was ap-
parent, but this could not be fully shown as
the tests failed to statistically differentiate
the half load from either the control or full
load or both.

Mean mortality rate, diameter and height
of white spruce in year 8 were respectively
14.0%, 16.8 mm and 58.9 cm under the con-
trol, 17.3%, 18.0 mm and 64.9 cm under the
half load and 15.3%, 22.1 mm and 93.5 cm
under the full load (Fig. 1c, Fig. 2¢, Fig. 2f).
The interaction term was significant for
tests regarding white spruce mortality in
years 1and 2. Simple main effects testing of
treatments within each site revealed a sig-
nificantly higher mortality under the full
load than the control and half load at Pas-
calis 1 only. The only indication of a signifi-
cant change in white spruce growth due to
ash treatments was with height in year 8
(Fig. 2¢, Fig. 2f). Simple main effects testing
revealed a significantly higher height under
the full load than the control and half load
at Pascalis 2 only. The pattern for diameter
was similar to that of height, but the

iForest 14: 155-165



Fig. 2 - Hybrid larch (a,d), jack pine

(b,e) and white spruce (c,f) diame- 5
ter and total height response to ash 80
treatments in years 1, 2, 3 and 8. -

Means with standard deviations are

presented. Different letters repre- é :z
sent generalized significant differ- % o
ences between treatments within ¢ 2
sampled years that were detected "
using the Tukey’s HSD test. A sig-
nificant interaction term (treat- °
mentxsite) is represented by the * <
symbol. In such cases, treatment
differences between site were £0
detected using simple main effects 70
testing and for concision, outcomes 60

are summarized in writing in the
results section.
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ANOVA did not meet the condition of ho-
mogeneity of variance nor the significance
level of P<0.02.

Due to the high variability in the dataset,
notably in jack pine data, mortality rate be-
tween species in year 8 was generally not
significantly different, with the exception
of mortality of hybrid larch under the full
load which was significantly higher than
jack pine and white spruce (results not
shown). There was no statistical difference
between hybrid larch diameter and height
under the half load and jack pine diameter
and height under the half and full loads in
year 8 (results not shown), thus suggesting
a similar growth potential of hybrid larch
under appropriate ash application rates.
However, diameter and height of hybrid
larch under the full load and of white
spruce under all treatments in year 8 were
significantly lower than diameter and
height of jack pine under all treatments (re-
sults not shown).

Foliar nutrients and barium

There were very few significant differ-
ences in foliar macronutrients between ash
treatments, i.e., Ca of hybrid larch in year 3,
N of hybrid larch in year 8 and K of jack
pine in year 8 (Fig. 3). Hybrid larch under
the full load had significantly higher foliar
Ca than the control, whereas it had signifi-
cantly higher foliar N in the half load com-
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pared to the control. The interaction term
for K in jack pine was significant, thus lead-
ing to simple main effects testing within
each site. In Pascalis 1 and Senneterre, the
full load had significantly higher foliar K
than the control and half load (results not
shown). In addition, the half load had sig-
nificantly higher foliar K than the control
and full load in Pascalis 2. Data also re-
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vealed increases in foliar N and Ca of jack
pine in year 3 under ash treatments, but
ANOVAs did not meet the condition of ho-
mogeneity of variance and the significance
threshold of P<0.02. No significant change
in foliar macronutrients due to ash applica-
tion was observed for white spruce.

Mean changes in total needle mass and
nutrient content following ash application

Tab. 3 - Mean changes (%) in needle mass and N, P, K, Ca and Mg concentrations and
contents in year 3 under ash treatments relative to control.

Hybrid larch Jack pine White spruce
Variable Half load Full load Half load Full load Half load Full load

vs vs vs vs vs vs

Control Control Control Control Control Control
Relative needle mass -33.2 571 +112 +143 -7.09 -25.2
Relative N concentration +4.37 +2.11 +8.49 +27.1 -27.8 +16.8
Relative N content -30.3 -56.2  +130 +209 -32.9 -12.6
Relative P concentration +20.8 +20.2 -9.99 +0.10  -25.3 +5.29
Relative P content -19.3 -48.4 +90.8 +143.4 -30.6 -21.2
Relative K concentration +1.19 +0.50 +8.41 +31.4 -23.2 -7.27
Relative K content -32.4 -56.9 +129.8  +219 -28.6 -30.6
Relative Ca concentration +39.7 +52.1 +46.7 +62.2 -8.61 +29.5
Relative Ca content -6.66 -34.7  +211 +294 -15.1 -3.06
Relative Mg concentration +2.78 +1.34 -22.2 -15.6 -5.00 +20.6
Relative Mg content -31.3 -56.5 +64.9  +105 -11.7 -9.72
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Fig. 3 - Hybrid larch (a,d), jack pine (b,e) and white spruce (c,f)
foliar N, P, K, Ca and Mg response to ash treatments in years 3
and 8. Means with standard deviations are presented. Different
letters represent generalized significant differences between
treatments within sampled years that were detected using the
Tukey’s HSD test. A significant interaction term (treatmentx
site) is represented by the * symbol. In such cases, treatment
differences between site were detected using simple main
effects testing and for concision, outcomes are summarized in
writing in the results section.
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Fig. 4 - Hybrid larch (a,d), jack pine (b,e) and white spruce (c,f)
foliar Mn and Ba response to the ash treatments in year 8.
Means with standard deviations are presented. Different letters
represent generalized significant differences between treat-
ments within sampled years that were detected using the
Tukey’s HSD test. A significant interaction term (treatmentx
site) is represented by the * symbol. In such cases, treatment
differences between site were detected using simple main
effects testing and for concision, outcomes are summarized in
writing in the results section.

(relative to control) were large to very
large for jack pine, i.e., ranging from
+64.9% to +211% for the half load and +105%
to +295% for the full load (Tab. 3). Changes
in needle mass and nutrient content for
white spruce were relatively small, ranging
from -3.06% to -32.9%. Changes in needle

mass and nutrient content for hybrid larch
were also negative - they were relatively
small for the half load (-6.66% to -33.2%) but
larger for the full load (-34.7% to -57.1%).

A few significant differences between
treatments were detected in regard to fo-
liar Mn and Ba in year 8 (Fig. 4). First, the

full load had significantly higher foliar Mn
than the control in hybrid larch. There was
also an increase in foliar Ba of hybrid larch
in year 8 under the full load, but the
ANOVAs did not meet the condition of ho-
mogeneity of variance nor the significance
threshold of P<0.02. The interaction terms

Tab. 4 - Forest floor chemical properties (means with standard deviations in parentheses) as a function of ash treatment in years 3
and 8. pH is in a Cadl, solution. Ny is Kjeldahl nitrogen. Py, is Bray 2 phosphorus. Ca., Mg., K., Na. and Acidity. are respectively
exchangeable calcium, magnesium, potassium, sodium and acidity measured from a NH,CI-BaCl, extraction (Amacher et al. 1990),
and CEC. and BS are effective cation exchange capacity and base saturation, both calculated from the NH,Cl-BaCl, extraction. See
“Materials and methods” section for details on analyses. Different letters represent generalized significant differences between
treatments within sampled years that were detected using the Tukey’s HSD test. A significant interaction term (treatmentxsite) is
represented by the * symbol. In such cases, treatment differences within each site were detected using simple main effects testing
and for concision, outcomes are summarized in writing in the results section.

Treatment Year 3 Year 8

Control Half load Full load Control Half load Full load
pH 2.99 £0.13 ¢ 3.50 +0.24° 3.79+0.42* 2.91 £0.17* 3.10 £ 0.23* 3.35 £0.38*
Niget (%) 0.79 £ 0.14 0.67 £+ 0.16 0.75+0.12 0.88 +0.20* 0.69 +0.18° 0.72£0.24%®
Phray(%) 76.60 + 14.4° 80.90 +20.1°  106.00 + 23.92 34.90 + 15.3 36.10 + 10.3 59.50 + 54.3
Ca. (cmol. kg™) 8.28+2.09°¢ 13.40 £ 5.11° 20.60 + 6.86 * 8.80 + 3.87 8.69 + 3.01 12.30 + 5.84
Mg. (cmol. kg™) 2.09 £0.39° 2.12 £0.53° 2.86 +0.57 2 1.80 + 0.68 1.29 + 0.44 1.74 + 0.77
Ke (cmol. kg™) 1.12+£0.36" 1.22 +0.40 1.24+0.50* 0.86 +0.30* 0.48 +0.21° 0.49 £+ 0.13°
Nae (cmol. kg™) 0.30 £ 0.08° 0.41 £0.17® 0.45+0.14* 0.17 £0.12 0.05+0.02 ¢ 0.07 £0.02°
Acidity. (cmol. kg™) 10.10 £ 2.10° 6.08 +1.84° 5.13 +2.66 ° 11.60 + 3.12* 7.96 + 2.30* 6.67 + 3.08*
CEC (cmol. kg™) 21.90 +2.52° 23.2+5.46° 29.50 + 5.47 * 23.20 + 4.95? 18.50 + 4.26 ° 21.30 + 6.55 ®
BS (%) 53.80+7.99°¢ 70.0 +9.29° 80.70 + 12.0* 49.60 + 12.7* 55.80 + 10.5* 65.60 + 12.3*
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Tab. 5 - Manganese speciation (according to the sequential extraction method proposed by Warden & Reisenauer 1991) in the forest
floor (a) and mineral soil (b) in a subset of samples collected under the ash treatments in hybrid larch plots only. No statistical test
was conducted on these data to compare ash treatments considering that only one sample per treatment per site was analyzed.
See “Materials and methods” section for details on sequential extraction procedure.

Forest floor Mineral soil
Mn forms

Control Half load Full load Control Half load Full load
Readily soluble (mg kg™”) 99.3+110 123.0+58.4 223.0x82.7 0.67 + 0.44 2.33+1.82 1.17 £ 0.59
Weakly adsorbed (mg kg™) 13.4 £24.3 24.5 £ 16.5 51.7 £ 25.0 0.02 £ 0.10 0.00 +0.18 0.00 £ 0.13
Specifically adsorbed (mg kg™) 0.76 + 0.77 4.34+2.72 12.1 +11.7 0.12 £ 0.16 0.04 + 0.04 0.13 +0.21
Oxide-bound (mg kg™) 1.15 £ 0.94 26.8 + 24.0 95.8 + 89.8 18.4+31.4 0.33+0.25 9.82 + 16.8
Total (mg kg™) 115+136 179.0 + 84.4 383.0 = 191 19.2 + 32.1 2.54 + 1.96 11.0+17.4

for Mn and Ba in jack pine were significant,
thus leading to simple main effects testing
within each site. There were significant dif-
ferences in Pascalis 1 and Senneterre, al-
though there was no consistent pattern in
the results. As a whole, (i) foliar Mn and Ba
levels were respectively higher and lower
under the control than the half and full
loads in Senneterre; and (ii) the full load ex-
hibited significantly lower foliar Ba levels
than the control and half load in Pascalis 1
(results not shown). No significant differ-
ence between treatments was observed
for foliar Mn and Ba of white spruce.

Soil chemical properties

Forest floor chemical properties are dis-
played in Tab. 4 for years 3 and 8. Overall,
forest floor pH, exchangeable Ca levels and
base saturation significantly increased with
increasing ash load in year 3. In the case of
extractable P, exchangeable Mg and effec-
tive CEC, the full load had significantly
higher values than the control and half
load, whereas exchangeable K and Na lev-
els under the full load were significantly
higher than the control. Interaction terms
were often significant for year 8, which
prompted for simple main effects testing
to characterize ash treatment effects with-
in each site. The effect of ash on the acid-
base status of the forest floor was still sig-
nificant in year 8, but only at Senneterre in
regard to pH and base saturation, and at
Pascalis 2 and Senneterre in regard to ex-
changeable acidity. Exchangeable Ca levels
in the forest floor under the full load were
higher than the control and half load, but
this was marginally significant (P=0.08).
The positive effect of the full load ob-
served on forest floor effective CEC in year
3 was not detected in year 8, and this was
also the case for exchangeable K and Na.
Instead, the control generally showed sig-
nificantly higher CEC, K and Na values than
the half and full loads. This pattern was
also observed for forest floor N.

The sequential Mn extraction results on
soil samples collected under hybrid larch in
year 8 are shown in Tab. 5. They reveal a
consistent increase in Mn levels with in-
creasing ash load for all forms in the for-
est floor. Manganese levels in the mineral
soil were much lower than in the forest
floor (i.e., readily available or oxide-bound

iForest 14: 155-165

forms) or at trace levels (i.e., weakly and
specifically adsorbed forms). In the forest
floor, Mn levels in the half and full loads in-
creased, relative to the control, by respec-
tively 1.24- and 2.25-fold for readily soluble
Mn, 1.83- and 3.86-fold for weakly adsorb-
ed Mn, 5.71- and 15.8-fold for specifically
adsorbed Mn, 23.2- and 83.0-fold for oxide-
bound Mn, and 1.56- and 3.34-fold for total
Mn. In the mineral soil, there was no in-
crease in Mn levels in the half and full loads
relative to the control for weakly adsorb-
ed, specifically adsorbed, oxide-bound and
total Mn, although readily available Mn in-
creased respectively by 3.85- and 1.93-fold.
Exchangeable Mn extracted with the NH,Cl
solution on forest floor samples collected
in year 8 was higher under the half and full
loads compared to the control (Tab. 6).
This pattern was observed at all sites, but
the difference was significant only at Sen-
neterre (results not shown). There was no
indication of a treatment effect on ex-
changeable Ba (Tab. 6).

The benefits of ash on the first 10 cm of
mineral soil were also apparent in year 3,
although perhaps not as statistically dis-
tinct as in the forest floor (Tab. St in Sup-
plementary material). The positive effects
were mostly observed at Pascalis 1 and
Senneterre in year 3. Significant effects of
ash on mineral soil had almost entirely dis-
appeared in year 8. The only exception is
for exchangeable Ca for which the half
load had significantly higher levels than the
control, whereas the full load was not sig-
nificantly different than the control due to
a large standard deviation.

Discussion
The response of soil to ash application
was mostly observed in the forest floor

and this was fully expected (Tab. 4, Tab. S1
in Supplementary material). Chemical reac-
tions responsible for such changes have
been fully discussed by others (Augusto et
al. 2008, Reid & Watmough 2014, Brais et
al. 2015). Reid & Watmough (2014) sug-
gested that soil acid-base indicators (e.g.,
pH and base saturation) tend to respond
quickly to liming and ash application in the
forest floor because (i) protons are readily
buffered in contact with the carbonates to
form bicarbonate ions, and (ii) base cat-
ions, namely Ca*, are immediately available
for the displacement of acidity adsorbed
on the exchangeable complex (e.g., H* and
Al). It takes longer for the ash to buffer
the acidity in the mineral soil because the
alkalinity from ash more slowly migrates to
these depths. The alkalinizing effects of
ash on soil can last for more than 15 years
(Augusto et al. 2008, Saarsalmi et al. 2012).
In our study, positive effects of ash on soils
were more pronounced in year 3 than year
8. The short-term effects reported here
may be due to the acidifying nature of the
studied soils. These are boreal soils devel-
oped from felsic (acidic) Precambrian rocks
in which acidification is a very strong driver
of soil development. It is thus possible that
the alkalinity brought about by the ash has
faded away more quickly (relative to 15
years in other studies) due to the omni-
presence of acidifying reactions in the soils.

Our hypothesis that tree growth and sur-
vival would be increased by ash due to im-
proved nutrient availability was only met
for jack pine. On the one hand, there was a
consistent positive increase in diameter
and total height of jack pine with increas-
ing ash loading at all three plantation sites
in years 2 to 8 (Fig. 2b, Fig. 2d). On the
other hand, white spruce growth showed a

Tab. 6 - Forest floor exchangeable Mn and Ba (means with standard deviations in
parentheses) extracted with a NH,Cl solution as a function of ash treatment in year 8.

A significant interaction term (treatmentx

site) is represented by the * symbol. In such

cases, treatment differences within each site were detected using simple main effects
testing and for concision, outcomes are summarized in writing in the results section.

Treatment Mn (mmol. kg") Ba (mmol. kg'")
Control 1.63+1.07* 5.45 + 4.75
Half load 2.31+9.80* 3.46 £ 2.57
Full load 3.43+2.43* 3.43 4.1
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small positive response at only one of the
two sites studied (i.e., Pascalis 2 - results
not shown), whereas hybrid larch growth
and survival were largely reduced under
the full load at all sites (Fig. 23, Fig. 2¢). The
contrasted responses in growth and sur-
vival reported here under similar growing
conditions highlight the importance of
identifying suitable species and application
rates to maximize the benefits of wood ash
amendments.

Our results are consistent with the find-
ings of Emilson et al. (2020) in regard to
jack pine and white spruce. This Canada-
wide study revealed that the relationship
between short-term response of jack pine
and application rates is relatively linear.
Their study also suggested that white
spruce and hybrid spruce (P. engelmannii x
glauca) are not very responsive to ash ap-
plication. Our study also has important im-
plications in regard to hybrid larch - it is a
species that is sensitive to higher ash loads
and its growth rates can be impaired with-
out proper application guidelines. In addi-
tion, hybrid larch was the only species
studied that showed a negative response
to ash application in regard to survival (Fig.
1a). To our knowledge, this is the first time
that a negative response to wood ash is re-
ported for Larix spp. and perhaps similar
results can be expected for other larch spe-
cies (e.g., tamarack, Larix laricina). Site se-
lection also appears to be an important
factor to consider for wood ash amend-
ments of hybrid larch. While the half load
had positive effects on growth at Pascalis 2
and Senneterre, it had adverse effects on
mortality at Pascalis 1 and Senneterre as
well as adverse effects on growth at Pas-
calis 1.

Jack pine is a pioneer species that has a
high juvenile growth rate (Vasiliauskas &
Chen 2002). It is also known to be an op-
portunistic species in regard to nutrient ac-
quisition (Thiffault et al. 2006). In this res-
pect, it benefited from the improved nutri-
tional environment after ash application, as
seen by the positive change in the soil acid-
base status, effective cation exchange ca-
pacity, exchangeable Ca, Mg and K, and
available P after three years (Tab. 4, Tab. S1
in Supplementary material). Positive ef-
fects of ash on jack pine needle mass and
nutrient contents were clear (Tab. 3) but
not as apparent for concentrations, al-
though there were indications of improve-
ments of K concentrations in year 8 and K
and Ca concentrations in year 3 (Fig. 3b,
Fig. 3e). One could also argue that wood
ash may lead to additional benefits for jack
pine plantations because mortality over 8
years of growth was reduced relative to
the control. On average, mortality rate was
22%, 12% and 13.3% in the control, half load
and full load, respectively (Fig. 1b). How-
ever, due to the high variability in the data,
there was no statistical difference allowing
for a robust inference on change following
ash application. In addition, mortality rates
of 12-13% for jack pine after 8 years of
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growth under ash treatment (Fig. 1b) are
high compared to jack pine studies of simi-
lar length (Paquette et al. 2011). Jack pine is
a common tree species in the Canadian bo-
real and is highly sought by the forest in-
dustry. Overall, jack pine plantations thus
appear to be a suitable species for wood
ash application on many sites and a general
positive linear response is expected. How-
ever, no growth improvement of mature
jack pine plantations located in the same
region came from ash application (Brais et
al. 2015), suggesting that benefits could be
limited to the earlier stages of growth.

Early growth of white spruce remained
lower than that of jack pine in our study.
Jack pine and white spruce have contrast-
ed growth patterns and nutrient acquisi-
tion strategies. Diaz et al. (2004) under-
lined a common trade-off between plant
species with rapid acquisition of resources
to plant species that use more conserva-
tive strategies and store nutrients in their
tissues for longer periods. Jack pine falls
closer to the first type, while white spruce
falls closer to the second type. This can be
deducted based on growth rates, but also
on rooting patterns and needle longevity.
The root system of jack pine is deeper than
white spruce (Strong & La Roi 1983) and
needle longevity of jack pine (2-3 years —
Schoettle & Fahey 1994) is shorter than
that of white spruce (~6 years — Kayama et
al. 2007). White spruce may not benefit as
much as jack pine from the early improve-
ment in forest floor chemical properties
and nutrient availability/uptake (Tab. 3,
Tab. 4, Fig. 3¢, Fig. 3f) and in turn, this likely
explains the inconsistent growth response
to ash application (Fig. 2, Fig. 2f).

A negative response to wood ash is not
rare for Picea spp., especially black spruce
which can be considered an even more
conservative species than white spruce be-
cause of its slower growth and longer leaf
longevity (about 8 years — Kayama et al.
2007). Brais et al. (2015) reported de-
creased growth of black spruce starting at
4 dry Mg ha' (same ash as in our study).
Emilson et al. (2020) also reported a gen-
eral negative growth response of black
spruce to ash application using the Cana-
dian AshNet database, whereas Staples &
Van Rees (2001) and Bieser & Thomas
(2019) observed a negative response of
white spruce to wood ash. Salt and metal
toxicities were believed to be the cause for
the decline in growth of black and white
spruce. Similarly, mortality rate was in-
creased in Picea spp. following ash applica-
tion (Staples & Van Rees 2001 for white
spruce, Mandre et al. 2004 for Norway
spruce). In our study on white spruce,
mean mortality rate after 8 years varied be-
tween 14% and 17.3% and there was no indi-
cation of an effect of wood ash on mortal-
ity (only early effects, i.e., years 1 and 2,
were observed - Fig. 1c). Measured mortal-
ity rate are also comparable to the litera-
ture on white spruce (Wang et al. 2000, Pa-
quette et al. 2011). Therefore, we conclude

that no overall improvement in survival
was brought by the ash in our study.

Increases in available and precipitated
(unavailable) forms of Mn in the soil under
the ash treatments were observed (Tab. 5,
Tab. 6). This was particularly true in the for-
est floor at Senneterre where both the half
and full loads had significantly higher ex-
changeable Mn levels than the control. The
increase in available Mn appears to have
led to high levels in hybrid larch needles
(Fig. 4). After application of the same fly
ash as our study at a rate of 8 dry Mg ha?,
Brais et al. (2015) also observed an increase
in exchangeable Mn of over 800% in the
forest floor five years after the treatment.
This application rate was larger than the
full load used at Pascalis 1 and Pascalis 2 (5
dry Mg ha"), but lower than the 14 dry Mg
ha' at Senneterre.

Manganese is the micronutrient that ash
often contains in the highest amount (as
much as 10,000 mg kg or 1% of the total
weight - Swedish University of Agricultural
Sciences, http://woodash.slu.se/eng/). In
our study, Mn was at 0.73%, which is higher
than any other micronutrients in the fly ash
(Fe was the second highest at 0.12% - Tab.
1). While Mn is involved in photosynthesis
and as a cofactor in enzymatic reactions in
most plants (Marschner 2012), excessive
Mn has been linked to reduced enzyme,
hormone and chlorophyll production, inhi-
bition of ATP formation, and reduced respi-
ration (Elamin & Wilcox 1986). The degree
of tolerance of plants to Mn largely varies
with genetic diversity within and among
plant species (Simon et al. 1986) as well as
the ability of other nutrients to reduce Mn
uptake and transport to plant stems and
leaves (Goss & Carvalho 1992).

Manganese levels in hybrid larch needles
were generally the highest, followed by
white spruce and then jack pine. Eight
years after ash application, the increase in
Mn in hybrid larch needles was the largest
(significant) and most linear of all nutri-
ents, being, on average, 205, 337 and 633
mg Mn kg in the control, half load and full
load, respectively (Fig. 4). Some trees un-
der the full load at Senneterre reached val-
ues as high as 1500 mg Mn kg (results not
shown). Schweitzer et al. (1999) demon-
strated growth decreases due to Mn toxici-
ties in Japanese larch (Larix leptolepis)
seedlings in the greenhouse. In this res-
pect, it is suspected that the high bioavail-
ability of Mn associated with the full load
of fly ash was detrimental to hybrid larch
growth and survival. Mortality rate under
the full load (average of 59.3 % in year §,
Fig. 1a) is well above measured mortality
for 7-year-old hybrid larch plantations in
Pennsylvania, USA (Zaczek et al. 1994). The
high sensitivity of hybrid larch to Mn could
be explained by the fact that it is a pioneer,
fast growing and deciduous coniferous
species (Gower & Richards 1990), placing it
as one of the most acquisitive (nutrients)
species among conifers. The full nature and
strength of the relationship between nee-
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dle Mn levels and hybrid larch growth and
survival cannot be verified precisely with
the experimental design. Our results sug-
gest that hybrid larch is more sensitive to a
high activity of Mn in the forest floor com-
pared to white spruce and jack pine, and
that this adverse effect on larch can be ob-
served on various sites and at relatively low
application rates (i.e., half load of 2.5 dry
Mg ha" at Pascalis 1). It is intriguing that
the half load led to both detrimental (Pas-
calis 1, Senneterre) and positive effects
(Pascalis 2 and Senneterre) on growth and
survival of hybrid larch. This could be due
to multiple factors controlling Mn bioavail-
ability at the sites such as bedrock geo-
chemistry, weathering rates, soil pH, soil
sorption properties (CEC., nature of col-
loids), and activity of ligands in the soil so-
lution such as organic acids and the hy-
droxide ion (Rieuwerts et al. 1998). Data
from the sequential extraction are limited,
but results consistently show that Pascalis
1 is the site with the highest background
levels of available Mn in the soil, notably in
the forest floor (225 mg kg of readily solu-
ble Mn). In this respect, we speculate that
detrimental effects of Mn in ash on hybrid
larch growth and survival at Pascalis 1 were
more likely to occur than at other sites and
at lower application rates (i.e., half load).
The half load at Senneterre was equivalent
to 7 dry Mg ha?, but the site exhibited the
lowest background levels of available Mn
in soil (19.2 mg kg of readily soluble Mn in
the forest floor). In turn, this likely explains
the overall benefits of this specific treat-
ment on hybrid larch growth (but not sur-
vival) at the site. Our findings are impor-
tant as hybrid larch is growing in popularity
in the US and Canada (Townsend 2018) and
thus, growers could be tempted to use
wood ash as a soil amendment for hybrid
larch plantations.

A common recommendation is an appli-
cation rate not exceeding 10 dry Mg ha*
(Hannam et al. 2016). Jack pine responded
positively to 14 dry Mg ha™ at Senneterre,
whereas white spruce received a maximum
rate of 5 dry Mg ha* (only Pascalis 1 and
Pascalis 2 included white spruce) and this
also resulted in a positive growth response
at Pascalis 2. However, metal toxicity is
likely to occur at higher ash application
rates for these species as well and in turn,
positive responses are not expected to
hold at much higher application rates. Criti-
cal thresholds are, however, difficult to es-
tablish with our study design and data.

Barium content in the fly ash used in our
study was high (~1500 pg g - Tab. 1). Bar-
ium is not a plant nutrient and very few
toxicity studies have been conducted on
Ba (Llugany et al. 2000, Lamb et al. 2013).
These studies indicate that the direct toxic-
ity of Ba to plants is relatively low, but Ba
can potentially create nutrient imbalances
by interfering with Ca and Mg uptake and
even K uptake (Llugany et al. 2000, Suwa
et al. 2008). Notably, K uptake can be su-
pressed by Ba* as the latter is a membrane
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channel inhibitor (Suwa et al. 2008). Thus,
large additions of Ba in the soil via ash addi-
tion could adversely impact tree growth by
lowering the uptake of these nutrients.
The mobility of Ba will depend on the com-
pounds it forms in the soil environment. In
ash-amended acid forest soils, Ba is likely
to form Ba sulfate and carbonate, which do
not dissolve well in water and thus form
stable precipitates in the soil. Acidic boreal
soils should therefore act as a sink for any
addition of Ba from ash and ash disposal
should not be a health concern for terres-
trial and aquatic ecosystems, at least in the
short term. This seems to be supported by
our data on soil Ba (Tab. 6). On average,
forest floor under the control exhibited
higher levels of Ba than the half and full
loads, but the high variability in the data
has masked any statistical differences. Con-
versely, a tendency for higher Ba levels in
needles under the half and full loads com-
pared to the control were observed for the
more acquisitive species, i.e., hybrid larch
and jack pine, but differences were not sta-
tistically significant for the most part (Fig.
4d, Fig. 4e). Nevertheless, monitoring of
foliar chemistry should be encouraged in
future studies to confirm that the uptake
of essential nutrients is not being inter-
fered by a non-nutrient element with simi-
lar chemical features in terms of radii and
valences (e.g., Ba and Srvs. Ca, Rb vs. K).

Understanding how wood ash application
leads to a decline in tree growth is of sig-
nificant importance if this is to become a
common practice for reforestation efforts
in the Canadian boreal, but this is a difficult
undertaking because several factors are
likely involved. For example, Reid & Wat-
mough (2014) suggested that the time
since ash application can be an important
factor to explain the amplitude of tree
growth response. Similarly, the data in our
study showed a lag in the response of tree
species, whether positive or negative (Fig.
2). It took only one and two years to ob-
serve a significant response of hybrid larch
(mortality) and jack pine (growth), respec-
tively. In regards to white spruce, the first
significant response was observed at year
8, although a significant response could
have occurred between years 4 and 7 but
those years were unmeasured. This lag
could be associated to the time required
for nutrients from the ash to transfer to
and react with the soil and eventually be
absorbed by tree roots (Reid & Watmough
2014). Shepard (1997) also argued that
plant competition can be favored following
ash application and that this can be prob-
lematic for the early growth of some tree
species. Finally, tree response to ash appli-
cation can be impacted by several other
factors such as soil physico-chemical and
microbial compositions (e.g., texture, for-
est floor depth, acid-base status, mycor-
rhizae - Liiri et al. 2007, Reid & Watmough
2014), and stand development stage (age)
and nutrient demand (Brais et al. 2015).

Conclusions

The largest wood volume in the Canadian
boreal comes from Picea spp. (NRC 2018).
However, considering the physiological
traits of the genera and based on the gen-
eral results in our study and elsewhere, it
can be concluded that the benefits of ap-
plying ash in white spruce stands are more
likely to come from reduced disposal costs
in landfills than increased tree growth per
se. The benefits are forecasted to be larger
in the case of jack pine stands and are po-
tentially larger for hybrid larch stands as
well, but our findings suggest a high risk
for a negative response of larch if ash appli-
cation rates are too high. Yet, the opera-
tional nature of the experimental design
(i.e., large plots and high variability) did not
allow to determine proper application
rates for hybrid larch nor to identify the ex-
act mechanisms that lead to this negative
response (e.g., Mn toxicity). To do so, more
refined studies are required. This means
that experimental designs must encom-
pass more gradual ash loads (e.g., 0, 2, 4, 8,
12, 16 dry Mg ha") under an array of soil
conditions, and trees must be monitored
annually not just for growth and foliar nu-
trition but mortality as well.
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