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Above- and Belowground Development of a Fast-Growing Willow
Planted in Acid-Generating Mine Technosol

M. Guittonny-Larchevéque* and S. Lortie

OODY SPECIES planted in man-made substrates

Abstract like Technosol (Chesworth and Spaargaren, 2008)
Surface metal mining produces large volumes of waste rocks. If frequently undergo planting stress (Grossnickle,
they contain sulfide minerals, these rocks can generate a flow of 2005), and adequate root development is crucial to their estab-

acidic water from the mining site, known as acid mine drainage
(AMD), which increases trace metals availability for plant roots.
Adequate root development is crucial to decreasing planting

lishment. The efficiency of their water and nutrient uptake
depends on the size and distribution of root systems, which

stress and improving phytoremediation with woody species. affect the volume of the substrate they penetrate, as well as on
However, techniques to improve revegetation success rarely take the contact surface of fine roots with the substrate and their
into account root development. An experiment was conducted hydraulic conductivity (Comas et al., 2013; Grossnickle, 2005).

at a gold mine in Quebec, Canada, to evaluate the establishment
ability over 3 yr of a fast-growing willow (Salix miyabeana Sx64)
planted in acid-generating waste rocks. The main objective was

However, studies dealing with plantings on soils composed of
industrial waste typically evaluate revegetation success based on

to study root development in the soil profile and trace element aerial productivity or health indicators (Emerson et al., 2009;
accumulation in leaves among substrates varying in thickness (0, Kost et al., 1998; Landhiusser et al., 2012; Mosseler et al., 2014;
20, and 40 cm of soil) and composition (organic carbon [OC] and Pietrzykowski et al., 2015; Sloan and Jacobs, 2013) and rarely

alkaline AMD treatment sludge). Trees directly planted in waste
rocks survived well (69%) but had the lowest productivity (lowest
growth in height and diameter, aerial biomass, total leaf area, and

account for root development (Guittonny-Larchevéque et al.,
2016; Wagner et al., 2007).

root-system size). By contrast, the treatment richer in OC showed Certain characteristics of mine wastes can prohibit root
the greatest aerial biomass and total leaf area the first year; the growth, including a lack of organic matter (OM) and soil organ-
thicker treatment resulted in the greatest growth in height and isms, extreme pH, and elevated electrical conductivity and trace

diameter, aboveground biomass, and root-system size in both the
first and third years. Willow root development was restricted to
soil layers during the first year, but this restriction was overcome in

metal and metalloid concentrations (TordofF et al., 2000). Over
the life of a mine, waste rocks are often piled tens of meters

the third year after planting. Willow accumulation factors in leaves high, especially in large, open-pit mines. If the rocks contain
were below one for all investigated trace metals except for zinc sulfide minerals, such as pyrite, these minerals undergo weath-
(Zn), cadmium (Cd), and strontium. For Cd and Zn, concentrations ering when exposed to atmospheric conditions, which produces
increased with time in willow foliage, decreasing the potential of acid mine drainage (AMD) (Aubertin et al., 2002), with a con-

this willow species use for phytostabilization, despite its ability to

! . ; . comitant increase in trace element mobility and availability to
rapidly develop extensive root systems in the mine Technosol.

plant roots (e.g., aluminum [Al], chromium [Cr], manganese
[Mn], and zinc [Zn]) (Markert et al., 2000). Once in the plant,
Core Ideas trace metals and metalloids can be phytotoxic, depending on
their tissue concentrations and plant tolerance strategies (Baker

« Salix miyabeana grew roots extensively in shale waste rocks,

even if AMD generating. and Walker, 1989). Acid mine drainage reactions also increase
- Root development in waste rocks was delayed at least 1 yr un- electrical conductivity in the waste, which can decrease water
der soil layers. absorption by roots (Munns, 2002).

- A soil layer of 40 cm maximized root system size after 3 yr. Moreover, during the mine’s life, AMD-contaminated water
- Soil layer thickness rather than organic matter content deter- can be actively treated by the addition of lime in the form of

mined sustained productivity.

+ Salix miyabeana accumulated Cd and Zn in foliage over time,
especially with soil layers.

calcite or dolomite. For example, lime is added to precipitate
iron (Fe), Al, and Mn and to coprecipitate and/or adsorb
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metallic cations (lead [Pb], cadmium [Cd], copper [Cu], Zn)
and oxyanions (arsenic oxide [AsO,], selenium oxide [SeO,]
phosphorus oxide [PO,]), producing alkaline water treatment
sludges (Ritcey, 1989). These sludges are stored as a waste on
mine sites, but in the case of limited available soil for reveg-
etation, reusing them as a growing substrate can be an option.
Indeed, they have been used as fertilizers for the slow release
of sulfur (S), nitrogen (N), and phosphorus (P) and as amend-
ments to stabilize metal-contaminated soils (Rakotonimaro et
al., 2017). Their use as an alkaline barrier between plant roots
and waste rocks could decrease some trace element mobility
toward plants.

Woody plants such as Saficaceae are recommended for phy-
toremediation of metal-contaminated soils worldwide because
they produce high biomass even under conditions of metal
phytoaccessibility (Lebrun et al., 2017; Marmiroli et al., 2011).
Willow (Salix sp.), in particular, seems well adapted to planting
on mine substrates (Mosseler et al., 2014). Some fast-growing
clones, like Salix miyabeana Sx64, scem tolerant to low pH and
saline conditions (Hangs et al., 2011; Mirck and Volk, 2010)
and to elevated concentrations of some trace metals (Harada et
al., 2011; Zhivotosky et al., 2011). However, some willows have
been demonstrated to accumulate metals that originated from
the substrate into their leaves (Robinson et al., 2000), particu-
larly Cd and Zn (Labrecque et al., 1995); trace metal accumu-
lation patterns are clone- or species dependent (Boyter et al.,
2009).

Combiningstress-tolerant plants with substrate improvement
can increase revegetation success. In modern mines, overburden
is usually saved to be layered above mine wastes for revegetation
purposes (Cooke and Johnson, 2002). Because downward root
development in the mine wastes can be restricted (Guittonny-
Larchevéque et al., 2016; Larchevéque et al., 2013), it is impor-
tant to design soil layers that provide enough volume (i.c.,
thickness) and quality (i.c., through avoiding compaction and
providing organic matter) for roots to access water and nutri-
ents adequately. Planting stress can be reduced through organic
amendment that improves soil structure (porosity, aeration,
and water-holding capacity) and, consequently, creates better
conditions for root development in addition to nutrient release
(Guittonny-Larchevéque and Pednault, 2016; Guittonny-
Larchevéque et al., 2016; Larchevéque et al.,, 2013).

We conducted an experiment over 3 yr to evaluate the
ability of a fast-growing willow clone (Salix miyabeana Sx64)
to establish in soil layers above acid-generating waste rocks from
a gold mine in Quebec. The main objective was to study root
development in the soil profile among substrates varying in
thickness and composition (i.c., organic matter content and the
presence of an alkaline AMD sludge layer) and to relate it to trace
element accumulation in leaves. Our working hypotheses were
that (i) root development will be limited in waste rocks; (ii) the
thicker or organic carbon (OC)-richer the soil layer, the less will
be the colonization of underlying waste rocks by willow roots;
(iii) thicker soil layers will decrease trace metal accumulation in
willow because a smaller proportion of roots will be in contact
with the waste rocks; and (iv) the presence of an alkaline sludge
layer will decrease trace metal accumulation in willow.

Materials and Methods

Site Description

The experiment took place at the Westwood mine site
(48°15' N, 78°32" W) in northwestern %cbcc, Canada. This
underground gold mine belongs to IAMGOLD Corporation
and opened in 2013. Until 2009, the site was used by the Doyon
gold mine, which extracted waste rocks from an open pit at the
beginning of the mine life and then operated underground. The
waste rocks, which were extracted from shale bedrock, were
stored in a waste rock dump and were also used to construct
roads on the Doyon mine site. The typical forest vegetation
that surrounds the mine includes Pinus banksiana Lamb., Picea
mariana (Mill.) Britton, Populus tremuloides Michx., Betula
papyrifera Marsh., Larix laricina (Du Roi) K. Koch, and Abies
balsamea (L.) Mill. In this boreal region, the growing season
typically begins in mid-May and ends in October, with a mean
temperature during the three warmest months (June, July, and
August) of around 15 to 17°C. The average annual temperature
is 1.5°C, and the average number of frost-free days is 97. Mean
annual precipitation is 929 mm (Government of Canada, 2017).

Substrates

The experimental plantation was established over a road made
with Doyon waste rocks exposed to surface conditions for several
decades. The waste rocks were characterized as acid-generating
(Gélinas et al, 1994), which means that the acid-generating
potential associated with sulfide minerals is greater than the neu-
tralization potential of other minerals found in the waste rocks.
Their mean total trace metal concentrations at the time of the
experiment were found to be below Quebec’s regulation thresh-
olds for residential lands (Government of Quebec, 2017). The
soil used as a planting substrate above the waste rocks was a sandy
loam till (Dystric Brunisol) (Agriculture and Agri-Food Canada,
2010) excavated from a borrow pit on the mine site. Humus peat
soil, excavated from a local bog, was used as an amendment to
increase OC concentration of soil layers. The lime sludge used to
make a layer between the waste rocks and the soil layer was col-
lected from the bottom of water-treatment ponds. These ponds
collected acidic water, to which lime was mixed to precipitate
metals. Table 1 presents chemical characteristics of the fine frac-
tion of the waste rocks (<2 mm) (W) as well as till soil mixed
with peat soil (52040, $2020, $4020, S20LS) and lime sludge.
Mean trace metal concentrations found in the soils were below
Quebec’s regulation thresholds for residential lands; the lime
sludge contained the greatest trace metal concentrations, with
cobalt (Co), Cu, and Mn exceeding Quebec’s regulation thresh-
olds for residential lands.

Plant Material

Willow stock was produced locally by a private nursery
(Cellule des Coteaux, La Morandiére, QC). It consisted of clon-
ally propagated, 1-m long cuttings from Salix miyabeana Seemen,
Sx64 clone. Planting was performed on 9 June 2014. Unrooted
cuttings were planted to a depth of 20 to 30 c¢m in the sub-
strates (Fig. 1). All cuttings were fertilized at planting with 15 g
ammonium nitrate (34.5-0-0) and 15 g triple superphosphate
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Table 1. Chemical characteristics of the substrates at planting (June 2014) among treatments (0-10 cm; n = 4) and in lime sludge. All values are

expressed on a dry matter basis.

Chemical Treatment+

characteristicst w $2020 $2040 $4020 S20LS Lime sludge Legal threshold§
pH 6 (0.3)b1 5.1(0.05)a 5.3(0.07)a 5.6 (0.4)ab 5.6 (0.3)ab 8(0.03) -
EC dSm™' 0.8 (0.3)a 1.2(0.07)a 1.1(0.1)a 1.2(0.03)a 1.3(0.2)a 2.2(0.1) -
ocC % 0.3 (0.05)a 1.7 (0.3)ab 3.2(0.7)b 0.8(0.2)a 1.1(0.8)a 7(0.2) -
Total N % 0.01 (0.00) a 0.08 (0.01) b 0.13(0.03) b 0.04 (0.02) ab  0.06 (0.04) ab 0.04 (0.008) -
Total S % 0.56 (0.18) 14.6 (0.23) -
Total As mg kg™’ o# o# o# o# o# 6 (6) 30
Total Cd mg kg™’ o# o# o# o# o# o# 5
Total Ca g kg™ 5.1(0.3)a 43 (0.4)a 4.9 (0.2)a 4.4 (0.3)a 43(0.3)a 276 (74) -
Total Cr mg kg™’ 65 (14)a 66 (4.3)a 58 (3.4)a 74 (8)a 72 (5.6)a 14 (2.5) 250
Total Co mg kg™’ 12(3.2)a 7(1.0)a 5.3(0.5)a 6(1.0)a 7 (0.9)a 116 (24) 50
Total Cu mg kg™’ 88 (30)a 32 (6)a 34 (3.7)a 36 (5.1)a 88 (60)a 1158 (287) 100
Total K g kg™ 0.9 (0.09)a 0.7 (0.05)a 0.7 (0.06)a 0.7 (0.07)a 0.7 (0.04)a 0.03 (0.03) -
Total Mg g kg™ 10 (0.6)b 6(0.3)a 5.4 (0.4)a 6(0.7)a 6(0.5)a 15 (3.7) -
Total Mn mg kg™' 400 (50)b 200 (20)a 200 (10)a 200 (20)a 200 (20)a 1900 (400) 1000
Total Mo mg kg™’ o# o# o# o# o# 2.3(2.3) 10
Total Na mg kg™’ 300 (40)b 200 (10)a 200 (10)ab 200 (10)ab 200 (10)a 0.1 (0.04) -
Total Ni mg kg™’ 36 (8)a 31(2.6)a 26 (1.7)a 31 (4.0)a 31(2.7)a 67 (14) 100
Total P g kg™ 0.8 (0.02)b 0.6 (0.04)a 0.5 (0.03)a 0.6 (0.04)a 0.6 (0.02)a 6(1.9) -
Total Pb mg kg™’ 9(2.9) o# o# o# o# 7(7) 500
Total Se mg kg™’ o# o# o# o# o# o# 3
Total Sr mg kg™’ 16 (0.7)b 14 (0.9)ab 16 (0.3)b 13 (0.6)ab 12(0.9)a 301 (84) -
Total Zn mg kg™’ 52 (10)b 25 (3.9)ab 34(5.3)ab 18(1.6)a 22 (7)a 152 (31) 500

1 EC, electrical conductivity; OC, organic carbon.

$52020, 20 cm layer of soil mixed with 20% peat soil; $2040, 20 cm layer of soil mixed with 40% peat soil; S4020, 40 cm layer of soil mixed with 20% peat
soil; S20LS, 20 cm layer of soil above a 20-cm layer of lime sludge; W, direct planting in waste rocks.

§ Government of Québec (2017).

9 Values are means (SE) (n = 3). Comparisons are made among treatments; and those denoted with the same lowercase letter do not significantly differ

at p =0.05.
# Below detection limit.

(0-45-0) placed into a slit made with a spade near the base of
each cutting (20 cm from the cutting and 15 cm deep).

Experimental Design

Twenty experimental plots with each plot consisting of
nine ramets (clonal plants) of S. miyabeana (clone Sx64) were
arranged in four blocks. Each block contained each of the five

W

a) W b) S20LS

40
Till + 20% peat soil

20

c) $2020

soil treatments, randomly distributed, as follows: W, direct plant-
ing in waste rocks; $2020, 20-cm layer of soil mixed with peat
soil (80/20 ratio in wet volume [WV]); S2040, 20-cm layer of
soil mixed with peat soil (60/40 ratio WV); $4020, 40-cm layer
of soil mixed with peat soil (80/20 ratio WV); S20LS, 20-cm
layer of soil above a 20-cm layer of lime sludge) X nine cuttings.
Treatments are schematized in Fig. 1. The sludge and soil layers

W \"4

d) 52040

e) $4020

Till + 20% peat soil

AMD treatment sludge

0Ocm

Waste rocks

Till + 20% peat soil

Fig. 1. Schematic representation of substrate treatments tested in the study. (a) Direct planting in waste rocks (W). (b) The 20-cm layer of soil mixed
with 20% peat soil above a 20-cm layer of lime sludge (S20LS). (c) The 20-cm layer of soil mixed with 20% peat soil (52020). (d) The 20-cm layer of
soil mixed with 40% peat soil (52040). (e) The 40-cm layer of soil mixed with 20% peat soil (54020). AMD, acid mine drainage.
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had been applied over the waste rocks by a mechanical shovel in
late May 2014. The mix between peat soil and till soil was done
locally in each plot by a mechanical shovel and corresponded to
87% cover soil and 13% peat soil (52020 and S4020) and 74%
cover soil and 26% peat soil on a dry-mass basis. Each plot of
nine ramets per clone covered a4 m x 4 m area and all plots were
aligned to construct an 80-m long hedge. Cuttings were spaced
1 m x 1 m apart, and a 1-m buffer zone was kept free of willows
at the edge of the treatment areas.

Sampling, Measurements, and Analyses
Substrate

Three random samples were taken from the lime sludge for
characterization before it was placed (Table 1). Plot substrates
were sampled at planting at 0 to 10 cm to characterize each treat-
ment (Table 1). Each soil sample analyzed was a composite of
two samples, taken in the northern and southern parts of each
experimental plot (z = 20, one sample per plot). Substrates’
chemical composition was analyzed on sieved (2-mm mesh),
finely ground, oven-dried samples (50°C) (Lakehead University
Centre for Analytical Services). Total N was analyzed by the
Dumas combustion method (LECO CNS 2000) and OC by the
thermogravimetric method (LECO-TGA). After HNO,-HCI
digestion (75 and 25% v/v, respectively), sample concentra-
tions of total P, K, Ca, Mg, Na, As, Cd, Co, Cr, Cu, Mo, Mn,
Ni, Pb, Se, Sr, and Zn were determined by inductively coupled
plasma—atomic emission spectrometry (Vista PRO). Electrical
conductivity was determined in a 1:2 water solution, and pH was
determined in a saturated paste extract.

Aboveground Development

Survival, stem height, and basal diameter were measured at
planting and at the end of each growing season in October 2014,
2015, and 2016 for each plant (9 x 5 x 4 = 180). Cumulative
growth increment was calculated as the difference between
final (October 2016) and initial (June 2014) measurements. In
August 2014 and October 2016, the second and third willow of
each plot, respectively, were harvested for aboveground biomass
assessment. Willows were separated into stems and leaves. Total
leaf area was measured in 2014 with a LI-3100 C leaf area meter
(LiCor) prior to drying. The willow parts were then oven-dried
at 80°C for 48 h and weighed. Specific leaf area (total leaf area/

total leaf dry mass, cm? mg™") was calculated.
Root Development

In September 2014 and October 2016, at the southern side
of the second and the third tree of cach plot, respectively, a 1
x 2 m large and 1-m-deep observation trench was dug with a
mechanical shovel at 5 cm from the stem. Then a 75 x 70 cm
grid with 5 X 5 cm squares was laid against the trench to study
the root distribution along the substrate profile. The root occur-
rence (number of squares where a root was present/total number
of squares x 100) and root density (sum of the number of roots
in each grid square/sum of squares’ surface in dm™) were noted
in cach trench and were compiled by substrate depth: (i) by
classes of 5-cm depth, (ii) in the total soil profile (0~70 cm), (iii)
at the soil surface (0-20 cm), and (iv) in the waste rocks from
the surface (W) or under the soil layers (other treatments). The
maximum depth of root occurrence (cm) from the surface (total

soil profile) and in the waste rocks was noted in each trench in

October 2016.
Foliar Analyses

In August 2014 and July 2016, 10 to 20 fully mature leaves
were sampled on the fifth and eighth tree of each plot and then
bulked by plot (7 = 20). In 2014, leaf samples were similarly
taken from four control trees grown in the nursery. Sampled
leaves were oven-dried (50°C), ground, and analyzed for the
same element concentrations as for soils, using the above-men-
tioned analytical methods. Bioaccumulation factors in leaves
were calculated as foliar/substrate concentrations.

Statistical Analyses

Survival data were compared among treatments using the x*
test (PROC FREQ, SAS V. 9.4, SAS Institute Inc.). Substrate
and plant data were subjected to one-way ANOVA (treatment
effect, PROC GLM, SAS V. 9.4). To meet the normal distri-
bution criterion for ANOVA, some data were transformed by
applyingx?, In, or 1/x functions. If normal distribution could not
be achieved, a Student’s # test was performed. All tested factors
were fixed effects, and the block factor was considered a random
effect. When effects were significant for a given variable, least-
square means were estimated (LS MEANS statement) and post
hoc Tukey tests were conducted to separate the means. Overall
significance for the analyses was set at v = 0.05.

Results
Aboveground Development

The selected willow clone survived the first 3 yr after plant-
ing when directly planted in waste rocks; however, its survival
rates (69-75%) were lower than in treatments with soil layers
above the waste rocks (rates close to 100%; results not shown).
During the three growing seasons after planting, cumulative
height and diameter increments were reduced when the wil-
lows were directly planted in waste rocks (W) compared with
all other treatments (p < 0.0001) (Fig. 2a, b). The second, less
productive treatment was willows planted in soil and lime sludge
layers (S20LS), compared with willows planted in thick soil
layers of 40 cm (S4020), which had the most productive height
and diameter growth (p < 0.0001) (Fig. 2a, b). At the end of the
first growing season, shoot biomass and total leaf area were maxi-
mized by the OC-richer soil layer (52040, p = 0.0107 [Fig. 2c];
p = 0.0122 [Fig. 2d]) compared with willows planted in waste
rocks without soil. After three growing seasons, however, it was
the thicker soil layer (§4020) that allowed greater shoot biomass
production compared with W (p = 0.0316) (Fig. 2¢). The leaf
biomass produced during the third growing season did not differ
significantly among treatments; nor did the specific leaf area in
the first year (results not shown).

Underground Development

After one growing season, there was no significant differ-
ence in root-system size (i.c., occurrence in the total soil pro-
file) or density in the total soil profile among treatments (Table
2), despite differing geometries of root systems with soil depth
(Fig. 3). Root occurrence was found as deep as 40 cm in the W
treatment and in both 40-cm-thick layers (S20LS and $4020)
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Fig. 2. Maximal height (a) and basal diameter (b) cumulative increments along the first 3 yr after planting (2014-2016), shoot biomass (c) after one
and three growing seasons, and total leaf area after one growing season (d) for willows planted in the five tested treatments (52020, 20-cm layer
of soil mixed with 20% peat soil; S2040, 20-cm layer of soil mixed with 40% peat soil; S20LS, 20-cm layer of soil above a 20-cm layer of lime sludge;
$4020, 40-cm layer of soil mixed with 20% peat soil; W, direct planting in waste rocks). Treatments denoted with the same lowercase letter do not

significantly differ at p = 0.05. Values are mean (SE) (n = 4).

after one growing season. However, roots never occurred in
waste rocks under soil layers, even in thin soil layers (52020 and
$2040), with maximum rooting depth not exceeding 25 cm. This
restriction of deep root development resulted in a greater occur-
rence (p = 0.0007) and density (p = 0.0129) of confined roots
in the first 20 cm of these treatments (52020, S2040) compared
with both thicker treatments (S20LS and $4020) (Table 2). This
also resulted in differing root profiles: root occurrence decreased
with depth in the waste rocks treatment but increased with soil
depth, reaching a maximum at the soil and waste rocks interface
(Fig. 3).

After three growing seasons, treatments no longer differed
in the maximal depth at which roots occurred in the soil profile

(Fig. 4). Moreover, all the treatments showed similar root den-
sity along the total soil profile (Table 3). Roots had colonized
the waste rocks under the soil layers in all treatments, and there
was no more difference in occurrence or density of roots in the
first 20 cm of substrate among thin- and thick-layer treatments
(Table 3). Root-system size was marginally greater in the 40-cm
soil layer treatment (S4020; p = 0.0634) compared with the con-
trol treatment without soil (W) (Fig. 4; Table 2). Root-system
size in waste rocks under the S20LS treatment was lower than in
$4020 (p = 0.0062) (Table 2) despite a similar thickness of both
treatments, which suggested a limited root development with
lime sludge (Fig. 4). Finally, for both thicker (40-cm) soil treat-
ments (S4020 and S20LS), root density in waste rocks under the

Table 2. Root occurrence and density along different parts of the soil profile and among treatments after one (2014) and three (2016) growing

seasons.
Treatmentst

w $2020 $2040 S$4020 S20LS
Root occurrence in total soil profile after one growing season % 14 (2)at 12 (2)a 17 (2)a 16 (2)a 12 (2)a
Root occurrence in total soil profile after three growing seasons % 23 (5)a 35 (5)ab 34 (5)ab 45 (5)b 27 (5)ab
Root density in total soil profile after one growing season no.dm2§ 29(0.6)a 12(0.6)a 3.2(0.6)a 4(0.6)a 7 (0.6)a
Root density in total soil profile after three growing seasons no. dm-2 6(1)a 8(1)a 7(1)a 0(1)a 6(1)a
Root occurrence in substrate surface (0-20 cm) after one growing season % 11 (2)ab 12 (2)b 17 2)b 4(2)a 5(2)a
Root occurrence in substrate surface (0-20 cm) after three growing seasons % 57 (8)a 74 (8)a 88 (8)a 79 (8)a 65 (8)a
Root density in substrate surface (0-20 cm) after one growing season no. dm-2 9 (2)ab 6 (2)ab 11 (2)b 1(2)a 1(2)a
Root density in substrate surface (0-20 cm) after three growing seasons no. dm-2 16 (3)a 18 (3)a 19 (3)a 7 (3)a 5(3)a
Root occurrence in waste rocks after three growing seasons % 61 (6)ab 44 (6)ab 37 (6)ab 6 (6)b 4 (6)a
Root density in waste rocks after three growing seasons no.dm=2 3.0(04)b 1.7 (0.4)ab 1.3(0.4)a .0(0.4)ab 0.9 (O 4)a

152020, 20-cm layer of soil mixed with 20% peat soil; $2040, 20-cm layer of soil mixed with 40% peat soil; S4020, 40-cm layer of soil mixed with 20%
peat soil; S20LS, 20-cm layer of soil above a 20-cm layer of lime sludge; W, direct planting in waste rocks.

¥ Values are means (SE) (n = 4). Within a variable, means that do not differ among treatments at the 0.05 level are noted with the same letter (a < b).

§ Number of grid squares where roots are present/total of squares x 100.
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soil layers was lower than in waste rocks at the surface in the W
treatment (p = 0.013) (Table 2).

Element Concentrations of Substrates and Foliage

Mixing peat soil with till decreased the mixture’s pH and
increased its OC concentration compared with the waste rocks
treatment (Table 1), but differences were not significant with

(2016). Values are means (n = 4).

every other soil treatment, probably due to the mixtures” het-
erogeneity. Mixing till with peat soil did not significantly affect
the mixtures’ EC, which remained similar to that of the W treat-
ment, but increased total N, whereas waste rocks showed greater
total P and Zn concentrations than soils (Table 1). Lime sludge
showed greater OC concentrations, electrical conductivity, and
pH than waste rocks and «ill (Table 1).
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In the first growing season, the willows’ foliage N concentra-
tion in the W treatment was two times lower than in other treat-
ments, but this concentration did not differ from the unfertilized
nursery-grown control; in the thicker soil treatment (S4020),
foliage had the greatest N concentration (Table 3). During the
third growing season, N foliar concentrations had decreased in
all treatments to similar levels. Foliar concentrations of P were

similar among the treatments for both years (Table 3) and were
lower than the concentrations in the unfertilized nursery-grown
control (x1/2). Finally, willows grown at the mine site had
greater foliar Na (6-10 times greater) compared with the nursery
control the first year (2014), and these concentrations doubled
in all treatments the third year after planting (2016) to reach
around 100 ppm.

Table 3. Willow foliar concentrations of chemical elements and bioconcentration factors (i.e., foliar/substrate concentrations) the first (August 2014)
and third growing season (July 2016) among treatments. Values are mean (SE) (n = 4). All values are expressed on a dry matter basis.

. Treatmentst
Element Unit Control

w S$2020 2 S4020 S20LS

2014 (first growing season)
N % 1.5(0.2)a% 3.1(0.1)b 2.8(0.1)b 3.4(0.1)c 3.0(0.1)b 2.2(0.3)ab
As mg kg™ 09 01 01 09 09 09
cd mg kg™ .7 (0.5)a 2.1(0.7)a 6.1 (1.0)b 3.9 (1.4)ab 0 (0)a 0 (0)a
Ca g kg™ 25(1.5)b 14 (0.7)a 18 (0.6)a 17 (1.9)a 18 (0.8)a 15(1.4)a
Cr mg kg™ 1(5.1) 09 09 01 09 09
Co mg kg™ .0 (0.6)ab .1(0.4)ab 0.3(0.3)a 0.5(0.5)a 1.9(0.2)b 5(1.2)b
Cu mg kg™ .4 (0.6)ab .6 (0.4)bc 7.8 (0.4)bc 9.1 (0.6)c 8.7 (0.4)bc .3(0.7)a
K gkg™ 2(0.8)a 9(1.3)b 15 (0.4)ab 17 (2.2)ab 13(1.4)a 5(0.9)ab
Mg gkg™ 7(0.3)a 5(0.4)ab 3.0(0.2)a 3.2(0.2)a 5.6 (0.4)b 4(07)a
Mn mg kg™ 280 (36)b 161 (11)a 148 (18)a 175 (26)ab 123 (6)a 111 (20)a
Mo mg kg™ 09 01 01 09 09 09
Na mg kg™ 52 (6)b 32(5)b 43 (5)b 49 (8)b 45 (4)b 5(3)a
Ni mg kg™’ 24 (24)a 10.3 (2.5)b 0 (0)a 4.9 (2.9)ab 0 (0)a 10.6 (2.2)b
P g kg™ 2.1(0.2)a 2.1(0.4)a 1.6 (0.03) 2.0(0.1)a 2.2(0.2)a 5.4(0.2)b
Pb mg kg™ 09 01 01 09 09 09
Se mg kg™’ 09 01 01 09 09 09
Sr mg kg™ 92 9)b 34 (3)a 51 (2)a 49 (12)a 57 (3)a 23 (2)a
Zn mg kg™’ 145 (25)ab 106 (13)ab 244 (36)b 257 (98)b 102 (8)ab 76 (5)a
Zn BCF§ .1(4.0)a .5 (4.0)a 11.6 (4.0)a 10.2 (4.0)a 8.9 (4.0)a
SrBCF .9 (0.5)c .5(0.5)a 3.9(0.5)ab 3.4(0.5)ab 4.7 (0.5)bc
2016 (third growing season)

N % 1.2 (0.05)a 1.2 (0.05)a 1.2 (0.05)a 1.2 (0.05)a 1.2 (0.05)a
As mg kg™ 09 01 01 09 09
Ccd mg kg™ .0(1.0)a .1(1.0)ab 8.1(1.0)b 8.5(1.0)b 0.5(1.0)a
Ca g kg™ 24 ()b 24 ()b 22 ()b 22 (1)b 19(1)a
Cr mg kg™’ 7 (1.2)a 9(1.2)a 0.9(1.2)a 0.9(1.2)a 0.8(1.2)a
Co mg kg™ .8(0.3)a .0(0.3)a 1.4 (0.3)a 1.7 (0.3)a 43(0.3)b
Cu mg kg™ .2 (0.3)a .5(0.3)a 6.5(0.3)a 6.5(0.3)a 6.4 (0.3)a
K g kg™ 7(1)c 4 ()b 14 (1)b 14 (1)b 10(T)a
Mg g kg™ .0(0.2)a 4(0.2)a 1.3(0.2)a 1.7 (0.2)a 47 (0.2)b
Mn mg kg™ 140 (20)a 233( 0)c 171 (20)b 174 (20)b 108 (20)a
Mo mg kg™ 01 01 09 09
Na mg kg™ 94 (6)a 109 (6)a 98 (6)a 95 (6)a 100 (6)a
Ni mg kg™ 09 01 01 09 09
P g kg™ 2.6(0.2)a 2.6(0.2)a 2.0(0.2)a 2.2(0.2)a 2.6(0.2)a
Pb mg kg™ 09 01 01 09 09
Se mg kg™ 09 01 01 09 09
Sr mg kg™ 49 (3)b 44 (3)a 46 (3)a 37 (3)a 38 (3)a
Zn mg kg™ B7BDa 297 (37)a 335(37)a 324 (37)a 194 (37)a
Zn BCF 2 (4.0)a 121(40m 16.1 (4.0)a 13.0 (4.0)a 16.6 (4.0)a
SrBCF 1(0.5)a 2(0.5)a 3.4(0.5)a 2.5(0.5)a 3.1(0.5)a

152020, 20-cm layer of soil mixed with 20% peat soil; S2040, 20-cm layer of soil mixed with 40% peat soil; S4020, 40-cm layer of soil mixed with 20%

peat soil; S20LS, 20-cm layer of soil above a 20-cm layer of lime sludge; W, direct planting in waste rocks.

# Treatments denoted with the same lowercase letter do not significantly differ at p = 0.05.

§ Bioconcentration factor
9 Below detection limit.
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Willows grown in the treatment combining a soil layer with
an underlying lime sludge layer (S20LS) showed slightly lower
foliar K and Ca and greater Mg compared with other treatments.
Despite greater trace metal concentrations in lime sludge for Co,
Cu, Mn, Mo, Nj, Pb, Sr, and Zn than in soils and waste rocks
(Table 1), willows grown in the S20LS treatment did not accu-
mulate any metal (except Co but at low concentration) com-
pared with other treatments (Table 3), cither at the short (1-yr)
or the medium (3-yr) term after planting. In fact, S20LS treat-
ment restricted the accumulation of Mn and Cd compared with
other treatments (Table 3).

Willow bioconcentration factors in foliage were below 1 for
all investigated trace metals, except Zn and Sr (Table 3). The
Cd bioaccumulation factor could not be calculated because its
concentration was below detection limits (1.25 ppm) in all sub-
strates (Table 1). No foliar accumulation occurred in leaves of
any treatment for Cu, Mo, Ni, Pb, or Se.

Willow foliage accumulated Cd in soil-layer treatments com-
pared with W/ in particular in $2040 for the first and third years
and in $4020 the third year after planting, and this accumulation
increased with time even if Cd was undetectable in substrates.
Conversely, Cr was present in the foliage of willows directly
planted in waste rocks, whereas it was below detection limit
(0.6 ppm) the first year or very low the third year after planting
for other treatments. The W treatment had greater Mn concen-
trations in the foliage the first year compared with other treat-
ments. However, Mn concentrations in foliage had decreased by
the third year in the W treatment, appearing lower than in other
treatments except S20LS. The W treatment also showed greater
Sr concentrations in foliage for both years compared with other
treatments, but the Sr bioaccumulation factor was greater in W
than in other treatments only the first year after planting.

Finally, Zn concentrations were greater in the foliage of all
treatments at the mine site compared with the nursery-grown
control the first year, especially in $2040 and $4020 treatments,
and these concentrations increased the third year after planting
in all treatments. The Zn bioaccumulation factor in willow leaves

varied from 3 to 17 (Table 3).

Discussion
Root Development in Waste Rocks Alone Treatment

Salix miyabeana survived and grew when directly planted in
the waste rocks, confirming that willows are a pioneer woody spe-
cies well adapted to colonizing mine wastes. Contrary to our first
hypothesis, willows were indeed able to alleviate planting stress
by growing roots directly in the waste rocks. Moreover, root
development was extensive: roots reached 40 cm deep into the
waste rocks as early as the first growing season and 65 cm at the
end of the third growing season. Waste rocks were extracted from
a shale bedrock, producing fine particles by physical alteration
after water adsorption. These fine particles may provide a more
favorable substrate for root growth compared with waste rocks
extracted from hard, alteration-resistant lithology. Acrial growth
of willows appeared restricted when they were planted into waste
rocks in the first year, concomitant with reduced foliar N con-
centrations. Because low OC substrates such as mine wastes have
decreased nutrient retention (Tordoff et al., 2000), N provided
by fertilization at planting may have been lost in this treatment,

even if root length density and root weight density were greater
compared with thicker soil treatment. Moreover, the clevated
hydraulic conductivity of the waste rocks could have promoted
leaching losses of fertilizer beyond the willows’ root zone.

Root Development in Soil Layer Treatments

The use of soil layers improved willow survival and aboveg-
round development, especiallyin the thick soil layer treatment (40
cm). In the short term, willow root development was restricted
in waste rocks under all soil layers. The use of thicker and richer
soils probably allowed root access to more resources, especially
N and water. Indeed, root growth is known to follow patterns
of water and nutrient availability in the substrate (Stokes et al.,
2009), which may explain their preferential growth in soil com-
pared with waste. In consequence, the thicker the soil layer, the
greater the foliar N concentration and the growth in height and
diameter, whereas the more OC-rich the soil layer, the greater
the acerial biomass and total leaf area. Increased aboveground bio-
mass associated with the OC-richer layer could have resulted in
an N dilution effect in leaves. By the third year after planting, no
difference in aboveground growth was detectable between thin
layers, whether they were enriched with organic matter or not.
This means that the positive effect of organic matter enrichment
on willow productivity was short lived.

In the longer term (third year after planting), and contrary
to our second hypothesis, willow roots had efficiently colonized
waste rocks under all soil-layer treatments. No measurable dif-
ference in maximal depth of root occurrence in waste rocks was
related to soil-layer thickness, contrary to Wagner et al. (2007).
Thus, willow roots have the ability to quickly overcome the
restriction of root development in underlying waste rocks when
soil layers are used. However, the size of the root system was
maximized in the thicker soil layer treatment compared with
all other treatments, concomitant with a greater aboveground
biomass and growth. The greater the size of the root system, the
greater its probability of reaching heterogencously distributed
resources in the substrate (Rajaniemi, 2007). Larchevéque et al.
(2015) found similar results above waste rocks of another gold
mine, where thicker soil layers increased the N nutrition of trees
as well as their aboveground development. These above- and
belowground growth results demonstrate that, for the selected
willow clone, a having larger root system is the most efficient
way to support sustained productivity in the medium term. In
soil layers thinner than 40 cm (even those improved through
organic matter enrichment), the restricted deep development of
roots during the first year resulted in delayed willow productivity
the following years compared with a thicker soil layer. Because
willow root depth in waste rocks alone reached no more than
40 cm deep the first year after planting, a 40-cm thickness of the
soil layer may be optimal for not limiting root-system size of the
selected clone.

Trace Element Accumulation in Foliage

The tested S. miyabeana clone accumulated Zn and Cd in its
leaves, in keeping with its previously demonstrated phytoextrac-
tion potential of both metals (Zhivotosky et al., 2011), especially
in thicker and OC-richer soils. Acidification of the soil due to
mixing with peat may have been partially responsible for an
increase in Zn and Cd availability to roots (Prasad and Strzalka,
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2002). Concentrations of both metals increased over time, reach-
ing concentrations that may be phytotoxic (100-400 ppm for
Zn and 5-30 ppm for Cd) (Kabata-Pendias and Pendias, 2001),
but accumulation concentrations remained far lower than those
required for Zn phytoextraction (Mahar et al., 2016). Because
both treatments with the greatest concentrations in Cd and Zn
in foliage were also the most productive for aboveground growth,
S. miyabeana Sx64 may tolerate these elevated concentrations of
both metals, at least in the short term. Moreover, because roots
had developed in the waste rocks under all soil layers the third
year after planting, the use of a thicker soil layer did not reduce
trace metal accumulation compared with thinner soil layers, con-
trary to our third hypothesis.

On waste rocks, the exclusion ability of the tested willow
regarding Cr, Mn, and Sr in foliage appeared limited compared
with treatments with soil layers. However, the foliar concentra-
tions of these metals remained low overall and decreased with
time for Mn and Sr to finally become similar to those found in
soil-layer treatments. Metal accumulation in the willows should
be followed over the longer term because (i) the acid-generating
properties of the waste rocks can persist for decades, and Cr
accumulation could thus continue to increase in foliage because
its availability increases at low pH (Kabata-Pendias and Pendias,
2001; Prasad and Strzalka, 2002); (ii) Zn and Cd accumulation
in foliage could also be sensitive to acidification of the substrate
and may become phytotoxic; and (iii) the production ofaZn-and
Cd-contaminated litter by willows could decrease soil decom-
posers’ activity in the organic horizon (Jordan and Lechevalier,
1975) over time and could slow down organic matter recycling
(Coughtrey et al., 1979) until tolerant soil organisms develop.

Combination of a Lime Sludge and a Soil Layer

The presence of alkaline AMD treatment sludge under the
soil decreased willow aboveground growth concomitant with a
reduced deep root development in waste rocks compared with
the soil layer with the same thickness. The alkaline pH and
greater electrical conductivity of the sludge may have restricted
root growth by increasing salinity exposure, even if willows are
reported to be tolerant to greater salinity levels (5 dS em™)
(Hangs et al,, 2011) than those found in the sludge (2.2 dSm™).
Morecover, due to their fine grain size (Demers et al., 2015),
AMD treatment sludges casily remain water saturated, which
could create anoxic conditions and restrict root growth.

Sludge presence also reduced the accumulation of Mn and
Cd in willow foliage compared to all other treatments, probably
through a pH increase (Das et al., 1997; Markert et al., 2000),
which confirms our fourth hypothesis. However, greater total
Zn concentrations (around x3) in lime sludge compared with
soils could also have participated in decreasing Cd availability to
willows (Chaney et al., 2009; Kukier et al., 2010). Whether the
efficient Mn barrier effect is associated with sludge alkalinity or
reduced contact of willow roots with waste rocks that are richer
in this element is not clear. Despite its mitigating effect on willow
growth, combining sludge-barrier use with S. miyabeana plant-
ing may be particularly useful on Cd-contaminated waste rocks
or soils to reduce the Cd phytoaccumulation potential in foli-
age over time. The use of alkaline AMD treatment sludge with
an increased thickness of the overlying soil layer may alleviate

above- and belowground growth restrictions while allowing the
reuse of a mine waste for site revegetation.

Conclusion

In conclusion, S. miyabeana Sx64 appeared well adapted
to planting on acid-generating waste rocks. It was able to grow
roots extensively in waste rocks, which limited planting stress,
even if root development was delayed in waste rocks when soil
layers were used. The use of thicker soil layers was more effec-
tive than OC-richer soil layers to maximize willow above- and
belowground productivity over time, and a 40-cm thickness
should avoid limitations in root-system size the first year after
planting. Our experiment confirmed the ability of this willow
clone to accumulate Cd and Zn in its foliage, especially when
soil layers were used. This accumulation, even if well tolerated
initially by the willows, could slow down litter decomposition
processes and organic matter cycling, which is the starting point
of ecosystem development. Moreover, this willow clone’s use for
phytostabilization may be limited even if it can develop extensive
root systems in the mine Technosol. Both Cd and Zn concentra-
tions increased into foliage over time, whereas this willow clone
seemed able to reduce the translocation of Mn and Sr toward the
foliage over time. Cadmium and Zn phytotoxicity could occur
later if they continue to accumulate in leaves and should be kept
under surveillance. Finally, an alkaline AMD treatment sludge
combined with a soil layer could be used as a barrier to Cd and
Mn accumulation in willows but at the cost of reduced above-
and belowground productivity if the soil layer thickness is too
low. Further work is thus needed to improve the reuse of this
sludge in substrates used for revegetation.
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