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Tree establishment on post-mining waste soils: species, density,
and mixture effects

Degi Harja Asmara, Suzanne Allaire, Meine van Noordwijk, and Damase P. Khasa

Abstract: Tree establishment to restore degraded boreal post-mining lands is challenged by low soil productivity, a harsh
microclimate, and potentially high contaminant levels. The use of mixed vegetation can facilitate the microclimate but
increase competition for soil resources. A statistical accounting of plant-plant interactions and adaptation to multispecies
conditions is hard to achieve in field experiments; trials under controlled conditions can distinguish effects of planting
density and species interactions in the early stages of plant establishment. A greenhouse trial was established in containers
“mesocosms”) with waste rock or fine tailings from gold mines. Pregerminated (1-week-old) seedlings (Alnus viridis subsp.
crispa, Picea glauca, Populus tremuloides, Salix arbusculoides) were planted using a Nelder density gradient design, modified for
species combinations. A relative competition effect was estimated as a competitiveness index for each species combination,
calculated as a ratio of « coefficients in the Holliday growth equation. The specific leaf area (SLA) was measured to indicate
plant water stress adaptation. All species grew better in monoculture on fine tailings, while only P. tremuloides grew better
in all mixtures on waste rock. Although net positive effects of density on SLA increment during early growth suggested
microclimate improvement on fine tailings, no mixture provided advantages for both species in paired combinations.

Key words: overyielding, facilitation, Nelder plot, planting density, post-mining.

Résumé : I’établissement des arbres pour réhabiliter des terrains affectés par I’exploitation miniére est compromis par une
faible productivité du sol, un microclimat rude et potentiellement des niveaux élevés de contaminants. L'utilisation d’une
végétation mixte peut adoucir le microclimat mais accroitre la compétition pour les ressources du sol. Une comptabilisa-
tion statistique des interactions entre les plantes et de ’adaptation aux conditions de multiples espéces est difficile a réal-
iser dans le cadre d’expériences sur le terrain; les essais en conditions controlées permettent de distinguer les effets de la
densité de plantation et les interactions entre les especes aux premiers stades de I’établissement des plantes. Un essai en
serre a été réalisé dans des récipients (mésocosmes) avec des déchets rocheux et des résidus fins provenant de mines d’or.
Des semis prégermés (agés d’une semaine) (Alnus viridis subsp. crispa, Picea glauca, Populus tremuloides, Salix arbusculoides) ont
été plantés selon un plan basé sur la méthode de Nelder, modifiée pour les combinaisons d’espéces. Un effet relatif de com-
pétition a été estimé en tant qu’indice de compétitivité pour chaque combinaison d’especes, calculé comme un rapport du
coefficient o dans I’équation de croissance de Holliday. La surface foliaire spécifique (SFS) a été mesurée pour indiquer
I’adaptation des plantes au stress hydrique. Toutes les espéces ont eu une meilleure croissance en monoculture sur les rési-
dus fins alors que seul P. tremuloides a eu une meilleure croissance dans toutes les combinaisons sur les déchets rocheux.
Bien que des effets nets de la densité sur I’accroissement de la SES lors de la croissance initiale suggerent qu’il y avait une
amélioration du microclimat sur les résidus fins, aucun mélange n’a procuré des avantages pour les deux especes dans les
combinaisons appariées. [Traduit par la Rédaction]

Mots-clés : surcroissance, facilitation, placette de Nelder, densité de plantation, apres I’exploitation miniére.

Introduction

Challenges for the restoration of degraded post-mining lands
include low soil productivity and a high potential for metal toxic-
ity (Markham et al. 2011). Low levels of micro- and macro-
nutrients and a lack of beneficial microbes in mining residues
are a challenge for revegetation (Bois et al. 2005). Fertilization
can be costly and natural vegetation can take decades to colonize
and remediate post-mining sites in boreal ecosystems (Nadeau

et al. 2016). Cost-effective active restoration requires solving
technical problems, such as species selection, plantation method,
planting resources, etc. (Bechara et al. 2016).

Post-mining sites can be very degraded, and conventional refor-
estation or afforestation approaches may fail to successfully
re-establish native vegetation. The physicochemical and micro-
biological characteristics of post-mining soil materials prevent
desirable rates of plant growth (Nadeau et al. 2018). For some tree
species, mycorrhizal inoculation may improve plant growth and
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health, together with plant survival, under these stressful conditions
(Nadeau et al. 2018). Another option could be to find an improved
method for enhancing the facilitative effect within the plants shar-
ing the same space (Markham et al. 2011; Bertoncello et al. 2016).

Facilitative effects play an important role in restoration of
plant communities in severely disturbed ecosystems with harsh
microclimates (Brooker et al. 2008; Markham et al. 2011), as found
in boreal post-mining sites. The interactions between plant spe-
cies can be very complex however, requiring a deep understand-
ing of the trade-offs between positive facilitation and negative
competition. These trade-offs need to be managed for succes-
sional processes to proceed in severely disturbed ecosystems
such as mining sites (Brooker et al. 2008; Markham et al. 2011).
Mechanisms may vary, including classical nurse-plant effect inter-
actions, soil nitrogen availability, common mycorrhizal networks,
species-specific mutualism interactions, and several others (Holmgren
et al. 1997; Brooker et al. 2008). The facilitative effect that emerges
from cluster planting might be due, in part, to belowground mycor-
rhizal activities (Holmgren et al. 1997; Brooker et al. 2008; Markham
et al. 2011; Bertoncello et al. 2016). However, the underlying mecha-
nisms in restoration practices are site-specific and may depend
upon species, planting configuration, intervention scenarios,
and other factors. Thus, the facilitative effect that is observed in
one situation may not be replicable elsewhere, given that it may
be influenced by other site-specific factors.

Understanding the mechanisms on the interplay between facilita-
tion and competition in plant communities is important (Holmgren
et al. 1997). Different factors may influence species interactions at
different densities. Monospecific density experiments are expected
to show the “Allee” effect, a benefit of living in groups (Courchamp
et al. 1999). The Allee effect is an ecological mechanism of facilitative
behaviors in biology and environmental conditioning in plant
ecology (Courchamp et al. 1999). The environmental condition-
ing can be affected by density and may be further enhanced by
species mixtures.

Biodiversity is believed to have an important role in ecosystem
productivity through complex interactions and facilitative mech-
anisms, which are also known as complementary and selection
effects (Bechara et al. 2016). The complementary effect with niche
partitioning in a mixture can lead to overyielding (Van de Peer
et al. 2018). Knowledge of the facilitative mechanism of species
mixtures is very important for designing an effective plantation
method. The experimental separation of density effects and spe-
cies combinations is required to understand trade-offs and com-
petitive dominance.

Nelder wheel plot experimental designs may be used for effi-
ciently testing the (aboveground) response of plants to planting
density. Its purpose serves in comparing multiple tree spacings
within a single plot (Nelder 1962). The plot is circular with the
highest density in the center and outward radiating concentric
rings, with spokes connecting the center with the furthest ring
(Nelder 1962). The original method was developed for density effects
in single species, but the design can also be applied to mixed-species
plantings with some modifications (Wurtz 1995; Doran et al. 2001).
Its application during initial planting stages of post-mining res-
toration is expected to indicate the best strategy for demonstrat-
ing net positive interactions both between and within species. A
known challenge is that belowground zones of influence can be
wider than those aboveground and plant growth responds to the
gradient in density tested, rather than the local planting density
(Pachas et al. 2018). In the current study, we evaluated combinations
of four woody species that are native to boreal Canada: green alder
(Alnus viridis (Chaix) DC. subsp. crispa (Aiton) Turrill), white spruce
(Picea glauca (Moench) Voss), trembling aspen (Populus tremuloides
Michaux), and littletree willow (Salix arbusculoides Andersson). These
species have different growth forms and successional status. The
objective was to determine the effects of mixing species along a den-
sity gradient on early growth after tree planting in post-mining
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waste tailings. We posed the following research questions: (1) Are
there any advantages to mixing species over monocultural plant-
ings? and (2) Are the effects of mixing species on facilitation and
competition consistent along density gradients?

Materials and methods
Tailings

Fine tailings and waste rock came from two gold mining sites:
Sigma-Lamaque (now Integra Gold) and Metanor Resources (now
BonTerra). These are located in the Abitibi-Témiscamingue admin-
istrative region of Quebec, Canada. Fine-tailing waste materials are
generated during gold extraction, while waste rock spoil is unused
rock from the mining processes. The fine-tailings are usually de-
posited in the form of a slurry into tailings ponds that are left to
evaporate (Aubertin et al. 1996; Kossoff et al. 2014). These fine-
tailing ponds and waste rock dumps are subject to remediation
and reclamation upon mining closure. Tailings were composed
primarily of biotite, an iron-rich mica mineral (Taner et al. 1986).
In their analyses of element concentrations, the COREM Company-
Group Roche Inc. (unpublished data, 2010) found that sulfur (S) ranged
from 0.48% to 0.51%, aluminum (Al) from 5500 to 6100 mg-kg™,
calcium (Ca) from 21000 to 23 000 mg-kg™, iron (Fe) from 14 000
to 16 000 mg-kg™, magnesium (Mg) from 4000 to 4500 mg-kg™,
phosphorus (P) from 0 to 560 mg-kg™", and potassium (K) from 86
to 100 mg-kg ™, together with other mineral elements that were
important for plant growth in low concentrations, such as Zn, Mn,
Cu, Mo, and Na. Macronutrients essential for plant growth but
absent from the waste rock and fine tailings included nitrogen (N)
and phosphorus (P).

The pH of tailings was between 8.55 and 8.68. Arsenic (As) and
cyanide concentrations were quite high at 8 to 9 mg-kg™ and
3.7 to 6.3 mg-kg™ (>standard of 2 mg-kg ™), respectively. Fine tailings
had very low hydraulic conductivity with 10~ to 10 cm-S™ and a
small grain size of <74 pm (Aubertin et al. 1996).

In contrast, waste rock exhibited very high hydraulic conduc-
tivity, i.e., 107" to 10* cm-S™, and very large particle sizes ranging
from sand (625 pm - 2 mm) to gravel (4-32 mm) (Kossoff et al.
2014). The fine tailings were very homogeneous while waste rocks
exhibited heterogeneous compositions.

Plant species

The selected plant species were white spruce (Picea glauca), little-
tree willow (Salix arbusculoides), trembling or quaking aspen (Populus
tremuloides), and green or mountain alder (Alnus viridis subsp. crispa).
While aspen and spruce are tree species and willow and alder occur
as shrubs, any of the four species can be dominant or codominant
depending upon the type of habitat (Barbour and Billings 2000).
The four species are native to North America and are commonly
found in the same area. The seed provenances are West Quaco
(alder), Apsley (spruce), Hamtown Corner (willow), and Cambridge
Narrows (aspen).

White spruce is a large coniferous tree which can be found on a
variety of landforms and soil types, with many different plant
associates. The tree grows best on well-drained soils and gener-
ally occurs in alluvial and riparian zones. Littletree willow is usu-
ally found along streams and rivers, or even on the floodplains.
This shrub can be useful for stabilizing streambanks and for provid-
ing erosion control on disturbed sites; it grows best on wet alluvium.
Trembling aspen likewise prefers a moist upland wood and can be
found on high plateaus, parklands, alluvial terraces, and along
watercourses. This species of aspen is the most widely distrib-
uted tree in North America, a major cover type across the conti-
nent, and common in mixed conifer forests or as a dominant
species in many habitats. Green alder is a fast-growing shrub
that grows well on poor soils. It may occur as an understory domi-
nant in open conifer or closed deciduous forests. Alder plays a role
in reducing soil erosion and helps to stabilize alluvial deposits.
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Fig. 1. Nelder wheel plot design for tree seedling experiments, the filled and open circles are seedling positions of two different species.
Number of plants per wheel is 16. The sampled plants are inside the grey area (omitting the plants on the border).
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In this experiment, we combined all four species at the initial
stage of growth and observed the potential benefits of mixing
species composition on the restoration processes. The fastest-
growing species were aspen and willow, followed by alder. The
three species are light-demanding and are considered pioneers,
while spruce is a shade-tolerant and slow-growing species and is
considered a mid- to late-successional species (Abrahamson
2015). The species that are listed are tolerant and adapted to poor
soils and disturbed sites, and are often used for restoration and
rehabilitation projects (Esser 1992; Matthews 1992; Howard 1996;
Abrahamson 2015). Green alder can grow well on poor soils
because of its mutual association with nitrogen-fixing actinobacte-
ria (Frankia spp.) and mycorrhizae (Roy et al. 2007). This species is typ-
ically used for reforestation on infertile soils to increase soil organic
matter content.

Experimental design

The experiment used a small-scale Nelder plot design (Nelder
1962) that was set up in rectangular containers of 77 cm x 97 cm
and 10 cm depth (with a total volume of 74.69 L) as a mesocosm
under controlled greenhouse conditions. The plot is shown in
Fig. 1, with outward radiating wheel rings and the spokes con-
necting the center with the furthest ring. The wheel radius is cal-
culated as 1, = ry ", with initial radius (rp) = 5.1 cm and constant
increment («) = 1.3. The constant increment and initial radius
were determined to fit the Nelder plot on container size. Table 1
shows the wheel radius and the growing area with 16 plants per
wheel, which was calculated based on the Nelder plot type Al for-
mula A, =12 6 (a — «™")/2, where 6 is the angle between the wheel
spokes in radians and r,, = radius of the nth arc in centimetres.

Each Nelder plot contained 16 “spokes” and accommodated four
replicates of both monoculture treatments and eight replicates of

Table 1. Wheel radius and spacing
area for individual plant in Nelder
plot design shown in Fig. 1.

Radius Spacing
N (cm) area (cm?)
0 51 2.7
1 6.6 4.6
2 8.6 77
3 11.2 13.0
4 14.5 221
5 18.9 37.3
6 24.6 63.0
7 32.0 106.4

the two-species mixtures (see Fig. 1 and Table 1). The mixed-species
treatments were planted with alternate spokes on half of the cir-
cular wheel (eight spokes). Aspen, alder, willow, and spruce were
planted in pair combinations (total of six plots). Planting was
done in both the fine tailing and waste rock materials so that the
total number of experimental plots was 12. The arrangement of a
Nelder plot container is shown in Fig. 2.

The experimental unit was the individual plant. The monocul-
ture treatment had two spokes replication in one plot or container
with total of six replications in three combined plots, while the
mixture treatment had six spokes replication in one container
only. The plants on the border spokes and border wheel were
excluded. Figure 1 shows the arrangement of individual plants in a
full Nelder cycle on each experimental plot. The overall number
of experimental units was 6 spokes replication x 6 density levels x
10 species mixtures (6 mixed-species plantings + 4 monocultures) x
2 soil materials for a total of 720 experimental units.

w Published by Canadian Science Publishing
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Fig. 2. The container arrangement for mixed species of alder (AD), aspen (AP), spruce (SP), and willow (WL) in waste rock and fine tailing

materials.

Fine Tailing

AD+AP

AD+AP

Seeds were first sown and propagated on 1-cm-diameter pellets
Jiffy-7 Forestry for 10 days (Stuewe & Sons, Inc., Tangent, Oregon,
USA). The seedlings were then arranged in Nelder plot design, as
shown in Fig. 1. Plant height was measured 90 days after planting.
All plants were measured, except those on the border wheels and
border spokes between the treatment blocks, as shown in Fig. 1
(within the grey area).

The plants for aboveground biomass, allometric equation, and
leaf area measurement were sampled from two spokes replica-
tion on each mixture treatment and from one spoke replication
for monoculture treatment on each container. The total number
of samplings for each species was 24 plants. The root biomass was
taken for the whole mesocosm container. Leaf area was scanned
and measured using WinFOLIA from Regent Instruments Inc. (Québec,
Quebec, Canada). The sampled leaf was then dried (at 70 °C for 2 days)
and weighed to obtain oven-dry mass for specific leaf area (SLA)
calculations.

Growth conditions

Greenhouse temperatures were maintained at 23 °C (day and
16 °C (night), with an average relative humidity of 50%. The green-
house has additional artificial light using HPS 600 W lamps. The
experiment was set up in June 2016 for 3 months.

Plants were hand-watered daily in the morning (10 mm-day™).
Fertilizer was applied weekly using NPK 20-20-20 with the fol-
lowing composition: nitrate nitrogen, 5.9%; ammoniacal nitro-
gen, 3.9%; urea nitrogen, 10.2%; available phosphoric acid (P,Os),
20%; soluble phosphorus (P), 8.7%; soluble potash (K,0), 20%; solu-
ble potassium (K), 16.6%; iron (Fe), 0.10%; manganese (Mn), 0.05%;
zinc (Zn), 0.05%; copper (Cu), 0.05%; boron (B), 0.02%; and molybde-
num (Mo), 0.0005%. Fertilizer was mixed in a solution of 50 g per
100 L of water (100 ppm) and applied equally across the entire
experiment, regardless of substrate. The fertilizer was applied
because the mine waste is nutrient deficient.

Data analysis

The shoot:root biomass ratio of a plant growing in monocul-
ture or mixture reflects the relative ease with which below- and
aboveground resources can be obtained. In experiments with
Dactylis glomerate and Plantago lanceolate (Robinson et al. 2010) and
Picea mariana and Kalmia angustifolia (Mallik et al. 2016), no differ-
ence was found in shoot:root ratio between the mixture and

isolated plants. Assuming such relation was also held in our
experiment, we estimated the root biomass of species A as (AB +
AC - BC)/2, where AB is the sum of root biomass of species A and
B when combined, AC that of A plus C and BC that of B plus C,
respectively. The formal formula is written as

(1) ya:yab +y;c_}’bc

where y is total root biomass and the letter (a, b, c) is the species
identifier. The y,;, indicates the total root biomass for two species
(a and b) in one container, and y, is the estimated total root bio-
mass for one species (a) in the container.

Biomass for individual plants was estimated using the follow-
ing allometric equation:

(2) m=agh"

where m is the individual plant biomass, h is plant height, and g,
and b; are scaling parameters for species i. The scaling parameters
(a; and b;) were estimated from sampling data for biomass and
height using a log-log linear regression model (Harja et al. 2012).
While plant height can be used as biomass estimator and site
quality indicator, it is also easier to measure for small plants in
short period of observation time.

Effects of density on plant height were analyzed using non-linear
regression applying the Holliday equation (Holliday 1960; Willey
and Heath 1969) and modified to incorporate the species mixing
treatments as follows:

@ w=1/(> aintBp+vs?)

where w is individual plant height, p is plant density of a specific
species, and «, 3, and vy are the model parameters. The modified
constant a, is a parameter for each n neighbouring treatment
and i, is a dummy variable for identifying the treatment data set
(1=the selected treatment, 0 = everything else). The model allows
the « parameter to be fitted among the group of treatments while
retaining similar 8 and vy estimates. The «, can be interpreted as a
measure of plant response on different neighbouring species. There-
fore, we propose the relative competition effect (RCE), which calcu-
lated as follows:

w Published by Canadian Science Publishing
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Fig. 3. Estimated total root and shoot biomass for each species in
waste rock and fine tailings. The value above the bars is shoot:root
ratio.
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Table 2. Regression fit parameters
for biomass-height allomeric.

Species a b R?
Alder 0.0206™*  1.94™  0.687

Aspen 0.0044™* 173"  0.733
Spruce 0.0038™*  2.28™*  0.746
Willow  0.0184™*  1.32**  0.760

Note: Significance: ***, P < 0.001.

(4) RCE — Omono — ¥mix
Qmix

where @ ono is the model parameter for the monoculture and
amix for the mixed planting. RCE is comparable to other meas-
ures of competition intensity when g and vy are 0 or without a
planting density factor (see Weigelt and Jolliffe 2003). This value
is equivalent to the yield relative ratio of the mixed system to the
monoculture planting or overyielding (Ong et al. 2015). The equa-
tion assumes that differences in yield are consistent along the
gradient of density following the Holliday equation.

The Holliday equation is suggested for Nelder plot data analysis
and general yield density study because the estimators of its pa-
rameters are effectively unbiased and normally distributed (Gillis
and Ratkowsky 1978). The original equation of Holliday is as
follows:

(5)  w=1/(a+Bp+yp?)

The biological interpretation of « is a measure of species genetic
potential and B is a measure of environment potential, while y
shows curvature of the responses (Willey and Heath 1969; Gillis and
Ratkowsky 1978).

All analyses were conducted using R software version 3.5.1
(R Core Team 2018). We used the standard library for linear and
nonlinear models and the ImerTest package library for mixed models.

Results

Allometric equations

The allometric regression parameters and adjusted R? are signifi-
cant for all species (Table 2). The allometric equation with plant
height can predict about 70%-75% variation of aboveground plant
biomass according to the R? results. Since the equation was fitted
with a log-log linear model, the a parameter was back-transformed
from the original output (log(a)) and corrected with mean squared

83

Table 3. Regression fit parameters of Holliday equation for the
plants grown in waste rock.

Species @ap  aap  asp awr. B 4 RSE

Alder (AD) 0.28™* 0.30™* 0.29** 0.22™* 016" -0.05 115
Aspen (AP)  0.03** 0.05** 0.03** 0.03** 0.13** -0.04"* 2.80
Spruce (SP)  0.21** 0.27** 0.20®* 0.21™ 011 -0.03* 0.73
Willow (WL) 011** 012** 0.07** 011" 0.04 -0.01 3.62

Note: The parameter index for a, was replaced by its corresponding

neighbouring species identifier. RSE is the residual standard error of the model
estimation. Significance: ***, P < 0.001; **, P < 0.01; *, P < 0.05.

Table 4. Regression fit parameters of Holliday equation for the plant
grown in fine tailing.

Species @ApD  Qap  Qsp aw. B 4 RSE

Alder (AD) 0.55** 0.62** 0.64™* 0.80** 0.14 -0.04 045
Aspen (AP)  010** 0.09** 0.30** 0.08** 0.28"* -0.09" 2.42
Spruce (SP)  0.44** 0.45** 0.43** 044 -0.05 001 0.44
Willow (WL) 0.65** 0.88** 0.52** 0.55** -0.33"* 010* 146

Note: The parameter index for «, is replaced by its corresponding neighbouring
species identifier. Significance: **, P < 0.001; **, P < 0.01; %, P < 0.05.

error of the regression. This allometric parameter was later used for
estimating the total above ground biomass for the whole plants.

Total biomass and growth rates

The total biomass growth on waste rock was higher than on
fine tailings (Figs. 3 and 4). The fast-growing species (willow and
aspen) had the highest total biomass on both materials (Fig. 3).
Willow and alder had higher aboveground biomass on waste
rock, while aspen and spruce had higher aboveground biomass
on fine tailings.

Interactions between species also influenced early biomass
growth. Combining both fast-growing species (aspen and willow)
led to the greatest biomass growth on both substrates (Fig. 4), but
of all species tested, only aspen increased biomass growth in mix-
tures. Willow and alder had higher aboveground biomass on
waste rock, while aspen and spruce had higher aboveground bio-
mass on fine tailings. The species were shown to have different
growth performance on each substrate materials. Differences
between materials are also reflected in shoot:root ratios. But
since species root biomass was estimated from total root biomass
in a Nelder container with mixtures of species, we cannot inter-
pret correlation with the substrate treatment.

Parameters of the Holliday equation

Regression parameters of the Holliday equation are shown in
Tables 3 and 4 for plants that are grown in waste rock and in fine
tailings, respectively. The curve plots are shown in Figs. 5 and 6,
respectively. The « parameter is significant which shows a con-
stant deviance in yields between all the treatments for all species
on waste rock and fine tailings. The significance of g and vy pa-
rameters varied between species, showing a high variation in
magnitude or slope and the curvature on the correlation of den-
sity and plant height. The highest 3 is shown for alder on waste
rock material, and the smallest for willow. At the same time, wil-
low showed a high degree of variation of data with its high residual
standard error and non-significant 8 and vy. The non-significant 8
and vy are also shown for alder and spruce on fine tailings. The 8
and vy for spruce and willow on fine tailings had signs opposite of
what was expected.

Relative competition effects

Aspen is the most competitive species on waste rock, as shown
by RCE values in Table 5. It had a better yield of about 60% more
(RCE = 0.6) when planted in mixtures with alder and yielded 49%

w Published by Canadian Science Publishing
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Fig. 4. Total shoot and root biomasses in each mesocosm container of Nelder plot experiment for combinations of alder (AD), aspen (AP),
spruce (SP), and willow (WL) in waste rock and fine tailings. The value above the bars is shoot:root ratio.
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Table 5. Relative competition effect (RCE) for Nelder experiment
applied in waste rock and fine tailings.

Waste rock Fine tailings

Alder Aspen Spruce Willow Alder Aspen Spruce Willow
Alder  0.00 -0.05 -0.02 0.32 0.00 -011 -013 -0.31
Aspen 0.60 000 049 047 -0.09 0.00 -0.71 0.06
Spruce -0.06 -0.26 000 -0.08 -0.02 -0.04 0.00 -0.02
Willow -0.05 -013 0.45 000 -016 -0.38 0.06 0.00

Note: Values in bold are positive effects of the mixture.

(RCE = 0.49) and 47% (RCE = 0.47) when co-planted with spruce
and willow, respectively. At the same time, its neighbours yielded
losses of about 5% (RCE =-0.05), 26% (RCE =-0.26), and 13% (RCE =
-0.13), respectively. In contrast, spruce was always suppressed in
mixture, with a lost yield of about 6% (RCE = -0.06), 26% (RCE =
—0.26), and 8% (RCE = -0.08) when co-planted with alder, aspen,
and willow, respectively.

Fast-growing species seemed to dominate in competitions with
slow-growing species in waste rock, except for alder and willow,
where the slow-growing species (alder) was shown to be more
competitive than the fast-growing species (willow). Alder had
32% (RCE = 0.32) greater yield when mixed with willow, while willow
lost 5% (RCE = —0.05). In contrast, both alder and spruce had reduced
yields in mixtures, compared with monocultures (Table 5).

The plants were mostly suppressed when grown in mixtures
on fine tailings as shown in Table 5. Aspen had the lowest losses
when it was mixed with spruce (RCE = —0.71), which is opposite
to the response that is observed when both species are planted in
waste rock. The only plants that showed benefits were aspen
when it was mixed with willow (RCE = 0.06), and willow when it
was mixed with spruce (RCE = 0.06). In general, we could not find
any mixture that gave advantages for both species in a paired
combination on any of the soil materials.

Specificleaf area (SLA)

Density gradient and species had significant effects on SLA (P < 0.01),
as shown in Table 6. The interaction of density gradient and species
also had significant effects on SLA (P < 0.05), while the addition of
soil material factors to this interaction was not significant. The soil
material itself had a significant effect on SLA (P < 0.05). The SLA
on fine tailings was lower than that on waste rock soil material
for most of the species (Fig. 7). SLA and density were positively

O Shoot Biomass
B Root Biomass

1.04
0.69
067
1
0.79
125 0.79
0.69 0.89

AP+WL AD+WL WL+SP AP+SP AP+AD AD+SP

AP+WL WL+SP AD+WL AP+AD AD+SP AP+SP

Fine Tailing

Table 6. Type III analysis of variance table with
Satterthwaite’s method for the effect of species,
density, and substrate material on specific leaf area.

Source af F Pr (>F)
Density 1 15.326 0.000
Species 3 7.0038 0.000
Material 1 4115 0.043
Density:Species 3 3.4499 0.017
Density:Material 1 51531 0.024
Species:Material 3 11984 0.310
Density:Species:Material 3 0113 0.953

correlated for most species’ combinations except for alder and
spruce in fine tailings (Fig. 7).

Discussion

Substrate effects on tree growth

Overall plant growth in waste rock was better than in fine tail-
ings, which could be due to the physical characteristics of the ma-
terial. The fine grain size of mine tailings results in very high
water retention and very low hydraulic conductivity (Aubertin
et al. 1996), which are unfavourable conditions for plant species,
generally. The measured fine tailings moisture content in the
field site is about 20%-30% at depth 15 cm. This quantity of water
corresponds to the permanent wilting point for fine-grained ma-
terial, such as clay or silty clay, which have similar grain sizes in
mine tailings. In contrast, waste rock has very low water reten-
tion and very high hydraulic conductivity, which is also an unfav-
ourable condition for plant growth, but the waste rock offered a
better environment than did fine tailings when it was subject to
daily watering and weekly fertilization. In addition, some con-
taminants in fine tailings could limit growth because of their
phytotoxicity.

Indeed, fine tailings contained contaminants such as aluminum,
iron, magnesium, arsenic, and cyanide. Although some native veg-
etations may be adapted to this tailing conditions (Abdul-Wahab
and Marikar 2012). Despite phytotoxicity, plant tissues have shown
translocation of metals from roots to the upper parts of the plants
(Abdul-Wahab and Marikar 2012). Some plants are known to have
adaptability and resistance to soil contaminants, either through
stress avoidance or stress tolerance (Punz and Sieghardt 1993).
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Fig. 5. Regression curves of Holliday equation on plant height with gradual density and combinations of neighbours (shown by different

legends) growing in waste rock. [Colour online.]
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Indeed, species of poplar (Populus spp.) and willow (Salix spp.)
are known heavy metal accumulators in phytoremediation prac-
tices (Fischerova et al. 2006; Hassinen et al. 2009; Mehes-Smith
and Nkongolo 2015; Salam et al. 2016). Observations on aspen on
metal-contaminated sites showed a high level of mixoploidy in
the plants. These mitotic abnormalities have been shown to exert
no adverse effects on plant growth and survival (Hassinen et al.
2009; Mehes-Smith and Nkongolo 2015). In some phytoremedia-
tion experiments, the growth of willow was also demonstrated to
be unaffected by heavy metal contaminants (Fischerovd et al.
2006; Salam et al. 2016). Alder’s status is less known as a heavy
metal accumulator, but it has resistance to organic and inorganic
soil contaminants. It is often used for phytostabilization and as
nurse species in restoration practices (Roy et al. 2007; Lalancette
et al. 2019). White spruce, in contrast, is quite sensitive and less
tolerant of heavy metal contamination. An experiment with
spruce on heavy-metal-contaminated soil showed about a 20% to
25% reduction in growth (Dixon and Buschena 1988; Nosko et al.
1988). Thus, growth reduction of white spruce on fine tailings, as

shown in our experiment, could be affected by a combination of
water stress and phytotoxicity.

Another plant trait characteristic that may differentiate spe-
cies metabolic strategies in a stressed environment is the shoot:
root ratio. The shoot:root ratios for aspen were, respectively, 2.95
and 3.23 on waste rock and fine tailings, which were still in the
range 2—4 for normal conditions (Peng and Dang 2003). Willow
had respective shoot:root ratios of 2.51 and 1.75 on waste rock and
fine tailings, which were lower than the normal 2.5-5.0 for willow
(DusSek and Kvét 2006). Alder showed respective shoot:root ratios of
4.53 and 2.80 on waste rock and fine tailings, which were far higher
than the normal ratio 1.0-1.5 for alder (Lorenc-Plucinska et al. 2013).
The shoot:root ratios for spruce were, respectively, 0.79 and 1.64
on waste rock and fine tailings, which were slightly lower than
the normal 2-4 (Peng and Dang 2003). Thus, shoot:root ratios
were either higher or lower than normal range, similarly for
waste rock and fine tailings. This could be due to the similar treat-
ments of daily watering and weekly fertilization on both waste
rock and fine tailings, or to limitation on the number of samples
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Fig. 6. Regression curves of Holliday equation on plant height growth with gradual density and combinations of neighbours (shown by

different legends) in fine tailings. [Colour online.|
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from our observation. However, there were some differences in
shoot:root ratios within species groups in response to different
tailings. The differences were also shown in the mixtures of species
combinations, possibly due to different metabolic strategies of
each species in tailing materials and interactions with neighbours.

While the species root biomass was estimated from a mixture
plantation with an assumption of additivity, the conclusion may
not be accurate. In this experiment, we tried to use a “Minirhizo-
tron” method for belowground observation using transparent
tubes inside the container. But there were only few of the roots
visible from the tubes and no conclusions could be drawn. This
could be due to waste rock characteristic with big particles which
leave too many air spaces around the tubes. The root growth was
also shorter than expected from the tube depth on fine tailing
substrates. At the same time, it was hard to separate roots of indi-
vidual plants from the mesocosm container.

Mixture effects

The relative competition effect (RCE) measured relative advan-
tages between species mixtures. We found that a mixture does
not have advantages for combined pairs of species. Most of the

plants grew better in monoculture, except for aspen in waste
rock substrate. Trembling aspen was shown as the most competitive
species in waste rock. While aspen is a fast-growing species, not all
faster growing species got advantages when planted in mixture.
Here, we cannot find a plant trait or specific factor correlated with
advantages or disadvantages in mixture planting.

Since the plants were very small, and light was not limiting at
early growth stages, belowground competition seems to be the
most significant factor in this experiment. Another factor such
allelopathy is less likely found in the literature for any of the spe-
cies in this study. This experiment was an early-stage evaluation
and might not depict the whole suite of interactions that are
likely to occur between species at later stages in the greenhouse
or in the field. The outcome could be different as the plants grew
larger and started to shade one another, exerting both below-
and aboveground interaction effects.

Density gradient effects on growth and SLA

The effect of the gradient of density on mixtures of species was
consistent in all treatments. The regression fit of Holliday equation
was significant for all groups. The equation intercept («) is also

w Published by Canadian Science Publishing



Can. J. For. Res. Downloaded from cdnsciencepub.com by WAGENINGEN UNIVERSITY & RESEARCH-LIB on 06/16/22
For pérsonal use only.

Asmara et al.

87

Fig. 7. Specific leaf area of individual plants along the density gradient and in waste rock and fine tailings.
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significant for all species combinations, whether on waste rock or
on fine tailings. Significant o parameters for all species mixtures
on both substrates suggest that the neighbouring species influ-
enced biomass growth across all conditions.

An interesting effect of planting density was shown for spruce
and willow in fine tailings where it showed greater growth yield
at higher planting density (Fig. 6). This was unusual, as we expected
higher competition with increased density. This positive effect
of density can be explained by the Allee effect (Courchamp et al.
1999), resulting in a net positive effect between facilitation and
competition.

Another possibility of greater plant growth in denser plantings
is the “elongation” effect because of competition for light. Since
the plants were very small, we assumed that the light resources
might not be limiting in this 3-month experiment. Analysis of
the allometric correlation between biomass and height did not
reveal a significant effect of density for any species (data not
shown).

Most species are known to decrease their SLA as water stress
increases (Marron et al. 2003; Liu et al. 2016). The deciduous as-
pen, willow, and alder had similar SLA adaptations to water
stress (Hennessey et al. 1985; Splunder et al. 1996). Here, we found

that SLA was lower in fine tailings compared with that in waste
rock for most species, except spruce (Fig. 7). Considering the gen-
eral SLA adaptation for water stress as mentioned above, plants
on fine tailings were shown to have higher water stress compared
with those on waste rock. White spruce exhibited greater SLA
under higher water stress. This response was not surprising given
that this conifer was the most drought-tolerant species among
those studied in our experiment, as has been reported elsewhere
(Van den Driessche 1991; Abrahamson 2015; Moran et al. 2017).

Here we also found a contrasting water stress between lower
and higher planting densities, especially for aspen and willow (Fig. 7).
Most of the plants showed a decrease in water stress at higher density,
which could be an indication of “plant facilitation”. But this does
seem to emerge in alder on the fine tailings. Alder seems to have
more sensitivity on belowground competition, as it is known as
high moisture-demanding species (Matthews 1992).

The significant effect of the density gradient on SLA adaptation
may indicate a facilitative effect on soil moisture stress. One pos-
sible factor relating to soil moisture conservation under higher
plant densities is microclimate improvement, soil amelioration
with higher root densities, or its combination. The effect of density
on microclimate improvement is a known, important aspect of
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restoration practices (Courchamp et al. 1999; Bechara et al. 2016).
We posit that the positive density effect that was observed in our
experiment is correlated with microclimate improvement. Further
exploration into the details of microclimate factors such as temper-
ature, moisture, and other functional traits might be required to
confirm our hypothesis.

Conclusions

Plant growth was five times greater on waste rock than on fine
tailings with similar treatments. Species shoot:root ratios varied
from the normal ranges of typical species but showed to have
similar deviation between waste rock and fine tailings. Further
experiments with more precise root measurement may be required
to get the real effect of the treatments.

Positive effects of density on early growth suggested that micro-
climate improvement played a role in accelerating the growth of
the plants. Specific leaf area (SLA), as a plant trait proxy for water
stress adaptation, was greatly affected by the material and gradient
density. The positive correlation of SLA with density could be an in-
dication of facilitative effects on water stress. This finding could be
further investigated for quantifying facilitative and competitive
effects on planting density experiments.

We found that mixtures do not offer advantages for both species
in paired combinations. Most species grew better in monoculture,
but some species grew better in mixtures. The fast-growing aspen
was dominant and better in mixtures on waste rock material.
Other than this response, we could not find a general correlation
between species-specific traits with their adaptations to differ-
ent mixtures.

The relative competition effect (RCE) quantified the advantages
and disadvantages of the mixture over monoculture with propor-
tional assumptions regarding the density gradient. Given that the
experiment was of limited duration, the result may not depict a
complete picture of plant-plant interactions. We suggest further
experiments with longer timelines to better explore the facilitative
indicators, together with competition effects, to improve the pre-
diction method in successional dynamics modelling.
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