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Abstract: Growing Picea glauca seedlings poses many challenges for forest nursery managers, includ-
ing reaching the target height at the end of the first growing season (1 + 0) and the homogeneity
and uniformity of seedling growth. To increase growth and morphophysiological quality of white
spruce seedlings (1 + 0), emphasis was placed on improving the physicochemistry of the acidic
peat substrate by replacing silica with granular calcite as a covering material. The objective of our
study is to compare the effects of silica and calcite on the physicochemistry of the peat substrate,
as well as on growth and mineral nutrition of white spruce seedlings (1 + 0) under forest nursery
conditions. Three treatments were used to cover the cavities of large white spruce seedlings produced
in containers: silica (29 g/cavity; control treatment), calcite (24 g/cavity) and calcite + (31 g/cavity).
At the end of the first growing season, the two calcite treatments significantly increased the total dry
mass (28%), roots (27%) and shoot (29%) dry masses and height (24%) compared to silica treatments.
Average calcium concentration and content of calcite treatments were significantly higher than that
of silica treatment.

Keywords: Picea glauca; peat substrate; granular calcite; physicochemical parameters; growth; logisti-
cal models; mineral nutrition; forest nursery

1. Introduction

In Quebec forest nurseries, white spruce (Picea glauca (Moench) Voss) is one of the most
demanding species in terms of water and mineral nutrients during the first and second
growing seasons when producing containerized large seedlings [1–4]. In addition, nursery
managers face additional challenges, including a short growing season in northern climates,
individual genetic variability in several growth variables of white spruce seedlings [5–7],
drastic fluctuations of environmental variables and some physicochemical properties of
the substrate (substrate water content and fertility, pH, electrical conductivity and cation
exchange capacity) [2,8]. To reduce losses of large seedlings that do not meet the 27
morphophysiological quality standards at the end of the second growing season [9] of
white spruce, nursery managers aim to achieve an average height of 9 to 10 cm at the
end of the first growing season as well as an appreciable dry mass of roots (500–600 mg)
and shoots (600–800 mg). Nursery managers are always on the lookout for searching
technological innovations and cultivation techniques that are cost effective and easy to
implement on an operational scale during the first (1 + 0) and second (2 + 0) growing
season of white spruce seedlings.

The cavities of tree seedlings produced in containers are usually covered with crys-
talline silica because it constitutes an excellent material for covering seeds. Silica is distin-
guished by several properties (inert material, does not present a major obstacle during seed
germination, allows good aeration on the surface of cavities, its pale whitish color allows to
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reflect incident light rays and reduces the temperature at seed level during germination). In
recent years (2010 to 2017), Quebec forest nurseries have been faced with a serious problem
related to the poor quality of the available silica. Our laboratory analyses have shown that
this poor quality silica is characterized by a basic pH, whereas the normal pH of the silica
should not exceed 5.5 [10,11]. This has substantially decreased the seed germination rate,
as well as shoot and root growth of different forest species [10,11]. The poor quality silica
used in forest nurseries has probably been impregnated or treated with chemicals (basic
detergents or basic anti-dust products) which interfere with germination, growth of roots
and shoots and the mineral nutrition (purple coloring of needles) of tree seedlings [11].
When these symptoms appear, it is already too late for seedlings to recover and meet the
norms and criteria of morphophysiological quality before their delivery for reforestation.
For example, when the cavities were covered with poor quality silica, at the end of the
second growing season, the height of large white spruce (2 + 0) seedlings did not exceed
10 to 15 cm and the root-plug cohesion was inadequate. Technical readjustments did not
help in achieving the growth objectives and norms of the large seedlings (irrigation, fertil-
ization, etc.) [10,11]. These large seedlings should have reached an average height of 35 cm,
according to the contractual morphophysiological quality norms in force in Quebec. In the
Province of Quebec chemical herbicides are banned and large seedlings are used because
they can overtop herbaceous vegetation better than small planting stock [12,13]. Therefore,
forest nurseries are intensively looking for alternative covering materials to silica.

In order to improve the growth of tree seedlings produced in acidic peat growing
media, different cultural practices have focused on increasing the pH to increase the
availability and absorption of mineral nutrients [14–19]. This can be conferred by adding
powdered calcium (CaCO3) or dolomitic (CaMg(CO3)2) lime during the preparation of the
substrates [15]. Our previous study showed that the use of granular calcite, as a covering
material, significantly improved the external colonization of root-plugs by ectomycorrhizal
fungi and the growth of white spruce seedlings at the end of their second growing season
under forest nursery conditions [20,21]. However, the better growth and mineral status of
(2 + 0) seedlings were attributed to the increase in the root absorption surface (water and
mineral elements) generated by the extramatrical phase of the ectomycorrhizal fungi. The
presence of granular calcite also clearly increased physicochemical properties (pH, CO2 and
calcium concentration) of the substrate [20]. However, ectomycorrhizal colonization of the
roots produced under tunnel conditions was absent during the first growing season [20,21].
For this purpose, could the use of granular calcite alone increase the growth of roots and
shoot of white spruce seedlings (1 + 0) during the first growing season while improving
the physicochemical properties of the rhizosphere?

However, we need to better understand the effect of granular calcite on the growth of
white spruce seedlings (1 + 0) and how this material affects pH and fertility variation of
the substrate, particularly micro vertical changes across root-plugs after seed germination.
Unlike the second growing season during which the growth of the roots is limited by the
volume of the container cavity (350 cc) [20,21], this volume/cavity will not be a limiting
factor for the growth and development of roots during the first growing season. We
hypothesize that calcite coverage during the first growing season could improve the
physicochemistry of the acidic peat substrate and increase root and shoot growth of white
spruce seedlings (1 + 0) compared to those treated with silica. In addition, this study
will allow the development of growth models during the first growing season (height,
diameter, and shoot and roots dry masses) in response to the use of granular calcite.
These models are widely used by nursery managers as growth standards and are crucial
to optimizing cultural practices (irrigation, fertilization, preconditioning to water stress,
etc.) and meeting morpho-physiological quality standards of seedlings [9]. This will help
improve the profitability of forest nurseries.

The objectives of this study are to: (i) compare the effects of calcite and silica on
variations in pH gradient and substrate fertility across root-plugs, growth and mineral
nutrition of white spruce seedlings (1 + 0) during the first growing season in a forest
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nursery; (ii) adjust the logistic growth models of the seedlings according to the covering
material (silica, calcite) for a better monitoring of crop management during the first growing
season; (iii) compare the parameters of the models related to the allocation of dry matter
between the shoot and the roots according to the covering material; and (iv) develop
operational recommendations to improve the growth, mineral nutrition and quality of
white spruce seedlings (1 + 0).

2. Materials and Methods
2.1. Plant Material, Covering Material and Experimental Design

In Quebec, white spruce seeds come from first and second generation seed orchards.
Before their delivery to forest nurseries, these seeds are treated at the Berthier Forest
Seed Center in the province of Quebec (Canada). The quality of the seeds is evaluated
according to the standards of the International Seed Testing Association (ISTA). After
sowing the white spruce seeds (seedlot: EPB-V3-EST-2-0; production code GP35EPB14-P85)
in containers (model IPL 25-310, Saint-Damien, QC, Canada; 25 cavities, 310 cm3/cavity;
206 cavities or seedlings/m2). This container has a square format (length of each side:
348.2 mm, height: 126 mm). The cavities of containers were filled with a mixture of
peat-based substrate and vermiculite (80%:20%, v/v), and bulk density was adjusted to
0.10 g/cm3. The pHwater of the initial substrate prior to seeding was 3.4. These containers
were placed in a hemispherical dome-shaped tunnel (length: 100 m, width: 10 m, capacity:
5130 containers) of the Grandes-Piles governmental forest nursery (latitude: 46◦43′54′′ N;
longitude: 72◦42′06′′ W).

The seeds were covered with one of three types of materials: crystalline silica (SiO2,
29 g/cavity; control treatment), calcite (CaCO3, 24 g/cavity) and calcite+ (CaCO3, 31 g/cavity).
Dolomitic calcite (CaMg(CO3)2) was not tested in this project. The particle size distribution
of the covering materials (silica and calcite) is described in detail by Lamhamedi et al. [20].
Treatments (silica, calcite and calcite+) were randomly distributed within each of the five
complete blocks of the experimental design. Each treatment consisted of 27 containers
(25–310 cc) per block, for a total of 10125 seedlings throughout the entire experimental de-
sign (excluding buffer zones). To eliminate border effects, buffer zones (27 containers/zone)
were added between treatments and between blocks. After germination and thinning, the
average occupancy rate of the container cavities for the three treatments (silica, calcite and
calcite+) was 99.33% [20].

During the first growing season, the tunnel was covered with a 4 mm-thick milk-white
polyethylene, with an incident light diminishing factor of 50–55% (Ginegar Plastic Products
Ltd., Northbrook, IL, USA, multi-layer greenhouse cover film, type UVA/white 45%). The
cover was retractable on both sides of the tunnel to increase ventilation and control the air
temperature inside. The cover was removed around mid-October, 2014, so the plants were
exposed to outdoor conditions during their first winter and second growing season.

2.2. Assessment of Environmental Variables

In Quebec, white spruce seedlings are produced in a tunnel during the first growing
season. The tunnel was not removed until around 6 October 2014. Environmental variables
inside and outside the tunnel were continuously recorded by two data acquisition systems
(model CR-10X, Campbell Scientific, Logan, UT, USA) every five minutes, and an hourly
average was calculated and recorded. Different probes for environmental monitoring
were installed inside and outside the tunnel (air temperature at 2 m, relative humidity,
density of the active photosynthetic flux, active photosynthetic radiation, three probes for
monitoring temperatures in the substrate and as much for the temperature at the level of
the seedlings). Two rain gauges (Model TE52M, Texas Instruments, Dallas, TX, USA) for
monitoring watering and fertilization were also installed.

In addition, 15 probes (iButton model, Innovation Drive, Whitewater, WI, USA) were
installed directly under the silica or calcite covering the seeds, in each block, to record the
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temperature variations, at a frequency of 15 min. These probes are autonomous and are
therefore not connected to the data acquisition system.

2.3. White Spruce Seedling Production

The seedlings were produced using the standard nursery cultural techniques used
in Quebec to produce large white spruce seedlings in containers [1,2,20]. Irrigation and
fertilization were carried out using a robot (Aquaboom model, Industrie Harnois, Saint-
Thomas-de-Joliette, QC, Canada) to eliminate the effects of spatial variability in the sub-
strate’s water content [15]. The robot’s coefficient of uniformity varied from 95% to 98%.
Substrate water content (%, v/v) was adjusted for each seedling growth stage during the
first growing season (1 + 0) and monitored by gravimetry prior to each irrigation [22].

The fertilization regime was adjusted every two weeks during this first growing
season (1 + 0) using the PLANTEC software, according to the growth stages [23]. By the
end of the first growing season, each seedling received 47.3 mg of nitrogen (N: 25.0 mg
N-NH4, 22.3 mg N-NO3), 10.6 mg of phosphorus (P), 15.2 mg of potassium (K) and 0.1 mg
of magnesium (Mg), as well as micronutrients (mg/plant) (magnesium: 0.10, manganese:
0.04, copper: 0.04, iron: 0.23 and boron: 0.28). The average flow rate of the injector for
fertilization was 0.3 L/min.

2.4. Assessment of Variations in the pH Gradient and the Fertility of the Substrate Depending on
the Cover Material and the Height Level of the Root-Plug

Once seed germination was complete, a first sampling was done on 2 June 2014, before
the start of the first fertilization treatment, at a rate of one container/treatment/block
(15 containers in total: 1 container/treatment × 3 treatments/block × 5 blocks). A second
sampling was carried out after fertilization on 25 June 2014.

In the laboratory, the seedlings were first gently removed from the cavities as the
secondary roots were not yet well developed, and then the calcite and silica covering
the substrate were completely removed. After, the containers were stored in the freezer
(temperature: −18 to −20 ◦C) for 14 h to freeze the substrate-plug. Freezing the plugs
made it easier to extract them from the container cavities. Then, each substrate-plug was
subdivided into three equal sections (top, center and bottom) using a saw. The pH in water
(pHwater) and CaCl2 (pHCaCl2), as well as the different mineral nutrients (Nmin, P, K, Ca
and Mg) were determined on composite samples (25 substrate-plugs/treatment/block) for
each of the three sections (top, center and bottom), for a total of 45 samples per sampling
date. In addition to the pHwater commonly used by forest nurseries, the pHCaCl2 was also
determined to better characterize and approximate the real variations in the physicochem-
istry of the rhizosphere after hydrolysis of calcite. The advantages of the determination of
pHCaCl2 are described in detail by Kalra and Maynard [24].

2.5. Fertility and Physicochemical Properties of the Substrate, Growth and Mineral Nutrition of
White Spruce Seedlings (1 + 0)

The physico-chemical variables of the substrate related to the fertility, as well as
the morpho-physiological variables of the seedlings (growth, mineral nutrition) were
determined using eight destructive samples between 14 July and 27 October 2014 during the
first growing season. Mineral nutrient analyses of seedlings and substrate were conducted
at the Laboratoire de chimie organique et inorganique (organic and inorganic chemistry
laboratory) of the Direction de la recherche forestière (Quebec forest research branch), using
the methods described in Lamhamedi et al., 2013, among others [22,25].

During each sampling, one container per treatment was randomly selected from
each experimental block. In each sampled container, 15 of the 25 seedlings were ran-
domly selected, for a total of 225 seedlings per sampling date (or 75 seedlings/treatment).
The position of the container and the 15 sampled cavities were randomly selected. The
same container and cavity positions were used for all block-treatment combinations on a
given date.
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These samples were used to measure several morpho-physiological variables such as
height (15 seedlings/block/treatment), diameter (15 seedlings/block/treatment), shoot and
root dry mass (five composite samples of three seedlings per block/treatment), the mineral
nutrition of the seedlings (one composite sample of 15 seedlings per block/treatment), as
well as the fertility and physico-chemical properties of the substrate (one composite sample
of 15 substrate-plugs per block/treatment). Shoot and root dry masse were determined
after drying for 48 h at 60 ◦C.

The total nitrogen concentration was determined by burning the sample at high
temperature using the LECO Trumac Nitrogen Analyzer (Leco Corporation, St-Joseph, MI,
USA). The remaining elements (P, K, Ca, Mg) were determined using a plasma atomic
emission spectrometer (model ICAP 9000, Thermo Instruments, Franklin, MA, USA).
The mineral content was calculated for each element (concentration multiplied by dry
mass) thus reflecting the amount of mineral elements absorbed or contained in a mass
of plant material [26]. The use efficiency of the major mineral nutrients in shoots and
roots, particularly for nitrogen (NUE), phosphorus (PUE) and potassium (KUE) was then
calculated as the ratio between the dry mass of the shoot or roots and the content of this
element in the shoot or roots [27].

2.6. Statistical Analyses and Modelling of Growth Variables
2.6.1. Analysis of Variance

We used the same statistical analysis approach described by Lamhamedi et al. [20].
To assess the effects of the cover treatment and the sampling date on substrate fertility
variables and seedling morpho-physiological variables (growth, mineral nutrition, etc.)
measured during the first growing season. Variance analyses were performed using mixed
linear models with the MIXED procedure of SAS/STAT version 14.1 (SAS Institute Inc.,
Cary, NC, USA, 2015) and the average of samples per block/treatment. Treatment, sampling
date, and their interaction were considered fixed effects, while the block and the interaction
between the block and treatment was considered to be random. A model with a fixed effect
(treatment) and a random block effect was used to analyze the percentage of ectomycor-
rhizal colonization. In all models, the number of degrees of freedom of the denominator
for the fixed effects tests was calculated using the Satterthwaite method. The number of
degrees of freedom at the denominator is therefore specific to each variable analyzed.

When the fixed effect was significant at the 5% threshold, orthogonal contrasts were
performed. The treatment effect was divided into two contrasts: mean calcite/calcite+ vs.
silica and calcite vs. calcite+. If the interaction between date and treatment was significant,
treatment contrasts were performed for each date allowing to better identify the phases of
growth or the dates when the treatments differed in their effect on growth, mineral nutrition
and the physico-chemistry of the growing substrate. The effect of time was divided into
two contrasts: linear and quadratic. When the interaction between treatment and date
was significant, the temporal evolution was compared between the treatments using these
two contrasts. Thus, the linear effect and the quadratic effect of time were compared for
calcite/calcite+ vs. silica treatments, and for calcite vs. calcite+ treatments. The contrasts
tests were based on an adjustment for multiple comparisons using a simulation method
with the ADJUST = SIMULATE option of the LSMEANS statement of the MIXED procedure
in SAS/STAT (version 14.1).

The hypotheses of variance normality and homogeneity were checked graphically.
Where necessary, a residual variance by date was estimated to take into account variance
heterogeneity. Preliminary analyses showed that sampling dates were not associated to
a temporal correlation between the data. Pearson correlation coefficients were calculated
between the substrate’s different physicochemical variables.

The variations of the pH gradient and the fertility of the substrate according to
the material of the covering and the level of height of the substrate-plug (top, center and
bottom) were analyzed using linear mixed models with the MIXED procedure of SAS/STAT
version 14.1. Coverage treatment, date of sampling, level of substrate-plug (top, center
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and bottom) and their interactions were considered as fixed effects in the models while
block and the interaction between block and cover treatment were considered as random
effects. The correlation between the observations of the same combination of a block, a
treatment and a date was taken into account using a covariance matrix on the residual
errors (unstructured correlation matrix).

2.6.2. Modeling of Growth Variables and Dry Matter Allocation

The temporal evolution of each growth variable (y) was modeled with the logistic
function (1) as described by Lamhamedi et al. [20] (using a mixed nonlinear model and the
NLMIXED procedure of SAS/STAT version 14.1) (SAS Institute Inc., Cary, NC, USA, 2015):

y =
a + u

1 + e−c(day−b)
(1)

where parameters a, b, and c are the asymptote, inflection point and growth rate, re-
spectively. Parameter u is the random effect of the interaction between the block and
the treatment.

To test for differences in the kinetics of the assessed growth variables between the three
treatments during the growing season, indicator variables were added to the model (2).
These variables are defined as i1 = 1 if (treatment = calcite, otherwise, i1 = 0, and i2 = 1 if
treatment = calcite+, otherwise, i2 = 0.

y =
a0 + a1i1 + a2i2 + u

1 + e−(c0+c1i1+c2i2)(day−(b0+b1i1+b2i2))
(2)

When no significant difference between calcite and calcite+ for a given parameter is
observed, only one parameter common to both treatments was used (a12, b12, c12). The
model was then simplified by removing the indicator variables that were not significant at
5% threshold. Models were adjusted to the dataset for the different sampling dates.

Residue normality and homogeneity of variance hypotheses were checked graphically.
To account for the heterogeneity of the variances, the residual variance was weighted
according to the variance observed at each date. Logistic model adjustment was checked
graphically by comparing the predicted values with the averages observed at each time
per treatment. A coefficient of determination (R2) (3) was calculated as follows:

R2 = 1−
[
∑(y− ŷ)2/ ∑(y− y)2

]
(3)

where ŷ is the value predicted by the model and y is the mean of y.
The comparison of the three cover treatments in terms of their effects on the allocation

of dry matter between the shoots and the roots was carried out using logistic models on
a logarithmic basis [1,28] of these two growth variables (4). The general logistic model is
as follows:

ln(mass_shoot) =
a + u

1 + e−c(ln (mass_root)−b)
(4)

where mass shoot is the shoot dry mass, mass_root is the dry mass of the roots, a is
the asymptote, b the inflection point, c the allocation rate and u the random effect of the
interaction between the block and treatment. In order to check whether there are differences
in allocation between the three recovery treatments, dummy variables were added to the
model in the same way as in the logistic model of growth variables.

To generate these models, the data used corresponded to the measurements taken
from the 5 composite samples of three seedlings for each block and treatment on a given
date. Thus, 600 data items per treatment were used to generate models (5 composite
samples × 5 blocks × 3 treatments × 8 dates). The modeling was performed using the
NLMIXED procedure of SAS/STAT version 14.1.
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3. Results
3.1. Environmental Variables, Irrigation and Substrate Water Content

The temperatures (maximum, average and minimum) of the air outside the tunnel
(Figure 1) and those recorded at the seed-silica or calcite interface (Figure 2) showed
relatively similar patterns of daily variations. However, the maximum tunnel temperatures,
more specifically those recorded at the seed-silica or calcite interface (Figure 2), were
generally higher than those observed outside (Figure 1). Freezing temperatures outside the
tunnel were not observed until mid-September. However, inside the tunnel, these freezing
temperatures were not recorded at the substrate-silica or calcite interface. Inside the tunnel,
the average air relative humidity of the tunnel has generally varied between 50 and 98%
while the average air temperature has generally fluctuated between 4 and 25 ◦C (Figure 3).

The frequencies and amounts of water used during daily irrigation throughout the
first growing season of white spruce seedlings (1 + 0) are shown in Figure 4. At the end of
the growing season, the amount of water accumulated and received by the seedlings was
238 mm. Thus, the average of substrate water content of the substrate (%, volume/volume)
varied between 33% and 50%, from May to October (Figure 5).
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3.2. Assessment of Variations in the pH Gradient and Substrate Fertility Depending on the Cover
Material and the Level of the Substrate-Plug Height during the Germination Phase

Table 1 shows a significant interaction between the dates, the level of the substrate
plug (top, center and, bottom) in the container cavity and the treatment (calcite+, calcite
and silica) for all variables evaluated, except nitrogen in the ammonium form (N-NH4) and
potassium (K).
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Table 1. Observed probabilities of fixed effects associated with the analysis of variance of variables related to variations in the pH gradient and substrate fertility depending on the
covering material (Silica, Calcite and Calcite+) and the level of substrate plug (top, center and bottom) during the germination phase.

Source of Variation dln * dld * pHwater pHCaCl2
N-NH4
(mg/kg)

N-NO3
(mg/kg)

Nmin
(mg/kg)

P
(mg/kg)

K
(mg/kg)

Ca
(mg/kg)

Mg
(mg/kg)

Treatment 2 28.2 0.0536 <0.0001 0.0152 0.0021 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Calcite/Calcite+ vs. Silica (1) 28.2 0.0165 <0.0001 0.0134 0.0005 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Calcite vs. Calcite+ (1) 28.2 0.9651 0.0436 0.0794 0.8400 0.5194 0.0052 0.0345 0.8246 0.9246
Date 1 27.4 <0.0001 0.1326 <0.0001 0.0224 0.0004 <0.0001 <0.0001 0.0017 0.2380

Date × Treatment 2 27.4 0.0117 0.0020 0.1534 0.0401 0.0351 <0.0001 0.1652 0.0104 0.0238
Level 2 29.2 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Level × Treatment 4 29.2 <0.0001 <0.0001 0.0233 0.0072 0.0134 <0.0001 0.0091 0.0005 0.0004
Date × Level 2 29.2 <0.0001 <0.0001 0.1985 <0.0001 0.0003 <0.0001 0.0036 0.0003 0.0034

Date × Level × Treatment 4 29.2 0.0064 0.0099 0.4317 0.0106 0.0040 <0.0001 0.0843 0.0213 0.0182

* dln: degrees of freedom of numerator; dld: degrees of freedom of denominator. The dld presented are those for pHwater. They vary from 12.7 et 50.2 for other variables.
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For the latter, the interaction between level and treatment was significant. For N-NH4,
there was a significant difference between Calcite and Silica treatments in the bottom and
center of the substrate plug, while it was significant in all levels for K (Supplementary
Materials Table S1). In addition, there was a significant difference between the two calcite
treatments in the substrate-plug for K. For the mineral nutrients (N-NH4, N- (NO2 + NO3),
Nmin, P, K, Ca and Mg), there are some significant differences between treatments depend-
ing on levels and dates (Table S1).

The use of calcite as a cover material significantly affected variations in the pH gradient
depending on the height level of the substrate-plug (top, center and bottom). Indeed, before
fertilization, during the first sampling date (2 June 2014), the orthogonal contrasts showed
that the mean water pH of the two calcite treatments (calcite and calcite+) was significantly
higher than that of silica treatments at the top of the substrate-plug (Table S1). Thus, the
water pH at the top of the substrate-plug of the three treatments (calcite+, calcite and silica)
reached 5.9, 5.8 and 4.9, respectively (Figure 6a). In the case of pHCaCl2, this higher pH
was maintained in the top and bottom of the substrate-plug (Table S1, Figure 6b). However,
in the case of pHwater, this significant superiority is maintained in the three levels (top,
center and bottom). On the other hand, after fertilization (25 June 2014) and excepting the
pH water at the bottom of the substrate-plug, the difference between the calcite and silica
treatments for the pH (water and CaCl2) of the different levels are not significant (Table S1).

At the first sampling, the mean concentration of calcium in the substrate of the two
calcite treatments (calcite and calcite+) was significantly higher than that of silica treatments,
regardless of the level of substrate plug (top, center and bottom) (Table S1). For example,
the mean concentration of calcium in the upper section of the substrate plugs (top level)
had reached 10.4 ppm, 151.2 ppm and 161.6 ppm respectively for silica, calcite and calcite+.
On the other hand, at the bottom of the substrate plug, these average concentrations for
the three treatments did not exceed 16.2 ppm, 23.0 ppm and 20.8 ppm. After 23 days, the
difference in calcium concentration in the top of the substrate plugs between calcite and
silica, significantly decreased (silica: 18.6 ppm, calcite: 45.8 ppm and calcite+: 53.4 ppm),
compared with that observed during the first sampling date (Table S1).

3.3. Fertility and Physicochemical Characteristics of the Substrate during the First Growing Season
of White Spruce Seedlings (1 + 0)

Excepting pHwater, the interaction between date and treatment was significant for
all other variables related to physico-chemistry and substrate fertility (pHCaCl2, electrical
conductivity, N-NH4, N-NO3, Nmin, P, K, Ca and Mg) during the growth of white spruce
seedlings (1 + 0) (Table 2). The effect of date (linear and quadratic) and treatment were
significant for most of the physico-chemical and fertility variables of the substrate.
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the substrate plug (top, center and bottom).



Land 2021, 10, 661 13 of 27

Table 2. Observed probabilities (p-values) and degrees of freedom of the fixed effects associated with the analysis of variance of the fertility and physicochemical variables of the growing
media depending to the covering material (Silica, Calcite and Calcite+) during the first growing season of white spruce seedlings (1 + 0).

Source of
Variation dln * dld * pH

Water
pH

CaCl2

Cond
(µS/cm)

N-NH4
(mg/kg)

N-NO3
(mg/kg)

Nmin
(mg/kg)

P
(mg/kg)

K
(mg/kg)

Ca
(mg/kg)

Mg
(mg/kg)

Treatement 2 17.0 0.0004 0.0001 0.0001 <0.0001 0.0025 0.0119 <0.0001 0.0025 <0.0001 <0.0001
Calcite/Calcite+

vs. Silica (1) 17.0 0.0002 <0.0001 0.8206 <0.0001 0.0079 0.0873 <0.0001 0.0020 <0.0001 <0.0001

Calcite vs.
Calcite+ (1) 17.0 0.0669 0.2322 <0.0001 0.0563 0.0132 0.0112 0.4625 0.0767 0.0219 0.0028

Date 7 16.0 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Date (linear

effect) (1) 14.6 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Date
(quadratic

effect)
(1) 16.2 <0.0001 0.5654 <0.0001 0.0003 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Date ×
Treatment 14 16.0 0.1496 0.0262 0.0001 <0.0001 0.0016 0.0053 <0.0001 0.0013 <0.0001 0.0047

* dln: degrees of freedom of numerator; dld: degrees of freedom of denominator. The dld presented are those for pHwater. They vary from 8.9 and 55.2 for other variables.
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The orthogonal contrasts showed that the mean pHCaCl2 and the mean concentration
of calcium in the substrate of the two calcite treatments were significantly higher than
those of silica treatment for all the sampling dates (Table 2 and Table S2, Figure 7a,b).
The mean calcium concentration of the substrate of the two calcite treatments (calcite and
calcite+) measured during the different sampling dates was generally almost double of
that observed in the substrate covered by silica (Figure 7a). No significant difference was
observed between the pHCaCl2 of the two calcite-based treatments (Table S2).
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At the last sampling (27 October 2014), despite the addition of calcite at two doses
(calcite and calcite+), there was no significant difference between the mean electrical con-
ductivity of the substrate of the two calcite treatments (calcite and calcite+) and that of
silica (Table S2). Although a significant difference between the calcite treatments and
that of silica treatments during two of the sampling dates concerning the electrical con-
ductivity (Table S2), electrical conductivity did not exceed 257.4 µS/cm throughout the
growing season.

The pHCaCl2 is significantly correlated with the calcium fertility of the growing sub-
strate (r = 0.62, p < 0.0001) using data from the first seven sampling dates between 14 July
and 6 October 2014.

3.4. Growth of White Spruce Seedlings (1 + 0)

The interaction between date and treatment was significant for all growth variables
(Table 3). At the end of the growing season (27 October 2014), the two calcite-based
treatments did not differ significantly for all the growth variables (height (H), diameter (D),
H/D, shoot dry mass, root dry mass and total dry mass) (Table S3). The mean of the two
calcite-based treatments for the different growth variables was significantly higher than
that of silica treatments. At the end of the first growing season, the two Calcite treatments
(Calcite and Calcite+) significantly increased the total dry mass (28%), roots (27%) and
shoot (29%) dry masses and height (24%) compared to Silica treatment (Table 3).

3.5. Determination of Logistic Growth Models According to the Covering Material

During the growing season, the variation of the growth attributes (height, diameter,
shoot and roots dry masses, and total dry mass) was adjusted with logistic models (Figure 8)
whose parameters (a: asymptote, b: inflection point and c: growth rate) differ significantly
depending on the recovery treatment (Table S4). The coefficients of determination (R2)
varied from 0.70 to 0.96 (Figure 8). The estimates of the parameters of the various logistic
models, as well as the confidence interval of the values predicted by the models are shown
in Table S4 and Figure 8. Comparisons of the asymptotes of the logistic models clearly show
that the calcite material significantly increased all growth variables of the white spruce
seedlings (1 + 0) compared to those of the silica cover (Figure 8).

3.6. Dry Matter Allocation Models between the Shoots and the Roots According to the
Covering Material

The parameter estimates of the logistic models of allocation of the dry matter between
the shoots and the roots of white spruce seedlings (1 + 0) are shown in Table 4. Parameters of
the models for the two calcite-based treatments did not differ significantly while parameters
of the allocation model associated with Silica treatments differ significantly from those
of the two calcite treatments combined. The cover material changed the allocation of dry
matter or carbon, throughout the growing season, between the shoots and roots of white
spruce seedlings (1 + 0).
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Table 3. Means and observed probabilities (p values) of fixed effects associated with analysis of variance and means of morphological variables of white spruce seedlings (1 + 0) during the
first growing season.

Source of
Variation dln * dld * Height (H)

(cm)
Diameter (D)

(mm) H/D Shoot Dry Mass
(mg)

Root Dry Mass
(mg)

Total Dry Mass
(g)

Treatment 2 26.0 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 <0.0001
Calcite/calcite+ vs.

Silica (1) 26.0 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Calcite vs.
Calcite+ (1) 26.0 0.0232 0.0302 0.2198 0.0993 0.0628 0.0819

Date 7 22.5 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Date (linear effect) (1) 21.3 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Date (quadratic
effect) (1) 29.6 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.2194

Date × Treatment 14 22.5 <0.0001 0.0001 0.0486 0.0041 <0.0001 0.0011

Means (n = 75, error standard) of different morphological variables at the end of the first growing season (27 October 2014)

Calcite 9.0 ± 0.17 2.3 ± 0.04 4.66 ± 015 836.9 ± 29.4 528.1 ± 14.3 1.36 ± 0.04
Calcite+ 9.5 ± 0.17 2.3 ± 0.04 4.70 ± 0.15 889.5 ±29.4 561.6 ± 14.3 1.45 ± 0.04

Silica 7.5 ± 0.17 2.1 ± 0.04 3.89 ± 0.15 669.8 ± 29.4 427.1 ± 14.3 1.09 ± 0.04

* dln: degrees of freedom of numerator; dld: degrees of freedom of denominator. The dld presented are those for height. They vary from 21.2 and 37.6 for diameter, 19.9 and 25, for ratio H/D, 13.5 and 28.5 for
shoot dry mass, 14.8 and 25.2 for root dry mass, and 15.0 and 27.8 for total dry mass.
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Figure 8. Evolution of the means and logistic models adjusted for each of the growth variables of white spruce seedlings
(1 + 0), depending on the treatments (silica, calcite and calcite+). The width of each band corresponds to the 95% confidence
interval. As the parameters of the calcite and calcite+ treatments did not differ significantly from each other, a single logistic
model was generated by combining the data from these two treatments. The models were adjusted using all the data
(n = 600 seedlings/treatment for height and diameter, and n = 200 composite samples of three seedlings/treatment for
shoot, roots and total dry masses.
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Table 4. Estimation of the parameters of the dry mass allocation model between the shoots and the roots of white spruce
seedlings (1 + 0) depending to the cover treatments.

Parameter Estimate Standard Error p Value Lower Bound of a
Confidence Interval 95%

Upper Bound of a
Confidence Interval IC 95%

a0 6.8011 0.0790 <0.0001 6.6447 6.9575
a12 0.4567 0.1059 <0.0001 0.2470 0.6664
b0 1.9991 0.0318 <0.0001 1.9362 2.0620

b12 0.1320 0.0452 0.0042 0.0425 0.2215
c0 0.7787 0.0427 <0.0001 0.6942 0.8632

c12 −0.1498 0.0461 0.0015 −0.2411 −0.0585

Compared to the silica covering and for the same shoot dry mass, the calcite material
increased the dry matter allocated to root by 23.8%. At the end of the growing season, the
calcite covering significantly improved the growth of roots and shoots (Figure 9, Table 3).
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Figure 9. (a) Example of growth of white spruce seedlings (1 + 0) depending to the covering mate-
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(b) Phenotypic aspects of roots and shoots of white spruce seedlings (1 + 0) depending on the covering
material (Photo: 22 September 2014).

3.7. Mineral Nutrition

The interaction between the date and the treatment was significant for the contents,
the concentrations and the mineral nutrient use efficiencies for all the variables of mineral
nutrition, except for shoot Mg content (Table 5), the concentration and phosphorus use
efficiency (PUE), as well as the Mg content of the roots (Table 6). The use of calcite as a
covering material did not cause any visible deficiency of all the mineral nutrients.
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Table 5. Observed probabilities of fixed effects (p values) associated with analysis of variance for the nutrient content (mg/plant), concentration (%) and nutrient use efficiency of shoot of
white spruce seedlings (1 + 0).

Source of Variation dln * dld * N
(mg/plt)

P
(mg/plt)

K
(mg/plt)

Ca
(g/plt)

Mg
(mg/plt)

N
(%)

P
(%)

K
(%)

Ca
(%)

Mg
(%) NUE * PUE * KUE *

Treatement 2 16.8 0.0003 <0.0001 0.0791 <0.0001 0.0391 0.0018 0.5371 0.8526 <0.0001 <0.0001 0.0068 0.2907 0.2346
Calcite/Calcite+ vs. Silica (1) 16.8 0.0001 <0.0001 0.0442 <0.0001 0.0176 0.0005 0.2734 0.8964 <0.0001 <0.0001 0.0021 0.1325 0.0969

Calcite vs. Calcite+ (1) 16.8 0.2357 0.3999 0.2901 0.0905 0.3374 0.5395 0.8589 0.5871 0.3349 0.6419 0.4553 0.6643 0.7313
Date 7 15.5 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Date (linear effect) (1) 17.1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Date (quadratic effect) (1) 37.9 <0.0001 0.2192 <0.0001 0.0111 <0.0001 <0.0001 <0.0001 <0.0001 0.0150 0.1715 <0.0001 <0.0001 <0.0001

Date × Treatment 14 15.5 0.0044 0.0025 0.0021 <0.0001 0.0738 0.0005 0.0005 <0.0001 <0.0001 <0.0001 0.0008 0.0045 <0.0001

* dln: degrees of freedom of numerator; dld: degrees of freedom of denominator. The dld presented are those for nitrogen content. They vary from 14.8 et 19.3 for nutrient content, and from 16.6 et 96.0 for other
variables. * Nitrogen (NUE), phosphorus (PUE) and potassium (KUE) use efficiency.

Table 6. Observed probabilities of fixed effects (p values) associated with analysis of variance for the nutrient content (mg/plant), concentration (%) and nutrient use efficiency of roots of
white spruce seedlings (1 + 0).

Source of Variation dln * dld * N
(mg/plt)

P
(mg/plt)

K
(mg/plt)

Ca
(mg/plt)

Mg
(mg/plt)

N
(%)

P
(%)

K
(%)

Ca
(%)

Mg
(%) NUE * PUE * KUE *

Treatment 2 20.9 0.0001 <0.0001 <0.0001 <0.0001 0.0020 0.0001 0.1945 <0.0001 <0.0001 0.0722 <0.0001 0.1681 <0.0001
Calcite/Calcite+ vs. Silica (1) 20.9 <0.0001 <0.0001 <0.0001 <0.0001 0.0005 <0.0001 0.4100 <0.0001 <0.0001 0.0358 <0.0001 0.2701 <0.0001

Calcite vs. Calcite+ (1) 20.9 0.7540 0.3541 0.7315 0.0025 0.8102 0.0100 0.1070 0.0053 0.1740 0.3284 0.0070 0.1228 0.0267
Date 5 21.6 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Date (linear effect) (1) 17.5 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.2273 <0.0001 <0.0001 <0.0001 <0.0001 0.1343 <0.0001
Date (quadratic effect) (1) 34.4 0.0006 0.3812 <0.0001 0.0864 <0.0001 <0.0001 0.0001 <0.0001 0.0001 <0.0001 <0.0001 0.0002 <0.0001

Date × Treatment 10 21.6 0.0302 <0.0001 0.0001 <0.0001 0.2866 0.0327 0.1919 <0.0001 <0.0001 0.0013 0.0189 0.1697 0.0001

* dln: degrees of freedom of numerator; dld: degrees of freedom of denominator. The dld presented are those for nitrogen content. They varied from 8 and 60 for other variables. * Nitrogen (NUE), phosphorus
(PUE) and potassium (KUE) use efficiency.
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The date effect was significant for all mineral nutrient variables (content, concentration
and use efficiency of mineral nutrients) of the roots and shoots (Tables 5 and 6). The linear
and quadratic effects of the date were significant for several variables (concentrations and
contents) of the mineral nutrients in roots and shoots (Tables 5 and 6 with the exception of
K content and concentration, P concentration, and use efficiency of P and K, the treatment
effects were significant for all other nutrient variables (content, concentration and use
efficiency of mineral nutrients) of the shoots (Table 5). For roots, the treatment effect was
not significant for P and Mg concentrations and P use efficiency (PUE) (Table 6).

For Ca content and concentration in shoots, the orthogonal contrasts showed the
absence of a significant difference between the two calcite-based treatments at all practically
the sampling dates (Table S5). On the other hand, Ca concentration and content means of
the two Calcite treatments were significantly higher than that of Silica treatments (Table S5,
Figure 10a,b). This trend was maintained during the different sampling dates (Table S5,
Figure 10a,b).

For N, no significant difference was observed between the mean concentrations and
stem contents of the two calcite treatments throughout the growing season (Table S5,
Figure 11a,b). However, at the last sampling date, a difference was observed between the
mean nitrogen concentrations of the shoots of the two calcite treatments and that of the
Silica treatments (Table S5). For N content in shoots, difference between treatments was
observed during three sampling dates (Table S5) without affect growth or inducing visible
symptoms of deficiency in the needles (Figure 9). In fact, N concentrations in the shoots
remained relatively high throughout the first growing season for all treatments (Figure 11a)
and ranged between 2.24% and 2.83% (Figure 11a) for the calcite treatments.

For the use efficiency of the three mineral nutrients (N, P and K) of shoots and
roots, the orthogonal contrasts showed the presence of differences associated with certain
sampling dates (Tables S5 and S6). For example, at the last sampling date, the average
N use efficiency (NUE) of the shoots of the two calcite treatments (calcite+: 44.74 ± 0.75;
calcite: 44.09 ± 0.75) was significantly higher than that of silica treatments (39.66 ± 0.75)
(Table S5).
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4. Discussion

The replacement of silica, as a covering material, by calcite significantly increased all
the growth variables of white spruce seedlings (1 + 0) and improved different chemical
properties of the substrate (pH, fertility of the substrate in calcium, etc.) under forest
nursery conditions. For example, at the end of the first growing season, the two calcite
treatments significantly increased the total dry mass (28%), roots (27%) and shoot (29%) dry
masses and height (24%) compared to silica treatments. Achieving certain growth targets,
including a seedling height of 9–10 cm and increasing growth variables during the first
growing season (1 + 0) are among the goals of nursery managers and are easily achieved
through the use of calcite as a covering material (Figure 8) provided that the other crop
management parameters (irrigation, fertilization, etc.) are optimal. Our recent results [20]
have shown that the use of calcite did not affect seed germination rate or cavity occupancy
rate (Figure 9). The mean occupancy rate of the cavities was similar between the three
treatments, i.e., 99.33% [20]. Also, the use of calcite did not promote the development of
mosses and algae (Figure 9a) and did not affect the temperature at the substrate-covering
material interface (Figure 2) which remained generally optimal for white spruce seed
germination [29].

The improvement in the pH gradient after seed germination (Figure 6) and during the
growing season (Figure 7) generated by calcite was generally optimal (pH water between
4 and 5) for the growth and mineral nutrition of boreal tree species produced in peaty
substrates [16]. Indeed, the release of calcium from calcite in the soil solution contributed
to the significant increase in the fertility of the calcium substrate compared to that of
silica (Figure 7a). Thus, a positive correlation was observed between the fertility of the
calcium substrate and the increase in pH. Therefore, the concentration of calcium and the
amount of calcium absorbed, for example, in the shoots and roots of white spruce seedlings
(1 + 0) were significantly higher than those of seedlings covered with silica (Figure 10). The
addition of calcite as a covering material generated an adequate electrical conductivity for
seedling growth (257.4 µS/cm) because it is relatively very low compared to the critical
salinity (>2500 µS/cm) which significantly reduces seedling growth of some boreal tree
species [30].

The increased growth (Figures 8 and 9) could be partly due to the large amount of Ca
absorbed by white spruce seedlings (1 + 0) (Figure 10b) because this nutrient is involved in
different physiological processes. Calcium activates cell division and elongation, regulates
cell membrane permeability, strengthens cell wall stiffness, and acts as a regulator of photo-
synthesis in synergy with abscisic acid during stomata opening [31–33]. Calcium also stim-
ulates photosynthesis and the absorption of nitrogen, phosphorus and potassium [34,35].
For example, nitrogen concentrations of white spruce seedlings varied between 2.24% and
2.83% (Figure 11a) for calcite treatments. These concentrations greatly exceed the standard
of the foliar nitrogen concentration (≥1.6%) required for large white spruce seedlings before
their delivery to a reforestation site [9]. Gagnon and Lamhamedi [36] have shown that leaf
nitrogen concentrations greater than 1.7% significantly improve the morphophysiological
performance of seedlings during their installation phase in a reforestation site. Under
controlled conditions for two years, simulating reforestation conditions, our results [36]
also showed that the growth of roots and net photosynthesis of large white spruce (2 + 0)
seedlings are positively correlated with leaf nitrogen concentration. When the leaf nitro-
gen concentration is less than 1.5%, the rate of net photosynthesis and root dry mass are
very weak.

For other vascular plants, calcium improves the absorption of trace elements, includ-
ing iron, manganese, zinc and boron [37]. Improving the nutritional status of seedlings
with calcium also directly contributes to improving the resistance of vascular plants to
flooding [35], high temperatures [38] and other environmental stresses (frost, salinity,
etc.) [39–41]. Therefore, improving root plug cohesion and plant tolerance to environ-
mental stress could decrease the number of seedlings rejected due to insufficient root
development [42–44] and improve the profitability of forest nurseries. Our recent study has



Land 2021, 10, 661 24 of 27

shown that the use of calcite stimulated early colonization of the roots of white spruce by
ectomycorrhizal fungi and the development of the extramatrical phase [20]. The presence
of these fungi improves the root-plug cohesion and the soil structure [20,45–47], as well
as the performance of tree seedlings on reforestation sites [48–51]. In addition, ectomycor-
rhizal fungi improve plant resistance to pathogenic fungi [52–54], frost [55] and drought
stress [56–59].

The maximum values (e.g., asymptotes) associated with the different growth variables
generated by the logistic models also showed the advantage of the two calcite treatments
(calcite and calcite+) over the silica treatments (Figure 8, Table S4). These growth models
can be used by nursery managers as growth standards for regular monitoring of white
spruce crops in order to optimize the various cultural practices (irrigation, fertilization,
etc.) and meet morphophysiological quality standards of seedlings for reforestation.

5. Conclusions and Practical Recommendations

The use of calcite as a covering material has significantly improved various physic-
ochemical properties of the substrate (pH, calcium fertility, etc.), growth variables and
mineral nutrition of white spruce seedlings during the first growing season under forest
nursery conditions. To our knowledge, this is the first assessment of the effects of granular
calcite used as covering material on substrate physicochemistry (e.g., micro vertical changes
in pH across root-plug, etc.), growth kinetics of roots and shoot and mineral nutrition of
forest seedlings produced at an operational scale during the first growing season.

The differences observed between the treatments (micro-vertical changes in substrate
pH and calcium concentration in the root plug) at the end of the germination phase offer an
advantage to the seedlings and are certainly at the origin of the increases observed in favor
of calcite-based treatments concerning the various variables evaluated (physico-chemistry
of the substrate, growth, mineral nutrition). Thus, the pH gradient observed across vertical
root-plugs generated by the use of calcite is within the optimal growth interval of seedlings
of boreal tree species produced in peaty substrates [16]. Improving the pH of the growing
medium with calcite should improve absorption and use efficiency of mineral nutrients.
The significant and gradual increase in root growth (Table 3, Figure 8) generated by the
two calcite treatments certainly increased the absorption capacity of mineral elements
by the roots due to the rapid increase in their occupation of cavity space. However, the
particle size of calcite should be large enough to avoid the presence of dust, as well as rapid
release and migration of calcium into the rhizosphere. The diameter of the calcite particles
could vary between 1.2 and 3.2 mm. The amount of calcite should not exceed the ratio of
31 g/310 cm3 cavity. For other containers, the nursery managers should readjust this ratio
according to the volume of the cavity. Our recent study [21] has shown that the proportion
of the fine class (<1 mm) of calcite should not exceed 17%.

Increasing the concentration and calcium content of the shoots through the use of
calcite will help improve the seedlings’ tolerance to fall frost [60]. Thus, the nursery
manager could significantly reduce or even eliminate the need to fertilize seedlings with
calcium nitrate CaNO3 in the fall to improve hardening and seedling tolerance to fall frost.
The use of calcite as a covering material will eliminate the need for inputs to increase the pH
of peat substrates or the purchase of a more expensive peat substrate with readjusted pH.

The logistic models developed for each of the growth variables of white spruce
seedlings (1 + 0) could be used by nursery managers as growth standards in order to
optimize the various culture management systems and reach the growth targets at the end
of the first growing season in a forest nursery. These growth standards specific to silica and
calcite treatments can be integrated into the Plantec software [23] to further optimize crop
management in forest nurseries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/land10070661/s1. Table S1. Observed probabilities of the contrasts associated with the
interactions of the analysis of variance of the variables related to the variations in the pH gradient
and the fertility of the substrate according to the covering material (Silica, Calcite and Calcite+) and
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the height level of the plug- substrate (top, center and bottom) during the germination phase of white
spruce seedlings (1 + 0). Table S2. Observed probabilities of the contrasts of the Date × interaction of
the analysis of variance of the fertility and physico-chemical variables of the substrate during the
first growing season of white spruce plants (1 + 0). Table S3. Observed probabilities of the contrasts
of the interaction Date × Treatment of the analysis of variance of morphological variables during
the first growing season of white spruce seedlings (1 + 0). Table S4. Estimation of the parameters
of the logistic model for height, diameter, root and shoot dry masses, and total dry mass of white
spruce seedlings (1 + 0). Table S5. Observed probabilities of the contrasts of the interaction Date
× Treatment of analysis of variance for content (mg / plant), concentration (%) and use efficiency
of mineral nutrients in shoots of white spruce seedlings (1 + 0). Table S6. Observed probabilities
of the contrasts of the interaction Date × Treatment of analysis of variance for content (mg/plant),
concentration (%) and use efficiency of mineral nutrients in roots of white spruce seedlings (1 + 0).
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