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Abstract: In boreal forests in Canada, broadleaf stands are characterized by generally well-drained
soils and a humus-rich layer. In contrast, spruce-moss stands are often characterized by more poorly
drained soils and acidic humus layer. However, presence of these two forest types in various degrees
of mixture in stands can be beneficial to spruce seedlings productivity. It was hypothesized that
leaf litter and humus from pure spruces-moss stands, pure broadleaf stands, and mixed stand may
influence Black spruce (Picea mariana (Mill.) BSP) seedling growth and development differently. A
greenhouse experiment was carried out to evaluate the effect of different leaf litter and different
humus on spruces seedlings. Our results suggest better development for seedlings grown in humus
from mixed stands and pure broadleaf stands compared to humus from pure B. spruce or standard
forest nursery substrate. Furthermore, leaf litter from broadleaf trees species, such as species Speckle
alder (Alnus rugosa (Du Roi) R.T. Clausen), T. aspen (Populus tremuloides Michx), Willows (Salix spp.)
and Paper birch (Betula papyrifera Marsh.), has shown distinct results in the growth and development
of B. spruce seedlings in greenhouse. Furthermore, promotion of mixed stand can increase B. spruce
productivity by improving the physicochemical composition of the forest floor.

Keywords: growing substrate; humus; Picea mariana; productivity; seedling

1. Introduction

The fall of broadleaf leaves or coniferous needles on the soil forms litter, which in
turn is decomposed in the forest floor, releasing nutrients [1,2]: litter feeds the soil and
soil feeds the plants. Remarkably, the heterogeneity of tree species influences understory
conditions through the amount of light [3–6], root density and disposition [1,7,8], as well
as transformation of the chemical composition of atmospheric precipitation as it flows
through the canopy and reaches the ground, providing metabolites that alter forest humus
composition [2,9]. Humus is a stable decomposition product and defined as organic matter
at varying degrees of decomposition, above the mineral soil and where root activity is high.
Humus and leaf litter present considerable structural and nutritional differences, feeding
the plant differently over time [10]. Tree species composition is directly associated with
the spatial distribution of organic matter [11,12] and indirectly with the availability of soil
nutrients (e.g., C:N, pH, CEC) [13], being able to change microbial communities [14–16]
and the stability of soil temperature [17]. Differences in litter quantity and quality affect soil
nutrient availability and soil microorganisms as a consequence of root-soil nutrient capture
interactions [18]. In this way, the contrasted physicochemical and biological properties of
humus between pure and mixed species stands may influence differently seedling growth
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in the understory; therefore, it can stimulate or limit the survival and growth of seedlings
of economically desired species.

In the boreal forest, Black spruce (Picea mariana (Mill.) BSP) and Trembling aspen
(Populus tremuloides Michx) are among the most abundant commercially important tree
species [19,20]. Nonetheless, these two species have contrasting life strategies [7,21,22].
Slow-growing B. spruce is shade tolerant and understory of pure B. spruce stands usually
harbor an abundant and diverse flora of nonvascular plants [3,23,24], which also affect
directly soil nutrient availability [25]. In opposite, T. aspen is the most abundant of the
fast-growing commercial broadleaf tree species [20,26]. Aspen is fast-growing and shade
intolerant and understory of broadleaf stands is more favorable to greater abundant and
diverse vascular plants [27–30]. In boreal forests on the Clay Belt in Canada, broadleaf
stands are often characterized by a humus-rich layer [12,31], though, these stands have
lower throughfall N deposition than coniferous stands [32]. In contrast, spruce stands
are characterized by more frequent wet humus conditions, which tend to limit nutrient
cycling [33,34]. As a corollary, the presence of these two species in various degrees of
mixture in the stand can be beneficial to B. spruce seedling growth [23,24], suggesting that
mixed stands may still be more advantageous in terms of soil nutritional availability than
pure broadleaf stands and pure conifer stands [35,36], particularly for sites prone to the
paludification process.

Paludification consists of the gradual accumulation of organic matter on the soil, asso-
ciated with the presence of Sphagnum species, leading gradually from productive B. spruce
forest stands to a state of low density and low growth due to the reduced availability of
nutrients and anoxia due to soil water saturation [37]. The paludification process promotes
the formation of peatlands, when the production of some litters and bryophytes is greater
than its decomposition. Lower temperatures and higher precipitation contribute to saturat-
ing the soil with water, which causes reduced woody productivity [38,39]. The processes of
paludification are classified as edaphic or successional. The edaphic paludification occurs
when there is depression, therefore, when a deficient drainage favors the maintenance of
the water table close to the surface of the ground and, the successional paludification occurs
when there is accumulation of the organic layer of the soil results over time, in sites with
low or moderately steep slopes. This process is widespread in regions such as the Clay Belt
in Quebec and Ontario, Canada [3,26,40]. In this region, the organic horizon of the soil can
increase from 20 to 40 cm approximately 100 to 200 years after the fire, which can result in
a loss of woody productivity of 50 to 80% [41].

In these regions, silvicultural treatments tend to favor certain trees species and elimi-
nate others, resulting in a simplification of stand composition which can lead to a loss of
productivity in the long term [42]. Thus, silvicultural practices can strongly influence the
availability of nutrients in forest soils in different ways [43–45]. Along these lines, these
regions become the focus of different studies to try to increase forest yield, such as B. spruce,
endemic to this region.

Different studies reported that litter production was higher in conifer stands mixed
with broadleaf than in pure conifer stands [46,47], with a faster decomposition process
of organic matter in mixed forests [48–50]. This can engender a more favorable plant
development due to the nutritional and water availability of forest humus altered by
litter [51]. As such, litter has a major impact on soil conditions and, therefore, can have an
important influence on seedling recruitment. Many studies analyzed the influence of tree
species mixture on wood production [22,52–54], and many others have analyzed the effect
of litter composition on plant germination [55–57]. Considering the quality of the produced
organic matter can differ with type and litter of species, these differences can influence the
relative amount and quality of organic matter that is incorporated into the forest floor and
used by seedlings [58,59]. However, only a few studies have portrayed the development
of plants of commercial interest when subjected to different types of litter in humus from
different forest stands, especially in young boreal stands sensitive to paludification, leaving
a gap to be explored.
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It is crucial to know more about how the beneficial effects of leafy litter (i.e., short term
effects) on different humus (i.e., long term effects) could justify the maintenance of decid-
uous trees in a silvicultural scenario in order to maintain or improve the production and
growth of desired seedlings in these stands. Thus, a greenhouse experiment was conducted
to evaluate the effect of different litter composition and abundance and humus composition
on the growth and development of B. spruce seedlings and, eventually, on humus properties.
We hypothesized that humus provided by different stand compositions may influence
B. spruce seedling growth and development. Moreover, different litters species (e.g., Speckle
alder (Alnus rugosa (Du Roi) R.T. Clausen), Paper birch (Betula papyrifera Marsh.), Willow
(Salix spp.), T. aspen, B. spruce and control (i.e., nursery substrate) may also have a direct
effect on the growth of B. spruce seedlings and show different effects (i.e., interaction effects)
when added on different humus. Finally, we tested whether the abundance of these litters
will also influence seedling growth, as well as humus pH, moisture, and availability of
nutritional elements in the growing substrate before and after treatment.

2. Materials and Methods
2.1. Growing Substrate Source

The growing substrate source for the greenhouse experiment was located in the
spruce-moss forest domain, in the Clay belt in western Quebec of Canada [60] (Figure 1A),
more specifically in the Plaine du Lac Matagami ecological region within the Abitibi
Lowlands [61] (Figure 1B). The region is dominated by stands of B. spruce, but T. aspen is
a common occurrence, growing in pure or mixed stands with B. spruce. Specific episodes
of the Quaternary, including glaciation, regional glacial re-advances, and marine and
lake invasions left in this area thick deposits of silt and clay, on top of which peatlands
developed [62] (Figure 1C).
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Figure 1. Study areas: (A). Location of the growing substrates for the greenhouse experiment in East-
ern Canada. (B). Location of substrate sources in ecological regions in the boreal Black spruce forest
of western Quebec (1: −79.249, 49.419; 2: 78.665, 49.497; 3: −78.655, 49.498). (C). Three distinct areas
with young stands treated by pre-commercial thinning and susceptible to the paludification process.
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Continental climate of the region is characterized by large variability in temperatures
between warm and cold seasons. In summer climate is influenced by moist Atlantic
maritime tropical air and by dry maritime arctic air, although in the winter cold continental
arctic air masses dominate. Classified as a cool and moderately humid climate, the average
annual temperature is 0.1 ◦C, with the coldest month average being −25.3 ◦C and the
hottest month average being 22.6 ◦C [63]. Annual rainfall regime consists of 650 mm of
rain and 264 cm of snowfall, with 35% of rain received during the growing season [63]. At
3 locations within the area, 3 sets of stands were delimited according to stand composition:
pure B. spruce stands, pure T. aspen stands and mixed stands (50% T. aspen/50% B. spruce).
All stands were around 35 years old and susceptible to the paludification process. These
stands also had comparable abiotic conditions (i.e., trees species, surface deposit, drainage,
gentle slope and near peatland zones). The stands were recognized according to their
composition: pure B. spruce stands, pure T. aspen stands and mixed stands. They underwent
pre-commercial thinning during their younger (10–30-year-old) age.

2.2. Greenhouse Experiment and Sampling Design

To evaluate the long-term influence of leaf litter on growth and development of
B. spruce seedlings in different stands, the humic part of the forest floor (i.e., made up
of litter incorporated into the soil decomposed over several years, commonly known as
humus) was collected in the 3 selected stands (e.g., with trees around each humus collected
point composed by B. spruce; pure T. aspen and Mixed B. spruce with T. aspen) in each of the
3 areas. These areas presented many similar abiotic conditions (e.g., drainage, gentle slope,
zones close to peat bogs, temperatures and geographic proximity), distinguishing only in
the composition of arborescent species, consequently, in the litter of the forest floor. Thus,
totaling 9 humus collections from 3 distinct groupings of tree species.

The collected humus was transported to a greenhouse where they were mixed and
sieved at 10 mm by each stand category (i.e., pure B. spruce; pure T. aspen and Mixed
B. spruce—T. aspen). Sequentially, each of the three categories of humus and the peat
substrate (i.e., crushed peat moss that was sieved and artificially fertilized, commonly used
by tree nurseries for the production of containerized tree seedlings (i.e., control treatment)
was added in containers with a capacity of approximately 462 cm3 each (e.g., every 180 cells
in the containers were filled with one of the 4 types of humus, totaling 720 cells). Two-year-
old B. spruce seedlings from the Grandes-Piles MFFP nursery (provenance: BS-V2-PLU-1-0)
were transported to the greenhouse. The origin of the seeds that formed these seedlings are
located in regions of close latitudes, although distant longitudes (−68.341; 48.619), in 2nd
generation orchard of Québec MFFP. The substrate from all seedling roots was removed, the
rooting system was gently washed and carefully cleaned to remove all residues avoiding
affecting the rhizosphere, then the seedlings were transplanted into the nursery containers
filled with one of the 4 growing media treatments. Thus, a total of 180 B. spruce seedlings
were transplanted in humus from pure B. spruce stands, 180 seedlings in humus from pure
T. aspen stands, 180 seedlings in humus from mixed stands, and 180 seedlings in their
original peat growing media.

To evaluate the short-term influence of leaf litter composition on the growth and
development of B. spruce seedlings growing in different humus, leaf litter from 5 tree species
were selected: P. tremuloides (PET), Alnus spp. (Alder sp., AUR), Betula papyrifera (White
birch, BOP), Salix spp. (Willow sp., SAL) and P. mariana (BS). Each litter type was collected
from 16 m2 tarps previously laid down in pure stands in the Abitibi-Témiscamingue region
in the early winter of 2020–2021 (i.e., autumn broadleaf litter and winter B. spruce needles).
They were dried for 48 h at 60 ◦C, crushed at 5 mm, weighed, and separated in proportions
equivalent to 100%, 50% and 25% of the total weight (Table 1), and distributed on the
surface, without being embedded, over 10 nursery containers for each humus treatment
(i.e., each litter amount treatment had 10 seedling replicates and 30 control containers cells
per humus). Sequentially, all plants were transferred to the greenhouse at a temperature
ranging between 20 and 27 ◦C where they were watered once a day for about 150 days.
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Roots and central stems of the 720 plants were measured before being transplanted into the
substrate treatments, along with soil pH and percent moisture at 2 cm and 8 cm depth from
the soil surface. Every 25 days plants had their central stem height measured along with
soil pH and percent moisture, also at 2 cm and 8 cm depth from the soil surface, via the
Esimen Digital Plant Test, 12 h after watering.

Table 1. Proportions (i.e., grams) of litter equivalent to 100%, 50% and 25% total weight of the
collected surface of 16 m2, added to each seedling per treatment. PET: T. aspen; BOP: White birch; AUR:
Alder sp.; BS: B. spruce; SAL: Willow sp.

Litter From
Species

Added Amount of Litter by Cavity
(g)

Field Equivalent
(100%)

25% 50% 100% (t ha−1)

PET 2.4 4.8 9.6 24.9
BOP 4.69 9.38 18.76 48.8
AUR 2.3 4.6 9.2 23.9

BS 1.25 2.5 5.0 13.0
SAL 1.28 2.56 5.12 13.5

Before the start of the greenhouse experiment the 4 types of humus and 5 types of
litter were sampled, dried, sieved, and grounded for analysis of their nutrient content. For
the humus, the concentrations of total C and N were measured by dry combustion (LECO
CR-412, LECO Corporation, St. Joseph, MI, USA), and exchangeable P, K, Ca, Mg, Mn, Cu,
Zn, Al, Fe and Mo, Na, S, and cation exchange capacity (CEC) by MehlichIII extraction
procedure [64]. Base saturation (BS) was calculated as the sum of bases (i.e., Ca, Mg, K,
and Na) over CEC. For litter, the total concentrations of C and N were measured by dry
combustion, while total P, K, Ca, Mg, Mn, Cu, Zn, Al, and Fe were measured by inductively
coupled plasma emission spectrophotometry (ICP-AES) following complete digestion in
concentrated H2SO4, procedure described by [65,66], performed by the MFFP Laboratoire
de Chimie Organique et Inorganique.

After 150 days, all B. spruce seedlings were removed from the containers and washed
to remove solid residues from the roots and needles. Then, they were cut at the base of
the stem, separating the roots from the top, and placed in paper bags separately to dry at
46–48 ◦C in a drying chamber for 48 h. Stems, needles, and roots were weighed separately.
Dry needles of the plants were grounded according to each treatment category (growing
media, percent litter and litter type) to analyze their nutrient content following the same
procedure as for the litter before the start of the experiment. Humus in the containers
were separated by treatment category, then mixed, sieved, and dried. The humus was
re-analyzed following the same procedure as before the start of the experiment.

2.3. Statistical Analysis

R software version 3.6.0 was used to perform the analysis. Packages ggplot2 [67] for
data visualization, dplyr [68] for data manipulation, nlme [69] for analysis of the generalized
linear models, and multicomp [70] for a simultaneous inference. Data were submitted to the
Shapiro–Wilk test to verify the normality of the variables, to test whether data followed a
Gaussian distribution, and were submitted to the Bartlett test to verify variance homogeneity.
Due to the difference only between 2 groups of variables: final dry root and initial pH at 2 cm,
they were analyzed with a generalized linear model (GLS) with adjustment of the covariance
structure according to treatments when necessary. ANOVA test, then Tukey test, were used to
analyze the differences between the treatments of humus, litter and amount of litter added
in aerial variables of seedlings (e.g., stem height increment, stem weight gain and needle
weight gain) and in seedling root variables (e.g., root growth and root weight gain), and also
nutritional variables analyzes, pH and moisture content. Aiming at a better analysis of the
effect of the treatments of humus, litter and the amount of litter added on the development and
growth of B. spruce seedlings, the increments (i.e., final measurements—initial measurements)
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were considered in the statistical tests, in addition to the final averages of growth and weight
of the plants parts (Table S1). Main and interaction effects between humus, litter, and amount
of litter added were considered in the analyses.

3. Results
3.1. Leaf Litter and Humus Nutrients before Treatment

Chemical characteristics of humus and litter before starting the greenhouse treatment are
presented in Table 2. Total C concentrations were significantly higher for all litter types compared
to humus from different types of stands, including the nursery humus (p = 0.002). Humus
from mixed stands and pure T. aspen had a lower C:N ratio compared to humus from pure B.
spruce stands and nursery substrate. Nonetheless, PET and BOP litter showed a high C:N ratio
compared to other litters (AUR, SAL, and BS). AUR litter showed higher total concentrations for
P, Ca, Mg, Al and Fe, while BS needles had lower values for K, Mg and Zn. In general, broadleaf
litter had higher values for K, Ca, Mg and Zn when compared to BS litter.

Table 2. Chemical characteristics of humus and litter before start of the greenhouse experiment.
PET: T. aspen; BOP: White birch; SAL: Willow sp; AUR: Alder sp.; BS: B. spruce.

Nutrient Unit
Litter Humus

PET BOP SAL AUR BS T. aspen Mixed B. spruce Nursery

C tot g kg−1 512 519 494 427 508 392 330 339 409

N tot g kg−1 8.4 9.2 14 16 15 15 9 8 6

C:N 61 56 35 26 34 26 34 41 66

Concentration Total Available (MehlichIII)

P mg kg−1 800 850 740 1390 860 171 52 38 125

K mg kg−1 2000 1700 9100 6900 700 701 304 399 1510

Ca mg kg−1 20,100 14,200 20,800 22,000 8390 7540 7970 3530 2180

Mg mg kg−1 1500 2230 2520 3320 1130 1130 1610 881 1320

Mn mg kg−1 110 740 100 210 120 264 68 40 30

Cu mg kg−1 <20 <20 <20 40 70 2 3 <1 10

Zn mg kg−1 220 270 180 160 60 67 12 20 55

Al mg kg−1 100 100 200 3800 1200 1410 1980 2500 484

Fe mg kg−1 100 100 500 2300 1100 636 979 1090 628

Na mg kg−1 20 54 38 185

S mg kg−1 125 64 24 71

CEC cmol(+) kg−1 152 128 131 155

BS % 32 42 19 17

Humus from mixed stands had almost twice the available Mg concentration of humus
from pure B. spruce stands. In addition, B. spruce humus had higher concentrations of
available Al and Fe compared to others humus types and the nursery substrate had higher
concentrations of K, Na, and Cu compared to the others humus types. Base saturation
was higher in humus from mixed stands, being higher also in pure stands of T. aspen as
compared to B. spruce humus and nursery substrate.

3.2. Seedling Development and Humus Characteristics

The analyses indicate the strongest effect from the humus treatment, followed by
a significantly but smaller effect for the type of litter added, and no significant effect of
litter amount added on seedling growth (Table S2). Although the triple interaction was
significant between the treatments, the effect of amount of litter added had a very weak
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impact on seedling growth compared to humus amount and litter type (Figure 2). The
pH variation measured at 2 cm depth was high, due to the proximity of the deposition of
crushed litter on the soil surface, occasionally the amount of crushed litter added exceeded
2 cm of thickness, which caused some variability in the depth of pH measurement for each
treatment class.
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Figure 2. Boxplot of the aerial parts of B. spruce seedlings: the blue uppercase letters of each block of
variables (i.e., StemGrowth, StemWeight and NeedlesWeight) correspond to multiple comparisons of
treatments by means of Tukey test for the humus treatment (i.e., humus from pure stands of B. spruce,
humus from pure T. aspen stands, humus from mixed B. spruce and T. aspen stands, and MFFP forest
nursery soil); the black lowcase letters correspond to the Tukey test on different crushed leaf litter
added to the surface of each humus treatment group, with their respective averages per litter group
presented by the central circles of each group, and; the colored bars correspond to the percentage of
litter addition/non-addition for each litter group. Different lowercase letter colors correspond to the
type of litter added. Control: no litter addition; BS: B. spruce; BOP: White birch; SAL: Willow sp; AUR:
Alder sp.; PET: T. aspen.
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3.2.1. Aerial Parts of B. spruce Seedlings

Humus treatments and some litter type treatments, with some different percent of
addition, differed in stem growth response, needle weight and stem weight (Figure 2).
Nonetheless, considering the humus treatment in general without addition of litter, there
was a correlation between stem height growth gain and stem weight gain (r = 0.76, Pearson),
stem height growth gain and needle weight gain (r = 0.82, Pearson), and needle weight and
stem weight (r = 0.88, Pearson).

Regarding B. spruce seedlings stem height growth, considering only the 4 different
types of humus (i.e., confounding the type of litter added and the amount of litter added),
the seedlings that presented the best final heights were those grown in humus from pure
stands of T. aspen and Mixed: 235 ± 44 and 239 ± 39 mm (mean ± SD), respectively, with
increments of 116 ± 39 and 121 ± 25 mm, respectively, during the experiment. The second
highest height growth was for seedlings grown in humus from pure B. spruce stands (final
growth average 213 ± 34 mm; average increment 111 ± 26 mm). Seedlings grown in
nursery substrate had a lower growth (201 ± 37 mm). The nursery substrate without
added litter showed the least response in stem growth, with an average final stem height of
196 ± 25 mm and height increment of 80 ± 18 mm.

Similarly, average dry stem weight gain of seedlings was higher for humus treatments
from mixed stands and pure stands of T. aspen (1.19 ± 0.41 and 0.90 ± 0.45 g, respectively)
compared to the average stem weight gain of seedlings grown in pure B. spruce and
nursery humus (0.68 ± 0.35 and 0.79 ± 0.32 g, respectively). AUR litter added at 25%
and 50%, PET litter added at 25%, and BS litter added at 50% showed better effects in
humus from Mixed stands with weight gain of 1.52 ± 0.20, 1.50 ± 0.37, 1.46 ± 0.36, and
1.31 ± 0.34 g, respectively. In general, the average weight gain of seedling stems was greater
for those grown in humus from Mixed stands with the addition of AUR litter (1.49 ± 0.32 g,
considering all % AUR addition). Furthermore, when no litter was added, stem weight
gain of seedlings showed the worse performance in pure B. spruce humus (0.56 ± 0.26 g)
compared with pure T. aspen humus (0.96 ± 0.42 g) and Mixed (1.03 ± 0.27 g). PET litter
also increased stem weight gain in general. It should be noted that for seedlings grown
in T. aspen humus, the greatest weight gain was recorded with BS litter compared to the
other litters.

In summary, the effect of humus treatment on aerial development of B. spruce seedlings
was as follows: Mixed = T. aspen > B. spruce = Nursery (i.e., Control). The litter effect
was more noticeable on poor humus than on rich humus (i.e., PET = AUR > BOP =
SAL > BS = no addition). Nonetheless, considering only the effect of BS litter, aerial
development of B. spruce seedlings was greater, when grown in humus from pure stands
of T. aspen and humus from Mixed stands than humus from pure B. spruce stands and the
nursery substrate.

3.2.2. Root Development

Humus treatments also influenced seedling root length and weight. There was a
difference between the addition and non-addition of litter: seedlings that received crushed
litter showed greater root growth (Figure 3). There was a correlation between root weight
increment and root elongation (r = 0.82, Pearson). Overall, humus treatments dominated
root growth in length and litter treatments dominated root weight gain. Litter abundance
had little effect and only in interaction with humus treatment. The results are described in
more details below.
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Figure 3. Boxplot of the underground parts of B. spruce seedlings: the blue uppercase letters of
each block of variables (i.e., RootGrowth and RootWeight) correspond to multiple comparisons of
treatments by means of Tukey test for the humus treatment (i.e., humus from pure stands of B. spruce,
humus from pure T. aspen stands, humus from mixed B. spruce and T. aspen stands, and MFFP forest
nursery soil); the black lowcase letters correspond to the Tukey test on different crushed leaf litter
added to the surface of each humus treatment group, with their respective averages per litter group
presented by the central circles of each group, and; the colored bars correspond to the percentage of
litter addition/non-addition for each litter group. Different lowercase letter colors correspond to the
type of litter added. Control: no litter addition; BS: B. spruce; BOP: White birch; SAL: Willow sp; AUR:
Alder sp.; PET: T. aspen.

Root Growth

There was significant differences in root elongation between humus treatments from
Mixed stands and from pure T. aspen stands, considering main effects (i.e., increment of
101 ± 62 and 86 ± 45 mm—mean ± SD—respectively, p = 0.024), although there was
no difference in the root length response of seedlings to pure B. spruce humus and from
nursery soil (i.e., growth increment of 72 ± 46 and 59 ± 39 mm, respectively, p = 0.27).
Therefore, with respect to the humus treatment, root growth follows the order: Mixed >
T. aspen > B. spruce = Nursery. Addition of AUR and PET litters showed better performance
in root elongation with the B. spruce humus substrate (i.e., growth increment 108 ± 55 and
108 ± 63 mm, respectively). For humus from Mixed stands, greater root length gain was
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found with AUR, PET and SAL litter addition (i.e., growth increment 139 ± 55, 117 ± 59
and 116 ± 66 mm, respectively) than for T. aspen humus (i.e., 125 ± 54 mm, 92 ± 39 mm
and 76 ± 27 mm). In general, AUR litter tended towards greater root growth. Considering
only the no litter addition treatment (i.e., control), root elongation were: Mixed = T. aspen >
Spruce > Nursery (i.e., 74 ± 39 mm, 72 ± 41 mm, 60 ± 22 mm, and 38 ± 26 mm). For lower
amounts of litter added (e.g., 25%), seedling root growth showed the worse performance
in nursery and pure B. spruce humus, and for the latter, the root growth performance was
even more reduced when BS litter was added. However, in pure T. aspen humus root length
increase was observed even when adding BS litter. For moderate amounts of litter added
(50%) in T. aspen humus, there was no significant difference in root elongation among
litter types.

Root Weight

Regarding root weight gain, considering only the litter treatment: AUR (2.61 ± 0.62 g) >
PET (2.37 ± 0.61 g) > SAL (1.94 ± 0.54 g) > BOP (1.84 ± 0.56 g) > no addition (1.52 ± 0.42) >
BS (1.49 ± 0.51) (mean ± SD). When no litter was added, root weight gain was not sig-
nificantly different among T. aspen and Mixed humus (i.e., 1.74 ± 0.40 and 1.66 ± 0.41,
respectively), but it was greater than for seedlings grown in humus from B. spruce and
nursery (i.e., 1.48 ± 0.37 and 1.37 ± 0.29, respectively). Seedlings had the lowest root
weight gain in pure B. spruce humus with the addition of lower or moderate amounts BS
litter added (i.e., 25% and 50%, respectively). For the highest amounts of litter added there
was no significant difference between root weight gain among the different humus types.
For all seedlings grown in pure B. spruce humus, AUR and PET litter improved weight gain
values more than the other litters. Furthermore, seedlings grown in humus from Mixed
and T. aspen stands with the addition of AUR litter had the highest weight gain (3 ± 0.31
and 2.68 ± 0.39 g, respectively).

3.3. Humus pH

Even though substrate pH showed different values among humus types, there was
no significant difference in pH at the 8 cm depth level when compared before and after
this experiment among the different humus treatments, litter types, and litter amounts
added. However, there was a significant difference in pH at the 2 cm depth level among the
different humus treatments, litter types and amounts added (i.e., averaged over all litter
types: 0% = −0.39; 25% = 0.17; 50% = 0.05 and 100% addition = −0.06, p-value < 0.001). In
general, responses in no or positive variation of humus pH at 2 cm depth were for those
concerning litter addition (25% and more; Table 3. No litter addition to humus had negative
effect on humus pH at the end of experiment (−0.39 ± 0.13, p-value < 0.001). Humus from
pure stands of T. aspen showed the highest average final pH (i.e., 5.56 ± 0.15), followed by
humus from mixed stands (i.e., 5.41 ± 0.16). The lowest final pH values came from humus
from pure B. spruce stand (i.e., 4.83 ± 0.36) and from nursery soils (i.e., 4.03 ± 0.11) (Table 4).
Substrate pH at 2 cm showed the following trend at the end of experiment: B. spruce =
T. aspen > Mixed > nursery. For humus from B. spruce, PET litter showed its capability
to increase substrate pH at different rates added, also for humus from Mixed stand and
nursery at 50% and 100% of addition. In contrast, BS needle litter tended to reduce humus
pH from Mixed stands and nursery.
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Table 3. Final pH changes over 150 days (measured at 2 cm depth from the surface) ± SD according
to humus category and rate of litter addition. PET: T. aspen; AUR: Alder sp.; SAL: Willow sp; BOP:
White birch; BS: B. spruce; Control: no addition.

Litter n % T. aspen Mixed B. spruce Nursery
Litter pH (2 cm) pH (2 cm) pH (2 cm) pH (2 cm)

PET
10 25 0.19 ± 0.02 0.36 ± 0.03 0.48 ± 0.02 0.36 ± 0.02
10 50 0.14 ± 0.02 0.18 ± 0.02 0.49 ± 0.03 0.31 ± 0.03
10 100 0.08 ± 0.02 0.09 ± 0.03 0.50 ± 0.02 0.19 ± 0.03

AUR
10 25 0.04 ± 0.02 0.10 ± 0.03 0.17 ± 0.02 0.32 ± 0.03
10 50 0.15 ± 0.02 0.08 ± 0.02 0.16 ± 0.2 0.24 ± 0.02
10 100 0.39 ± 0.03 0.08 ± 0.02 −0.41 ± 0.03 −0.16 ± 0.03

SAL
10 25 0.27 ± 0.02 0.16 ± 0.01 0.17 ± 0.03 0.28 ± 0.02
10 50 0.11 ± 0.02 0.18 ± 0.01 0.19 ± 0.01 0.01 ± 0.03
10 100 0.09 ± 0.01 0.10 ± 0.01 0.26 ± 0.02 0.30 ± 0.04

BOP
10 25 −0.20 ± 0.03 −0.08 ± 0.02 0.22 ± 0.01 0.15 ± 0.04
10 50 −0.09 ± 0.04 0.13 ± 0.01 0.11 ± 0.02 −0.54 ± 0.03
10 100 −0.13 ± 0.03 0.07 ± 0.01 0.07 ± 0.02 −0.60 ± 0.02

BS
10 25 0.35 ± 0.03 0.20 ± 0.02 −0.05 ± 0.02 −0.20 ± 0.01
10 50 0.02 ± 0.01 −0.15 ± 0.01 −0.22 ± 0.02 −0.48 ± 0.01
10 100 −0.05 ± 0.02 −0.22 ± 0.01 −0.35 ± 0.01 −0.51 ± 0.01

Control 30 0 −0.24 ± 0.03 −0.55 ± 0.03 −0.23 ± 0.02 −0.56 ± 0.01

Table 4. Final pH ± SD according to the humus treatments with different litter types added.

Treatments T. aspen Mixed B. spruce Nursery Total

PET 5.8 ± 0.1 5.6 ± 0.1 5.3 ± 0.1 4.1 ± 0.2 5.2 ± 0.6
AUR 5.5 ± 0.0 50.5 ± 0.1 5.2 ± 0.2 4.0 ± 0.1 5.1 ± 0.5
SAL 5.5 ± 0.1 5.5 ± 0.1 4.5 ± 0.2 4.1 ± 0.0 4.9 ± 0.5
BOP 5.5 ± 0.0 5.5 ± 0.0 4.8 ± 0.2 4.1 ± 0.2 5.0 ± 0.6
BS 5.4 ± 0.0 5.2 ± 0.0 4.5 ± 0.1 3.9 ± 0.1 4.7 ± 0.6

Control 5.4 ± 0.0 5.2 ± 0.1 4.5 ± 0.1 3.9 ± 0.0 4.8 ± 0.6

Average 5.6 ± 0.1 5.4 ± 0.2 4.8 ± 0.4 4.0 ± 0.1 5.0 ± 0.6

3.4. Humus Moisture Content

Moisture content measured at 2 cm depth fluctuated more compared to moisture
at 8 cm, due to the added litter thickness that may have exceeded 2 cm in some litter
treatments. Highest moisture contents remained higher deeper (i.e., the depth of 8 cm).
At the depth of 8 cm, treatments with humus from pure T. aspen and Mixed stands had
higher moisture retention (71 ± 14% and 69 ± 16%, respectively) compared to humus from
pure B. spruce stands and nursery humus (65 ± 16% and 56 ± 12%, respectively). Substrate
moisture content was proportional to the amount of litter added to the substrate (i.e., 100% >
50% > 25% > 0 litter addition) to all humus treatments, except for BS needle addition, which
did not increase substrate moisture as the other broadleaf leaf litters (Figure S1). In general,
the type of litter added did not display a significant difference in the moisture response at
8 cm, except for BS needle litters, which maintained less moisture in the substrate compared
to the other litter treatments.

3.5. Foliage Nutrient Concentrations after Experiment

Higher seedling foliage N, P, and Ca concentrations were measured with humus
from pure T. aspen and Mixed stands (p-values ≤ 0.001) Table 5. There was no significant
difference in foliar K and Mg values among humus treatments (p-value = 0.72 and 0.58,
respectively). Predominantly, humus from Mixed and pure T. aspen stands showed greater
correlations between stem growth and root growth and foliar concentrations (Figure S2).
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Table 5. Foliar concentrations of B. spruce seedlings grown in humus from different forest stands and topped with different litter types (mean ± SD from all litter
amounts added). PET: T. aspen; AUR: Alder sp.; SAL: Willow sp; BOP: White birch; BS: B. spruce; Control: no addition.

Litter Added
N P K Ca Mg Mn Cu Zn

g kg−1

T. aspen stand humus substrate
Average 21.16 ± 3.65 2.24 ± 0.42 7.70 ± 0.85 11.89 ± 1.57 2.46 ± 0.21 1.40 ± 0.15 0.05 ± 0.01 0.16 ± 0.01
PET 23.27 ± 1.36 2.15 ± 0.33 7.97 ± 0.45 13.83 ± 0.86 2.36 ± 0.15 1.14 ± 0.05 0.05 ± 0.05 0.21 ± 0.04
AUR 23.63 ± 1.92 2.35 ± 0.12 8.40 ± 0.39 11.43 ± 0.78 2.58 ± 0.28 1.46 ± 0.01 0.05 ± 0.01 0.15 ± 0.04
SAL 17.43 ± 1.78 1.75 ± 0.09 6.33 ± 0.17 10.32 ± 0.25 2.55 ± 0.10 1.12 ± 0.03 0.06 ± 0.03 0.08 ± 0.01
BOP 16.70 ± 2.27 2.08 ± 0.31 7.67 ± 0.36 10.67 ± 0.65 2.36 ± 0.18 1.63 ± 0.72 0.05 ± 0.04 0.09 ± 0.02
BS 23.73 ± 2.09 2.64 ± 0.14 7.77 ± 0.74 12.33 ± 0.87 2.39 ± 0.15 1.62 ± 0.04 0.05 ± 0.01 0.24 ± 0.02
Control 24.30 ± 0.00 2.90 ± 0.00 8.80 ± 0.00 14.40 ± 0.00 2.68 ± 0.00 1.54 ± 0.00 0.05 ± 0.00 0.270 ± 0.00

Mixed stand humus substrate
Average 17.93 ± 3.04 2.19 ± 0.24 8.07 ± 0.72 10.46 ± 0.90 2.20 ± 0.16 2.75 ± 0.44 0.04 ± 0.01 0.13 ± 0.01
PET 18.80 ± 1.40 2.41 ± 0.06 7.83 ± 0.28 10.90 ± 0.53 2.21 ± 0.12 2.14 ± 0.21 0.04 ± 0.01 0.15 ± 0.02
AUR 20.97 ± 1.92 2.44 ± 0.06 7.70 ± 0.51 11.00 ± 0.66 2.38 ± 0.16 2.78 ± 0.09 0.05 ± 0.01 0.14 ± 0.01
SAL 16.23 ± 2.03 2.11 ± 0.13 8.73 ± 0.58 9.61 ± 0.43 2.05 ± 0.07 2.81 ± 0.22 0.03 ± 0.06 0.11 ± 0.01
BOP 13.70 ± 0.11 2.20 ± 0.16 8.70 ± 0.64 9.90 ± 0.53 2.08 ± 0.09 2.71 ± 0.22 0.04 ± 0.00 0.12 ± 0.03
BS 19.83 ± 2.20 1.86 ± 0.07 7.30 ± 0.16 10.69 ± 1.21 2.23 ± 0.11 3.11 ± 0.48 0.04 ± 0.01 0.11 ± 0.01
Control 18.20 ± 0.00 2.02 ± 0.00 8.40 ± 0.00 11.10 ± 0.00 2.34 ± 0.00 3.34 ± 0.00 0.05 ± 0.00 0.13 ± 0.00

B. spruce stand humus substrate
Average 14.93 ± 1.81 1.67 ± 0.21 7.91 ± 0.67 9.44 ± 0.96 2.16 ± 0.22 1.51 ± 0.78 0.06 ± 0.01 0.12 ± 0.01
PET 13.90 ± 0.70 1.65 ± 0.12 8.73 ± 0.40 9.91 ± 0.44 2.42 ± 0.24 1.17 ± 0.64 0.06 ± 0.01 0.13 ± 0.01
AUR 17.03 ± 1.52 1.88 ± 0.09 7.73 ± 0.66 10.39 ± 0.63 2.23 ± 0.08 2.34 ± 0.12 0.06 ± 0.01 0.14 ± 0.03
SAL 13.37 ± 0.91 1.47 ± 0.13 7.40 ± 0.37 8.25 ± 0.58 2.06 ± 0.03 0.67 ± 0.12 0.05 ± 0.01 0.11 ± 0.02
BOP 14.93 ± 0.54 1.70 ± 0.16 7.80 ± 0.72 9.89 ± 0.85 2.11 ± 0.21 2.10 ± 0.54 0.05 ± 0.01 0.13 ± 0.01
BS 15.97 ± 2.02 1.77 ± 0.26 7.83 ± 0.42 8.86 ± 0.38 1.93 ± 0.02 1.62 ± 0.67 0.06 ± 0.01 0.11 ± 0.01
Control 13.30 ± 0.0 1.53 ± 0.00 8.10 ± 0.00 9.14 ± 0.00 2.37 ± 0.00 0.52 ± 0.00 0.05 ± 0.00 0.13 ± 0.00
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Table 5. Cont.

Litter Added
N P K Ca Mg Mn Cu Zn

g kg−1

Nursery substrate
Average 10.49 ± 1.79 1.47 ± 0.19 8.44 ± 0.39 6.74 ± 0.57 2.09 ± 0.17 0.67 ± 0.04 0.05 ± 0.05 0.07 ± 0.01
PET 9.50 ± 0.58 1.36 ± 0.08 8.47 ± 0.16 6.32 ± 0.28 2.013 ± 0.13 0.55 ± 0.02 0.05 ± 0.02 0.06 ± 0.02
AUR 13.80 ± 1.74 1.40 ± 0.09 8.60 ± 0.35 7.30 ± 0.65 2.30 ± 0.12 0.79 ± 0.02 0.05 ± 0.04 0.08 ± 0.02
SAL 9.73 ± 0.40 1.43 ± 0.15 8.03 ± 0.26 6.55 ± 0.22 1.95 ± 0.16 0.46 ± 0.19 0.04 ± 0.05 0.07 ± 0.02
BOP 9.83 ± 0.29 1.67 ± 0.19 8.53 ± 0.13 6.89 ± 0.68 2.00 ± 0.21 0.99 ± 0.31 0.04 ± 0.01 0.08 ± 0.01
BS 9.732 ± 0.17 1.61 ± 0.16 8.83 ± 0.21 6.88 ± 0.87 2.19 ± 0.18 0.62 ± 0.38 0.05 ± 0.01 0.07 ± 0.01
Control 10.00 ± 0.00 1.17 ± 0.00 7.70 ± 0.00 6.15 ± 0.00 2.11 ± 0.00 0.43 ± 0.00 0.05 ± 0.00 0.05 ± 0.00

Average Total 16.13 ± 4.81 1.90 ± 0.39 8.03 ± 0.67 9.63 ± 2.18 2.23 ± 0.24 1.58 ± 0.81 0.05 ± 0.14 0.12 ± 0.00
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3.6. Humus Substrate Composition at the End of Experiment

Humus from nurseries showed the highest averages C:N ratios were in (i.e., 70.35 ± 6.18,
mean ± SD), followed by humus from pure stands of B. spruce (i.e., 40.76 ± 5.96). The lowest
mean values of the C:N ratio were for humus from pure stands of T. aspen (i.e., 25.17 ± 1.02)
and mixed stands (27.70 ± 3.05). The mixed and pure stands of T. aspen had the high-
est concentrations of primary macronutrients (i.e., Mixed: N = 13.71 ± 1.24 g·Kg−1,
P = 50.88 ± 13.55 mg·Kg−1, K = 181.63± 50.88 mg·Kg−1; pure T. aspen: N = 12.14 ± 1.79 g·Kg−1,
P = 51.06 ± 11.97 mg·Kg−1, K = 209.21 ± 46.91 mg·Kg−1). Nursery treatments had their
average values lower than the other treatments with humus when they did not receive
the addition of leaf litter (i.e., N = 6.68 ± 0.63 g·Kg−1; P = 17.81 ± 13.59 mg·Kg−1 and
K = 141.94 ± 49.55 mg·Kg−1). The highest final average concentrations of Ca and Mn were for
humus from mixed stands (i.e., Ca = 7031.88± 366.29 mg·Kg−1 and Mn = 58.75 ± 18.54 mg·Kg−1),
but the lowest Mg concentrations were for humus from pure stands of T. aspen
(i.e., 894.63 ± 97.40 mg·Kg−1). Furthermore, humus from mixed stands and pure T. aspen
showed lower values for Cu (i.e., 5.56 ± 1.06 mg·Kg−1 and 5.25 ± 0.90 mg·Kg−1, respec-
tively). However, the highest Al values were associated with humus from pure B. spruce
and pure T. aspen stands (i.e., 1865.00 ± 186.18 mg·Kg−1 and 1872 ± 598.88 mg·Kg−1)
(Table S3).

4. Discussion

This study demonstrated that the chemical composition of the litter of different tree
species can contribute to the forest floor formation and chemical composition, which
is consistent with many other studies (i.e., [71–80]). However, in this research, litter
influences could be observed in the long-term (i.e., by humus) and in the short-term
(i.e., fertilization by crushed litter on humus, at different amounts, in 150 days of green-
house experiment) with litter of distinct species. Furthermore, this humic composition,
fertilized or not with crushed litter, influenced the development of B. spruce seedlings aerial
and belowground parts.

4.1. Humus Type Effect

Our results showed a better developmental performance for B. spruce seedlings grown
in humus from mixed stands and from pure T. aspen stands compared to humus from pure
B. spruce stands and from nursery substrate. These results support our hypothesis that the
humus provided by different stands compositions can influence the growth of B. spruce
seedlings, since each humic composition has different physicochemical characteristics. The
humus layer is of paramount importance in the storage and transmission of nutrients to
plants [81], being an important factor of forest seedlings development [82–84], in addition
to water availability [85–88] and others complex interactions [89–94].

The responses of the nutritional properties of humus from different stands, before and
after greenhouse experiment, raised some questions, mainly in relation to macronutrients
(i.e., N, P, K, Ca, Mg and S). It can be noted that the concentrations of primary macronu-
trients in the nursery substrate were higher than in the other humus treatments before
starting the experiment and, when analyzed after 150 days of experiment, had their values
lower than the other humus treatments when they received no addition of crushed litter.
It is worth mentioning that nursery substrates usually receive artificial fertilization for
greater seedling nutrition, but after this experiment in greenhouse many nutrients from this
nursery substrate may have been leached by everyday irrigation. Thus, humus from Mixed
and pure T. aspen stands maintained higher concentrations of primary macronutrients
throughout the greenhouse experiment for a same irrigation. Nonetheless, some secondary
macronutrients (i.e., Mg and S) had a subtle increase in all humus at the end of the experi-
ment, since S is a dominant anion in the leaching and retention process [95,96]. However,
humus from Mixed and pure T. aspen stands remained with higher nutrient concentrations
compared to humus from pure B. spruce stands and the nursery substrate, and the same was
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observed for the secondary macronutrient Ca, except for Mg and S. For the macronutrients
Mg and S, the pure T. aspen humus presented slightly lower concentrations when compared
to the other humus.

The highest concentrations of Al and Fe were found in humus from pure B. spruce
stands, followed by humus from pure T. aspen stands. Humus from Mixed stands and
the nursery substrate presented the lowest values of Fe and Al, before and after the
experiment. Al concentration in humus is known to be controlled by acidity and is it
an important indicator of the forest soil acidity status [97]. The negative effects of soil
acidification, especially the depletion of major base cations and the liberation of Al3+, are
major challenges to plant growth and survival [98]. Base saturation (BS) was higher in
humus from Mixed stands as compared to B. spruce humus and the nursery substrate.
Commonly, BS increases with increasing soil pH and the availability of Ca2+, Mg2+, and K+.
Furthermore, the mobility of metals in soils is pH dependent. Furthermore, the pH values
at the end of the experiment were higher for humus from Mixed and pure T. aspen stands
than from pure B. spruce stands. This result is consistent with [73] who found higher pH in
broadleaf than in conifers stands. Indeed, conifer soils are commonly known for have more
acidic soils [99–101].

4.2. Litter Type and Litter Addition Rate Effect

Although significant, the F values associated with the amount of litter added to humus
treatments and type of litter treatments were among the lowest; in addition, the interactions
between the amount of litter and other factors were not significant. Therefore, the amount
of litter added effect was very weak compared to the other factors. For all these reasons,
litter quantitative effects were not noticed for seedling growth variables. However, the
amount of litter had a positive effect on substrate moisture. Thus, the finding in this study
that different leaf litter species also have an effect, albeit relatively small, on aerial and
underground development of B. spruce seedlings, supports our hypothesis that different
leaf litter species have a certain effect on the development of B. spruce seedlings when
added to different humus.

All leaf litter types added had a greater positive effect on humus moisture response
at greater depth compared to BS needle litter. Furthermore, recent fallen (i.e., less decom-
posed) undecayed conifer needles have high tensile strength and relatively low moisture
content [102]. In addition, BS needles biomass collected in this study, for the same unit
of area and for the same period, was relatively smaller compared to others leaf litter of
broadleaf species (except SAL). Thus, moisture may also have interfered in the develop-
ment of B. spruce seedlings in addition to the nutritional and physical properties of pure
B. spruce humus. The analysis of the litter nutritional composition indicated that the highest
C:N ratios at the beginning of the experiment were for the PET and BOP species and the
lowest for AUR, thus indicating a greater decomposition rate of the AUR organic material,
indicating certain facilitating effects as measured that litter accumulates and is involved in
the humic composition [103]. However, the highest pH values at the end of the experiment
were associated with the addition of PET and AUR litter, a factor that also influenced the
development of B. spruce seedlings. In addition, with regard to primary macronutrients
(N, P, K), humus topped with PET and BOP litter showed the highest P and K values at
the end of the experiment, although N concentrations showed considerable oscillations
between the different litter treatments, a fact that may also have contributed to the growth
performance of B. spruce seedlings. However, AUR and BOP litter presented higher final
Fe and Al concentrations in the different humus substrates, which may also indicate a
tendency towards soil acidification [97,104,105].

4.3. Management Implications

The seedbed abundance modulates tree commercial species establishment, but it
is strongly influenced by the composition of the forest floor [106,107]. Therefore, the
effect of management practices on the forest floor must be considered to maintain or
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improve the nutritional and physicochemical aspects of the forest humus. Along these
lines, humus can often be managed for production optimization purposes [85,108–110].
Thus, the results of this greenhouse experiment suggested that the promotion of mixed
stand, which interferes with humus chemical composition, can increase seedling growth by
improving the physicochemical composition of the forest floor (e.g., macronutrients, pH
and moisture). Consequently, when managing forest for its desired coniferous vocation by
operating a precommercial cutting, a minimum proportion of broadleaved trees should be
conserved. However, further research is needed to quantify this minimum proportion of
broadleaved trees to maintain the coniferous tree density at acceptable levels.

The coexistence of certain litter types such as Alders and T. aspen can be nutritionally
advantageous, being consistent with [107], who evaluated the role of certain substrates and
litter in the initial phase of conifers and showed that the survival of seeds and seedlings
of coniferous species under T. aspen stands was higher compared to that located under
coniferous stands. The predominance of T. aspen litter in forest stands develops a rich soil
that favors the growth of herbaceous plants in the subsoil [111], which influenced humus
composition as in our experiment. Nonetheless, this study proved that not all types of leaf
litter in different amounts have the same effect on the development of B. spruce seedlings
and the ideal amount of leaf litter to optimize the growth and development of seedlings
for each type of humus remains unclear, suggesting further research to better understand
these effects.

5. Conclusions

We demonstrated in this study that the effect of long-term humus enrichment by
broadleaf litters is largely dominant and that the short-term effect of different broadleaf
litters on forest soil is significant. That indicates the enrichment of leaf litter on humus
continues over time, even though the greenhouse experiment took place over a short
period. Despite these effects are not necessarily greater if the amount of broadleaf litters is
increased, it does promote discussion for spruce-moss forest management to retain some
broadleaf species for maximum nutritional benefit. This greenhouse experiment indicated
the possibility of natural fertilization of the forest through the maintenance of broadleaf
species to improve the development of B. spruce seedlings. Even if mixed stands can
generate higher seedling productivity, due to the greater number of interactions between
the species and their responses to the humus, the moss-spruce regions are known for
the predominance of the B. spruce specie, with a rare presence of broadleaf tree species.
However, these rare presences seem to bring a productive advantage in some nutritional
aspects. Thus, this is important for a management that aims not to lose the coniferous
vocation of the stands and to be able to maintain some broadleaf species in their stands
for nutritional complementarity. Finally, research efforts should be continued on the
topic of mixed stands versus pure stands associated with forest plantations in the stand
and landscape.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f13111832/s1, Figure S1: Moisture content of the B. spruce seedling substrates in relation
with humus substrate treatment, litter type treatment, and amount of litter: the blue uppercase letters
correspond to the test to each humus treatment (e.g., B. spruce, Mixed, nursery soils and T. aspen); the
black lowercase letters correspond to the test at different litter treatment (e.g., AUR, BOP, Control,
BS, PET, SAL); and different colors lowercase letters correspond to the amount litter added on each
humus treatment (e.g., no addition, 25%, 50% and 100%); Figure S2: Response curves showing the
relationship stem.growth~needle nutrients distribution: Control: no litter addition; EPN: B. spruce;
BOP: White birch; SAL: Willow sp; AUR: Alder sp.; PET: T. aspen; Table S1: Final averages ± SD of
growth and weight of B. spruce seedling parts: Control: no litter addition; BS: B. spruce; BOP: White
birch; SAL: Willow sp; AUR: Alder sp.; PET: T. aspen; Table S2: ANOVA summary A. Black spruce
seedling development (e.g., stem growth, stem weight, needle weight and root weight gains, root
growth and root weight gain). B. Humus characteristics (e.g., pH change and humus moisture) after

https://www.mdpi.com/article/10.3390/f13111832/s1
https://www.mdpi.com/article/10.3390/f13111832/s1
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150 days of growth; Table S3: Humus substrate composition at the end of experiment as a function of
litter type added and litter addition rate.
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