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*  Mechanical site preparation and planting density interacted to influence understory diversity
and composition in plowed plots.

»  Careful logging alone resulted in higher density of naturally established conifers.

» Planting density and site preparation alone had no effect on tree height and diameter.

* Findings provide insights for managing paludified forests and enhancing forest ecosystem
functions.

Mechanical site preparation (MSP) is used prior to planting to control competing vegetation and
enhance soil conditions, particularly in areas prone to paludification. Tree planting density can
be adapted to the management context and objectives, as it influences yield and wood quality.
However, the combined effects of MSP and planting density on understory vegetation composi-
tion, functional traits, and diversity remain uncertain. We thus conducted a study in the Clay Belt
region of northwestern Quebec, Canada. After careful logging, the study area was divided into
nine sites, each receiving one of three treatments: plowing, disc trenching, or no preparation.
Sites were further divided into two, with black spruce (Picea mariana [Mill.] Britton, Sterns
& Poggenb.) seedlings planted at either a low planting density of 1100 seedlings ha! or a high
planting density of 2500 seedlings ha~!. After nine years, we assessed understory composition,
diversity, key functional traits, sapling density and growth of planted trees. Careful logging alone
led to a higher density of naturally established conifers compared to plowing or disc trenching. The
interaction between planting density and MSP significantly influenced understory diversity and
composition in plowed plots. Understory composition was affected by the soil C/N ratio, conifer-
ous species, and deciduous species density. The growth of black spruce was notably enhanced
with higher planting density in the plow treatment only. Neither planting density nor MSP alone
affected tree height and diameter. Our results suggest that combining plowing with high-density
planting can enhance stand growth and improve forest productivity. These findings guide future
research on paludified forests.
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1 Introduction

Global wood production strategies are gradually shifting from natural forests to plantation forestry.
Plantation forestry has the potential to increase forest productivity when compared with natural
forests. The high yields of planted forests are indeed an opportunity for achieving wood fibre
production and allowing the provision of other ecosystem services (Paquette and Messier 2010).
Plantation success depends on interdependent decisions and actions (Thiffault et al. 2023). For
example, planting density is an important factor affecting forest production through its effects on
tree survival and growth, wood yield, and biodiversity (Benomar et al. 2012). Planting density
has the potential to influence understory species composition and richness, notably by affecting
understory and soil temperatures (Hedwall et al. 2015). This can affect the presence of species that
compete with forest regeneration. Indeed, rapid canopy closure could limit the growth of competing
plants and thus reduce their negative effect on forest productivity (Moroni et al. 2009).

Mechanical site preparation (MSP) before planting is one of the most common practices
in Canada’s forests to ensure successful regeneration of harvested sites (Sutherland and Foreman
1995). The main benefits of MSP are to reduce competition from other species colonizing regen-
eration areas (Johansson et al. 2013; Mallik and Kravchenko 2016) and to increase the availability
of resources, which enhances seedling survival (Heiskanen et al. 2013; Luoranen et al. 2017). In
boreal forests, MSP has been shown to increase the growth of planted spruce (Picea spp.) by increas-
ing nutrient availability (Sutherland and Foreman 2000) and N mineralization and uptake due to
warmer soils and improved soil moisture (Johansson 1994; Nordborg et al. 2003). Therefore, MSP
is a critical tool for creating suitable planting microsites on boreal harvested sites (Wallertz et al.
2018). Moreover, MSP can influence understory functional composition and diversity. For example,
in a field study conducted in boreal Quebec (Canada), disc scarification led to the emergence of
species that were not present in the control plots: the treatment promoted the growth of intolerant,
early-successional, seed bank species and noticeably decreased the prevalence of ericaceous shrubs
(Thiffault and Jobidon 2006). Eighteen years after treatment, ericaceous shrubs in scarified plots
had lower specific rhizome mass, lower N use efficiency, lower tannin and higher N concentrations
in leaves and litter than in non-scarified plots (Reicis et al. 2023).

In understanding the multifaceted role of planted forests, it’s important to recognize their
contribution beyond wood production and economic gains, including their significance in conserv-
ing biodiversity (Bremer and Farley 2010). This aspect becomes particularly evident in conifer
plantations, where the environmental manipulation — altering light availability and litter layer
characteristics — affects understory plant habitats in temperate and boreal forests (Saetre et al.
1997; Barbier et al. 2008). Furthermore, the implementation of MSP treatments plays a crucial
role. Some MSP practices, by managing organic layers and fallen woody debris, not only help in
controlling competing species and establishing planted seedling but also enhance site productivity
(Bock and Van Rees 2002; Ramovs and Roberts 2003; Powers 2006). MSP practices must be used
in a way to maintain ecosystem values including understory plants, whose importance extends to
maintaining structural and functional integrity. Their roles in soil nutrient cycling, carbon storage,
and as indicators of site quality have been highlighted (Nilsson and Wardle 2005; Gilliam 2007;
Zhou et al. 2018; Wei et al. 2021). Hence, we need to understand the interactions between planted
trees, silviculture treatments, and the understory in managed forests so that ecosystem dynamics
and functions are maintained (Gilliam and Roberts 2003). Few studies have investigated stand
properties (i.e., growth, understory composition and function) under different planting densities
and after different site preparation techniques.

We aimed to evaluate the main and interacting effects of planting density and MSP on under-
story composition and functional traits, and the growth of planted black spruce (Picea mariana
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[Mill.] Britton, Sterns & Poggenb.) in forest sites prone to paludification. Functional traits are
measurable characteristics of plants that influence their fitness and growth, and are an effective
way to examine the relationship between understory vegetation and ecosystem function (Violle et
al. 2007; Wei et al. 2021). In our study, we have specifically focused on distinct functional traits
for bryophytes and vascular plants, reflecting their roles in ecosystem functioning. For bryophytes,
we measured traits related to colony characteristics that influence ecosystem processes, including
colony density, water content at field capacity, water absorption capacity, and water percolation
(Lavorel and Garnier 2002; Cornelissen et al. 2007). These traits are important in understanding
how bryophyte colonies affect water dynamics and nutrient cycling within forest ecosystems. For
vascular plants, our attention was on three functional traits: morphology type, maximum height,
and specific leaf area. These traits provide insights into the adaptive strategies of vascular plants,
influencing aspects such as light interception, growth patterns, and competitive interactions (Garnier
et al. 2004). Morphology type helps in understanding plant structure and its ecological role, while
maximum height is indicative of competitive ability for light. Specific leaf area, a key trait related to
photosynthetic capacity and resource use efficiency, offers insights into how vascular plants respond
to environmental conditions and management practices. By examining these specific traits in both
bryophytes and vascular plants, we aimed to understand how changes in understory composition,
driven by varying planting densities and MSP treatments, can impact ecosystem properties such
as water retention and nutrient cycling. This approach allows us to assess the broader implications
of forestry practices on ecosystem health and functionality.

Our specific objectives were to evaluate the sole and combined effects of planting density
and MSP on (1) environmental conditions, specifically soil chemistry, canopy openness, the
density of coniferous and deciduous vegetation and vegetation cover, (2) understory composition
(2a) and diversity (2b), (3) bryophyte and vascular plant functional traits, and (4) the growth of
planted saplings. We expected significant interactions between the two treatments to influence
sapling growth, understory composition, and functional traits. Specifically, we hypothesized that
increased planting density and more intensive MSP would significantly alter soil chemistry, medi-
ated by changes in canopy openness and the densities of coniferous and deciduous species. These
alterations were expected to influence understory composition and functional traits, subsequently
positively affecting the growth of saplings compared to control conditions.

2 Materials and methods
2.1 Study area

The study was conducted in the black spruce—feather moss bioclimatic domain (Saucier et al.
2009) located in the Clay Belt region of north-western Quebec, Canada, which is covered by a
fine-textured clay deposit left by the proglacial lakes Barlow and Ojibway (Vincent and Hardy
2011). The soil of the region is dominated by compacted clay and is subdivided by sand and gravel
deposits of the Harricana moraine. The study site is located approximately 200 km north-east of
Rouyn-Noranda (49°27'N, 78°31"W) (Fig. 1). The site is prone to paludification with imperfect
drainage, low topographic relief, and a cold, wet climate (Fenton et al. 2005). The average annual
temperature approximates 0 °C and the average annual precipitation is 909 mm (Joutel weather
station; Environment Canada 2021).

Before harvest, the site was dominated by mature black spruce, in mixture with a lower
proportion of trembling aspen (Populus tremuloides Michx), tamarack (Larix laricina [Du Roi]
K. Koch), balsam fir (4bies balsamea [L.] Mill.), and white birch (Betula papyrifera Marshall).
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Fig. 1. Location of the study region and experimental site in Quebec (Canada), showing the distribution of the silvi-
cultural treatments (careful logging around advanced growth (CLAAG), plowing and T26 scarification) with location
of the low (1100 seedlings ha!) and high (2500 seedlings ha™!) planting density of black spruce (Picea mariana) areas
within each site.

The shrub cover was dominated by Labrador tea (Rhododendron groenlandicum [Oeder]| Kron &
Judd) and sheep laurel (Kalmia angustifolia L.). The forest floor was covered by Sphagnum mosses
(including Sphagnum magellanicum Brid.; S. russowii Wamst.; and S. capillifolium [Ehrh.]) and
feather mosses (Pleurozium schreberi [Brid.] Mitt).

2.2 Study design and treatments

The field experiment was established on nine sites averaging 32 ha each (Henneb et al. 2019). In
the fall of 2010, all sites were harvested using careful logging around advanced growth (CLAAG).
In 2011, six sites out of the nine were randomly selected to be subjected to one of two MSP treat-
ments: three were treated using a forest plow (Plow), and three were treated by disc trenching using
a T26 scarifier (Bracke Forest AB, Bracke, Sweden) (Fig. 1). The three-remaining sites were kept
as controls (harvested without MSP). In early summer 2012, each site was divided into two sub-
sites that were planted with black spruce seedlings at a low (1100 seedlings ha™!) or high (2500
seedlings ha™!) planting density (Fig. 1). Seedlings were produced from a local seed source in
containers of 45 cells of 110 cm? each; seedlings averaged 20 cm in height at the time of planting.
After planting in 2012, 120 circular sampling plots (each with a radius of 11.28 m) were randomly
distributed across the entire cut-block (Henneb et al. 2019). Within each plot, five 1 m? quadrats
were established at the north, east, south, west, and center positions. We selected and tagged one
planted seedling in each quadrat, or the nearest seedling to the quadrat if none were inside.
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2.3 Data collection

Tagged seedlings were measured for initial dimensions after planting, and again in 2016. In 2020
(the ninth growing season after planting), we revisited three sampling plots (n=>54) randomly
selected in each planting density subsite, as it was not possible to visit all of the 120 plots due to
time constraints. During the summer and autumn, we collected data related to understory veg-
etation diversity and function in two randomly selected 1 m? quadrats (n=108) in each selected
sampling plot. All vascular plants and macro bryophyte species were identified in the field, except
for Sphagnum spp, which were identified in the lab (Faubert 2013).

To determine the functional traits of vascular plants and bryophytes, percent cover was used
as a proxy for biomass, and we used the community weighted mean approach, i.e., we summed
the cover of the most abundant species in the quadrats until they represented at least 80% of the
biomass for each of these layers (Garnier et al. 2004). For bryophytes, we measured the functional
traits related to how bryophyte colony characteristics influence ecosystem functioning (Lavorel
and Garnier 2002; Cornelissen et al. 2007). We selected four effect traits: colony density (mg
cm3), water content at field capacity (%), water absorption capacity (ml cm~3), and water perco-
lation (% cm™). Traits were measured on 10 cm diameter colonies collected from each quadrat.
In every sampled colony, the 10 cm sample was carefully removed to keep the colony structure
intact. In the lab, colony samples were re-humidified before measurements by watering, and then
left for 12 h in a container with water for full rehydration and then weighed. Colony density was
calculated using water-saturated bryophyte mass and volume, determined by measuring the colony.
After 5 days of drying, the bryophyte colony samples were placed in pots that contained 300 ml
of water. To measure water content at field capacity, water that was not absorbed by the sample
after 12 h of soaking was collected in a 500 ml graduated container. The colony samples were then
turned 10 times in a salad spinner to remove water that was not retained internally by the moss.
Mass was recorded and the procedure was repeated until a stable weight (+/— 0.1 g) was reached.
Samples were then weighed to obtain mass at field capacity, and the field capacity (% weight) was
determined. For percolation, water that percolated through the colony was collected and measured.
The percentage of water percolated was calculated and standardized by the volume of the colonies
to obtain water percolation through the bryophyte colony by volume. Finally, the water was then
added to the 500 ml graduated container. By subtracting this new volume from the initial 300 ml,
we obtained the water absorption capacity of the samples.

For vascular plants, we used the Traits of Plants in Canada (TOPIC) database (Aubin et al.
2020) to obtain values for three functional traits: morphology type (MOR) (abundance of herba-
ceous and small shrubs), maximum height (HT) (cm), and specific leaf area (SLA) (m? kg'). These
traits can be used to assess the impact of community changes on ecosystem properties (Garnier
et al. 2004).

To measure environmental conditions and planted tree growth, the north, east, south, and west
quadrats were selected for measurement in each of the same 54 plots, thus totaling 216 quadrats
in total. Quadrats with dead tagged trees were removed from the analysis; a total of 180 quadrats
remained, distributed as follows: 25 in CLAAG — High planting density, 32 in CLAAG — Low
planting density, 29 in Plow — High planting density, 30 in Plow — Low planting density, 30 in T26
— High planting density, and 34 in T26 — Low planting density. We collected three soil samples at a
20 cm depth and combined them into one composite soil sample per quadrat for chemical analyses.
Soil samples were transported to the lab, air-dried, sieved, and analyzed for determination of total
carbon and nitrogen concentrations by dry combustion (LECO CNS-2000, LECO Corporation,
TruMac CNS). We measured canopy openness at a 0.3 m height in the center of each quadrat in the
four cardinal points with a spherical crown densiometer (Forestry Suppliers, Convex Model A). We
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also inventoried coniferous, deciduous, and shrub species (stems ha™!) taller than 1 m in height in a
40 m? circular sampling plot centered on the tagged planted black spruce sapling of each quadrat.

We measured the ground-level diameter and height of the tagged trees and calculated 4-year
height growth using 2016 and 2020 data. In fall 2020, needles were harvested from the top third
of the planted trees; six current year twigs were collected from each tree. The needles from col-
lected twigs were oven-dried at 50 °C for 24 h. Samples from each quadrat were combined into
one composite sample and analyzed for foliar N and C concentrations.

2.4 Statistical analysis

All analyses were conducted in the R statistical environment v.4.1.0 (R Core Team 2020). First, we
used linear mixed models (Imer function from the Ime4 package; Bates et al. 2015), the sampling
plots (nested in sites) were included as random factors, to evaluate the effects of MSP, planting
density, and their interaction on conifer density (natural and planted), deciduous species density,
shrub density, vegetation cover and soil C/N ratio (Objective 1). The statistical model is as follow:

Yji =T+ Dj +TD; + P(S); )

where:

Y =response variable,

T = MSP treatment,

D = planting density treatment,

P = sampling plot (random effect) nested in the site factor S.

We calculated estimated marginal means and conducted Tukey’s honestly significant dif-
ference (HSD) pairwise comparisons with the emmeans package (Lenth et al. 2022). We used
0<0.05 as a threshold for significance when comparing treatments. Using the same approach, we
evaluated treatment effects on bryophytes and vascular plant functional trait values (Objective 3),
and on sapling height growth, diameter, and foliar N and C concentrations (Objective 4). Linear
correlation was used to examine the relationship between functional traits and growth (Objective 3).

Second, permutational multivariate analysis of variance with 999 permutations (Permanova,
“adonis” function from the vegan package, Oksanen et al. 2020) were run to test the effects of
planting density, MSP, and their interaction on understory composition vascular plants and bryo-
phytes (Objective 2a). The plot term nested in site was used in the “Strata” function to take into
account the spatial structure in the data in the Permanova analysis and non-significant interaction
terms were removed in final analysis. Results were visualized using principal coordinates analysis
(PCoA, “PCOA” function in the vegan package) with Bray—Curtis dissimilarity distance and the
Cailliez correction (package ape; Paradis and Schliep 2019). Convex hulls were used to highlight
the plots from different treatments in each planting density type. The “envfit” function in vegan
was then used to fit vectors of environmental conditions (conifer density, deciduous density, shrub
density, vegetation cover and soil C/N ratio) onto the ordinations to illustrate how environmental
conditions in the understory relate to community composition. In each plot, we calculated % cover
(for bryophytes), Simpson’s dominance index (for vascular plants) and Shannon-Wiener diversity
index using the vegan package (Oksanen et al. 2020). We used linear mixed models followed by
multiple means comparisons using emmeans (Objective 2b).
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3 Results
3.1 Environmental conditions

Planting density and MSP affected all variables we measured to describe the understory environ-
ment, independently or in interaction (Table 1). Coniferous and deciduous density, and vegetation
cover were only affected by MSP. There was a higher density of naturally regenerated conifers in
CLAAG than Plow, but there was no difference with the T26 treatment (Fig. 2A). The density of
deciduous trees was higher also in CLAAG than T26 but there was no difference with the treatment
Plow (Fig. 2B). Vegetation cover was higher in CLAAG than in the other treatments (Fig. 2C).
There was no significant effect of planting density on natural conifer density, deciduous density,
and vegetation cover.

The soil C/N ratio was influenced by planting density and MSP independently, with lower
values measured in low planting density and CLAAG plots (Figs. 2D &E). Plowed plots had
significantly higher values than the CLAAG treatment, and T26 was intermediate (Table 1). The
interaction between planting density and MSP was significant for shrub density (Table 1), with
higher shrub density in plots that received the T26 treatment and high planting density than in
CLAAG with high planting density, and no difference with the other treatments (Fig. 2F).

Table 1. Results from linear mixed model for the main and interacting effects of planting density of black spruce
(Picea mariana) and mechanical site preparation on environmental conditions and understory diversity. Df = degrees
of freedom. Bold indicates significance at o < 0.05.

Response variable Treatment effects
Planting density Mechanical site preparation Planting density x MSP
(MSP)
Df p-value Df p-value Df p-value
Environmental conditions
Conifer density (stems ha) 1 0.28 2 0.02 2 0.87
Deciduous species density (stems ha™1) 1 0.56 2 0.036 2 0.3
Shrub density (stems ha™!) 1 0.55 2 0.65 2 0.05
Vegetation cover (%) 1 0.5 2 0.01 2 0.96
C/N ratio 1 0.003 2 <0.001 2 0.3
Understory diversity
Vascular plant dominance (Simpson index) 1 0.3 2 0.9 2 0.65
Vascular plant diversity (Shannon index) 1 0.07 2 0.91 2 0.09
Bryophyte cover (%) 1 0.002 2 0.11 2 <0.001
Bryophyte diversity (Shannon-Wiener index) 1 0.15 2 0.2 2 0.46
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Fig. 2. Effects of planting density of black spruce (Picea mariana) (Low = 1100 seedlings ha™'; High = 2500 seed-
lings ha™!) and mechanical site preparation (CLAAG = careful logging around advanced growth; Plow = plowing;
T26 = disk trenching scarification) on naturally regenerated conifer density (A), deciduous species density (B); veg-
etation cover (C); and soil C/N ratio (D, E). Panel F illustrates the interacting effects of mechanical site preparation
and planting density on shrub density. Data are presented as estimated marginal means with 95% confidence intervals.
Means followed by the same letter are not significatively different at o <0.05 based on linear mixed models with Tukey
HSD pairwise comparisons. (Plots CLAAG low, n = 32; plots CLAAG high, n = 25; plots Plow low, n = 30; plots Plow
high, n =29; plots T26 low, n = 34; plots T26 high, n = 30).
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Table 2. Influence of planting density of black spruce (Picea mariana) and mechanical site preparation and their
interaction on vascular plant and bryophytes dissimilarity using permutational multivariate analysis of variance
(Permanova) based on the Bray—Curtis dissimilarity index. Df = degrees of freedom. Bold indicates significance at
0. <0.05. SS = sum of squares.

Assemblage Treatment Df SS F R? p-value

Vascular plant  Planting density 1 0.33 1.24 0.011 0.316
Mechanical site preparation (MSP) 2 2.13 4.02 0.07 0.001
Planting x MSP 2 0.84 1.58 0.02 0.048
Residual 98 25.9 0.89

Bryophytes Planting density 1 0.63 2.83 0.026 0.036
Mechanical site preparation (MSP) 2 0.81 1.81 0.034 0.008
Planting x MSP 2 1.14 2.56 0.048 0.016
Residual ! 94 21.10 0.89

I four plots without bryophytes

3.2 Understory composition

Understory vascular plant composition was affected by MSP and the interaction with planting
density (Table 2). The results of the pairwise Permanova showed that vascular plant communities
were significantly different in high planting density plots in the three treatments, but not in low
planting density plots (Table 3). The principal coordinates analysis (PCoA) also supported the results
of the Permanova (Fig. 3). Overall, the plots on the upper side of PCoA were dominated by Plow
in both high and low planting density plots. The lower side was dominated by T26 and CLAAG.
However, in low planting density plots, the three treatments overlapped considerably, while in high
planting density plots, the shape and position of the ellipses differed among treatments (Fig. 3).
Soil C/N ratio and deciduous species density had the strongest relationship with the community
pattern for vascular plants on PCoA 1, while conifer density was strongly associated with PCoA 2

Table 3. Results from post-hoc pairwise tests for vascular plant and bryophytes between mechani-
cal site preparation treatments after planting of black spruce (Picea mariana) (CLAAG = careful
logging around advanced growth; Plow = plowing; T26 = disk trenching scarification; High =
planting density of 2500 seedlings ha™'; Low = planting density of 1100 seedlings ha™!). Df =
degrees of freedom; SS = sum of squares. Bold indicates significance at o= 0.05.

Pairs Df SS F R? p-value adjusted p

Vascular plants

CLAAG vs PLOW High 1.01 3.97 0.12 0.001 0.005

1
CLAAG vs T26 High 1 0.49 2.15 0.07 0.019 0.038
PLOW vs  T26 High 1 0.51 2.05 0.06 0.030 0.005
CLAAG vs PLOW Low 1 0.64 2.16 0.05 0.012 0.035
CLAAG vs T26 Low 1 0.47 1.74 0.04 0.083 0.13
PLOW vs  T26 Low 1 1.27 4.74 0.11 0.001 0.006
Bryophytes

CLAAG vs PLOW High 1 0.76 3.12 0.10 0.028 0.1
CLAAG vs T26 High 1 1.29 6.33 0.18 0.002 0.02
PLOW vs  T26 High 1 0.20 0.71 0.02 0.605 0.68
CLAAG vs PLOW Low 1 0.18 0.75 0.02 0.564 0.64
CLAAG vs T26 Low 1 0.08 0.47 0.01 0.658 0.7
PLOW vs  T26 Low 1 0.42 2.08 0.05 0.090 0.26
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(Fig. 3). There were 3 species (Chamaedaphne calyculata [L.] Moench, Scirpus cyperinus [Lin-
naeus| Kunth and Equisetum arvense Linnaeus) associated positively with C/N ratio on the left of
PCoA 1, and species associated with deciduous density on the right (e.g., Ribes triste Pallas and
Rubus pubescens Rafinesque) (Fig. 3).

When analyzing bryophyte community composition, the results of the Permanova showed
significant differences in bryophyte composition associated with the interaction between planting
density and MSP (Table 2). The results of pairwise Permanova showed that bryophyte communities
differed only in high planting density with CLAAG and T26 (Table 3). The principal coordinates
analysis (PCoA) also supported the results of Permanova. For high planting density conditions, plots
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on the right side at the top and the bottom of the PCoA were dominated by Plow and T26, while
in the middle-left side the CLAAG plots were dominant. In the low planting density conditions,
the convex hulls of the plots of the three treatments largely overlap each other (Fig. 4). Shrub and
deciduous density had the strongest relationship with community patterns for bryophytes on PCoA
1, whereas vegetation cover, soil C/N ratio and conifer density appeared related with community
patterns for bryophytes on PCoA 2 (Fig. 4). Ptilidium ciliare (L.) Hampe and Dicranum scoparium
Hedw. were positively associated to PCoA 1, while Polytrichum commune Hedw. and a group of
Sphagnum spp. were associated positively with shrub density to PCoA 1 (Fig. 4).

High planting density Low planting density
0.50 1
. 0.254 8 [
X Conifers density
I _ °
© /N rati
o
< 0.00+
N
< o o
O Shrubs density
o [ ]
-0.25 1
-0.50 ~
-04 -02 00 02 04 06 -04 -02 00 02 04 06
PCoA 1 (18.73%)
MSP e CLAAG e PLOW e T26
Dic_pol Pol_com
0.2
Conifers density
- C/N ratio
= Flesh Pol_str
X
N
© .
o 004 Dic_sco
~ Deciduous
< Pti_cri i
S 01l - density
o
Sph,_cap
ang
-0.2 _
Vegetation cover ~ ToHun Jom_nit
Sph_quin
-0.31 Sph_mag
-0.2 0.0 0.2 0.4

PCOA 1 (18.73%)

Fig. 4. Principal coordinates analysis (PCoA) for the bryophyte composition using the Bray-Curtis dissimilarity index
and a Cailliez correction. Species names and environmental conditions were added by correlation to the axes. Colors in
convex hull indicate different mechanical site preparation (MSP) treatments. See Suppl. file S1 for full species names.
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3.3 Understory diversity

For vascular plant communities, there was no significant effect of planting density, MSP, and their
interaction on the dominance and the diversity-based Simpson and Shannon indices, respectively
(Table 1). In bryophyte communities, total cover was significantly influenced by planting density
in interaction with MSP, with greater bryophyte cover in low planting density plots compared to
high planting density plots in the plow treatment (Table 1).

3.4 Functional traits of the understory

One of the bryophytes and two of the vascular plant functional traits varied with planting density
and MSP (Table 4). For bryophyte traits, water content at field capacity was significantly affected
by MSP (Table 4), as it was higher in the plowing treatment compared to the other treatments
(Fig. 5A). For vascular plant communities, the abundance of small shrubs was influenced by the
interaction between planting density and MSP, while herbaceous plants were only affected by
planting density (Table 4). Small shrub abundance was higher in Plow — low planting density plots
than in other treatment combinations, while herbaceous abundance was higher in high planting
density plots than in low planting density plots (Figs. 5B, C).

Table 4. Results from linear mixed model for the main and interacting effects of planting density of
black spruce (Picea mariana) and mechanical site preparation on functional trait of vascular plant and
bryophytes. Df = degrees of freedom. Bold indicates significance at a < 0.05.

Response variable Treatment effect
Planting density Mechanical site Planting density x MSP
preparation (MSP)
Df p-value Df p-value Df p-value

Functional trait of bryophytes

Water content at field capacity (%) 1 0.77 2 0.02 2 0.5

Colony density (mg cm™) 1 0.93 2 0.51 2 0.09
Absorption capacity (ml cm—3) 1 0.13 2 0.86 2 0.16
Percolation (% cm —3) 1 0.74 2 0.95 2 0.58

Functional trait of vascular plants

Maximum height (cm) 1 0.86 2 0.91 2 0.09
Specific leaf area (cm? g 1) 1 0.93 2 0.43 2 0.14
Small shrubs abundance 1 0.55 2 0.05 2 0.055
Herbaceous abundance 1 0.01 2 0.7 2 0.84
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Fig. 5. Effects of planting density of black spruce (Picea mariana) (Low = 1100 seedlings ha™!; High = 2500 seed-
lings ha!) and mechanical site preparation (CLAAG = careful logging around advance growth; Plow = plowing; T26 =
disk trenching scarification) on water content at field capacity and the herbaceous abundance (A, B). Panel C illustrates
the interacting effects of mechanical site preparation and planting density on the small shrubs abundance. Data are
presented as estimated marginal means with 95% confidence intervals. Means followed by the same letter are not sig-
nificatively different at o < 0.05 based on linear mixed models with Tukey HSD pairwise comparisons. (Plots CLAAG
low, n = 18; plots CLAAG high, n = 14; plots Plow low, n = 20; plots Plow high, n = 16; plots T26 low, n = 20; plots
T26 high, n = 16).

3.5 Planted black spruce

Neither MSP, planting density or their interaction had a significant effect on planted black spruce
height and ground-level diameter in 2020 (Table 5). Foliar N concentration was affected by MSP;
it was higher in plots submitted to the plowing treatment than in the CLAAG plots, but not dif-
ferent than in the T26 plots (Table 5). Foliar C concentration and sapling growth between 2016
and 2020 were affected by the interacting effects of planting density and MSP (Table 5). Foliar C
concentration was higher in low planting density conditions in CLAAG and plow treatment plots,
and lower in T26 — low planting density plots (Fig. 6A). Sapling growth was higher in the high
planting density, plow treatment plots, and lower in CLAAG and T26 — high planting density plots
(Fig. 6B).
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Table 5. Results from linear mixed model for the main and interacting effects of planting density of black spruce (Picea
mariana) and mechanical site preparation on height, growth, diameter at ground level, N and C foliar concentration of
planted trees. Df = degrees of freedom. Bold indicates significance at a < 0.05.

Response variable Treatment effect
Planting density Mechanical site Planting density x MSP
preparation (MSP)

Df p-value Df p-value Df p-value
Height trees measured in 2020 (cm) 1 0.32 2 0.75 2 0.47
Diameter at ground-level (mm) 1 0.6 2 0.35 2 0.42
Sapling growth measured between 2016-2020 (cm) 1 0.89 2 0.88 1 0.03
N foliar % 1 0.88 2 0.02 2 0.29
C foliar % 1 0.2 2 0.001 2 <0.001
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Fig. 6. Effects of planting density of black spruce (Picea mariana) (Low = 1100 seedlings ha™!; High = 2500 seed-
lings ha!) and mechanical site preparation (CLAAG = careful logging around advanced growth; Plow = plowing;
T26 = disk trenching scarification) on foliar C concentration (A) and on sapling growth (B). Data are presented as esti-
mated marginal means with 95% confidence intervals. Means followed by the same letter are not significatively differ-
ent at o < 0.05 based on linear mixed models with Tukey HSD pairwise comparisons. (Plots CLAAG low, n = 32; plots
CLAAG high, n = 25; plots Plow low, n = 30; plots Plow high, n = 29; plots T26 low, n = 34; plots T26 high, n = 30).
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4 Discussion

As observed elsewhere (Akers et al. 2013; Henneb et al. 2019), planting density and MSP both
affected environmental conditions and plant growth after nine years, though their effects seem lim-
ited in our study. We found that MSP had a greater effect than planting density on environmental
conditions (Objective 1). Bryophyte cover was the only understory variable affected by planting
density and MSP (Objective 2), most probably because of the higher sensitivity of bryophytes to
environmental changes than other understory groups (Frego 2007). Responses to environmental
changes depend on the species surrounding the bryophytes; by changing interspecific interactions,
environmental changes modify the effects on bryophytes and further change species composition
in communities (Bu et al. 2011). MSP also led to some dissimilarities in understory composition
(Objective 2), as has been reported before (Lof et al. 2012). Furthermore, plant functional traits
of vascular plants and bryophytes (abundance of small shrubs, herbaceous abundance, and water
content at field capacity) were affected by planting density and MSP (Objective 3). Sapling growth
depended on the interaction between planting density and MSP (Objective 4); high planting density
in plots submitted to plowing resulted in greater growth than in the other treatments.

4.1 Effect of planting density and MSP on environmental conditions

We found a higher density of naturally established conifers after CLAAG than after the other
treatments, which differs from the results of previous studies that reported greater conifer density
after CLAAG + MSP. These studies were conducted decades after treatments, while our study was
carried out after just nine years, which encompasses the normal black spruce establishment time
after disturbance (Greene et al. 1999). Time after treatment and the time to canopy closure could
explain this difference in our results, as a closed canopy normally occurs after more than 30 years
in this portion of the boreal forest (Taylor et al. 1988; Kane et al. 2010).

We found no effect of planting density on regenerated conifer density, which was a surpris-
ing result. We posit that stands with low planting density provided more space and opportunities
for spontaneous colonization by natural trees than high density planted stands, as there would
be a greater availability of resources such as light, water and nutrients (Shaoxiong et al. 2012).
In contrast, higher plantation density can lead to greater intraspecific competition (Boyden et al.
2008), which could induce a decrease in survival compared to lower planting density conditions
(Akers et al. 2013). Therefore, based on our results only 9 years after planting, it is not clear which
planting density is best for forest management (with an objective of producing wood fibre), as some
advantages of both high and low planting densities were detectable. Furthermore, the interplay
between planting density and forest productivity is dynamic and changes over time. While stand
volume generally increases with higher planting density, this trend only persists up to a certain
threshold (Baldwin Jr. et al. 2000). Beyond this point, denser planting may lead to reduced growth
per tree and an increase in mortality (Smith et al. 1997). Conversely, lower planting densities
typically promote the growth in diameter of individual trees, albeit with an increase in stem taper
over time. This can have long-term effects on certain wood characteristics (Mvolo et al. 2022).
Additionally, the influence of planting density on the natural regeneration of preferred species is
an important factor to consider.

4.2 Effect on the understory composition and the functional traits

Understory composition was affected by the interaction between planting density and MSP, while
these differences detected by Permanova were not visually obvious on the PCoA. The composition
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of vascular plant communities differed among MSP at both lower and higher planting densities. Only
plots submitted to CLAAG and T26 did not present a difference in vascular plant composition at
the low planting density. The composition of the bryophyte community differed among treatments
at the higher planting density, with a clear difference between CLAAG vs the plow and T26 treat-
ments. This difference might have been caused by the environmental conditions found under high
planting density regime (lower light availability, higher nutrient availability and higher moisture),
which would be affected by the higher deciduous sapling density in this treatment (Rodriguez-
Calcerrada et al. 2008; Tinya et al. 2009). Few studies are available to explore potential reasons
for these findings; further studies are needed to clarify the mechanisms behind this response.

Moreover, understory composition was affected by the soil C/N ratio, coniferous species,
and deciduous species density. Deciduous species density was the main driver of many vascular
plant community composition patterns. This is consistent with previous findings that show how
deciduous stands tend to have an understory with higher species richness than coniferous stands,
as they are characterized by higher understory light and soil nutrient availability (Légaré et al.
2002; Roberts 2004; Tinya et al. 2009). Furthermore, the topsoil of coniferous stands usually
has higher C/N ratios, lower pH values and lower nutrient availability compared to that found in
deciduous stands (Légaré et al. 2001; Augusto et al. 2003), which might be a limiting factor for
vascular species establishment and growth (Barbier et al. 2008). In contrast to the vascular plants,
the environmental conditions had little effect on the first axis of bryophyte composition. However,
as observed for vascular plants, conifer density, C/N ratio, and shrub density drove the pattern on
the second axis of bryophyte composition. The first axis may have been affected by other variables
influencing the bryophyte community that we did not measure, such as the thickness of the organic
layer or the position of the water table (Fenton and Bergeron 2006).

To our knowledge, our study is the first to evaluate the potential interacting effects of plant-
ing density and MSP on functional traits of vascular plants and bryophytes. Our findings for some
vascular plant traits were similar to those reported by Wei et al. (2019), who found that MSP
affected vascular plants traits after soil disturbance and as a function of light availability. Hence,
MSP played an important role in understory functional composition and diversity. The positive
effect of higher planting density in interaction with MSP on small shrubs and herbaceous species
abundance suggests that their abundance could be responsive to environmental changes (Haeussler
et al. 2002). The effects that we observed for small shrubs and herbaceous species support that
trait—growth rate relationships are much stronger for small plants than for large trees. Interspecific
variation in functional traits (demographic attributes) is indeed much larger for small plants than
for large trees, which makes it statistically easier to detect environmental changes—functional trait
relationships (Poorter et al. 2008).

Functional trait values have important consequences for ecosystem processes, properties,
and services (Garnier et al. 2004; Fortunel et al. 2009; Conti and Diaz 2013). The relationship
between vascular plants traits and sapling growth was not significant (results not shown), contrary
to the results of Wei et al. (2021), who reported a significant relationship between vascular plant
traits and sapling growth in CLAAG sites after 25 years. This indicates that time since treatment,
age, and tree size play an important role on this trait—growth relationship. Further studies about
functional traits and sapling growth are needed to further understand these results.

Among the traits we measured, only the water content of bryophytes was affected by MSP,
being higher in the plowing treatment compared to the other treatments. Previous studies also sup-
port the role of water content as an indicator of environmental changes (Zotz et al. 2000; Rice and
Schneider 2004); water content in bryophytes is controlled by forest canopy structural properties
as it mediates the amount of light reaching the understory (Michel et al. 2013). Consequently, our
results suggest that MSP could affect bryophyte water content through its effects on stand structure.
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MSP could ultimately affect ecological services provided by bryophytes, as leaf water content is
an important limiting factor for bryophyte photosynthesis (Newmaster et al. 2007). The water
dynamics of nonvascular plants are not as well understood or quantified as those of vascular plants
and are rarely modelled (Sonnentag et al. 2008; Bond-Lamberty et al. 2011). Therefore, further
studies are needed to better understand this relationship.

4.3 Black spruce growth

We posit that after the plowing treatment, higher planting density probably led to higher tree
litter production and lower ericaceous shrub litter, which resulted in higher nutrient availability
for sapling growth (Joanisse et al. 2007) than in the lower planting density (Guo and Sims 1999).
Previous studies conducted on the same site demonstrated that plowing favoured early seedling
growth, compared to the other treatments (Henneb et al. 2015; Henneb et al. 2019). The higher
growth of black spruce in plowed plots (highest severity disturbance) can be explained by the
resultant higher soil temperatures and lower interception of water by competing vegetation, which
is known to increases soil water availability and favours root growth (Hébert et al. 2006). In sup-
port of this interpretation, we found that foliar nutrient concentrations, especially N, were higher in
plots submitted to plowing compared to plots treated by CLAAG only or T26. Other studies have
found positive effects of plowing, even in the long-term (Mékitalo et al. 2010; Hjelm et al. 2019).

5 Conclusions

Our study has provided valuable insights into the interacting effects of planting density and MSP
on plantation characteristics, yet it is important to acknowledge certain limitations in our sampling
approach. The scale and scope of our sampling were primarily designed to capture short-term
effects, which may not fully represent long-term ecological dynamics and responses. For instance,
the absence of significant effects on tree diameter after nine years suggests that longer-term obser-
vations might be necessary to fully understand the impact of planting density on tree growth and
forest productivity.

Additionally, while our study highlighted the utility of bryophyte cover as an indicator of
treatment effects, the responses of other understory components, particularly vascular plants, were
less pronounced. This indicates a need for more detailed investigation into the functional responses
of different understory species, which could yield a more nuanced understanding of how silvicul-
tural treatments influence forest ecosystems. Moreover, our study design encompassed only two
initial planting densities — 1100 and 2500 seedlings ha!. This limited range of densities might
have restricted our capacity to thoroughly assess treatment effects on both the ecosystem and the
growth responses of planted trees in their early developmental stage. The extent of competitive
interactions among individuals and their impact on understory vegetation, therefore, may not have
been fully established at these densities.

Future research could benefit from extended monitoring to capture long-term trends and
responses. Incorporating a wider range of ecological indicators, such as soil microbial activity or
wildlife habitat use, could also support our understanding of how plantation management practices
impact forest ecosystems. Further studies might also explore the interaction of these silvicultural
techniques with varying climatic conditions, particularly in the context of global change. Such
investigations would not only increase our knowledge of forest management practices but also
contribute to the development of strategies that enhance forest resilience and productivity in a
changing global environment (Achim et al. 2022).
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