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Abstract: Boreal forests have historically been regarded as some of the largest terrestrial
carbon (C) sinks. However, increased soil organic matter (SOM) decomposition due to forest
harvesting and post-harvest silviculture (e.g., site preparation, planting, and managing
for competing vegetation) may exacerbate the effects of climate warming and shift boreal
forests from being C sinks to C sources. We used an established stand-scale, fully replicated,
experimental study to identify how two levels of forest management (harvesting = Harvest
Only, and harvesting with post-harvest silviculture = Harvest Plus) influence SOC dynamics
at three boreal forest sites varying in soil texture. Each site was surveyed for forest floor
(litter and F/H horizons) and mineral soils pre-harvest (0) and 5, 14, and 20 years post-
harvest. We predicted that sites harvested and left to revegetate naturally would have the
lowest SOC stocks after 20 years, as sites that were planted and managed for competing
vegetation would recover faster and contribute to a larger nutrient pool, and that the sand-
dominated site would have the largest SOC losses following harvest due to the inherently
lower ability of sand soils to chemically and/or physically protect SOC from decomposition
following harvest. Over a 20-year period, both forest management treatments generally
resulted in reduced total (litter, F/H, and mineral horizon) SOC stocks compared with
the control: the Harvest Only treatment reduced overall SOC stocks by 15% at the silt-
dominated site and 31% at the clay-dominated site but increased overall SOC stocks by
4% at the sand-dominated site, whereas the Harvest Plus treatment reduced overall SOC
stocks by 32% at the sand- and silt-dominated sites and 5% at the clay-dominated site. This
suggests that harvesting and leaving plots to revegetate naturally on sand-dominated sites
and harvesting followed by post-harvest silviculture on clay-dominated sites may minimize
total SOC losses at similar sites, though a full replicated field experiment is needed to test
this hypothesis. Most treatment effects in this study were observed only in the second
decade post-harvest (14 and 20 years post-harvest), highlighting the importance of long-
term field experiments on the effects of forest harvesting and post-harvest silviculture.
This research improves our understanding of the relationship between C dynamics, forest
management, and soil texture, which is integral for developing sustainable management
strategies that optimize C sequestration and contribute to the resilience of boreal forest
ecosystems in the face of climate change.
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1. Introduction
Soils store more carbon (C) than any other terrestrial pool, storing approximately

1500 Gt C to one-meter depth, which is 2× more than the atmosphere (750 Gt) and 3× more
than plants and animals (560 Gt) [1]. Boreal forests play a key role in the global C cycle,
containing about one third of the world’s terrestrial C stores, most of which (~60%) are
stored within the first 30 cm as soil organic matter (SOM) [2,3]. Historically, boreal forests
have been recognized as C sinks [4], with SOM inputs being greater than SOM outputs.
Inputs mainly come from vegetation [5], and outputs are largely due to biological transfor-
mations that mineralize soil organic C (SOC) within SOM as energetic resource and release
carbon dioxide (CO2) [6]. However, accelerated SOM decomposition due to climate change
may reduce belowground C accumulation and shift boreal forests from being C sinks to C
sources [7].

At the same time, forest management practices, including harvesting and post-harvest
silviculture (i.e., site preparation, planting, and/or chemical vegetation control) can also
impact C dynamics in boreal forests. Harvesting may increase soil temperatures [8] by
removing aboveground organic C inputs (e.g., litter) that act as a natural buffer from solar
radiation [9]. Also, mechanical disturbances from harvesting and site preparation may
increase soil compaction by decreasing macropore space [10], offering wetter conditions that
favor anaerobic bacteria [11], which can increase soil respiration and cause SOC loss [12].
Similarly, the mechanical mixing of forest floor litter into underlying mineral soil during
site preparation (e.g., disc trenching) may stimulate its decomposition relative to litter
on the soil surface, reducing SOC stocks [13]. Following harvesting and site preparation,
losses in SOC are greatest in forest floor horizons (i.e., litter, fragmented (F) and humic
(H)) and upper mineral soil (e.g., 0–30 cm) [14]; however, site preparation can reduce
SOC losses or even increase SOC in the upper mineral soil, as these measurements would
include litter from forest floor horizons that has been translocated to the underlying mineral
soil, especially in the short-term [13]. While post-harvest management associated with
replanting, reseeding, and vegetation control can lead to SOC inputs that exceed losses in
the long-term [15,16], the short-term effects can be idiosyncratic [17]. For example, initial
harvesting and site preparation reduces organic inputs to soil and enhances decomposition
rates [14], but site preparation, planting, and the removal of competition with herbicides
may improve aboveground vegetation growth and increase SOC input to soil in the long
term (see [16]).

Canada has 367 million hectares of forest, including 25% of the world’s boreal for-
est [18], with approximately 42% of all forest land being certified to sustainable forest
management (SFM) standards [19]. SFM is an approach to managing forests such that
the long-term viability of forest ecosystems is met while meeting the economic and socio-
political needs of present and future generations. Post-harvest practices of SFM include
replanting or natural regeneration, soil protection and management, and adaptive man-
agement, where management is modified based on specific local conditions at a site (e.g.,
soil physiochemical properties) and validated by continued monitoring and research [20].
At the same time, site preparation (e.g., disc trenching) and the use of herbicides such as
glyphosate to control competing vegetation to ensure tree growth is common [21,22].

Soils in the boreal forests of Canada are relatively young, beginning to form following
the last glacial retreat (~17,000 to 6000 years old), and they are generated from two broad
classes of parent materials—acidic, coarse-textured (e.g., sand-sized particles) glacial de-
posits derived from igneous rock and neutral-to-alkaline, loamy (i.e., a mixture of sand, silt,
and clay-sized particles) glacial deposits derived from sedimentary rocks [23]. These parent
materials are geological deposits that determine the minerals that the soils are formed on
and thus affect soil texture, as well as other soil physiochemical properties such as pH,
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moisture, and nutrient availability. Soil texture is one important factor determining the size
of SOC stocks by affecting decomposition via physicochemical mechanisms between the
mineral matrix and SOM (e.g., [24]). Soils with a high clay content have a larger surface
area and availability of binding sites for SOM and better aggregation and structural and
chemical stability, which can protect SOM (and thus SOC) from decomposition by occlud-
ing it within aggregates or forming organo-mineral complexes [25]. Conversely, sandy soils
dominated by coarse quartz grains have a limited number of binding sites for SOM [26],
making them inherently low in SOC and other nutrients [27], and they may be particularly
vulnerable to SOC loss following harvest and site preparation. Resultingly, soil texture and
SOC stocks are often indicators of how sensitive a site is to mineral SOC losses following
harvesting [28].

Understanding the relationship between C dynamics, forest management, and soil
texture is essential for developing sustainable management strategies that optimize C
sequestration and contribute to the resilience of boreal forest ecosystems in the face of
climate change. Although soil texture appears to play a role in C dynamics following
forest harvesting [28], few studies cover a range of soil textures or address potential
texture-specific mechanisms underlying SOC loss following harvest and post-harvest
silviculture [14]. This is especially true for long-term studies in the boreal forest (but
see [29]), as SOC recovery may not be evident for decades after post-harvest silviculture
practices meant to improve regeneration success are implemented (e.g., site preparation,
planting, removal of competition via herbicides) [14]. Thus, the objectives of this study were
as follows: (1) quantify SOC stocks in the forest floor (litter and F/H horizons) and mineral
soil (0–30 cm depth) horizons at three boreal forest sites that vary in soil textures (sand-, silt-,
and clay-dominated) pre-harvest (0) and 5, 14, and 20 years post-harvest, and (2) determine
if two silviculture treatments (harvesting and harvesting with post-harvest silviculture)
affect SOC stocks in forest floor and mineral soil pools 5, 14, and 20 years post-harvest. In
achieving this, we aim to further our understanding of how typical forest management
practices in Canadian boreal forests affect SOC stocks in the long term, especially in mineral
soil horizons, and to gain a better understanding of inherent soil physiochemical properties
that may drive site-specific responses.

Harvesting and site preparation are well established to reduce organic C inputs to soil
and enhance decomposition rates [14]; thus, we hypothesized that they would result in
lower forest floor and mineral SOC compared to unharvested controls across all sites. How-
ever, we did hypothesize that harvesting without post-harvest silviculture would result
in the highest decomposition rates and lowest SOC 20 years post-harvest, as these plots
would experience slower vegetation recovery than vegetation in plots where the site was
prepared, planted, and managed for competing vegetation [16]. Finally, we hypothesized
that the clay-dominated site would have the largest mineral SOC stocks and that these SOC
repositories would be less impacted by harvesting and site preparation compared to sandy
soils due to the inherent physiochemical properties of clay soils that protect SOC from
decomposition, yet the effects from forest harvest and subsequent management practices
would still be evident 20 years post-harvest.

2. Materials and Methods
2.1. Study Area

This study was conducted in three boreal forest sites near Sioux Lookout (50◦01′ N,
91◦28′ W), Timmins (48◦21′ N, 81◦18′ W), and Kapuskasing (49◦09′ N, 82◦28′ W), Ontario,
Canada. These sites are part of the larger NEBIE Experimental Plot Network, established in
2001 by the Ontario Ministry of Natural Resources (OMNR) as a stand-scale research project
across major forest types and soil textures in Ontario’s managed forest (see [30,31] for full
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details). The three NEBIE sites included in this study are even-aged, fire-origin boreal forest
stands, but each represents a different predominant soil texture (Sioux Lookout = sand-
dominated, Timmins = silt-dominated, and Kapuskasing = clay-dominated). A detailed
description of the sites is given in Table 1.

Table 1. Pre-harvest (2001) site characteristics. Climate data were obtained from Environment
Canada climate normals (1991–2020), except for the silt-dominated site, which had data available
from 2009–2020 [32]. Parent material data were obtained from [33]. For understory vegetation, only
the three most abundant species are mentioned.

Sand-Dominated Site Silt-Dominated Site Clay-Dominated Site

Co-ordinates 50◦01′ N, 91◦18′ W 48◦21′ N, 81◦18′ W 49◦09′ N, 82◦28′ W
Town in closest proximity Sioux-Lookout, Ontario Timmins, Ontario Kapuskasing, Ontario
Mean annual temperature

(◦C) 2.2 a 1.8 b 1.8 b

Mean annual precipitation
(mm) 796.4 a 778.8 b 806.2 c

Parent material acidic, coarse-textured
morainal deposits

calcareous morainal and
glaciolacustrine deposits

calcareous fine-textured
morainal and

glaciolacustrine deposits
Effective soil texture d medium sand silt with areas of silt loam clay with areas of silty clay

Soil order Podzol Luvisol Luvisol
Humus form d moder mull and moder moder and mor

Organic matter horizon
depth (cm) d 5.8 (±0.5) 3.1 (±0.5) 7.4 (±1.2)

Soil depth range de moderately deep to deep moderately deep to deep deep

Drainage class d rapid imperfect moderately well and
imperfect

Moisture regime d moderately dry fresh and moderately moist very fresh and moist
Stand age d 85–90 85–90 107

Silviculture system d clearcut clearcut with seed-tree clearcut with seed-tree

Dominant tree canopy d Pinus banksiana Lamb.
Picea mariana (Mill) B.S.P.

Populus tremuloides Michx.
Picea glauca (Moench.) Voss

Abies balsamea (L.) Mill.

Populus tremuloides Michx.
Betula papyrifera Marsh.

Picea mariana (Mill) B.S.P.

Dominant understory
vegetation d

Pleurozium schreberi (Brid.)
Mitt

Picea mariana (Mill.) B.S.P.
Vaccinium myrtilloides

Michx.

Eurybia macrophylla (L.)
Cass

Abies balsamea (L.) Mill
Corylus cornuta Marsh

Abies balsamea (L.) Mill.
Alnus incana (L.) Moench

Acer spicatum Lamb.

a Obtained from Sioux Lookout Station, 32.87 km west of the site; b obtained from Timmins Climate Station,
23.78 km north of the site; c obtained from Kapuskasing Station, 28.56 km north of the site; d data obtained
from [30]; e soil depth classes (cm of mineral material): moderate: >30 to 60 cm, moderately deep: >60 to 120 cm,
deep: >120 cm.

2.2. Experimental Design

From the fall of 2001 to the summer of 2002, each site was divided into four blocks
spaced < 5 km apart that maximized environmental variation between blocks and mini-
mized environmental variation within blocks based on soil type, plant composition, and
topography [31]. Within each block, three plots (100 m × 200 m, plus a 20 m buffer zone)
were randomly assigned to a forest management treatment with a range in management
intensity: Control (no harvest), Harvest Only (harvest without post-harvest silviculture),
and Harvest Plus (harvest with post-harvest silviculture) (N = 4 per treatment). The Control
was designed to have the same conditions as natural regeneration, and treatments were
designed to manipulate species composition, with varying regeneration targets for the
desired tree species or species combinations (e.g., Harvest Only: 40% stocking; Harvest
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Plus: 80% stocking) [34]. The Harvest Only and Harvest Plus plots were clearcut-harvested
between summer 2002 (Sioux Lookout and Timmins) and fall 2003 (Kapuskasing). At all
sites, clearcutting was carried out using full-tree logging to roadside.

Following harvest, no further forest management was conducted in the Harvest Only
plots; however, post-harvest silviculture (site preparation, planting, and chemical vegeta-
tion control) occurred in the Harvest Plus plots. One to two years post-harvest, approxi-
mately 7–16% of the Harvest Plus plots were mechanically site-prepared via scarification
using a 2-string skidder configuration, each string with a shark fin barrel and 4 m spiked
anchor chain at the sand-dominated site or disc trenching at the silt- and clay-dominated
sites. Two to three years post-harvest, aerial seeding (50,000 seeds ha−1) of jack pine (Pinus
banksiana Lamb.) at the sand-dominated site, planting (2200 stems ha−1) of white spruce
(Picea glauca [Moench.] Voss) at the silt-dominated site, and planting (3200 stems ha−1)
of a white and black spruce (Picea mariana [Mill] B.S.P.) mix at the clay-dominated site
was carried out to establish a goal of 2000–3000 trees ha−1. Five to six years post-harvest,
there were refill plant efforts to achieve stocking of 80% desirable species regeneration at
each site (sand-dominated site: 9000 jack pine seedlings, with an average of 550 trees ha−1;
silt-dominated site: 730 white spruce trees ha−1; clay-dominated site: 1275 black spruce
trees ha−1); this was based on an assessment of 2 m× 2 m quadrats with at least one tree,
equating to 2500 trees ha−1. Finally, vegetation management using aerial (clay-dominated
site) or backpack application (silt-dominated site) of glyphosate (VisionTM) herbicide (He-
lena Chemical Company, Collierville, TN, USA) was used to control broadleaved trees and
shrubs after three years and five to seven years post-harvest, respectively. No vegetation
control was required at the sand-dominated site.

2.3. Forest Floor and Mineral Horizon Sampling

Forest floor horizons (litter and F/H) and the upper mineral soil horizon (0–30 cm
depth) were sampled in early summer (June/July) pre-harvest (0) and 5, 14, and 20 years
post-harvest at all sites. Within each treatment plot, a permanent 20 m× 20 m grid was
established, and three subplots were randomly assigned within the grid. Within each
subplot, litter horizon samples (i.e., easily recognized dead material such as leaves and
twigs) [35] were collected in a 15 cm × 15 cm square in four randomly selected locations.
Any living material (e.g., moss and grass) and materials > 2.5 cm diameter (coarse woody
debris) were not collected. F/H horizon samples (i.e., partially and/or fully decomposed
organic materials) [35] were collected within the same locations as the litter samples
by cutting around the 15 cm × 15 cm square and removing the partially and/or fully
decomposed organic materials to the depth of the mineral soil.

Mineral soil samples were collected using a one-piece Dutch auger in the same four
locations as the litter and F/H samples. Mineral soil was collected 10 cm at a time, starting
at a depth of 0 cm (i.e., where the F/H horizon ends and the mineral soil horizon begins)
down to a depth of 30 cm and deposited into freezer bags. The sides of the auger were
cleaned between samples to prevent contamination by other soil or surface organic matter.
Mineral soil bulk density was assessed in an area adjacent to each soil sampling subplot
(n = 3 per plot). The area was cleared of the forest floor to expose the underlying mineral
soil, and the top 0–30 cm of mineral soil was collected incrementally using a stainless-steel
soil corer (r = 2.65 cm, h = 15.30 cm). All soil horizon samples (forest floor and mineral)
were cold-stored at 4 ◦C prior to analysis.

2.4. Sample Processing

Fresh litter and F/H samples were oven-dried at 70 ◦C and periodically weighed
(to the nearest 0.01 g) until a constant weight was reached (for approximately 24–72 h
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depending on the wetness of the sample). SOC contents in the litter horizon were estimated
as 50.8% and 49.4% dry mass for the boreal conifer (sand-dominated) and boreal mixed-
wood (silt- and clay-dominated) sites, respectively, which were established from the Dryad
wood C content database [36] using average stem wood C content of 20 conifer (for the
sand-dominated site) and 20 conifer and 27 angiosperm (for the silt- and clay-dominated
sites) tree species in Canada. SOM (%) in the F/H samples was measured via loss-on-
ignition (LOI) at 550 ◦C for 16 h and then converted to SOC using a conversion factor
of 0.56 [37]. SOC in the litter and F/H layers was then converted to Mg ha−1 using the
estimated dry mass (g) and sample area size (225 cm2).

Upper mineral soil bulk density samples were oven-dried at 105 ◦C for 48 h (or until a
constant weight was reached), and the auger mineral samples were air-dried at 20–25 ◦C
for 2 weeks. Fresh upper mineral soil auger samples (0–10, 10–20, and 20–30 cm) from the
same subplots were then air-dried at 20–25 ◦C for 2 weeks prior to analysis. Any clods in
the air-dried samples were broken apart by hand or with a rubber mallet, then sieved to
2 mm, homogenized, and ground for 2 min with a Retech mortar and pestle. Upper mineral
soil samples were analyzed for moisture content, organic matter content (to measure SOC),
pH, and total nitrogen (TN). Moisture content was assessed by oven-drying 10 g of upper
mineral soil at 105 ◦C for 24 h or until a constant weight was reached. Moisture content
was calculated using the following equation:

Moisture content (%) =
WWT(g) − DWT(g)

DWT(g)
× 100,

where WWT is the wet weight of the soil (g), and DWT is the dry weight of the soil (g). The
organic matter content of mineral soil samples (~10 g) was measured via LOI at 550 ◦C for
16 h. SOM content was then used to calculate SOC (g kg−1) using a conversion factor of 0.56,
and a structural water loss correction factor of 0.075 was used to avoid over-estimating SOM
(and therefore SOC) for the clay dominated-site [37]. The total nitrogen (TN; g kg−1) of the
mineral soil samples was measured using a Vario ISOTOPE Cube EA-IRMS (Elementar
Analysis Systems GmbH, Langenselbold, Germany). Upper mineral SOC was converted
from g kg−1 to Mg ha−1 using depth (10 cm) and bulk density (g cm−3).

2.5. Twentieth-Year Litterfall and Decompositon

Twenty years post-harvest, litter traps and litter bags were implemented to measure
litterfall and decomposition, respectively. Three litter traps (50 cm × 50 cm) were installed
within each treatment plot at each site (one per soil sampling subplot; n = 36). Litter traps
were made from untreated lumber with 1 mm2 fiberglass mesh (flyscreen mesh) stapled
to the bottom of the trap. Litter traps were located 5 m from the NW corner grid post in
the direction of the subplot center. Where the ground was sloped, the trap followed the
contours of the ground. If tree trunks, tree roots greater than 10 cm high, other plants or
trails made it difficult to securely place the trap there, it was moved to the nearest possible
location (within 2 m of original position). Eleven litter bags were deployed within each
treatment plot at each site (n = 132). Litter bags consisted of oven-dry Whatman No. 1
(11.0 cm) cellulose filter paper (Cytiva, Maidstone, UK) within a 10 cm × 10 cm fiberglass
mesh (flyscreen mesh) bag. Filter papers were cut into quarters, oven-dried at 60 ◦C for
72 h, and weighed to the nearest 0.0001 g. The filter papers were approximately 0.2 g DWT.
The mesh bag was created using two identical fiberglass mesh squares sealed together at
the edges using a TISH-200 Impulse Sealer (Electric Heating Equipment Co., Ltd., Taipei,
Taiwan). Litter bags were located 50 cm from the NW corner grid post in the direction of
the subplot center. Litter bags were deployed on the soil surface using a pin flag to secure
the litterbag to the ground (ensuring the cellulose paper remained undamaged).
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After one year, the contents of the litter traps and litter bags were collected in paper
bags and stored at 4 ◦C until analysis. Any adherent soil particles on the litter bags were
gently removed. Tree trunks/branches greater than 5 cm in diameter were not collected;
instead, their measurements were recorded, and their weight (g) was estimated using the
following equation:

W = V × S,

where W is the weight of the wood in Mg, V is the volume (m3), and S is the oven-dry
specific gravity of the species [38]. For branches longer than 50 cm in length, parts that were
outside of the edges of the litter trap were cut off and not collected. The contents of the
litter traps and litter bags were dried in an oven at 70 ◦C for two weeks, and dry weights
(g) were recorded. Litterfall (Mg ha−1 yr−1) was estimated using dry weights and trap size,
and decomposition (% mass remaining) was estimated by calculating the percentage mass
loss of the cellulose filter paper.

2.6. Statistical Analysis

All statistical analyses were performed using the R statistical software version 4.1.3 [39].
Separate linear mixed-effects models (LMEs) were used to determine if the SOC stocks in
litter, F/H, and mineral soils were different among treatments and sites. Models were fitted
using the lmer function in the package ‘lme4’ [40] with predictor variables of treatment
(Control, Harvest Only, and Harvest Plus), year (5, 14, and 20 years post-harvest), and
site (sand-, silt-, and clay-dominated). Subplots were nested within blocks and treated
as random effects, as was the effect of year. Similar LMEs were used to determine if the
percentage change in total (litter, F/H, and mineral) SOC was different among treatments
from pre-harvest (0) to 20 years post-harvest and to see if litterfall and decomposition
were different among treatments 20 years post-harvest; in these models, the effect of year
was not included. Type III mixed analysis of variances (ANOVAs) with Satterthwaite’s
approximation for degrees of freedom were used to calculate p values of LMEs. If main
effects (effects of treatment, year, and/or site) were significant (p < 0.05) for an LME,
post hoc pairwise comparisons using Tukey’s adjusted p-values (p.adj) were computed at
95% confidence using the package ‘emmeans’ [41]. Linearity of the relationship between
the predictor and the response and homogeneity of error variance were tested visually
(see [42]). Normality of errors was assessed visually by plotting the residuals in histograms
and normal probability plots and statistically using Shapiro–Wilk’s normality test, where
a bell-shaped distribution, residuals falling along a straight line, and p > 0.05 indicated
that errors were normally distributed. For all LMEs, the outcome variable (SOC) was
log-transformed (if necessary) to meet assumptions of normality. Spearman’s rank-order
correlation was used to determine if there was a correlation between decomposition and
soil moisture, and these data were plotted using the package ‘ggplot2’.

3. Results
3.1. Forest Floor (L and F/H) and Mineral Horizon SOC Stocks Following Forest Harvesting with
and Without Post-Harvest Silviculture

Forest floor (litter and F/H) and mineral soil horizon SOC stocks pre-harvest (0) and
5, 14, and 20 years post-harvest are shown in Figures 1 and 2. Prior to harvest, the F/H
and mineral soil horizons were similar across the treatment plots, with the largest SOC
stocks being in the F/H (37.1–43.2 Mg ha−1) and mineral (49.2–53.4 Mg ha−1) and the
smallest stocks being in the litter horizon (1.7–4.5 Mg ha−1) at all sites. Generally, both the
Harvest Only and Harvest Plus treatments resulted in reduced SOC socks in all horizons 5,
14, and 20 years post-harvest compared with the Control. However, no treatment effects
were observed in the first decade following harvest; all treatment effects occurred 14 or
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20 years post-harvest, and at the sand-dominated site, the Harvest Only treatment had
slightly larger SOC stocks compared with the Control and Harvest Plus treatment over
time. The SOC stocks in all horizons were significantly different among the sites (litter:
F2,63 = 3.67; p = 0.027; F/H: F2,63 = 309.62; p < 0.001; mineral: F2,63 = 62.21; p < 0.001),
driven by significantly larger litter SOC at the sand-dominated site 20 years post-harvest
compared with the clay-dominated site (p.adj < 0.001), significantly larger F/H SOC at
the clay-dominated site in all years compared with the sand- and silt-dominated sites
(p.adj < 0.001), and significantly larger mineral SOC at the silt-dominated sites compared
with the other two sites 5 and 14 years post-harvest and the silt- and clay-dominated sites
compared with the sand-dominated site 20 years post-harvest.

Figure 1. Average (±SE) soil organic carbon (SOC; Mg ha−1) in the litter horizon pre-harvest (0)
and 5, 14, and 20 years post-harvest by silviculture treatment (Control, Harvest Only, and Harvest
Plus) at three boreal forest sites varying in mineral soil texture: sand-dominated (Sioux Lookout),
silt-dominated (Timmins), and clay-dominated (Kapuskasing) in Ontario, Canada (n = 4). Different
lowercase letters indicate statistically significant differences from Tukey’s honest significant difference
(HSD) test (pairwise comparisons between each treatment and the Control) within each site and year
(p.adj < 0.05).

SOC stocks in the litter horizon generally increased over time (F2,63 = 33.81; p < 0.001),
although three way-mixed ANOVA determined there was a significant two-way interaction
between treatment and post-harvest year (F4,63 = 3.70; p = 0.006) and site and post-harvest
year (F4,63 = 2.77; p = 0.029). Specifically, at the sand- and clay-dominated sites, litter SOC
was significantly higher in the Control compared with both treatments 20 years post-harvest
(p.adj < 0.05) (Figure 1). Similarly, three-way mixed ANOVA determined that F/H SOC
stocks were significantly different among the treatments (F2,63 = 42.10; p < 0.001), where
F/H SOC was generally highest in the Control treatments across all post-harvest years;
however, the effects were site-dependent (two-way interaction between site and treatment;
F4,63 = 23.58; p < 0.001). Specifically, significant treatment effects were only observed at the
clay-dominated site, where F/H SOC was significantly higher in the Control compared
with the Harvest Only (p.adj < 0.001) and Harvest Plus (p.adj < 0.001) treatments 14 and
20 years post-harvest, and F/H SOC was significantly higher in the Harvest Plus treatment
compared with the Harvest Only treatment (p.adj < 0.001) 20 years post-harvest (Figure 2A).
Mineral soils revealed similar results to the forest floor horizons, where both the Harvest
Only and Harvest Plus treatments significantly reduced SOC stocks at the silt- and clay-
dominated sites (F2,63 = 4.17; p = 0.020) but not at the sand-dominated site (p = 0.602),
driven by a significant interaction between treatment and site (F4,63 = 18.40; p < 0.001)
(Figure 2B). At the silt-dominated site, the Harvest Only treatment had the smallest SOC
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stocks compared with the Control and Harvest Plus treatment 14 and 20 years post-harvest
(Figure 2); however, significant differences were observed 14 years post-harvest only
(p.adj = 0.044). SOC stocks were also significantly lower in the Harvest Only treatment at
the clay-dominated site 20 years post-harvest (p.adj = 0.023), but at the sand-dominated site,
no significant treatment differences were observed. Both treatments did not affect mineral
soil physical and chemical properties (i.e., bulk density, moisture, pH, total nitrogen) 5, 14,
and 20 years post-harvest (Table 2).

Figure 2. Pre-harvest average (±SE) soil organic carbon (SOC; Mg ha−1) in the (A) F/H and (B)
mineral horizon (0–30 cm depth) pre-harvest (0) and 5, 14, and 20 years post-harvest by silviculture
treatment (Control, Harvest Only, and Harvest Plus) at three boreal forest sites varying in mineral
soil texture: sand-dominated (Sioux Lookout), silt-dominated (Timmins), and clay-dominated (Ka-
puskasing) in Ontario, Canada (n = 4). Different lowercase letters indicate statistically significant
differences from Tukey’s honest significant difference (HSD) test (pairwise comparisons between
each treatment and the Control) within each site and year (p.adj < 0.05).
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Table 2. Upper mineral soil (0–30 cm) physiochemical variables (average ± SE; N = 36) 5, 14, and 20 years post-harvest. No significant differences between treatments
were found following three-way mixed analysis of variance. N/A = data not available. Different lowercase letters indicate statistically significant differences from
Tukey’s honest significant difference (HSD) test (pairwise comparisons between each treatment and the Control) within each site and year (p.adj < 0.05).

Sand-Dominated Site Silt-Dominated Site Clay-Dominated Site

Post-harvest year 5 14 20 5 14 20 5 14 20

Bulk density (g cm−3)
Control 0.94 ± 0.1 0.94 ± 0.1 1.00 ± 0.0 0.75 ± 0.1 0.75 ± 0.2 0.71 ± 0.0 0.89 b ± 0.0 1.06 ± 0.1 0.86 ± 0.1

Harvest Only 1.03 ± 0.1 0.96 ± 0.1 1.03 ± 0.0 0.82 ± 0.1 0.85 ± 0.1 0.76 ± 0.0 0.99 ab ± 0.0 1.05 ± 0.1 1.03 ± 0.1
Harvest Plus 0.94 ± 0.1 1.02 ± 0.1 0.99 ± 0.1 0.83 ± 0.1 0.76 ± 0.2 0.72 ± 0.2 1.06 a ± 0.0 0.92 ± 0.1 0.99 ± 0.1
Moisture (%)

Control 0.7 ± 0.0 0.6 ± 0.1 0.7 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 7.0 ± 2.2 2.3 ± 0.1 2.6 ± 0.1 5.9 ± 1.1
Harvest Only 0.7 ± 0.1 0.6 ± 0.1 0.9 ± 0.2 0.8 ± 0.0 0.9 ± 0.1 9.0 ± 3.4 2.3 ± 0.1 2.9 ± 0.1 4.0 ± 0.9
Harvest Plus 0.7 ± 0.0 0.6 ± 0.1 0.6 ± 0.1 1.3 ± 0.1 0.9 ± 0.0 6.4 ± 1.3 2.4 ± 0.1 3.2 ± 0.3 3.8 ± 1.1

pH
Control 5.0 ± 0.4 N/A 5.1 ± 0.2 5.7 a ± 0.2 N/A 5.8 ± 0.4 7.2 a ± 0.4 N/A 7.1 ± 0.6

Harvest Only 5.1 ± 0.2 N/A 5.0 ± 0.4 5.0 b ± 0.1 N/A 5.2 ± 0.2 6.5 ab ± 0.4 N/A 6.7 ± 0.4
Harvest Plus 5.1 ± 0.3 N/A 4.9 ± 0.4 5.1 b ± 0.1 N/A 5.4 ± 0.3 6.2 b ± 0.2 N/A 6.3 ± 0.7
TN (g kg−1)

Control 0.3 ± 0.1 0.3 ± 0.0 0.5 ± 0.0 1.1 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 0.7 ± 0.0 0.8 ± 0.0 4.2 ± 1.0
Harvest Only 0.2 ± 0.0 0.3 ± 0.0 0.5 ± 0.0 1.1 ± 0.1 1.3 ± 0.2 1.8 ± 0.3 0.7 ± 0.1 0.8 ± 0.1 3.5 ± 1.1
Harvest Plus 0.2 ± 0.0 0.2 ± 0.0 0.5 ± 0.0 1.2 ± 0.1 1.4 ± 0.1 2.1 ± 0.5 0.7 ± 0.0 0.9 ± 0.1 2.8 ± 1.1
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3.2. Long-Term (20 Year) Effects of Forest Management on Overall SOC Stocks

The percentage changes in total SOC (forest floor and mineral soil horizon SOC
stocks) from pre-harvest (0) to 20 years post-harvest were significantly different among
the treatments, driven by significantly larger losses in overall SOC at the sand-dominated
site in the Harvest Plus treatment (70% ± 8) compared with the Control (38% ± 10) and
Harvest Only (34% ± 15) treatment (F2,27 = 4.56; p = 0.025), with the Harvest Only treatment
resulting in the smallest net loss in SOC over time (Figure 3). No treatment effect on total
SOC (p > 0.05) was observed at either the silt- or clay-dominated sites, and all treatments
resulted in increased SOC over 20 years at these sites. However, the harvesting treatments
did have lower net gains in SOC at both sites, with the Harvest Plus treatments having
the smallest net gain at the silt-dominated site (22% ± 16) compared with the Control
(54% ± 24) and Harvest Only treatment (39% ± 23) and the Harvest Only treatment having
the smallest net gain at the clay-dominated site (47% ± 15) compared with the Control
(78% ± 17) and Harvest Plus treatment (73% ± 28). The percent changes in total SOC were
thus significantly different among the sites (F2,27 = 13.54; p < 0.001), driven by increases
in SOC over time at the silt-and clay-dominated sites compared with losses in SOC at the
sand-dominated site in all horizons (p.adj < 0.001).

Figure 3. Average (±SE) percentage change in total (forest floor and mineral) soil organic carbon
(SOC) from pre-harvest (0) to 20 years post-harvest by silviculture treatment (Control, Harvest Only,
and Harvest Plus) at three boreal forest sites varying in mineral soil texture: sand-dominated (Sioux
Lookout), silt-dominated (Timmins), and clay-dominated (Kapuskasing) in Ontario, Canada (n = 4).
Different lowercase letters indicate statistically significant differences from Tukey’s honest significant
difference (HSD) test (pairwise comparisons between each treatment and the Control) within each
site (p.adj < 0.05).

In the forest floor specifically, the Harvest Only treatment reduced forest floor SOC
stocks by 147%, 25%, and 25% at the sand-, silt-, and clay-dominated sites, respectively
(Figure 4A). Post-harvest silviculture resulted in smaller forest floor SOC losses at the sand-
(21%) and clay-dominated (4%) sites but larger forest floor losses at the silt-dominated site
(53%), whereas in the mineral horizon, the Harvest Only treatment increased SOC stocks
by 32% at the sand-dominated site and reduced SOC stocks by 9% and 27% at the silt- and
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clay-dominated sites, and the Harvest Plus treatment increased SOC stocks by 2% and 4%
in the sand- and clay-dominated sites but reduced SOC stocks by 19% at the silt-dominated
site (Figure 4B).

Figure 4. Average (±SE) percentage change in (A) forest floor (litter and F/H horizons) and (B) min-
eral horizon soil organic carbon (SOC) from pre-harvest (0) to 20 years post-harvest by forest man-
agement treatment (Control, Harvest Only, and Harvest Plus) at three boreal forest sites varying in
mineral soil texture: sand-dominated (Sioux Lookout), silt-dominated (Timmins), and clay-dominated
(Kapuskasing) in Ontario, Canada (n = 4). Different lowercase letters indicate statistically significant
differences from Tukey’s honest significant difference (HSD) test (pairwise comparisons between
each treatment and the Control) within each site (p.adj < 0.05).

3.3. Long-Term (20th Year) Effects of Forest Management on Litterfall and Decomposition

There was a significant effect of forest management treatment on litterfall, where
litterfall was highest in the Control compared with both treatments (F2,27 = 3.83; p = 0.026;
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Table 3). The Harvest Only treatment reduced litterfall by 81% and 22% in the sand- and silt-
dominated sites, respectively, but did not change litterfall at the clay-dominated site after
20 years. The Harvest Plus treatment reduced litterfall by 38%, 18%, and 38% at the sand-,
silt-, and clay-dominated sites. Although the treatment effects varied slightly by site, there
was no interaction effect between treatment and site (F4,27 = 1.90; p = 0.118). Comparisons
among sites revealed that litterfall was highest at the silt-dominated site, intermediate at
the clay-dominated site, and lowest at the sand-dominated site after 20 years (two-way
mixed ANOVA; F2,27 = 29.22; p < 0.001)

Table 3. Average (± SE) dry mass of litterfall (Mg ha−1 yr−1) and decomposition (% mass lost) in
the sand-, silt, and clay-dominated boreal forest sites 20 years post-harvest. Different lowercase
letters indicate statistically significant differences from Tukey’s honest significant difference (HSD)
test (pairwise comparisons between each treatment and the Control) within each site (p.adj < 0.05).

Sand-Dominated
Site

Silt-Dominated
Site

Clay-Dominated
Site

Litterfall (Mg ha−1 yr−1)
Control 2.1 a ± 0.2 4.5 ± 1.2 3.2 a ± 0.1

Harvest Only 0.4 b ± 0.1 3.5 ± 0.3 3.2 ab ± 0.5
Harvest Plus 1.3 a ± 0.2 3.7 ± 0.8 2.0 b ± 0.4

Decomposition (% mass lost)
Control 10.8 ± 1.6 17.5 b ± 3.4 24.3 b ± 5.3

Harvest Only 13.8 ± 4.1 43.2 a ± 2.8 35.7 a ± 5.4
Harvest Plus 14.2 ± 1.9 43.6 a ± 3.9 17.0 b ± 5.7

There was a significant effect of treatment (two-way mixed ANOVA; F2,27 = 6.59;
p = 0.005; Table 3) on decomposition at the silt- and clay-dominated sites; however, there
was also a significant two-way interaction between treatment and site (F4,27 = 4.48; p = 0.007),
and no effect of treatment on decomposition was observed at the sand-dominated site
(F2,27 = 2.48; p = 0.345). There was also a moderate positive linear association between
decomposition and soil moisture 20 years post-harvest (Spearman’s rank correlation;
ρ(34) = 0.45; p = 0.006). For both the sand- and silt-dominated sites, both treatments
had higher rates of decomposition compared with the Control, though the differences were
only significant at the silt-dominated site, where both treatments had 2.5× higher decom-
position rates compared with the Control (p.adj < 0.001). The Harvest Only treatment also
significantly increased the rate of decomposition at the clay-dominated site (p.adj = 0.043)
relative to the Control; however, the Harvest Plus treatment did not change the rate of
decomposition relative to the Control (p > 0.05) and was significantly lower compared with
the Harvest Only treatment (p.adj < 0.001). Comparisons among sites revealed that the
sand-dominated site had significantly lower decomposition compared with the other two
sites (two-way mixed ANOVA; F2,27 = 17.82; p < 0.001).

4. Discussion
We hypothesized that the forest management treatments would result in lower SOC

values in the long term; over a 20-year period, both forest management treatments generally
resulted in reduced total (litter, F/H, and mineral horizon) SOC stocks compared with the
control, with the treatment effects being observed only in the second decade post-harvest
(14 and 20 years post-harvest). One exception was the sand-dominated site, where the
harvest without post-harvest silviculture treatment increased the total SOC stocks after
20 years, although no significant treatment effect was observed. Treatment differences
in later years were mainly driven by reduced litter SOC in the harvest with post-harvest
silviculture treatment (e.g., site-prepared, planted, and managed for competing vegetation)
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and reduced forest floor and mineral SOC in the harvesting treatment that was left to reveg-
etate naturally. We also hypothesized that the harvest without post-harvest silviculture
treatment would have the lowest SOC stocks; indeed, after 20 years, the F/H and mineral
horizon SOC stocks showed signs of recovery in the harvest with post-harvest silviculture
treatment, where the stocks were similar to the control. However, the magnitude of the
response varied across sites, likely due to inherent mineral soil physiochemical differences
across the sites (e.g., bulk density, moisture, pH, and total nitrogen). The sand-dominated
site had the smallest total SOC stocks and lost total SOC over time in all treatments, whereas
the other two sites increased their overall SOC stocks over time.

It has been widely reported that the forest floor (i.e., litter and F/H) is more directly
impacted by silviculture treatments such as harvesting compared with the underlying min-
eral soil, with these effects being more pronounced in boreal versus temperate forests [28].
Estimates of these reductions in SOC following harvest in conifer/mixed forests are ap-
proximately 20–38% in forest floor organic horizons [43,44]. The observed losses in our
study were generally within the range of previously reported values in both the harvesting
without post-harvest silviculture (~25%) at two of the sites and the harvesting with post-
harvest silviculture for all three sites (4%–53%). The exception was at the sand-dominated
site, where reductions of 147% were observed in the harvesting without post-harvest silvi-
culture treatment compared with the control. Although this percentage loss seems high, the
sand-dominated site had inherently lower SOC in the forest floor horizon, and actual SOC
losses were less than 50 Mg ha−1 SOC over the twenty-year period. In the mineral soil, the
changes in SOC stocks 20 years post-harvest were similar to that of the forest floor horizon
in the harvest without post-harvest silviculture treatment, which is larger than average
reported values (3%–9%; [44]), ranging from +32% at the sand-dominated site to −27% at
the clay-dominated site. Post-harvest silviculture improved the recovery of mineral SOC
at the sand- (2%) and clay (4%)-dominated sites compared with the control but reduced
mineral SOC at the silt-dominated site by 19%.

In the reviews [28] and [45] on the effects of forest harvesting on soil productivity, both
reviews suggested that changes in mineral SOC following harvesting and post-harvest
silviculture may be due to the translocation of carbon into mineral soils instead of mineral-
ization to CO2, explaining why increases or no change in SOC are sometimes observed in
upper mineral soil horizons. Similarly, [46] attributed SOC values in the upper mineral soil
following mechanical site preparation to the displacement of the forest floor and mixing of
the forest floor and mineral pools during mechanical site preparation. This is supported by
the authors of [47], who report forest floor SOC stocks decreasing with harvest intensity,
while the depth of the forest floor was not significantly different between harvested and
uncut coniferous forests, suggesting a mixing of mineral soils into the forest floor (and
presumably vice versa). In our study, the percentage losses of SOC in the forest floor at the
clay-dominated site (4%) were similar to the percentage gains of SOC in the mineral soil
(4%) in the harvesting with post-harvesting silviculture treatment, suggesting translocation
of SOC as a possible mechanism at that site.

Following harvest, SOC stocks in the forest floor typically decrease by several mech-
anisms: physical removal and/or translocation, decreased litter inputs with the removal
of vegetation, and/or changes in the rates of decomposition with increased microbial
respiration under altered abiotic conditions. The removal of aboveground vegetation via
clearcut harvesting not only reduces carbon inputs to a system, but it can also increase
surface and mineral soil exposure to direct solar radiation, increasing soil temperatures and,
in turn, increasing soil respiration and decomposition [48–50]. In our study, harvesting
increased the rate of decomposition at the silt- and clay-dominated sites but did not change
the rate of decomposition at the sand-dominated site. Reduced or no change in decom-
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position following harvest has also been reported [51–53]. It is likely that decomposition
decreases in the surface litter following harvest due to drying from exposure to wind and
sunlight, while decomposition simultaneously increases in the F/H layer following harvest
due to increased temperature and moisture [13,54]. Indeed, our study showed a positive
correlation with moisture and decomposition across the study sites.

Site preparation has been shown to exacerbate SOC losses due to increased decom-
position following harvesting. [29] reported 20%–50% smaller SOC stocks in the forest
floor after 10 years and suggested that this was a result of enhanced decomposition of
woody debris that had either been buried in the forest floor following site preparation,
making it more accessible for soil microbes [13], or become fragmented by machinery,
promoting decomposition, or both. In the plots that were site-prepared and managed for
vegetation, we found increased decomposition at the silt-dominated site but no change
and decreased decomposition at the sand- and clay-dominated sites, respectively. Twenty
years post-harvest, the vegetation had had time to establish, and fast-growing species (e.g.,
jack pine at the sand-dominated site and Alnus incana (L.) Moench at the clay-dominated
site) may have already experienced crown closure [55,56], leading to increased shading and
decreased soil temperatures, which may have decreased the decomposition rates.

Planting may also be considered as a site disturbance that can increase SOC mineraliza-
tion [15] through exposure of protected SOM to microbial degradation [57] and exacerbate
losses of SOC on the forest floor. However, observations of increased respiration have also
been attributed to revegetation and increased respiration associated with plant root growth
verses microbial respiration [58] while also increasing the amount of carbon inputs to the
forest floor. Correspondingly, herbicide use has been shown to decrease SOC in the forest
floor by up to 20% [59], as vegetation suppression removes these C inputs. However, the
effects of herbicides such as glyphosate are often short-lived [60] being degraded by mi-
crobes, and by 14 years post-harvest (7–9 years post-harvest management), the vegetation
would have had plenty of time to re-establish on the plots regardless of the site preparation
methods. After 20 years, the plots that were managed for vegetation had reduced litter
SOC stocks at all sites but showed no differences with control plots for the bulk of the
belowground SOC (F/H and mineral horizons), regardless of site. However, F/H and
mineral SOC stocks were lowest in the plots left to regenerate naturally following harvest
at the clay-dominated site, suggesting that the long-term effects of post-harvest silviculture
resulted in relatively smaller SOC losses at this site.

At the same time, physical disturbance during post-harvest silviculture such as
compaction can decrease microbial biomass [61] and suppress decomposition in min-
eral soils [62] while also increasing carbon losses through DOC leaching [63]. That said,
the SOC stocks in the mineral soil at the clay-dominated site were lowest in the less inten-
sive forest management treatment (i.e., harvest without post-harvest silviculture) 20 years
post-harvest; this could be a result of site preparation in the most intensive treatment
mixing carbon from the forest floor into the upper mineral soil [45], but it could also be
due to other post-harvest management strategies. The silt- and clay-dominated sites in
this study were planted with Picea spp. seedlings 1–2 years following site preparation,
and competing vegetation was managed with glyphosate afterwards in the post-harvest
silviculture treatment. Although the physical process of planting following site preparation
may lead to soil disturbance and increase carbon mineralization in the short-term [15],
seedling performance and carbon storage generally increase following site preparation over
time, and this may balance or outweigh soil carbon losses overall ([64], but see [59,65]).

Many mechanisms likely contributed to the altered SOC stocks following forest harvest
and post-harvest silviculture in our study, including reduced litterfall or changes to litterfall
diversity, increased decomposition, changes in microbial biomass and functional diversity,
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translocation of carbon from the forest floor to the underlying mineral soil, and influx of
carbon from dead roots and/or microbes. Further study is needed to assess the weight of
each contribution. Inherently different mineral soil physiochemistry, driven by differences
in mineralogy and texture at each site, likely contributed to the differing magnitudes of
responses to treatments across the sites, though we had no replicates for the soil texture
(sand-, silt-, and clay-dominated) and no concrete conclusions can be drawn among the
sites.

5. Conclusions
The results in the current study provide valuable insight into how various harvesting

and post-harvest silviculture techniques (i.e., clearcut harvesting, mechanical site prepa-
ration, planting, and vegetation management using herbicides) affect belowground SOC
stocks in both the short and long term in boreal forests and offer insight into how soil
texture can play a role in altering the magnitude of these effects. Most forest manage-
ment studies are short-term (i.e., <1–5 years post-harvest); in this study, most treatment
differences were observed from 14 to 20 years post-harvest, highlighting the importance of
conducting long-term field experiments in boreal ecosystems. At all sites, both harvesting
treatments resulted in smaller total SOC stocks 20 years post-harvest compared with control
plots, though the treatment effects seemed to be site-specific. At the clay-dominated site,
post-harvest management improved the recovery of SOC stocks lost due to harvesting
over time, whereas at the sand-dominated site, post-harvest management depleted SOC
stocks compared with the other treatment, and leaving plots to regenerate naturally re-
sulted in smaller SOC losses compared with the control over time. This suggests that
sand-dominated sites, with inherently low SOC, may be more susceptible to SOC loss fol-
lowing harvest with post-harvest silviculture compared with more fine-textured sites, but
this hypothesis should be confirmed using replicated texture sites. Nevertheless, it seems
imperative that silviculture strategies consider site-specific soil properties. Understanding
the relationship between C dynamics, forest management, and soil texture is essential for
developing sustainable management strategies that optimize carbon sequestration and
contribute to the resilience of boreal forest ecosystems in the face of climate change.
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