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ARTICLE INFO ABSTRACT
Keywords: Partial cutting has lower canopy removal intensities than clearcutting and has been proposed as an alternative
LANDIS-II harvesting approach to enhance ecosystem services, including carbon sequestration and storage. However, the

Carbon sequestration and storage
Forest management
Heterotrophic respiration

ideal partial cutting/clearcutting proportion that should be applied to managed areas of the eastern Canadian
boreal forest to enhance long-term carbon sequestration and storage at the landscape scale remains uncertain.
Net biome production Our study projected carbon dynamics over 100 years (2010-2110) under a portfolio of management strategies
Silviculture and future climate scenarios within three boreal forest management units in Quebec, Canada, distributed along
Climate change an east-west gradient. To model future carbon dynamics, we used LANDIS-II, its Forest Carbon Succession
extension, and several extensions that account for natural disturbances in the boreal forest (wind, fire, spruce
budworm). We simulated the effects of several management strategies on carbon dynamics, including a business-
as-usual strategy (clearcutting applied to more than 95 % of the annually managed area), and compared these
projections against a no-harvest natural dynamics scenario. We projected an overall increase in total ecosystem
carbon storage, mostly because of increased productivity and broadleaf presence under limited climate change.
The drier Western region under climate scenario RCP8.5 was an exception, as stocks decreased after 2090
because of the direct negative effects of extreme climate change on coniferous species’ productivity. Under the
natural dynamic scenario, our simulations suggest that the Quebec Forest in the Central and Western regions may
act as a carbon sink, despite high fire-related carbon emissions, particularly under RCP4.5 and RCP8.5
Conversely, the eastern region periodically switched from carbon sink to source following SBW outbreaks, thus
being a weak sink over the simulation period. Applying partial cutting to over 50 % of the managed forest area
effectively mitigated the negative impacts of climate change on carbon balance, reducing differences in stand
composition and carbon storage between naturally dynamic forests and those managed for timber. In contrast,
clearcutting-based scenarios, including the business-as-usual approach, substantially reduced total ecosystem
carbon storage— by approximately double (10 tC ha™! yr™1) compared to partial cutting scenarios (<5 tC ha™!
yr~1). Clearcutting led to higher heterotrophic respiration due to the proliferation of fast-decomposing broad-
leaves, resulting in lower carbon accumulation compared to partial cuts. Our findings underscore the importance
of balancing canopy removal intensities to increase carbon sequestration and storage while preserving other
ecosystem qualities under climate change.

CcC Clear cutting
Abbreviations CLAAG Careful logging around advanced growth
AGB Aboveground biomass CPRS Cutting with the protection of regeneration and soil
BAU Business-as-usual CRI Canopy removal intensities
BGB Belowground biomass DOM Dead organic matter
CanESM2 Second-generation Canadian earth system model ForCS  Forest carbon succession extension

* Corresponding author.
E-mail address: amea02@uqat.ca (A. Ameray).

https://doi.org/10.1016/j.ecolmodel.2024.110894

Received 24 July 2024; Received in revised form 3 September 2024; Accepted 23 September 2024

0304-3800/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:amea02@uqat.ca
www.sciencedirect.com/science/journal/03043800
https://www.elsevier.com/locate/ecolmodel
https://doi.org/10.1016/j.ecolmodel.2024.110894
https://doi.org/10.1016/j.ecolmodel.2024.110894
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Ameray et al.

maxAGB Maximum aboveground biomass
maxANPP Maximum aboveground NPP

MNRF  Ministry of Naturelle’s resources and forest
MU Management units

NBPa Accumulated net biome productivity
NEPa Accumulated net ecosystem productivity
NPP Net primary productivity

PC Partial cuts

PnET Photosynthetic/Evapotranspiration model
RCP Representative concentration pathway

Ry Heterotrophic respiration

SBW Spruce budworm outbreaks

SEP Species establishment probability

1. Introduction

Forests store about 50 % of the world’s terrestrial carbon, making
these biomes important for climate change mitigation (Pan et al., 2011).
Forest ecosystems remove nearly 2 Pg-yr~! of carbon from the atmo-
sphere through photosynthesis, absorbing about 30 % of anthropogenic
CO4 emissions (Bellassen & Luyssaert, 2014; Kohl et al., 2015). The
boreal forest is the second-largest terrestrial biome, representing 27 % of
the world’s forests in 2020, and provides 7 % of the global wood supply
(Dixon et al., 1994; Gauthier et al., 2015; Girona et al., 2023a; Grace,
2005). It stores 88 GtC in living biomass and 471 GtC in soils (Dixon
et al., 1994), the latter corresponding to 60 % of the world’s soil organic
carbon (Pan et al., 2011). However, carbon sequestration and storage in
the boreal forest are sensitive to climate change (direct climate effects on
growth, mortality, decay rates, regeneration, and reproduction), natural
disturbance (the frequency and severity of these events will be altered by
climate change), and forest management practices, all of which could
alter boreal forest composition and structure and switch areas of the
boreal forest from carbon sinks to sources (Ameray et al., 2021; Bou-
langer et al., 2019; Girona et al., 2023b).

Forest management has the potential to alter the carbon pool and
flux dynamics; the extent of this influence depends on the applied can-
opy removal intensity (CRI). Partial cutting (PC), having a low-
-moderate CRI, reduces competition and favors a gradual shift in stand
structure from stands with many trees of low individual biomass toward
stands having fewer but larger trees (Zhou et al. 2013; Moussaoui et al.,
2020; Taylor et al., 2008). PC also maintains uneven age structures and
continuous cover, thereby ensuring some degree of carbon storage; the
actual amount depends on the CRI (Taylor et al., 2008). In contrast,
clearcutting (CC) results in a long-term reduction in overall ecosystem
carbon storage due to its potential to accelerate the decomposition
process and heterotrophic respiration (Ry) during post-harvest (Ameray
et al., 2021; Vestin et al., 2020). In addition to the pulse of dead organic
materials following harvest, this acceleration could be explained by
increasing surface temperatures and exposing of deadwood and litter to
light, thereby enhancing microbial activity (Campbell et al., 2009).
Moreover, at a stand scale, CC can temporarily shift forests from being
carbon sinks to sources by increasing Ry, and reducing the C uptake in the
post-harvest period (Ameray et al.,, 2021). If regeneration occurs
without any delays, these stands return to their carbon sink status
generally 10 to 20 years after harvest (Goulden et al., 2011, Paradis
etal., 2019). The effects of PC and CC on soil carbon stocks appear minor
(Mayer et al., 2020). However, CC has been shown to reduce total soil
organic carbon storage relative to PC, although the degree to which CC
affects this carbon pool relates to site conditions, mainly temperature
which may increase Ry, as well as carbon transfer from the litter (e.g.,
leaves, lifted branches post-cutting) to the soil (Goulden et al., 2011;
Jandl et al., 2007).

The managed forests in Quebec’s boreal zone, which represent 70 %
of the total Quebec forest area, are harvested for wood production (NFD,
2023). These forests are subject to high-CRI silvicultural practices, such
as CC and careful logging around advanced growth (CLAAG). The latter
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is also known as cutting with the protection of regeneration and soil
(CPRS) and reduces the canopy by about 95 % while attempting to
preserve advanced regeneration (Girona et al., 2023b; MRNF, 2010a).
The even-aged management systems using CC and CPRS are currently
used in more than 95 % of the annual harvested area (MRNF, 2010a). On
the other hand, uneven-aged systems using PC are applied across less
than 5 % of the annually harvested area. These PC treatments include
shelterwood cutting and commercial thinning with the protection of
small merchantable stems (MRNF, 2010a). In the Western management
units of Quebec, the reforestation rate is approximately 10-15 %,
whereas in the Eastern management units, it is less than 2 % (IMRNF,
2010a).

Currently in Quebec, sustainable forest management is the primary
goal of ecosystem-based forest management (ECM), which aims to
minimize the differences between managed and natural forests with the
underlying goal that the applied ECM approaches preserve biodiversity
and ensure the supply of ecosystem goods and services (Girona et al.,
2023a). ECM strategies must also be designed to offer the capacity for
climate change mitigation (Girona et al., 2023a). Smyth et al. (2014)
identified that reduced harvesting levels and an improved selection of
trees to produce long-lived wood products could offer an optimal miti-
gation strategy for forests within Canada’s Eastern Boreal Shield region.
However, novel silvicultural approaches must be evaluated to address
the challenges facing the eastern Canadian boreal forest under future
environmental conditions, including warmer temperatures, altered
natural disturbance regimes, greater forest fragmentation, and a
reduced extent of old-growth forest (Girona et al., 2023b).

Quebec has set ambitious greenhouse gas reduction targets to ach-
ieve carbon neutrality by 2050. Achieving this goal may be facilitated by
the presence of natural sinks that can be enhanced further by placing a
particular emphasis on forest management (Krug, 2018). Therefore, it is
crucial to understand the short- and long-term forest carbon dynamics at
the landscape scale and include the effect of various forest management
strategies and silvicultural practices within the context of climate
change. Moreover, the short- and long-term impacts of fire, windthrow,
and spruce budworm (SBW; Choristoneura fumiferana) outbreaks on
carbon dynamics must be considered in eastern Canadian forests
(Boulanger et al., 2012; MacLean, 2016). In these forests, climate change
is expected to shorten fire-return intervals and heighten fire sizes and
intensities (Boulanger et al., 2014). Additional studies are needed to
fully understand the cumulative effects of natural and anthropogenic
disturbances on carbon stocks and fluxes under climate change and how
these vary along a longitudinal gradient.

This research expands upon our prior investigations (Ameray et al.;
2023a, 2023b), which identified both positive and negative climate
change and disturbances effects in the same study area by simulating the
carbon sequestration potential per species, evaluating regener-
ation/mortality, and projecting the cumulative effects of fires, wind,
SBW, and harvest. In this study, however, we investigate all carbon
pools and fluxes. Here, we ran a forest landscape model over one century
(2010-2110) and examined forest carbon dynamics under various
climate change (representative concentration pathway; RCP) and man-
agement scenarios. We varied the CRI and the annually harvested area
per treatment to identify better strategies for increasing forest carbon
sequestration and storage capacity at the landscape scale. Specifically,
we aimed to i) quantify the isolated effects of climate change on carbon
dynamics under natural dynamic scenarios (no-harvest, only natural
disturbances were considered: wildfires, windthrows, SBW); and ii)
investigate the effect of management strategies on carbon dynamics
under different climate projections. This study should improve our un-
derstanding of carbon dynamics in Quebec’s managed boreal forests.
Our research may help find the most efficient ways to enhance the
contribution of Quebec’s forests to climate change mitigation efforts.
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2. Material and methods
2.1. Study area

Our study area comprises three management units (MUs) located in
several sensitive areas near the Quebec northern limit of commercial
forestry (Jobidon et al., 2015). Beyond this northern limit, forests are
not managed for timber production because of their lower productivity.
The three management units —Nord-du-Quebec (Western region),
Saguenay-Lac-Saint-Jean (central region), and Cote-Nord (Eastern
region)—lie within the spruce-feathermoss and balsam fir-white birch
bioclimatic domains of the Boreal Shield along an east-west gradient
(Fig. 1). These landscapes are dominated by black spruce (Picea
mariana), jack pine (Pinus banksiana), balsam fir (Abies balsamea), white
birch (Betula papyrifera), and trembling aspen (Populus tremuloides)
(MRNF, 2010b). The dominant age class is 20-40 years in the West,
80-120 years in the Center, and 120-200 in the East regions (MRNF,
2010b). Annual precipitation averages 800 mm to 1000 mm with a
strong longitudinal gradient, with greater precipitation moving east-
ward (Wang et al., 2016). Each management unit has a marked north-
—south temperature gradient (Wang et al., 2016). The dominant soil
texture is clay Western region, sandy-loam in the central and Eastern
regions (Ameray et al., 2023a; Duchesne & Ouimet, 2021). We identified
and excluded water bodies, wetlands, islands, and non-commercial
species.

2.2. Simulation models

2.2.1. LANDIS-II and extensions

We simulated the forest dynamics using LANDIS-II, a stochastic and
spatially explicit forest landscape model widely used to integrate forest
succession, management, and natural disturbances and to simulate for-
est degenerative processes (senescence and mortality) at large spatial
(~10°-107 ha) and temporal (>100 years) scales (Mladenoff & He,
1999; Scheller et al., 2007). LANDIS-II can project changes in species
composition, biomass, carbon stocks, natural disturbances, etc.
(Mladenoff & He, 1999). We conducted our simulations at a spatial
resolution of 200 x 200 m (4 ha) and at a 1-year time step over 100 years
(2010-2110). The simulated areas covered 0.62 Mha, 1.16 Mha, and
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1 1
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1.15 Mha for the Western, Central, and Eastern regions, respectively.
LANDIS-II simulates forest succession and productivity at both the stand
and landscape scales under different environmental conditions and
disturbances using a variety of extensions. Each extension requires in-
dependent parameterization and calibration to reflect the current and
future forest state. We used the extensions Forest Carbon Succession
(ForCS) v 3.1 (Dymond et al., 2016), Base Fire V4.0 (Scheller & Domi-
ngo, 2018), Biomass Harvest V4.4 (Gustafson et al., 2000), Base Bio-
logical Disturbance Agent V4.0.1 (Sturtevant et al., 2004), and Base
Wind V3.1 (Scheller et al., 2018).

2.2.2. Initial landscape: climate, species, and ecoregions

The 2010 spatial forest inventory data set maintained by the MRNF
(Quebec’s Ministere des Resources naturelles et des Forets) provided the
species and age information for the initial communities mapped at a 200
m resolution. Each species in the data set is associated with its life-
history attributes collected from previous studies, including longevity,
sexual maturity, shade tolerance, fire tolerance, seed dispersal distance,
sprouting, and post-fire regeneration (Table A.1) (Ameray et al., 2023a;
Boulanger et al., 2017; Molina et al., 2021). Each cell (4 ha) in the
landscape is assigned to a single land type where soil and climate con-
ditions are assumed to be homogeneous, and growth and reproduction
functions are unique.

For each ecoregion, we collected historical monthly weather data
and RCP scenarios (RCP2.6, RCP4.5, RCP8.5) from the ClimateNA
model (CanESM2 projections), a local downscaling model that facilitates
extracting climate data for specific locations (longitude, latitude,
elevation) in North America (Wang et al., 2016). In ClimateNA, multiple
general circulation models (GCMs) were included for the paleoclimatic
period, historical data (1901-2010), and future periods (Wang et al.,
2016). To represent ecoregion climate conditions, we considered the
average of every climate parameter using data from 10 randomly
selected locations within each ecoregion. For the current baseline
climate, we extrapolated the historical monthly climatic data from 1991
to 2010, including minimum and maximum temperatures and precipi-
tation, on the basis of their Gaussian distribution around the mean so
that the baseline climate would be constant (Ameray et al., 2023a). The
CanESM2 projections have mean annual temperatures increasing
respectively by about 2.5, 4, and 7 °C for RCP2.6, RCP4.5, and RCP8.5
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Fig. 1. Location of the three studied management units (MUs) in Quebec, Canada: Nord-du-Quebec (1: Western region), Saguenay-Lac-Saint-Jean (2: central region),
and Cote-Nord (3: Eastern region)). For each management unit, we present the landscape units used as managed areas (MRNF, 2010a), and the ecoregion code used

during the simulation.
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by 2100 relative to the current baseline climate (Figure A.1). Further-
more, precipitation is projected to rise by approximately 40 mm for
RCP2.6 and by over 100 mm for both RCP4.5 and RCP8.5. We used
ecoregions from Ameray et al. (2023a), which are delimited according to
the Duchesne and Ouimet (2021) soil map and the bioclimate regions of
MRNF geodatabase (Fig. 1, Table A.2). Duchesne and Ouimet (2021)
modeled and mapped particle size composition (clay, silt, and sand) for
the entire managed forest in Quebec. Relying on a decision tree algo-
rithm, Ameray et al. (2023a) applied these soil data to categorize the soil
texture for all MUs using clay, silt, and sand percentages for each 4 ha
cell.

2.2.3. ForCS calibration and parameterization

The ForCS (v3.1) extension for LANDIS-II calculates how cohorts of
trees reproduce, age, grow, and die (Dymond et al., 2016). The accu-
mulation of biomass carbon through growth and reproduction generally
follows the Biomass Succession (v5.7) extension and the methods out-
lined in Scheller and Mladenoff (2004). This extension also tracks the
evolution of forest stands and carbon dynamics, including carbon
turnover, net growth, net primary production (NPP), heterotrophic
respiration (Ryp), net ecosystem productivity (NEP), net biome produc-
tivity (NBP), transfers between pools, losses from the ecosystem because
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of logging (carbon flux to forest product sector), and carbon emissions
because of decay or combustion (Dymond et al., 2016; Hof et al., 2017).
Moreover, as described in Dymond et al. (2016), the ForCS dead organic
matter (DOM) and soil dynamics are built from the Carbon Budget
Model of the Canadian Forest Sector (CBM-CFS3) model. CBM-CFS3
implements a Tier 3 approach of the Intergovernmental Panel on
Climate Change (IPCC) good practice guidance for reporting on carbon
stocks and changes resulting from land-use change and forestry. We used
the updated decay rates by group (coniferous vs hardwood), obtained
from Hararuk et al. (2017) (Table A.3). These values were calibrated for
CBM-CFS3 using data from the National Forest Inventory across Canada.
The model also accounted for the direct impact of temperature on DOM
decay rates, with temperature inputs adjusted for each climate scenario
and period.

ForCS requires species establishment probability (SEP), maximum
aboveground NPP (maxANPP), and maximum aboveground biomass
(maxAGB) as inputs (Fig. 2). Natural regeneration for each site (grid cell)
in ForCS depends on neighboring species composition, seed dispersal
distances, available light, and species’ shade tolerance. For a species to
seed a site or resprout on a site, sufficient light must be available,
determined by comparing the species’ shade tolerance with the shade at
the site. ForCS model handles’ species mixture and pure stands by
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Fig. 2. General methodology framework. The PnET-Succession model used for succession simulates simultaneously water and carbon cycles and integrates envi-
ronmental factors such as soil texture, precipitation temperature radiation (PAR), and vapor pressure deficit (VPD). The model estimated the above net primary
productivity (ANPP), aboveground biomass (AGB), and establishment (Est). These parameters were then integrated into ForCS and other disturbance extensions
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scale (see Table 1 for more details). S2 reflects the BAU scenario derived from the 1970-2010 historic harvested geodatabase from the Quebec Forest inventory of
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incorporating species-specific parameters and rules based on shade
tolerance class into its algorithms (Scheller et al. 2007). The SEP, ANPP,
and maxAGB were derived directly from the PnET-Succession extension
(V5). PnET-Succession includes many algorithms from the PnET-II forest
ecophysiology model, which rely heavily on first principles of physi-
ology, chemistry and physics (De Bruijn et al., 2014). This extension
accurately simulates vegetation establishment, growth, competition,
and mortality, employing physiological first principles to model cohort
growth through competition for light and water (Gustafson et al. 2023a;
2023b). It centers on two fundamental relationships: 1) maximum
photosynthetic rate is a function of foliar nitrogen concentration, and 2)
stomatal conductance is a function of realized photosynthetic rate. The
version (V4) of this extension was calibrated and validated in our pre-
vious work in the same study areas, using yield curves, and remote
sensing (MODIS and Sentinel-2 images) (Ameray et al., 2023a). We
recalibrated version (V5) using Pothier and Savard’s (1998) yield curves
for the historical climate (Figure A.2). The simulated biomasses gener-
ated by ForCS were compared with those simulated by the PnET
extension (V5). This comparison involved calculating the coefficient of
determination (R?) and the root-mean-square error (RMSE) between the
two model outputs. We obtained a strong correlation between the
simulated biomasses in both models (R = 0.83). However, on average,
the simulated above biomass values from ForCS differ from those of the
PnET extension by approximately 15 t.ha™! (Figure A.2).

For each climate change scenario, we used PnET-Succession version
(V5) to estimate ForCS input parameters (SEP, maxANPP, maxAGB) for
each monospecific stand per species for all land types (ecoregions) using
a 10-year time step. The SEP is simulated in the PnET model as a function
of light and water photosynthesis reduction factors for the species at the
time of establishment. Establishment probabilities were adjusted for an
annual time step using the properties of Bernoulli’s trials, assuming that
the species could establish at least one time or more [SEP (X > 1)] in 10
successive trials. All simulations were run in PnET-Succession on a single
cell to drive each simulation for 140 years, starting from a single 20-
year-old cohort on bare ground. According to Tremblay et al. (2018),
most of the studied species’ aboveground biomass reaches a plateau
around 100-140 years.

For the baseline climate scenario, we estimated the parameters SEP,
maxANPP, and maxAGB using the extrapolated annual weather stream
from the historic monthly time series (1991-2010) at a constant CO5
atmospheric concentration of 389 ppm (2010 value) (Ameray et al.,
2023a). We applied the obtained values for the historic climate scenario
(1991-2010) for the starting year 0 (2010). For all climate change sce-
narios (baseline, RCP2.6, RCP4.5, and RCP8.5), we modeled SEP, max-
ANPP, and maxAGB for each 20-year time series of climate data for five
periods (2010-2030, 2030-2050, 2050-2070, 2070-2090, and
2090-2110). For each species and land type, we ran ten replicate runs to
isolate the stochastic effect of PnET-Succession on the SEP, maxANPP,
and maxAGB outputs. MaxAGB and MaxANPP and SEP parameters
derived from PnET-Succession were updated every 20 years to account
for climate change until 2110. Before starting the simulation at the
landscape scale, successional pathways at stand scale (1 cell) were
verified based on Tremblay et al. (2018), using LANDIS-Site.

2.2.4. Biomass and soil pool initialization

At the beginning of each scenario (time=0), the initial communities
initiate with appropriate living values estimated for each cell, based on
provided cohort information (species/age). The user does not need to
provide initial biomass estimates; instead, the ForCS model autono-
mously calculates them using the three input parameters (SEP, Max-
ANPP, and MaxAGB) and the methodology outlined in Scheller and
Mladenoff (2004). Beginning at time t-oldest cohort age, cohorts are
added at each time step corresponding to the time when the existing
cohorts were established. Thus, each cohort undergoes growth and
mortality for the number of years equal to its current age, and its initial
biomass value reflects competition among cohorts (Dymond et al.,
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2016). For the initial DOM carbon pool, ForCS implements the same
approach as CBM-CFS3 (Kurz et al. 2009). We use a spin-up approach to
initialize the soil pools, as described in Dymond et al. (2016). Using this
approach, the model operates by growing the biomass pools to the
largest age present on the site as defined in the ‘initial communities’ file.
At this age, the model will then assume that all cohorts have been killed
by a high severity (severity = 4) fire, and then will regrow exactly as
before. This process repeats until the slow soil pools reach a stable state,
which happens when the size of the slow soil pool at the end of one cycle
matches that at the end of the previous cycle. The last cycle of the
initialization procedure starts with a stand-replacing fire and then sim-
ulates growth and decay dynamics until all cohorts reach the age in the
‘initial communities’ file. The model will output the size of the soil pools
by species and ecoregion at the end of the initialization: timestep 0 in the
output file. Before starting the simulation, we compare the initial
simulated soil carbon pool with literature values (60-131 tC ha) (Paré
et al. 2011).

2.2.5. Disturbance parameterization and simulated scenarios

The natural dynamics scenario (no-harvest) reflected forest succes-
sion under fire, windthrow, and spruce budworm (SBW) disturbances as
the three major natural disturbances shaping the boreal forest in the
study areas (Aakala et al., 2023). The extensions used for these distur-
bances were already calibrated and parameterized in our previous works
(Ameray et al., 2023a, 2023b). Briefly, the Base Fire extension simulates
fire regimes through stochastic fire events that depend on fire ignition,
initiation, and spread by ecoregion, using the input data of ignition
probability, map of fire regions, fire size (minimum, mean, and
maximum), and fire severity (Scheller & Domingo, 2018). As the wild-
fire regime depends on climate, we calibrated the burn rate (% of land
disturbed annually) per ecoregion (5a, 5d, 5 g, 6a, 6 h, 6i) for each
climate change scenario, including the current baseline climate from the
literature (Bergeron et al., 2006; Boulanger et al., 2014; Molina et al.,
2021; Tremblay et al., 2018). Climate change is expected to increase the
burn rate and fire return interval, particularly in Western and Central
regions (Boulanger et al., 2014). The Base Wind extension was used to
stochastically simulate windthrow disturbance on the basis of wind-
throw intensity, size, spread, severity, and rotation period (Scheller
et al., 2018). Windthrow size and period per ecoregion were parame-
terized using the historical data from the forest inventory geodatabase
(1970-2010). Similarly, the Biological Disturbance Agent (BDA)
extension stochastically introduces periodic defoliation events parame-
terized solely by defoliation during SBW outbreaks (Sturtevant et al.,
2019). SBW host species included, from most to least vulnerable, balsam
fir, white spruce, and black spruce. The BDA extension parameters were
calibrated and validated in other studies for similar landscapes in the
Quebec boreal forest (Boulanger et al., 2017, 2019). We relied on a
400-year dendrochronological reconstruction of SBW outbreaks in
southern Quebec to set an average of 32 years between outbreaks
(Boulanger et al., 2012; Navarro et al., 2018). After the SBW event, we
assumed that all biomass of the killed cohorts transferred to the DOM
pool. This can produce an immediate increase in the DOM pool and a
decrease in living biomass. Finally, salvage logging was not considered
in this study.

We used the Biomass Harvest extension v4.4 to simulate harvest
disturbance (Gustafson et al., 2000). First, for all scenarios, annually
harvested area—expressed as a percentage (Table 1)—was calibrated to
match as close as possible to the allowable annual cut determined for the
current planning cycle (2023-2028), given that the model’s target is
area-based whereas the allowable annual cut is volume (biomass)-based
(246 Gg in West, 512 Gg in center, and 406 Gg in East). This model
requires dividing the landscape into management areas, specifying the
order in which stands are to be harvested. Stands were deemed eligible
for harvesting on the basis of their exploitability age and the species’
economic importance. The Biomass Harvest extension modeled the
various management scenarios described in Fig. 2 and Table 1 (Scheller
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Table 1

Ecological Modelling 498 (2024) 110894

Tested scenarios and their description. Used treatment at stand scale with different harvesting intensity and the percentage of annually managed area per treatment.
CC+ reforestation reflects that clear-cut or CPRS is followed by replanting, due to a lower soil seed banks and regeneration rate.

Scenario  Description Used treatment at stand scale and % of annual managed area per treatment  Annual managed area
(%) per zone
CC+ CC+ CPRS  PC75 PC50 PC25 West  Center  East
regeneration reforestation * % % %
SO No harvest scenario under natural disturbances 0 0 0 0 0 0 0.0 0.0 0.0
S1 All the annually harvested area (AHA) is managed using high 50 0 50 0 0 0 1.4 2.2 1.9
CRI (CC and CPRS). The establishment is based only on
regeneration.
S2 BAU. Currently used scenario, where CPRS and CC are used Historic % per management unit from forest inventory geodatabase. 1.5 2.3 2.0
for more than 90 % of AHA, and 10 % of AHA is managed
using PCs with 25 %, 50 %, 75 % of CRI.
S3 we used 75 % of AHA for high CRI (CC and CPRS) and 25 % for 25 25 25 8.3 8.3 8.3 1.5 2.4 2.1
low-removal ones (PC)
S4 we used 50 % of AHA for high-removal treatments and 50 %  16.7 16.7 16.7 16.7 16.7 16.7 1.6 2.6 2.2
for low-removal ones.
S5 we used 25 % of AHA for high-removal treatments and 75 % 8.3 8.3 8.3 25 25 25 1.9 2.8 2.4
for low-removal ones.
S6 Extreme use of PCs (100 % of AHA), the opposite of scenario 1 0 0 0 33.3 33.3 33.3 2.2 3.5 2.9

# The reforestation level (CC+ reforestation) is the percentage of the afforested area after harvest by CC and CPRS with a lower regeneration rate. From the historic
14.8 %, 8.9 %, and 1.4 % of AHA were reforested in Western, Central, and Eastern units respectively.

et al., 2019). We designed prescriptions on the basis of current silvi-
cultural treatments and implemented them in varying proportions
through different management scenarios (MRNF, 2010a). These sce-
narios included clearcutting (100 % CRI), CPRS (CRI fixed at 95 % and
the cohorts of 1-20 years being avoided), and three forms of PC having
25 %, 50 %, and 75 % CRI (Table 1). For all management scenarios, we
applied stem-only harvest processing (also known as short-wood or
cut-to-length logging in North America), assuming that only merchant-
able wood was transferred to the forest industry, whereas foliage,
branches, and coarse and fine roots were left on site and transferred to
DOM. Moreover, all PCs were based on commercial thinning from above
(only cohorts older than the economic age of operability were removed).
In the Quebec boreal forest, reforestation/replanting generally occurs
after CC or CPRS in areas having a poor soil seed bank and a low
regeneration rate; our prescriptions ensured that the historic replanted
ratio of each species was respected, at 70 % black spruce, 25 % jack pine,
3 % larch, and 2 % white spruce. In addition, our proposed scenarios
featured varying levels of annual replanted area, as outlined in Table 1.

2.3. Data analysis

To account for the variability among simulations, we repeated each
management scenario four times per climate change pathway, including
the natural dynamics scenario (a total of 336 simulations in all MUs).
This number of repetitions was sufficient to identify the stochastic effect
of LANDIS-II on the outputs (Ameray et al., 2023a; Zhuo et al., 2020).
We aimed to compare the BAU scenario in the selected MUs against
other management scenarios under different climate scenarios (baseline,
RCP2.6, RCP4.5, and RCP8.5) (Fig. 2). Firstly, for the natural dynamic
scenario (SO: no harvest occurs, and only natural disturbances are
considered), we assessed and visualized carbon pools (biomass and
DOM) and fluxes (NPP, Ry, accumulated NEP, accumulated NBP), av-
erages with their confidence intervals. Secondly, under SO, the direct
effect of climate change on carbon dynamics was calculated as the dif-
ference (A;j) between each RCP scenario (Vi) and baseline climate
scenario (V1,0) (Eq.1). Thirdly, to identify the effect of management, we
also calculated the magnitude of change for each variable (pools and
fluxes) as the difference (4°;;) between each management scenario (Vj;)
relative to the reference SO (V; ) for each climate projection (i) (Eq. 1).
White et al. (2014) proposed that evaluating the magnitude of differ-
ences between simulations was a better approach than relying on sta-
tistical tests within the simulation models. The calculation of those
variations allows us to compare CC-based scenarios (S1, S2, and S3)—in

which high-CRI silvicultural practices (CC and CPRS) were applied to
more than 50 % of the harvested area during the year—with PC-based
scenarios (S4, S5, and S6) (Table 1, Fig. 2). Finally, to evaluate the
harvested biomass across management scenarios, we visualized the
carbon flux to the forest product sector. The data analysis and visuali-
zation were conducted within the R software environment.

Ajj=Vio — Vipo (Eq- 1)

Al = Vij— Vi

i (Eq. 2)

where i is the climate change scenario, i.e., baseline (i = 1), RCP2.6 (i =
2), RCP4.5 (i = 3), RCP8.5 (i = 4), and j is the management scenario, i.e.,
from 1 to 6 (Fig. 2).

3. Results

3.1. Effect of climate change on carbon dynamic under natural dynamic
scenario

3.1.1. Carbon pools and fluxes under the current climate

The Simulations indicated that the DOM carbon pool stocks
(including carbon in deadwood, litter, humus, and mineral soil) were
higher than biomass carbon storage and that DOM variations consider-
ably impacted total ecosystem carbon stocks at the landscape scale
(Fig. 3). Under baseline climate scenario and SO, our simulations indi-
cated an overall average increase in carbon stocks of biomass (AGB and
BGB) and DOM for Western and Central regions. In fact, the living
biomass (AGB + BGB) increased from 30 tC ha™! to 43 tC ha ! in the
Western region and from 27 tC ha™! to 42 tC ha ! in the center. How-
ever, in the Eastern region, it was stable around 27 tC ha—'. Regarding
the DOM carbon pool, there was also a significant increase, reaching 85
tC ha and 67 tC ha'! in the Western and Central regions, respectively,
by the end of the simulation in 2110. In the Eastern region, however,
DOM stocks increased modestly from 50 to 56 tC ha™! by the end of the
simulation. The observed increase in biomass and soil carbon storage in
the Western and Central management units can be attributed to the
abundance of both young and mature stands (high productivity). In
contrast, the Eastern unit showed only a slight increase in stocks due to
the abundance of old-growth forests (lower productivity).

Under the baseline climate and SO scenario, both the West and Center
management units showed an increase in NPP and Ry, reaching
approximately 2.5 and 2.7 tCha™ yr'}, respectively (Fig. 3). The Western
region acted as a significant carbon sink, accumulating around 38 tC ha™!
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Fig. 3. Average carbon stock (tC ha™!) for the SO scenarios including aboveground biomass (AGB), belowground biomass (BGB), and dead organic matter (DOM:
includes deadwood, litter, humus, and mineral soil). Average ecosystem carbon fluxes (tC ha™ yr—') for the SO scenarios, including net primary production (NPP),
heterotrophic respiration (Ry,), accumulated net ecosystem productivity (NEPa), and accumulated net biome productivity (NBPa) in three management units within
the Quebec boreal forest (West, Center, and East) under baseline scenarios from 2010 to 2110. The average carbon stocks and fluxes and their confident interval were

calculated from four replicates.

of NEPa and 36 tC ha™ of NBPa by the end of the simulation in 2110.
Similarly, the Central region also performed as a carbon sink, with NEPa
and NBPa values of about 35 tC ha™ and 32 tC ha™!, respectively. These
findings highlight the effectiveness of these regions in capturing and
storing carbon, thus contributing positively to the overall carbon bal-
ance despite periodic SBW outbreaks occurring every 32 years (2028,
2060, 2092).

The Eastern region initially behaved as a carbon sink until the first
SBW outbreak in 2028. Following this outbreak, this region shifted to a
carbon source with a negative carbon balance (NEP < 0 and NBP < 0)
(Figure A.3). During the year of the outbreak, the DOM pool experienced
a slight increase due to a considerable expansion in deadwood caused by
SBW. This was followed by a gradual decrease in the DOM pool due to
high Ry, until the next outbreak (Fig. 3). In the post-outbreak period, NPP
increased, eventually surpassing Ry, causing the landscape to revert to a
carbon sink (Figure A.3). The forest progressively recovered lost carbon,
turning NEP and NBP positive in this region (~0.3 tC hal yrl)
(Figure A.3), with a net positive accumulation (Fig. 3). However, during
each post-outbreak, the Eastern region consistently turned into a carbon

source before recovering after 20 years. Despite these fluctuations, total
carbon stocks increased due to positive NEPa and NBPa, reaching
around 10 tC ha! yr'! and 8 tC ha! yr'!, respectively, by the end of the
simulation.

3.1.2. Climate change effect on carbon pools and fluxes

Relatively to SO under the baseline climate scenario, RCP2.6 pro-
duced an increase of 5 tC ha! (10 %) in average biomass carbon storage
(AGB and BGB) over the 100-year simulation in Western and Center
regions, and by 7.5 tC ha! (25 %) in Eastern region (Fig. 4). RCP4.5
resulted in even higher increases in biomass carbon storage, doubling
those observed for RCP2.6, with increments of 20 %, 15 %, and 40 % in
Western, Central, and Eastern regions, respectively. In the Western re-
gion under RCP8.5, it initially increased by 10 % until 2090, followed by
a subsequent decrease of -5 %, meanwhile, in Central and Eastern re-
gions, it experienced increments of 20 % and 43 %, respectively. Also,
climate change has reduced the DOM carbon pool during the period of
simulation (2010-2110), mainly under RCP8.5 and RCP4.5. By the end
of the simulation, DOM stocks decreased by an average of —2 %, -8 %,
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Fig. 4. Carbon stocks and fluxes in the next century (2010-2110) under climate change scenarios, including aboveground biomass (AGB), belowground biomass
(BGB), dead organic matter (DOM: includes deadwood, litter, humus, and mineral soil), net primary production (NPP), heterotrophic respiration (Ry), accumulated
net ecosystem productivity (NEPa), and accumulated net biome productivity (NBPa). The magnitude of change (4A;;) (tC‘ha'1~yr'1) was calculated between each RCP
scenario and baseline under the SO scenario. The averages of A;; were determined by four simulation runs for three management units in the Quebec boreal forest

(West, Center, and East).

and —20 % in the Western region for RCP2.6, RCP4.5, and RCP8.5,
respectively. Similarly, reductions of —3 %, —11 %, and —13 % were
observed in the center, and increases of 2 %, 3 %, and 5 % in the Eastern
unit for the respective climate scenarios. Those reduction rates in the
West and Center of Quebec, mainly under RCP4.5 and RCP8.5, could be
attributed to the increased abundance of broadleaves (Figure A.4),
which decompose at a faster rate compared to coniferous species
(Table A.3), as well as to the annual carbon turnover which increased to
reach around 2.5 tC-ha™!-yr ! mainly under RCP8.5 in both manage-
ment units (Figure A.5).

Regarding the effect of climate change on carbon fluxes under SO,
both NPP and Rj, exhibited an increase across all climate change sce-
narios compared to the baseline (Fig. 4). In the Western region, the
differences (A;;) in NPP and Ry, may reach 0.25 tC ha' yr'1 for RCP2.6
and 0.5 tC ha™! yr'1 for RCP4.5. However, under RCP8.5, the differences
in NPP decreased from +0.6 to -0.2 tC ha™! yr'! after 2090. These find-
ings explained the constant pattern of accumulated NEP and NBP in the
Western region under RCP 2.6 and RCP4.5 and their decline under
RCP8.5 after 2090. As a result, this zone may become a carbon source
after 2090 under the extreme climate change scenario (RCP8.5)
(Figure A.3).

Similarly, in the Central zone, both NPP and Ry, are projected to in-
crease by 0.25, 0.5, and 0.8 tC ha'l yr'1 under RCP2.6, RCP4.5, and
RCP8.5, respectively, compared to the baseline climate scenario at the
end of the simulations (Fig. 4). Our results also indicated that the dif-
ferences (Aj;) in NEPa and NBPa could be relatively high (4-2.5 tC ha'lat
2110) under RCP2.6 compared to the baseline climate scenario (Fig. 4).
Also, the A;j values of NEPa were positive at the end of the simulation,
reaching approximately 3 tC ha! and 5 tC ha™* for RCP4.5 and RCP8.5,
respectively. However, the A;;j values of NBPa may turn negative under
RCP4.5 and RCP8.5 compared to the baseline climate scenarios, reach-
ing around -2 tC ha! yr'l. This reduction could be attributed to fires in
this zone, which caused significant fluctuations in NBP fluxes under
RCP4.5 and RCP8.5 (Figure A.3, Figure A.6). Based on NBP fluxes, this
unit became a carbon source only after the SBW outbreak but recovered
the carbon losses to become a carbon sink 10 years after the outbreak,
despite the fluctuations in NBP values caused by fires (Figure A.3).

In the Eastern territory, Climate change effects are anticipated to be
beneficial in this unit, as they lead to an increase in NPP relative to Ry,
except during the post-outbreak periods when Rh exceeds NPP (Fig. 4).
Consequently, the accumulated NEPa and NBPa exhibit positive changes
compared to the baseline (A;;>0), potentially exceeding 10, 15, and 18
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tC ha! yr'! under RCP2.6, RCP4.5, and RCP8.5, respectively (Fig. 4).
However, despite this positive impact of climate change, the Eastern
region may continue to act as a carbon source due to high Ry, during the
SBW outbreaks, which considerably increases deadwood amounts
(Figure A.5).

In all regions and under different climate scenarios, SBW outbreaks
(2028, 2060, 2092) are responsible for the temporary increase in Ry,
which surpasses NPP (Figure A.3, Figure A.7), leading to negative NEP
values (mainly in the East) and an instantaneous increase in post-
outbreak DOM carbon storage (Fig. 4). After each outbreak, the NBP
increases with more pronounced fluctuations under RCP4.5 and RCP8.5
(Figure A.3), primarily due to the increased burned areas (Figure A.6),
especially in the central region.

3.2. Additional effects of forest management on carbon dynamics

3.2.1. Carbon stocks

Our simulations at the landscape scale for all climate scenarios
showed that total ecosystem carbon storage (Biomass+ DOM) decreased
(4';,;<0), regardless of the applied management approach; compared to
the SO scenario (Fig. 5). In all regions independently of climate scenario,
PC-based scenarios (S4, S5, S6) led to an approximate reduction of 5 tC
ha'! yr'1 (5 %) in total ecosystem carbon storage relative to SO, whereas

Ecological Modelling 498 (2024) 110894

CC-based scenarios (S1, S2, and S3) resulted in a greater reduction of
approximately 10 tC ha! yr'! (10 %) (Fig. 5). These losses were mainly
from reductions in the biomass pool, indeed, the average of differences
(over the entire simulation period) in biomass carbon storage varied
between 3 and 4 tC ha' yr! under CC-based scenarios, whereas it
ranged from 1 to 3 tC ha! yr'! for PC-based scenarios. Conversely, the
effect of management on the DOM soil carbon pool was relatively minor.
CC-based scenarios reduced the DOM carbon storage by around 2.5 tC
ha! yrl, while PC-based scenarios led to a reduction of 1 tC ha! yr’.

3.2.2. Carbon fluxes

To assess carbon sequestration under different management sce-
narios, we examined the accumulated NEPa (Fig. 6), which reflects the
accumulated balance between NPP and Ry, (Figure A.8). In the Western
unit, PC-based scenarios initially showed negative deviations in NEPa
compared to SO, averaging around -0.85 tC ha™* yr'! across all climate
scenarios. However, from 2070 to 2110, these deviations became posi-
tive, reaching +1.25 tC ha™! yr’}, indicating a potential improvement in
NEPa over time. In contrast, CC-based scenarios consistently displayed
negative deviations, with accumulated NEPa reaching as low as -2.5 tC
ha'l yr’l, more than double the negative impact observed in PC-based
scenarios. In the central and Eastern management units, PC-based stra-
tegies enhanced NEPa compared to SO, with positive differences
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over 100 years (2010-2110).
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Fig. 6. Average differences (4';;) between management scenarios (S1, S2, S3, S4, S5, and S6) and SO under various climate change scenarios (baseline, RCP2.6,
RCP4.5, and RCP8.5) for the accumulated net ecosystem productivity (NEP) and net biome productivity (NBP) (tC ha™ yr!), depicted with their corresponding
confidence intervals. NEPa and NBPa reflect the carbon accumulation capacity of each management scenario compared to SO (total conservation). Data was derived
from four simulation runs for three management units (West, Center, and East) of the Quebec boreal forest over 100 years (2010-2110).

averaging +0.5 tC ha! yr'! across all climate scenarios. Conversely, CC-
based scenarios resulted in lower NEPa than SO, with values declining to
-2 tC ha! yr'l. These findings suggest that PC may better maintain or
improve NEPa compared to both CC and conservation scenarios.

The consideration of harvest could result in a net reduction in cu-
mulative NBPa between SO and management scenarios (Fig. 6). How-
ever, the differences were more pronounced under CC-based scenarios
compared to PC-based ones. Regardless of climate scenarios, the
magnitude of changes relative to SO at the end of simulation under PC-
based scenarios could reach -7, -5, and -3 tC ha™ yr'1 in Western, Central,
and Eastern management units respectively. On the contrary, under CC-
based scenarios, these values were doubled, reaching -15,-12, and -10 tC
ha! yr! in the corresponding management units. Consequently, SO
(conservation) had the greatest NBP accumulation across the three
management units, followed by the PC-based scenarios and then the CC-
based ones. This can be attributed to the fact that CC-based scenarios
export a significant amount of carbon to wood products, whereas the PC-
based scenarios produced higher carbon emissions to the atmosphere
because more areas are affected by windthrow and SBW outbreaks
(Figure A.7), and less carbon is transferred to wood products (Fig. 7).

10

3.3. Carbon transfer to wood products

At the landscape level, annual carbon transfer to wood products rates
(H) for all management scenarios remained constant in the central re-
gion and declined in the other regions until around 2030, after which
they increased again in all regions (Fig. 7). For all regions, those rates
were generally higher under the RCP scenarios than the current baseline
scenario. As with other indicators, The H values differed among all
management scenarios across all units and climate change scenarios
(Fig. 7). The amount of carbon transferred to harvested wood products
was lower in PC-based scenarios. For instance, in the Western region
under the current baseline climate scenario, S1 and S2 transferred
around 2 tC ha™! yr~!, whereas S6 transferred less than 1 tC ha™! yr 2.
However, when comparing CC and PC management scenarios, we
observed that PC-based scenarios harvested a larger area while trans-
ferring less carbon to harvested wood products (Fig. 7). The variation in
H could be linked to the changes in species abundance across different
scenarios.

4. Discussion

The boreal forests of Canada are currently experiencing climate
change, including altered precipitation patterns, increased
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temperatures, and changes in the frequency and severity of climate-
influenced natural disturbances, such as forest fires and insect out-
breaks (SBW) (Achim et al., 2022; Boulanger et al., 2019; Molina et al.,
2021; Tremblay et al., 2018; Wang et al., 2016). Our study aimed to
improve our understanding of carbon dynamics in the Quebec boreal
forest ecosystem near the northern limit of the commercial forest under
various climate change and management scenarios. This region’s forests
are currently characterized by relatively low productivity and severe
natural disturbances, mainly wildfires in Quebec’s central zones and
SBW in Eastern regions. Our study supports previous ones that indicated
that future climate change, natural disturbances, and management will
affect forest ecosystem carbon fluxes and stocks considerably (Gauthier
et al., 2023; Boulanger et al., 2023; Molina et al., 2021). Our study
provides additional insights on how the direction and magnitude of the
responses of carbon fluxes and stocks depend on the particular climate
and management scenario.

4.1. Impacts of natural disturbances

Natural disturbances, including wildfires, SBW outbreaks, and
windthrow, substantially impact carbon dynamics in boreal forests. Our
simulations indicate that wildfires are primarily influenced by climate
change, with increasing burn rates under RCP8.5 (Figure A.6). This in-
crease results in significant biomass carbon losses, particularly in the

11

Western and Central regions, where shorter fire cycles exacerbate these
effects (Bergeron et al., 2006; Boulanger et al., 2014; Gauthier et al.,
2015). SBW outbreaks also contribute to carbon dynamics, with affected
areas projected to increase under current climate conditions
(Figure A.7), but decrease under RCP4.5 and RCP8.5 due to a rise in
broadleaf species that are less susceptible to SBW (Ameray et al.,
2023b). The ecosystem carbon losses from SBW are substantial, partic-
ularly in the Eastern region, where it may decrease by 2-10 % during 14
years of the outbreak (Dymond et al., 2010). Windthrow, while less
impactful than fire and SBW (Bouchard et al., 2009), still contributes to
carbon losses, especially under PC-based scenarios that maintain a
vulnerable age class of trees. These scenarios may thus increase areas
affected by windthrow and, as well as SBW due to the promotion of host
tree species (Ameray et al., 2023b).

4.2. Effect of climate change on forest productivity

We observed that future climate change is projected to increase
forest productivity (as estimated by NPP and biomass) in the Quebec
boreal forest. These results are similar to those obtained previously in
the same management units (Ameray et al., 2023a; Boulanger et al.,
2019; Molina et al., 2021). Furthermore, D’Orangeville et al. (2018)
found that a 2 °C increase (~RCP2.6) would cause an increase in forest
productivity of up to 13 %. This increased productivity arises from
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warmer conditions extending the vegetative season and reducing the
potential for cold-temperature injuries, thereby promoting greater tree
growth (Ameray et al., 2023a). However, warmer conditions also create
more favorable fire conditions, increasing disturbance frequency (Pau
et al., 2023). Additionally, Marchand et al. (2021) utilized dendro-
chronological data to demonstrate that during periods of extreme
drought, black spruce productivity experiences a significant decline to
lower values. In the current climate scenario, Western and Central re-
gions are characterized by the domination of young and mature stands
(40-100 years old), likely contributing to the observed increase in NPP,
while in Eastern zones, the age structure is predominantly composed of
old forests (>120 years), potentially explaining the relative stability of
NPP, as well as the high R}, because of senescence-related mortality.
Under climate change RCP scenarios, the observed increase in NPP in
Western and Central regions could be also attributed to the increase in
trembling aspen and white birch abundance (Figure A.4) (Ameray et al.,
2023b). Conversely, the Eastern unit exhibits a lower abundance of
trembling aspen and white birch under RCP scenarios compared to other
management units, consequently, the increase in NPP in Eastern zone is
associated with the coniferous species’ adaptation to climate change
(Ameray et al. 2023a).

Other studies using CBM-CFS3 (Taylor et al., 2008) and LANDIS-II
(Boulanger et al., 2017; Boulanger & Puigdevall, 2021; Landry et al.,
2021) found that productivity in the Quebec boreal forest will benefit
from increased temperatures in northern zones (including our study
area), whereas lower coniferous productivity is expected in the more
southern regions and transition zones (boreal-temperate forest) (). Our
results suggest an exception to this pattern in the western region under
RCP8.5, where productivity will be reduced after 2090; similar results
have also been reported (Boulanger et al. 2023; Molina et al., 2021).
This reduction is linked to climatic stress impacting the growing season
of coniferous species, particularly black spruce, white spruce, and jack
pine. Under the extreme climate change scenario RCP8.5, the growing
season duration may decrease from 140 to approximately 100 days
(Ameray et al., 2023a). Moreover, the increased NPP in the central re-
gion and NPP recovery in the Western region after 2090 appear to be
related to a greater abundance of broadleaf trees (trembling aspen and
white birch) in these areas and to the expansions in their growing season
from 100 to 160 days (Ameray et al., 2023a).

Under the current baseline climate (1991-2010 historical averages),
our estimated aboveground biomass (AGB) at the beginning of the
simulation in 2010 was approximately 20 tC ha™!, consistent with
literature findings (Boudreau et al., 2008; Duchesne et al., 2016).
Duchesne et al. (2016) reported AGB carbon storage in the Quebec
boreal forest ranging from 10 to 30 tC-ha~! based on the third forest
inventory (1990-2002). Additionally, Boudreau et al. (2008) utilized
airborne and spaceborne LiDAR, Landsat ETM, and land cover maps to
estimate AGB carbon stocks between 10 and 30 tC ha~! in 2008 in the
same regions. Initial DOM carbon storage was 68, 60, and 54 tC ha™! in
the West, center, and East management units, respectively, aligning with
Paré et al. (2011)’s lower range estimates (60-131 tC ha~1) in the same
region. Our model assumed high-severity fires, which kill all oldest co-
horts, explaining why DOM initial values align with Paré et al. (2011)’s
lower limit. In our model, fire size was updated for each climate change
scenario and is projected to increase under global change (Boulanger
et al., 2014). Bergeron et al. (2002) stated that a shorter fire return in-
terval may increase young forests and reduce the abundance and extent
of mature and old-growth forests (Bergeron et al., 2001); this change
was indeed observed under RCP8.5, particularly in the Central region
(Figure A.6).

The species’ AGB can explain DOM carbon storage dynamics over
time. Indeed, under the current baseline climate and natural dynamics
scenario, all the studied species increase markedly in AGB over the
landscape, particularly in Central region (Figure A.4). Empirical data
from Laganiere et al. (2015) showed that DOM carbon storage is higher
under coniferous cover than under broadleaf trees, whereas broadleaf
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DOM decay rates are higher than for coniferous trees (Hiiblova & Frouz,
2021). Our results show that the DOM carbon pool dropped particularly
in Western and central regions, where there is a higher abundance of
broadleaves, particularly under RCP4.5 and RCP8.5 climate change
scenarios. Clearcutting exacerbates this situation by further increasing
the abundance of broadleaves and, consequently, the carbon emissions
from their decomposition. For instance, the total AGB of coniferous
increased continually under RCP2.6 and RCP4.5 in all regions, except for
the Western unit under RCP8.5, which established the largest reductions
of coniferous AGB after 2090. Also, a slight decrease in coniferous
species biomass was observed at the end of the simulation under RCP8.5
in the central zone. Relative to the initial conditions in the Western unit,
the total AGB of black spruce under RCP8.5 decreased by 63 % at the end
of the simulation, whereas trembling aspen and white birch stands
increased by 263 % and 241 %, respectively. Similar results from Bou-
langer et al. (2017) and Molina et al. (2021) indicated that the AGB for
black spruce significantly declined in this region.

4.3. Effect of management on carbon dynamics: proposed strategies to
mitigate climate change

Our simulations were designed to compare the effects of partial cut
(PC)-based management, clear-cut (CC)-based management, and con-
servation (SO) strategies on carbon dynamics in the Quebec boreal forest
(Table 2). The findings reveal significant differences in how each strat-
egy impacts carbon fluxes and stocks over time.

Clear-Cut (CC)-Based Management: At the stand scale, CC-based
strategies tend to induce net emissions immediately following harvest
due to higher decomposition rates surpassing carbon sequestration
through photosynthesis (Taylor et al., 2008; Paradis et al., 2019). At the
landscape scale in our study, CC-based scenarios lead to an increase in
the relative abundance of trembling aspen and white birch, which, while
increasing NPP in the short term, also results in higher Ry, and lower NEP
compared to PC-based scenarios (Table 2). This strategy increases the
abundance of broadleaf species as well as young forests (Ameray et al.,
2023b). This could explain the higher R}, and the reduction of the DOM
carbon pool under CC-based management (Hararuk et al., 2017),
particularly under RCP4.5 and RCP8.5 where the temperature was
increased by 4, and 7 °C respectively. The CC-based scenarios, despite
their increased reforestation efforts, could not fully offset the carbon
losses resulting from clear-cutting, as seen in scenario S3 (Table 1),
which implemented a 25 % annual reforestation rate but still under-
performed in carbon sequestration. Also, Laganiere et al. (2010) state
that the increased rate of decomposition and the release of stored soil
carbon following clear-cutting often outweigh the carbon sequestration
gains from newly planted trees. On the other hand, the increased harvest
volume under CC-based scenarios, though potentially leading to greater
carbon storage beyond the ecosystem boundary depending on the life
cycle of wood products (Smyth et al. 2014), comes at the cost of reducing
old-growth forests and the associated ecosystem services (Zhou et al.
2013), including biodiversity conservation (Martin et al., 2022; Trem-
blay et al., 2018).

Partial Cut (PC)-Based Management: In contrast, PC-based scenarios
maintain tree cover, accruing less carbon debt and ensuring a more
consistent turnover of organic matter. Our simulations align with find-
ings by other studies (Daigneault et al., 2024; Giasson et al., 2023;
Taylor et al., 2008), showing that PC-based management leads to higher
NPP and lower R}, compared to CC-based management, resulting in
enhanced NEP and better overall carbon retention within the ecosystem.
PC-based scenarios also preserve a higher proportion of coniferous cover
and old-growth forests (Table 2), which play a critical role in enhancing
long-term carbon sequestration and storage (Robinson et al., 2022).
However, the potential expansion of older stands under PC-based
management can lead to an increase in deadwood inputs to the DOM
pool, which, although slower to decompose, still contributes to Ry, over
time. The overall benefits of PC-based management include maintaining
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Table 2
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A summary of advantages and disadvantages of conservation, partial cutting (PC)-based scenarios, and clearcutting (CC)-based scenarios in terms of age structure,
composition, carbon sequestration and carbon storage, and disturbance (+++: high, ++: medium, +: low) under current climate and the additional effect of future
climate scenarios (RCP): positive (+ increase) or negative (- decrease) or minimal change (~) relative to the baseline conditions. The effect of each strategy on age

structure and composition are outlined in Ameray et al., (2023b).

Component Strategy under current climate Additional effects of climate change
Conservation PC-based scenarios CC-based RCP2.6 RCP4.5 RCP8.5
scenarios
Age structure abundance old +++ ++ + ~
Mature ++ +++ + ~ ~ -
Young + ++ +++ ~ + +
Composition abundance Broadleaf + ++ +++ + + +
Coniferous e ++ + + +
Carbon sequestration and storage NEP ++ +++ + + + +
Biomass +++ ++ + + + + except in Western region
DOM +++ ++ + ~ - -
HWP No-harvest ++ Fet + + e
Disturbances Fire +++ +++ +++ + + +
SBW +++ ++ + ~ ~
Winds +++ ++ + ~

a diverse age structure and enhancing long-term carbon storage,
potentially making it a preferable option under changing climate con-
ditions (Harmon & Campbell, 2017; Moussaoui et al., 2020). Further-
more, PC has the advantage of producing larger stems compared to CC,
which can increase carbon sequestration and substitution benefits in
longer-lived wood products (Auty et al., 2014; Smyth et al. 2014).

Conservation: Our simulation showed that this strategy generally
stores more carbon in both DOM and biomass across various future
climate scenarios. This finding is supported by studies from Keith et al.
(2009) and Luyssaert et al. (2008), all of which highlight the role of
conservation in maintaining high levels of carbon storage, particularly
in old-growth forests. However, in the Eastern region, where coniferous
species are expected to dominate, the accumulated NEP may be higher
under PC-based scenarios compared to conservation in the long term,
due to sustained NPP and lower decomposition rate (Ry,). This indicates
that while conservation remains a critical strategy for maintaining car-
bon stocks, integrating PC-based management can enhance carbon
sequestration (Luyssaert et al., 2008; Zhou et al. 2013).

Balanced approach: Given the findings above, a balanced approach
that integrates both PC and CC treatments may offer the best outcomes
for carbon sequestration and ecosystem sustainability. PC-based sce-
narios (S4, S5, S6) demonstrated superior carbon sequestration and
storage compared to CC-based ones (S1, S2, S3). However, scenarios
with extreme PC-based (S6) mimicked natural dynamics and achieved
the highest total ecosystem carbon storage, yet they posed challenges in
meeting industrial needs (harvested biomass lower than the allowed
annual cut). In contrast, Scenarios S4 (50% PC/50 % CC) and S5 (75%
PC/25 % CC) emerged as optimal for maximizing carbon sequestration,
conserving biodiversity, and fulfilling industrial demands. The TRIAD
approach, which divides landscapes into zones for conservation, inten-
sive management, and extensive management, aligns well with these
strategies and supports diverse forest composition and age structure at
various scales (Seymour & Hunter, 1992). To effectively implement S4
and S5, coniferous reforestation rates must be increased to 8 % and 17 %
of the annually harvested area in the Eastern regions, with appropriate
rates already applied in the Western and central regions (Table 1). While
these strategies have demonstrated greater efficacy in climate change
mitigation, they require improved infrastructure, presenting future
logistical and financial challenges (Cyr et al., 2021).

Innovative products: the wood industry in Quebec faces significant
challenges due to climate change, necessitating a proactive approach to
forest management. Our simulations forecast an increase in broadleaf
species abundance, mainly under CC-based scenarios and RCP scenarios
(Table 2), consequently the transition towards innovative products that
focus on broadleaf species rather than coniferous is essential (McKenney
et al., 2016). For instance, broadleaf species, such as aspen and birch,
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are increasingly recognized for their potential in producing high-value
products like bioenergy, and biochemicals (Laganiere et al., 2015;
Paradis et al., 2019). This shift not only addresses the challenges posed
by climate change but could also create economic opportunities,
ensuring the continuity of industrial operations and contributing to the
preservation of forest resources.

4.4. Model improvements and limitations

The ForCS model, an extension of LANDIS-II, exhibits several limi-
tations that affect its accuracy in simulating forest carbon dynamics. One
significant issue is the model’s sensitivity to input parameters, particu-
larly those related to growth and establishment probabilities. These
parameters, calibrated using growth and yield curves, are critical to the
model’s projections, but their variability can lead to inconsistent results
(Dymond et al., 2016; Hof et al., 2017). Moreover, the modeling of dead
organic matter (DOM) in mineral soils, based on CBM-CFS3, is a sig-
nificant source of uncertainty, largely due to the current omission of
lignin content representation (Metsaranta et al., 2017; Hararuk et al.,
2017). The model also excludes several processes crucial for carbon
storage, such as the chemical composition of litter and microclimate
regulation (Feng et al., 2006). Furthermore, LANDIS-II is limited in how
it represents the regeneration of broadleaf species, particularly in re-
gions with organic soils and nutrient deficiencies (Ameray et al., 2023a).
This limitation could affect the model’s ability to accurately predict
changes in forest composition and productivity. Another key limitation
is the model’s inability to properly account for the effect of light avail-
ability, which restricts its capacity to represent certain stand types, such
as the paludified stands of western Quebec, where establishment and
growth are not light-dependent. Lastly, we point out that the harvest
model uses annual harvested areas per treatment instead of volumes (or
biomass), which explains the variation in harvested biomass across
different scenarios.

From the user’s perspective, there are additional limitations related
to how certain interactions are considered in the model. Notably, we did
not account for salvage harvesting following disturbances such as SBW
outbreaks. This omission could lead to an overestimation of carbon
losses due to increased respiration rates (Ry) observed under partial
cutting (PC) scenarios, as salvage harvesting might mitigate some of
these losses. Moreover, the model does not incorporate the interactions
between partial harvesting and subsequent disturbances like wind-
throw. This exclusion is significant because partial harvesting can alter
stand age structure and composition, which in turn affects the forest’s
vulnerability to disturbances like windthrow and the associated carbon
dynamics (Girona et al., 2019; Lavoie et al., 2021). By not including
these interactions, the model may underestimate the potential impact of
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partial harvesting on the overall carbon balance. Despite the limitations,
our study demonstrates the potential of a forest landscape model to
simulate and reduce uncertainty around climate-adaptive silvicultural
practices. These results can help managers make better-informed de-
cisions for sustainable forest management in the face of global change.

5. Conclusions

Our study indicates that climate change will likely increase future
forest NPP, Ry, and carbon emissions in Quebec’s boreal forests, mainly
due to wildfires and SBW outbreaks. Over the next century, the com-
bined effects of climate change and clearcutting are expected to increase
the abundance of young forests and pioneer species, leading to greater
carbon sequestration in vegetation, yet this increase may not fully
counterbalance the carbon emissions from decomposition. We assessed
the impact of various forest management strategies under different
climate change scenarios, finding that the conservation scenario is
projected to maintain the highest levels of carbon in both soil and living
biomass pools. PC-based scenarios, on the other hand, produce condi-
tions similar to conservation scenario, preserving coniferous species
abundance and more old-growth and mature forests, thereby enhancing
long-term ecosystem carbon sequestration and storage. In contrast, CC-
based scenarios are associated with reduced carbon storage and lower
carbon sequestration capacity than PC-based scenarios. Although
clearcutting promotes the abundance of young forest and broadleaf
species, it results in lower NEP, due to the higher decay rates associated
with these species. To achieve a balance between carbon sequestration,
industrial needs, and ecosystem sustainability, a combination of clear-
cutting and partial-cutting approaches is essential. Our study identifies
strategies like S5 (75% PC/25 % CC) and S4 (50% PC/50 % CC) as the
most effective, as they successfully integrate the advantages of both
harvesting methods. However, further studies are required to explore
necessary industrial adaptations and the socioeconomic implications of
these strategies under future climate conditions.
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