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Abstract: Old-growth forests play a decisive role in preserving biodiversity and ecological functions.
In an environment frequently disturbed by fire, the importance of old-growth forests as both a carbon
stock as well as a source of emissions when burnt is not fully understood. Here, we report on carbon
accumulation with time since the last fire (TSF) in the dominant forest types of the Clay Belt region in
eastern North America. To do so, we performed a fuel inventory (tree biomass, herbs and shrubs,
dead woody debris, and duff loads) along four chronosequences. Carbon emissions by fire through
successional stages were simulated using the Canadian Fire Effects Model. Our results show that fuel
accumulates with TSF, especially in coniferous forests. Potential carbon emissions were on average
11.9 t·ha−1 and 29.5 t·ha−1 for old-growth and young forests, respectively. In conclusion, maintaining
old-growth forests in the Clay Belt landscape not only ensures a sustainable management of the
boreal forest, but it also optimizes the carbon storage.

Keywords: boreal forest; fuel load dynamics; fire behavior; carbon emission modelling; sustainable
management; mitigation management

1. Introduction

Forest management that optimizes carbon storage in the boreal forest could be an effective tool to
mitigate anthropogenic carbon emissions [1]. By storing more than one third of the global terrestrial
carbon [2,3], the boreal biome is the world’s largest carbon stock. However, limited by the cold
temperature and short growing season, boreal forests’ annual carbon uptake (0.004 Pg·C/m2·year)
is low in comparison with the tropical forests (0.008 Pg·C/m2·year) or the temperate forests
(0.009 Pg·C/m2·year) [4]. Fortunately, large amounts of carbon can accumulate on the boreal forest’s
floor since the decomposition of dead material is also limited by the cold climate conditions that prevail
therein [2]. Although disturbances emit large quantities of carbon, the boreal forest is a carbon sink
since regeneration and time between disturbances allows total recovery of emitted carbon [5].

In Canada, the boreal forest represents approximately 60% of the economic resources for the
forest industry [6]. In addition, boreal ecosystems provide a diverse range of habitats for wildlife [6].
During the last few decades, the expansion of intensive harvesting has prompted the need to find a
compromise between preserving biodiversity, maintaining forest ecosystems resilience, and providing
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resources for the wood and paper industries [6]. Facing these needs, interests for a sustainable
forest management approach based on natural fire dynamics has increased [7–10]. Natural fires
shape landscape structures and composition by creating forests of various ages and by favoring the
conservation of shade-intolerant species (e.g., jack pine, trembling aspen) in areas with high fire
activity and of tolerant species (e.g., balsam fir) in landscapes rarely influenced by fire [6–9]. Forest
management that recreates landscapes similar to those generated by natural fire preserves biodiversity
and long-term ecosystem functionality [10–13].

A major challenge in sustainable management lies in maintaining forest structures the way they
occur under natural conditions. Several studies have highlighted old-growth forests’ importance in
preserving biodiversity and ecological functions [10,14,15], for example, by supporting the presence
of specialized plant and animal species or by favoring forest resilience. While forest harvesting
has resulted in the creation of younger landscapes in the eastern part of North America [14,16,17],
sustainable forest management aims to promote silvicultural practices that maintain late-successional
forests, or forests that have the same characteristics [10,16–18]. These strategies aim to ensure forest
sustainability, but their relevance can be brought into question in a mitigation management context
under climate change. In old boreal forests, carbon has had time to accumulate for several decades [17];
when disturbed by fire, 40% [19] to 60% [20] of the carbon accumulated in boreal forests is likely to be
emitted back into the atmosphere [21]. This phenomenon is likely to be amplified over the next century
under global warming owing to the more frequent and more severe drought conditions [22], which
may directly increase wildfire activity (e.g., [23–25]) and reduce tree growth rates [26]. These changes
will affect the time needed for forests to recover the carbon released [5]. Given their large carbon pools
and the anticipated risks posed to these pools under climate change, maintaining old-growth forests,
as opposed to restoring productivity through harvesting, could have adverse effects on the global
climate. However, old-growth forests are characterized by a particular fuel structure that tends to
maintain higher moisture levels in comparison with younger forest stands [27–29]. This fuel structure
may provide old-growth forests with some resistance to fire regime changes.

This study estimates the potential amount of carbon released into the atmosphere by fire activity
along successional stages for the dominant forests (trembling aspen (TA), jack pine (JP), and black
spruce (BS) forests) of the Clay Belt boreal forest in eastern North America. The Clay Belt region
constitutes one of the world‘s largest terrestrial carbon stocks, estimated at 201 to 250 t·ha−1, with a
large proportion of forests reaching values of up to 1050 t·ha−1 [30]. Therefore, it is justified to assess
carbon emissions caused by fire disturbance specifically in the Clay Belt forest. The notion of the
impact of fuel accumulation with the time since the last fire (TSF) on fire behavior was first mentioned
by Brown [31] for Pinus ponderosa ecosystems in the Interior West of the United States. The policy of
fire exclusion has created a situation in which fuel accumulates, resulting into catastrophic and severe
fire events [32], and induced higher carbon emissions. In 2001, Johnson et al. [33] showed that this
notion is not valid for boreal ecosystems. Fire cycles (time required to burn an area equal in size to the
study area) in these ecosystems are longer than those in Pinus ponderosa ecosystems. Fuel accumulates
and does not constitute a limiting factor for fire events: large severe fires in these ecosystems occur
under extreme climatic conditions whatever the forest. Studies conducted in Clay Belt BS forests show
that peat mosses accumulate with the TSF, thereby inducing a decrease in tree productivity (tree fuel
load) [34]. Organic layer accumulation leads to a rise in the water table [35] and creates high soil
moisture conditions [34]. Depth of burn (i.e., the depth of the soil organic layer consumed during
a fire) is consequently low [36–39] and the fire only burns surface fuel. However, these studies did
not consider all fuel material and forest types. First, we wanted to address the hypothesis that fuel
accumulates with TSF in the dominant Clay Belt boreal forests, considering all fuel material. Second, it
can be postulated that the high soil moisture content and low depth of burn in BS forests may induce
less carbon emissions, while the higher fuel availability in TA and JP forests could induce higher
carbon emissions. From this hypothesis, we verified whether or not fuel accumulation could induce
higher carbon emission by fires in late-successional TA and JP forests, and not in black spruce forests.
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To do so, we performed a complete fuel inventory (tree biomass, herbs and shrubs, dead woody debris
(DWD), and duff loads) in 61 sites differing in their forest type and TSF. Empirical fuel loads were
then used to calculate the carbon emitted by one single simulated fire at each sampling site using the
Canadian Fire Effects Model (CanFIRE) [40,41].

2. Materials and Methods

2.1. Study Area

The study area (49◦00′–50◦00′ N, 78◦30′–80◦00′ W) is located in the Clay Belt boreal forest in
eastern North America, stretching across the Quebec and Ontario border (Figure 1).
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Figure 1. Geographic location of the sampling sites in the Clay Belt boreal forest, eastern North America.

A former proglacial lake (Lake Barlow-Ojibway) left a thick deposit of clay, forming the physiographic
unit known today as the Clay Belt, which covers an area of approximately 145,470 km2 [42].
The current level of fire activity is low, with a fire cycle estimated at 398 years from 1959 to 1999 [43].
The climate is subpolar and subhumid continental, characterized by long, harsh, and dry winters
and, short, hot, and humid summers [44]. Average annual temperature from 1971 to 2000 recorded at
the closest weather station to the north (Matagami, 49◦46′ N, 77◦49′ W) and to the south (La Sarre,
48◦46′ N, 79◦13′ W) was −0.7 ◦C and 0.7 ◦C, respectively. Mean total annual precipitation was 906 and
890 mm, respectively [44]. The poor drainage conditions induced by the presence of an impermeable
clay substrate, flat topography, historical low fire activity, and cold climate facilitated the accumulation
of thick layers of organic soil, a process often described as paludification [45,46]. In parts of the
region, peat mosses accumulate on initially mesic soils, independently of topography or drainage,
and are related to forest succession [34]. Therefore, in the prolonged absence of fire, these forests
tend to convert into less productive spruce-Sphagnum opened forests regardless of the initial species
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composition [34,47–50]. Burned area and residual organic layers (i.e., layers that are not consumed
by fire) jointly control forest structure and composition [51]. Shallow residual organic layers on the
ground lead to the establishment of dense forests composed of black spruce (Picea mariana (Mill.)
BSP), trembling aspen (Populus tremuloïdes Michx.), or jack pine (Pinus banksiana Lamb.) on mesic
sites [48,51–53]. In contrast, thick residual organic layers favor black spruce self-replacement [53,54]
and accelerate the process of paludification [34,51].

2.2. Fuel Load Dynamics with TSF

Data were collected to characterize trees, herbs, shrubs, DWD, and duff loads (t·ha−1) along
the successional stages of the dominant Clay Belt forests (TA, JP, BS; see Figure 5 in [48]). Black
spruce forests were separated into black spruce forests originating from severe fire (BS-S) and black
spruce forests originating from non-severe fire (BS-NS), since fire severity influences tree and duff load
dynamics in BS forests [34]. Successional stages were determined with TSF. We used information (tree
basal area, organic layer depth, TSF) that was already available for 37 sites to calculate tree and duff
loads [34,48,51]. We visited these sites to complete the inventory with information on DWD, shrubs,
and herbs. We selected 24 additional sites to expand TSF variability for each forest type (Table 1). TSF
was determined for these additional sites by overlaying a fire reconstruction map previously published
for the study area [43]. A total of 61 sites were sampled. At each site, a 30-m-sided equilateral triangle
was defined in which the fuel sampling protocol was performed.

Table 1. Distribution of study sites in different successional stages and forest types.

TSF (Years)
Forest Type

TA JP BS-S BS-NS

<90 6 7 5 5
90–150 4 1 5 5
>150 2 7 8 6
Total 12 15 18 16

Values express the number of sites. TSF: time since the last fire; TA: trembling aspen; JP: jack pine; BS-S: black
spruce originating from severe fire; BS-NS: black spruce originating from non-severe fire.

Basal area for live trees larger than 3 cm in diameter at breast height (DBH) were sampled by
species for the 24 additional sampling sites using the prism method (factor 2, metric). Tree loads were
calculated using stand-level equations [55]. Shrub load was sampled using the method described in
Brown et al. [56]. Nine 1-m2 plots were established evenly along the triangle transect. Shrub species
were identified and stem basal diameters (cm) were measured. Loads were calculated using equations
linking shrub species weight in grams with the stem diameter. Previously determined equations [57]
were used for Lonicera canadensis Bartr., Ribes sp., Rosa acicularis Lindl., and Viburnum edule Raf.
New equations were determined with additional shrub samples for Chamaedaphne calyculata (L.)
Moench, Kalmia angustifolia L., Rhododendron groenlandicum (Oeder) K.A. Kron & Judd, and Vaccinium
myrtilloides Michx. (see details in Appendix A, Table A1). We measured herb loads (all surface
vegetation that is not woody (e.g., forbs and graminoids)) using a weighted-estimate approach [56].
We established four plot rectangles (0.5 m2), three at the center of each side and one in the middle
of the triangle. We selected the plot with the most weight, which was identified as the base plot.
Herbaceous vegetation was collected in this base plot and oven dried at 95 ◦C for 24 h for dry weight
measurements. The weight of the three other plots was estimated as a fraction of the base plot and
fuel load was calculated using Brown et al.’s equation [56]. Fuel load of DWD was sampled using
the line intersect method [58] along the triangle sides. Pieces smaller than 7 cm were measured
with a “go-no-go” gauge, and counted according to five diameter sizes (class I: 0–0.49 cm; class II:
0.5–0.99 cm, class III: 1–2.99 cm, class IV: 3–4.99 cm; class V: 5–6.99 cm). For pieces bigger than 7 cm,
we measured the diameter size. DWD fuel loads were calculated for each size classes using McRae
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et al.’s equations [58]. Size-class specific coefficients values were extracted from Hély et al. [57] for
white cedar, and from McRae et al. [58] for the other species (BS, JP, TA, WB). Finally, duff loads were
calculated by multiplying total organic layer depth by bulk density. We used organic layer depths
data from Simard et al. [34] for the 37 previously sampled sites. Additional organic layer depth was
measured for the other 24 sites in parallel with shrub sampling in each of the nine 1-m2 plots and
averaged by sites. We used previously published mean bulk density (kg·m−3) information [36] to
convert organic layer depth into duff load (kg·m−2). Duff data were missing for old BS-NS sites
because of technical problems.

The relationship between TSF and (i) the fuel load of each material separately and (ii) total fuel
load was investigated by forest type. We performed polynomial regressions using the R freeware [59].
Herb and shrub fuel loads were combined into fine aerial vegetation. DWD corresponded to the sum
of all classes. Loads were logarithmically transformed (ln + 1) to linearize the relationship. First- to
third-order polynomial regressions were tested, and we promoted the significant minimum-order
polynomial regressions (p-values ≤ 0.05) in accordance with the parsimony principle.

2.3. Simulation of Carbon Emissions by Fire

Potential carbon emission (tons/ha) was investigated using the Canadian Fire Effects Model
(CanFIRE, formerly the Boreal Fire Effects Model, BORFIRE) [40,41], including the modified depth
of burn equations for BS forests dominated by Sphagnum spp. in the Quebec Clay Belt boreal
landscape [36,60]. CanFIRE is a collection of Canadian fire behavior models that are used to estimate
first-order fire effects on physical characteristics, and to estimate ecological effects at the stand level.
For any given fire, CanFIRE calculates fire behavior information (e.g., fire intensity, rate of spread)
based on the pre-fire amount of fuel and components of the Canadian Forest Fire Weather Index (FWI)
System [61]. Tree fuel consumption takes place only when CanFIRE predicts a crown fire. Values are
estimated as the sum of foliage and bark using tree biomass algorithms [62] and are comparable to
overstory fuel consumption data recorded on experimental burns in the Canadian Forest Fire Behavior
Prediction (FBP) System database [63]. DWD and duff consumption follows McRae et al.’s [64] and
de Groot et al.’s [65] equations, respectively. These algorithms are driven by the Buildup Index (BUI)
and Drought Code (DC) values of the FWI System for DWD and duff consumption, respectively, and
were built from empirical pre-burn and post-burn fuel data collected in prescribed fires.

Since simulation objectives were to analyze differences in carbon emission with fuel structure
variations under similar climatic conditions, we simulated the potential carbon emitted by one single
simulated fire, using the same fire weather conditions at each sampling site. Sensitivity analyses
were made to ensure that fire weather values above average did not modify our conclusions (see
details in Appendix B). We determined FWI System component values by averaging daily FWI System
components for each natural fire start point encountered during the interval 1971–2000 period in the
study area (FWI = 18) [60]. Forest cover was determined based on species’ empirical basal area as
described in the previous section. Since basal area was sampled for trees with DBH larger than 3 cm,
basal area, and, consequently, cover were 0 for all species in young sites. In this case, we attributed
a value of 100% to the dominant species of the forest type (e.g., cover: 100% of jack pine in JP). Tree
fuel load was directly estimated by CanFIRE using species’ basal area. To do so, species’ site index
and age were used to calculate basal area with Plonski’s yield tables [65]. We used TSF for species age
and the same site indexes as those used by Terrier et al. [60]. Prior to running simulations, we ensured
that the use of Plonski’s yield tables instead of our empirical basal area data would not bring a bias to
our conclusions (see details in Figure C1). DWD and duff loads were provided by our empirical data.
Total duff was separated into duff-fibric and duff-humus using the fibric layer equations described
in Terrier et al. [60]. Since the database was not complete for all sites (technical problems in duff
sampling in old BS-NS sites), a subset of 55 sites was used for the simulations. Simulation results were
averaged by forest types and successional stage classes (TSF < 90 years; TSF between 90 and 150 years;
TSF > 150 years).
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Some additional changes were also made to the model. In our study area, high soil moisture
conditions in BS forests dominated by Sphagnum spp. resulted in lower depth of burn, and,
consequently, in lower forest floor fuel consumption (FFFC) in comparison with other boreal forest
types [36]. In the CanFIRE model, FFFC is a function of duff load and climate conditions [37], and does
not consider the lower depth of burn for calculations. Therefore, FFFC equations had to be modified
to reflect specific carbon emission in BS forests dominated by Sphagnum spp. We defined FFFC as a
function of the potential depth of burn as Equation (1):

FFFC
(

kg
m2

)
= depth of burn (m) × bulk density (

kg
m3 ) (1)

Since bulk density varies with the organic layer depth [37], we came up with a model that linked
measured bulk density with organic layer depth. To do so, we used a published dataset that comprised
103 peat measurements of bulk density at different organic layer depths sampled in 11 sites [34] (details
are presented in Appendix D).

3. Results

3.1. Fuel Load Dynamics with TSF

TSF was significantly related to all fuel loads materials (trees, fine aerial vegetation, DWD, and
duff) and total fuel loads for TA, JP, BS-S, and BS-NS boreal forests in the Clay Belt. Exceptions were
observed for fine aerial vegetation in coniferous forests, duff load in TA forests, and DWD of JP forests
(Figure 2, Table 2).

Tree fuel loads (Table 2; Figure 2A) were predicted to approximate 0 (t·ha−1) just after fire
(exponential of the polynomial regression intercept ~0), except for BS-NS, where the intercept equals
0.79. Tree fuel loads for coniferous forests increased gradually before decreasing after 150 and 200 years
in JP and BS forests, respectively (Figure 2A). Maxima reached 5.47, 4.75, and 4.39 for JP, BS-S, and
BS-NS, respectively. In the case of TA forests, tree fuel loads increased particularly rapidly at early
successional stages until around 75 years (logarithmic maximum = 6.46), followed by a slight decrease.
Finally, tree fuel loads increased again at late successional stages.

Fine aerial vegetation load did not vary significantly with TSF in coniferous forests (Figure 2B);
logarithmic values varied near 0 along the successional stages (Table E1). In contrast, the amount
of fine aerial vegetation was particularly high at early successional stages in TA forests. A value of
570 tons/ha was observed for the younger site (TSF = 11 years) (Table E1). Fuel loads decreased
significantly, reached 0 at 120 years old (Table E1), and increased rapidly at late-successional stages.

DWD load dynamics for BS forests, represented in Figure 2C, followed the same trend as those
observed for the tree load: an increase was predicted at early successional stages, maxima logarithmic
values of 2.79 and 1.86 for BS-S and BS-NS, respectively, were reached at 200 years, and were followed
by a decrease in values. DWD load trend in TA forests was the opposite of tree load: a value of 90 t·ha−1

was estimated in the youngest site (TSF = 11 years) (Table E1). Values decreased for 75 years, then
increased slightly, and finally decreased gradually at late successional stages. DWD load for JP forests
showed no significant relationship with TSF. Values ranged from 1 to 86 t·ha−1 (Table E1).

Duff load showed a significant gradual increase with TSF in coniferous forests. Higher values
were predicted for BS-NS (Figure 2D). Values were on average 70, 125, 292 t·ha−1 for JP, BS-S, and
BS-NS, respectively, in sites younger than 50 years old (Table E1). The increase in duff load was faster
in BS forests in comparison with JP forests (higher equation slope in Table 2). Variation in duff load
was not significantly related to TSF in TA forests. Values averaged 150 all along the chronosequence.

Finally, variation in total fuel load with TSF was significant for all forest types (Figure 2E). Total
fuel load gradually increased along successional stages in coniferous forests. Values varied from
57 t·ha−1 to 382 t·ha−1 in JP, from 77 t·ha−1 to 767 t·ha−1 in BS-S, and from 160 t·ha−1 1084 t·ha−1 in
BS-NS (Table E1). Total fuel in TA forests decreased slightly at early successional stages, reaching a
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minimum at 140 years, and increased at late successional stages (Figure 2E). Values of total fuel ranged
from 241 t·ha−1 to 730 t·ha−1 in TA forests (Table E1).
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Figure 2. Changes in loads of (A) tree; (B) fine aerial vegetation (herbs and shrubs); (C) dead woody
debris (DWD); (D) duff; and (E) total fuel (A + B + C + D) with TSF for TA, JP, BS-S, and BS-NS
dominated forests. Fuel loads were logarithmically transformed and are represented by color points.
The black line expresses the significant relationship (p-value ≤ 0.05) in the polynomial regression
analysis and the grey shape corresponds to the regression standard error.
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Table 2. p-value, adjusted R2 and equations extracted from the regression polynomial analysis of tree,
fine aerial vegetation (shrubs + herbs), DWD, duff, and total fuel loads with TSF for TA, JP, BS-S, and
BS-NS dominated forests. NS stands for a non-significant relationship.

Fuel p-Value R2 Model

TA

Trees ≤0.005 0.92 ln(load) = −2.21 + 0.23× TSF− 0.002× TSF2 + 0.000006× TSF3

Fine aerial ≤0.05 0.47 ln(load) = 6.91− 0.11× TSF + 0.00045× TSF2

DWD ≤0.001 0.84 ln(load) = 5.31− 0.093× TSF + 0.00099× TSF2 − 0.000003× TSF3

Duff NS NS NS
Total ≤0.05 0.49 ln(load) = 6.72− 0.017× TSF + 0.00008× TSF2

JP

Trees ≤0.005 1 0.78 ln(load) = −0.38 + 0.084× TSF− 0.0003× TSF2

Fine aerial NS NS NS
DWD NS NS NS
Duff ≤0.001 0.65 ln(load) = 4.35 + 0.0049× TSF
Total ≤0.05 0.19 ln(load) = 5.1 + 0.003× TSF

BS-S

Trees ≤0.001 1 0.52 ln(load) = −0.049 + 0.048× TSF− 0.00012× TSF2

Fine aerial NS NS NS
DWD ≤0.05 1 0.16 ln(load) = 1.03 + 0.018× TSF− 0.000046× TSF2

Duff ≤0.001 0.81 ln(load) = 4.59− 0.006× TSF
Total ≤0.001 0.71 ln(load) = 5.06 + 0.0052× TSF

BS-NS

Trees ≤0.001 1 0.48 ln(Fuel load) = 0.79 + 0.036× TSF− 0.00009× TSF2

Fine aerial NS NS NS
DWD ≤0.05 1 0.34 ln(Fuel load) = 0.06 + 0.019× TSF− 0.00005× TSF2

Duff ≤0.05 0.38 ln(Fuel load) = 5.3 + 0.0055× TSF
Total ≤0.005 0.48 ln(Fuel load) = 5.34 + 0.006× TSF

1 Non-significant intercept.

3.2. Simulation of Carbon Emission by Fire

The CanFIRE model was used to simulate carbon emissions during a single fire along the different
successional stages of the four dominant forest types (TA, JP, BS-N, and BS-NS) of the Clay Belt boreal
forest. Simulation results are presented in Figure 3.
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Figure 3. CanFIRE potential carbon emissions averaged by early (TSF < 90 years), intermediate (TSF
between 90 and 150 years), and late (TSF > 150 years) successional stages, and by dominant forest
types of the Clay Belt boreal landscape (trembling aspen (TA), jack pine (JP), black spruce originating
from severe fire (BS-S), and black spruce originating from non-severe fire (BS-NS) forests). Error bars
represent the mean standard error.
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Mean carbon emissions by fire were estimated to range from 14.83 to 21.37 t·ha−1 in TA, from
17.97 to 24.7 t·ha−1 in JP, from 12.48 to 44.3 t·ha−1 in BS-S, and from 1.92 to 52.31 t·ha−1 in BS-NS.
Simulated carbon emissions were on average lower for sites older than 150 years, except for JP forests,
where carbon emission estimates averaged 16 t·ha−1 for forests younger than 90 years and 19 t·ha−1

for forests older than 150 years. A maximum average of 53 t·ha−1 of carbon emitted was simulated
for BS-NS with TSF < 90 years, while a particularly low value (2 tons/ha) was simulated for older
BS-NS. Aside from BS old-growth forests, potential carbon emission values simulated were lower for
TA. Table 3 presents the contribution in percentage of each fuel material to carbon emission by fire.
Trees barely contribute to emission, which is mostly generated by duff and DWD combustion.

Table 3. Values of total potential carbon emission by forest type and successional stage, and contribution
of each fuel category to the total emission.

Forest Type Successional Stage Total (t/ha)
Contribution of Fuel Category

Tree (%) DWD (%) Duff (%)

TA
TSF < 90 years 16.2 0 20 80

TSF between 90 and 150 years 21.4 0 11 89
TSF > 150 years 14.8 0 10 90

JP
TSF < 90 years 17.9 14 21 65

TSF between 90 and 150 years 24.7 0 9 91
TSF > 150 years 18.5 0 6 94

BS-S
TSF < 90 years 31.6 6 3 91

TSF between 90 and 150 years 44.3 6 5 89
TSF > 150 years 12.5 2 12 86

BS-NS
TSF < 90 years 52.3 3 1 96

TSF between 90 and 150 years 17.4 3 6 91
TSF > 150 years 1.9 0 53 47

4. Discussion

4.1. Fuel Load Dynamics with TSF

Our results confirmed our first hypothesis that fuel accumulates with TSF in Clay Belt coniferous
forests, despite variations in the dynamics of the different fuel materials. These variations were
confirmed and explained by previous studies on fuel load dynamics.

Tree dynamics strongly affect variations in fuel material with TSF [66–69]. It is therefore important
to first understand Clay Belt tree dynamics to discuss fine aerial, DWD, and duff dynamics. Light,
nutrients, and space are abundant just after a fire event, and vegetation can rapidly colonize disturbed
sites [70]. Trees grow more or less rapidly depending on the composition [65] or depth of the residual
organic layer [51,71]. Consequently, it was not surprising to predict in our study an increase in tree
biomass at early successional stages for all forest types. This increase was faster for TA and JP forests,
because growth rates are faster for these trees [65,72] and the low residual organic layers required for
TA and JP postfire recruitment lead to the establishment of productive and dense forests [49,52–54].
In contrast, BS-NS forests showed the slowest increase due to the thick residual organic layers left
after fire which favor unproductive open BS self-replacement [34,48,52–54]. Following the growth
influx, a decrease in tree loads [34,73] was predicted at 80, 110, and 200 years for TA, JP, and BS forests,
respectively. Over time, tree mortality starts, gaps are created, and shade-tolerant species appear in the
canopy [74,75]. Our predictions concur with previous observations: Pothier et al. [76] estimated tree
productivity loss after about 60 years for TA forest in Quebec; Belleau et al. [50] estimated composition
changes to occur in the Clay Belt region at around 70 to 120 years for JP and TA forests, respectively,
and at around 100 to 200 years for BS forests. In our analysis, TA experienced a recovery in tree biomass
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after 150 years. Low organic layers observed at late successional stages in TA forests probably made
this productivity recovery possible.

Fine aerial vegetation establishment and growth rates are primarily limited by the understory
light availability that is created by the overstory canopy [67–69]. The shady understory environment
provided by coniferous species [77] results in less abundant fine aerial vegetation in coniferous
forests [68,70]. Forest openings induced by the establishment of the second cohort was not associated
with the development of fine aerial vegetation in old-growth coniferous forests because the cold soil
temperature and nitrogen limitation induced by organic layer accumulation at the late successional
stage [34] probably acted to prevent herbs and shrubs development. Herbs and shrubs dynamics in
TA forests reflect higher light transmission by the deciduous canopy. At early successional stages, light
availability decreases in response to tree growth, and fine aerial vegetation declines in abundance and
growth [64]. Tree mortality at intermediate successional stages increases light availability, allowing
understory recolonization by herbs and shrubs [70,78,79]. Late successional stages were consequently
characterized by an increase in fine aerial vegetation.

DWD variations with TSF can be explained by coarse woody debris (CWD) dynamics
(pieces > 7 cm) since CWD constitute most of the DWD loads [29,66]. CWD dynamics in TA forests
followed the traditional U-shaped distribution summarized by Brassard and Chen [68]. Pre-disturbance
and disturbance-generated woody debris that were not consumed generated a high CWD quantity
at early successional stages. As TSF increased this material decomposed and a decrease in CWD
occurred. Tree mortality at intermediate successional stages provided high loads of woody debris.
Old-growth forests were characterized by a low quantity of CWD, as new cohort growth did not
generate dead woody supply [68]. DWD debris dynamics in BS forests corresponded closely to tree
fuel load dynamics, with an absence of DWD high value at early successional stages, compared with
what was observed in TA forests. Our data showed an absence or low quantity of CWD in young BS
forests.Such a feature in coniferous forests has already been mentioned in previous studies [66,80,81].
It may be induced by a faster decay rate after fire and the absence of pre-fire large-diameter trees [66].
CWD could also be buried in the moss layer in BS-NS due to the rapid growth of Sphagnum species [31].
No trend in DWD was observed in JP forests, although Brais et al. [82] found that DWD dynamics
followed a ‘U-shaped’ temporal pattern in pure Clay Belt JP forests. We explain these differences
in observations by the facts that our data cover a larger variability of TSF and our forests were not
pure JP forests. Few studies have compared CWD dynamics in different cover types [69]. Differences
in DWD dynamics between coniferous forests and TA forests may be induced by the lower pre-fire
tree productivity (Figure 2) and the presence of woody debris with higher flammability [83–86] in
coniferous forests.

Decomposition rates were higher in TA than in coniferous forests [80,86]; consequently, organic
layer accumulation did not occur in TA forests. Conversely, duff loads increased gradually in coniferous
choronosequences, since the lower decomposition rates associated with the paludification process
favor organic layer accumulation [34,45,46]. The most interesting fact is that despite a tree and DWD
load loss with TSF in coniferous forests, total fuel loads increased with TSF.

Scharlemann et al. [30] provided a global map representing carbon stocks in tree biomass and
soils. As mentioned in the introduction, they estimated a higher carbon amount in the Clay Belt boreal
forests, with values ranging from 201 to 250 t·ha−1 (402–500 t·ha−1 of fuel load), and forests reaching
values up to 1050 t·ha−1 (2100 t·ha−1 of fuel load). Our values are in accordance with the authors: we
observed fuel loads ranging from around 60 to 1080 t·ha−1, with the majority of sites containing 200 to
500 t·ha−1. This study confirmed the importance of the region for global carbon stocks.
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4.2. Simulation of Carbon Emission by Fire

This research is the first that we are aware of to use empirical data that include both spatial and
temporal variations in fuel loads to quantify fire carbon emission in boreal ecosystems. Our approach
differs from other studies [20,27,28,87,88], as fuel loads were approximated by fuel type and did not
consider that the temporal changes [20,27] or amount of carbon emitted were a function of the burned
area [28,88] or of the landscape’s total tree loads [87]. We estimated that mean carbon emission by fire
ranged from 2 to 53 t·ha−1, depending on the forest type and age category. These results are consistent
with values provided by previous studies. Harden et al. [87] estimated long-term average for C
exchange in boreal forests near Thompson, Manitoba, Canada. The values ranged from 11 to 25 t·ha−1

for JP forests and from 14 to 70 t·ha−1 for BS-feathermoss forests. No observed data were offered for
BS-Sphagnum forests, but the authors simulated an average of 20 t·ha−1. Simulated carbon emissions
using the CanFIRE model in forests of Alberta, Canada, ranged from 11.3 to 42.6 t·ha−1, depending on
the month during which fire occurred [19]. Amiro et al. [28] estimated a mean of 20.1 t·ha−1 of fuel
consumed by individual fire (carbon emissions of around 100 (t·ha−1)) in the boreal east shield from
1959 to 1999.

The most interesting point to emerge from our simulations is that despite fuel accumulation
with TSF, old-growth forests emitted less carbon by fire on average, whatever the forest type. Pre-fire
fuel structure determined the amount of carbon emitted by fire [27–29] since total fuel consumption
in CanFIRE was a function of the amount of each fuel material. More specifically, as previously
observed [27], more than 85% of the carbon emissions were generated by duff and DWD combustion.
It was not surprising to simulate a low tree contribution to carbon emission, since fire does not
consume trees, it kills them [89]. Emissions are consequently generated after the fire, through dead
wood decomposition [90]. However, this particularity does not influence the conclusions of this study
since tree fuel load is as low in late-successional than in early-successional forests. Variations in carbon
emission through BS successional stages were mainly influenced by duff dynamics. As mentioned
previously, organic layer accumulation leads to a rise in the water table [35] and creates high soil
moisture conditions [35]. Depth of burn is consequently low [36–39]. Duff loads in TA and JP
forests present little variation across successional stages, as carbon emission was determined by DWD
dynamics. Old-growth forests emitted less carbon because DWD loads were lower (even if DWD
variations with TSF were not significant in JP forests, values were lower in old-growth forests).

These results have important implications for forest management in the context of climate change
mitigation. Managers should consider practices that favor mature forests for harvesting but also
increase potential forest vulnerability to higher carbon emission and decrease long-term carbon
storage [36]. In fact, although the climatic conditions expected by the end of the 21st century may
induce an increase in fire activity in the Clay Belt boreal region (e.g., [22–24]), expansion of old-growth
BS forests in the landscape is projected [60]. If fire activity over the next three to four decades remains
similar to current levels, an increase in the proportion of forests characterized by high soil moisture
conditions will occur [60]. These moisture conditions may provide landscape resilience to increased
fires. Fuel should consequently continue to accumulate without generating more emissions during fires.
Peatland protection (such as reducing or preventing peatland drainage) could be an alternative in order
to increase forest resistance to fire and reduce future fire carbon emissions in eastern Canadian forests.

Finally, it is important to note that the CanFIRE model does not include fine aerial consumption
in its calculations. However, this omission would not change the findings of this study. Fine aerial
load is low for coniferous forests all along the successional stages. High fine aerial load in TA forests at
early and late successional stages may amplify our results as moisture contents of this fuel reduce fire
intensity and, therefore, carbon emissions.
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5. Conclusions

Empirical fuel structure dynamics were examined and potential carbon emissions by wildfire
were simulated along four dominant chronosequences of the Clay Belt boreal forest in eastern North
America. Fuel structure was an important factor influencing carbon emission by the simulated fire,
while fuel availability was not a determining factor. Given our results, we argue that maintaining
old-growth forests in the Clay Belt landscape not only promotes a sustainable management of the
boreal forest, it also optimizes carbon sink.

A considerable effort was made in this study to sample covering a wide variability in TSF, and
our results showed a low value for TA in the TSF > 150 years category and for JP in the TSF between
90 and 150 years category. However, these conclusions may apply only to the region studied, since
the paludification process brings specific high moisture dynamics in old-growth forests [34]. Direct
impacts of climatic change on fuel loads should also be investigated. This includes the potential
increase in tree growth with the lengthening of the growing season [91,92] or decomposition [93].
However, the particularly high organic layer thickness and high soil moisture content may prevent
such impacts by limiting tree growth and decomposition.
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Appendix A. Shrub Load Equations

Previously determined equations were used for load calculations of Lonicera canadensis Bartr., Ribes sp.,
Rosa acicularis Lindl., and Viburnum edule Raf [57].

New equations were determined with additional shrub samples for load calculations of Chamaedaphne
calyculata (L.) Moench, Kalmia angustifolia L., Rhododendron groenlandicum (Oeder) K.A. Kron & Judd, and Vaccinium
myrtilloides Michx. (Table A1). A total of 90 additional shrub samples were randomly collected in various triangle
transects to determine equations linking species’ weight (g) with stem diameter (cm) for Chamaedaphne calyculata
(sample size = 19), K. angustifolia (sample size = 28), R. groenlandicum (sample size = 28), and V. myrtilloides (sample
size = 15). Efforts were made to collect a high variability in diameter size. Each sample was weighted and linked
with basal diameter using linear regressions. Weight and diameter values were logarithmically transformed to
normalize the relationship. Linear regressions were performed using R freeware [59].

Table A1. Equations and adjusted R2 from linear regressions analysis linking shrub weight (g) with stem
basal diameter (cm) by species. All equations and coefficients were significant with a p-value ≤ 0.05.

Species Equations Adjusted R2

Kalmia angustifolia 2 ln(weight) = −2.13 + 2.5 ln(D) 0.91
Lonicera canadensis 1 ln(weight) = −2.33 + 2.64 ln(D) 0.82

Chamaedaphne calyculata 2 ln(weight) = −3.25 + 3.25 ln(D) 0.93
Rhododendron groenlandicum 2 ln(weight) = −2.4 + 2.52 ln(D) 0.94

Ribes sp. 1 ln(weight) = −2.18 + 2.33 ln(D) 0.79
Rosa acicularis 1 ln(weight) = −2.09 + 2.41 ln(D) 0.82

Vaccinium myrtilloides 1 ln(weight) = −1.93 + 1.92 ln(D) 0.65
Viburnum edule 2 ln(weight) = −2.55 + 2.62 ln(D) 0.84

1 Hély’s equations [57]; 2 New equations from additional shrub sample.

Appendix B. Sensitivity Analysis of the Influence of Fire Weather Variations on Potential Carbon
Emissions across Successional Stages

Sensitivity analyses were made to ensure that fire weather values above average did not modify our
conclusions. To do so, we performed simulations using daily FWI System components for each natural fire start
point during the interval 1971–2000 period in the study area [60] (Table B1). A total of eight fires occurred during
this period, burning a total of 56,080 ha.

Table B1. Daily FWI System components for each natural fire start point encountered during the
interval 1971–2000 period.

Name FFMC DMC DC ISI BUI FWI

Fire 1 89 22 168 15 33 24
Fire 2 93 42 85 17 41 30
Fire 3 88 22 167 9 33 17
Fire 4 90 50 125 15 49 29
Fire 5 83 26 99 5 32 10
Fire 6 82 24 101 4 30 8
Fire 7 88 30 99 8 34 15
Fire 8 88 31 88 6 33 13

FFMC: Fine Fuel Moisture Code; DMC: Duff Moisture Code; DC: Drought Code; ISI: Initial Spread Index; BUI:
Buildup Index; FWI: Fire Weather Index.

Simulation results showed that potential carbon emission was the lowest for forests older than 150 years,
regardless of the FWI System components (Figure B1).
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Figure B1. CanFIRE potential carbon emissions averaged by early (TSF < 90 years), intermediate (TSF
between 90 and 150 years) and late (TSF > 150 years) successional stages, and by dominant forest
types of the Clay Belt boreal landscape ((A) trembling aspen (TA), (B) jack pine (JP), (C) black spruce
originating from severe fire (BS-S), and (D) black spruce originating from non-severe fire (BS-NS)
forests). Simulations were performed using FWI System components for each natural fire start from
1971 to 2000.

Appendix C. Comparison of Empirical Basal Area and Simulated Basal Area with
Plonski’s Yield Table

Prior to simulations of carbon emission by fire, we ensured that the use of Plonski’s yield table [65] instead
of our empirical basal area data would not bring a bias to our conclusions. We calculated Pearson’s correlation
between tree basal areas extracted from Plonski’s tables and our empirical basal areas. Comparisons showed good
predictive skills, with a Pearson correlation coefficient of 0.72 (Figure C1). Plonski’s tables, however, overestimated
the basal area, but this difference does not change the conclusions of our study because trees contribute only
slightly to the amount of carbon emitted during fire (Table 3) and simulated values are significantly similar to
observed values.Forests 2017, 8, x FOR PEER REVIEW    15 of 21 
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Appendix D. Calibration of Bulk Density with Duff Fuel Loads

We calibrated a model linking measured bulk density (kg·m−3) with organic layer depth (m) to consider
heterogeneity in organic bulk density with the organic layer depth [37]. We made use of peat datasets comprising
103 measurements of bulk density at different organic layer depths selected from 11 sites in the Quebec Clay
Belt boreal forest [34]. Bulk density and organic layer depths were logarithmically transformed to linearize the
relationship. Linear regressions were performed using R freeware [59].

The resulting model explained 45% of the variance in bulk density (adjusted R2 = 0.45, p-value ≤ 0.001). The
model took on the following form:

ln(Bulk Density + 1) = 2.72 + 0.57× ln(Organic Layer Depth + 1) (D1)

Therein bulk density progressively increases with organic layer depth (Figure D1A). Comparison of observed
and predicted values indicated relatively good predictive skills, with a Pearson correlation coefficient of 0.73
(Figure D1B).
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Figure D1. (A) Bulk density (kg/m3) variation with organic layer depth for forested peats in the
Clay Belt boreal forests. Stars represent sampling data collected by Simard et al. [34]. The dotted
line represents the regression relationship; (B) Predicted bulk density with regression analysis versus
observed values.

Appendix E. Calibration of Bulk Density with Duff Fuel Loads

Table E1. Empirical TSF and fuel loads (tree, fine aerial vegetation, DWD, duff, and total) for TA, JP,
BS-S, and BS-NS dominated forests.

Fuel Material

Forest Type TSF (Years) Tree (t/ha) Fine Aerial (t/ha) DWD (t/ha) Duff (t/ha) Total (t/ha)

TA

11 0 569 90 70 730
57 346 4 12 78 440
68 100 37 16 88 241
71 190 0 14 257 460

102 200 0 17 145 362
145 120 1 22 292 435
145 120 1 26 197 343
187 375 23 8 117 524
187 375 2 7 129 514
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Table E1. Cont.

Fuel Material

Forest Type TSF (Years) Tree (t/ha) Fine Aerial (t/ha) DWD (t/ha) Duff (t/ha) Total (t/ha)

JP

11 0 1 1 54 57
11 0 0 86 81 168
11 0 2 79 77 158
54 137 0 10 87 234
87 173 0 12 154 339
89 175 4 22 152 353
89 175 1 44 115 335

142 91 0 21 270 382
152 132 0 3 182 317
152 132 1 12 140 285
180 34 1 15 225 276
180 34 0 10 225 270
207 42 0 12 171 225
207 42 0 23 173 238
225 74 2 10 163 248

BS-S

32 0 1 17 170 188
32 0 3 10 131 144
32 0 2 1 74 77
55 164 1 2 131 298
87 118 5 2 223 348
91 134 0 7 117 258

129 127 1 33 190 350
129 127 1 16 232 376
145 72 1 58 169 299
145 94 0 11 204 310
165 115 1 3 506 625
177 74 2 18 289 383
181 85 0 17 350 453
225 66 1 31 338 436
272 79 0 6 496 581
283 52 2 14 698 767
283 66 3 19 541 629
356 45 1 4 682 733

BS-NS

41 11 2 1 292 306
41 11 2 2 292 307
41 11 2 1 292 306
55 0 0 4 157 160
57 53 0 2 239 295
78 24 1 1 435 461
96 29 1 2 483 515
100 40 1 1 351 393
142 63 1 12 281 356
146 43 0 7 389 440
146 43 0 9 389 441
170 106 3 4 972 1084
172 66 5 8 464 543
172 66 2 10 464 542
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