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SM 1 Methodology

SM 1.1 HLM main equations

SM 1.1.1 Computing ftreetot in the HLM

In the Full approach, ftreetot was computed as the mean of tcover over all individual patches:

ftreetot,Full =

Nk∑
k=1

prop(k)× tcover(Cstem,k) (SM.1)

where k is the specific patch, Nk is the number of patches (and tiles) in the grid cell, prop(k) is the
proportion of the grid cell occupied by patch k (unitless) and Cstem,k is the amount of stem carbon in
the same patch. For the logging disturbance, prop(k) = distp for all patches (aged from zero to one
year less than the rotation length). For the fire disturbance, prop(k) = distp(1− distp)t for the patch
aged t yrs.
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In the Average approach, ftreetot rather had to be computed based on the grid-mean value of stem
carbon (Cstem,mean):

ftreetot,Ave = tcover(Cstem,mean) (SM.2)

Although this would be highly unlikely to happen in a real climate model, we assumed for the sake
of this assessment that the total amount of stem carbon was the same in the Average approach as in
the Full approach; hence, in the HLM, we had Cstem,mean =

∑Nk
k=1 prop(k) × Cstem,k (with prop(k)

computed as above).

In the Landscape Fractions approach, the patches having a similar tcover were temporarily grouped
into a given LF. For each LF, a single tcover was then evaluated in a manner similar to the Average
approach, but based on the LF-mean value of stem carbon. The ftreetot value for the whole grid cell
was then computed as the mean of the LF-based tcover, accounting for the area of each LF:

ftreetot,LF =
LF∑
l=1

area(l)× tcover(Cstem,l−mean) (SM.3)

where l is the specific LF tile, LF is the number of tiles in the grid cell, area(l) is the proportion (unit-
less) of the total grid cell occupied by tile l, and Cstem,l−mean is the mean stem carbon of all the patches
within tile l. The individual patches k needed to be sorted by order of increasing Cstem,k (because older
patches can sometimes have less stem carbon than younger patches, and hence a smaller tcover); we
use k̃ to denote the index of the sorted patches. Therefore, area(l) was given by

∑
k̃(l) prop(k̃) (with

prop(k̃) computed as above), where k̃(l) were the sorted patches falling within landscape fraction l (i.e.,
such that tcover(Cstem,k̃) fell between the lower and upper tcover thresholds for landscape fraction l).

As for Cstem,l−mean, it was given by
∑

k̃(l) hl(k̃)Cstem,k̃, with hl(k̃) = prop(k̃)/area(l).

SM 1.1.2 Cstem dynamics

Applying Eq. (3) of the main text to itself in a recursive manner over t consecutive years and starting
from the initial condition Cstem(t = 0) = 0 leads to:

Cstem(t) = a

t−1∑
j=0

f jNPP (t− 1− j) (SM.4)

for t ≥ 0. Using Eq. (SM.17) for NPP (t), the previous equation becomes:

Cstem(t) = a g
t−1∑
j=0

f j
[
a+ bct−1c−j − det−1e−j

]
(SM.5)

Solving the geometric sums, we finally obtain:

Cstem(t) = a g
[
A(t) +B(t)ct−1 −D(t)et−1

]
(SM.6)

where:
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A(t) =


a

1− f t

1− f
if f 6= 1

at if f = 1

(SM.7)

B(t) =


b
1− (f/c)t

1− (f/c)
if f/c 6= 1

bt if f/c = 1

(SM.8)

D(t) =


d

1− (f/e)t

1− (f/e)
if f/e 6= 1

dt if f/e = 1

(SM.9)

Note that for all the simulations we performed, {f, f/c, f/e} 6= 1 and 0 < {f, c, e} < 1.

SM 1.2 The extended patch approximation for fire

The equilibrium with the fire disturbance formally implied an infinite number of patches. Eqs. (SM.1–
SM.3) to compute ftreetot were still conceptually valid, but were no longer computationally tractable.
Grouping all the patches aged t? yrs and more into an “extended patch” allowed us to circumvent the
problem.

Given that the patch k is aged t− 1 yrs, Eq. (SM.1) for the Full approach in a fire-disturbed grid cell
can be written as:

ftreetot,Full =
t?−1∑
t=0

prop(t)× tcover(Cstem(t)) +
∞∑

t=t?

prop(t)× tcover(Cstem(t))

≈
t?−1∑
t=0

prop(t)× tcover(Cstem(t)) + propext × tcover(Cstem,ext) (SM.10)

where propext is the proportion of the grid cell occupied by the extended patch, which groups all the
individual patches aged t? yrs or more (note that 0 < distp < 1 for all the simulations we performed):
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propext =
∞∑

t=t?

distp(1− distp)t

=

∞∑
t=0

distp(1− distp)t −
t?−1∑
t=0

distp(1− distp)t

=
distp

1− (1− distp)
− distp

1− (1− distp)t
?

1− (1− distp)

= (1− distp)t
?

(SM.11)

and Cstem,ext is the area-weighted mean amount of stem carbon in the extended patch (with Eqs.(SM.6–
SM.9) for Cstem(t)):

Cstem,ext =
1

propext

∞∑
t=t?

distp(1− distp)tCstem(t)

=
distp a g

(1− distp)t?
[
Â(t?) + B̂(t?)− D̂(t?)

]
(SM.12)

where (for {f, f/c, f/e} 6= 1 and 0 < {f, c, e} < 1):

Â(t?) =
a

1− f

[
(1− distp)t

?

distp
− f t

?
(1− distp)t

?

1− f(1− distp)

]
(SM.13)

B̂(t?) =
b

c− f

[
ct

?
(1− distp)t

?

1− c(1− distp)
− f t

?
(1− distp)t

?

1− f(1− distp)

]
(SM.14)

D̂(t?) =
d

e− f

[
et

?
(1− distp)t

?

1− e(1− distp)
− f t

?
(1− distp)t

?

1− f(1− distp)

]
(SM.15)

The infinite sum has thus been removed from the computation of the ftreetot,Full value.

For the Average approach, the value of Cstem,mean in Eq. (SM.2) can be written as:

Cstem,mean =
∞∑
t=0

prop(t)× Cstem(t)

≈
t?−1∑
t=0

prop(t)× Cstem(t) + propext × Cstem,ext (SM.16)
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where propext and Cstem,ext are given by Eq. (SM.11) and Eqs. (SM.12–SM.15), respectively. Following
the approximation, the computation of ftreetot,Ave also became tractable.

For the Landscape Fractions approach, the extended patch approximation (with propext and Cstem,ext

being given once again by Eq.(SM.11) and Eqs.(SM.12–SM.15), respectively) needed to be applied first.
Then, the sorting of individual patches by order of increasing Cstem,k became tractable and Eq. (SM.3)
could be used to approximate the exact value of ftreetot,LF .

The quantitative impact of the extended patch approximation seemed negligible for the simulations
we performed. We repeated the 27 level-1 simulations for the Full, Average, and Landscape Fractions
(with LF = 3 and selecting the results for the optimal tcover thresholds) approaches using t? = 500
yrs. For each approach, the RSOL results were exactly the same as they were with t? = 1,000 yrs, the
value we used for our original simulations, up to the numerical precision of our output results (i.e., 6
significant digits).

SM 1.3 Input data

For each set of HLM input data, we identified representative values, as well as reasonable (i.e., not
extreme) upper and lower values. The three levels of distp corresponded to intervals of 100, 150, and
200 yrs to disturb an area equal to the total area of the grid cell. These values represented a compromise
between the current disturbance rates for logging and for fire in the Canadian boreal forest (see SM
2.4.3 for a dedicated sensitivity analysis). We explain below how we determined the values of the other
input data.

SM 1.3.1 Cstem turnover rate

The direct measurement of Cstem turnover rate is difficult because the simple ratio of the corresponding
pool and flux sizes requires the ecosystem to be in steady state, a condition seldom met (Chapin
et al., 2002). The CBM-CFS3 model, which has been parameterized to simulate the carbon dynamics
of Canadian forests, uses turnover rates for “merchantable stemwood” and “other wood” that are
equivalent to a mean value of ∼2%/yr for Cstem (Kurz et al., 2009). Using inverse modeling and
different observation-based datasets, Zhou and Luo (2008) rather estimated that the Cstem turnover
rate for evergreen needleleaf forests in the conterminous United States is ∼1%/yr. The previous two
results led to values of 0.98 and 0.99, respectively, for the fraction f . We assigned these numbers to
the lower and upper values, respectively, and chose the mean (0.985) as the representative value.

SM 1.3.2 Net primary productivity

We based the shape of the NPP (t) function on data for black spruce stands in boreal Canada. The
following function reproduced the general behaviour of the different curves shown in Figure 5 of Chen
et al. (2002):

NPP (t) = g
[
a+ bct − det

]
(SM.17)

where g is a scaling coefficient (kg-C/m2/yr) and the other five parameters (unitless) are responsible
for the specific NPP (t) shape. One advantage of this function was that the Cstem(t) dynamics could
then be solved analytically (see SM 1.1.2).
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We set the five unitless parameters (all > 0.0 and ≤ 1.0) so that the maximum productivity happened
at age 50, 30, and 70 for the representative, upper, and lower values, respectively. Similar to the results
from Chen et al. (2002), the ‘bump’ in the function was also more (less) pronounced for the upper
(lower) values than for the representative values.

We then set the value of the scaling coefficient g in order to reflect the average NPP of black spruce over
the Canadian boreal forest. The age-class distribution of Canada’s managed forest is not too severely
skewed and only ∼10% of the forest is aged 200 yrs or more (Stinson et al., 2011). Consequently, we
estimated NPPavg by using Eq. (SM.17) for stands aged between 0 and 200 yrs, without weighting the
different age classes. The value that g had to take in order to match NPPavg was then given by:

NPPavg =
1

201

200∑
t=0

NPP (t)

=
g

201

[
201a+ b

1− c201

1− c
− d1− e201

1− e

]
(SM.18)

Data from measurements, inventory-, and process-based modeling suggest a representative value of 0.25
kg-C/m2/yr for NPPavg, with upper and lower values of 0.35 and 0.15, respectively (Gower et al., 2001;
Liu et al., 2002; Stinson et al., 2011). The simulations performed with different shapes of NPP (t) and
different values of NPPavg indirectly addressed the sensitivity of results to the specific value of a (the
proportion of NPP allocated to stem).

SM 1.3.3 Daily incoming solar radiation

We used the 1961–1990 monthly mean incoming ground-level solar radiation dataset created by the
Canadian Forest Service, and that was developed from measurements at meteorological stations, along
with the ANUSPLIN interpolation method for climate variables (McKenney et al., 2011). Working
with the data resampled over a geographic grid of 0.5◦ × 0.5◦, we computed for each month the mean
radiation value over a box of 5 × 5 grid cells. The box coordinates were [87.5–85.0 W, 50.0–52.5 N]
for the representative, [112.5–110.0 W, 50.0–52.5 N] for the upper, and [62.5–60.0 W, 50.0–52.5 N]
for the lower values. Finally, we converted the data from MJ/m2/day to W/m2 and performed linear
interpolation between the monthly mean values.

SM 1.3.4 Daily albedo

For the representative values, we used the daily mean albedo values measured by Betts and Ball
(1997) for different boreal sites (evergreen forests and grasslands) over two consecutive years to produce
simplified annual patterns of albedo for areas with and without tree cover. The resulting input data
were consistent with other values in the literature (Baldocchi et al., 2000; Arain et al., 2003; Amiro
et al., 2006).

Compared with the representative values, snow cover started 8 days sooner (later) and ended 15 days
later (sooner) for the upper (lower) values. We based these delays on the variation of start and end
dates of snow cover across the Canadian boreal forest (The Atlas of Canada, 2009). For areas with
tree cover, we also increased (decreased) albedo by 0.025 during the snow cover period for the upper
(lower) values. For areas without tree cover, on the other hand, we increased (decreased) albedo by
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0.075 during the snow cover period and by 0.025 during the summer for the upper (lower) values. To
avoid complexifying the simulation design, we assumed that albno and albtree co-varied (i.e., they both
took their upper, representative, or lower values together).

SM 2 Results

SM 2.1 Difference between HLM results for logging and fire

Figure SM.1 shows that the HLM results for the same approach did not differ much between the logging
and fire disturbances. Moreover, the ∆RSOL values between approaches for the same combination of
input data were also very similar for both disturbances. We nevertheless performed the exact same
analyses for fire as we did for logging (including the analyses presented in SM 2.2 and SM 2.3). We
hence validated that the main HLM outcomes for logging also applied to fire, namely: 1) on average,
∆RSOL(Full, Ave) ∼3 W/m2, reaching values greater than 5 W/m2 in 5 out of the 51 comparisons;
2) the Landscape Fractions brought a substantial improvement that increased quickly with the value of
LF ; and 3) the previous improvement was robust to the use of non-optimal tcover thresholds. Overall,
the Landscape Fractions approach performed slightly better (both the magnitude of the improvement
and its robustness) for fire than for logging. We found only two noticeable differences between the two
disturbance types, in both cases related to the additional analyses of HLM results presented in SM 2.2
for logging.

First, the maximum ∆RSOL(Full, Ave) value for fire did not come from the shape of the tcover func-
tion, but from the simulation combining the upper distp, f , and albedo values with the representative
tcover shape. The high value of distp increased the contribution of young patches to ftreetot,Full (thus
leading to a relatively small value), whereas the high value of f increased the mean Cstem value across
the grid cell (thus leading to a relatively high ftreetot,Ave value). The Average approach consequently
overestimated ftreetot to a noticeable extent, an error that was compounded by the greater difference
between albtree and albno for the upper albedo values than for the representative or lower values. Sec-
ond, the number of patches in the grid cell depended upon distp for logging, but not for fire (in the
latter case, we always used a total of 1,001 patches; see SM 1.2). Consequently, the impacts of input
data on HLM results for fire involved the area-weighted distribution of individual patches, rather than
the number of individual patches as in the case of logging.

SM 2.2 Additional analyses of the HLM results for logging

SM 2.2.1 The most extreme HLM results

∆RSOL(Full, Ave) = 0.0 W/m2 corresponded to the lower tcover function under the Minimum case.
For this simulation, Cstem was less than 3.0 kg-C/m2 in each individual patch, so that all patches fell
in the first linear segment of the lower tcover function. The Average approach then necessarily gave
the same results as the Full approach, because the tcover function was linear over its realized values.
∆RSOL(Full, Ave) = 8.0 W/m2 also corresponded to the lower tcover function, but for the Maximum
case. This time the mean value of Cstem across the grid cell was almost 3.5 kg-C/m2. Consequently,
tcover under the Average approach was close to its maximum value of 0.975, whereas tcover for the
first 48 individual patches (out of 100 patches, because distp was equal to 0.01) was below 0.96.

Finally, ∆RSOL(Full, LF ) = 0.0 W/m2 for LF ≥ 2 for all simulations using the lower or the upper
tcover functions. For LF = 2, setting the single tcover threshold at the point where the two linear
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Figure SM.1: Boxplot of the RSOL results across the 51 combinations of input data (boxes group
values between the first and third quartiles, with a horizontal line at the median value, and whiskers
extend up to 1.5 times the interquartile range at most, outliers being shown with a “•” symbol), for
each disturbance type and each approach to represent subgrid cell heterogeneity. The results for the
Landscape Fractions approach are for LF = 3, with the optimal tcover thresholds. The simulation
corresponding to the most representative combination of input data is shown with a “×” symbol.
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segments meet implied that the tcover function was fully linear in each of the two LF. The results were
hence the same for the Full and Landscape Fractions approaches, and of course using LF > 2 could
not further decrease ∆RSOL(Full, LF ).

SM 2.2.2 Impacts of the input variables on the HLM results

In addition to the approach taken to evaluate ftreetot, RSOL variability came from the complex
interplay among the different HLM input variables. We therefore systematically assessed how changes in
each of the seven independent input variables (i.e., distp, the co-varying albtree and albno, NPPavg, sol,
f , the NPP (t) shape, and the tcover shape) affected the variability of ∆RSOL(Full, Ave), because this
quantity was more variable than ∆RSOL(Full, LF ). The assessment was based on both the absolute
and relative impacts from varying one input variable at a time. For level-1 variables, the assessment
was restricted to cases for which the level-2 variables were set at their representative values. For level-2
variables, the assessment was restricted to the Minimum, Standard, and Maximum cases for the values
of the level-1 variables.

Decreasing distp systematically decreased ∆RSOL(Full, Ave). A lower distp involved additional in-
dividual patches in the grid cell, most of them having more Cstem than the patches already present
at higher disturbance rates. For the simulations with distp = 1.0%, the patches covered a range of
Cstem values going up to 2.7 kg-C/m2 or more. Lowering distp thus added patches with Cstem > 2.7
kg-C/m2. Due to the concavity and saturating behaviour of the representative tcover function, the
difference between the Full and Average approaches for these additional patches was small and thus
reduced ∆RSOL(Full, Ave).

Increasing the values of the input albedo always led to higher ∆RSOL(Full, Ave), an effect that came
directly from Eq. (1) of the main text and the variation of the albedo input values along the “lower →
representative → upper” sequence.

The impact of NPPavg was more complex: ∆RSOL(Full, Ave) increased as NPPavg went from 0.15
to 0.25 kg-C/m2/yr, but then generally decreased from 0.25 to 0.35 kg-C/m2/yr. Once distp was fixed,
the effect of increasing NPPavg was to spread the individual patches over a greater range of Cstem

values. We can show (analysis not presented) that for a very high number of evenly spread (in terms of
Cstem) individual patches of equal area, ∆RSOL(Full, Ave) would be maximum for the NPPavg value
resulting in a mean Cstem amount of 3.1 kg-C/m2 over the grid cell, and lower for all other NPPavg

values. The fact that the patches were limited in number and not evenly spread affected the previous
value, bringing it closer to Cstem,mean ∼3.7 kg-C/m2. Yet, the outcome stayed the same: increasing
NPPavg initially increased ∆RSOL(Full, Ave) because Cstem,mean came closer to the ‘worst’ value,
but a further increase then decreased ∆RSOL because Cstem,mean went further away from the ‘worst’
value. This non-monotonic behaviour explains why varying NPPavg from the lower to the upper values
had less impact on ∆RSOL(Full, Ave) than varying distp and albedo.

Changing the level-2 input variables from their lower to upper values had an overall impact between
the one for NPPavg, and the one for distp or albedo (which was similar in both cases). Increasing sol
always increased ∆RSOL(Full, Ave), because Eq.(1) of the main text implied that ∆RSOL(Full, Ave)
scaled directly with sol.

Looking at Eq. (3) of the main text, one would expect that changes in f led to impacts qualitatively
similar to changes in NPPavg. However, for the simulations we performed, increasing f systematically
resulted in Cstem,mean going closer to ∼3.7 kg-C/m2, and hence increased ∆RSOL(Full, Ave).
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Going from the lower to the upper NPP (t) shape implied higher productivity for young patches and
the opposite for old patches, so that the distribution of individual Cstem values became more compact.
Given the concavity and saturating behaviour of the representative tcover function, the previous changes
had more effect on the tcover value of younger patches than of older patches. ftreetot,Full consequently
increased noticeably while ftreetot,Ave did not change much, thereby decreasing ∆RSOL(Full, Ave).

Varying the shape of the tcover function can have major impacts, as presented in SM 2.2.1. In addition,
the changes along the “lower→ representative→ upper” sequence displayed an erratic behaviour. The
changes were monotonic in half of the cases, but did not even go in the same direction. Furthermore, the
patterns for the non-monotonic cases varied qualitatively. We hypothesize that this complex behaviour
resulted from the combination of: 1) the important quantitative changes in the tcover value for a given
Cstem; and 2) the important qualitative changes in tcover behaviour below 0.975 among the different
shapes (i.e., linear versus negative exponential). Leaving aside the tcover shape due to its erratic
behaviour, the impact from changes in level-2 input variables was greater for the NPP (t) shape, then
for f , and finally for sol.

SM 2.3 Non-optimal tcover thresholds

In order to validate the robustness of the Landscape Fractions approach to the use of non-optimal
tcover thresholds, we computed ∆RSOL(Full, LF ) with LF = 3 using fixed tcover thresholds across
the 51 combinations of input data. We tested two different sets of fixed thresholds. Set A corresponded
to the optimal tcover thresholds for the Standard case, i.e., {0.57, 0.92}. Set B rather corresponded
to the mid-point of the range of optimal thresholds for LF = 3 across the 27 combinations of level-1
variables, i.e., {0.51, 0.86}. For both sets, ∆RSOL(Full, LF ) was always smaller than 0.8 W/m2, with
a mean value of ∼0.3 W/m2 across the 51 simulations—which was very similar to the results obtained
with the optimal tcover thresholds for each single combination of input data (see the main text).

An additional element further supported the robustness of the Landscape Fractions approach. LF #3
was empty for some of the simulations because no individual patch had enough Cstem to cross the
second fixed tcover threshold (this happened, for example, with set A for the simulation combining
the lower values of f and NPPavg). For these simulations, the effective LF number was consequently
reduced from 3 to 2, yet ∆RSOL(Full, LF ) remained small.

SM 2.4 Limitations of the HLM

SM 2.4.1 Age-dependence of albtree

The data of Amiro et al. (2006) show that over the first 150 years of vegetation regrowth, the albedo of
evergreen boreal forests decreases by ∼0.06 in summer (excluding the initial years due to the transient
impact of combustion by-products) and by ∼0.4 in winter. While the summertime albedo declines
progressively, the wintertime decrease of albedo happens exponentially and is mostly completed after
50 years.

Correctly accounting for this transient behaviour would have increased RSOL under the Full approach,
because albtree would have been higher for the younger patches. Under the Average approach, a single
daily albtree,Ave value would have been used for all individual patches. This single value would have
corresponded to the (area-weighted) mean age of all individual patches. Therefore, RSOL under the
Average approach would also have increased, the daily albtree,Ave being higher than the value we used
previously. RSOL(Ave) would however have increased less than RSOL(Full), because the exponential
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decrease of wintertime albedo with age implies a stronger underestimation of the albedo of young patches
by the single albtree,Ave value than the corresponding overestimation of the albedo of old patches. As
a consequence, ∆RSOL(Full, Ave) should increase.

For the opposite reason, accounting for the impact of combustion by-products on albedo during the
initial years after a fire disturbance should decrease ∆RSOL(Full, Ave). The effect, however, would
likely have been minor because this impact happens during a few years only.

SM 2.4.2 Uncertainty related to the tcover function

The tcover function was the input variable for which uncertainty was the highest. Variations in this
input variable also explained the two most extreme ∆RSOL(Full, Ave) results (i.e., 0.0 and 8.0 W/m2)
obtained with the HLM.

The uncertainty about tcover was reflected in the major modifications to the representative function
we introduced with the lower and upper functions. Quantitatively, the range of tcover values for the
same amount of stem carbon was greater than 0.25 for Cstem ∈ [0.35, 2.72] kg-C/m2. But even more
importantly, the lower and upper functions differed qualitatively from the representative function they
enveloped due to their piecewise linear shape. The simple fact that the proportion of tree cover must
by definition saturate at a value of 1.0 or less prevents any tcover function from being strictly linear
over Cstem ∈ [0,+∞[. The representative tcover function was also non-linear below its saturation
limit of 0.975, a behaviour that seems intuitively more adequate than a piecewise linear function—
which implicitly assumes that the spatial expansion of tree cover keeps a constant efficiency through
all stages of carbon accumulation. These considerations are crucial, because the non-linearity of the
tcover function was the fundamental reason behind RSOL variations among approaches.

Despite its apparent reasonable shape, the specific tcover function we took from IBIS could differ from
what actually happens in boreal forests and from what other climate models use. For example, the LPJ
DGVM estimates the percentage cover of a tree PFT as a function of: 1) two properties of an “average
individual” (its leaf area index and its crown area); and 2) the PFT population density (Sitch et al.,
2003). The TRIFFID DGVM rather evaluates fractional coverage through two coupled differential
equations: a standard carbon dynamics equation and a Lotka-Volterra competition equation among
PFT (Cox, 2001). To our knowledge, no study has thoroughly compared the different tcover functions
across climate models nor, what would be more important, to empirical data.

SM 2.4.3 Uncertainty in other HLM input data

The idealized albedo patterns we developed differed substantially from the ‘spiky’ behaviour caused
by snowfall events in any given year, especially for albno (Betts and Ball, 1997). The RSOL results
for a specific year could thus be substantially affected by our simplification, but the differences would
quickly decrease with the number of years included in the study period. The eventual impacts of other
albedo-related uncertainties (e.g., length of the snowmelt period) should approximately scale with the
resulting differences in albedo values.

The sol data were probably the most reliable of all our input variables, because they were based on
long-term direct measurements.

We consider that the shapes of NPP (t) we used were appropriate for our study. Our three functions
represented good approximations of six very different black spruce stands in boreal Canada. More
precisely, our three functions included the qualitative behaviour and quantitative range of data from the

11



four central cases of Chen et al. (2002). Their upper extreme case is very similar to our upper function,
albeit with a more pronounced bump and a slightly higher age for maximum productivity. Their
lower extreme case is noticeably different from our lower function, but corresponds to a particularly
unproductive stand (mean height of 3.4 m at 50 yrs).

The uncertainties appeared more important for distp, NPPavg, and f . We thus performed additional
simulations to quantify their possible consequences. For each simulation, all the input values besides
the one assessed were set at their representative values. Once again, we focused on ∆RSOL(Full, Ave)
due to the greater variability of this quantity.

The range of distp values was a compromise to make the logging and fire results directly comparable.
The specific values were however a little high for fire and a little low for logging. The 1959–1997
(area-weighted) mean annual burned rate was 0.60% over the western ecozones of the Canadian boreal
forest, but 0.17% only over the eastern ecozones (Stocks et al., 2002). Using distp = 0.17% led to
∆RSOL(Full, Ave) = 1.0 W/m2 for fire, compared with a value of 4.3 W/m2 when distp = 1.0%. On
the other hand, current logging rotation lengths rarely exceed 150 yrs and can often be less than 100
yrs, at least in southeastern boreal Canada (Harvey et al., 2002). Using the shortest rotation length
mentioned by the previous authors for evergreen trees (i.e., 50 yrs) led to ∆RSOL(Full, Ave) = 3.4
W/m2, compared with a value of 2.9 W/m2 for a rotation length of 200 yrs. These additional results
indicated that adopting distinct range of distp for each disturbance would have slightly increased the
∆RSOL(Full, Ave) results for logging, but would have noticeably decreased them for fire over the
eastern portion of the Canadian boreal forest.

The range of NPPavg values appeared appropriate for a large fraction of the evergreen forests in boreal
Canada. We nevertheless performed simulations for the 0.10 → 0.35 → 0.50 kg-C/m2/yr sequence of
values, a range that likely included very under- and over-productive forests (Gower et al., 2001; Liu
et al., 2002; Stinson et al., 2011). The new values led to a sequence of 2.0 → 3.1 → 2.4 W/m2 for
∆RSOL(Full, Ave) under the logging disturbance. The overall difference with the original sequence
(2.8 → 3.5 → 3.1 W/m2) was ∼0.6 W/m2.

We assessed the uncertainty coming from f by using values of 0.975 and 0.995, which correspond to
mean residence times of 40 and 200 yrs for stem carbon, respectively. ∆RSOL(Full, Ave) for logging
was reduced by less than 0.5 W/m2 compared with our previous lower and upper values: 2.6 W/m2

for f = 0.975 (versus 3.0 W/m2 for 0.980) and 3.7 W/m2 for f = 0.995 (versus 3.8 W/m2 for 0.990).
This extended range likely overestimated the possible range of f values for typical boreal forests.

We did not directly address uncertainties in the value of a (Eq. (3) from the main text) with our HLM
simulations. Our rationale was that using different NPP values dealt with the issue, both for the
magnitude (through NPPavg) and the changes with patch age (through the NPP (t) shapes). The
possible compounding effect of a and NPP uncertainties, and the qualitative difference in temporal
pattern between the two variables somewhat undermine the previous argument, yet we consider that
the additional simulations we performed with NPPavg of 0.10 and 0.50 kg-C/m2/yr were sufficient to
illustrate the robustness of the HLM main outcomes.

Finally, some of our simulations might correspond to combinations of input variables that are highly
unlikely, if not impossible. In particular, NPPavg = 0.15 kg-C/m2/yr implied that no patch would
ever reach Cstem ≥ 2.9 kg-C/m2. The potential of such a forest to undergo even-aged logging appears
doubtful. The 17 logging simulations we performed with this NPPavg value had ∆RSOL(Full, Ave)
values which were overall lower than for the full set of simulations (all results were between 0.0 and 4.0
W/m2, with mean and median values of 2.2 and 2.1 W/m2, respectively), so they did not explain the
high ∆RSOL(Full, Ave).
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SM 3 Discussion

SM 3.1 Net radiative forcing in the HLM

To estimate the possible error stemming from the inadequate representation of the subgrid cell dynamic
heterogeneity in climate models, we applied the radiative forcing concept in a manner directly inspired
from Betts (2000) and Montenegro et al. (2009).

The idea was to use the HLM to quantify the net radiative forcing caused by fire over a large region.
More precisely, we used the HLM to compare the total carbon storage and reflected solar radiation over
a large region that was either: 1) in equilibrium with a constant climate and a spatially random fire
disturbance regime (the “Disturbed” scenario); or 2) in equilibrium with the same constant climate,
but without any disturbance (the “Old-Growth” scenario). The equilibrium assumptions implied that,
in each scenario, the total carbon and RSOL values over the area remained constant. The difference
in atmospheric carbon content between the two scenarios was the same for the Full, Average, and
Landscape Fractions approaches, because the HLM assumed the same total amount of carbon for the
three approaches. The change in RSOL between the two scenarios, on the other hand, was accurately
quantified by the Full approach only.

The large region we used for this analysis was comprised of the ecozones falling mostly within the boreal
region of Canada (i.e., Boreal Cordillera, Boreal Plains, Boreal Shield East, Boreal Shield West, Hudson
Plains, Taiga Cordillera, Taiga Plains, Taiga Shield East, and Taiga Shield West). Based on Table 1
from Stocks et al. (2002), this region has a total forested area of 419.9 Mha and a fire disturbance
rate of 0.42%/yr (lakes and non-forested areas were excluded from our analysis). We thus performed
two simulations with the HLM: one with distp = 0.42% (Disturbed) and one with distp = 0.0% (Old-
Growth), all the other HLM input data taking their representative values. For the Landscape Fractions
approach, we used LF = 3.

The differences in RSOL between the Disturbed and Old-Growth scenarios (noted δ) for the same
approach were the following: δRSOL(Full) = 2.2444 W/m2, δRSOL(LF ) = 2.0562 W/m2 (for the
optimal tcover thresholds), and δRSOL(Ave) = 0.0570 W/m2. To compute the radiative forcing
associated with the previous δRSOL values, we had to adjust the values based on the area of the
region (419.9 Mha) versus the total area of the Earth (5.1× 1014 m2; Wallace and Hobbs (2006)). The
values also had to be corrected for the proportion of RSOL that effectively escapes the Earth.

For this second correction we used the results from Figure 3 of Winton (2005), from which we visually
estimated that the atmospheric transmissivity to upward shortwave radiation leaving the ground is 0.66
over boreal Canada. The radiative forcing associated with the previous δRSOL values was then equal
to −1.2196 × 10−2 W/m2 for the Full approach, −1.1173 × 10−2 W/m2 for the Landscape Fractions
approach, and −3.0973 × 10−4 W/m2 for the Average approach. (Using the 0.66 factor as we did
implicitly assumed that the change in surface albedo was too small to modify the incoming solar
radiation at the ground level (as a result of multiple reflections in the atmosphere), an acceptable
assumption in the context of our first-order analysis. Note that using the 0.77 factor from Montenegro
et al. (2009) would have led to a stronger negative radiative forcing from increased albedo, but would
not have changed our conclusions.)

The HLM gave the following mean Cstem values over the entire region: 3.4616 kg-C/m2 for Disturbed
and 3.5247 kg-C/m2 for Old-Growth. The difference in Cstem (i.e., −0.0631 kg-C/m2) had to be scaled
up to account for all the carbon pools. For this scaling factor, we took the mean value from two different
estimates. The first estimate assumed that mineral soil carbon was not affected by fire, whereas all
the other carbon pools scaled directly with Cstem. Based on Table 5 from Gower et al. (1997) and
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Table 2 from Gower et al. (2001), we estimated that the total carbon in black spruce stands (excluding
mineral soils) was equal to about 1.48 times Cstem. The second estimate assumed that the scaling
was proportional to the ratio of total NPP to Cstem-allocated NPP . The scaling factor was then
the inverse of a from Eq. (3) of the main text, giving 3.33. The final scaling factor was thus equal to
(1.48 + 3.33)/2 = 2.41.

Hence, the total difference in the terrestrial carbon over the entire region between the Disturbed and
Old-Growth scenarios was −0.0631 kg-C/m2 × 2.41 × 419.9 Mha = −638.54 Tg-C. Similarly to Betts
(2000), we assumed that half of this carbon (i.e., 319.27 Tg-C) stayed permanently in the atmosphere.
To quantify the related radiative forcing (RF ), we further assumed that this atmospheric carbon was
entirely contained in CO2 molecules and used the following formula (Myhre et al., 1998):

RF = 5.35 ln

(
1 +

δC

Co

)
(SM.19)

where δC is the increase in atmospheric CO2 (in ppmv) between the Disturbed and Old-Growth sce-
narios and Co is the reference atmospheric CO2 level (in ppmv). Using a factor of 2.13 Pg-C per ppmv
of CO2 (CDIAC, 2012) and the 2011 mean annual CO2 value of 391.57 ppmv at Mauna Loa (Tians and
Keeling, 2012) for Co, we obtained a value of +2.0475 × 10−3 W/m2 for the radiative forcing caused
by the additional atmospheric carbon.

The net radiative forcing resulting from simulating fire disturbance over the region was thus equal to
−1.01× 10−2 W/m2 for the Full approach, −9.13× 10−3 W/m2 for the Landscape Fractions approach,
and +1.74× 10−3 W/m2 for the Average approach.

SM 3.2 Comparison with Randerson et al. (2006)

The conceptual simplifications inherent to the HLM, the uncertainty in the HLM input data, and the
assumptions we had to make in order to perform the net radiative forcing analysis affected the values we
obtained. We therefore performed another analysis to compare the HLM results for the Full approach
with the mean values from Randerson et al. (2006), which were computed for a 80-year fire cycle based
on data from a ∼7,600 ha fire event that occurred in 1999 in Alaska. Table SM.1 shows the HLM
results with distp = 1.25% (with all the other input data taking their representative values) and the
corresponding results from Table 1 of Randerson et al. (2006), adjusted to global-scale radiative forcing
values. All the HLM results had the same order of magnitude as the Randerson et al. (2006) results,
which came from state-of-the-art methods. Note that the difference in the warming effect from increased
atmospheric carbon between the two estimates approximately matched the difference in carbon density
between the Canadian boreal forest, to which the HLM applies foremost, and the Alaskan forest studied
by Randerson et al. (2006). Indeed, total carbon accumulation 80 years post-disturbance in Canadian
boreal forests is around 4.4 kg-C/m2 (Coursolle et al., 2012), which is about 2.5 times higher than the
value from the Randerson et al. (2006) study.

SM 3.3 Implementing the Landscape Fractions approach

Regardless of how stand-clearing disturbances would be simulated in DVLSM (i.e., through input
datasets or as prognostic variables), each event would create a patch that would be tracked individually.
The status of each patch would be updated when the full competition balance is performed in the
DVLSM, which is not very frequent (i.e., monthly to yearly timescales), reflecting the progressive
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Table SM.1: Radiative forcing values for a specific fire event in a boreal forest (W/m2)

HLM results (Full approach) Randerson et al. (2006)

Increased atmospheric carbon +5.05× 10−7 +2.38† × 10−7

Increased albedo −6.03× 10−7 −6.26× 10−7

Net radiative forcing −0.98× 10−7 −3.43‡ × 10−7

† The result was for CO2 and CH4
‡ The value included other forcing agents

accumulation of carbon through time. When its tcover value would become higher than the first
threshold, the patch would make the transition from LF #1 to LF #2 (and so on, if applicable). For
out-of-equilibrium disturbance regimes and changing climatic conditions, the area of each LF within
a grid cell would thus change during a simulation. The patch should not only ‘bring’ its carbon with
itself through the transition between LF, but also its share, based on its area, of the other state
variables (e.g., soil moisture). Due to variations in the distribution of patch sizes and carbon dynamics,
the optimal tcover thresholds would likely change constantly during a simulation. Given that our
results for ∆RSOL(Full, LF ) were robust over a wide range of sub-optimal tcover thresholds, spending
computing time to search for these ever-changing optimal values would probably be counter-productive.
Indeed, Figures 4 and 5 from the main text suggest that increasing LF may be a simpler and more
efficient strategy to improve results than focussing on the identification of the optimal tcover thresholds.
Using tcover as the criterion to group patches into the same LF seems appropriate, because the land–
atmosphere exchanges of energy, carbon, water, and momentum are strongly influenced by the amount
of tree cover (Foley et al., 2003). Although tcover is generally related to forest age, spatiotemporal
differences in climatic conditions and possible age-related stand decline prevent a universal one-to-one
correspondence.

The exchanges of energy, carbon, water, and momentum that need to be computed frequently in
DVLSM (i.e., sub-hourly to hourly timescale) would be computed for a number of LF much smaller
than the number of patches. The patch and LF levels are, of course, intimately linked. On one hand,
many computations occurring at the LF level involve variables that would differ among patches (e.g.,
leaf area index). As with the HLM, the required values could be determined as the area-weighted
mean of all the patches included in the specific LF. On the other hand, many variables computed
at the LF level influence the carbon dynamics of patches (e.g., NPP ). How to manage coherently
the different variables at both levels could vary among DVLSM, but modellers should ensure that the
conservation of carbon, energy, and water is preserved over the entire grid cell. The repartition of LF-
level NPP among the individual patches could be directly inspired from the approaches implemented
in ORCHIDEE-FM (Bellassen et al., 2010) or CABLE-POP (Haverd et al., 2013, 2014), which were
designed to represent subgrid vegetation heterogeneity while computing a single grid-level set of land–
atmosphere exchanges. The Landscape Fractions approach is indeed akin to these previous models,
but goes beyond subgrid heterogeneity in vegetation only (which is accounted for by the FM and POP
modules, respectively) and implies that the land surface scheme itself (which is part of the standard
ORCHIDEE and CABLE models, respectively) performs independent computations for independent
LF tiles. For DVLSM representing a single PFT per tile (e.g., CLM4), the patches within a given
LF would represent the same PFT at different time-since-disturbance. For DVLSM representing many
PFT per tile (e.g., IBIS), the patch-level NPP would then need to be further subdivided among the
different PFT competing in the same patch (e.g., as a function of their respective leaf area index).
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In the HLM, we applied two extreme rules in order to determine which parts of the grid cell to disturb:
a single patch (logging) or all patches in proportion to their area (fire). In DVLSM, more complex
rules could be used. For example, logging could be excluded from LF #1 due to the low amount of
timber. Another possible refinement would consist of splitting LF #1 to distinguish patches created
by logging from patches created by fire, because the two disturbance types can indeed lead to different
patterns of carbon dynamics during forest regrowth (Goetz et al., 2012) and summertime albedo can
show the legacy of fire for a few years (Randerson et al., 2006). Conversely, the Landscape Fractions
approach could be simplified compared with its implementation in the HLM. For example, depending
upon the value of the highest tcover threshold, the differences among patches in the last LF might
be irrelevant for all practical purposes. Similar to the ED model, merging all the patches in the last
LF would then be advisable, thereby avoiding the need to keep track of an ever-increasing number of
patches. We also note that the number of LF does not need to be the same across all the DVLSM grid
cells. Using a cell-specific LF value would allow to dedicate more computing time to regions where the
subgrid dynamic heterogeneity has a greater impact on climate–vegetation interactions.
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