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To mitigate greenhouse gas and comply with cap-and-trade systems, the carbon capture and storage (CCS) is

presently unviable for industrials dealing with low concentration of CO2 emissions. Alternatively, a new offset

opportunity is being analysed in Canada: the afforestation of open woodlands (OWs) in the boreal territory. The

results  obtained from model simulations (with CBM-CFS3) showed that afforestation of boreal OWs can be a low

C-intensive mitigation activity, in particular when understory planting is the chosen silvicultural approach, so

that  only 8–12 years are needed to reach a net positive C balance with the afforestation of OWs. A large-scale

afforestation of boreal OWs – scheduled at 20 kha per year during 20 years for a maximum of 400 kha – could

provide capped industrials with a significant offset potential, for instance up to nearly 8% offset of all Québec

industrial process emissions (2009 data) after 45 years. In spite of a certain number of issues that can contribute

to  the uncertainty of the real environmental and economical benefits from the afforestation of OWs as a mitiga-

tion  activity – most of which issues are discussed in this paper – this study presented a first glimpse at the extent

to  which the afforestation of boreal OWs in Québec can provide large emitters with eventually substantial and
efficient GHG offset potential, especially those emitters tied up with incompressible GHG emissions.

©  2012 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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commitments being unable to lower significantly the GHG
.  Introduction

.1.  World  demographic  and  industrial  context

ast United Nations (UN) report on world demography (UNFPA,
011) indicates that world population will continue to grow
uring the 21st century, stabilizing in 2100 around 10 billion
umans, a 1.5 fold increase compared to 2008 records. Most
f this growth will occur in the less advanced countries, espe-
ially in Africa, where the actual poverty is rampant. Insuring
he quality of life of nations in the Organization for economic
o-operation and development (OECD) for the world popula-
ion in 2050, would require a 15 fold growth in world economy,
nd a 40 fold growth would be required to fulfil this objective

y 2100 (Jackson, 2009). OECD (2012) however predicts a 4 fold
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growth for the world economy by 2050, resulting in an increase
in energy use of 80%, 85% being provided by fossil fuels in
a business as usual (BAU) scenario. This will result in a 70%
increase of CO2 emissions and an atmospheric concentration
of 685 ppm of CO2 by 2050. Even with strong efforts to increase
renewable energy sources and energy efficiency, the Intergov-
ernmental Panel on Climate Change (IPCC, 2011) expects that
it would result in only a stabilization of the fossil fuels use
by 2035 compared to 2008. The real scenario will probably be
somewhere in between the OECD BAU and the IPCC best case,
the three highest emitting economies in the world (China,
USA and India) having no binding commitment or targets
for absolute emission reductions. The Copenhagen Accord
.
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emission patterns towards 2050 (OECD, 2012), the pressure on
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Fig. 1 – Present distribution of OWs in the Province of
Québec, based on the 3rd decennial forest inventory of the
MRNF. The OWs are represented by the small black dots.
The northern distribution of the OWs corresponds to the
northern limit of the allowable territory for forest
industrial emissions reduction will likely increase, as high-
lighted by the forecast of the International Energy Agencies
(IEA, 2009).

The IEA studies forecasted a significant growth of 55% in
GHG emissions from industries under the BAU scenario, from
2006 to 2050 (IEA, 2009). If all known reduction potential were
to be applied, including best available technology implemen-
tation, energy efficiency, fossil fuel substitution, and even
carbon capture and storage (CCS) where possible, the remain-
ing emissions could be decreased by close to 20% compared to
2006 level. As a matter of fact, if CCS can be applied at relatively
low costs in industrials where CO2 emissions are concen-
trated, such as for energy, ammonia and ethanol productions,
its application – given the current technological knowledge –
would be highly uncertain or expensive for industrials at the
other end of the spectrum with low CO2 process gas concentra-
tions, such as for aluminium smelting (IEA, 2009). Industrials
like aluminium smelting have in fact few remaining oppor-
tunities to lower direct GHG emissions, after significant past
reduction in process emissions and today’s best available
technology implementation (IAI, 2010). Consequently, large
emitters with low concentration of GHG emissions must look
for other ways to mitigate their emissions.

1.2.  Negative  emission  technology  and  the  boreal
afforestation

The eventual stabilization of the atmospheric CO2 concen-
trations and the reduction of the risk to reach dangerous
climate change – corresponding to levels often referred
to 2 ◦C above pre-industrial temperatures (The Copenhagen
Diagnosis, 2009) – will require both the accomplishment of
the zero emission goal during the 21st century, and the draw-
down of long-lived anthropogenic atmospheric GHGs (Fisher
et al., 2007; Weaver et al., 2007; Matthews and Caldeira, 2008;
Solomon et al., 2009; Zickfeld et al., 2009). To achieve this
task, mitigation activities ought to be supplemental to reduc-
tion measures, and must insure that extracted GHGs from
the atmosphere are locked away permanently. Such plea for
“negative emission technologies” (NET) aims at stocking indef-
initely GHGs in biosphere reservoirs, for example C in plants,
soil and deep underground. The combination of bioenergy pro-
duction with CCS (known as BECCS), or the burying of biochar
(charring of biomass) in the ground, are often cited NET tech-
nologies (Fisher et al., 2007; Hare, 2009). Afforestation activities
can also qualify as NET, providing that at least part of the C
sequestered in the different forest reservoirs is permanently
stocked (e.g. Marland et al., 2001; Obersteiner et al., 2010), in
both on-site and off-site C reservoirs – i.e. in harvested wood
products (Perez-Garcia et al., 2005; Garcia-Quijano et al., 2008;
Hennigar et al., 2008).

According to the last assessment report of the IPCC
(Nabuurs et al., 2007), the potential volume of afforestation
measures accounts globally for approximately 29% of the total
potential volume (<100 US$/t CO2) of activities in the land-use,
land-use change and forestry (LULUCF) sector, after deforesta-
tion reduction (29%) and forest management (42%) measures
(top-down models). While the respective contribution of each
of the three types of measures in the LULUCF sector vary
greatly geographically (Nabuurs et al., 2007), the potential con-
tribution to global mitigation efforts of afforestation in the
boreal zone was, and still remains, largely unknown. However,

a recent study revealed the projected net (life-cycle approach)
sequestration potential of 280 t CO2e, 70 years after the
management in the Province of Québec.

afforestation of 1 theoretical hectare of boreal open woodland
(OW) in the province of Québec, a so far unrevealed niche for
afforestation activities (Gaboury et al., 2009). This mitigation
potential could be an interesting substitute to CCS for indus-
trials with low CO2 concentrations. In the Québec Province
alone, direct industrial process emissions were reported at
10.12 Mt CO2e in 2009, 59% coming from aluminium smelting,
therefore not appropriate for CCS in the medium term (MDDEP,
2011).

The OWs in Canada’s Eastern continuous boreal forest
(between the 48th and the 52th parallels, Fig. 1) are the result
of regeneration failure that sometimes occur after consecutive
natural disturbances, leading to the irreversible conversion of
closed-crown stands to OWs (Payette, 1992; Payette et al., 2000;
Gagnon and Morin, 2001; Jasinski and Payette, 2005; Brown and
Johnstone, 2011). The OWs are by definition unforested lands
– according to Canada’s definition of forest, i.e. tree crown
cover > 25% (Environment Canada, 2006) – which makes them
eligible to afforestation activity per se (IPCC, 2003). The last
complete Québec’s forest inventory (MRNF, 3rd decennial for-
est inventory) reveals that approximately 7% (1.6 M ha) of the
continuous boreal forest in the province of Québec is cov-
ered by OWs (Fig. 1), with a significant proportion close to the
extending road network (Plante, 2003). Detailed and reliable
data on the boreal OW availability throughout the rest of the
Canadian territory is lacking, but there are indications sug-
gesting a substantial potential availability of OWs within the
present managed forest limits – probably up to several million
hectares (Rowe, 1972; CCFM, 2006).

One of the key elements regarding the boreal OWs, is that
there is presently no evidence of natural re-densification of
OWs, i.e. a shifting from OWs to closed-crown stands, so that
afforestation is the only known mechanism that can lead to
the closed-crown forest structure (Payette, 1992; Jasinski and
Payette, 2005; Hébert et al., 2006; Gaboury et al., 2009). This is
crucial with regards to the additionality criteria of mitigation
activities, i.e. activities which GHG absorptions (or emission
reductions) go beyond that of the BAU scenario (ISO, 2006;

UNFCCC, 2008). Some other elements with the afforestation
of boreal OWs are also important assets, compared to other
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itigation technologies: large available territories, low C-
ntensive technology, low technological risk, cheap technol-
gy, and environmental friendly approach (Fisher et al., 2007;
abuurs et al., 2007; Gaboury et al., 2009). Afforestation of
Ws have been tested only recently, and indicated a short-

erm support capacity to tree growth of afforested OWs (Hébert
t al., 2006) and also revealed some silvicultural solutions that
ncrease the efficiency of afforested OWs as a mitigation mea-
ure (Fradette, 2012; Madec et al., in press), compared to the
heoretical base case of Gaboury et al. (2009).  Modelling can be
f great help to calculate the C-implications of a GHG mitiga-
ion project by comparing simulations of BAU and a change
n management (Kurz et al., 2009). The present study aims
t using these recent results to guide the model simulation
f new afforestation scenarios, in order to contribute to the
rogression of boreal OW afforestation from a potential miti-
ation activity towards a competitive NET.

.  Materials  and  methods

odel simulations have been done with the Carbon Budget
odel of the Canadian Forest Sector 3 (v1.2) (hereafter shorten

o CBM-CFS3), using the stand level project creator (Kurz et al.,
009). CBM-CFS3 is an aspatial, stand- and landscape-level
odelling framework to simulate the dynamics of all forest

arbon stocks required under the Kyoto Protocol, and is com-
liant with the carbon estimation methods outlined in the

PCC Good Practice Guidance for Land Use, Land-Use Change
nd Forestry report (IPCC, 2003). Simulations have been run
ith CBM-CFS3 within the Québec administrative boundary

n the Eastern boreal shield ecozone, using Québec’s growth
nd yield table (MRN,  2000). The baseline scenario for the sim-
lation was a typical OW of the Québec’s boreal forest, i.e.

 non-forest unproductive stand with tree crown cover less
han 25%, and merchantable tree volume less than 30 m3 at
20 years of age (MRNFP, 2003). The growth and yield table
sed to simulate this baseline scenario is that of Pothier and
avard (1998) natural Black spruce low density stand, with a
ite index (SI) of 9 m at 50 years, which corresponds to the
pper limit (for the sake of conservatism) of both the unpro-
uctive OW definition (MRNFP, 2003) and Canada’s definition
f a non-forest (Environment Canada, 2006). The time dura-
ion of each simulation varied according to the afforestation
cenario to which an OW was associated, but as the starting
ge of an afforested OW was 70 years (as in Gaboury et al.,
009) the duration varied from a minimum of 140 years (for

 minimal 70 year-old plantation) to 190 years (for a maximal
20 year-old plantation). It should be noted that since the total
uration of each simulation creates the initial site conditions
f each simulation with CBM-CFS3, 200-year long growth and
ield tables were used as imported data in all simulations, for
omogeneity.

For the afforestation scenarios, understory planting
2000 stems ha−1) with three tree species was first simulated
t the stand (1 ha) level: Black spruce (hereafter BS), Jack pine
Pinus banksiana Lamb.) (JP) and Tamarack (Larix laricina (Du Roi)
. Koch) (TAM). The understory planting was started when the
W subjected to planting was 70 year-old, and was simulated

or at least a 70-year long period and up to a maximum of
20 years, depending on the afforestation scenario scheduled
see below). For BS and TAM, growth and yield tables used to

eed the CBM-CFS3 were based on MRN  (2000) tables using the
owest productivity plantation table available (BS SI: 6 m at 25
years, TAM SI: 8 m at 25 years). For JP the MRN  (2000) tables
were used to calculate a SI 4.5 m at 15 years table, based on
recent (unpublished) results with 10-year old afforested OWs
(Fradette, 2012), where JP growth measured corresponded to
that of SI 4.5 m,  a slightly higher SI than the lowest table SI
(which vary from SI 3 to 8 m at 15 years). This afforestation sce-
nario with JP thereby corresponded to the best-case scenario
in the present simulations.

Once the initial simulations were done with the three
planted tree species during a 70-year long period at the stand
level, the carbon stocks of the different afforestation scenarios
were compared against the unmanaged natural OW (baseline
scenario) carbon stocks. The difference between the afforesta-
tion and the baseline scenarios (from year 70 to 140) – using
the CBM-CFS3 outputs imported in Excel (Microsoft corp., Red-
mond, USA) files – then corresponded to the net C stocked of
each afforestation scenarios. The impact of soil scarification
has been integrated by removing 4 t C ha−1 (14.7 t CO2 ha−1)
throughout the duration (for the sake of conservatism) of each
afforestation scenario, based on field results with 10-year old
planted (and scarified) OWs (Fradette, 2012). A fourth simula-
tion, with planted BS, was also made to reproduce the Gaboury
et al. (2009) base case scenario, by removing (harvesting) the C
stocks associated to all the mature trees in the OWs with the
BS afforestation scenario.

Two sets of large scale afforestation of boreal OWs were
also simulated. They were scheduled over 400 kha (or 800 M
planted trees at 2000 trees ha−1) – i.e. 25% (a guesstimated
technical potential) of the theoretical available OWs within the
managed boreal territory in the Province of Québec (1.6 Mha,
according to Québec’s third decennial forest inventory) – and
during 20–50 years, depending on the pace of plantation estab-
lishment, i.e. whether at a 2% (8 kha per year during 50 years)
or a 5% (20 kha per year during 20 years) pace. Considering
that between 1989 and 2009 the plantation rate in the Province
of Québec averaged 165 M seedlings year−1 (MRNF,  2010), or a
correspondent 82.5 kha year−1, these annual plantation rates
used were 10–25% of the historical annual rate in Québec. As a
result of the two plantation rates simulated, the total duration
of the scheduled large-scale afforestation scenarios was 120
years, with 2–5% (8–20 kha) of all scheduled plantations having
a maximum of 120 years of age, and 2–5% having a minimum of
70 years of age. The two sets of large-scale afforestation sce-
narios were based on different mixtures of planted species:
whether the three tree species were equally planted annually
(33% BS + 33% JP + 33% TAM), or they were tested in individual
simulations (100% BS vs 100% JP vs 100% TAM). The growth and
yield possible variability (from site to site) was included in the
simulations of the former species mixture, by producing ±20%
variations on the merchant volume (m3) at each time step.

3.  Results

Stand level simulations of understory planting with Black
spruce (BS), Jack pine (JP), and Tamarack (Tam) resulted in net
positive C balance in 12, 8, and 10 years, respectively, while 29
years were necessary with the combination of tree harvest-
ing + plantation with BS (as in Gaboury et al., 2009) (Fig. 2).
The highest C stocked simulated after 70 years was with JP,
followed by BS, Tam, and the reproduction of Gaboury et al.
(2009) simulation (Fig. 2).
Large scale level (400 kha) simulations resulted in net posi-
tive C balance within 20 years after the first plantation, with a
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Fig. 2 – Cumulative net C stocked of stand level (1 ha) boreal
OWs afforestation scenarios (2000 trees ha−1) with Black
spruce (BS), Jack pine (JP), Tamarack (Tam) over 70 years of
plantation growth. The fourth curve is the reproduction of
the Gaboury et al. (2009) simulation (harvesting + plantation
with BS). The afforestation scenarios are net from the OW
baseline scenario (70 year-old BS open woodland with less
than 25% tree crown cover and maximum 30 m3
merchantable tree volume at 120 years).

faster rate at the 5% afforestation pace (20 kha per year during
20 years) compared to the 2% pace (8 kha per year during 50
years), and when using JP in monocultures (Fig. 3). The worst
case scenario was with planted Tam at the 2% afforestation
pace, while the best case scenario was with both planted JP
at the 5% afforestation pace (Fig. 3b) and the species mix-
ture +20% of volume growth and at the 5% afforestation pace
(Fig. 3a).

4.  Discussion

Results obtained from the present simulation efforts confirm

that afforestation of boreal OWs is a low C-intensive miti-
gation activity, both at the stand and the large-scale project

Fig. 3 – Cumulative net C stocked of large scale (400,000 ha) level
(33–33–33%) or (b) monocultures of Black spruce (BS), Jack pine (JP
plantations (70 year-long scenarios), whether at a 2% (8 kha per y
years) pace. The small boxes in the lower right corners are excer
more clarity on the initial emission period; note that scaling is d
levels. At the stand level, all three simulations with different
tree species showed shorter duration of net cumulated C emis-
sions, with 8–12 years of emissions according to the species
choice, compared with 26 years in the base-case scenario in
Gaboury et al. (2009).  This gain in efficiency can be essen-
tially attributed to the change in the silvicultural approach
in the present study, where tree harvesting was not included
in the simulations, unlike the base-case scenario in Gaboury
et al. (2009).  The reproduction of the base-case scenario in the
present simulations attests that most of that difference in the
duration in net C emissions is not resulting from the change
in the model used (CO2FIX v.3.1 in Gaboury et al., 2009 vs CBM-
CFS3 in the present study) – though the substantial difference
found between both studies in the cumulated C stocked after
70 years (77 t C ha−1 in Gaboury et al., 2009 vs 58 t C ha−1 in the
present study). The 2–3 times longer duration of net cumu-
lated emissions due to tree harvesting is essentially caused
by both (i) the C loss from the extraction of the merchantable
part of trees (considered emitted to the atmosphere) and (ii)
the C emitted by the decomposition of the organic matter
left on the ground after tree cutting (Giasson et al., 2006;
Humphreys et al., 2006; Bergeron et al., 2008). Harvesting-
related operations were shown to cause marginal emissions
(246 kg CO2e ha−1) in a LCA approach (Gaboury et al., 2009), and
emissions from other known silvicultural operations (espe-
cially nitrogen fertilization and soil drainage) can be excluded
from a boreal OW afforestation project on this typically dry site
conditions and where N fertilization is traditionally not pre-
scribed (in Québec’s context) (Gaboury et al., 2009; Chair on
eco-advising, 2012). The understory tree planting (including
natural seeding) in boreal OWs has been shown to be both fea-
sible and viable in terms of site support capacity, and planted
tree survival and growth, at least during the first 10 years after
site preparation (soil scarification) and afforestation (Hébert
et al., 2006; Delisle, 2012; Madec et al., in press).  Moreover,
recent (unpublished) field results validated that net positive C
balance, compared to the baseline scenario (intact OWs), can
be reached within 10 years of growth in conditions of under-
story planting, especially with the planted-shade intolerant
Jack pine (Fradette, 2012).
At the large-scale level, the simulated afforestation of
boreal OWs scheduled over 400 kha – 25% (a guesstimated

 boreal OWs afforestation scenarios, with (a) mixtures
), and Tamarack (Tam) over 120 years of scheduled
ear during 50 years) or a 5% (20 kha per year during 20
pts zooming on the first 40 years of each simulation for
ifferent than from the original graph.
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Fig. 4 – Evolution of the offset ratio of CO2e emitted from
industrial process emissions in the Province of Québec
(10.12 Mt  CO2e year−1, 2009 data; MDDEP, 2011). The worst
case (2% BS–JP–Tam −20%) and best case (5% BS–JP–Tam
+20%) scenarios of CO2 uptake rate are from Fig. 3a.
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s
tion of OWs for afforestation projects, or by the choice of
echnical potential) of the theoretical available OWs within
he managed boreal territory in the Province of Québec – dur-
ng 20–50 years, revealed the importance of both the choice
f planted species and the pace of the afforestation schedule.
he choice of the planted species simulated pointed to Jack
ine as the primary choice for faster and greater levels of C
tocked, as expected for this relatively fast growing species
ompared to Black spruce and Tamarack. The pace of planta-
ion establishment – whether at a 2% (8 kha per year during 50
ears) or a 5% (20 kha per year during 20 years) pace – showed a
oticeable impact particularly on the rate of the accumulated

 stocks, with approximately twice the C stocked with the 5%
ompared to 2% rate, at only 40 years after the first plantation.
his finding is of primary importance in the actual context of
rgent need for actions against global warming that produce
apid results, especially while the short- or mid-term achieve-

ent of the zero emission goal seems unlikely (Fisher et al.,
007; Nabuurs et al., 2007; Weaver et al., 2007; Matthews and
aldeira, 2008; Solomon et al., 2009).

The implementation of a successful and large-scale
fforestation effort within the boreal forest territory in the
rovince of Québec, cannot be realistically envisaged without
he incentive influence of the C markets. Actually, the differ-
nt installations subjected to the cap-and-trade system of the
ewly established Western Climate Initiative (WCI) can use
ffset credits up to 8% of the capped emissions, so that the
emand for credible offset credits will eventually increase.

n order to evaluate to what offset level would correspond
he simulated C sequestration of the present study, the best-
ase and the worst-case scenarios from Fig. 3a were used to
roject the % offset of the 2009 industrial process emissions

n the Province of Québec (10.12 Mt  CO2e year−1; MDDEP, 2011)
hat the afforestation of boreal OWs can offer (Fig. 4). This
alculation exercise first indicates that offsets would be cre-
ted 10 years after the beginning of the scheduled large-scale
fforestation for both scenarios, and that the best case sce-
ario would reach nearly 8% offset of all Québec industrial
rocess emissions after 45 years, while the worst case scenario
ould peak at close to 5% after 65 years (with a sustained 2009

evel of emissions).
The simulations and potential offset opportunity pre-
ented in this study are, as any mitigation measure, subjected
to a certain number of issues that can contribute to the
uncertainty of the real environmental and economical ben-
efits that can be obtained from the afforestation of OWs as
a mitigation activity. First, the long-term growth and sup-
port capacity of afforested OWs needs to be validated, since
the oldest known plantations in boreal OWs are less than 15-
year old to date (Hébert et al., 2006). Furthermore, boreal OWs
have been rarely studied and are hypothetically considered
bearing limitations to growth, like those reported for Kalmia
angustifolia–Rhododendron groenlandicum heaths of the North-
East American boreal forest (Mallik, 1993; Thiffault et al., 2005;
Thiffault and Jobidon, 2006; Hébert et al., 2010a,b). Certainly,
more  research is needed in this regard. Also, the management
of the risks associated to offset plantations, particularly the
risk of reversibility (Marland et al., 2001; Dutschke et al., 2005;
Kirschbaum, 2006), is an important responsibility for project
promoters. Though the reversibility of forest sinks – especially
because of natural disturbances like wildfires and insect out-
breaks (Amiro et al., 2001; Bond-Lamberty et al., 2004; Kurz
et al., 2007, 2008) – adds on the uncertainty of long-term per-
manence of C sequestration (e.g. Mansuy et al., 2012), the
potential of forest sequestration as an efficient mitigation
method remains important, even if temporary at the stand
level (Dornburg and Marland, 2008; Fearnside, 2008). At the
larger scale level, increased sink capacity from newly  estab-
lished forested areas can provide long term (centuries) stocked
C in several on-site and off-site C reservoirs, especially in
humus, soils, and harvested wood products (Marland et al.,
2001; Perez-Garcia et al., 2005; Nabuurs et al., 2007; Garcia-
Quijano et al., 2008; Hennigar et al., 2008; Chen et al., 2010;
FAO, 2010; Obersteiner et al., 2010). The management of C
stock buffers – supplementary to project C stocks – in forest
offset projects are now mandatory with the most renown off-
set project standards, e.g. the Verified Carbon Standard (VCS,
2011) and Climate Action Reserve (CAR, 2010). One of the
advantages with the afforestation of boreal OWs, compared
to southern territories, is the extensive territory available
throughout Canada, so that buffer plantations can be man-
aged without constraining the actual offset plantations, or
conflicting with other human activities because of the unin-
habited – and unsuitable for cultivation – nature of the boreal
forest. These assets can probably be also attributed to the
Russian boreal territory, where an immense afforestation
potential has been revealed (Shvidenko et al., 1997). Inciden-
tally, the CBM-CFS3 model has recently been applied at the
national scale in Russia, and due to its comprehensive nature
the model can be used in small-scale or regional applications
in other countries (Kurz et al., 2009).

Another important issue with the afforestation in the
boreal zone is the surface albedo impact of land-use change
activities, which can induce a positive radiative forcing (warm-
ing) that can counteract the negative forcing (cooling) induced
by increased C sequestration (e.g. Gibbard et al., 2005; Bala
et al., 2007; Betts et al., 2007; Bernier et al., 2011). While there
is an ongoing discussion on to what extent these two forcing
agents are equivalent (e.g. Davin et al., 2007; Montenegro et al.,
2009; Lee, 2010; Leu, 2010; Yakir and Rotenberg, 2010), or how
other surface phenomena can also play a role as forcing agents
(e.g. Kurtén et al., 2003; Juang et al., 2007), it seems likely that
the albedo impact can also be managed to optimize the mitiga-
tion efficiency of boreal afforestation activities. In particular,
the albedo impact can be mitigated by carefully planned selec-
deciduous tree species for plantation (e.g. Shuman et al., 2011),
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knowing that most of the albedo impact is occurring during
the winter season (Bernier et al., 2011). The simulations with
Tamarack in the present study were intended to address this
option. Clearly, more  research is needed on this issue.

The accessibility for the implementation, quantification,
monitoring and verification of afforested OWs is also an
important factor that can greatly influence the feasibility and
the cost of this mitigation measure. Road construction may
represent a large part of the initial costs necessary for the
implementation of offset plantations, if there is no nearby
pre-existing road network, and may also generate significant
GHG emissions that would decrease the mitigation benefits
of afforested OWs (Gaboury et al., 2009). The projections in
the present study pertain only to afforestation efforts with
a nearby pre-existing road network (with minimal road con-
struction, as in Gaboury et al., 2009), but it is clear that road
construction would need to be factored in for large-scale
afforestation efforts outside the pre-existing road network
(Chair on eco-advising, 2012). Even though afforestation is
among the cheapest mitigation measures (Nabuurs et al.,
2007), the up-front investments necessary for afforestation
activities can also be an important decision-orienting fac-
tor. Soft site-silvicultural approaches – no tree harvesting, no
fertilization, no drainage, minimal road construction, and pos-
sibly the natural seeding approach (Madec et al., in press) –
included in the present simulations are certainly contributing
in keeping low the in-front investments, but new econom-
ical studies would be helpful at determining how different
afforestation scenarios can influence the net present value
(NPV) of the afforestation of OWs.

5. Conclusion

In conclusion, the results obtained showed that afforestation
of boreal OWs can be a low C-intensive mitigation activity, in
particular when understory planting is the chosen silvicultural
approach. It was estimated that this approach cuts down by
two to three fold the period of net C emissions associated to
the traditional harvesting + plantation approach, so that only
8–12 years are needed to reach a net positive C balance with the
afforestation of OWs. The choice of the relatively fast growing
tree species Jack pine, over Black spruce and Tamarack also
tested in the present study, gave the best results regarding
both the C sequestration rate and the long-term total stocking
of C. Opting for a faster (but plausible) pace of afforestation in
a large-scale (400 kha total) effort within Québec’s boreal for-
est – from 8 kha per year during 50 years to 20 kha per year
during 20 years – resulted in a significantly higher rate of accu-
mulated C stocks, with approximately twice the C stocked at
only 40 years after the first plantation. Within a regulated off-
set system, this large-scale afforestation of boreal OWs could
provide capped industrials with a significant offset potential,
for instance up to nearly 8% offset of all Québec industrial
process emissions (2009 data) after 45 years. In spite of a cer-
tain number of issues that can contribute to the uncertainty
of the real environmental and economical benefits that can
be obtained from the afforestation of OWs as a mitigation
activity – especially, the long term support capacity, the risk
of reversibility, the albedo-related radiative forcing, the acces-
sibility, and the up-front investments – this study presented a
first glimpse at the extent to which the afforestation of boreal

OWs in Québec (and probably elsewhere in Canada and in Rus-
sia) can provide large emitters with eventually substantial and
efficient GHG offset potential, especially those emitters tied up
with incompressible GHG emissions.
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