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High emissions or carbon neutral? 
Inclusion of “anthropogenic” 
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Recent research has shown forest-related emissions reported in national 
greenhouse gas inventories are much lower than global estimates from models 
summarized in Intergovernmental Panel on Climate Change reports. A substantial 
part of this discrepancy could be explained by conceptual differences in what is 
counted as part of the anthropogenic forest carbon sink and the way countries 
report on their forest harvesting sectors. With Canada as a case study, we used 
published National Inventory Report and Common Reporting Format tables 
to isolate emissions and removals directly associated with forestry from those 
associated with forests more broadly. Forestry-related factors that affect CO2 
emissions and removals include tree harvesting, post-harvest forest regeneration 
and growth, and carbon storage in long-lived harvested wood products. 
We  found that between 2005 and 2021, forestry in Canada represented a net 
source of carbon (annual mean  =  90.8 Mt. CO2e), and that total area logged was a 
significant predictor of net forestry emissions. In contrast, Canada’s NIR reported 
a small net carbon sink during the same time period (annual mean  =  −4.7 Mt. 
CO2e). We show this discrepancy can be explained by Canada’s GHG reporting 
approach that claims GHG emissions from wildfires are natural, but GHG 
removals from forests at the age of commercial maturity, despite being primarily 
natural disturbance origin, are anthropogenic. This reporting approach may lead 
to climate mitigation policies that are ineffectual or detrimental to reducing net 
carbon in the global atmosphere.
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1 Introduction

Climate change is an urgent global issue that requires immediate, effective action. With the 
increasing frequency and intensity of extreme weather events, rising temperatures, and the loss 
of critical ecosystems, it is imperative for all countries to reduce their greenhouse gas (GHG) 
emissions across all sectors (Ripple et al., 2022).
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Forests play an important role in climate change mitigation due 
to their large and dynamic carbon stocks. For Canada, which is a 
country with one of the largest quantities of forest cover in the 
world (nearly 9% of the world’s total forest area), forest carbon 
dynamics play a particularly significant role in its national 
contribution to global GHG emissions. Canada, along with Brazil, 
China, the Democratic Republic of the Congo, Russia, and the 
United  States, account for 51% of global gross forest carbon 
emissions and 56% of global gross removals (Harris et al., 2021). 
In 2021, leaders from 141 countries signed the Glasgow Leaders’ 
Declaration on Forests and Land Use. Under the Declaration, 
signatories committed to work collectively to halt and reverse 
forest loss and land degradation by 2030 (United Nations Climate 
Change Conference UK, 2021), recognizing the role the world’s 
forests play in GHG emissions and removals is critical to achieving 
international climate targets.

As stated in Article 2 of the United Nations Framework 
Convention on Climate Change (United Nations Conference on 
Environment and Development, 1992), all countries should 
be  working toward “stabilization of GHG concentrations in the 
atmosphere at a level that would prevent dangerous anthropogenic 
interference with the climate system.” Parties to the United Nations 
Framework Convention on Climate Change must submit national 
greenhouse gas inventories (NGHGI) quantifying emissions and 
removals occurring within their geographic territories. NGHGIs 
help inform opportunities for policy to mitigate emissions in sectors 
under human control. The Intergovernmental Panel on Climate 
Change (IPCC) has developed guidelines for estimating 
anthropogenic GHG emissions and removals (IPCC, 2006, 2014a, 
b) to help countries address the challenge of distinguishing between 
anthropogenic and non-anthropogenic GHG sources and sinks 
associated with land management (Ogle et al., 2018). In 2006, the 
IPCC adopted the Managed Land Proxy (MLP) method. Under the 
MLP, a country identifies land that it considers “managed” and then 
reports all emissions and removals from that land, including both 
anthropogenic and natural flows. Annex 1 of the IPCC guidelines 
defines “managed land” as “land where human interventions and 
practices have been applied to perform production, ecological, or 
social functions” (IPCC, 2022, p. 1795). In 2019, the IPCC refined 
the methodology, allowing countries to disaggregate (i.e., exclude 
and report elsewhere) emissions and removals associated with 
natural disturbances, in order to help reduce the interannual 
variability in GHG flux reporting. The IPCC indicated, however, 
that it is good practice for countries adopting this disaggregated 
approach to still report all emissions and removals from managed 
lands, and to ensure that disaggregation of natural disturbance 
emissions is carried out in a balanced way (IPCC, 2019).

Recent research has shown large deviations between emissions 
reported in NGHGIs versus modeled atmospheric impacts. For 
example, Grassi et al. (2018) found that NGHGI estimates compiled 
from reporting countries were 4.3 GtCO2e yr.−1 lower than global 
estimates from models summarized in IPCC reports. This discrepancy 
is significant-larger than the total annual carbon emissions of India 
(Grassi et  al., 2018). While there are inherent discrepancies and 
uncertainties associated with different models (e.g., bookkeeping 
models, dynamic vegetation models, and national greenhouse gas 
inventories) to estimate global land use, the authors suggest a 
substantial part of this discrepancy (approximately 3.2 GtCO2e yr.−1) 

may be explained by conceptual differences in what is counted as part 
of the anthropogenic forest carbon sink and the way countries report 
on their forest harvesting sectors (Harris et  al., 2021; Grassi 
et al., 2023).

Transparently and accurately reporting GHG emissions from the 
forestry sector is necessary to inform effective forestry-related policies 
and nature-based climate solutions (e.g., Drever et al., 2021; Moomaw 
and Law, 2023). Our objective here is to quantify conceptual biases in 
how GHG emissions and removals are attributed to the forestry sector, 
using Canada as a case study. To address our research question, 
we calculated emissions directly associated with the forestry sector on 
Forest Land Remaining Forest Land (FLFL) using data reported in 
Canada’s NGHGI (known as the National Inventory Report or NIR) 
and common reporting format (CRF) tables (United Nations 
Framework Convention on Climate Change (UNFCCC), 2022b). Our 
analysis considers carbon emissions (sources) driven by tree 
harvesting, and net carbon removals (sinks) driven by post-harvest 
forest regeneration, and by the carbon stored in long-lived wood 
products. This study has international importance, as transparent 
NGHGIs are critical to informing strategies that governments use to 
meet emissions reduction targets. Furthermore, these findings 
concerning emissions impacts of Canada’s forestry sector point to 
opportunities for reducing land-use sector emissions in many 
other countries.

2 Materials and methods

2.1 Study area

This study covers Canada’s “managed forest” as delineated by 
Natural Resources Canada (NRCan; see Ogle et  al., 2018; 
Commissioner of the Environment and Sustainable Development 
to the Parliament of Canada, 2023). NRCan defines the managed 
forest as: (i) lands managed for the sustainable harvest of wood 
fiber (e.g., saw logs and pulpwood) or wood-based bioenergy, (ii) 
lands under intensive protection from natural disturbances (e.g., 
fire and insect suppression), and (iii) protected areas, such as 
national and provincial parks that are managed to conserve 
ecological values (Figure 1). Managed forests in Canada tend to 
have a more uniform, structured landscape than unmanaged 
forests (Kurz et al., 2008). In the managed forest, areas allocated 
for industrial timber harvesting, usually through forest 
management plans, can be subjected to a range of post-harvest 
silvicultural techniques, including planting, seeding, thinning, and 
aerial herbicide spraying, and can also be  left for natural 
regeneration. In contrast, the unmanaged forest has not been 
logged at an industrial scale, nor is industrial logging planned in 
this zone. It tends to be primarily shaped by natural disturbance, 
including wildfire, insect outbreaks, and storm events (Landry and 
Ramankutty, 2015). Much of the unmanaged forest is north of the 
managed boreal zone in Canada and has low productivity and is 
largely inaccessible.

The managed forest varies by province and territory across 
Canada. In British Columbia, Alberta, New Brunswick, Nova Scotia, 
and Prince Edward Island, all forest land is included in the managed 
forest, whereas in Saskatchewan, Manitoba, Ontario and Quebec, 
forested land north of the boundary of fire suppression is excluded 
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(Ogle et al., 2018). All forests on the island of Newfoundland are 
included, but forested lands in Labrador that are not managed for 
timber harvesting are excluded. In the Yukon and the Northwest 
Territories, only areas designated for forest harvesting operations and 
fire suppression zones around communities are included. Nunavut 
does not have any land considered managed forest (Ogle et al., 2018). 
The managed forest in Canada overall - approximately 226 million 
hectares (in the year 2015) – contains an estimated 50.6 Petagrams of 
carbon (Pg C; Metsaranta et al., 2017) and an estimated carbon density 
of 224 Megagrams of carbon per hectare (Mg C/ha; Stinson et al., 
2011). The total area of unmanaged forest in Canada is approximately 
118 million hectares located primarily in northern regions of the 
country where there is limited or no road access.

2.2 Data collection

We collected and compiled data from the 2023 NIR and associated 
CRF tables [Environment and Climate Change Canada (ECCC), 
2023] associated with the managed forest in Canada. Specific data 
used in this study are provided as Supplementary Tables S1–S5. The 
CRF tables, used by the United Nations Framework Convention on 
Climate Change, provide a consistent format for countries to report 
their GHG emissions and removals. When data were reported as mass 
of carbon, we converted it to mass of CO2 by multiplying it by the 
molecular weight of CO2 (44) and dividing by the atomic weight of 
carbon (12; IPCC, 2006, 2019). We used GHG emission and removal 
information for 2005–2021 to calculate annual net forestry emissions 
from Canada’s managed forest.

2.3 Determining net forestry emissions

Our definition of annual net emissions associated with forestry 
comprises the sum of the flows that can reasonably be  directly 
attributed to forestry activities on FLFL (see Bramley and Saul, 2022), 
either immediate or delayed, including: carbon harvested from the 
forest in a given year, the net carbon stored in long-lived wood 
products, and the net carbon sequestered by forest regeneration (‘net’ 
refers to the balance between emissions and removals associated with 
regeneration and growth after harvesting disturbance; see Table 1).

The net carbon in long-lived wood products derives from the 
difference between the amount of carbon that is added to the product 
pool in a given year minus the carbon released. The carbon that is 
eventually released from long-lived wood products is based on the 
half-life of the wood product (i.e., the amount of time it takes for 
one-half of the carbon to be  released into the atmosphere) and 
generally excludes pulp and paper products [see Table A3.5–7 of the 
NIR; Environment and Climate Change Canada (ECCC), 2023].

2.4 Data analyses

2.4.1 Estimating CO2e in material harvested from 
the forest in a given year (item 1)

We calculated the total amount of carbon harvested from FLFL by 
forestry operations in a given year; namely, the “potential” emissions 
that would occur if all carbon in the material harvested from the forest 
was instantly oxidized in a given year (Table 2). This value is positive 
as it represents an input of CO2e to the atmosphere. The carbon in all 

FIGURE 1

Approximate distribution of managed forest (dark green) and unmanaged forest (light green) in Canada. Managed forest and unmanaged forest in 
Canada cover approximately 232 million hectares and 115 million hectares, respectively (Natural Resources Canada, 2023).
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FLFL harvested wood in a given year was determined using data in 
Supplementary Table S1. Specifically, this value is the sum of the total 
harvested wood product (HWP) both produced and used domestically 
and exported internationally. As our analysis was restricted to FLFL, 
we excluded carbon in wood that resulted from land use change and 
from firewood removed from non-forested land.

Supplementary Table S2 provides emissions data for 
residential firewood obtained from forest land, cropland, and 
settlements, respectively. To effectively capture the emissions on 
FLFL, we removed emissions data from firewood that was taken 
from cropland or settlements. The total carbon stock of HWP 
from land use change to croplands, wetlands, or settlements (i.e., 
LUC) can be found in Supplementary Table S2 as the sum of the 
rows listing forest conversion amounts. These values represent the 
carbon stock in the HWP pool derived from forest conversion to 
these different land use forms and hence are excluded from FLFL 
(Table 2).

2.4.2 Estimating CO2e storage in long-lived wood 
products (item 2)

Item 2 represents the net CO2e transferred to and stored in the 
harvested wood carbon pool from FLFL that is being kept out of the 
atmosphere in the form of long-lived wood products. This value is 

typically negative, as it represents a removal of CO2e. This pool of 
carbon is dynamic: on an annual basis, carbon is stored in harvested 
wood, while a certain amount of this carbon is emitted back to the 
atmosphere as the wood decays, based on the reported half-life of 
HWPs. To reflect this dynamic relationship, Item 2 was calculated as 
the difference between the actual calculated end-of-life emissions 
(described below) and the ‘potential’ emissions (equivalent to Item 1 
and indicative of hypothetical carbon oxidation from the forest in a 
given year).

To calculate the actual end-of-life emissions, we took the total 
emissions from end-of-life HWP (Supplementary Table S3) and 
subtracted emissions from HWP originating from forest 
conversion (Supplementary Table S4), and carbon in residential 
firewood taken from agricultural and urban (non-forest) land 
(Supplementary Table S2). Carbon stock inputs for residential 
firewood are obtained from forest land, cropland, and settlements, 
respectively in the NIR. Since the study is restricted to emissions 
on FLFL, we  removed emissions data from firewood that was 
taken from cropland or settlements. A description of the variables 
utilized to calculate ‘end-of-life’ and ‘potential’ emissions can 
be found in Table 3. Notably, this does not include the fossil fuel 
emissions attributed to the cutting and hauling activities 
associated with harvest to produce HWPs.

TABLE 3 The components of Item 2: estimating CO2e storage in long-lived wood products (see text for details).

Operation Component Data Location Source

Total emissions from end-of-life harvested wood products Supplementary Table S3 CRF Table 4, cell B26

Subtraction Emissions from harvested wood products originating from forest 

conversion (deforestation)

Supplementary Table S4 NIR part 1, Table 6–8, row 2

Subtraction Carbon in residential firewood taken from agricultural and urban (non-

forest) land, multiplied by 3.66

Supplementary Table S2 NIR part 1, Table 6–7, sum of 

rows 7–8

Subtraction Potential Emissions Table 2 Item 1

TABLE 1 Definitions of variables used in calculations of net forestry emissions (see text for details).

Variable Definition

Carbon harvested from the forest in a given 

year (Item 1)

Quantity of emissions that would occur if all the carbon extracted by forest harvesting went immediately into the atmosphere 

in a given year.

Carbon stored in long-lived wood products 

(Item 2)

Annual addition of carbon to long-lived wood products less carbon that is emitted. The rate at which carbon is released from 

long-lived wood products is determined by their half-life, or the time required for half the carbon to be released into the 

atmosphere. This typically excludes products made from pulp and paper.

Net sequestration from post-harvest forest 

regeneration (Item 3)

Net amount of carbon sequestered and emitted by forests undergoing regeneration, growth, and succession following harvest.

Net forestry emissions Sum of the previous three variables

TABLE 2 The components of Item 1: estimating CO2e in material harvested from the forest in a given year (see text for details).

Operation Component Data location Source

Carbon in all wood harvested in a given year Supplementary Table S1 CRF Table 4. Gs1, sum of cells B34 and B45 

for each year

Subtraction Carbon in harvested wood from forest conversion (i.e., deforestation) Supplementary Table S2 NIR part 1, Table 6–7, sum of rows 3–5

Subtraction Carbon in residential firewood taken from agricultural and urban (non-

forest) land

Supplementary Table S2 NIR part 1, Table 6–7, sum of rows 7–8

Summation Sum of previous three components, multiplied by 3.66
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2.4.3 Estimating CO2e sequestration from forest 
regeneration on FLFL after forest harvesting (item 
3)

The final variable constituting net forestry emissions is the CO2e 
flux from FLFL after forest harvesting operations occur (Table 4). This 
value is negative as it represents a removal of CO2e. This value 
comprises the difference between CO2e removals from the atmosphere 
by tree regrowth in the years following forest harvest and the post-
harvest emissions from the decay of dead wood, litter, and soil organic 
matter, as well as smaller amounts of emissions from certain activities 
directly related to forest regeneration, namely controlled burning and 
soil drainage (controlled burning emits methane and nitrous oxide, 
which means that the total is a CO2e rather than a pure CO2 figure), 
as calculated by Natural Resources Canada’s Carbon Budget Model 
(Kull et al., 2016). The value for forest regeneration was obtained by 
utilizing the “Anthropogenic component, past forest management 
activities” reported in Supplementary Table S5.

2.4.4 Estimating net CO2e forestry emissions
Overall net emissions from forestry are calculated as the sum of 

the three items detailed above; that is:

 Net Forestry Emissions Item Item Item= + +1 2 3.

Here “Net Forestry Emissions” represents our estimate of the 
emissions that can be attributed to forestry sector activities, where: 
“Item 1” represents the carbon in materials harvested from forests in 
a given year; “Item 2” represents the net carbon added to the long-
lived product pool, and ‘Item 3’ represents the net flux attributed to 
post-harvest forest regeneration. Where Item 1 is a positive value, 
Items 2 and 3 are typically negative values.

Further, to understand trends in net forestry emissions over time, 
we used data from NRCan on total area harvested per year. We used 
simple linear regression to evaluate the relationship between net 
forestry emissions and harvested area using the statistical software R 
(v. 3.4.2; R Core Development Team, 2017). We also compared and 
contrasted our net emissions from forestry activities to the reported 
NIR values.

3 Results

3.1 Net CO2e emissions and removals 
attributed to forest harvesting

Annual emissions from forest harvesting on FLFL lands (Figure 2A) 
varied between 120 and 200 Mt. CO2e over the 16-year sample period 

TABLE 4 The component for Item 3: estimating CO2e sequestered by forest regeneration on FLFL after forest harvesting (see text for details).

Operation Component Data location Source

(none) Net sequestration from post-harvest forest regeneration on FLFL Supplementary Table S5 NIR Figure 6–3 (Source data provided by ECCC)

FIGURE 2

Emissions and sinks due to forestry activities in Canada. (A) The amount of CO₂e extracted from “forest land remaining forest land” (FLFL) via forest 
harvesting, (B) the CO₂e of the pool of carbon in wood harvested from FLFL that is being kept out of the atmosphere in the form of long lived wood 
products, (C) net amount of CO₂e removed from the atmosphere by tree regrowth on FLFL, and (D) the total net forest harvest emissions by year 
(2005–2021) as a sum of the values from figures (A–C). Negative values indicate a carbon sink while positive values indicate a carbon source.
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(mean = 154.3 Mt. CO2e). The highest amount was in the first year of the 
record (2005), with the lowest amount during the economic downturn 
of 2009. The pool of carbon in HWP (Figure 2B) was greatest in 2005–
2007 and was only a net source in 2009 (5.9 Mt. CO2e; mean = −21.3 Mt. 
CO2e). Net carbon removals from post-harvest regrowth (Figure 2C) 
were lowest during 2005–2007, with more carbon progressively being 
removed via regrowth through 2021 (p < 0.001, R2 = 0.80, n = 16). This 
net regrowth represented a substantial net carbon sink throughout the 
study period (mean = −42.2 Mt. CO2e). Overall, net forestry emissions 
(Figure 2D) were a net source of carbon to the atmosphere in every year 
(mean = 90.8 Mt. CO2e). Net forestry harvest emissions were highest 
during 2005–2007 but experienced a significant declining trend over 
time (p < 0.001, R2 = 0.67, n = 16).

3.2 Comparing net forestry sector 
emissions to reported NIR values

When comparing net forestry sector emissions estimated in this 
study to the combined net emissions from FLFL and HWP reported 
in the NIR there were large discrepancies. The mean value for net 
forestry sector emissions in this study was 90.8 Mt. CO2e, representing 
a large net source of carbon to the atmosphere, whereas mean values 
reported in the NIR indicated a slight sink of −4.7 Mt. CO2e. The 
largest value reported by the NIR (one of only 3 years in this study 
where the NIR reported a positive CO2e value) came in 2005, where 
the NIR reported a value of 9.1 Mt. CO2e. This year also represented 
the largest discrepancy between the reported NIR value, and the value 
calculated in this study (119.8 Mt. CO2e), with a difference of 110.7 
Mt. CO2e. The largest sink reported by the NIR came in 2009 with a 
value of −20.3 Mt. CO2e. In contrast, the value we report for this year 

was 78.7 Mt. CO2e (more than 99 Mt. larger than the NIR estimate). 
Year-to-year variation in the values reported by the NIR (with a range 
of 29.5 Mt. CO2e) were less than those reported in this study (with a 
range of 47.4 Mt. CO2e; Figure 3).

We also explored trends in the forestry sector in the context of 
total area harvested in the managed forest. Across the time period of 
2005–2021 (Figure 4), we found that the total area harvested in the 
managed forest was a significant predictor of net forestry emissions 
(p < 0.001; R2 = 0.62; F = 25.05). Both net forestry sector and area 
harvested showed a strong decrease up to c. 2009, but then remained 
approximately consistent thereafter.

4 Discussion

We calculated the net emissions attributed to the forestry sector 
in the Canadian managed forest from 2005 to 2021 and found that the 
sector was a sizable net source of emissions to the atmosphere, with 
annual mean GHG emissions of 90.8 Mt. CO2e. These emissions are 
broadly comparable to other high-emitting national sectors such as 
electricity, agriculture, and show considerably higher net emissions 
than those reported in the NIR for combined net flux from forest land 
and harvested wood products, which averaged −4.7 Mt. CO2e per year 
during the same time period.

We propose that this discrepancy primarily results from Canada’s 
approach to reporting wildfire GHG sources as “natural” emissions and 
GHG sinks associated with forests after the age of commercial maturity 
as “anthropogenic” removals. According to Canada’s reporting methods, 
if a stand in the managed forest has attained commercial maturity (and 
therefore is actively considered for logging), that forest’s carbon removals 
can be reported as anthropogenic [Environment and Climate Change 

FIGURE 3

Comparison between net forest harvest emissions calculated in this study (black) and the combined values for the emissions attributed to forest land 
remaining forest land (FLFL) and harvested wood products (HWP) as reported in Canada’s National Inventory Report (gray).
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Canada (ECCC), 2023]. Since 2018, the NIR has used regionally specific 
rotation age based on factors such as forest management practices, 
species distributions, and stand dynamics. The resulting estimated 
minimum return period to commercial maturity ranges from 45 to 
99 years, with a national average of 76 years. The designation of these 
forest sinks after commercial maturity as ‘anthropogenic’ obfuscates 
emissions and removals directly related to the forestry sector.

Canada’s NIR excludes natural disturbances to reduce large year-to-
year fluctuations in emissions caused by wildfires and insect outbreaks 

(IPCC, 2019). In the 2019 NIR, nearly 25% of the managed forest area 
was excluded based on this criterion, with stand-replacing wildfires 
being the most significant contributor to excluded emissions. Canada’s 
2022 inventory report indicates that between 2005 and 2021, mean 
annual emissions from major wildfires excluded from the inventory were 
114 Mt. CO2e, while mean annual removals from post-fire regrowth up 
to commercial maturity (also excluded from the inventory) were − 37 Mt. 
CO2e. Thus, between 2005 and 2021, a net annual average of 77 Mt. CO2e 
were excluded from the NIR reporting (Figure 5).

FIGURE 4

Trends between net forestry emissions (this study) and area harvested in Canada’s managed forest from 2005 to 2020. Statistical data provided by the 
Canadian forest service on forests and forestry is only currently available until 2020. The downward trend in net forest harvest emissions (circa 2009) is 
correlated with reduction in harvest levels.

FIGURE 5

The components of forest carbon flows in Canada’s NIR over the 16-year study period and their average values. The left-hand column shows major 
wildfires, insect outbreaks, and the subsequent removals from regrowth. The middle column shows emissions and removals directly attributable to 
forestry. The right column shows net calculations in this study and in Canada’s NIR reporting. NIR emissions portray the managed forest as almost 
carbon neutral due to the NIR’s disaggregation of significant natural disturbance emissions, while still including natural removals from forest 
regeneration and growth.
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The IPCC guidelines describe two methodological approaches to 
estimate forest carbon stock changes in NGHGI: the stock-change and 
gain-loss methods (IPCC, 2006). Countries following IPCC’s stock-
change reporting approach (e.g., US, Sweden, Japan, Spain, Norway, 
and Germany) implicitly account for CO2e emissions due to wildfires 
and other natural disturbances because the net change in carbon 
stocks is estimated from successive measurements and estimates. 
Wildfires (and other natural disturbances) decrease carbon stocks in 
the forest, and the inventory data already reflects the carbon loss from 
disturbances because only carbon remaining in the forest is estimated. 
Countries following the gain-loss approach estimate emissions by 
multiplying the area of different land use change classes (characterized 
as activity data) by the responses of carbon stocks for those classes 
(described as emission factors; McRoberts et al., 2018). Canada and 
Australia follow the gain-loss reporting approach. They are also the 
only countries to exclude emissions from natural disturbances such as 
wildfires, insect damage and windstorms, in their NGHGIs (Grassi 
et  al., 2023). According to Grassi et  al. (2023), the average net 
emissions that were disaggregated for 2000–2020 were approximately 
104 Mt. CO2e yr.−1 in Canada and 39 Mt. CO2e yr.−1 in Australia.

Disaggregation of natural emissions is consistent with the 2019 
refinements of the 2006 IPCC guidelines, provided that a balanced 
approach is employed (IPCC, 2019). This means that if lands with 
wildfire emissions are excluded from the inventory’s calculation of 
anthropogenic emissions/removals, those lands should only 
be re-inserted into the total when removals from subsequent tree 
regrowth have fully balanced the wildfire emissions (IPCC, 2019 
refinement, 2.72). Based on our analysis, this balance is not achieved 
in Canada’s NIR, with a net average of 77 Mt. CO2e emissions. While 
Canada excludes stand-replacing wildfire emissions from its NGHGI, 
it includes removals from post-fire tree regrowth in its annual 
inventory for stands that have reached commercial maturity. This 
approach adds a large carbon sink to the reporting, and as a result, the 
forestry sector as a whole is assumed to be  a small carbon sink. 
Canada’s application of the natural disturbance provision in the 2019 
refinement of IPCC guidelines thus places it as an outlier regarding 
GHG reporting practices of other Annex I countries.

Our analysis focuses on the importance of how anthropogenic sinks 
are defined and reported in the NIR (not whether or not some or all 
wildfire emissions need necessarily be  reported as anthropogenic), 
however, we suggest this decision also requires more investigation. A 
UNFCCC expert review team found that Canada’s 2021 NIR did not 
provide a satisfactory justification for the assumption that all stand-
replacing wildfire emissions in managed forests are natural [United 
Nations Framework Convention on Climate Change (UNFCCC), 
2022a,b]. While these findings are variable across the country (Taylor 
et al., 2020), it is estimated that almost half of the wildfires in Canada are 
started by human activity, whether through negligence, accident or on 
purpose (Tymstra et al., 2020). There is also uncertainty about the extent 
to which forest management activities contribute to wildfire, for example, 
by creating forest access roads for hunters, anglers, and recreationists 
(Taylor et al., 2020). Fire suppression strategies also play an essential role 
in wildfire-related emissions (Tymstra et al., 2020). Hanes et al. (2019) 
argued that only approximately 10% of the area burned is attributable to 
human activity in Canada, despite the importance of human-caused 
ignition of wildfires, because there is usually little or no suppression of 
wildfires that ignite in isolated areas where there aren’t many people. In 
2023, Canada’s GHG emissions associated with wildfire were 
unprecedented, releasing an estimated 2 billion tones of CO2 (with a 

preliminary estimate of 850 million tones from the managed forest). The 
increasing frequency and intensity of wildfires anticipated to occur due 
to climate change further underscores the need for an accurate 
understanding of forests’ role in GHG emissions and removals and which 
of these emissions we have the greatest control to manage (Jones et al., 
2020; Dahl et al., 2023).

The reporting of emissions associated with the forestry sector are 
further complicated by how combustion of fossil fuels from logging, 
hauling, processing, and shipping are reported in the NIR. Specifically, 
the CO2e we calculated do not include emissions attributed to the 
combustion of fossil fuels from forestry operations. While these 
operational and production emissions appear to be accounted for in 
the NIR, they cannot be explicitly linked to the forestry sector as they 
are reported in other categories. For example, the fossil fuel emissions 
attributed to pulp, paper, and print were 6,860 kt CO2e in 2021, but 
these were reported in the energy sector of the NIR (Section 3.2.5.1).

Additionally, there is an ongoing debate on the real or potential 
substitution role of HWP, yet many studies assessing forest 
management or products for their climate change mitigation potential 
depend on a suite of assumptions that the literature either does not 
support or only partially supports (Howard et  al., 2021). Recent 
analyses suggest the actual mitigation benefits of HWP substitution 
may be  overestimated by 2–100 times due to these assumptions  
(Harmon, 2019; Howard et  al., 2021). For example, assumptions 
related to substitution effects include that (a) changes in harvest or 
production rates will lead to a corresponding change in wood product 
consumption, as well as an opposite response in concrete, steel, or 
fossil fuel use, (b) wood building products are substitutable for 
concrete and steel, (c) the same mix of products could be produced 
from increased harvest rates of a given area, and (d) there are no 
market responses to increased wood use (e.g., that a subsequent fall in 
the price of steel and concrete does not increase the use of such 
materials elsewhere; Howard et  al., 2021). Since perceived HWP 
substitution benefits are often incorporated into forestry sector GHG 
accounting and life cycle analyses, overestimated substitution effects 
could lead to policies misaligned with GHG mitigation goals. An 
improved understanding of HWP substitution dynamics is needed to 
ensure mitigation policies based on forestry sector GHG accounting 
reflect the most appropriate, scientifically supported strategies.

Lastly, global land use CO2e fluxes are calculated according to 
various models and quantification methods including bookkeeping 
models and dynamic vegetation models. As the methodologies behind 
each model differ, so does the respective uncertainty with the CO2e flux 
estimates. The bookkeeping models provide a relatively simple 
representation of anthropogenic land use change impacts, treating only 
direct human-induced effects as contributing to net CO2e fluxes. Key 
sources of uncertainty in bookkeeping models arise from uncertain 
model parameters and inputs, spatial and temporal variability, and 
linkage across complex systems like climate and land use (Harris et al., 
2021). In contrast, dynamic vegetation models estimate natural 
ecosystem processes like photosynthesis, respiration, and vegetation 
dynamics in more detail but do not fully represent key land management 
activities in their simulations of future scenarios. For example, dynamic 
vegetation models may not fully capture the effects of agriculture, 
deforestation, afforestation, or forest management practices on CO2 
fluxes. The incomplete representation of anthropogenic land use change 
and management limits the ability of dynamic vegetation models to 
estimate human-induced CO2 emissions and uptake from managed 
lands accurately (Harris et al., 2021).
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5 Conclusion

Our analysis demonstrates that the current approach used for 
accounting forest carbon sinks in Canada may, in part, explain why forest-
related emissions reported in national greenhouse gas inventories are 
much lower than global estimates from models summarized in IPCC 
reports. More specifically, we demonstrate that Canada’s use of the IPCC’s 
natural disturbance provision creates a dubious anthropogenic forest 
carbon sink that leads to a bias toward underestimating the GHG 
emissions directly attributable to the forestry sector. This bias has 
important implications for meeting Canada’s enhanced Paris Agreement 
climate targets (to reduce its economy-wide greenhouse gas emissions by 
40–45% below 2005 levels by 2030 and net-zero by 2050) and can be used 
as support for misaligned policy incentives. For example, arguments that 
forests better serve emissions reduction targets when logged and put into 
harvested wood products or burned as biomass depend on several 
assumptions, including that the forestry sector has nearly zero or negative 
emissions (Malcolm et al., 2020; Peng et al., 2023). In contrast, our analyses 
show that, in Canada, forestry activities are a relatively large source of 
GHG emissions (roughly equivalent to emissions from the energy sector).

How GHG emissions are reported in national inventory reports may 
play a pivotal role in determining whether countries adopt the necessary 
policies to mitigate climate change effectively. In its 2023 Synthesis Report, 
the IPCC urged mitigation measures “across all sectors” to meet global 
climate targets. It is thus imperative for governments to develop forest 
carbon accounting practices that clearly articulate the GHG emissions 
directly attributable to the forestry sector, and to use these reports to 
incentivize the development and implementation of emissions reductions 
strategies (Mackey et al., 2022; Moomaw and Law, 2023). If the forestry 
sector is recognized as a GHG emitter, policies and management 
approaches could more readily shift to include, for example, strategies 
such as longer harvest rotations, silvicultural methods that maintain more 
on-site biomass after harvests, reductions in harvest levels, and a decrease 
in the production of short-lived forest products. Further, regulating these 
forestry sector emissions could assist in driving economic innovation, 
such as the development of long-term and secure financial pathways for 
nature-based climate solutions (Seddon et al., 2021). Forests and other 
natural ecosystems provide the largest share of the “Land Use, Land-Use 
Change and Forestry” mitigation potential between 2020 and 2050. As a 
result, examining countries’ accounting practices in this sector is critical 
to capitalize on opportunities that encourage the ambition and 
transformational action needed to achieve global climate goals.
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