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Growing our future: Assessing the outcome  
of afforestation programs in Ontario, Canada 
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ABSTRACT 
The United Nations Framework Convention on Climate Change (UNFCCC) requires its signatories, including Canada, 
to estimate and report their annual greenhouse gas (GHG) emissions and removals. Forests are an important natural 
resource as they slow the accumulation of atmospheric carbon through the process of carbon sequestration. Due to the 
role of forests as carbon sinks, governments consider afforestation projects as feasible climate change mitigation strate-
gies. This article outlines a spatially-explicit approach to validating afforestation data in Ontario, Canada. Validation is a 
user-supervised process that uses satellite imagery, remote sensing tools, and other auxiliary data to confirm the presence 
of seedlings planted through Forests Ontario’s 50 Million Tree program. Of the 12 466 hectares assessed, 83% is identified 
as afforested, 6% is not afforested and 10% is not determined. The area classified as successful afforestation is used as 
input for the Generic Carbon Budget Model (GCBM), to simulate afforestation effects on carbon stocks. Our findings 
show the afforestation activities will create a small carbon sink by 2060. From this project, it is evident that spatial vali-
dation of afforestation data is feasible, although the collection of additional standardized auxiliary data is recommended 
for future afforestation projects, if carbon benefits are to be reported. 
 
Keywords: afforestation, carbon sequestration, CBM-CFS3, climate change mitigation  
 
RÉSUMÉ 
La Convention cadre des Nations Unies sur les changements climatiques (CCNUCC) exige que ses signataires évaluent 
et déclarent annuellement leurs émissions et annuelles de leur absorption de gaz à effet de serre (GES). Les forêts consti-
tuent une ressource naturelle importante, car elles ralentissent l’accumulation de carbone atmosphérique grâce au pro-
cessus de séquestration du carbone. Considérant le rôle que jouent les forêts comme puits de carbone, les gouvernements 
voient les projets de boisement comme des stratégies viables pour la séquestration du carbone. Ce article décrit un 
approche spatialement explicite pour valider les données de boisement en Ontario, au Canada. La validation est un pro-
cessus supervisé qui s’appuie sur l’imagerie satellitaire, les outils de télédétection et d’autres données accessoires pour 
confirmer la présence de semis plantés par l’entremise de Forests Ontario’s 50 Million Tree program (programme de  
50 millions d’arbres de Forêt Ontario). Des 12 466 hectares qui ont été évalués, 83 % sont considérés comme boisés, 6 % 
ne sont pas boisés et 10 % ont un statut indéterminé. La superficie qu’on catégorise comme bien boisée sert à alimenter 
le modèle générique du bilan de carbone (Generic Carbon Budget Model - GCBM) pour modéliser le rôle du boisement 
sur les stocks de carbone. Nos résultats laissent voir que les activités de boisement créeront un petit puits de carbone d’ici 
à 2060. On en déduit qu’il est possible de faire une validation spatiale des données de boisement, bien qu’on recommande 
la prise d’autres données normalisées pour les prochains projets de boisement si l’on souhaite rapporter les retombées en 
matière de carbone. 
 
Mots-clés: boisement, séquestration du carbone, CBM-CFS3, atténuation des changements climatiques.
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Introduction  
Land-use changes and natural resource extraction alter not 
only Canada’s physical landscape, but also affect carbon 
stocks (Kurz et al. 2013). Forest ecosystems can be both a car-
bon sink, when they remove and store carbon from the atmo-
sphere, or a carbon source when they release carbon back 
into the atmosphere (Kurz and Apps 2006). Forests account 
for up to 80% of carbon in global above-ground biomass 
stores, and forest soils account for 70% of below-ground 
stores. Therefore, it is essential that countries incorporate car-
bon dynamics and modeling into land-use planning and for-
est management regimes (Laganière et al. 2010). 

Canada is a signatory to the international treaty, The 
United Nations Framework Convention on Climate Change 
(UNFCCC) (Environment and Climate Change Canada 
[ECCC] 2020b). The UNFCCC requires reporting of annual 
greenhouse gas (GHG) emissions and removals (UNFCCC 
2002). To meet this reporting requirement, Canada estimates 
its annual carbon stocks and carbon stock changes under the 
Intergovernmental Panel on Climate Change’s (IPCC) 2006 
Guidelines for national GHG inventories. Under the Paris 
Agreement, Canada has also committed to emission reduc-
tion targets for 2030 and net-zero emission targets for 2050 
(ECCC 2020a). Net-zero emissions require both reductions 
of emissions from fossil fuels and enhancements of forest 
sinks in the land sector (IPCC 2018). 

 
Definitions 
Under the definitions and parameters agreed to in the Mar-
rakesh Accords (UNFCCC Decision 11/CP.7), Canada 
adopted the following definition of afforestation: “the direct 
human-induced conversion of land that has not been 
forested for a period of at least 50 years, to forested land 
through planting, seeding and/or the human-induced pro-
motion of natural seed sources” (IPCC 2006). In contrast, 
reforestation is largely considered human-induced regenera-
tion or the planting of trees on non-forested land, but with-
out the 50-year requirement (e.g., planting after forest har-
vest) (IPCC 1997). Canada defines forest as an area of at least 
1 hectare (ha), with a crown closure of 25% and the ability to 
reach a minimum tree height of 5 meters at maturity in situ 
(Government of Canada 2007). Sites with a previous use of 
forest, tree plantation or orchard are not considered 
afforested as they either do not adequately meet the afforesta-
tion definition, or they can be considered forested prior to 
tree planting.  

Afforestation can lead to an increase in carbon stocks 
through the addition of above-ground biomass (i.e., branches 
and foliage) and below-ground biomass (i.e., roots), as well as 
providing an array of other ecosystem services such as flood 
mitigation and air purification (IPCC 2006). Due to forests 
ability to sequester carbon, afforestation has become recog-
nized as a nature-based solution to mitigate climate change 
(White and Kurz 2005; Metsaranta 2019; Seddon et al. 2019).  

 
Project objectives 
Ontario has a long history of implementing tree planting pro-
grams to reforest and restore degraded cropland and aban-
doned agricultural lands (Trees Ontario 2012; Metsaranta 
2019). During the 20th century, these programs occurred 
mostly in southern Ontario on private land, where ownership 

ranged from individual landowners to conservation groups 
and communities and were managed by a third party under 
an Agreement Forest Program (Borczon 1982; Teitelbaum 
and Bullock 2012; Metsaranta 2019). In the ‘90s, Trees 
Ontario, now known as Forests Ontario (FO), was formed to 
support large-scale afforestation efforts on private land across 
the province (Dominy et al. 2010). FO is a non-profit, chari-
table organization focused on afforestation, stewardship, 
education, and awareness. With funding from all levels of 
Government and private sponsors, FO works with a network 
of planting partners including conservation authorities, stew-
ardship groups, forestry professionals, First Nations, munic-
ipalities, and local nurseries to build capacity and essential 
infrastructure related to large-scale tree planting. In 2003, the 
Canadian Forest Service (CFS) allocated funding to imple-
ment the federal Forest 2020 Plantation Demonstration and 
Assessment Initiative (F2020) (Dominy et al. 2010). This 
afforestation program occurred from 2004–2005 and 
included the planting of small-scale tree plantations across 
Canada. FO partnered with CFS to implement the federal 
program in Ontario (Dominy et al. 2010).  

FO’s “50 Million Trees Program” (50 MTP), provides 
monetary and planning assistance to planting partners. Their 
objective is to encourage landowners to plant trees on their 
property to increase above and below ground carbon stores 
and improve ecosystem values such as wildlife habitat, soil 
quality and recreational opportunities (Forests Ontario 
2019a). The 50 MTP has been responsible for planting over 
31 million trees since 2008 (Forests Ontario 2019b). In 2009 
Parker et al. estimated the potential carbon storage and off-
sets of afforested sites, if 50 million trees (27 326 ha of land) 
were to be planted through the 50 MTP from 2008–2020. For 
modeling purposes, the study assumed only two tree species 
were planted, red pine (Pinus resinosa Ait.) and white spruce 
(Picea glauca (Moench) Voss.) (Parker et al. 2009). FO pro-
vided data for 5456 spatial polygons (afforestation sites) from 
the 50 MTP database to CFS for our analysis. 

This project assesses the establishment and presence of 
afforested seedlings four to thirteen years after planting, 
through the development of a user-supervised, systematic 
process. The process was based on the mapping methods of 
the National Deforestation Monitoring System (Dyk et al. 
2015). Validated data were provided as input for the Generic 
Carbon Budget Model (GCBM) developed by the Canadian 
Forest Service to evaluate the impact of afforestation activities 
on carbon stocks and fluxes in the area of interest (AOI). 
Through carbon modeling, one can gain a better understand-
ing of the potential for afforestation projects to help meet cli-
mate change related goals such as the reduction of GHG 
emissions and enhancement of GHG removals (Metsaranta 
2019). The information can also contribute to the Land Use, 
Land-Use Change and Forestry (LULUCF) sector of 
Canada’s national GHG inventory that is submitted annually 
to the UNFCCC (ECCC 2020b). This project is timely follow-
ing the Government of Canada’s announcement to imple-
ment tree planting as a climate change mitigation strategy 
(Government of Canada 2020). This article quantifies the 
outcome of afforestation efforts, estimates carbon implica-
tions, summarizes operational lessons learned, and makes 
recommendations relevant to tree planting initiatives such as 
the Two Billion Trees Commitment. 
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Materials and methods 
Study area 
The tree planting analyzed within this project occurs in 
Ontario, Canada. Most sites are located in southern Ontario 
in the Mixedwood Plains ecozone, although a few sites are 
found to the north, in the Boreal Shield ecozone (Fig. 1) 
(Agriculture and Agri-Food Canada 2013).  

ArcMap™ is the spatial interface used to assess the 5456 
digitized afforestation events (12 466 ha) provided by Forests 
Ontario, that were planted from 2007–2016. Google Earth 
Pro™, (GE), Google Street View™, BING™ Maps, and Land 
Information Ontario’s (LIO) South Central Ontario 
Orthophotography (SCOOP) 2018 imagery were used to 
visually assess each polygon for the presence of planted trees. 
Through combining fields from the original database with 
new categorized fields, an attribute table is generated. This 
table is used to record essential data associated with each 
afforestation event.1  

 
Validation process 
Events are manually validated by the analyst in descending 
order, beginning with the largest polygon. A topology rule: 
“Must Not Overlap” was carried out to highlight the individ-
ual polygons that overlap with one another. This rule makes 
it easier to identify polygon-related errors. Layers are con-
verted to KML files and then uploaded to GE. When overlaid 
with imagery in GE, the analyst can use the time slider func-
tion to assess the area at different dates and identify the pres-
ence or absence of planted trees. The analyst will also classify 
their confidence level of each assessment, assign a site (stem) 
density class to the polygon, and if applicable, identify why 
the site is not afforested. The site preparation, planting 
method, previous use of land2, polygon-related errors3, infor-
mation related errors4, occurrence and date of refill planting, 
soil order5, soil organic carbon, and the severity of errors are 
also recorded, based on a standardized domain as a drop-
down list. Data for soil order and soil organic carbon were 
obtained from Soil Landscapes of Canada version 3.2 (Soil 
Landscapes of Canada Working Group 2010). 
 
Site density 
When assigning the site density class, the analyst can choose 
between three classes:  
•    <6% (very low density) 
•    6–50% (low density) 
•    51–100% (high density)  

These classes are based on crown closure; crown closure 
(expressed as a percentage of the total polygon area) refers to 
the ground area covered by a vertical projection of tree 
crowns onto the ground for each afforestation polygon 
(IPCC 2006). Most trees in the imagery are young (1–14 
years old); it is difficult to apply crown closure density classes 
to seedlings; therefore, stem density is used as a proxy for 
crown closure density. The site density class is based on the 

1Supplementary material, Table S1.
2Supplementary material, Table S2.
3Supplementary material, Table S3.
4Supplementary material, Table S4.
5Supplementary material, Table S5. 

area of the actual afforestation event (it is not based on the 
entire polygon if there was a digitization or major commis-
sion error). The crown closure guide (Fig. A-VII-1) on page 
62 of the Alberta Vegetation Inventory Interpretation Stan-
dards was used as a visual guide for determining the site den-
sity classes (Alberta Sustainable Resource Development 
2005). If the analyst can identify tree planting rows or the 
presence of seedlings, but the image resolution is too low to 
accurately assess the site density class, it will be assigned 
based on the calculated site density (total number of trees 
planted/ size of the polygon). The calculated site density may 
not be accurate as it is based on the number of seedlings 
planted, not how many seedlings survived. Furthermore, the 
polygon area may be incorrect (i.e., commission or omission 
error). The calculated stem density will be assigned to the cor-
responding density classes (B.C. Ministry of Forests 1999).  
•    0–499 stems/ha (<6% class) 
•    500–1499 stems/ha (6–50% class)  
•    1500 stems/ha or > (51–100% class)  
The Generic Carbon Budget Model 
The Carbon Budget Model of the Canadian Forest Sector 
(CBM-CFS3) (Kurz et al. 2009) is the core model of Canada’s 
National Forest Carbon Monitoring Accounting and Report-
ing System (NFCMARS). This model is used to calculate for-
est carbon stocks and carbon stock changes in tree biomass 
and dead organic matter (DOM) pools (Kull et al. 2016). 
CBM-CFS3 adheres to the guidelines of the IPCC and is used 
to calculate GHG emissions and other carbon estimates that 
Canada is required to report annually under the UNFCCC 
(Kull et al. 2016). In addition to reporting purposes, this 
model is used by researchers, land and forest managers, and 
policymakers. The CBM-CFS3 uses growth and yield curves 
and various parameters including, but not limited to, climate, 
tree species, age-classes, and disturbance events (i.e., harvest, 
insect, and fire) to track the effects of past land-use changes 
on carbon and create simulations showing carbon stock 
changes at a stand and landscape level (Kull et al. 2016).  

The new spatially-explicit Generic Carbon Budget Model 
(GCBM) uses the science of the CBM-CFS3 (Kurz et al. 2009) 
and a new computing platform. The GCBM is built on the 
Full Lands Integration Tool (FLINT), an open-source plat-
form developed by an international group of experts that are 
contributing to the moja global initiative. Moja global was 
formed to develop and support open-source scientific soft-
ware for the improvement of GHG emission and removal 
estimates in the land sector6.  

The GCBM was applied to the AOI consisting of 4279 
polygons afforested under 50 MTP. The total area included in 
the simulation was 10 390 ha. Input data such as spatially-
explicit polygon level afforestation variables and polygon-
level yield curves were used to simulate tree growth and pre-
dict the carbon stock changes as a result of afforestation in 
Ontario, Canada.  

 
Tree type and species composition 
Tree species, stock type, and how many trees of each species, 
were recorded for each site. This project uses four-letter 
species codes based on Canada’s National Forest Inventory 
(2014) Tree Species List. Species are identified as softwood 
6http://moja.global 
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Fig. 1 Map of the confirmed Forests Ontario afforested sites within southern Ontario, Canada, overlaid with relevant terrestrial ecozones 
(Agriculture and Agri-Food Canada 2013); a small amount (<0.5%) of the afforested area is outside the region shown on the map.
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(SW) (coniferous) or hardwood (HW) (broadleaf) and the 
composition is calculated and linked to the GIS attribute 
data. The HW and SW composition is recorded as a percent-
age but does not always sum to 100% as not all records 
included species information. It is important that the SW, 
HW composition is calculated as the GCBM takes into 
account the living biomass carbon pools for HW and SW 
species separately (Kurz et al. 2009). The species composition 
is also calculated separately (number of trees in one 
species/total number of trees). This allows species-specific 
growth and yield curves to be modeled at a polygon-level 
using the Forest Vegetation Simulator for Ontario (FVSOn-
tario) (Lacerte et al. 2006). FVSOntario is a tree growth model 
used for simulating future forest conditions from the bare 
ground conditions at the time of afforestation (as well other 
data collected under the 50 MTP such as densities, leading 
species, etc.). Of the trees planted, 80% are SW and 16% are 
HW (4% are unknown). Based on the number of seedlings 
planted, the leading species is eastern white pine (Pinus 
strobus L.), followed by white spruce (Picea glauca (Moench) 
Voss.) (Fig. 2). The most common hardwood species planted 
are red oak (Quercus rubra L.) and silver maple (Acer saccha-
rinum L.) (Fig. 2). 
 
Results 
The afforested sites were validated via satellite imagery, 4 to 
13 years after planting. Of the 5456 records (afforestation 
events) validated, 78% of records are confirmed as 
“afforested” (Table 1). This is equivalent to 10 390 ha or 83% 
of the total 12 466 ha of land that was analyzed (Table 1 and 
Fig. 3). The majority of tree planting occurred between 2008 

and 2016 (Fig. 3). Furthermore, 6% (783.8 ha) of the total 
assessed area is identified as “not afforested” and 10% (1292.5 
ha) is classified as “not determined” (Table 1). Out of the con-
firmed afforested sites, 91% of the area is classified with a high 
user-confidence level (Table 1). 

93% of the 10 390 ha afforested land was previously used 
for agricultural purposes (i.e., abandoned farmland, crop, 
pasture, fallow etc.) (Table 2). 54% of the “not afforested” 
land is classified as such because the land is still currently 
used for various agricultural activities (Table 3). 28% of the 
“not afforested” area is classified as having the previous use of 
orchard, tree plantation, or natural forest (Table 3). 

 
GCBM results 
One of the motivations for this project was to quantify the 
carbon (C) balance of the afforested sites within the AOI. The 
individual bars in Figs. 4 and 5 represent the carbon flux 
averaged over all sites planted up to the respective year. The 
cumulative CO2e removal in the 10 390 ha study area over the 
54-year period from 2007 to 2060 was 2.24 Mt CO2e which 
averaged to an annual removal of 41.52 kt CO2e yr-1 (Figs. 4 
and 5). This removal is reflected in the ecosystem C stock 
increase over the length of the simulation period. Figure 6 
shows the evolution of per-hectare C stocks over time for 
each of the five IPCC-defined carbon pools, for all sites 
planted in 2009. Figure 6a shows C stocks for each pool inde-
pendently, and Fig. 6b shows the relative contributions of 
each pool to the overall C stocks. 

The GHG balance for the afforested polygons within the 
AOI in Ontario represents a small C sink. However, no dis-
turbances (i.e., wildfire emissions or harvesting) were consid-

ered during the length of the simula-
tion period (2007 to 2060). 
Furthermore, the potential effects of 
climate change on tree growth rates, 
survival and mortality were not con-
sidered in the projection of carbon 
stocks. 

 
Discussion 
Data validation 
This study explores the process of 
spatial validation of afforestation 
data 4 to 13 years after planting in 
Ontario, Canada. Our results display 
that the majority of sites are capable 
of being spatially validated by a user, 
and of those validated sites less than 
10% are classified as “not afforested” 
(Table 1). Similar to past studies, our 
results show the bulk of afforestation 
in Ontario occurs on abandoned, 
marginal, and/or less productive 
farmland (Table 2) (McKenney et al. 
2000; White and Kurz, 2005; Voicu 
et al. 2017). Furthermore, the major-
ity of “not afforested” sites are cate-
gorized as such because the land con-
tinues to be used for agricultural 
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Fig. 2 Top ten tree species (%) based on the number of seedlings planted by Forests 
Ontario 2007–2016 (Unknown included as a species)
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purposes (Table 3). In some instances, seedlings were never 
planted and in others, the planting failed or there was a pos-
sible landowner change and the site was converted back to 
agriculture. Afforestation events occurring on land that is 
originally an orchard or a plantation (i.e., failed plantation, 
nursery, or Christmas tree farm) that are cleared and then 
replanted, are considered “not afforested” because the origi-
nal land-use meets the technical definition of forest7 
(UNFCCC 2002). In these cases, no land-use change from 
non-forested to forested land has occurred, and thus for the 
purposes of national GHG reporting, the sites will not be 
included in the afforestation related estimates. Similarly, it is 
not considered afforestation if seedlings are planted onto 
land that is already a natural forest (UNFCCC 2002). 
Although the orchard, Christmas tree, forest, and plantation 
sites do not meet the formal criteria used for this project and 
in national GHG reporting, seedlings may still have been suc-

7Canada defines forest as an area of at least 1 hectare (ha), with 
a crown closure of 25% and the ability to reach a minimum tree 
height of 5 meters at maturity in situ (Government of Canada 
2007).

cessfully planted and thus con-
tributed to carbon sinks (ECCC 
2020a). Lastly, if the site is another 
land-use such as a rocky outcrop, 
wetland, or industrial area, the 
record will be classified as “not 
afforested” due to a lack of planted 
trees (Table 3).  

 
Challenges 
The process of validation is best com-
pleted by a user as opposed to artifi-
cial intelligence, as there are many 

unique situations and decisions that must be made on a case-
by-case basis. Sites classified as “not determined” have nei-
ther been confirmed as “afforested” or “not afforested”, often 
due to lack of current or high-resolution imagery. Further 
challenges include identifying seedlings in riparian areas and 
fallows, where there is a high shrub, grass, and understory 
competition. Similarly, without GE street-view™ it can be dif-
ficult to identify young deciduous seedlings from aerial 
imagery. Sites planted from seed were often left as “not deter-
mined” because not enough time had elapsed for seedlings to 
be seen from the air. Finally, there is a level of user subjectiv-
ity associated with analyzing imagery, especially when deter-
mining and assigning site density classes. 

A limitation of this project is the inability to quantify tree 
height and size, which impedes the process of determining 
carbon stock changes because tree height and diameter at 
breast height (DBH) are used to estimate individual tree 
biomass. This information is critical because it is used to 
develop stand-level volume-to-biomass models (Kurz et al. 
2009). Furthermore, site preparation activities such as pre-
scribed burns, mowing, brushing, plowing, disking, and inva-
sive species removal can affect carbon sequestration and car-
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Table 1. Primary queries conducted using structured query language (SQL) on the 
afforestation dataset to derive basic results (afforested or not afforested) 
 
                                                                                                                                                                   User- 
                                                          Results                                                                                      confidence  
SQL                                               (records)           %                  Results (ha)                   %         (high)  
 
Afforestation = “yes”               4279/5456       78%     10 389.9 ha /12 466.2 ha     83%        91% 
 
Afforestation = “no”                391/5456          7%         783.8 ha/12 466.2 ha         6%         83% 
 
Afforestation = “unknown”   786/5456         14%      1292.5 ha /12 466.2 ha      10%        N/A

Fig. 3 Confirmed annual afforested area (ha) planted through Forests Ontario’s 50 Million Tree Program from 2007–2016
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bon stocks through soil disturbance (Wang et al. 2016; Mayer 
et al. 2020). Our project did not include analysis of the carbon 
implications of site preparation activities (i.e., prescribed 
burning), and the transition from original biomass condi-
tions (i.e., shrub cover) to post-plant site conditions. Overall, 
the most common types of site preparation carried out on FO 
sites include mowing, seeding cover crops, herbicide applica-
tion, invasive species removal, and to a lesser extent, non-
native tree removal and site cultivation such as plowing or 
tilling. Prescribed burns on sites prior to planting was a rare 
site preparation activity and only occurred on ten of the 
afforested sites (29 ha).  

Similarly, there is also evidence that the type of agricul-
tural land use is important when calculating carbon stocks; 
afforestation of cropland may lead to higher carbon seques-

tration compared to afforestation on 
pastures or fallow lands (Mayer et al. 
2020). This project does not differen-
tiate between agricultural land-use 
types when defining the site’s previ-
ous use. It is important for future 
afforestation projects to break down 
the agricultural domain further into 
standardized sub-categories: pasture, 
cropland, and fallow/abandoned/ 
marginal farmland (Dyk et al. 2015).  

Throughout the validation pro-
cess, some records were identified as 
potential refill events. These records 
should not have been counted as sep-
arate, individual events, but rather 
included as refills within the original 
record, in order to lower the risk of 
overestimating the area of land that 
is afforested. FO has since recognized 
this issue and made the appropriate 
changes in the database to ensure 
accurate recording of refill plantings 
on sites. Lastly, data from the initial 
planting date were used in this anal-
ysis; ideally, data from five-year sur-
vival surveys should also be included 
in future afforestation validation 
analysis.  

 
Carbon implications 
The GCBM and the validated 
afforestation data for 10 390 ha were 
used to complete spatially-explicit 
modeling of the carbon dynamics 
and removals within the AOI. Our 
results show that an average of 41.52 
kt CO2e will be removed annually 
and over the span of 54 years, a total 
of 2.24 Mt CO2e is estimated be 
removed from the atmosphere 
assuming forests will continue to 
grow undisturbed (Figs. 4 and 5). In 
contrast, in 2018 alone Ontario’s 
GHG emissions were a total of 165 
Mt CO2e (ECCC 2020b). While 

Ontario’s emissions have decreased by 38 Mt per year com-
pared to 2005 (ECCC 2020b), the cumulative carbon sink 
from afforestation is comparatively small. The sites afforested 
from 2007 to 2016 are a small carbon source in 2020 (10 577 
t CO2e) but will become a small sink (-189 209 t CO2e) by 
2030 (Fig. 5). Afforestation alone will not make meaningful 
contributions to reducing emissions by 2030, only in combi-
nation with other strategies such as greener buildings, cleaner 
electricity and the electrification of transportation will it help 
Ontario progress towards its 2030 reduction target of 30% 
below 2005 levels (Ministry of the Environment, Conserva-
tion and Parks 2018). Ultimately, it is crucial to recognize that 
trees planted today will not result in a carbon sink immedi-
ately, but the sink strength will increase over time. Tree plant-
ing in Canada is not an immediate solution but a proactive 
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Table 3. Standardized options for why the site was not classified as afforested 
 
                                                                                                         Results                              Results 
Reason1                   Description                                 (record)       %                      (ha)                     % 
 
Orchard                  The previous use is listed         23/391       6%         37.4 ha/778.8 ha        5% 
(previous use)       as an orchard by the  
                                 landowner/planters. 
 
Tree plantation2     The previous use is listed         45/391      12%        86.9 ha/778.8 ha       11% 
(previous use)        as a tree plantation,   
                                 Christmas tree farm, or   
                                 nursery by the landowner/ 
                                 planters. 
 

Forest3                     The previous use is listed         36/391       9%         94.3 ha/778.8 ha       12% 
(previous use)         as forest by the  
                                 landowner/planters. 
 

Agriculture            Post-planting date imagery     219/391     56%     423.97 ha/778.8 ha     54% 
(current use)         shows the land is still being  
                                 used for agriculture or has 
                                 been converted back to 
                                  agriculture. 
 

No trees4                       There are no new trees on        66/391      17%       135.8 ha/778.8 ha      17% 
(other land use)    the land base. 
 

Duplicate                The polygon is clearly                2/391     0.50%       5.5 ha/778.8 ha      0.70% 
                                 a duplicate.  
 
1If the previous use was incorrectly recorded or not supplied from the tree planting survey, it will be identified by the 
user using available satellite imagery.  
2Forest stands established by planting or/and seeding (IPCC 2006). Failed plantation, nursery, or Christmas tree 
farms fall into this category.  
3Canada defines forest as an area of at least 1 hectare (ha), with a crown closure of 25% and the ability to reach a 
minimum tree height of 5 meters at maturity in situ (Government of Canada 2007). 
4Other land use is usually a rocky outcrop, construction/industrial site, residential home or wetland

Table 2. Top three previous uses of the successfully afforested sites 
 
Previous use            Results (records)               %                          Results (ha)                       % 
 
Agriculture1                           3966/4279                   93%              9495.6 ha/12 466.2 ha            76% 
Open field2                               102/4279                     2%                  232 ha/12 466.2 ha               2% 
Residential3                               63/4279                    1.5%                55.2 ha/12 466.2 ha             0.4% 
 
1Agriculture is defined as pasture, hay production, rotational crops, forage crop, fallow, and windbreaks, marginal, 
abandoned and less productive farmland  
2Open field is defined as non-agricultural field(s): large grass openings, lawn/yard, meadows, and parkland 
3Residential is defined as urban or rural residential area
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Fig. 4 GHG removals (sink is negative) and emissions (source is positive) displayed as the carbon flux per hectare (t CO2e ha-¹yr-¹) and 
the total annual carbon flux (t CO2e yr-¹) within the 10 390 ha of the confirmed afforested area; individual bars represent the carbon 
flux averaged over all sites planted up to the respective year

Fig. 5 GHG removals (sink is negative) and emissions (source is positive) displayed as carbon flux per hectare (t CO2e ha-¹yr-¹) and 
cumulative carbon flux (t CO2e), within the 10 390 ha of the confirmed afforested area; individual bars represent the cumulative carbon 
flux averaged over all sites planted up to the respective year
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one; if we hope to see benefits in the long-term (i.e., 2050 tar-
gets), we must start to plant trees today. 

The GCBM estimates of net emissions in the first years 
after afforestation represent the ongoing carbon losses from 
decomposition of soil and other organic matter carbon and 
the small carbon removals by the recently planted or seeded 
trees. While these estimates are uncertain, a small source esti-
mate is qualitatively in the right direction because emissions 
from site preparation are not included in the estimates. 
Afforestation is always recognised as a carbon sink that will 
increase over time and make larger contributions to targets in 
2050 and beyond, when net zero or net negative emissions 
will be required (IPCC 2018). 

 
Recommendations for afforestation initiatives 
Tree planting initiatives, such as the Two Billion Tree Com-
mitment in Canada or other forest carbon programs can con-
sider the following recommendations in their design: 
1.   Spatially-explicit tracking of afforestation activities is 

required to confirm seedling presence, enhance trans-
parency and estimate the carbon outcomes of the 
afforestation project. 

2.   The compilation of activity data should include tools that 
contain standardized domains by having drop-down lists 
for the tree-planting contractors to complete throughout 
the afforestation process. This is important for subsequent 
database queries and to enhance the organization of large 
datasets. Standardization will make the validation process 
and carbon modeling more efficient. For carbon modeling 
purposes, standardized options (checkboxes) for the fol-
lowing variables are required from planting surveys: year 
planted, area of the site (ha), tree species, stock type, num-
ber of each species planted per site, previous/original use 
(with subcategories for agricultural-related uses), site-
preparation activities, planting density, and biomass 
information. Information on the pre and post-planting 
above-ground biomass conditions is needed to allow the 
estimation of carbon implications (Kurz et al. 2009). This 
includes having consistent options to select from for the 
cover type (i.e., woody plants, herbs, grasses, invasive 
species, etc.), percent cover, and average height. Sample 
photos of the site before, immediately after planting as 

part of the planting quality assessments and during sur-
vival assessments will also provide insight into the 
biomass conditions. A comment section can be utilized if 
the tree planters feel more details are needed. Databases 
should also be organized to efficiently include updated 
numbers from refill plantings (i.e., planting year, total 
trees and species planted) and survival assessments. In 
addition to the above variables that are collected at the 
time of planting, fields for soil order, soil organic carbon, 
soil depth and ecozone are required in the final dataset 
and can be supplemented from open source data (i.e., 
Agriculture and Agri-Food Canada) and the species com-
position and hardwood/softwood composition should be 
calculated from the original planting information.  

3.   Land management support, stewardship initiatives, and 
simple program designs are needed to inform and encour-
age private landowner/community involvement and long-
term commitment to afforestation projects (Schirmer and 
Bull 2014; Torabi et al. 2016). Straightforward administra-
tion processes and forms that do not require a large time 
or monetary commitment increase the willingness of 
landowners to join afforestation programs (Torabi et al. 
2016). Furthermore, education and skill training promote 
active landowner participation and improve the likeli-
hood of successful management of afforested sites 
(Schirmer and Bull 2014). For example, FO hosts tree 
planting and forest management workshops for landown-
ers. Additionally, incentive programs such as the Man-
aged Forest Tax Incentive Program (MFTIP) adminis-
tered by the Ontario Ministry of Natural Resources and 
Forestry (MNRF), encourages landowners to maintain 
and manage existing woodlots as well as plant more trees 
in order to qualify for a property tax reduction. 

4.   In addition to initial financial support to implement tree 
planting activities, long-term funding is crucial for on-
going monitoring, landowner engagement, stand man-
agement/improvement (i.e., tending, vegetation manage-
ment, invasive species removal, thinning, etc.), refill 
plantings, and data validation. After planting, trees should 
be monitored and managed to ensure successful establish-
ment, especially during the first 5 years of development. A 
planting quality assessment should be conducted either 
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Fig. 6 Evolution over time of per-hectare carbon stocks (t C ha-1) for all sites planted in 2009 for each IPCC carbon pool, (a) independ-
ently and (b) collectively
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during or soon after the planting has been completed to 
assess if seedlings have been properly planted (i.e., spac-
ing/density, root exposure, planting depth, etc.). Newly 
planted trees are most vulnerable during the first couple of 
years of establishment and should be assessed to deter-
mine survival, growth, and if refill or tending is required 
(Grossnickle 2012). Site assessments also provide insight 
on site conditions such as weed competition, browse, pest 
or rodent damage as well as tending recommendations. 
For example, mowing or herbicide application to control 
competition, herbivory management, refill plantings to 
maintain stand density, and subsequent stand manage-
ment (thinning), are activities that can improve an 
afforested site’s ability to reach free-growing status and 
can alter the carbon dynamics of the site (Mayer et al. 
2020). Therefore, such management activities should ide-
ally be included in the quantification of mitigation out-
comes.  

5.   Although the above information is useful, there are fewer 
data for forecasting growth and yield curves for young 
trees because the merchantable wood volume (above the 
merchantable size limit) has not yet accumulated, there-
fore species-specific data (i.e., age, survival rate, average 
height, average DBH) from after a stand reaches the free-
growing stage is more valuable for carbon estimation 
(Lacerte et al. 2006; Metsaranta 2019). It is recommended 
that free-growing surveys be completed 15 years post-
planting, in addition to the year 1, 2, and 5 survival assess-
ments.  

6.   We recommend the incorporation of land eligibility crite-
ria which adhere to the definitions and guidelines used for 
Canada’s national GHG reporting into afforestation pro-
gram designs. For example, “land is eligible for afforesta-
tion if, prior to planting, it is at least 0.050 to 1.0 ha in size 
and has less than 10 to 30% tree crown cover, with trees 
that have the potential to reach a height of 2m to 5m at 
maturity at that location” (White and Kurz 2005; IPCC 
2006). The addition of these criteria will allow for more 
efficient tracking of afforestation specifically for national 
GHG reporting purposes, while continuing to track other 
reforestation and tree planting events that do not meet the 
formal definitions. 

7.   In this case study, 35 sites (81 ha) are identified as 
afforested but later converted back to agriculture or 
another land use (i.e., residential). It would be useful to 
create a form with the purpose of following-up on the rea-
sons and motivations behind conversions. Standardized 
follow-up in this way will provide insights into the reasons 
why the land was converted back to agriculture or another 
use (i.e., economic factors, landowner change, etc.) or why 
the plantation failed (i.e., drought, flooding, etc.) and may 
contribute to program design aimed at reducing such 
losses of afforested lands.  
 

Future research  
Understanding afforested lands ecosystem C dynamics is a 
necessary but not sufficient analysis of GHG impacts. 
Although not included in the scope of this project, the GCBM 
has the capacity to include disturbances such as wildfire, for-
est harvest, and insect outbreaks (Kurz et al. 2009). More 
extensive modeling is needed to include estimates of emis-
sions from potential disturbance events on afforested sites 

(Voicu et al. 2017). Further research on the effects of man-
agement activities (i.e., thinning and fertilization) on the car-
bon dynamics of afforested sites, will help inform and prior-
itize stand management decisions and secure long-term 
funding (Metsaranta 2019). If thinning or harvesting occurs 
on afforested sites, analyses will also need to assess the fate of 
the C contained in wood transferred to the harvested wood 
products (HWP) sector, as well as the impacts of HWP uses 
on emission reductions through product substitution, 
including wood for concrete, steel in the product sector, and 
bioenergy for fossil fuels (Kurz et al. 2016). Lastly, the collec-
tion of field data from older, well-established afforested sites 
can be used to validate against the yield curves used in carbon 
modeling.  

 
Afforestation as a climate change mitigation strategy 
In the face of global climate change, the ability of forests to 
enhance the sequestration of atmospheric carbon and 
increase above and below-ground carbon stocks are impor-
tant processes that can be utilized to reduce GHG emissions 
(McKenney et al. 2000; Kurz et al. 2009). As a result of this, 
the practice of afforestation or planting trees where previ-
ously there were none has become globally recognized as a 
potential nature-based climate change mitigation strategy 
(White and Kurz 2005; IPCC 2018). This article focuses on 
afforestation through the lens of carbon implications; mono-
cultures are often seen as the easiest and most productive 
choice to increase carbon stores, but without proper forest 
management they may not succeed in promoting forest 
resilience and maintaining biodiversity values (McKenney et 
al. 2000; Bashir et al. 2019; Seddon et al. 2019). Therefore, 
many variables need to be taken into account when selecting 
the appropriate sites and trees to plant; this includes factors 
such as growth-rates, site productivity and history, soil type, 
expected succession patterns, natural disturbance regimes, 
genetic diversity, future climatic conditions, and species-spe-
cific cold and drought tolerance levels (Mansuy et al. 2013; 
Bashir et al. 2019; Isabel et al. 2019).  

In addition to tree species selection, it is also crucial to 
carefully choose sites that are appropriate for forest conver-
sion (Hodgman and Munger 2009). For example, replacing 
land that was originally native forest with exotic and or sin-
gle-species plantations may cause more harm than good 
through the loss of biodiversity and forest resilience (Seddon 
et al. 2019; Mayer et al. 2020). Other ecosystems, such as 
peatlands and natural grasslands provide many ecosystem 
services including innately storing carbon, and therefore are 
not ideal areas for afforestation (Seddon et al. 2019). As men-
tioned above, localized natural disturbances must be consid-
ered when planting trees (Mansuy et al. 2013). Climate 
change is increasing the occurrence and severity of forest dis-
turbances and adding more forest biomass onto the land-
scape through afforestation has the potential to further inten-
sify the risk of wildfires and insect outbreaks (Mansuy et al. 
2013). Management decisions surrounding site and species 
selection, planting density and spacing, thinning, and pre-
scribed fire treatments are important. Such decisions may 
reduce the carbon storage on the site, but they create more 
fire-resilient forests and lower the risk of catastrophic wild-
fires (Hodgman and Munger 2009; Mansuy et al. 2013). Ulti-
mately, it is clear afforestation is an interdisciplinary strategy 
that requires long-term management and must consider a 
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magnitude of values, ranging from carbon and biodiversity to 
economic feasibility and risk-management (Mansuy et al. 
2013; Seddon et al. 2019). 

 
Conclusion 
Through using remote sensing resources to analyze over 
12 000 ha of land planted in Ontario between 2007 and 2016, 
we concluded that 83% of the afforested area is confirmed as 
treed, 10% could not be verified and 6% is not treed. The 
majority of afforestation occurred on either active or histori-
cal agricultural land, whether that be abandoned, marginal, 
fallow, pasture or cropland. The high success rate observed in 
this study confirms the positive potential of user-supervised 
validation as a tool to assess afforestation presence. Over a 
54-year period, the GCBM projected 2.4 million tonnes of 
cumulative CO2e sequestered from the seedlings planted in 
2007 to 2016 through FO’s 50 MTP. This project confirms 
that afforestation in the study area will create a small carbon 
sink by 2060. However, only by quantifying ecosystem net 
GHG balance, emissions from HWP, and emission reduc-
tions through product substitution, can comprehensive mit-
igation scenarios be developed.  

FO’s tree planting database is a reliable baseline for 
afforestation tracking when considered with the addition of 
pre- and post-planting above-ground biomass data, more 
standardized options for recording site information, and 
additional land-eligibility requirements. Data derived from 
the database can be used in the GCBM for estimating changes 
in carbon stocks for Canada’s national GHG inventory 
reports and hence UNFCCC annual reporting (UNFCCC 
2002; Kurz et al. 2009). In addition to supplementary data, we 
highlight the importance of financial incentives, long-term 
funding, and landowner outreach to support the establish-
ment, management, and success of afforestation planting 
projects. Afforestation in Canada (slow growing trees) is 
always a long-term strategy, the benefits of which will 
increase substantially over time. Therefore, if Canada wants 
afforested areas to contribute to net zero emission targets by 
2050, additional tree planting initiatives have to start as soon 
as possible. 
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