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SCIENCE FOR SOCIETY While tree planting is a cost-effective strategy to mitigate climate change and biodi-
versity loss, many initiatives do not fully achieve their potential to deliver benefits for the climate, nature, or
people. Poorly planned plantings have led to reduced biodiversity, lost local livelihoods, or short-lived suc-
cess from inadequate maintenance, drought, or subsequent land clearing. Canada committed to planting 2
billion trees, setting an important global example for large-scale forest restoration. 19.1 million hectares are
available where the 2 Billion Trees program could be implemented, which is significantly more than the 1.2
million hectares necessary; thus, significant forethought must be given to select appropriate sites that
achieve the program’s multiple objectives. Achieving the program’s objectives requires balancing synergies
between at-risk species’ habitat needs and high-tree-growth areas while managing trade-offs like high land
costs or limited overlap with areas supporting freshwater provision or nature-based recreation. We mapped
restoration scenarios that prioritize different objectives to amplify synergies and characterize solutions to
trade-offs. Planting programs with diverse goals need tailored and site-targeted investments to simulta-
neously and rapidly meet various outcomes.

SUMMARY

Swift action to restore forests is critical for mitigating climate change and preserving biodiversity. Canada
has an ambitious program to plant two billion trees to help exceed the country’s emissions targets while
restoring forest habitat and providing social and economic benefits. We conducted a systematic analysis
of where new tree cover can maximally achieve these benefits while minimizing implementation costs.
Accounting for critiques of global restoration mapping that include the overestimation of mitigation po-
tential and inadequate biodiversity and social safeguards, we find that 19.1 Mha are available, which
is much more than the approximately 1.2 Mha needed to plant two billion trees. Optimization scenarios
for 1.2 Mha revealed synergies and trade-offs. Scenarios prioritizing low costs, accessibility, and
high growth are concentrated in temperate and coastal areas, overlapping partly with biodiversity sce-
narios, but with trade-offs of higher costs. A diverse portfolio of regionally restored sites, each tailored
for specific attributes, is most likely to deliver multiple benefits at the pace demanded by the current
crises.
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INTRODUCTION

Tree planting and the restoration of forest cover, alongside de-
carbonization, are well-recognized nature-based solutions for
mitigating climate change.” Around the world, companies,
non-profit organizations, and governments have initiatives un-
derway to plant trees and restore forests.” For instance, the
World Economic Forum convened a 10-year effort to conserve
or restore forests and grow one trillion trees by 2030,° and the
Bonn Challenge seeks to restore 350 Mha of forest cover by
2030.* Canada is in the top 10 countries with the highest unreal-
ized potential carbon storage on land® and so has an important
place in realizing the global possibility of forests as a natural
climate solution.

The Canadian government has a 2 billion trees (2BT) commit-
ment: a 10-year, $3.16 billion CAD program to plant two billion
trees between 2021 and 2031 in collaboration with Indigenous
communities, private landowners, cities, provinces, and terri-
tories.® This program aims to support Canada’s emissions re-
ductions goals under the Paris Agreement, with a projected abil-
ity to remove up to 12 Tg CO.e annually by 2050. 2BT also aims
to restore biodiversity, with a focus on restoring forest habitat for
species at risk (SAR), improving human well-being, and support-
ing climate-resilient landscapes. While 2BT does not have an
explicit area target, two billion trees would fill approximately
1.2 Mha at a typical planting density (1,600 trees/ha).”

This desire to achieve multiple goals from one activity is
common to many tree planting efforts across the globe,® yet
not all potential planting areas are equally suited for climate
mitigation or offer the same social, cultural, environmental,
and economic benefits. Maps of potential planting locations
often fail to account for spatial trade-offs. Global maps tend
to focus on a few select factors to determine where forest
restoration could optimally happen, but these areas may not
deliver a multitude of benefits. Geographically refined ana-
lyses, in contrast, can incorporate higher-resolution data
and a suite of decision-relevant factors to better map the likely
feasibility, additionality of climate benefit, and outcomes of
forest restoration. Canada provides a unique opportunity to
examine how different configurations of restoration implemen-
tation can achieve various outcomes, given the known area
needed (1.2 Mha) and the ability to evaluate trade-offs across
the broader landscape.

While arecent analysis examined carbon and biodiversity ben-
efits of ecological restoration broadly,” Canada lacks a system-
atic analysis showing where additional tree cover can yield
optimal climate, human well-being, and biodiversity benefits
while minimizing costs or implementation constraints like the
distance of project areas to the nearest road.

Here, we demonstrate the potential for achieving multiple ob-
jectives from the restoration of forest cover in Canada. We define
restoration of forest cover as either active afforestation of lands
that were historically forest but converted to other land use or
reforestation of forest lands that burned or were otherwise natu-
rally disturbed with little remaining successful tree regeneration.
Our definition excludes areas where trees are not naturally domi-
nant, such as native grasslands, shrublands, or arctic tundra.
The approach entailed first characterizing the full potential area
available for restoration, followed by an assessment of how
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key attributes of effective forest restoration, such as rates of
tree growth, economic costs, accessibility to nearest road, and
co-benefits for biodiversity and people, vary across this area of
opportunity. We then analyzed scenarios that cover 1.2 Mha
within the area of opportunity that each optimize different resto-
ration attributes (Figure 1). We find that a coordinated set of sites,
integrated in a portfolio approach whereby each site has
different region-specific objectives, is most suitable for most
rapidly delivering optimal outcomes for the diversity of social,
economic, and ecological goals desired from forest restoration.

RESULTS

Area of opportunity

We identified 19,147,284 ha as the area of opportunity for resto-
ration of forest cover (hereafter, “area of opportunity”) (Figure 2).
This area is where restoration of forest cover is ecologically
appropriate and avoids negative impacts, such as the loss of
high-quality agricultural lands (see methods). This estimate rep-
resents almost 15-fold more area than the 1.2 Mha called for un-
der 2BT. Currently, land cover in the area of opportunity is 40%
shrubland, 39% cropland, and 21% pasture/grassland (see
Commission for Environmental Cooperation'® for definitions of
land cover classes and Table S1 for sub-national summaries).

Prioritization scenarios

We examined eight different scenarios that optimized various
goals for 2BT (Figure 1). All scenarios sought to optimize climate
mitigation potential given that is a primary goal of 2BT. Each sce-
nario mapped the optimal 1.2 Mha for achieving that scenario’s
goal (Figure 3). Some goals showed positive correlations, sug-
gesting potential synergies, but others were negatively corre-
lated, indicating trade-offs (Figure 4). These trade-offs were re-
flected in the varying proportions of overlap among the
regionally differentiated solutions (Table S2).

The “Low-cost accessible mitigation” (Figure 5), “Low-cost
mitigation” (Figure S1), and “Accessible mitigation” (Figure S2)
scenarios identified similar areas as optimal. Optimal locations
were concentrated in road-accessible, high-growth sites
throughout rural areas in southern and eastern Maritime Canada
and, to a lesser degree, temperate areas in British Columbia
(BC). The 1.2 Mha identified in these scenarios could cumula-
tively sequester 15.2 Tg C (55.7 Tg CO.e) after 10 years, i.e.,
an average of 12.7 Mg C/ha (46.6 Mg COxe/ha). These scenarios
not only had the highest growth rates and lowest average dis-
tance to nearest road, they also showed extensive overlap with
areas of high SAR richness. However, they had relatively low
values for landscape connectivity, freshwater provision, and na-
ture-based recreation (Figure 3). All three scenarios had moder-
ate to high costs, but accessible mitigation had the highest per-
ha costs of the three, 42% higher than both low-cost mitigation
and low-cost accessible mitigation.

For each scenario, we measured four attributes related to
co-benefits of restoration beyond mitigation. For biodiversity,
we assessed the occurrence of SAR in restorable areas and land-
scape connectivity, assuming that restoration can improve both
forest habitat quality and animal movement therein. For
ecosystem services important to people, we considered the pro-
vision of freshwater and nature-based recreation. Watershed
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Figure 1. Scenario names and component variables for the restora-
tion of 1.2 Mha of forest cover across the 19.1 Mha area of opportu-
nity in Canada

protection for freshwater provision is often a key motivator for for-
est restoration,'”'® and restored forests can be more appealing
to visitors and improve visual quality objectives relative to
disturbed landscapes,'“™'® meaning restoration can play a role
in improving the long-term provision of these ecological services.

The “Biodiversity: Species at risk” scenario (Figure 6) ex-
hibited a roughly similar spatial pattern to the three mitigation-
focused scenarios. This scenario showed the second highest
growth rates, as well as high values for freshwater provision.
However, it had the second highest costs, low values for na-
ture-based recreation and landscape connectivity, and moder-
ately far distance to the nearest road (Figure 3).

This pattern contrasted that of the Biodiversity: Landscape con-
nectivity” scenario (Figure 7). This scenario had low costs but also
low growth rates, SAR richness, and freshwater provision, along-
side the highest average distance to the nearest road of any
scenario and only moderate values for nature-based recreation
(Figure 3).
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The “Freshwater provision” scenario (Figure 8) had the most
concentrated solution. In particular, the solution included
117,000 ha in only one ecodistrict in the Manitoulin-Lake Simcoe
ecoregion of southern Ontario (ON), the largest area per ecodis-
trict in any of the solutions. This scenario showed moderate costs,
growth rates, SAR richness, distance to the nearest road, and na-
ture-based recreation but low landscape connectivity (Figure 3).

The “Nature-based recreation” scenario (Figure 9) displayed a
highly dispersed solution, akin to biodiversity: landscape connec-
tivity, appearing in ecodistricts across the area of opportunity.
This solution had the lowest cost of any scenario but also the
lowest growth rates, with the lowest collective mitigation potential
of the scenarios, 8.4 Tg C after 10 years (7.0 Mg C/ha) (Figure 3).
The solution also had the lowest SAR richness, accompanied by
moderate freshwater provision and the second highest average
distance to a road and landscape connectivity (Figure 3).

The “All values” solution (Figure S3) resembled closely the
pattern identified in Biodiversity: Species at risk (Figure 6). It
had high costs, growth rates, and freshwater provision but mod-
erate to low values for the rest of the attributes (Figure 3).

Portions of the area of opportunity were never selected in a so-
lution, with parts in the far north of Canada not prioritized in any
scenario (Figure 10A). Selection frequency was highest in
coastal BC, south central Canada, and the eastern Maritimes.
Southern ON emerged as an opportunity in all the scenarios
except for Nature-based recreation.

Synergies and trade-offs

No one scenario scored well for all attributes nationally (Figure 3),
indicating trade-offs in how these attributes are distributed
across the area of opportunity (Figure 4). In general, areas suit-
able for forest restoration across Canada showed a positive rela-
tionship between higher tree growth rates and richness of SAR
but also with costs for implementation and foregone economic
opportunity. Thus, maximizing carbon sequestration, while it
often meant greater inclusion of SAR habitats, also led to higher
costs.

Areas important for maximizing nature-based recreation
showed significant negative correlations with growth rates,
cost, and SAR richness (Figure 4). Stated otherwise, areas with
high value for nature-based recreation tended to cost less but
have lower growth rates and SAR richness.

Areas with high value for landscape connectivity tended to be,
on average, farther from the nearest road, as landscape connec-
tivity increased with distance to the nearest road (Figure 4).
Similar to nature-based recreation, landscape connectivity
showed a positive but weak relationship with potential growth,
cost, and SAR richness, meaning that areas important for land-
scape connectivity tended to have lower growth rates and rich-
ness of SAR but cost less.

Last, freshwater provision showed no significant correlations
with any other attribute. Indeed, the solution for Freshwater pro-
vision was the most dissimilar to any other scenario.

The capacity of our national scenarios to simultaneously
include different co-benefits varied at a sub-national (i.e., provin-
cial or territorial) scale (Figure 10B). For instance, in the Maritime
provinces of eastern Canada (Prince Edward Island, New Bruns-
wick [NB], Nova Scotia [NS]), the scenario that maximized low-
cost growth at a national scale (Low-cost mitigation) also yielded

One Earth 8, 101177, February 21, 2025 3




(2025), https://doi.org/10.1016/j.oneear.2025.101177

Please cite this article in press as: Drever et al., Restoring forest cover at diverse sites across Canada can balance synergies and trade-offs, One Earth

¢? CellPress

OPEN ACCESS

One Earth

Area of opportunity
Shrubland
I Grassland / pasture
I cropland
Area of opportunity in
ecodistrict (ha)
9 - 15,000

15,001 - 50,000
[ 50,001 - 200,000
I 200,001 - 500,000
Il 500,001 - 786,735

Figure 2. Area of opportunity for the restoration of forest cover in Canada
Each ecodistrict of the National Ecological Framework'" is color coded by the total area of opportunity contained therein (blue scale). We present results at the
ecodistrict scale of the national ecological framework to facilitate their display at a Canada-wide extent. Area of opportunity pixels are shown colored by current

land cover class.

the highest co-benefits in terms of the four biodiversity and peo-
ple variables. Alternatively, the Freshwater provision scenario
provided the best outcomes for most variables in ON, whereas
in BC, the Biodiversity: Species at risk scenario yielded the high-
est co-benefits of all scenarios. In other jurisdictions such as
Quebec or Alberta (AB), a combination of scenarios was neces-
sary to maximally cover the fulsome set of co-benefits, suggest-
ing important trade-offs at a sub-national scale that may not be
present nationally.

DISCUSSION

Ample and globally important opportunity for forest
restoration
Our results showed that ample area exists in Canada to realize
the 2BT land requirement. We identified 19.1 Mha that meet
the programmatic criteria for restoration (Figure 2), an area five
times larger than a previous estimate (3.8 Mha) for forest resto-
ration in Canada'” and fifteen times larger than needed for 2BT.
Our 19.1 Mha estimate represents a sizable fraction (10%)
of the area available globally for restoration of forest cover

4 One Earth 8, 101177, February 21, 2025

(195 Mha), based on a recent analysis that addresses the prin-
cipal critiques of overestimation leveled against global reforesta-
tion mapping.'® Reassuringly, our 19.1 Mha estimate is nearly
identical to the Canada-specific portion from this study, which
includes conservative modeling choices, safeguards for per-
verse outcomes for people and climate, and high-resolution
data."® That said, while 19.1 Mha is indeed a large area, the op-
portunity for effective restoration of forest cover is substantially
smaller when considering its capacity to deliver multiple objec-
tives simultaneously.

Based on its composition, the restoration of forest cover in
the area of opportunity could take a variety of approaches,
including tree planting in southern croplands and non-prairie
pastures'® or reforestation and silviculture in early successional
forest areas of Canada’s north that currently map as shrublands
and grasslands.?°

Many co-benefits possible but not all simultaneously

Importantly, our results showed that restoration of forest cover
can provide important co-benefits for nature and people. If
appropriately planned and implemented, then forest restoration
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Figure 3. Results of an evaluation framework for eight scenarios of restoration of forest cover in Canada
Each scenario is depicted as a starplot with axes corresponding to the seven variables of restoration interest (see Table S4). Dotted lines indicate data minima,

maxima, and quartiles for data distribution of each variable across the different scenarios, e.g., area-weighted SAR richness has the maximum value of all
scenarios in the Biodiversity: Species at risk scenario and the lowest in Nature-based recreation. Two scenarios (All values and Low-cost mitigation) are not
shown because values for the variables of interest are the same as or nearly identical to other scenarios; the starplot for All values resembled Biodiversity: Species

at risk, while Low-cost mitigation resembled Low-cost accessible mitigation.

in scenario-identified parts of the area of opportunity could
benefit up to 60 species facing extinction or sequester up to
15.2 Tg C (55.8 Tg COye) after 10 years of growth—a promising
potential for meeting the mitigation goal for the 2BT program.
However, not all these co-benefits are possible simultaneously,
and several spatial synergies and trade-offs are at play. This
finding means that decision-makers will be well served by
designing a portfolio approach to implementing 2BT, i.e., where
multiple sites are chosen for restoration, each with different ob-
jectives for co-benefits and that collectively achieve the fulsome
set of co-benefits. A portfolio approach allows decision-makers
to select alternative sites if the initially targeted sites are not avail-
able for restoration. In other words, if a particular site must be

dropped from the portfolio, then selecting a substitute can be
informed by the objectives achieved by the site that will be re-
placed, thereby avoiding the risk that alternative sites do not
contribute to the overall portfolio.

Our results highlighted the strong synergy between mitigation
potential and the conservation of biodiversity. For instance, we
observed the highest growth rates in the Mixedwood Plains eco-
zone of southern ON, which is among the most biodiverse re-
gions in Canada while facing the highest conservation threats
and having the least amount of protection.?" In addition, spatially
overlapping solutions from the Low-cost accessible mitigation
(Figure 5) and Biodiversity: Landscape connectivity (Figure 7)
scenarios overlap with several priority areas in the Staying
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Figure 4. Pearson’s correlation matrix among variables in optimiza-
tion scenarios for the restoration of forest cover in Canada
Circle size and color shade indicate the strength of the correlation between
variables. Blue shades (positive coefficients) denote a positive correlation,
while red shades (negative coefficients) denote a negative correlation. Aster-
isks indicate a significant correlation (p < 0.05).

Recreation

Landscape connectivity

Connected Initiative.?” This initiative seeks to enhance transna-
tional ecological connectivity between the USA and Canada.

However, growth rates are highly variable across Canada,
and, as illustrated in the scenario results, synergy between miti-
gation potential and biodiversity conservation was not uniform
across the area of opportunity. This situation does not preclude
restoration in areas of low forest growth but rather changes its
primary driver, e.g., tree planting in disturbed northern areas
can restore biodiversity elements, such as habitat for threatened
woodland caribou,?® but mitigation potential would then be a
secondary objective.

Similarly, places that simultaneously optimize mitigation po-
tential and biodiversity conservation showed a trade-off with
planting costs and foregone economic opportunity (as estimated
by agricultural land values) (Figure 3). This trade-off warrants
consideration in designing regional strategies for the 2BT imple-
mentation, for instance by adjusting tree planting targets and
budget allocations in high-cost regions such as southern ON. It
also highlights the value of high-growth areas with relatively
low land values, such as in eastern NB or central NS, for meeting
2BT goals.”*

We found that scale influences how restoration can efficiently
encompass multiple co-benefits, as we observed different pat-
terns of how co-benefits overlap at national versus sub-national
scales (Figure 10B). This scale dependence has been docu-
mented globally®®> and underscores the need to consider sub-
national patterns of how co-benefits overlap. Decision-makers
should develop tailored, regional-scale strategies to achieve
co-benefits based on a portfolio approach and thereby increase
the prospects of yielding the highest co-benefits from a national
investment in forest restoration.

Our findings suggest that an exclusive focus on drinking water
provision could compromise the optimization of co-benefits real-
izable from forest restoration at a national scale. Similar to results
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from Mitchell et al.,”® prioritizing actions, either conservation or

restoration, based on goals related to freshwater provision leads
to solutions quite distinct from other priorities. This is likely a
consequence of water provision being driven strongly by down-
stream demand from agriculture and population centers, drivers
of distribution that differ from the other attributes considered
here. However, this pattern is not nationally consistent—in juris-
dictions where hotspots of freshwater provision occur, such as
ON or AB, the restoration of forest areas with high value for fresh-
water provision can deliver high co-benefits for biodiversity and
nature-based recreation (Figure 10B). In any case, the criticality
of drinking water and water availability as an ecosystem service
is likely to increase as climate change impacts hydrology and
water quality.>”**® Despite its unique drivers, considering the
role of forest restoration for water provision will undoubtedly
remain important in light of climate change.

Consider who lives in areas identified as restoration
priorities

To enhance the chance of long-term success while avoiding
risks related to environment injustice, food insecurity, and im-
pacts on marginalized peoples or cultural practices, practi-
tioners should consider three cautionary questions to decide
how to allocate restoration efforts: who lives in the places iden-
tified as priorities, who pays for the restoration, and who decides
on the priorities.?®*° Many of the areas prioritized in our sce-
narios are private croplands held by rural farmers, a population
that has declined 62% since 1971.%" In other cases, identified
priority areas are early successional forests in public lands and
traditional territories of Indigenous peoples. 2BT is a voluntary
program and includes a specific funding stream for Indige-
nous-led projects, meaning the process for deciding where
restoration will occur includes self-selection for landowners
and stewards who prefer forest restoration over other land
uses. That said, the program covers implementation costs but
not long-term payments for foregone opportunity costs or the
ecological services provided by new forest cover in rural and
Indigenous lands.*? Under the appropriate conditions, payments
for ecosystem services have yielded improvements in forest
cover while providing rural revenue streams.** Expanding the
eligibility for these costs could incentivize engagement and alle-
viate early difficulties of the 2BT program in meeting its planting
and mitigation targets.®* Such an eligibility expansion could
divert funds from tree planting itself and risk missing the 2BT
target, meaning additional funding may be required.

Site and species selection can increase the durability of
new forest cover

Ultimately, realizing the multiple benefits described here requires
a long-term perspective, with a focus on the durability of the
restoration intervention. While our study did not examine dura-
bility risks, they can be mitigated by site selection and planting
practices. The selection of project sites should favor regions in
the area of opportunity with low or decreasing risk of wildland
fire, both historically®>> and projected into the future,*® such as
the eastern temperate forests of ON and QC or the Maritime
provinces. Tree plantings and accompanying silvicultural treat-
ments should favor high-diversity species mixes, as these are
more resilient to disturbances like wildland fire or drought®’*®



(2025), https://doi.org/10.1016/j.oneear.2025.101177

Please cite this article in press as: Drever et al., Restoring forest cover at diverse sites across Canada can balance synergies and trade-offs, One Earth

One Earth

¢? CellPress

OPEN ACCESS

.
o,

/2// /4////%/) o P : 2,

A B
Sudbury North Bay Sitziva e, P Low-cost accessible
Brackville Charlottetown mltlgatlon
Eipaston Moncton 5. = Area of solution set (ha)
g Fredericton E ///////A 0
Toronto Rochester SaintJohn g 1-50
Buffalo 51- 1,500
London i
Sarnia 50 ki var ST 50 - - 1,501 10,000
b — I 10,001 - 50,000
’ Il 50,001 - 67,968
/ » /
% {% /% //,/7 %? Distribution of solution set
Z ////"’, s //4
Y
/// 7///%//0 ( ////////////% ////
T,
2 T
2 / //////////,,,// //
%BC% / /’// 7 v
Z Z, 7 o

Figure 5. Distribution and area of solution for the Low-cost accessible mitigation scenario for the restoration of forest cover
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shown in orange. (A and B) Inset maps show regional details of the area of solution.

and accumulate more carbon than low-diversity plantings or
monocultures.®>*° In areas where fire risk is high or increasing
as climate changes, the restoration of forest cover should favor
native broadleaf species since wildland fire shows avoidance
of deciduous trees and stands. "’

Fully account for climate dynamics beyond carbon
sequestration

Meeting the climate goal of the 2BT program will require planting
in areas with high mitigation potential. The growth rates we esti-
mated for the area of opportunity align broadly with spatial pat-
terns of the dynamics of aboveground biomass in Canada,** with
high biomass accrual in temperate areas and the Pacific and
Atlantic maritime areas, with additional hot spots in southern
portions of Boreal ecosystems. Nonetheless, our growth esti-
mates are based on natural forest regrowth, meaning it may be

possible to get higher aboveground carbon accumulation than
estimated in our study by planting and tending trees rather
than favoring passive restoration.*®

Our findings did not account for albedo change from land
cover transitions. Since new forests are generally darker than
the land cover they replace, this transition tends to decrease al-
bedo and influence atmospheric composition, potentially offset-
ting the climate benefit of carbon storage.***° This phenomenon
is especially true in high-latitude or snow-dominated landscapes
like the Boreal region.*” Such an albedo offset on mitigation po-
tential can be minimized by lowering the prioritization of land
cover transitions with large albedo changes (e.g., cropland to
conifer forest), preferentially planting in southern and temperate
parts of the area of the opportunity where albedo changes are
relatively low, or choosing species mixes dominated by lighter-
colored deciduous trees.***® Nevertheless, most of the areas
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in southern and coastal Canada identified by optimization sce-
narios occur where forest restoration is climate positive even af-
ter accounting for the albedo offset.*®

Include local benefits and constraints
In large part, the net carbon benefit for a given planting project
depends on site-level factors, such as the history of site distur-
bance, soil carbon disturbed during planting, or the silvicultural
treatment of existing on-site vegetation.”*°° This site depen-
dence means that even high-growth sites such as those identi-
fied in the Low-cost accessible mitigation scenario may not
show a short-term climate benefit from planting. Monitoring car-
bon dynamics should ideally be part of typical post-planting as-
sessments of survival and "refill"* plantings.

The above stresses the importance of tailoring site-level pre-
scriptions to optimize the restoration benefits possible from

8 One Earth 8, 101177, February 21, 2025

a given site. This tailoring can support human well-being, for
example, by incorporating local and Indigenous knowledge to
enhance forest recovery®' and avoid negative impacts on medic-
inal plants or non-timber forest products. It also includes capital-
izing on existing advanced natural regeneration to reduce project
costs and achieve desired stocking,®” as well as optimizing car-
bon capture and biodiversity by favoring locally adapted species
and provenances.

Consideration of local constraints may reveal limitations to
forest restoration not captured in this analysis. For instance,
demand for seedlings and labor associated with tree planting
can exceed regional supply, as has been documented in the
USA.>® The expansion of supply for seedlings of the “right
trees” to plant in the regionally appropriate “right place” may
be necessary to meet the 2BT target. Local conditions will
strongly affect the full costs required for tree planting to achieve
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the desired change in mitigation potential, recreation value, and
other attributes of restoration interest. These costs vary by
location, stock type and species, and planting delivery costs.
Programmatic spending should cover costs not included in
our analyses, such as survival assessments carried out typi-
cally at years 2 and 5, as well as refill plantings and the costs
of future tending and management decades after the planting
(e.g., 20 or 40 years).

Scenario limitations

Our approach to optimization means the results are dependent
on the particular metrics we used to prioritize the attributes of in-
terest, although we are encouraged by the amount of overlap
identified across these in this analysis. We also acknowledge
that our approach focused on where to invest in restoration but
not on the expected change to our attributes of interest from

restoration. Ideally, our analysis would estimate the impact of
new forest on these attributes. For example, it would be instruc-
tive to estimate how much landscape connectivity could improve
as a result of tree planting in the solution area and, thereby, influ-
ence the risk of wildland fire by connecting two previously sepa-
rated forests. In any case, this national-scale analysis is a first
step to help inform the strategic direction of the 2BT program
in its early stages. Additional analyses specific to programmatic
outcomes are needed, especially at finer spatial scales, to
ensure the program can meet its multiple goals.

The need to measure impact is particularly relevant for hu-
man well-being, which has multiple facets beyond nature-
based recreation and freshwater provision.>* Improving forest
cover may not necessarily yield positive outcomes for human
well-being without locally tailored interventions. For instance,
restoring an area considered attractive for recreation may not
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influence visitation if it lacks infrastructure for visitors. For deci-
sion makers contemplating support for forest restoration with
the goal to improve human well-being, success will likely hinge
on the close involvement of potentially affected people in proj-
ect design, implementation, governance, and measurement of
impact.®®°°

Although we focus on the potential for the mitigation of climate
change by restoration of forest cover, these actions are not a
substitute for reductions in fossil fuel use.’” However, even
with sharp reductions in fossil fuels, constraining peak warming
will require an increase in atmospheric carbon removals.*®
Restoration of forest cover remains one of the most scalable
and cost-effective opportunities to remove carbon from the at-
mosphere.®® Using Canada as an example, our work shows
how to achieve that potential while spatially optimizing the
many other benefits desired from new forests.

10 One Earth 8, 101177, February 21, 2025

METHODS

Mapping the area of opportunity for restoration of

forest cover

We first identified areas that can naturally support forests using
12 forested zones from the vegetation zones of Canada.®® Our
analysis excluded areas in prairie-dominated biomes because
these plantings are often not successful®' and can reduce biodi-
versity and ecosystem integrity.®” This exclusion also avoids the
high albedo impacts of a grassland-to-forest transition, as tree
cover often absorbs more solar radiation than other land covers
and can contribute to climate warming.”® We focused on areas
where closed-canopy forests are naturally dominant to avoid
open aspen woodlands, riparian steppe areas, and other low-
density treed or arid forest areas; their inclusion in area of oppor-
tunity mapping can overestimate restoration potential or create
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unintended negative risks for hydrology, carbon storage, biodi-
versity, or equity dimensions such as pastoral livelihoods.®*%*
From this area, we removed all areas outside Canada’s
managed forest as identified in the national inventory report.®®
These areas are remote, often difficult to plant, with slow growth
and limited mitigation potential, and have low albedo relative to
snow cover (and therefore a reduced mitigation potential due
to albedo-related local warming).'” Next, to avoid conflicts
with food security, we removed all areas in Canada’s agricultural
land cover®® classified as Canada Land Inventory (CLI) class 1-3
lands, using the CLI mapping (1:250,000 land capability for agri-
culture). We retained cropland area with severe limitations on
productivity (e.g., limited by stoniness, adverse soil, topography,
or other factors), defined as CLI class 4-8 or Organic. Due to data
gaps in the land capability maps for BC, we further excluded any
opportunities for the restoration of forest cover within BC’s Agri-

cultural Land Reserve®” under the assumption that this practice
is unfeasible in these protected agricultural lands (some of which
are already forested).

We then used this layer to extract a 30-m-resolution raster
based on the 2015 North American Land Change Monitoring
System (NALCMS) land cover map,'® with areas not compat-
ible with the restoration of forest cover removed, i.e., all pixels
classified as urban, water, or snow and ice. Next, we excluded
all pixels classed as forest cover based on the rationale that
regeneration efforts in these areas would not be “additional”
to the status quo in terms of existing legal obligations to regen-
erate them after logging or contribute to the expansion of new
forest cover (i.e., reforestation of existing forest rather than for-
est reestablishment where forests previously occurred). More-
over, the exclusion of areas that currently map as forest avoids
the erroneous inclusion of areas that already have sufficient
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trees, a common data error of global mapping efforts for forest
restoration. 852

We further removed all pixels at elevations higher than or equal
to 600 m above sea level based on a 30-m digital elevation
model,°® under the rationale these areas have naturally poor
growing conditions for trees and, therefore, are not optimal for
the restoration of forest cover focused on climate mitigation.

To avoid tree planting in native grasslands where these exist
outside of the Canadian Prairies, we removed all areas mapped
as native grassland using the annual crop inventory in ON (6,949
ha)®° and grassland ecosystem mapping in BC (602,343 ha).”°

These land cover data were then re-sampled to a 300-m res-
olution for computational efficiency in subsequent analyses,
with the land cover class being assigned to the 300-m pixel
based on the dominant land cover in component 30-m pixels.
We eliminated any grassland or shrubland pixels that did not
intersect areas with previous logging or forest fires that occurred
between 1984 and 2015,”" under the rationale that these areas
are naturally grassy or shrubby due to edaphic conditions and
not suitable for tree cover expansion.

These analyses yielded a total area of opportunity for the
restoration of forest cover in Canada (area of opportunity) of
19,147,284 ha (Figure 2). Within this area, the 2BT program ap-
plies to both private and public lands and excludes projects
where organizations have existing legal obligations to regenerate
forests, as these plantings are not considered additional.

All above analyses were carried out in ArcGIS Pro 3.1.72

Attribution of area of opportunity with variables of
interest

We attributed each pixel in the area of opportunity with data
related to growth rates of natural regeneration, biodiversity, ben-
efits for people, and economic costs. In all cases, we extracted
the input datasets using masks to obtain rasters that matched
our area of opportunity raster in cell size, cell alignment, and
spatial extent.

Growth rates of regeneration

To characterize growth rates of regenerating trees in the area of
opportunity, we revised a methodology for modeling above-
ground carbon accumulation for natural forest regrowth.'? This
approach utilized random forest modeling to predict annual
aboveground carbon accumulation at a 1-km resolution based
on a suite of environmental and climatic covariates, such as
aspect, elevation, annual mean moisture, or precipitation sea-
sonality. Data were tailored for Canada by including additional
growth and yield information for a total of 5,362 field plots across
Canada, all between 10 and 40 years of age. The root-mean-
square error for the model predictions was 0.73, and r* was
0.52. These data were then aligned and masked to the 300-m
area of opportunity raster.

Biodiversity: SAR and landscape connectivity

We characterized areas with important value for biodiversity us-
ing data about two aspects of biodiversity relevant for expansion
of forest cover: SAR richness and landscape connectivity. We
assumed that forest restoration can improve habitat quality for
SAR through tree species choices that are appropriate for the
habitat needs of local fauna and flora. We also assume that
restoration can enhance landscape connectivity by creating
new treed areas among patches of existing forest.

¢ CellP’ress

OPEN ACCESS

For SAR, we relied on range data for 484 species considered
as special concern, threatened, or endangered based on
NatureServe data, recovery strategies, and status reports from
the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC).”® For species with more than one range polygon,
COSEWIC reports were consulted to determine whether the
polygons should be merged (n = 1) or whether older or less ac-
curate records should be excluded (n = 8). Historic records
were also excluded (n = 20). For each remaining species, we
generated a raster of presence/absence based on the range
map shapped to the area of opportunity.

For landscape connectivity, we used a pan-Canadian analysis
that depicts areas important for ecological connectivity for
terrestrial mammals.”* Based on circuit theory, this analysis es-
timates “current density” at 300-m resolution. Current density is
the probability of an animal moving unimpeded from source to
destination anywhere within a landscape, much like an electric
current moving through circuits of varying conductance while al-
lowing for multiple paths of least resistance.”® The analysis’*
used empirical data and expert opinion to produce a resistance
layer with land cover types known to impede mammal move-
ment, including anthropogenic features, such as urban centers
or roads, and natural features, such as steep slopes or large
lakes. Predictions of current density were tested using indepen-
dent wildlife telemetry data, which showed that the movements
of individual caribou, wolves, moose, and elk that traveled long
distances were significantly correlated with areas of high current
densities.

While “currents” tend to travel across natural areas, areas of
high current density often include disturbed areas,”* many of
which are captured in the area of opportunity identified here.
Tree planting in these areas would, therefore, help increase con-
nectivity. For instance, many areas of high current density in
southern ON occur along discontinuous wooded areas within
agricultural lands, where forest cover restoration to connect
these areas could improve connectivity.

Note that areas of high current density do not necessarily
correspond to areas of high biodiversity as characterized by spe-
cies richness. Current density reflects barriers to animal move-
ment, whereas our species-richness data reflect the well-under-
stood latitudinal gradient in biodiversity, such that areas in
southern Canada have the highest richness. These southern
areas are also subject to the highest levels of human distur-
bance, meaning remnant natural areas are frequently discon-
nected from other patches of habitat. In other words, it is often
the case in Canada that an inverse relationship exists between
species richness and current density.

Benefits for people: Freshwater provision and nature-
based recreation

We assessed national-scale data related to two socially impor-
tant ecosystem services: freshwater provision and nature-based
recreation. For freshwater, we used 250-m-resolution data that
characterize the provision of freshwater runoff for human use
at any given location using information on hydrological connec-
tivity combined with water demand for agricultural, industrial,
residential, and hydropower uses.”® These data assign high
values of freshwater provision to upstream areas with high ca-
pacity (i.e., high runoff) that are linked to high downstream de-
mand. We assumed that forest restoration in areas important
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for the provision of freshwater helps filter water and maintain or
improve its quality, especially through reductions in soil erosion
as well as increased soil infiltration. However, these patterns will
depend on climate, soil type, and the species of trees planted, as
in some cases, fast-growing trees can actually reduce water
yields through higher evapotranspiration compared to other spe-
cies or mature vegetation.?®

For nature-based recreation, we relied on data that depict
“wilderness” areas®® and their capacity to provide recreational
opportunities based on their naturalness and attractiveness for
nature-based recreation, combined with their accessibility and
the number of people that could access these areas. Areas
with high values for nature-based recreation are road accessible,
relatively close to human population centers, near mountains
and water bodies, and have high land cover naturalness but
low population density. We assumed that the restoration of
tree cover in these areas could enhance their value for nature-
based recreation since evidence suggests that people value nat-
ural landscapes, including forested ones, to a greater degree
than human-disturbed lands.”®
Economic costs
We estimated the economic cost of restoration of forest cover by
considering implementation and foregone opportunity costs.
Per-ha costs of implementation included site preparation, seed-
ling production, and tree planting and tending. These costs ac-
count for differences in flat terrain (<10% slope) versus steeper
slopes (>10%) and tree taxa of planting stock (coniferous, mixed,
deciduous). We derived these estimates from Drever et al.'” and
adjusted them to 2020 CAD (Table S3).

We estimated the slope using the surface parameters tool in
ArcGIS Pro based on a 30-m digital elevation model®® snapped
to the NALCMS 30-m land cover raster. Planting stock choice for
each pixel in the area of opportunity was assigned according to
the dominant tree species in intersecting forest regions of Can-
ada.”’ These data were then re-sampled as the average value
of component 30-m pixels and snapped to the 300-m raster of
area of opportunity.

We estimated the foregone opportunity costs for sites con-
verted to forest from marginal farmland as a proxy for restoration
based on this type of land conversion as well as other land uses,
given data availability at a nationally consistent extent. Opportu-
nity cost is commonly represented by land rents foregone in per-
petuity and forgone option value.”®®" In this study, we used agri-
cultural land values from the 2021 Census of Agriculture®® for
census consolidated subdivisions (CCSs) (n = 1,428) to represent
both the forgone land rents and option values. We calculated
these per-ha costs by dividing the total farm capital (the value of
land and buildings in owned or rented lands)®® by the total farm
area for each CCS.?* Since data coverage was not complete for
all CCSs, we estimated the opportunity costs for 218 CCSs based
on the average of neighboring CCSs using the Fill Missing Values
tool in ArcGIS Pro. For 44 CCSs in Prince Edward Island with null
data (and no CCSs with contiguous edges), we relied on data on
farm capital and area from the census agricultural region, the next
higher-level unit of dissemination of agricultural data by Statistics
Canada. Since the Statistics Canada data do not distinguish mar-
ginal farmland, we acknowledge that the estimated opportunity
costs for restoration of forest cover may be overestimated and
so should be considered conservative. These polygonal data
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were sampled and snapped to the area of opportunity and then
summed with the raster of implementation costs.

Distance to nearest road

We considered the feasibility of access for planters and machin-
ery by estimating the distance of planting sites to the nearest
road. We estimated the distance from the pixel center to the
nearest road using a recent comprehensive national layer of
vehicle access roads®® and accounting for land surface elevation
changes in the distance estimation. This calculation was first
performed on the 30-m land cover raster, re-sampled as the
average distance to a road of component pixels, and then snap-
ped to the 300-m raster of area of opportunity.

Prioritization scenarios and evaluation

We analyzed eight prioritization scenarios of forest restoration
within the area of opportunity (Figure 1). Prioritization relied
on prioritzr software,®® a package in R®’ that uses mixed
integer linear programming to solve problems related to conser-
vation planning, along with the exact algorithm solver Gurobi
10.0.1.%8 We compared optimal networks of areas (“solutions”)
according to scenarios that maximized one variable (e.g., growth
rates) based on an area constraint (1.2 Mha) while optimizing
others (e.g., solution cost or nearest distance to a road). We eval-
uated these scenarios at national and jurisdictional scales
against a common set of metrics based on the variables of resto-
ration interest (Table S4).

The Low-cost mitigation scenario identified the areas that
collectively yield the highest mitigation, i.e., 10-year carbon accu-
mulation (Mg C/ha), at the lowest cost in terms of implementation
and foregone economic opportunity (CAD/ha). Accessible mitiga-
tion maximized mitigation while minimizing distance to the nearest
road (m). Low-cost accessible mitigation characterized a solution
with the highest mitigation at the lowest cost and the highest road
accessibility. We evaluated four scenarios that maximized
different values while optimizing low-cost mitigation: Biodiversity:
Species at risk found areas that collectively maximized an area-
weighted estimate of richness (unitless index) for SAR of extinc-
tion; Biodiversity: Landscape connectivity identified places with
high values for connectivity of movements of terrestrial mammals
(current density in amperes); Nature-based recreation character-
ized areas with the highest estimated value for people to recreate
in the outdoors (unitless index); and Freshwater provision identi-
fied areas that can best support the provision of freshwater for hu-
man communities (unitless index). An eighth scenario (All values)
identified road-accessible areas that best include the above
values while optimizing low-cost mitigation.

We examined relationships among these variables through a
correlation matrix using the Pearson coefficient analyzing sce-
nario-specific data for each of the seven variables of interest
from our eight scenarios (Figure 4). The correlation analysis
was derived by the cor function in base R and visualized by the
corrplot_0.92 package in R. We determined statistical signifi-
cance using the Hmisc_5.1-1 package (p < 0.05).

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead
contact, Dr. C. Ronnie Drever (cdrever@tnc.org).
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Materials availability

All data needed to evaluate the conclusions in the paper are in the paper itself
or the supplemental information. An online viewer for the spatial data used in
the analysis and scenario results is available at www.natureunited.ca/
reforestcan.

Data and code availability

Spatial data for the area of opportunity for forest restoration, input variables,
and scenario results can be found at the Harvard Dataverse repository:
https://doi.org/10.7910/DVN/5D3SZI. All spatial datasets used in this study
are publicly available from the referenced studies with one exception: data
for aboveground carbon accumulation were derived from the source study
and are available upon request from the lead contact.
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