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Abstract: Reforestation in the tropics is highlighted as an important intervention to mitigate climate
change globally because of its potential for high CO2 removal rates, ranging from 4.5 to 40.7 t CO2e
ha−1 yr−1 during the first 20 years of tree growth. Reforestation is critical to meeting emissions’ targets
of the Paris Climate Agreement, as well as achieving Indonesia’s Nationally Determined Contribu‐
tion (NDC) targets. Increasing carbon stocks through forest and land rehabilitation activities (RHL)
is one of the Ministry of Environment and Forestry (MoEF) five main strategies for reducing green‐
house gas (GHG) emissions from the land sector. This study focuses on reforestation opportunities
to support Indonesia’s NDC in reducing GHG emissions by 2030. We identified unproductive areas
of land (shrub, open land) with highly degraded conditions as potential areas for reforestation.
Based on Indonesian data of land cover change, we found that reforestation activities during 2019–
2030 (11 years) under a realistic, ambitious and very ambitious scenario may remove carbon up to
−0.25 GtCO2e (equal to −23 MtCO2e yr−1), −1.3 GtCO2e (equal to −124 MtCO2e yr−1) and −2.7 GtCO2e
(equal to −247 MtCO2e yr−1), respectively. Based on international data of land cover change (Hansen
et al. 2013), reforestation activities during 2019–2030, under a realistic, ambitious, and very ambi‐
tious scenario, have the opportunities to remove −17 MtCO2e yr−1, −118 MtCO2e yr−1, and −241
MtCO2e yr−1, respectively. This study demonstrates that ambitious and very ambitious scenarios of
reforestation activities can significantly contribute to Indonesia’s forestry‐related NDC in 2030 by
reducing the Indonesia Business As Usual (BAU) emissions up to 17% and 35%.
Keywords: carbon stock; forest gain; rehabilitation; Nationally Determined Contribution;
mitigation action

claims in published maps and institu‐
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1. Introduction
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Indonesia is the country with the third‐highest annual global greenhouse gas (GHG)
emissions (after China and the US), due to emissions from forest loss. Deforestation and
forest degradation in tropical forests are major contributors to GHG emissions [1,2].
Avoiding deforestation and increasing afforestation/reforestation have long been recog‐
nized as the main actions that need to be taken to stabilize the climate. Austin et al. [3]
have projected that avoiding deforestation could mitigate 0.3–1.8 GtCO2 yr−1, while affor‐
estation/reforestation absorbs 0.1–2.6 GtCO2 yr−1, globally, by 2055.
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Indonesia is a large nation with approximately 192 million hectares (Mha) of land. Of
this area, 120.6 Mha (or 63 percent of the entire land area) is designated as state forest
(Kawasan Hutan). Most of Indonesia’s remaining land area is made up of non‐forest pub‐
lic lands known as Areas for Other Purposes (Areal Penggunaan Lain, or APL) [4]. FAO
research [5] shows that forest cover in Indonesia has decreased from 74% to 54% over a
period of 30–40 years, where different regimes have had different main deforestation driv‐
ers [6]. Deforestation rates have fluctuated in recent years from a low of 0.40 Mha in 2013–
2014 and a high of 1.09 Mha in 2014–2015 (0.45 Mha in 2009–2011, 0.61 Mha in 2011–2012,
0.73 Mha in 2012–2013, 0.63 Mha in 2015–2016, 0.48 Mha in 2016–2017, and 0.44 Mha in
2017–2018) [7]. Indonesia still retains 94.1 Mha of tropical forest [7], the third largest after
Brazil and the Democratic Republic of Congo, but deforestation and forest degradation
have increased the area in need of forest cover and rehabilitation.
The Indonesian government has made efforts to reduce the rate of deforestation, in‐
cluding through forest and land rehabilitation activities, which have reduced the area of
highly degraded land in Indonesia. The latest estimate suggests that there remains 14.01
Mha of degraded land in 2018. Efforts to reduce emissions from deforestation and forest
degradation (REDD+) in Indonesia have also been recognized and appreciated globally
with the receipt of funds by the Government of Indonesia from the Green Climate Fund
(GCF) for 103.8 million USD as performance payments through the Result Based Payment
(RBP) scheme. Under the Forest Carbon Partnership Facility (FCPF), a jurisdictional
REDD+ program in East Kalimantan is expected to generate 86.3 MtCO2e over the 2020–
2024 period [8]. All of these programs do not account for additional sequestration from
reforestation activity, which underestimates the potential net emission reductions.
Unlike more nascent technological solutions to climate change (e.g., direct air cap‐
ture), nature‐based climate solutions, or Natural Climate Solutions (NCS), are often more
cost‐effective and scalable. Reforestation (including restoring forest cover to places that
have not had forests in recent history, or “afforestation”) has the highest global potential
of all NCS to mitigate climate change [9,10]. Reforestation also has the potential to reverse
habitat loss for threatened species across 43% or more of the global restorable area—in
particular in Indonesia where there are the greatest opportunities for threatened verte‐
brate conservation [11].
Reforestation in the tropics is highlighted as a particularly important intervention
given the potential for high CO2 absorption rates [12,13]. Tree planting can absorb 4.5 to
40.7 tCO2e ha−1yr−1 during the first 20 years of growth [14]. With the vast area of critically
degraded land in Indonesia, reforestation represents an important part of the efforts to
improve forest cover and meet Indonesia’s Nationally Determined Contribution (NDC)
target in 2030. A previous study [15] estimated 130.97 MtCO2e yr−1 of mitigation potential
from reforestation in Indonesia. This study, therefore, aimed to refine the potential carbon
removal using three scenarios of reforestation adoption until 2030, and determine how
much this pathway could contribute to Indonesia’s emission reduction target as stated in
the updated NDC [16].
2. Methods
We only assessed the opportunity areas in non‐peat and non‐mangrove areas (here‐
after termed “upland”). The available spatial data from MoEF indicates that the area of
land and waters in Indonesia is 191 Mha. This includes 15 Mha of peat and 3 Mha of man‐
groves. Thus, the remaining area examined for this analysis is ±173 Mha.
To estimate mitigation potential from reforestation, we quantified historical rates of
forest recovery (“activity data”), potential area of reforestation under three scenarios—
realistic, ambitious, and very ambitious—and potential CO2 absorption (“removal fac‐
tors”) into the above‐ and belowground biomass and dead organic matter (DOM).
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2.1. Activity Data—Reforestation Baseline
Activity data refers to the total area and location of historical reforestation activities
using 2000–2012 as a baseline period. We combined spatial global and national data
through an overlay process and time series analysis to quantify historical reforestation.
Global reforestation data were derived from the forest gain layer in [17], which was
clipped to Indonesia’s boundaries. We overlaid provincial boundaries [18], concessions
[19], state‐forest area [19], land cover types [19], and use permit [20] on the forest gain
layer and subtracted global mangrove [21] and peat [22] extents. The forest gain area was
verified according to the Indonesian MoEF land cover map and satellite imagery. Accord‐
ing to the MoEF of Indonesia, the true historical reforestation class included areas located
on top of the existing forested areas, while the false class included areas located on top of
non‐forested areas in land cover maps and satellite imagery of 2012.
2.2. Activity Data—Reforestation Opportunity in Indonesia
We identified potential areas for reforestation activities in non‐forested locations
(shrubs, wet shrub, and open‐land), both inside and outside the state‐forest zone based
on a 2019 land cover map [19]. We excluded areas in conservation and protection forests
and locations where the land cover is not appropriate for reforestation (agricultural, crop
estate). We considered natural reforestation areas as those that could be recovered with
natural regeneration, in contrast to areas where intervention is likely, both inside and out‐
side state‐forest areas, where mixed, agroforestry and/or monoculture species could be
planted. Under Indonesian forestry law (UU No. 1 2004), there should not be any activities
in the main zone/block forest conservation area, including planting new trees, other than
protection for natural regeneration. Thus, planting mixed tree species, agroforestry,
and/or monoculture species should be allocated outside the main zone/block of the forest
conservation area.
We designed three scenarios to estimate the possible potential area to be reforested
under different criteria. The realistic scenario is defined as reforestation on abandoned
land with a wet shrub, shrub, or barren land cover class, listed as having critical and very
critical degradation, assuming that these would be rehabilitated according to the Indone‐
sian National Forestry Planning’s plan and targets. The ambitious scenario would have
additional areas from those in the moderate class of land degradation, compared to the
potential area within the realistic scenario. Meanwhile, the third scenario, which is a very
ambitious scenario, was defined as reforestation on abandoned land in the form of wet
shrub, shrub, or open‐land, including those agriculture and estate cover types within the
state‐forest area that need to be restored, with a moderate, critical and very critical condi‐
tion of the land.
2.3. Removal Factor
We followed IPCC Guidelines [23] to estimate growth rates before and after 20 years
(tC ha−1yr−1) of each reforestation type (i.e., natural regeneration, planting mixed trees, ag‐
roforestry, and monoculture). Using this approach, namely dividing the cumulative stand
biomass growth by age (mean increment up to a certain age) is a simplification by assum‐
ing a constant growth rate over the selected period, in this case up to the age of 20 years
and after 20 years [23].
Growth of belowground biomass before and after 20 years in each reforestation sce‐
nario follows the approach of IPCC [23], where the belowground biomass is estimated as
a function of a root to shoot ratio (0.207) [24]. The total growth of aboveground and be‐
lowground biomass is then presented as total growth in tC ha−1yr−1 absorbed and stored
by reforestation activities over time, then converted to annual removal factors as carbon
dioxide (tCO2ha−1yr−1) by multiplying tons C by a factor of 3.67 (44 gCO2 to 12 gC). In
addition, dead organic matter (necromass) was estimated as a ratio of aboveground bio‐
mass (0.08) [25].
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2.4. Calculation of Potential Carbon Sequestration for Reforestation Activities
IPCC Guidelines 2006 for GHG Inventory Reporting relating to reforestation activi‐
ties is included in the AFOLU (Agriculture Forestry and Other Land Use) Sector in the
category “Forest Land (3.B.1)”. For reforestation activities, there will be a “Land Con‐
verted to Forest Land (3.B.1.a)” process and then, in the following years, there will be a
“Forest Land Remaining Forest Land (3.B.1.b)” process. Net emissions from land use and
land use change can be estimated based on the equation contained in [23]:
∆C

Activity Data

Removal Factor

(1)

where ΔC is the change in carbon stock, the activity data are the area that experiences a
certain type of land use change that acts as a carbon sink, and the removal factor is the
total absorption of carbon per unit area of land during a particular type of land use change.
Carbon removals can be expressed in terms of C or can be converted to CO2. If the activity
data take into account all possible land use changes in the classification system, the equa‐
tion can be written as follows:
∆C

A

∆C

∆C

∆C

T

(2)

where, ΔC = change in carbon stock in the period of calculation; Aij = activity data or land
use area with land cover type i that changes to type j during the observation period; ΔCijLB
= change in carbon stock in living biomass (above ground/AGB + below
ground/roots/BGB); ΔCijDOM = change in carbon stock in dead organic matter such as litter,
dead wood; ΔCijsoil = change in carbon stock in soil organic carbon; Tij = length of observa‐
tion period and calculation time scale.
Annual changes in soil carbon stocks on mineral soils were assumed to be zero, fol‐
lowing the IPCC 2006 Guidelines because of the incomplete scientific basis and the result‐
ing uncertainty. In the Tier 1 method, it is assumed that C stock on mineral soils does not
change with management, whereas in Tier 2 or 3, it is not necessary to calculate the change
in C stock for mineral soils (i.e., the change in SOC stock is 0).
2.5. Calculation of the Contribution of Reducing Emissions from Reforestation
Calculating the contribution of reduced emissions from reforestation (with planting
intervention) for Indonesia’s NDC target in 2030 is a comparative analysis activity be‐
tween the results of calculating carbon uptake from reforestation activities and the esti‐
mated baseline carbon removal (BAU) from 2000 to 2012. BAU carbon removal was the
average from historical data, while the increase in absorption from 2019 to 2030 came from
adding the potential carbon uptake from areas with reforestation opportunities.
2.6. Uncertainty Analyses
Uncertainties are an important element of a complete GHG inventory. Estimated un‐
certainty for all estimates can be determined after the uncertainty in activity data and re‐
moval factors for each category have been determined, which are then combined to pro‐
vide information on total uncertainty [23]. This uncertainty is defined as a lack of
knowledge about the true value of a variable which can be described as a probability func‐
tion (PDF) that describes the range and possible values [23].
This study used the simple error propagation equation technique to estimate uncer‐
tainty. Trend NDVI was used as a reference in verifying if the forest gain was reforestation
activity, in addition to the use of satellite imagery. Reforestation is represented by the
positive value of trend NDVI, with an initial threshold of NDVI value for non‐forested
areas (<0.4). Positive values represent shrub and grassland (approximately 0.2 to 0.4),
while higher values indicate tropical rainforests [26].
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3. Results and Discussions
3.1. Potential Areas of Reforestation
The area of potential reforestation in Indonesia under the realistic scenario is 1.7 Mha
(Figure 1), of which 20% is in locations used for Areas for Other Purposes and the rest is
in state‐forest areas. State‐forest areas that have the potential for reforestation are in con‐
servation and protection forests, industrial plantation forests, community plantation for‐
ests, and other forests. Sumatra and Kalimantan Islands have the greatest potential for
rreforestation compared to other areas, which is closely related to the history of deforesta‐
tion and degradation that occurred in these areas. The area of potential rreforestation un‐
der the ambitious scenario is 9.5 Mha, where about 62% is in the state‐forest area. The area
of potential reforestation under the very ambitious scenario is nearly 19 Mha (18.9 Mha),
where 81% is in the state‐forest area.
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Figure 1. Map of reforestation opportunities in Indonesia based on (a). Realistic (bright green,
above); (b). Ambitious (bright yellow, middle); and (c). Very Ambitious (bright orange, below) sce‐
narios.

Considering the potential area for reforestation activities that do not interfere with
national food security and only focus on non‐wetlands areas, this study refined the po‐
tential areas as reported in [9]. More than 19 Mha of Indonesian territory were previously
declared as suitable for reforestation (including afforestation) activities in the global study
of [9], but much turned out to be not eligible. Potential areas for reforestation activities
throughout Indonesia in 2019 estimated from land cover (shrub, open land, and swamp
shrub), based on [9], amounted to only about 3.2 million hectares. The rest are not eligible
because they contain existing forests, paddy fields, water bodies, buildings, and other
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land covers (purple color; Figure 2). On the other hand, the potential reforestation area
based on data from [27] amounted to 4.9 Mha. Compared to the potential area for refor‐
estation worldwide, Indonesia contributed only about 0.02%.
Constraining areas with potential for reforestation to non‐forest and non‐agricultural
areas, such as shrubs and open land, suggests that there are at least 3.2 Mha based on
refining the global estimate by [9]. We find that the area of potential reforestation can
reach around 19 Mha and at least 1.7 Mha under the very ambitious and realistic scenarios,
respectively. Thus, reforestation will be a major contribution and achievement in the effort
to achieve Indonesia’s emission reduction NDC target by 2030.
Reforestation Potential Area Overlaid on Satellite Imagery

Location of Validation

Forests
Longitude
Latitude
105.795887
−4.829961

Paddy field
Longitude
Latitude
108.842362
−7.622661

Settlement
Longitude
Latitude
101.458488
0.462052

Water bodies/ponds
Longitude
Latitude
107.3783
−6.4664
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Others (Airport, mining)
Longitude
Latitude
117.430117
2.145331

Figure 2. Example of validation process on the ineligible reforestation potential area (purple color)
from [9] using Landsat imageries with 30m spatial resolution.

3.2. Removal Factor in Reforestation Types
In this study, we grouped reforestation types into four categories: natural growth
(natural regeneration); monoculture planting; mixed planting; and agroforestry (Table 1).
Global reforestation activity in the tropics has a carbon uptake rate of 3–7 tC ha−1yr−1
from the Aboveground and Belowground Biomass carbon pools [28,29]. This large range
is in part due to the diversity of reforestation types possible. The availability of carbon
absorption rate data by reforestation types will greatly support in increasing the accuracy
of carbon absorption calculations.
Table 1. Annual biomass growth and dead organic matter accumulation value by reforestation
types used in this study.

Reforestation Type

Biomass Growth in 0–20 Years (tC/ha/yr)
AGB
Mean
95%CI

Natural
regeneration
(Asia, Oceania)
Global broad leaf trees
(Mixed species)
Agroforestry,
Indonesia
Monoculture
(others species)
Monoculture
(Acacia sp.)
Shrub

BGB
Mean
95%CI

Dead Organic Matter/DOM
(tC/ha)
Dead Wood and Litter
Mean
95%CI

Sources

2.2

0.6

0.46

0.01

3.52

n.a.

[28]

4.9

1

1.01

0.01

7.84

n.a.

[28]

4.74

0.36

0.98

0.01

7.58

n.a.

[30]

5.22

0.52

1.08

0.01

8.35

n.a.

[29]

5.71

0.54

1.18

0.01

9.14

n.a.

[29]

3.22

2.9

[30]

3.3. Potential Carbon Removal
The Indonesian government has implemented a land rehabilitation program to re‐
store land and forest condition. Between 1990 to 2013, about 6.2 million ha of degraded
land were rehabilitated with planting activities on 270,000 ha per year [31]. In 2002, there
were plans to significantly increase planting activities. According to the Indonesia Na‐
tional Forestry Planning [32] there was 11.6 million ha of degraded land targeted to be
rehabilitated by 2030. Despite the large efforts, poor maintenance of the planted trees has
limited the success of the rehabilitation program. A study [33] reported that the percent‐
age of planting success was only about 20%.
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In the context of calculating the 2019–2030 carbon absorption, based on MoEF land
cover data, the very ambitious scenario shows that the potential for carbon removal is 100
times greater than the realistic scenario, this is due to the 11 times larger area included in
the very ambitious scenario (19 million ha).
The potential carbon sequestration from reforestation activities during 2019–2030
based on a realistic scenario is −250.5 MtCO2e or an average of −23 MtCO2e per year (Fig‐
ure 3). The potential area of reforestation is allocated more for agroforestry activities and
intensive mixed crops, only few are available for monoculture type, i.e., on industrial and
community plantation forests. We determined suitability for agroforestry activities based
on the presence of social forestry in state areas (forest and non‐forest). Agroforestry activ‐
ities are a potential type of reforestation and represent a low‐hanging fruit of climate
change mitigation action [34].

Figure 3. Mean annual carbon sequestration potential of reforestation in 2019–2030 with realistic,
ambitious, and very ambitious scenarios. Error bars show ± standard error (SE) of the removal.

The potential for carbon removal from reforestation activities during 2019–2030
based on an ambitious scenario is −1353 MtCO2e or an average per year of −124 Mt CO2e,
while based on the very ambitious scenario, the potential to sequester carbon is −2716
MtCO2e or an annual average of −247 MtCO2e (Figure 3).
Based on data from [9], the potential area for reforestation was 3.2 million ha. This
potential area activity is carried out by reforestation until 2030, and it can be estimated
that the potential carbon uptake from reforestation activities during 2019–2030 is about
−465.5 MtCO2e or an annual average of −42.3 tCO2e. The contribution from the forest area
is estimated at −255.4 MtCO2e and other land uses at −210.01 MtCO2e.
The potential for carbon uptake based on data from Griscom’s map [9] is spread over
several large islands of Indonesia, where the largest absorption is on the island of Kali‐
mantan (more than 50%). The forest types with the greatest opportunity for carbon se‐
questration compared to other forest types are community forest types. This is because
the conditions of stands in community forest areas are quite diverse, and generally have
a lower tree density than conservation forest areas, e.g., protected forest and national
parks.
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On the other hand, based on data from Bastin’s map [27], the potential for carbon
sequestration from agroforestry and mixed forest development on 4.9 million hectares of
available land in the period 2019–2030 is around −560 to −580 MtCO2e. If a monoculture
type of Acacia mangium is being developed, the potential for carbon absorption will be
much greater, namely −680 million tCO2e. This indicates that the potential annual carbon
sequestration value is around −50 to −60 million tCO2e. These values are greater than the
potential based on data from Griscom’s study [9], which is probably due to the inclusion
of peat and mangrove areas in Bastin’s map [27]. It should be noted that in this paper, the
authors discussed the use of Acacia mangium in terms of biomass (and C) production or
CO2 removal. The potentially negative impact of monoculture development on water
management, function, or ecological stability was not been investigated.
We find that the potential total amount of carbon sequestration in Indonesia for 2019
to 2030 is 0.25 to 2.7 GtCO2e, with an average annual absorption of −23 to −247 MtCO2e.
Meanwhile, other studies estimate Indonesia’s tropical carbon uptake from reforestation
activities for the period 2030–2050 (50 Mt CO2e/year; [10]). Carbon sequestration from re‐
forestation activities in Indonesia has the potential to provide the largest contribution of
removal (up to 17%) compared to the contribution of other tropical countries, especially
when compared with the potential for carbon uptake from countries in Southeast Asia.
This was mainly influenced by the larger area of potential reforestation identified in this
study (very ambitious scenario; 18.9 million hectares) compared to the potential area esti‐
mated in other study ([9]; 3.2 Mha after adjustments to remove ineligible areas).
The potential for annual carbon sequestration from reforestation activities under an
ambitious (−124 Mt CO2eyr−1) and very ambitious scenario (−247 MtCO2eyr−1) in Indonesia
in this study are also much greater than the results of the previous study [27] (−50 to −60
tCO2eyr−1). This is also influenced by the larger potential reforestation areas found in this
study compared to the potential reforestation areas estimated in Bastin’s map [27] (4.9
million hectares).
3.4. Contribution of Reforestation to Reduce Carbon Emissions
According to Hansen’s tree cover map [17], tree cover gain in Indonesia between 2000
to 2012 was 5.8 million hectares. This is calculated based on changes in tree cover detected
through Landsat satellite imagery and field verification. Further analysis was carried out
by overlaying the MoEF’s land cover data in 2012 to see that the area identified as gain
was a forest in 2012. This analysis on the “Gain 2000–2012” data [17] found that several
areas identified as “Gain” were non‐forest areas, in the form of agriculture, plantations,
savanna, and others (purple and pale brown color; Figure 4).
Tree Gain Overlaid on Satellite Imagery

Location of Validation

Crop estate (oil palm)
Longitude
Latitude
112.7376217
−2.540521523
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Agriculture (Paddy field)
Longitude
Latitude
111.816389
−8.211667

Settlement
Longitude
Latitude
116.851667
−1.219722

Water bodies
Longitude
Latitude
110.4775
−1.6175

Others (Airport)
Longitude
Latitude
110.478889
−1.749722

Figure 4. Example of validation process on the ineligible reforestation pixels (purple and pale brown
color) from Hansen’s forest gain [17] using Landsat imagery with 30m spatial resolution.

The areas verified as reforestation activities in 2000–2012 was 716.28 thousand ha
(59.69 thousand ha−1yr−1). The change area was identified as natural forest covering 281.45
thousand ha and plantation forest covering 434.82 thousand ha. The carbon absorption
value in reforestation activity during 2000–2012 was −70.88 million tCO2e. The average
carbon sequestration per year was −5.9 million tons CO2e yr−1.
Taking into account the difference between the potential for carbon sequestration and
the historical absorption value (−5.9 million tons of CO2e; [17]), reforestation activities dur‐
ing 2019–2030, based on the realistic, ambitious, and very ambitious scenarios have the
potential to reduce carbon emissions by −17 MtCO2e yr−1, −118 MtCO2e yr−1 and −241
MtCO2e yr−1, respectively (Figure 5).
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Figure 5. Carbon emission reduction opportunities from reforestation in 2030 with realistic, ambi‐
tious, and very ambitious scenarios, and the Indonesia NDC emission reduction target from the
forestry sector (BAU, CM1 and CM2 scenarios).

Based on the scenario mentioned above, the potential area of reforestation in Indo‐
nesia ranges from 1.7 million ha to 19 million ha. On the other hand, to achieve Indonesia’s
NDC target in reducing emissions, one of the programs that will be carried out is the re‐
habilitation of 12 million ha of degraded land by 2030 or 800 thousand ha yr−1 with sur‐
vival rates 90% [35]. This study demonstrated that the potential area for reforestation un‐
der ambitious and very ambitious scenarios may significantly contribute to Indonesia’s
NDC of forestry sector in 2030 by reducing the BAU emission under conditional scenario
CM2 (with international support; 692 MtCO2e) up to 18% and 35%, respectively. This con‐
tribution could reach up to 25% and 50%, under conditional scenario CM1 (without inter‐
national support). Considering the historical rate of reforestation, which was about 0.2
million ha, the effort to reach a very ambitious reforestation scenario would need a four‐
fold increase in effort. In addition, this potential had been designed not to hamper efforts
to enhance food security and reduce poverty.
This study also shows that the potential for reforestation specifically in Indonesia has
a carbon sequestration potential of about 1 to 5% of the global reforestation sequestration
potential estimated in other studies. It was reported that the potential carbon sequestra‐
tion rates were up to 1.45, 9.5 and 13.8 GtCO2e yr−1 from the forestry sector [36], 4–6
GtCO2e yr−1 according to [37], for global afforestation and reforestation activities, and 3.7
GtCO2e yr−1 from afforestation activities in tropical regions [38].
Indonesian national data and other studies show that the potential value of carbon
sequestration from reforestation activities in Indonesia is more than 20 MtCO2e yr−1 up to
a maximum of 247 MtCO2e yr−1. The implementation will depend on the ability to carry
out reforestation activities by various parties in Indonesia. Based on the monitoring of
2019 GHG emission reduction from the forestry sector [39], the actual carbon removal of
reforestation (−0.7 MtCO2e) was still less than the rate of the BAU’s (−2.1 MtCO2e). Refor‐
estation should not only focus on the criticality of land degradation but also consider the
social modality of communities. The activities may be better to prioritize the area with
high social modality, where stakeholders are eager to collaborate and implement land re‐
habilitation.

Forests 2022, 13, 447

13 of 15

In addition, it is wise to consider reforestation costs and possibilities for future eco‐
nomic use of stands. Cook‐Patton et al. in [40] discussed that reforestation (or forest res‐
toration) is the more costly NCS option to mitigate climate change as compared to the
protection of native forests and improvement of forest management. Thus, implementing
reforestation should not be a substitute for forest protection and management improve‐
ment. However, beyond mitigating climate change, reforestation could also support food
security in the future. Tree species used in the reforestation will be better to accommodate
the local inhabitants’ preferences on those species that provide useful non‐timber forest
products including food (NTFPs).
3.5. Uncertainty Analysis
Historical reforestation, especially those new‐planted trees, may not be detected
through remote sensing technologies. Planting activities may also represent the assump‐
tion that all trees are able to survive in the reforestation process. These may add to the
uncertainty of this study, which time series analysis had suppressed. However, these anal‐
yses verified that the historical reforestation data were actually forested during the anal‐
ysis period.
Uncertainty for activity data was compiled based on the uncertainty value of the
global potential reforestation area of 66% (230–1.125 million hectares; 95% CI; [9]). Mean‐
while, uncertainty on the tree cover gain from Hansen et al. [17] was very small. User
accuracy was 82%, producer accuracy value was 40.8%, and overall accuracy value was
99.7%. Uncertainty of activity data in areas of potential carbon absorption in 2030 is de‐
termined based on the accuracy of the 2019 MoEF land cover map of 88% (uncertainty =
12%).
Uncertainty estimates on areas of historical reforestation was carried out by verifica‐
tion at several random sampling points with 95 points (48 gain, 47 non‐gain). The verifi‐
cation process was carried out by comparing the gain area at several points with the 2000
to 2012 trend NDVI value, where there is a positive trend indicating the area is a tree cover
gain area. The user’s accuracy value for a gain was 0.63, the producer accuracy was 0.6,
and the overall accuracy was 0.6.
The uncertainty value of removal factor (tC ha−1yr−1) was determined at a 95% confi‐
dence level for each reforestation type. Reforestation with the planting of mixed forest
types, the uncertainty value is 1.0 tC ha−1yr−1 (14.5%), less than the uncertainty value for
natural regeneration, which is 0.6 tC ha−1yr−1 (18.8%; [28]).
The combined uncertainty value of carbon sequestration from reforestation activities
in Indonesia (MtCO2e yr−1) can be estimated at 31% for planting monoculture and agro‐
forestry forest types. Meanwhile, reforestation activities through natural regeneration and
mixed forest have a combined uncertainty value of 32%.
4. Conclusions
To be more cost‐effective and scalable, reforestation should provide a high potential
to mitigate climate change. This study showed that Ambitious and Very Ambitious sce‐
narios of reforestation activities in Indonesia can significantly contribute to its Nationally
Determined Contribution in 2030 of forestry by reducing the Indonesia BAU emission by
up to 17% and 35%. The potential for carbon uptake from reforestation activities during
2019–2030 may reach as much as −2.7 GtCO2e. In general, based on Indonesian national
data and other studies, the potential value of carbon sequestration from reforestation ac‐
tivities in Indonesia is more than 20 MtCO2e yr−1 up to a maximum of 247 MtCO2e yr−1.
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