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Abstract
Given the short time-frame to limit global warming, and the current emissions gap, it is critical
to prioritise mitigation actions. To date, scant attention has been paid to the mitigation benefits
of primary forest protection. We estimated tropical forest ecosystem carbon stocks and flows.
The ecosystem carbon stock of primary tropical forests is estimated at 141–159 Pg C (billion
tonnes of carbon) which is some 49–53% of all tropical forest carbon, the living biomass
component of which alone is 91–103% of the remaining carbon budget to limit global
warming to below 1.5 degrees above pre-industrial levels. Furthermore, tropical forests have
ongoing sequestration rates 0.47–1.3 Pg C yr−1, equivalent to 8–13% of annual global
anthropogenic CO2 (carbon dioxide) emissions. We examined three main forest-based strate-
gies used in the land sector—halting deforestation, increasing forest restoration and improving
the sustainable management of production forests. The mitigation benefits of primary forest
protection are contingent upon how degradation is defined and accounted for, while those from
restoration also depend on how restoration is understood and applied. Through proforestation,
reduced carbon stocks in secondary forests can regrow to their natural carbon carrying capacity
or primary forest state. We evaluated published data from studies comparing logged and
unlogged forests. On average, primary forests store around 35% more carbon. While compar-
isons are confounded by a range of factors, reported biomass carbon recovery rates were from
40 to 100+ years. There is a substantive portfolio of forest-based mitigation actions and
interventions available to policy and decision-makers, depending on national circumstances,
in addition to SFM and plantation focused approaches, that can be grouped into four main
strategies: protection; proforestation, reforestation and restoration; reform of guidelines, ac-
counting rules and default values; landscape conservation planning. Given the emissions gap,
mitigation strategies that merely reduce the rate of emissions against historic or projected
reference levels are insufficient. Mitigation strategies are needed that explicitly avoid emis-
sions where possible as well as enabling ongoing sequestration.
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1 Introduction

Evidence that the planet has already warmed 1 °C above pre-industrial levels (Millar et al.
2017), and findings that annual global greenhouse gas (GHG) emissions rose to an all-time high
in 2018 (Global Carbon Project 2018) underscore recent studies assessing the deep and rapid
cuts in greenhouse gas emissions needed to achieve the goals of the United Nations Framework
Convention on Climate Change (UNFCCC) Paris Agreement (Millar et al. 2017; Rockström
et al. 2017; Rogelj et al. 2015) of limiting the increase in global average temperature to well
below 2 °C above pre-industrial levels and pursuing efforts to limit the temperature increase to
no more than 1.5 °C by the end of the century. The estimated global carbon budget for a 66%
probability of meeting the 1.5 °C global warming target is around 114 Pg C (1 Pg C is
equivalent to 1 billion tonnes of carbon) which represents approximately 11 years of annual
emissions at current levels (IPCC 2018). Studies suggest that to achieve this target, global
anthropogenic CO2 (carbon dioxide) emissions must reach net zero by about mid-century, and
subsequently turning negative so that sequestration rates exceed emissions for decades
(Figueres 2017; Millar et al. 2017). However, current commitments in Nationally Determined
Contributions (NDC) submitted by governments under the Paris Agreement fall far short of
what is needed, thus creating a substantial ‘emissions gap’ (UN Environment 2018).

Given the very short mitigation time horizon, and the emissions and sequestration gap, it is
critical to identify strategies that can help accelerate the transition to net-zero emissions and
avoid the severe climate-related impacts of an exceeding 1.5 °C of global warming. This
urgency has prompted greater attention to forest-based mitigation actions given, among other
things, the current gross carbon sink in forests recovering from harvests and on abandoned
agricultural lands of 4.4 Pg C y−1 (i.e. per year), and it has been estimated that stopping
deforestation and allowing secondary forests to grow would yield cumulative negative emis-
sions between 2016 and 2100 of about 120 PgC, globally (Houghton and Nassikas 2018).
Particular attention is being paid to tropical countries where deforestation and forest degrada-
tion rates are high and in some cases increasing (Baccini et al. 2017; Grassi et al. 2017;
Griscom et al. 2017a, b). While a range of forest-based mitigation strategies are recognised, the
role of primary forest protection to date has not been explicitly considered in international
policy negotiations (Mackey et al. 2015; Watson et al. 2018; Funk et al. 2019).

The aim of this paper is to address this deficit by considering the evidence for the mitigation
value of primary tropical forests in relation to other, more commonly promoted forest-based
strategies. After clarifying our use of forest definitions, this paper is structured in four parts: we
examine the mitigation value of tropical primary forests; we then evaluate the current focus of
forest-based mitigation strategies which are based on halting deforestation, increasing forest
restoration and improving the sustainable management of production forests; the section that
follows addresses the issue of emissions from degradation and selective logging impacts; and we
then compare the carbon stocks of primary forests and production forests, along with data on
regrowth rate and reduced impact logging.We conclude with recommendations for implementing
this approach as a global mitigation strategy, where national circumstances permit.

2 Forest definitions

While debate continues over forest definitions (Lund 2014), we refer to ‘primary forest’ as this
is the terminology in use by the Convention on Biological Diversity (CBD), the United
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Nations Food and Agriculture Organization (FAO 2018), the Collaborative Partnership on
Forests, the International Union for Conservation of Nature (IUCN), High Forestation Low
Deforestation (HFLD) countries and others. As used here, the term encompasses other
commonly used descriptors for forests that sit toward one end of the gradient in forest
ecological condition that reflects the increasing impact of modern human land use activities
including commercial logging, infrastructure development, ranching and mining (Lesslie et al.
1988). Primary forest, therefore, are naturally regenerating forest of native tree species, whose
structure, composition and dynamics are dominated by ecological and evolutionary processes.
They comprise around 36%—14.5 million km2 (square kilometres)—of the global forest estate
(Mackey et al. 2015). This definition does not mean however that primary forests are
uninhabited by humans. On the contrary, the world’s tropical primary forests are the customary
homelands of Indigenous Peoples who continue to play a critical role in their protection and
conservation management (Garnett et al. 2018; Ricketts et al. 2010). Prior significant human
intervention may also have occurred but this was long enough ago to have enabled an
ecologically mature forest ecosystem to re-establish (Ellis et al. 2010).

As used here, primary forest encompasses related terms including stable forests (Funk et al.
2019), intact forest (Watson et al. 2018), along with old-growth, long untouched and virgin forest
(Buchwald (2005). In tropical forests, the adjective ‘primary’ also refers to the ecologicallymature
stage of forest succession in the development of a stand with, typically, fast-growing and shorter-
lived tree species dominating disturbed sites, followed by slowing growing longer-lived ones
(Chazdon et al. 2010). Hinterland forests (Tyukavina et al. 2016) are late-successional tropical
forest of at least 100 km2 in area that are either primary forests or have been subject to a modest
level of prior disturbance, that retain a canopy dominated by primary successional canopy tree
species, and following a period of ecological recovery can be difficult to distinguish from
undisturbed canopies, especially by remote sensing. Intact forest landscapes (IFL) are primary
forest dominated mosaics with a minimum area of 500 km2 (Potapov et al. 2017).

At the other end of the forest condition gradient are severely degraded forests that require
human intervention to enable regrowth. In between are naturally regenerating forests subject to
conventional forestry management for commodity production (i.e. wood for timber, pulp and
fuel). Based on the notion that homogenous products are cheaper to produce and manipulate,
these conventional management practices have typically led to more even-aged and species-
poor stands, and now cover about 30% the global forest land base (Puettmann et al. 2015). The
most intensive form of silviculture results in plantation forest, typically monocultures, com-
prising trees established through active planting and/or deliberate seeding.

We propose that for our purposes, at the global level, it is sufficient to mirror the approach
of FAO (2018) and distinguish between three major categories of forest condition: (i) primary
forests as defined above; (ii) production forests used for commercial logging, other industrial-
scale activities, and are impacted by associated infrastructure, though still reliant on selective
natural regeneration; (iii) plantation forests predominantly composed of trees established
through planting and/or deliberate seeding of commercial varieties and often using monocul-
tures species exotic to the region.

3 Primary forest carbon stocks and flows

Protecting primary forests contributes to climate change mitigation through avoiding emissions
from land use and land use change, supporting a stable carbon reservoir, and providing a
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significant carbon sink (Funk et al. 2019). There are, however, no agreed and definitive data
sources for defining the tropical forest biome, Mapping forest condition, quantifying extant
forest cover, and estimating forest ecosystem carbon stocks. Rather, data are sourced from
various sources including government inventories, remotely sensed data, forest plot-based
measurements and modelled outputs.

3.1 Methods

We updated estimates of forest ecosystem carbon stocks in extant tropical forests using more
recently available global data sets.

3.1.1 Tropical forest regions

There is no universally accepted global ecoregionalisation for geographically delineating
tropical forests. Therefore, we used two widely used classification: the RESOLVE Ecoregions
of Dinerstein et al. (2017) and the Global Ecological Zones of FAO (2012) (Supplementary
Material Fig. S1).

3.1.2 Forest cover and condition data

To map extant tropical forest cover, we used the forest cover data of Hansen et al.
(2013) updated to account for forest loss up to 2018. We used two additional datasets
to provide the most reliable available pan-tropical data on forest condition. The data
from Tyukavina et al. (2016) for so-called ‘Hinterland forest’—primary and mature
secondary forests of at least 10,000 ha−1 extent—and Turubanova et al. (2018) maps
natural forest that includes areas that have experienced partial canopy loss at the 30-m
mapped spatial resolution. For this paper, we used ‘Hinterland tropical forest’ as the
most accurate approximation of primary tropical forest extent, while the mapping of
Turubanova et al. (2018) was used to represent forests in a more degraded condition
called ‘Mature & partially degraded tropical forest’. The residual forest area—i.e. the
area of Hansen et al. (2013) forest that fell outside the Hinterland and Turubanova
et al. (2018) forest—was assumed to be ‘Degraded & regrowth tropical forest’
(Fig. 1).

3.1.3 Forest carbon data

Estimates of forest carbon (C) were calculated by multiplying the area of forest in each of the
three ecological conditions by available data on the density of forest ecosystem C in each of
major pools: (i) above-ground living biomass (AGLB) (i.e. tree stems, branches and roots); (ii)
below-ground living biomass (BGLB) (tree roots); (iii) above-ground dead biomass (AGBD)
(including coarse woody debris on the forest floor); (iv) soil. The carbon fraction of biomass
was assumed to be 0.5 (50%), an appropriate default value where no local values are available
and when being applied across a wide range of forest types (Smith et al. 2013; Penman et al.
2003):

& Two available global modelled estimates of AGLB were used, (Santoro et al. 2018;
Avitabile et al. 2016);
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& Spatially distributed estimates of BGLBwere not available. Therefore, BGLBwas calculated as
a fraction of AGLB using the mean root-shoot ratio derived from Waring and Powers (2017);

& Spatially distributed estimates were also not available for AGDB. Therefore, we used an
expansion factor from Yang et al. (2010); and

& Spatially distributed estimates of soil C were obtained from FAO and ITPS (2017).

Further details on methods and data are provided in Supplementary Material.

3.2 Results

Extant tropical forest ecosystem carbon stocks were calculated to be in the range 306–324 Pg
C, with living biomass carbon of 204–221 Pg C. The total ecosystem carbon in primary forests
ranged 141–159 Pg C, with living biomass carbon of 104–118 Pg C, depending on which of
the two geographic definitions of the tropical forest biome (Dinerstein et al. 2017; FAO 2012),
and which of the two data sources for above-ground biomass carbon (Avitabile et al. 2016;
Santoro et al. (2018), were used (Table 1, Fig. 2).

The results are consistent with other global estimates of tropical forests and carbon stocks.
We estimated the total area of tropical forest cover to be 11,219,047–13,393,614 km2 with
primary tropical forest covering 5,128,046–5,479,329 km2 (Table 1). Based on FAO (2015)

Fig. 1 Tropical forest cover: Hinterland forest from Tyukavina et al. (2016) was used as best approximation of
‘Primary forest’; the mapping of Turubanova et al. (2018) was used to represent forests in a more degraded
condition called ‘Mature & partially degraded tropical forest’; the remaining forest as defined by > 25% canopy
cover from Hansen et al. (2013) updated for loss to 2018 was interpreted as ‘Degraded & regrowth tropical
forest’ (further details in Supplementary Material)
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data gathered through formal government reporting, there is an estimated 17,133,240 km2 of
tropical forest; of which, 5,410,000 km2 (32%) is the primary tropical forest (Morales-Hidalgo
et al. 2015; Keenan et al. 2015). Reasons for the range in estimates include differences in the
year of reporting, the definition of primary forest adapted and the geographic area delineated
for the study, along with different data sources and spatial modelling approaches. The

Table 1 Indicative estimates of extant carbon stocks of tropical primary forests

I II Hinterland tropical
forest

Mature and partially
degraded tropical
forest

Degraded and
regrowth tropical
forest

I II I II I II

Above-ground living biomass carbon (Pg C)
Avitabile
et al.
(2016)

150 128.1 79.7 74.1 128.2 117 22 11

Santoro
et al.
(2018)

132.2 117.2 70.4 65.8 112.1 103.3 20 14

Root
biomass
carbon

71.3 38 33 33

Living biomass carbon (Pg C)
Avitabile
et al.
(2016)

221.3 199.4 117.7 112.1 166.2 155 55 44

Santoro
et al.
(2018)

203.5 188.5 108.4 103.8 150.1 141.3 53 47

AGDBC 13.2 7 6 6
Soil carbon
(Pg C)

89.1 69.5 34.1 29.9 64.8 54.5 24 15

Total ecosystem carbon (Pg C)
Avitabile
et al.
(2016)

323.6 282.1 158.8 149.1 238.0 216.5 86 66

Santoro
et al.
(2018)

305.8 271.2 149.4 140.7 221.9 202.8 84 68

Area (km2) 13,393,614 11,219,047 5,479,329 5,128,046 9,227,315 8,379,957 4,166,299 2,839,090
(A) 41 46 69 75 31 25
(B) 49 53 74 77 26 23

Two sources were used to map the boundary of the tropical forest biome: (I) tropical and subtropical moist broad
leaf forests from Dinerstein et al. (2017); and (II) tropical forest cover from FAO (2012) global ecological zones;
Hinterland tropical forest data from Tyukavina et al. (2016); Mature and partially degraded tropical forest data
from Turubanova et al. (2018); Degraded & regrowth tropical forest was calculated as the residual of Extant
tropical forests that was outside Hinterland or Mature and partially degraded forests; Extant tropical forest was
mapped based on tree cover ≥ 25% from Hansen et al. (2013). Two sources of above-ground living biomass
carbon were used: Avitabile et al. (2016) and Santoro et al. (2018); Root biomass carbon (RBC) was calculated as
a fraction of above-ground living biomass carbon (AGLBC) using the mean root-shoot ratio of 132 observations
collected in native, unmanaged forests by Waring and Powers (2017; Living biomass carbon is the sum of
AGLBC and RBC; AGDBC (above-ground dead biomass carbon) used a mid-range expansion factor for old-
growth tropical forest (Yang et al. 2010); Soil carbon data from FAO and ITPS (2017). Row (A) fraction (%) of
tropical forest area (%); row (B) fraction (%) of Avitabile et al. (2016) tropical forest ecosystem carbon. Further
details in Supplementary Material
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difference in the estimated total areas of tropical forest is possibly because we restricted our
analysis to within two specific bioregions and areas with ≥ 25% tree cover. The estimates of
areas of primary forest cover are more comparable.

We calculated that primary tropical forests store 49–53% of all tropical forest carbon with
another ~ 25% in the forest that has been subject to some land use disturbance, and a further ~
25% in more severely degraded forest (Table 1). The mitigation significance of the living
biomass carbon in primary tropical forests (104–118 Pg C) is highlighted by the fact that this is
91–103% of the remaining carbon budget of ~ 114 Pg C for a 66% probability of limiting
global warming to 1.5 °C above pre-industrial levels (IPCC 2018). As deforestation and
degradation of primary tropical forests continue at significant rates (Turubanova et al. 2018;
Curtis et al. 2018; Asner et al. 2010), this ongoing source of emissions is therefore a significant
threat to stabilising atmospheric CO2 concentrations even if fossil fuel emissions are
eliminated.

While the above-ground living biomass carbon of primary tropical forests and all tropical
forests is substantial, emissions from all forest ecosystem components—below-ground living
biomass, above- and below-ground dead biomass and soil carbon—should be considered in
assessing the mitigation value of forest management actions. However, as below-ground
biomass and soil carbon are difficult to measure, and above-ground dead biomass is of no
commercial value, most greenhouse gas inventories and forest carbon accounts only record

Fig. 2 Global spatial estimate of pan-tropical above-ground biomass (t ha−1) from Avitabile et al. (2016) within
the FAO (2012) tropical rainforest biome. The aboveground forest biomass (t ha−1) measured at sites or estimated
from forest inventory that represents primary forest are mapped as coloured circles. Sources for the site data are
provided in Supplementary Material Table S1 and a comparison of the modelled values at these sites in
Supplementary Material Fig. S2
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changes in the stocks and flows of above-ground living biomass carbon. As above-ground
living biomass is at best only 50% of total forest ecosystem carbon (Table 1; Grace et al. 2014;
Keith et al. 2009; Navarrete-Segueda et al. 2018), emissions from deforestation and degrada-
tion are being potentially significantly underestimated and the mitigation benefits of primary
forest protection undervalued.

Contrary to the widely held view that carbon stocks in primary forests reach a fixed
equilibrium amount (Xu et al. 2017), these stocks appear to be increasing monotonically
throughout the tropics at a rate of 0.47–1.3 PgC yr−1 (Grace et al. 2014; Lewis et al. 2009;
Mitchard 2018; Pan et al. 2011), equivalent to 5–13% of annual global anthropogenic
emissions (IPCC 2018). The rate of sequestration in primary tropical forests is estimated to
be approximately equivalent to the emissions resulting from deforestation, based on compar-
isons of atmospheric inverse models (Gaubert et al. 2019). This ongoing sink can be explained
by several factors:

& Old-growth trees in tropical forests maintain high rates of carbon accumulation at later
stages of their lifetime, with 70–80% accumulated in the second half of life when trees are
70 years or older (Köhl et al. 2017);

& Carbon storage in primary forests will continue to increase when canopies are dominated
by tree species with greater tree longevity and hence biomass residency time (Castanho
et al. 2016; Körner 2017); and

& The CO2 fertilisation effect, that is, enhanced biomass growth due to elevated CO2 levels
(Donohue et al. 2013; Nemani et al. 2003; Pan et al. 2011).

While the principle mitigation value of primary forest ecosystems resides in their accumulated
carbon stocks (Mackey et al. 2013), given the urgent need for short-term action to achieve the
goals of the Paris Agreement (UN Environment 2018; IPCC 2018), primary tropical forests are
a potentially significant sink for near-term additional carbon dioxide removal.

4 Current focus of forest mitigation strategies

Forest-based mitigation approaches as reflected in Nationally Determined Contributions
(NDC) of the Paris Agreement, in multilateral instruments (for example, the United Nations
Sustainable Development Goals, the United Nations strategy for forests 2017–2030, Reduced
Emissions from Deforestation and Forest Degradation or REDD+), and in the scientific
literature, have focused mainly on three strategies: (1) reducing emissions by reducing the
rate of deforestation from land conversions mainly to agriculture, (2) increasing sequestration
through forest restoration and (3) sustainable forest management based on alternative silvicul-
tural practices that reduce emissions compared with conventional forestry management.

4.1 Deforestation

Reducing tropical deforestation has been a long-standing international policy priority and the
United Nations Sustainable Development Goals call for halting deforestation by 2020. From a
mitigation standpoint, deforestation is a major problem as it causes 0.8–0.9 Pg C of net
emissions per year much of which occurs in the tropics (Grace et al. 2014; Harris et al.
2012; Houghton 2013; Pendrill et al. 2019), about 8% of annual global anthropogenic
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emissions (IPCC 2018). Despite the attention it receives, deforestation continues, particularly
in the tropics. According to the UN Food and Agriculture Organization data, 5.5 million ha of
tropical forests was cleared annually between 1990 and 2015, and other estimates suggest that
losses may be much higher and accelerating (Keenan et al. 2015). A major driver of
deforestation is for agricultural expansion and tree plantations, with about a third of the carbon
emissions embodied in international trade (Pendrill et al. 2019). Avoiding deforestation must
therefore continue to be a mitigation policy focus.

Deforestation policies, however, may be ineffective in protecting forests if a definition of
‘forest’ is used that is based on land use change or inappropriate biophysical thresholds. Under
the Kyoto Protocol, an area is a forest, if it is at least 0.05–1.0 ha, has a tree crown cover of
more than 10% and the potential to reach at least 2 m height (UNFCCC 2002). Under this
definition, a primary forest can be intensely logged so that all canopy trees are removed and
not deemed to be deforested so long as the intention is to keep logging it in the future or if the
remaining understory vegetation meets the minimum canopy height and cover thresholds.
These definitions set false equivalences between an area of primary forest and, for example, a
replacement tree plantation.

4.2 Forest restoration

Forest restoration, which includes reforestation and afforestation, is a well-supported mitiga-
tion strategy. The Bonn Challenge, for example, is a global effort to bring 150 million ha−1 of
the world’s deforested and degraded land into restoration by 2020, and 350 million ha−1 by
2030 (IUCN 2011). The mitigation benefits of forest restoration also depend on how it is
defined. Forest restoration can refer to restoring the agroforestry productivity of degraded
landscapes rather than ecological forest restoration (Lewis et al. 2019). There are substantial
potential mitigation benefits from ecological restoration, however, from enabling the natural
regeneration of forests that have been cleared or allowing disturbed forests to regrow. The
update of carbon by secondary tropical forest regrowth is estimated at 0.8 PgC–1.6 PgC yr−1

(Grace et al. 2014; Erb et al. 2017).
Conventional forestry management maintains forests in the equivalent of a young, second-

ary regrowth phase. The reduced carbon stocks in these secondary forests mean that they have
the potential to sequester additional carbon at an accelerating rate for many decades or longer if
allowed to grow to ecological maturity, i.e. their primary forest state, a management principle
known as proforestation (Moomaw et al. 2019; Mackey et al. 2008; Lewis et al. 2019). This
sequestration potential is the difference between the current carbon stock in a production forest
and the natural carbon carrying capacity if allowed to recover fully without further logging
(Keith et al. 2010).

While the rate of growth following afforestation is similar to reforestation, and slower than
proforestation, it requires large amounts of land that are unlikely to be converted from other
uses to forests. Proforestation can sequester more carbon per hectare than a planted forest
growing over the same time period because the trees in a natural forest are established, larger,
on the steepest part of their growth curve and consist of the native mix of species (Moomaw
et al. 2019). The advantage of a native mix of species, rather than monocultures or plantations
with a few species, was demonstrated by the finding that about a quarter of the variation in
carbon stocks of different subtropical forest plots was explained by tree species diversity (Liu
et al. 2018). However, this does not necessarily mean there is a relation between carbon stocks
and biodiversity across different forest types (Ferreira et al. 2018).
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4.3 Sustainable forest management

Mitigation strategies based on deforestation and restoration, even when defined appropriately,
still leaves open the prospect of emissions from forest degradation (Funk et al. 2019; Pearson
et al. 2017). Forest management for commodity production results in degradation because the
land use activities disturb forests and reduce forest ecosystem carbon stocks, including
logging, fuelwood extraction and sub-canopy grazing and cultivation, fragmentation from
roading and biodiversity loss that impacts on ecosystem processes.

Degradation is often overlooked because space-borne instruments cannot readily detect the
change in forest condition and the partial removal of trees does not constitute deforestation.
However, emissions from degradation are highly significant globally, and some regions even
exceed those from deforestation (Asner et al. 2005; Huang and Asner 2010; Pearson et al.
2017). Erb et al. (2017) found that 42–47% of emissions from vegetation biomass globally
were due to degradation rather than clearing of vegetation. Baccini et al. (2017) suggested that
degradation emissions exceeded those from deforestation globally, with 69% (1.8 Pg CO2;
note that 1 unit of CO2 is equivalent to 3.67 units of C) of these from tropical forests. Ellis et al.
(2019) estimated emissions from degradation due to selective logging in tropical forests at 0.8–
1.9 Pg CO2 yr−1.

Degradation is recognised in the United Nations Collaborative Programme on Reducing
Emissions from Deforestation and Forest Degradation in Developing Countries (REDD+).
However, the emphasis in REDD+ is on reducing rather than avoiding emissions outright, and
it is a voluntary approach for developing not developed countries. The main approach
advocated has been to reduce emissions by changing conventional forestry management.
Article 5 of the Paris Agreement encourages Parties to implement ‘sustainable management
of forests’, more commonly referred to as Sustainable Forest Management (SFM) that results
in Reduced Impact Logging (RIL) compared with conventional silvicultural practices.

The mitigation benefits of SFM/RIL, however, should be assessed relative to those derived
from avoiding emissions through primary forest protection and the sequestration from
proforestation. A critical evaluation is therefore needed of the emissions arising from the
commercial logging of primary forests and the impacts on forest ecosystem carbon stocks.

5 Selective logging impacts

Selective logging is the main kind of tree harvesting in tropical forests and encompasses a
range of intensities of timber extraction (from < 5 to 200 m3 ha−1; i.e. less than 5 to 200 cubic
metres per hectare), logging cycles (typically 30 years), and logging practices, with varying
degrees of ground disturbance (Chaudhary et al. 2016; Günter et al. 2011; Putz et al. 2000). In
tropical forests, conventional selective logging removes the largest, highest quality trees above
a threshold stem diameter within a forest stand while aiming to leave the remaining trees
standing (Gatti et al. 2015). Selective logging has impacted about 5 million km2 of tropical
forest, of this area about 4.7 million km2 are managed as production forests, representing over
a quarter of all tropical forests (Sasaki et al. 2016).

The difference in biomass carbon stocks between primary and production tropical forests
depends on the intensity and methods of selective logging: the more trees cut per hectare, the
shorter the logging cycles and the greater the collateral damage, then the greater the reduction
in the forest carbon stock (Burivalova et al. 2014; Bustamente et al. 2016; Martin et al. 2015;
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Rutishauser et al. 2015). Both direct and indirect impacts of selective logging on tropical forest
carbon stocks in biomass and soil must be considered. These impacts are mitigated to a limited
extent by carbon storage in wood products derived from the logged forest, although only a
small proportion of these wood products (about 10%) are long-lived (that is, longer than
90 years) (Harmon 2019; Keith et al. 2015; Pearson et al. 2014; Winjum et al. 1998). As such,
the benefit is transient.

5.1 Direct impacts

The most important impact of selective logging on carbon stocks is the removal of the large,
valuable, mature hardwood trees. These contain the most timber, but also a remarkably high
proportion of the above-ground biomass carbon in primary tropical forest, even though they
occur at low densities per hectare (Körner 2017; Stephenson et al. 2014). For example, Slik
et al. (2013) found that in South America, Southeast Asia and Africa, large trees over 70 cm
diameter at breast height (d.b.h.), only represented 1.5, 2.4 and 3.8% respectively of stems
larger than 10 cm d.b.h., but nonetheless stored 25, 39 and 45% of above-ground biomass of
all trees. Similarly, Sist et al. (2014) found that large trees (over 60 cm d.b.h.) represented only
9.3% of tree density but contained almost half the above-ground biomass in a forest stand.
Lutz et al. (2018) also found that globally half of all above-ground living biomass was in the
largest 1% diameter trees.

Not only do these large trees continue to sequester carbon throughout their lives (Stephenson
et al. 2014), often living > 300 years and sometimes much longer (Vieira et al. 2005), but there
is also evidence that they store increasing amounts as they age (Stephenson et al. 2014). For
example, Köhl et al. (2017) found that trees in primary forest in Suriname accumulated 39–50%
of their total carbon stock in the last quarter of their lives. Thus, removing these trees has a
disproportionate effect on forest carbon storage, which can persist for decades (Gatti et al.
2015). These large trees belong to a small proportion of hyperdominant species, for example,
half of the carbon stock in Amazonian tropical forests is contained in about 1% of the species
that are characterised by large sizes and high wood density (Fauset et al. 2015, b).

Selective logging also causes significant collateral damage to the surrounding ecosystem.
When a large tree is felled, it damages or crushes other trees on its way down. Damaged trees may
die immediately or many years after logging, with tree mortality estimated to continue for at least
10 years after logging (Huang and Asner 2010; Schulze and Zweede 2006). Treefall in logged
areas also occurs when canopy openings make the forest susceptible to wind, and root damage is
caused by soil destabilisation along skid trails (Schulze and Zweede 2006). Trees are felled to
build logging roads and skid trails and for the construction of logging infrastructure, and these
clearings also lead to edge effects, such as increased sunlight, wind disturbance and increased
incidence of fire (Bryan et al. 2013; Ellis et al. 2019). Tyukavina et al. (2016) found that tree
mortality resulting from edge effects could occur up to 1 km into the forest, and impacts could be
found up to 2 km from an edge. Brinck et al. (2017) suggested that edge effects globally resulted
in losses of 0.34 Pg C yr−1, which would increase estimates of global emissions from degradation
substantially. Below-ground biomass carbon is typically ignored in studies reviewing selective
logging impacts (Mokany et al. 2006). Logging forests also depletes soil carbon due to erosion,
compaction, increased rates of heterotrophic respiration and reduced inputs from biomass turn-
over, and soil carbon is re-accumulated very slowly (Hamburg et al. 2019).

Selective logging also changes the structure and composition of the forest. By opening the
canopy and allowing light to enter the forest, selective logging allows invasive weeds and
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lianas to spread (Gatti et al. 2015). This inhibits growth of existing trees, causes tree mortality
and slows regeneration of hardwood species and ecological succession. van der Heijden et al.
(2015) found that lianas reduced net above-ground carbon uptake (growth and recruitment
minus mortality) by ∼ 76% per year, mostly by reducing tree growth. Berenguer et al. (2018)
found that lianas hamper the recovery of tree species with high levels of wood density post-
logging, thus affecting the accumulation of forest carbon stocks.

5.2 Indirect impacts

One of the key indirect impacts of logging in tropical forests is the increased incidence of fire. As a
result of canopy openings and fragmentation from logging roads and skid trails, logged forests are
drier and have higher daytime shortwave radiation, temperature and wind speed, and their capacity
to buffer and stabilisemicroclimates is reduced (Uhl andKauffman 1990). They also havemore fuel
in the form of dead trees, woody debris and slash. Hence, they are muchmore fire-prone, a problem
compounded by climate change and increasing droughts (Cochrane 2003; Huang and Asner 2010;
Matricardi et al. 2010; Sasaki et al. 2016; Tyukavina et al. 2016; Giardina et al. 2018).

Logging roads create access to previously remote forest areas, increasing hunting pressure
(Laurance et al. 2014). Defaunation through hunting results in the loss of seed dispersers, which
in turn effects on forest structure and biodiversity of the forest. Uncontrolled hunting to supply
bushmeat markets using logging roads has had large negative consequences for biodiversity and
forest productivity throughout the tropics (Benitez-López et al. 2019). Logging roads facilitate
colonisation and additional development. Laurance et al. (2014) estimate that at least 25 million
km of new roads will be built by 2050, a 60% increase in the global extent of roads since 2010,
90% of which would occur in developing countries. Many studies note the serious and
increasing problem of forest fragmentation globally from road building, a problem that is likely
to worsen (Haddad et al. 2015; Ibisch et al. 2017; Taubert et al. 2018).

Logged forests are far more likely to be converted to agriculture (Asner et al. 2006; Barber
et al. 2014; Boakes et al. 2010; Gibbs et al. 2010; Laurance and Balmford 2013; Laurance et al.
2014; Shearman et al. 2012) because of the access created by logging roads and the decrease in
land value once timber is removed. Deforestation is not necessarily immediate, that is within
3 years, but often happens soon thereafter. One study found that 95% of the deforestation in the
Amazon happens within 5.5 km of a road or navigable river (Barber et al. 2014). Poor governance
in forest sectors in the tropics also remains a major concern. Illegal logging, which is up to 87% of
all tropical logging, has attracted attention in recent years because the problem is so pervasive
(Hoare 2015; Lawson 2014; Lawson andMacFaul 2010). Inmany cases, legal concessions enable
illegal logging and other illegal development activities to spread (Finer et al. 2014).

6 Comparing primary forest, production forest and plantation carbon
stocks

Primary tropical forests store on average ~ 250 t C ha−1 total above-ground biomass carbon
stock, with ~ 175 t C ha−1 being above-ground living biomass and the remainder dead biomass
(Keith et al. 2009; Pan et al. 2011). We reviewed published studies which revealed that tropical
production forests store on average 35% less carbon than primary tropical forests of the same
type (Table 2 and Supplementary Material Table S1) due to the direct and indirect logging
impacts. The locations of study sites with their reported estimates of above-ground biomass
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density in primary forest (n = 35) are shown in Fig. 1. The reported reduction in carbon stocks
of logged forests range from 2.5 to 91% (Table 2 and Supplementary Information Table S1).
Environmental, biological, management and historical factors influence this carbon stock loss
over logging rotations (Supplementary Information Fig. S3).

While the evidence is clear that logging primary forests or converting them to plantations
depletes their ecosystem carbon stocks, the counter-argument is that natural forest regrowth
and carbon recovery, together with alternative silvicultural practices such as RIL, can enable
commercial harvesting logging to be sustainable and are sufficient to ensure impacts are
minimised, even if the amount of carbon stored and the size of the annual carbon sink is
reduced from that of a primary forest. Therefore, it was also necessary to consider the
published data for rates of post-logging forest regrowth. We found that a range of post-
logging tropical tree biomass regrowth times has been reported from 45 to 100+ years (Blanc
et al. 2009; Huang and Asner 2010; Pinard and Cropper (2000) (Table 2, Supplementary
Material Table S1).

The range in reported reductions and regrowth can be largely explained by the variation in
the factors considered by the studies including the following:

& Logging intensity and rotation period—the greater the number of trees, the shorter the time
between harvests, and the greater the volume of biomass removed, the more forest carbon
stocks are reduced;

& Scope of analyses—whether both indirect and direct impacts are considered including
collateral damage—of harvesting operations on non-target trees and other forest biomass
carbon pools including soil (Blanc et al. 2009; Chaudhary et al. 2016);

& Source of calibration data—often biomass allometric equations are used based on young
stands (< 40 years) which underestimate carbon stocks of old trees in primary forests
(Keith et al. 2015); and

& Wood density estimates—the difference between tree species of the same size can be more
than twofold (Berenguer 2018).

Pearson et al. (2014), for example, estimated logged forests only had 3–15% less carbon, but
noted their study only assessed tree mortality for 4 years after logging, only counted trees that
had been uprooted or snapped as the direct result of logging, did not measure tree mortality
from partially damaged trees that were still standing, and did not include trees that were cut
down but left behind because they were unsuitable for processing. They also did not consider
tree mortality from sources not related to tree fall while logging, such as windthrow or edge
effects. Where more comprehensive sampling techniques comparing logged and unlogged
forests are employed, differences are typically 30% or more (for example, Blanc et al. 2009;
Bryan et al. 2010). Evaluating results from studies of carbon stock loss due to logging requires
the assessment of the comprehensiveness of the data, the reliability of its estimation, and
comparability of data across studies (Table 3, Supplementary Material Figure S1).

From a climate mitigation perspective, the key factor is the time that a unit of biomass
carbon is resident in a forest ecosystem stock and thus kept out of the atmosphere. The
sequestration of carbon into short-lived pioneer species is released back into the atmosphere in
a few decades (Pinard and Cooper 2000). By contrast, the big old trees that dominate tropical
primary forests provide longer and more stable carbon residency times (Körner 2017; Ste-
phenson et al. 2014), which means that primary tropical forests can maintain larger carbon
stocks over centuries (Mackey et al. 2013). Tree density and age cohorts are also an important
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Table 2 Synthesis of published biomass carbon stock densities and accumulation rates in tropical forests,
categorised by forest type and continent

Location Above-ground living biomass carbon stock density (tC
ha−1)

C accumulation rate(tC
ha−1 yr−1)

Time for
recovery

Primary
forest

Current
condition

Selectively
logged

Net
emissions

%
reduction

Primary
forest

Regrowth
forest

(years)

Pan-tropical
All
tropical
forest

190
(80–271)

139
(65–263)

97 34
(3–91)

0.49 0.39

Tropical
rainfore-
st

146 1.4

Tropical
moist

112 0.94

Tropical
dry

73 0.74

South America
All
tropical
forest

156
(113–256)

102
(92–118)

116
(36–212)

42
(6–85)

26
(2.5–70)

0.84
(0.78–0.89)

1.6
(0.5–4.4)

>55
(20–>

100)
Tropical
rainfore-
st

175
(149–189)

154
(141–167)

48 19
(10–25)

1.3 51

Tropical
moist

144

SE Asia
All
tropical
forest

265
(225–-
305)

121
(113–4-
11)

Tropical
rainfore-
st

170
(80–274)

103
(64–228)

81
(41–108)

44
(15–56)

0.28 1.4

Tropical
moist

194
(155–234)

116
(97–135)

44

Tropical
dry

48
(20–70)

Tropical
montane

130 90 30

Africa
All
tropical
forest

180
(125–229)

114
(85–143)

222 7 3.1

Tropical
moist

209

(For complete database and references, see Supplementary Material). Classification of forest condition as
‘Primary Forest’, ‘Current Condition’ and ‘Selectively Logged’ reflects descriptions for each study, with ‘Current
Condition’ including forests of varying disturbance history and age structure. The mean and range of values are
given based on all reported studies in the category. Data are provided for above-ground live biomass as this was
the most commonly reported biomass component. An above- to below-ground ratio of 0.24 (IPCC 2006
Table 4.4) was used where data required converting from total biomass. Classification of forest types follows
that used by the IPCC (2006) which in turn are derived from global ecological zones based on observed climate
and vegetation patterns (FAO 2012). This classification is consistent with the Holdridge life zones, except that the
FAO Rainforest includes both Holdridge Wet Forest and Rainforest
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consideration as a few older trees have larger, more stable and resilient carbon stocks
compared with many young trees that are shorter-lived pioneer and secondary growth species
(Huang and Asner 2010; Pinard and Cropper 2000).

The biomass carbon stocks of plantation forests depend on the species planted, their
purpose (e.g. for timber, pulp or fuel) and the age of harvest. The weighted average of total
standing biomass over the lifespan of a typical oil palm cycle, for example, was estimated at
28.0 t C ha−1, with the total standing biomass of young oil palms (< 5 years) ranging typically
between 2.2 and 13.5 t C ha−1, and that of mature palms (5–28 years) ranging between 15.1
and 59.5 t C ha−1 (Kho and Jepsen 2015).

6.1 Reduced impact logging

RIL seeks to minimise impacts through practices designed to reduce collateral damage from
selective logging thereby reducing emissions and improving prospects for sustaining timber
yields, biomass recovery and biodiversity (Ellis et al. 2019; Putz et al. 2008). Research into
RIL tends to compare forests logged using RIL with forests logged using conventional forestry
management. When the difference in logging intensity is controlled for, RIL has been found to
provide fewer of the anticipated benefits (Burivalova et al. 2014; Griscom et al. 2017a; Martin
et al. 2015; Sist et al. 2003; Zimmerman and Kormos 2012).

The determining factor in maintaining carbon stocks appears not to be collateral damage but
logging intensity, i.e. the volume of timber extracted in the first cut and the frequency with
which the forest is logged thereafter (Burivalova et al. 2014; Huang and Asner 2010; Martin
et al. 2015; Putz et al. 2012; Rutishauser et al. 2015; Zimmerman and Kormos 2012)

Table 3 Key factors that should be considered when evaluating the validity of studies that compare the impacts
of logging on ecosystem carbon stock losses and regrowth rates with estimates from pre- and unlogged forests

Comprehensiveness of the data
Carbon stock losses should include the timber volumes harvested, collateral damage, clearing for roads and
infrastructure and edge effects.
Assessment of logging impacts should specify the logging regime and incorporate the effects when the regime
has changed over time.
Analysis of carbon dynamics post-logging should include the removal of harvested logs, as well as longer-term
losses due to damage, mortality and decomposition of dead biomass.

Reliability of estimates
Carbon stocks and stock changes estimated by remote sensing should be well-calibrated with field data.
Logging history of experimental sites must be well documented.
The baseline for reporting carbon stock loss should be the primary forest, where there is confidence in minimal
human disturbance.
Calculation of carbon stocks based on inventory data should take account of species composition and the effect
of wood density.

Comparability of data
The same type of forest ecosystem should be compared pre- and post-logging.
Site locations should be representative of the variability in the forest type across the landscape, including species
and age structure.
Environmental conditions influencing productive capacity of the forest should be comparable. Often the most
productive forest areas were harvested preferentially, leaving no comparable primary forest.
Inventory data from managed forests should include the full range in size/age structure of primary forests.
Carbon stock components measured in logged and unlogged forest should be comparable. Comprehensive
pools include the following: above-and below-ground living and dead biomass, coarse woody debris and soil
organic carbon.
Measurement units for carbon should be comparable in terms of biomass or carbon, total carbon stock for a
region/ecosystem or carbon stock density (tC ha−1).
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(Supplementary Material Fig. S3). As noted above, biomass carbon is concentrated in a
relatively few large trees per hectare, and it is these trees that are targeted for logging.

Logging intensities in virtually all tropical forests are too high to sustain timber yields
without extirpating commercial species within 2–3 logging rotations, and RIL alone cannot
solve this problem (Free et al. 2017; Grogan et al. 2014; Putz et al. 2012; Richardson and Peres
2016; Rutishauser et al. 2015; Shearman et al. 2012; Zimmerman and Kormos 2012). It can no
longer be assumed that a forest will recover on a trajectory toward its primary or pre-
disturbance state, or keep biomass and biodiversity at their primary levels, after selective
logging (Gatti et al. 2015; Huang and Asner 2010; Martin et al. 2015; Putz et al. 2012).

It is possible in theory to sustain timber yields by greatly extending logging rotations,
reducing logging intensity, and requiring extensive RIL and other silvicultural practices (Putz
et al. 2012; Zimmerman and Kormos 2012). Estimates of rotation lengths required to ensure
regeneration of targeted hardwood species in tropical forests globally ranging from 50 to
100 years (Zimmerman and Kormos 2012; Putz et al. 2012; Piponiot et al. 2018; Griscom et al.
2017a, b). However, the high costs of RIL measures combined with the reduced profits from
lower logging intensities make logging economically challenging (Zimmerman and Kormos
2012). Doing so would also require much greater knowledge than we currently have regarding
the regeneration capacity of tropical forests (Laufer et al. 2013; Rutishauser et al. 2015).

7 Discussion

Protecting primary forests from deforestation and degradation delivers avoided emission plus
ongoing sequestration. To date, these forests are typically labelled as ‘unmanaged’ and their
protection has not been recognised as a mitigation strategy, even though their conservation
increasingly requires active interventions and investments including by indigenous and local
communities (Buckwell et al. 2019). Rather, the emphasis on forest management as a
mitigation strategy has been on modifying conventional forest management for commodity
production through SFM/RIL approaches and reforestation. SFM/RIL, however, has had little
uptake in practice (Puettmann et al. 2015) which is perhaps one reason why reforestation
continues to attract widespread attention and support (Bastin et al. 2019). In part, this is
perhaps due to the emphasis found in international guidelines on ‘additionality’ when
discussing the integrity of carbon offset projects (UNFCCC 2002). Additionality refers to
the need to demonstrate that the avoided or reduced emissions would not have occurred in the
absence of the mitigation action (Bayrak and Marafa 2016). It is relatively easier to demon-
strate the additionality of a project’s mitigation outcomes when it is based on planting trees on
previously cleared land, especially if the land is degraded and natural regeneration has been
unsuccessful. It is harder to demonstrate additionality in the absence of extant forest clearing
and degradation even though throughout the world natural forests face growing threats that
require management inputs, including forest areas previously thought to be secured from
deforestation and degradation (Curtis et al. 2018; Ordway et al. 2019; Karky et al. 2013).

Proforestation in forests whose carbon stocks have been depleted through logging and other
land use impacts is an important complementary mitigation action as it will increase the rate of
biological carbon sequestration during the critical coming decades by refilling the ecosystem
carbon stocks that have been deleted by prior land use. Proforestation is a nature-based
solution whereby secondary forests are protected to foster continuous growth for maximal
carbon storage and ecological and structural complexity. Importantly, as a mitigation strategy,
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it does not require additional land and, where natural regeneration is still possible, requires few
energy or industrial inputs and is low cost compared with reforestation.

National circumstances play a major role in determining the opportunities that countries
have to implement and prioritise forest-based mitigation strategies in the land sector. Tropical
forests fall largely within just 15 countries (Saatchi et al. 2011), all of which face major
development challenges. These countries vary in the percentage of their territory that is
covered by primary forest, natural forest subject to conventional management for commodity
production, and plantation forest. Where circumstances permit, primary forest protection and
proforestation warrant being prioritised over SFM/RIL and new tree plantings as mitigation
strategies. Indonesia, for example, has announced a permanent prohibition on the issuance of
new permits to clear primary and peat forests which Indonesia’s National Development
Planning Agency (Badan Perencanaan Pembangunan Nasional—BAPPENAS) has described
as the most efficient policy the Government of Indonesia can put in place to achieve
greenhouse gas emission reduction targets (Eriksen 2019).

Where forests are being subject to conventional forestry management for commodity
production, alternative silvicultural practices such as RIL can deliver some mitigation benefits.
RIL still depletes forest carbon stocks compared to their primary state due to direct emissions,
indirect damage, fragmentation, changed micro-climate, and rotation lengths that do not allow
a positive net carbon balance between losses and gains. Any form of commercial logging
reduces the carbon stock of primary tropical forests and hence contributes net emissions to the
atmosphere principally because the larger trees are removed, and the remaining stands of
smaller younger trees do not hold as much carbon as older ones. Furthermore, any mitigation
benefits from applying RIL should be weighed against the benefits to be gained from ceasing
commercial logging and allowing proforestation.

If the potential mitigation benefits of primary forest protection and proforestation are to be
realised to any significant degree then supportive policies are needed, including in the rules
and guidelines for the implementation of the Paris Agreement, so that countries have greater
incentive to include these strategies in their nationally determined contributions. Changes
required in the guidelines include, first, changes to the definitions of forests and what
constitutes deforestation and degradation, so that the qualities of stability and longevity of
the carbon stocks in primary forests are recognised and differentiated from the much lower
carbon stocks in production forests and plantations.

Second, changes are needed in the systems of greenhouse gas accounting so that net
accounting within the land sector, and across other sectors, cannot be used to mask the benefits
arising from these mitigation actions: avoided emissions from protected forest should be added
to not subtracted from the sequestered atmospheric withdrawals through proforestation (Ajani
et al. 2013). Third, default values in carbon accounting guidance need to be revised to include
values that are more characteristic of the range in carbon stocks found in forest biomes and
ecosystem types, as well as values for carbon stock depletions that reflect logging intensity as
well as the proportion of standing biomass.

At a landscape scale, the spatial configuration of forest-based mitigation interventions can
produce synergies and co-benefits. Proforestation, reforestation and restoration can be used to
buffer the boundaries of extensive areas of primary forests from land use pressures and other
threats such as fire, as well as connecting remnant primary forest patches and aggregating them
into more stable and resilient blocks. From this perspective, landscape conservation planning
(Baldwin et al. 2018), with appropriately set objectives, can serve as a complementary strategy
for improving mitigation outcomes.

779Mitigation and Adaptation Strategies for Global Change (2020) 25:763–787



In summary, there is a substantive portfolio of forest-based mitigation actions available to
policy and decision-makers, depending on national circumstances, in addition to SFM and
plantation focused approaches, that can be grouped into four main strategies: (i) protection; (ii)
proforestation, reforestation and restoration; (iii) reform of guidelines, accounting rules and
default values; (iv) landscape conservation planning (Table 4).

8 Conclusion

Mitigation pathways that can limit global warming to 1.5 °C above pre-industrial levels require
deep and rapid cuts in emissions from all sources while simultaneously increasing CO2

removal by the land sector, including the contribution from conserving and protecting land
carbon stocks (IPCC 2018). Given this mitigation imperative, strategies that merely aim to
reduce the rate of emissions against historic or projected reference levels are insufficient, even
if better than a business-as-usual approach. Strategies are needed that explicitly avoid emis-
sions where possible as well as enabling ongoing sequestration.

Carbon neutrality—if calculated through accounts that offset current emissions into the
atmosphere with removals—is insufficient to meet the agreed climate goal of stabilising
greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous

Table 4 Key primary forest-orientated mitigation strategies and examples of management actions and other
supportive and capacity building interventions

Strategy Supportive actions and interventions

Protection • Identify areas of primary forest with high biomass stocks
• Legislate and manage for protection
• Governance and enforcement of protection status
• Empower indigenous communities to protect their land
• Industry re-adjustment to source alternative fuel, food and wood

products
• Control weeds, pests and feral animals
• Control livestock grazing

Proforestation, restoration and
reforestation

• Identify areas of secondary native forest to cease harvesting
• Industry re-adjustment to increase wood production from plantations
• Legislate and manage for protection of forest regrowth;
• Control grazing to allow natural regeneration
• Planting under existing trees and with mixed native tree species
• Erosion prevention measures

Reform of guidelines, accounting
rules and default values

• Include all lands in comprehensive accounts, irrespective of degree of
human management

• The reference level for accounting should be the natural carbon
carrying capacity of the ecosystem

• Differentiate the qualities of carbon stocks in terms of their longevity,
stability and capacity for restoration

• Classify the reservoirs for carbon stocks in forests as primary,
production and plantation

• ‘Forest’ defined as a land cover type refers to the actual vegetation
cover at the time of accounting, not the potential vegetation type

• Report gross flows not net flows
Landscape conservation planning • Utilise systematic conservation planning to optimise spatial placement

of forest-based interventions
• Direct reforestation projects to buffer the boundaries of primary forests

and connect and aggregate remnant patches
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anthropogenic interference with the climate system (UN 1992). As the world community now
needs to become ‘carbon negative’, all emissions, including from land use impacts on
ecosystems and bioenergy production, and all removals by forests and other land sinks, must
be accounted for separately to ensure that the emission gap is being closed.
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