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After agriculture, wood harvest is the human activity that has most reduced the
storage of carbon in vegetation and soils"2. Although felled wood releases carbon to
the atmosphere in various steps, the fact that growing trees absorb carbon has led to
different carbon-accounting approaches for wood use, producing widely varying
estimates of carbon costs. Many approaches give the impression of low, zero or even
negative greenhouse gas emissions from wood harvests because, in different ways,
they offset carbon losses from new harvests with carbon sequestration from growth
of broad forest areas**. Attributing this sequestration to new harvests is inappropriate
because this other forest growth would occur regardless of new harvests and typically
results from agricultural abandonment, recovery from previous harvests and climate
changeitself. Nevertheless some papers count gross emissions annually, which assigns
no value to the capacity of newly harvested forests to regrow and approach the carbon

stocks of unharvested forests. Here we present results of anew model that uses time
discounting to estimate the present and future carbon costs of global wood harvests
under different scenarios. We find that forest harvests between 2010 and 2050 will
probably have annualized carbon costs of 3.5-4.2 Gt CO,e yr™, which approach
common estimates of annual emissions from land-use change due to agricultural
expansion. Our study suggests an underappreciated option to address climate change
by reducing these costs.

The greenhouse gas (GHG) effects of forest harvests are accounted for
indifferent contexts: lifecycle calculations of wood products, national
reporting of GHGs by governments and scientific analyses assessing
emissions from land-use change. Although details vary, the most fre-
quentapproaches share the common characteristic that carbon gains
fromregrowth of trees from previous human land management—and
sometimes further growth of unharvested trees—cancel out carbon
losses due to new harvests®*. For example, life cycle analyses of wood
products or wood-based bioenergy commonly treat uses of wood as
‘carbon neutral’ provided that the forests harvested are managed
‘sustainably’®*. Carbon neutral means that they do not count the carbon
that was present in vegetation (biogenic carbon) and emitted in vari-
ous stages to the air as aresult of harvest, such as from decomposing
roots and slash and burning either for fuel, as waste or at end of use.
Although sustainable is often not defined, a typical view endorsed in
several lifecycle standards™ is that forest harvest is sustainable and
carbon neutral provided that harvests maintain carbon stocks by not
exceeding the annual growth of the ‘forest’ (sometimes defined as a
whole country). Some such studies also count the storage of even a
small portion of this carbon in long-lived wood products as a carbon
gain®. Some studies even attribute to wood harvestand use the average
carbon stock in the forest stands providing the wood®. According to
these last two variations, harvesting wood is not merely carbon neutral
but adds to carbon storage and benefits the climate.

At the national level, countries report the effects of forestry using
netting approaches that can create a similar impression of carbon
neutrality. Because of the difficulty involved in separating the effects
of human management from natural changesin forests, guidelines of
the Intergovernmental Panel on Climate Change allow countries to

report all changes in forest carbon stocks from ‘managed’ forests
as emissions or removals of carbon from the atmosphere®*. At 3 bil-
lion hectares, managed forests represent three-quarters of the
world’s forests and in many countries nearly all*. These rules allow
countries to ‘take credit’ for the regrowth of forests after agricul-
tural abandonment or previous harvests (even harvests before
international climate agreements that established 1990 as a base
year)’. This approach also allows countries to claim credit from the
large acceleration of growth in their forests due to CO, fertilization
effects, warmer weather and nitrogen deposition®. The harvest of
wood according to this approach should reduce the nationally
reported carbon sink but, because the effects of the harvest are not
reported separately, these reports can give the impression that har-
vests in countries with net increases in forest carbon stocks have no
emissions.

Unlike these national reports, scientific papers estimating emissions
from land-use change attempt to factor out these effects of climate
change on the forest carbon balance as the ‘residual land carbon sink’
but can still create a similar impression. That is because many papers
report only the net effects of new wood harvests and regrowth from
previous harvests and therefore do not identify the effects of new wood
harvests alone’™.,

Each of these forms of accounting has strong regional implications.
Most forests in temperate countries are recovering*®'> from vast har-
vesting or agricultural clearingin the past, aided by areduced need to
feed horses and other draught animals and outsourcing of farmland to
thetropics**¢. By contrast, tropical countries overall have expanding
farmland and increasing forest harvests'". Netting therefore can create
theimpression thatwood harvestsin temperate, developed countries
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have zero or even beneficial climate consequences whereas harvests
in developing, tropical countries are costly®'s",

These forms of accounting do not accurately capture the effects
of new forest harvests for the basic reason that the forest growth
and regrowth used to offset the effects of new harvests would hap-
pen anyway®’. As hundreds of scientists in letters and many scientific
bodies have written, any growth or regrowth of forests that would
occur anyway cannot logically alter the climate consequences of new
harvests™*,

Ontheother hand, some papers do report gross emissions fromwood
harvests®?, often in papers about the tropics® . Although gross emis-
sions matter too, they do not seem an adequate measure of the climate
costs of harvests because they fail to account for potential regrowth
after harvests. At some point, regrowing forests after harvest will prob-
ably start to recoup the lost carbon by growing faster than the same
forests if left unharvested, even though they will rarely fully catch up.

Theselossesinthe near- or medium-term—in additionto long-term
losses—undermine the goals of the Paris Agreement and contradict the
justifiable commitments many governments have made to achieve
carbon neutrality by 2050 to avoid dangerous climate change®. Reflect-
ingtheimportance of near-termemissions reductions, Europeanand
US governments have required that the climate effects of either direct
or indirect land-use change due to bioenergy be judged over 20 or
30 years™®. It makes sense to also place higher value on near-term
emissions and mitigation when evaluating the effects of forest
harvests.

Accounting for time in estimation of GHG costs

Here we use time discounting to estimate the value of carbon losses due
to past and probable future forest harvests from 2010 to 2050 under
different supply-and-demand scenarios. We use a new global forest
carbonmodel, the carbon harvest model (CHARM), which buildsona
long-established approach® of counting the effect of wood harvests on
changesinatmospheric carbon over time as carbon shifts among differ-
entstorage ‘pools’. Poolsinclude live vegetation, roots, slash, different
wood products and landfills. The effect on atmospheric carbonis the
difference between carbon stored in all pools due to the harvest and
the carbon that forests would store if left unharvested and continued
to grow. In any given year, emissions to and removals from the air are
the changes in this quantity from the previous year.

Tovalue the cost of atonne of emissions, equivalentin absolute value
toatonne of mitigation, our principal approach follows the methodin
ref.33 and applies a discountrate of 4% to emissions and removals over
time thatresult from each year’'swood harvest. For example, under this
approach atonne of carbon emitted in year 1 has a4% higher absolute
value than a tonne of carbon emitted or removed in year 2. In effect,
this method translates the value of a flow of emissions and remov-
als in future years resulting from a wood harvest into ‘harvest-year
equivalent emissions’. If the discount rate is zero, the method esti-
mates the absolute change in emissions in any given year after
harvest.

For life cycle analyses of wood products, some previous stand analy-
ses have accounted for time by calculating at a specific future date—
such as 100 years—the cumulative radiative forcing resulting from a
harvest, incorporating atmospheric decay rates of GHGs>'>*, For biofu-
els,some papers haveinturnapplied adiscount rate to these changesin
radiative forcing as a proxy for climate damages**?. Although informa-
tive, we believe these approaches disregard animportantinsightinthe
literature regarding the social cost of carbon (SCC), which estimates
the changing real economic cost of emissions over time. Although
similarly accounting for GHG decay rates, the SCC depends also on the
costs of mitigation in the year of the emission. As a result, for exam-
ple, assumptions that mitigation costs will decline over time due to
new technology can lead to a declining SCC*®. The intuitive reason is

thatifany product, suchas a cell phone, has declining costs over time
butis also needed now, one unit of that product (for example, the cell
phone) ismore valuable now thaninthe future. The value of a supply of
goods over time—for example, mitigation—mustalso be discounted to
reflect the time value of money. For both reasons the cost of atonne of
emissions, and correlatively the value of a tonne of mitigation, should
vary with time.

Because different researchers estimate alternatively rising and
declining changesinthe SCC over time, our discount rate of 4%is con-
sistent with amiddle-ground estimate of aconstant SCC and a4% real
rate of return on capital. A discounted cost of carbon can be thought
ofasthe ‘rental cost’of carbon. It also represents theinterest one com-
pany would have to pay on funds used to buy offsets for its emissions
until it paid back those emissions through subsequent mitigation.
As discussed in ref. 33, this 4% rate provides a rigorous approach to
time that reasonably matches real policies that value emissions from
land-use change for biofuels. Our main results discount over 40 years,
but we also discount over 100 years and vary discount rates from
0to 6%.

Growing wood demand

We start by projecting future wood consumption by country of four,
broad categories of wood products: long-lived products (LLP), which
are sawn wood and wood panels and other industrial roundwood;
short-lived products (SLP), which are paper and paperboard products;
very-short-lived products-wood fuel (VSLP-WFL), whichiswood har-
vested deliberately for energy; and very-short-lived products-indus-
trial (VSLP-IND), which is the waste from the manufacture of other
wood products that is burned for energy. Our fixed-effects model
estimates this consumption based on historical relationships among
consumption of the major categories of wood products and popula-
tion, country, gross domestic product (GDP) and time (as a proxy for
technology change). The model, which assumes causality, obtains
reasonable but imperfect fits and should be seen as one reasonable
benchmark of future wood demand.

On a global basis the model projects that wood harvests will
increase by 54% between 2010 and 2050, from 3.7 billion m*in 2010
to 5.7 billion m?in 2050—a 69% increase in LLP, 128% increase in SLP,
22% increase in VSLP-WFL and 91% increase in VSLP-IND (Fig. 1). Our
projected growth rates lie within the range of other studies, although
they mostly provide shorter-term projections. We consider wood fuel
projections the most uncertain because countries have shifted away
from traditional bioenergy at differentincome levels.

Because some wood products use ‘wastes’ of other wood products,
we trace these consumed products back to required wood harvest
levels. Figure 2 shows our estimate of annual global flows of wood from
harvest to ultimate use for 2010.

Carbon costs and land use

We next estimate the annualized carbon costs of global wood har-
vests from 2010 to 2050 under seven scenarios of future wood
supply and demand (Table 1), discounting emissions and remov-
als at 4% for 40 years after each wood harvest. We estimate costs at
3.5-4.2 Gt CO,e yr™ (Fig. 3).

In general, existing levels of wood demand account for 78% of car-
bon costs between 2010 and 2050, with rising wood demand account-
ing for the remainder. Wood harvests at 2010 levels have costs of
3.2Gt CO,e yrtinScenariol. Onaverage, industrial wood and wood fuel
eachaccount forroughly half of carbon costs (Extended DataFig.1). The
scenarios with lowest carbon costs have 50% lower wood fuel demand
or 25% higher growth rates than existing plantations.

We also calculate a ‘substitution value’ based on estimated reduc-
tions in ‘production emissions’—for example, fossil fuel emissions
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Fig.1|Historicaland projected increases in globalwood product
production (million m? between1961and 2050. This figure shows a
projected 54% increase in global wood harvest from 2010 to 2050 based ona
country fixed-effects model and illustrates separate growth in four separate
categories of wood product. The model uses past relationships between
consumption of each of those categories of wood and population, GDP per
capitaand time variables. The model applies the same relationship of wood
consumption to each country’sestimated future population and per capita
income growth, but starts with each country’sinitial consumption of each
category of wood productinrecognition that countries have developed
different reliance onwood insignificant part because of different national

when using wood in place of concrete and steel in construction or for
traditional bioenergy. Substitution does not reduce emissions from
wood harvest. However, just as a small car can emit less than a large
car, substitution here means that the production emissions of wood
canbeless thansubstitute products. Despite variability in building and
design and uncertainty in magnitude®, we use a mid-range substitu-
tion value from a comparative study*° for this substitution value for
concrete and steel.

Under our assumptions, global substitution savings range from
0.8 to 0.9 Gt CO,e yr’. Because this estimate ignores changes in
forest carbon storage, it does not necessarily mean that wood use
causes fewer emissions overall than concrete and steel or propane
gas for cooking. If steel and concrete succeed in reducing their
emissions over time, these substitution values could decline or
disappear.

Wealso estimate that 756855 million hectares (Mha) of land would
be harvested in the different scenarios using ‘clear-cut equivalents’,
the area required if all wood were harvested by clear-cut (Extended
Data Fig. 2). We use this measure because area and harvest levels of
selectively harvested lands are mostly unknown. (Repeated harvests of
ahectare of plantation count asone.) Relative to scenario 1, increasing
plantation growth rates by 25% would reduce harvest area by 60 Mha
and our linearly phased-in 50% cut in wood fuel would decrease harvest
areaby 70 Mha.

Robustness of results

Despite many uncertainties, sensitivity analyses of a range of model
parameters support the robustness of our basic finding that forest
harvests cause around 3-5 Gt CO,e yrwhenfocused on decadal effects
(Extended DataFig. 3).
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endowments. Relationships are estimated after separation of countries
intodeveloped and developing countries, to avoid overestimation of future
wood consumption in high-income countries. LLP includes sawn wood, wood
panelsand otherindustrial roundwood; SLP refers to paper and paperboard
products; VSLP-IND refers to wastes of other wood product manufactured
thatareburned forenergy; and VSLP-WFL refers towood harvested to burn
forenergy. We consider VSLP-WFL projections the most uncertain because
countries have shifted from traditional wood fuel to other energy sources at
differentincome levels. Supplementary Information provides statistics on
modelfits.

Overall, results are probably conservative because they omit effects
of harvests on soil carbon due to uncertain rates of loss and recovery.
Nevertheless one meta-analysis found an average soil carbon loss after
harvest of 11% within upper soil layers and evidence of more below*,
and another found substantial losses when converting natural forests
to plantations*. A worrisome study using advanced measurement
techniques found large annual soil carbon losses in logged tropi-
cal forests in Borneo for many years after harvest (4.2 tC ha™ yr™)®,
We also ignore indirect effects of forestry such as those triggered by
road building, whichhave been estimated in the tropics at several times
the direct effects*.

Equally transparent disclosures of input data and sources by sub-
sequent researchers should lead to improved estimates over time.
Estimates of biophysical, non-GHG effects of forest harvests could
also change warming estimates although uncertainties continue to
inhibit reliable estimates, particularly competing estimates of forest
effects on cloud formation*>#¢,

Insensitivity to discount rate

The use of small or large discount rates or extension of forest payback
periodsto100 years has surprisingly modest effects. Thisisillustrated
by the changed costs of secondary harvestsinscenario 1relative to our
4%/40-year central approach (Extended Data Fig. 4 and Extended Data
Table 1). The 100-year payback at 4% reduces carbon cost by only 3%.
Varying the discount rate from2to 6% even for 100 years varies costs by
only-12%to +1%; even 0% discounting for 40 yearsreduces costs by only
11%. Large differences result only from 0% discounting over 100 years,
which reduces annual carbon costs by 40%. These effects are modest
because net emissions fromwood harvest are spread somewhat evenly
over early decades when discount rates matter most, and even asmall
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Fig.2|Flowchart 0f2010 global roundwood (million m®), tracingthe
relationship between consumption of different wood products and wood
harvests. Wereconstruct the relationships between wood harvests and
consumption of different wood products based on data from the UN Food and
Agriculture Organization (FAO). The authors’ estimates fromall sources are
discussed in Methods and Supplementary Information. The flowchart illustrates
thedistribution of roundwood harvestsinto different wood products on aglobal
basisin2010. The numbers under wood products are volumes in cubic metres
roundwood equivalents with the same density of raw wood harvests (0.48 tonnes
dry matter m™) for consistent interpretation. Once harvested, roundwood is
eitherdirectly used as wood fuel (52%) or transported to the processing facilities
asindustrial roundwood (48%). Sawlogs are cut into sawn wood, while veneer

discountrate sufficiently reduces the present discount value (PDV) of
any net regrowth after 40 years that a higher rate makes little differ-
ence. Because our results change little even with a small discount rate

Table 1| Future wood supply scenarios analysed

Scenario Assumptions

(1) Secondary Wood first comes from existing plantations as of 2010;

forest harvest and all other wood comes from middle-aged secondary

regrowth forest; secondary forests regrow after harvest

(2) Secondary Wood first comes from existing plantation levels as of

forest harvest and 2010; other wood initially comes from middle-aged

conversion secondary forests, which are converted to productive
plantations that also provide wood in subsequent years

(3) Secondary forest Same as scenario 1 except that half of secondary forests

mixed harvest harvested are mature (40years older than middle-aged)
forests

(4) New tropical Same as scenario 1 except that 2Mha of tropical

plantations agricultural lands are converted each year to plantations

between 2010 and 2050; the non-harvest counterfactual
assumes that land would regrow secondary forests

(5) High plantation ~ Same as scenario 1 except that existing plantations

productivity increase in productivity by 25%

(6) Higher harvest Same as scenario 1 except that tropical wood harvests

efficiency of secondary forests increase in efficiency (reducing
unharvested, felled wood) based on the estimated
high-efficiency scenario in ref. 28

(7) Reduced wood Same as scenario 1except that wood fuel consumption

fuel demand decreases in a linear pattern from 2010 to 2050 to reach

50% of 2050 baseline projections

Poles, piling, posts,
fencing, pit props,
shingles, shakes
120

Other pulp
34 (5%)

logs aresliced into veneers and transformed into plywood. Pulpwood s
processed intowood pulp and contributes to 40% of paper production, while
theremaining 60% is sourced fromrecovered paper and other pulp. The
remainingindustrial roundwood is utilized asawide range of wood products
such as poles and piling. These processes generate wood chips, particles,
residues, and wood fibre asintermediate products. These intermediates are
further processed to produce wood-based panels, including particleboard,
oriented strand board (OSB), and fibreboard, which are used directly in
construction and furniture. Alongside, production of different wood products
generates wastes thatareburned for energy. The CHARM model applies similar
relationships to future wood demand for wood products to estimate national
wood harvestlevelsinfuture years.

over 100 years, they are robust if society has even a small preference
for short-term over long-term mitigation.

Meaning of economic effects

The counterfactual in our analysis is that forests not harvested would
otherwise evolve independently of direct human activity: trees grow-
ing, dying, decaying simultaneously.

Some papers use economic models to attempt to construct a coun-
terfactual that factorsin the effects of wood demand on forest area or
management?. Credible estimates of this type require large numbers of
different types of supply-and-demand curves, which probably vary by
country and almost none of which have been estimated econometrically
using proper instruments. Global forest models also do not attempt to
estimate how conversions of agricultural land to forests to meet wood
demandsin onelocation affect compensatory expansion of agricultural
land elsewhere.

To some extent, however, our analysis is agnostic to these effects
because our scenarios provide boundaries for possible future responses
to economic forces. For example, scenario 2, which involves conver-
sion of all harvested secondary forests to productive plantations, esti-
mates the effect of extreme potential intensification. Scenario 4, which
involves more tropical plantations, provides an ambitious example of
increased forest plantings. No scenario reduces carbon costs below
3.5GtCOeyr™.

Regardless, evenifreliable, estimates of other counterfactual alterna-
tives due to economic forces would not alter estimates of the absolute
carbon costs of wood harvests; rather, at best they compare harvest
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Fig. 3| Estimated annual average carbon costs (Gt CO,e yr™) of future
global wood harvests between2010 and 2050. Estimates of the average,
annual, time-discounted carbon costs of global wood harvests under different
scenarios of future wood supply. All scenarios (described in Table 1) assume
the same future consumption exceptscenario 7, which cuts wood fuel usein
halfin2050 from projected levels. Estimates of 3.6-4.2 Gt CO,e yr 'apply a

4% discountrate to changesin carbon storage for 40 years after each year’s
wood harvest. These account for forest regrowth and other changesin carbon
storage pools over timebut discount the value of those changes back to the
year of harvest. They therefore represent harvest-year equivalent emissions—
thatis, the value of net changesin carbon each yearifall occurred in the year of

emissions with those from alternative human activities. For example,
ifamodel claimed that without wood harvests more forests would be
converted to crops, the analysis would compare carbon effects of one
human activity, harvesting forests, with an alternative, more-emitting
human activity, producing crops. Just as small cars still emit carbon
evenif less so than large cars, forest harvests would still emit carbon
relative to no human activity evenifless than cropping. Credible eco-
nomic estimates of this comparison could have policy value, but under-
standing the absolute emissions from each activity, including forest
harvests, would remain valuable. Among other reasons, by using this
hypothetical, absolute estimates would indicate the carbon savings of
reducing harvests with policies to block cropland expansion, a separate
human activity.

A potential mitigation option

Our estimates do notimply flawed estimates of increased atmospheric
carbon but instead mean that ongoing, and probably increased, har-
vests of wood have major, although often ignored, carbon costs that
should be attributed to human activity. Our estimated costs of 3.5-
4.2 Gt CO,e yr'using 4% discounting are similar to common estimates
for annual emissions from land-use change due to agricultural expan-
sion of 3-4 Gt CO,e yr™* (refs. 10,48).

These findings are, in a sense, good news because they imply that
if people could reduce forest harvests, forest growth could do more
to reduce atmospheric carbon, a potential mitigation ‘wedge’ that is
rarely identified in climate strategies. As with other mitigation efforts,
reductions have value only to the extent they do not shift emissions to
another source. Over time, if more forests were able to mature this net
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harvest (Extended Data Fig. 4 shows modest effects of varying discount rates
from2to 6% or discounting over 100 years). Dark green regions represent
emissions at 2010 wood supply levels, with light green representing emissions
tomeet ‘additional business as usual (BAU) demand’. Blue represents
estimated ‘substitution benefits’, which are estimated reductions in fossil fuel
and other production emissions when using wood to replace concrete and steel
inconstruction oraswood fuel toreplace propane gas. Substitution benefits
do not mean that wood use has climate benefits overall because they do not
account for lost carbon storage—thatis, biogenic emissions. Just asasmall car
stillreleases emissions evenifless sothanalarge car, substitution benefits do
notalter absolute emissions from wood harvest. Source: CHARM.

sink would decline but these efforts would help ‘buy time’ for more
climate mitigation activities to become viable.
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Methods

CHARM basic structure

CHARM is a biophysical model developed for this paper and related
work, which estimates the GHG consequences and landuse require-
ments to meet wood consumption levels. The principal version of the
model runs in Python using input files from Excel. CHARM has com-
ponents that include both stand level and global analysis (Extended
DataFig.5).

Unlike other commonly used carbon ‘book-keeping’ models, which
typically start with totalwood harvest levels and therefore can be used
only retroactively, CHARM uses estimates of four major wood prod-
uct categories of consumption by country to estimate harvest levels.
These wood product categories are: LLPs, which are essentially wood
for construction and furniture; SLPs, which are paper and paperboard
products; and VSLPs, comprising wood used immediately for bioenergy
(VSLP-WFL); and very-short-lived products-industrial (VSLP-IND),
which are wood wastes from the generation of other wood products
thatare burned for energy.

The modelstarts with existing wood sources and demands as of the
year 2010. Demands for different wood products are aggregated into
totalwood demands by country. When estimating future production,
the model assumes that existing global trade patterns remain the same.
For example, if timber-importing countries increase their demand,
the model assumes that imports will grow proportionately and that
exporting countries will proportionately increase their exports to
meet this increasing demand.

The model separates wood supplied by existing plantation forests
and that supplied by secondary forests, each based on their harvest
efficiencies and growth rates. Plantation forests are those we know are
dedicated to wood production. Secondary forests, by definition, are
foreststhat have been harvested and, given our rules on forest age for
harvesting, are therefore more probably those involved in wood pro-
duction. At the national and global level, the model uses information
abouteach country’s forests and assumes that wood demand will first
be met by plantations to the extent available in 2010 and that second-
ary forests will be harvested for the remainder. The model tracks the
carbon consequences of harvesting these forests under allocation and
regrowth management rules specified by the scenario.

Land requirements are defined as the area of plantation and of
secondary forests harvested over a given period of focus, which is
between 2010 and 2050 in this paper. The present version of the model
uses an optimistic assumption that all forests harvested will be from
secondary rather than from primary forests, which are typically more
carbon-dense.

To estimate land-use requirements, the model assumes that all har-
vesting is achieved through at least small clear-cuts. (The model also
allows for thinning of forests, but that is done on the same lands as
those ultimately harvested and therefore does notincrease harvest area
counted.) The clear-cut assumption increases wood harvest per hec-
tare and therefore reduces the area affected by harvest. In the tropics,
although most non-plantation forest harvests occur selectively, there
are problems of definition between selective harvests and miniature
clear-cuts, aswell as uncertainties about the quantities of wood removed
by different logging techniques. These uncertainties make it challenging
to provide a precise estimate of area affected. The area of land use cal-
culated by CHARM should therefore be viewed as hectares of clear-cut
equivalent (thatis, the hectares that must be harvested assuming all hec-
tares affected are clear-cut). However, estimated harvest efficiencies—
that is, calculations of waste—are regionally based and therefore
incorporate estimated losses from selective harvest where that is the
predominantmethod, asinthetropics. The estimates are therefore clear-
cut equivalents assuming harvest efficiencies at present levels.

These ratios between consumption and harvests by product category
arethen multiplied by the quantity of projected consumption for each

year between 2010 and 2050 in each country, for each wood product
category, to estimate harvest levels by country (factoring in trade).
Conversely, the model allocates wood harvests within a country to
different wood products based on estimates of their different product
consumption levels.

Because of the questionable data quality of countries producing
small quantities of wood, our global analysis estimated wood harvest
inthose 30 countries that produce 80% of the world’s wood and then
divided that volume by 80% to generate a global estimate.

Carbon costs and storage pools

To estimate GHG effects, CHARM globally applies an approach estab-
lished for stand level analysis in the 1990s** by tracking the flow of
carbonbetween different carbon pools over time due to harvests. Any
reductionin carbonstoredinthe aggregate of all pools fromone year to
the next means an emission by that quantity of that carbon to the atmos-
phere whereas any increase means a removal. The pools include live
wood (including forest regrowth after harvest), forest residues, roots,
wood inthedifferent product categories and wood in landfills. For each
hectare of forestin eachyear, the carbon cost is the difference between
(1) theamount they would store without future harvests (non-harvest
scenario) and (2) the quantity of carbonthat forests and wood products
would hold with future harvesting and planting (harvest scenario).
A positive value means emissions and a negative value means carbon
removal. This calculation therefore factors in both ongoing forest
growthinaharvestif not harvested and forest regrowth after harvest.

The model assumes that harvested forests will be allowed to regrow.
Evenso, the model candifferentiate between regrowth asasecondary
forest or as a plantation. We note that an economic or behavioural
model might seek to estimate the changed probability of growth or
regrowthand could be valuableifreliable. However, inaddition to the
challenges of making these estimates (and their off-site consequences
aswell), thisapproach assumes that, if regrowthis stopped by another
human activity, the emissions in the form of foregone sequestration
should be assigned to that other activity and not to the harvest.

For thelive vegetation pool, because clear-cuts are assumed, the pool
iseliminatedinthefirst year of harvest. However, this pool regrows over
time according to growth rates specified for that forest type in each
country. Thelive vegetation pool consists of above- and below-ground
biomass pools. Below-ground biomass is estimated using a widely used
power function for relating root to shoot biomass***°. The model fac-
torsin dead wood remaininginthe forest as aresult ofaharvest bothin
slashandroots, butitdoesnot factorin changesinother downed dead
wood. Forests typically have alayer of downed, dead wood not caused
by harvest but due to dead trees and fallen branches. Although this pool
may change over time, data are lacking—particularly across multiple
forest types—ofthe changesinthis forest poolasaresult of harvest.In
otherwords, theliterature does not document whether forest harvests
tend to expedite removal or degradation of already downed dead wood
and, if so, how rapidly any such pool of carbon recovers with regrowth.
(Estimates of dead wood stocks inthe forest do not typically distinguish
between those caused by a harvest, which CHARM does estimate, and
those not caused by a harvest.) CHARM therefore assumes that this
source of downed, dead wood is unaffected by harvest, is the same in
both harvest and non-harvest scenarios and therefore does not need
to be counted to determine the effects of wood harvest.

The model assumes that all VSLPs are burned and counted as an
immediate emission, all SLPs are burned after use and that LLPs go
to landfills as they decay. Meanwhile, the landfill pool can be inter-
preted as temporary storage because the carbon in wood products is
notimmediately released into the atmosphere. However, some percent-
age of the carbon emitted from the landfill is converted to methane,
which has a much higher global warming potential and is counted as
carbon dioxide equivalents based on its global warming potential over
100 years.



Extended DataFig. 6 shows the changes in carbon storage for loblolly
pine plantations in the Southeastern United States. In the first year of
harvestthereisanetincreaseincarbonemissions (represented by the
vertical difference betweenthe dotted green line and solid black line).
In the second year there are further emissions as some of the felled
wood decays orisburned, which can be seen by an expanding distance
between the two lines. In the later years of each harvest cycle, due to
morerapid forest regrowth the black and dotted greenlines converge,
representing net removals of carbon from the air.

Wood consumption, harvesting and trade data

Model development needed extensive effort to estimate the quanti-
ties of wood harvests required to meet each unit of wood production
consumption by wood product category in a manner consistent with
FAO consumption, production and trade data. Estimation of relation-
ships between productionand consumption data presents challenges
because FAOSTAT gathers and reports wood product consumption and
harvestsin different types of units (such as weight versus volume andin
products that have different, although unstated, water contents and
therefore shares of dry matter). FAOSTAT also reports intermediate
wood products between harvests and final consumption, the produc-
tion of which generates significant wastes, some of which are then used
for other products whereas others are typically burned. We used infor-
mation fromavariety of sources including unit conversion estimates,
FAOSTAT estimates of standard waste levels in pulpwood production
and estimates of sawn wood wastes implied by production data and
which therefore varied by country. Trade data were also of inconsist-
ent quality and, for some countries, implied physically impossible or
highly unlikely consumption:production ratios. We developed rules to
address datainconsistencies and data quality. The estimation methods
used are described in further detail in the Supplementary Information.

Biophysical model inputs

Themodel uses a variety of biophysical inputs. One is secondary forest
growthrate over time, which has consequences both for the forest if not
harvested and for regrowth after harvest. There are many uncertainties
about growthrates, and changesin growth rates over time, over large
forest areas. Even different forest typesin the same compact areacan
have highly varying growth rates and patterns®, and efforts to identify
even dominant forest types spatially tend to have high error rates®. Our
global model derives growth rates for secondary forests from Harris
etal.”, which uses a variety of sources discussed in that paper and its
supplements. We supplemented this information with further data
ontherelationship between young and middle-aged secondary forest
growthrates®. Similar to default guidance from the Intergovernmental
Panel on Climate Change for national GHG reporting, Harris et al.”
estimate growth rates in broad time bands, one forest growth rate
for younger forests of less than 20 years and another for more than
20 years. Because changes in time matter more to our model thanto the
estimatesinthat paper, we used these time bands to derive continuous
growth rates using a Monod function found to be a reasonable proxy
for forest growth rates in general®>**.

For plantations we first applied the growth rates from Harris et al.”
to the countries available in the Spatial Database of Planted Trees
(SDPT v.1.0) and then supplemented the boreal and some EU countries,
such as Canadaand Russia, with average secondary forest growthrates.
We also compiled datafromavariety of literature and national reports
forimportant timber producers such as Brazil, China, Indonesia and
the United States, which are described in Supplementary Information.

Other inputs to the model for each forest type include root:shoot
ratios, the portion of above-ground biomass left behind after harvest
(slash rates), the proportion of above-ground biomass removed dur-
ing thinnings and the rotation period. The proportion of carbon in
harvested wood allocated to each product pool derives from the esti-
mated consumption share of that productin that country. The model

alsorequires decay rates for each carbon pool and inputs for allocation
of that carbon to different subsequent pools (for example, landfills).

All input values and their sources, and further details regarding
the Monod functions, are described in Supplementary Information
Section 3.Supplementary Table 5 provides weighted average national
forest growth parameters in the 30 countries used for this analysis.
Supplementary Table 6 supplies the plantation rotation periods used
andinformationsources. Supplementary Table 7 gives secondary and
plantation slash rates by country. Supplementary Table 8 describes the
half-lives used for the ‘decay’ of carbon in different carbon pools. The
uncertainties of secondary forest growth rates and root:shoot ratio
are discussed in Supplementary Information Section 5.

Production emissions and substitution values

The generation of wood products also releases fossil emissions and
potentially trace gases in planting, harvesting and the production
process. Because there are numerous data uncertainties on a global
basis about how much fossil energy is used in harvesting wood and
producing wood products, CHARM does not at this time incorporate
these emissions.

Although comparisons between emissions from the use of wood
products and alternative non-wood products do not reduce the abso-
lute emissions from use of wood products, there is keen interest in
whether wood use has lower emissions than alternatives. A full calcu-
lation of this requires calculation of the effects on biogenic carbon as
well as production emissions. Even so, and because CHARM separately
calculates biogenic emissions, CHARM is now programmed to esti-
mate potential ‘substitution’ savings in production emissions when
using wood to replace concrete and steel in construction. Estimates
vary substantially owing to the different quantities of each material
required for different buildings and different construction methods.
Our calculation uses a central value from areview of other studies*° of
1.2 tonnes carbon saved from production processes for each1tonne of
carboninwood used in construction that substitutes for concrete and
steel. The benefit also depends on the share of harvested wood used
in construction. As described in the Supplementary Information, we
used estimates by country from Zhang et al.*.

CHARM also estimates substitution benefits from the use of tradi-
tional firewood and charcoal in place of fossil fuels. Assuming that
the alternative would be the use of propane gas, we use a substitution
factor of 0.175 tonnes of carbon saved from avoided fossil fuel use for
each 1tonne of carbon from wood. This is based on estimates of rela-
tive energy output, charcoal and firewood production efficiencies and
stove output and use efficiencies provided by the lead author of ref. 31.

Factoring time into carbon calculations

Inaddition to estimation of physical changes in emissions and removals
of GHGs to the atmosphere over time due to each year’s wood harvests,
the model estimates the value of these changes in the year of harvest
using different discount rates. When the model uses a zero discount
rate it estimates the physical change in atmospheric carbon after the
period analysed, which can be 40 or 100 years after each harvest. In
effect, a zero discount rate assumes that the change in atmospheric
carbon at the end of the period is of equal value to this same change
in carbonifit occurred in the year of harvest.

Discounting assigns a higher value to earlier emissions reductions.
The model expresses carbon emissions as a value but based on an
equivalency to emissions that occur only in the year of harvest—that
is, harvest-year equivalent emissions. This form of valuation establishes
arelationship between the value of emissions or mitigationin different
years but does not need to specify an absolute dollar value for each
tonne of carbon, which could be separately debated and determined.

The choice of adiscount rateis a policy decision, which canrepresent
two benefits of earlier mitigation. One benefit is to recognize the value
of immediate reductions to avoid both intermediate and permanent
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damages fromrising temperature (for example, the effects ofice sheet
melting or biodiversity loss) and to postpone the date of crossing a
variety of climate thresholds. Earlier mitigation in effect holds down
damages immediately and increases the time in which people can
improve technology and organize the political will and resources to
combat climate change before crossing thresholds.

The other benefit of earlier mitigation results from the time value of
money. Applying a4% discount rate in effect assigns a4% rental charge
eachyeartoadditional carbonin the atmosphere. Thatequals the price
of borrowing money at acommonly estimated long-term cost of capital
to pay another person to mitigate emissions to compensate. As dis-
cussed in ref. 33 in the context of land-use conversion, this discount
rate also generates results consistent with the amortization period
used for land conversion in US bioenergy policy.

The value discountedin eachyear after each harvestback to the year
of harvest is the change in atmospheric carbon that year—that is, the
difference between emission (or removal) in that year and thatin previ-
ous year. This formula in the year of harvest & (for example, 2010) is:

N AC,,
PDV, = change,t (l)
g zo 1+a)

where tisthe number of years since harvestinyear h, dis the discount
rate (4%), N is the number of years for growth since harvest in the
scenario (for example, 40 or 100 years) and C ., is the change in
emissions (or removals) inthe year t. Extended Data Table 2 shows the
calculation of time discounting of 4% over 40 years for a plantation
conversion scenario shown in Extended Data Fig. 6.

Presentdiscount valueis calculated identically for each subsequent
year of harvest. The cumulative PDV of emissions between 2010 and
2050isthe sumofthese carbon costs over 40 years, and they therefore
donotrepresentthe carbonadded to the atmospherein2050 by forest
harvests between 2010 and 2050. That alternative quantity of carbon
would belarger because it would not factor in the full 40-year regrowth
of forests harvested after 2010. However, this method in effect assigns
adiscounted value for projected forest regrowth regardless of which
year the harvest occurs—for example, evenin the year 2049.

For national and global results we then determine the total dis-
counted carbon costinyear ¢t by multiplying the PDVs of each hectare
by the number of hectares harvested of that same forest type in the year
harvested. This is done separately for both plantations and secondary
forests, producing the formula:

K

PDVtotal = Z PDVsecondary,h X asecondary,h
h=2010
K (2)

+ Z PDVplantation,hXaplantation,h
h=2010

where hrepresents the year of harvest starting from 2010, Krepresents
the number of years of harvests (for example, 40 years) and arepresents
the new areaof one forest type harvestedin year h. The next subsection
describes the calculation of area required for each forest type.

Land area calculation

Duetothe unknown levels and quantities of wood removed from selec-
tive harvests, CHARM calculates the area of land use as hectares of
clear-cutequivalent (thatis, the hectares that must be harvested assum-
ingall hectares affected are clear-cut). This assumptionincreases wood
harvest per hectare relative to selective harvests and therefore reduces
the estimate of area affected by harvest. This method is used because of
inadequate data available for the quantity of wood harvested through
clear-cuts and that through selective harvest. This calculation of land
requirements reflects the quantity of wood generated per hectare at the
estimated efficiencies by country. The quantity of wood requiredis also

based on the ratio of each category of wood production consumption
to harvest levels required to generate that level of consumption—that
is, it factors in wastes. For the period 2010-2050 the model assumes
linear growth in consumption for each product category from 2010
to 2050. Plantation areas are harvested first, and secondary forests
are harvested as needed to supply the remaining quantities of wood.

Projection 0f 2050 wood demand
To project future wood demand, CHARM starts with 2010 consump-
tion levels (calculated as an average of 2006-2014 consumption) by
country for consumption and production of different wood products
and harvest levels, using data from FAOSTAT® after a system of quality
controls (Supplementary Table 1). For each country and year, we first
calculated net exports by subtracting imports from exports. Future
projections assume that, within each country the share of consumption
supplied by netimports will remain the same asinthe base year and that
each country will provide the same share of aggregate global exports.
To estimate future wood product demand by country, we use a
log-transformed fixed-effects model*” and project wood demand for
each country and each product category. The fixed-effects model
applies the same relationship of wood consumptionto each country’s
per capitaincome growth but starts with each country’s initial wood
consumption. We separated countries into developed and developing
to avoid overestimation of future wood consumption in high-income
countries. For wood products consumption—and based on available
data—we selected sawn wood and wood-based panels to represent all
LLP, paper and paperboard to represent SLP and wood fuel to represent
VSLP-WFL. The historical socioeconomic statistics include GDP and
population from the World Bank for 1961-2020°%. We used projected
growth percentages between 2010 and 2050 for GDP per capita and
population based on from average GDP growth prediction fromthree
sources: the Organisation for Economic Co-operation and Develop-
ment (‘middle of the road’)*, the International Institute for Applied
Systems Analysis model SSP2 scenario® and a linear trend line that
we calculated for the period 1991-2010. Predictor (independent) vari-
ables in the fixed-effects model include population, GDP per capita
andtheyear after 2000, which serves as a proxy for technological and
policy changes since 2000, when the internet usage boomstarted and
modified subsequent paper requirements. The fixed-effect model
establishes 12 relationships (‘models’) based on three different types
of wood product, two different trend lines in developed and develop-
ing countries and two different regression formulae, one using our
time variable and one without. All models have high R* full (over 0.88)
and significant P values (over 0.05) and have aresidual standard error
between 0.32 and 0.84 (Supplementary Table 2). We apply the coeffi-
cients (Supplementary Table 3) of predictor variables toindependently
estimated changesin future populations and GDP by country, and use
theresulting estimated consumption levels toforce the model. The Sup-
plementary Information provides statistics for model fits and further
information about the fixed-effects model and application. Extended
Data Table 3 shows the consumption of different wood products by
country in 2010 and as projected for 2050. Supplementary Table 4
shows a comparison of our projections with those of other studies.

Data availability

Most input data for the CHARM model are described in the Supple-
mentary Information. FAOSTAT production and trade data on forestry
products at the national level are available from https://www.fao.org/
faostat/en/#data/FO. Historical GDP and population data at the national
level are available from https://data.worldbank.org/indicator/NY.GDP.
PCAP.CD and https://population.un.org/wpp/Download/Standard/
CSV/. Future socioeconomic scenarios are available from https://tnt-
cat.iiasa.ac.at/SspDb and using data from https://data.worldbank.
org/indicator/NY.GDP.PCAP.CD. Any other dataused in this study are
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contained within input files available with the code for the CHARM
model as described below.

Code availability

Input and output data at the national level for the CHARM model that
support the findings of this study are available along with the model
code (https://github.com/wri/charm-global-level).
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Carbon costs (Gt CO,eyr~')

(1) Secondary
forest harvest
and regrowth

(2) Secondary
forest harvest
and conversion

(3) Secondary
forest mixed
harvest

- Industrial roundwood

Extended DataFig.1|Share ofannual carbon costs for 2010-2050
attributable to industrial roundwood versus wood fuel. Wood fuelis

wood harvested deliberately for energy use. Industrial roundwood is wood
harvested forinitial use for other wood products although wastes of industrial

(4) New tropical (5) Higher (6) Higher (7) Reduced
plantations plantation harvest wood fuel
productivity efficiency demand

B Wood fuel

roundwood are also burned for energy. This figure shows roughly equal
emissions attributable to fuelwood and industrial roundwood except for
Scenario 7, whichreduces future use of fuelwood linearly toward 50% in 2050
relative to projected levels. Source: CHARM.
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Extended DataFig.2|Land areas harvested 2010-2050 (clear-cut
equivalents, million hectares). This figure shows estimates that wood harvests
will need to take place on 761to 855 million hectares over this 40-year period
based onthescenario. It separates harvests required to meet 2010 consumption
levels and those required to meet additional BAU (business as usual) demand.

[ Total secondary forest area

(4) New tropical (5) Higher (6) Higher (7) Reduced
plantations plantation harvest wood fuel
productivity efficiency demand

[ Additional BAU demand
Total secondary forest area converted to plantations

Clear-cutequivalents meantheland areaif forests were harvested by clear-cut
althoughwith the efficiency estimated now for national wood harvests overall,
whichare oftenlower for selective harvest. Any hectares of plantations
harvested more thanonce are counted only once. Source: CHARM.
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Extended DataFig. 3 |Sensitivity analyses of carbon emissionsandlanduse  toshootratio. OECD and IIASA provide different projected changes in GDP
changeinscenariolinresponsetochangesingrowthrates, root-to-shoot per capitabyregionand LINE estimates future growth based on continuation

ratios, per capitaeconomic growth, and trade patterns. GR=growthrates. of pastlinear trend lines. Trade patterns vary the share of global exports
GR1isyounggrowthrate, GR2is middle growth rate; bothare used to provided from tropical forests (including plantations) relative to 2010 levels.
parameterize aMonod function; GR1/GR2 up or downincreases or decreases See Supplementary Information for more description and tabular data. Source:

theratio of early-to mid-age growth by the designated percentage; R/S=root CHARM.



3.5

3.09 3.06
3.04 2.96

Carbon costs (Gt CO,eyr~')

0% 2% 4% 6%

. 40-yr growth for additional BAU demand 100-yr growth for additional BAU demand

. 40-yr growth for 2010 supply level . 100-yr growth for 2010 supply level
Extended DataFig. 4| The effects of discount rate and years of growthon these effects on changes for100 years. Percentage changes are relatively
carbon costs of harvesting secondary forestin Scenario 1. This figure modestexcept forapplyinga 0% discount rate over 100 years. These indicate
includes different carbon cost estimates of harvesting secondary forests not similar valuing of the costs of wood harvest solong as there is evena modest
plantationsin Scenariolvarying discountrates from 0%to 6% and discounting social preference for earlier rather than later mitigation of emissions. Source:
over40 or100years. Red (left) bars show discount effects of eachyear’s CHARM.

harvest on changesin carbon pools for 40 years; Green (right) bars discount
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Extended DataFig. 6 | Changes in carbon pools over 40 years due to
conversion of Southeastern U.S. average secondary forest to loblolly pine.
Thisfigureillustrates the changesin carbon pools estimated by the model for
eachwood harvest usingone forest type asanexample. PDV =present discount
value. Thedotted greenline shows carbon storage without forest harvest. The
difference at 40 years shows the effect on carbon storage 40 years later, which

isequivalent to zero discounting. The PDV value shows the value of changes in
carbon over time that would be equivalent to these changes if they all occurred
attheyear of harvest, based on discounting these changes, i.e., both emissions
totheatmosphere and removals from the atmosphere, by 4% per year. In this
example, the substitution valueis not factored into the PDV. Source: CHARM.
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Extended Data Table 1| Sensitivity analysis - Annual average time-discounted carbon costs (Gt CO,e yr™") of global forestry
at different discount rates over 40 years

(1) Secondary  (2) Secondary (3) Secondary (4) (5) Higher (6) Higher  (7) Reduced
forest harvest  forest and forest mixed New tropical plantation harvest wood fuel
and regrowth conversion harvest plantations productivity efficiency  demand
0% (no discount)
Gross emissions 3.9 3.6 3.9 3.5 3.2 3.7 3.4
NSCemiSSions with 2.9 25 2.9 26 22 27 25
substitution savings
2%
Gross emissions 4.0 3.7 4.1 3.6 3.4 3.8 3.6
Net emissions with 3.1 27 3.1 27 25 29 27

substitution savings
4% (default)
Gross emissions 41 3.7 4.2 3.6 3.5 3.9 3.6

Net emissions with

- h 3.2 2.7 3.2 2.8 2.6 3.0 2.8
substitution savings
6%
Gross emissions 4.1 3.7 4.2 3.6 3.6 4.0 3.6
Mt omissions with 3.2 2.8 3.3 2.8 2.7 3.1 2.8

substitution savings

This table shows modest effects of varying discount rates from 0% to 6% over 40 years. For example, in Scenario 1, the difference is only between 3.9 and 41 Gt CO,e y™.



Extended Data Table 2 | Illustrative example of time discounting calculation (4% for 40 years post-harvest) of one hectare of
Southeastern U.S. secondary forest with conversion to loblolly pine plantation

Hawe§t Non-har\{est Non- Absolute change in Discount \!alue when
Year scenario scenario harvest - emissions (+) or discounted to
(tC ha) (tC ha) harvest removals (-) (tC ha"') percentage year 1 (tC ha)
2010 69.6 89.6 20.0 20.0 100 20.0
2011 63.9 90.1 26.2 6.2 96 6.0
2012 63.2 90.6 27.4 1.2 92 1.1
2013 63.3 91.1 27.7 0.3 89 0.3
2014 64.3 91.5 27.3 -0.5 85 -0.4
2015 65.8 92.0 26.2 -1.1 82 -0.9
2016 67.7 92.4 24.6 -1.5 79 -1.2
2017 70.1 92.8 22.7 -1.9 76 -1.5
2018 72.8 93.2 20.4 -2.3 73 -1.6
2019 75.7 93.6 17.9 -2.5 70 -1.8
2020 78.8 94.0 15.2 -2.7 68 -1.8
2021 74.0 94.4 20.4 5.2 65 3.4
2022 73.2 94.8 21.6 1.2 62 0.7
2023 751 95.2 20.1 -1.5 60 -0.9
2024 77.4 95.5 18.2 -1.9 58 -1.1
2025 79.9 95.9 16.0 -2.2 56 -1.2
2026 82.8 96.3 13.5 -2.5 53 -1.3
2027 85.8 96.6 10.8 -2.7 51 -1.4
2028 89.0 96.9 7.9 -2.9 49 -1.4
2029 92.3 97.3 4.9 -3.0 47 -1.4
2030 95.8 97.6 1.8 -3.1 46 -1.4
2031 99.4 97.9 -1.4 -3.2 44 -1.4
2032 93.1 98.2 5.1 6.6 42 2.8
2033 90.4 98.5 8.1 3.0 41 1.2
2034 91.7 98.8 7.2 -1.0 39 -0.4
2035 77.2 99.1 22.0 14.8 38 5.6
2036 75.3 99.4 241 21 36 0.8
2037 751 99.7 24.7 0.5 35 0.2
2038 75.6 100.0 24.5 -0.2 33 -0.1
2039 76.6 100.3 23.6 -0.8 32 -0.3
2040 78.2 100.6 223 -1.3 31 -0.4
2041 80.2 100.8 20.6 -1.7 30 -0.5
2042 82.5 101.1 18.6 -2.0 29 -0.6
2043 85.1 101.3 16.3 -2.3 27 -0.6
2044 87.9 101.6 13.7 -2.5 26 -0.7
2045 90.9 101.8 11.0 -2.7 25 -0.7
2046 85.9 102.1 16.2 5.2 24 1.3
2047 84.9 102.3 17.4 1.2 23 0.3
2048 86.6 102.6 16.0 -1.5 23 -0.3
2049 88.7 102.8 141 -1.8 22 -0.4
2050 91.0 103.0 12.0 -2.1 21 -0.4
z‘zfg’;:;‘; 12.0 4% PDV 17.3

In this example, wood is assigned to wood products based on existing usage and without substitution effect. The absolute carbon change 40 years after harvest is 12.0 tC ha™ (summing the
“absolute change” column) and the PDV is 17.3 tC ha™ (summing the “value when discounted to year 1”).
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Extended Data Table 3 | Current and projected future wood products production (tonnes dry matter) in the 30 countries
used by CHARM Model

Long-Lived Products Short-Lived products Very Short-Lived Products

Country 2010 2050 2010 2050 2010 2050
Australia 3,348,425 3,026,691 1,202,000 2,350,953 9,443,091 10,322,390
Austria 6,297,818 6,413,641 1,767,103 2,388,190 4,358,894 4,760,656
Bangladesh 221,955 620,767 42,300 345,976 13,143,111 16,010,628
Brazil 16,013,950 27,647,570 12,524,400 39,910,386 89,040,389 115,292,455
Canada 27,351,140 30,638,935 17,476,100 37,688,811 27,321,592 42,429,413
Chile 4,855,491 8,636,112 4,257,680 10,824,952 16,489,202 22,790,012
China 94,953,097 266,518,389 7,320,700 28,696,046 107,945,566 231,270,035
D.R. Congo 1,536,297 1,585,692 - - 37,531,010 60,120,551
Ethiopia 1,030,999 1,140,436 - - 49,188,656 62,709,520
Finland 5,660,190 6,155,841 9,850,604 15,672,963 13,456,590 17,232,086
France 7,101,094 4,628,069 1,743,150 2,430,332 14,549,801 13,329,921
Germany 17,232,274 11,651,767 2,472,383 3,009,262 17,250,806 15,018,238
Ghana 587,141 1,427,906 - - 18,530,474 20,717,232
India 6,101,264 23,064,762 2,243,660 24,738,029 165,288,146 214,985,420
Indonesia 5,904,700 14,382,351 5,149,000 29,251,675 45,906,687 72,280,183
Japan 7,422,143 3,530,843 8,620,100 8,859,180 1,995,128 1,566,822
Kenya 210,245 655,628 25,800 128,011 13,004,327 19,346,484
Mexico 1,714,099 3,573,043 148,200 534,050 19,507,911 25,632,737
Myanmar 1,363,388 3,030,253 1,080 8,957 18,815,475 18,532,956
Nigeria 1,800,106 6,295,925 20,700 198,695 33,143,436 56,713,453
Pakistan 1,127,225 2,961,164 70,300 632,844 14,934,452 23,219,476
Poland 6,533,914 10,105,927 963,966 1,276,761 10,468,303 12,499,352
Russia 24,822,979 35,222,439 6,570,901 11,001,470 44,515,339 53,020,048
South Africa 1,720,081 3,709,416 2,049,671 8,098,416 10,615,478 17,507,469
Sweden 8,766,154 10,121,963 10,755,743 20,229,049 16,974,744 23,909,496
Thailand 5,660,479 8,986,048 914,000 2,950,027 10,579,847 14,216,218
Uganda 788,896 1,347,708 - - 19,776,620 27,579,924
Tanzania 658,002 756,039 50,400 562,578 11,434,886 20,553,744
United 55,139,208 40,190,957 46,269,242 72,174,210 83,660,386 91,534,808
States

Vietham 3,155,635 10,586,162 372,900 2,469,119 17,316,458 24,637,226

This table shows estimates of future production by wood product type by each of the 30 countries used for CHARM. Projections in 2050 assume the same share of trade for each wood product
category as in 2010.
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