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Abstract

included in the calculations.

Background: We analyzed the dynamics of carbon (C) stocks and CO, removals by Brazilian forest plantations over
the period 1990-2016. Data on the extent of forests compiled from various sources were used in the calculations.
Productivities were simulated using species-specific growth and yield simulators for the main trees species planted
in the country. Biomass expansion factors, root-to-shoot ratios, wood densities, and carbon fractions compiled from
literature were applied. C stocks in necromass (deadwood and litter) and harvested wood products (HWP) were also

Results: Plantation forests stocked 231 Mt Cin 1990 increasing to 612 Mt Cin 2016 due to an increase in plantation
area and higher productivity of the stands during the 26-year period. Eucalyptus contributed 58% of the C stock in
1990 and 71% in 2016 due to a remarkable increase in plantation area and productivity. Pinus reduced its proportion
of the carbon storage due to its low growth in area, while the other species shared less than 6% of the C stocks during
the period of study. Aboveground biomass, belowground biomass and necromass shared 71, 12, and 5% of the total
C stocked in plantations in 2016, respectively. HWP stocked 76 Mt C in the period, which represents 12% of the total C
stocked. Carbon dioxide removals by Brazilian forest plantations during the 26-year period totaled 1669 Gt CO,_e.

Conclusions: The carbon dioxide removed by Brazilian forest plantations over the 26 years represent almost the
totality of the country’s emissions from the waste sector within the same period, or from the agriculture, forestry and
other land use sector in 2016. We concluded that forest plantations play an important role in mitigating GHG (green-
house gases) emissions in Brazil. This study is helpful to improve national reporting on plantation forests and their
GHG sequestration potential, and to achieve Brazil's Nationally Determined Contribution and the Paris Agreement.
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Background

It is strategically important for any country to have up-
to-date and reliable information on the state and future
trends of its forests since good forestry statistics are
essential tools to implement public policies to attract
productive investments. Moreover, forestry statistics
are needed to guide the necessary actions to meet the
international commitments assumed by the country,
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and indicate if changes were made.

particularly on the intensely-debated topic of climate
change.

Every 5 years, Brazil provides its forestry information
to the FAO (Food and Agriculture Organization of the
United Nations), reporting wood volume, biomass, and
carbon stocks, among other data [1]. The sectoral statis-
tics provided by the SFB (Brazilian Forest Service) to the
FAO are based on secondary and indirect data, due to the
lack of primary information. In future, this data gap may
be filled by the completion of the new forest inventory
that has been carried out in various regions of the coun-
try [2].
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Brazil's forest statistics reported in FRA (Forest
Resources Assessment) reports [1] have shown a meth-
odological evolution, due to the many studies carried out
in recent years by Brazilian [3—8] and overseas research-
ers and institutions. Improving the quality of information
is essential to ensure FRAs can be accurately used for
accounting purposes. Among the most relevant data to
policymakers are biomass and carbon stocks, as well as
their temporal dynamics. These data can be used by the
forestry industry as well as by the government commit-
ted to its Nationally Determined Contribution (NDC), a
requirement of the Paris Agreement [9].

Despite having the second largest area of natural for-
ests, and the eighth largest area of forest plantations in
the world [1, 10], Brazil still has a modest share of the
global forest economy. One of the reasons may be the
lack of robustness and quality of Brazil’s forest infor-
mation in the long term, compatible with the profile of
forestry. Efforts have been made by SFB to improve for-
estry data through a continuous process of updating the
National Information System [2].

Currently, forest plantations account for 85% of the
wood consumed in Brazil [11], which corroborates the
importance of having updated and reliable information
about their extent and growth stocks. Plantations are
essentially composed of fast-growing exotic species that
have adapted well to local environmental conditions and
proven to have excellent technological applications. The
main planted species belong to the Eucalyptus and Pinus
genera, which have been considered among the most
productive in the world [12], with an MAI (mean annual
increment) over 40 and 30 m? ha™! year™, respectively.
More recently, alternative species have also appeared in
the portfolio, including Teak (Zectona grandis) and Aca-
cias (Acacia mearnsii, A. mangium). The wood coming
from such plantations serves to meet the strong demand
for pulp and paper, sawnwood, wood-based panels, steel,
and finished products.

Forest plantations, besides supplying raw materi-
als for forest-based mills, also contribute to the mitiga-
tion of climate change by storing atmospheric carbon in
their biomass. However, Brazil is notable in this context,
since it is considered a major emitter of greenhouse gases
(GHG) from the agriculture, forestry, and other land uses
(AFOLU) sector. Despite this, AFOLU activities can play
an important role in climate mitigation [13], especially in
relation to forestry activities in Brazil.

Plantations not only help to mitigate climate change
by storing carbon in their biomass and in wood prod-
ucts, but they also avoid emissions from other potentially
more GHG-emitting materials. Thus, forest products are
an alternative to reduce the effects of climate change and
environmental degradation in general [14]. Additional
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actions involve measures to prevent deforestation, pro-
mote sustainable forest management, and encourage the
use of this lumber in buildings and furniture, as well as
replacing fossil fuels with wood biomass.

Although the role of Brazil’s forest plantations in cli-
mate change mitigation has been well evidenced, biomass
and carbon estimates still require substantial refine-
ment. It is necessary to reduce the degree of uncertainty
in forestry data to support the accomplishment of the
goals imposed by international climate agreements to
which Brazil is a signatory. Methodological tiers used in
the Third National Communication [15] and other GHG
accounting systems [16] are quite mature for natural for-
ests, but the specific conditions of planted forests are
neglected. This work aims to fill this data gap, by quan-
tifying the biomass and carbon stocks in Brazilian forest
plantations over a broad temporal range (26 years) and
demonstrating their role in mitigation of Brazil's GHG
emissions.

Methods

Extent of forest plantations

Three data sources on the extent of the forest plantations
in Brazil were used:

1. Online data on forest yield and silviculture, named
PEVS managed by IBGE [11];

2. The 2017 report of the Brazilian Forestry Industry
Association (IBA) [12];

3. The Global Forest Resources Assessment—FRA2015
Brazil [1].

The data from PEVS refers to the period 2014-2016
and are considered official statistics since they were pro-
duced and published by the office responsible for Brazil’s
main statistics (IBGE). The data in the second reference
corresponds to the period 2010-2016 and were produced
by the institution that represents forestry companies.
FRA2015 is the report submitted by the SFB to FAO,
which publishes it every 5 years, as for most countries
in the world. It should be noted that there is no com-
plete and continuous mapping of Brazilian forest plan-
tations using remote sensing techniques. Therefore, the
cited sources provide estimates and not wall-to-wall area
determination.

The areas reported by the IBGE from 2014 to 2016 [11]
were adopted in this study, except in the case of species
other than Eucalyptus and Pinus, as the areas reported
by IBA were larger than that of IBGE. In other words,
we always selected the largest reported area, because
IBA only reports statistics for its members disregarding
independent producers and IBGE is the official govern-
mental institution responsible for forestry statistics in the
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country. For the period 2010-2013, the areas reported
by IBA [12] were used, and for the other years, those
reported in the FRA2015 [1] were adopted.

Growth and yield

To estimate carbon stocks, we first estimated the vol-
ume yield from productivity data generated through the
use of simulators developed by the Brazilian Enterprise
on Agricultural Research—Forestry Office (EMBRAPA)
[17] (downloaded on February 1, 2018). These computer
programs were developed to simulate growth and yield of
Eucalypt, Pine, Teak and Acacia’s growth and yield under
specific Brazilian climate and soil conditions. They are
diameter class bio-mathematical growth models based
on the Johnson's bivariate probability distribution. Tree
size distribution (diameter and height) over time are
generated by unthinned and thinned stands growing
under certain stock (initial density) and site conditions
informed by the user. Site and mortality routines drive
the simulations. The simulators provide a complete yield
table of the stands, including age, stock, mean diam-
eter and height, dominant height, and volumes by grade
(specific wood products, such as timber, pulp and paper,
firewood and so on). A more detailed description of the
rationale of the software are provided by EMBRAPA [17]
and OLIVEIRA [18], HAFLEY and BUFORD [19].

1. SISEUCALIPTO: a program developed for Euca-
lyptus species. In this work, the Eucalyptus
grandis/urograndis version was used, since these are
the main species of this genus planted in Brazil. All
parameters of the program were kept at default val-
ues. The yields per hectare were simulated for the
site indices 29, 31, and 33 m (dominant height at age
7 years), representing low, medium, and high produc-
tivities, respectively. The simulations were carried
out with an initial density of 1111 trees ha™!, with-
out thinning, and a 7-year silvicultural rotation was
assumed. These parameters correspond to the stand-
ard management regime for Eucalyptus in Brazil.

2. SISPINUS: a program developed for Pinus species.
In this work, the Pinus taeda (Loblolly Pine) ver-
sion was used since this is the main species planted
in Brazil. All input parameters of the program were
unchanged, and we simulated the productivities for
the site indices 21, 23, and 25 m (dominant height
at age 15 years). The simulations were carried out
with an initial density of 1111 trees ha™!, 50% with-
out thinning and 50% with a thinning at age 8 years
(removal of 50% of the initial density, systematic in
the sixth row, followed by selective low thinning). A
silvicultural rotation of 20 years was also assumed.
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These are the standards for Pine management in Bra-
zil.

3. SISTECA: a program developed for Tectona gran-
dis. All input parameters of the program were kept
at default values, and the yields were simulated for
site indices 18, 20, and 22 m (dominant height at the
age 15 years). The simulations were made with an ini-
tial density of 1250 trees ha™!, with thinning at age
8 years (removal of 50% of the initial density, only
selective), and an assumed silvicultural rotation of
15 years. These are the standards for Teak manage-
ment in Brazil.

4. SISACACIA: a program developed for Black Wattle
(Acacia mearnsii). All default input parameters of
the program were maintained, and the productivities
were simulated for 16, 18, and 20 m (dominant height
at age 7 years). The computer simulations were con-
ducted with an initial density of 2000 trees ha™?,
without thinning, and we assumed a silvicultural
rotation of 7 years. These are the standards for Aca-
cia management in the country.

Based on these parameters, we calculated the volume
MAI by genus/species as follows in Table 1.

Since there is no information on the age structure of
forest plantations in Brazil, a uniform rectangular distri-
bution was assumed, i.e., all age classes, from 1 year to
the age of rotation, have the same area. Thus, the planted
area was divided into # parts corresponding to each age,
from zero (clear-cut or just-planting) to the rotation age.
An additional age class was created to represent any
stands older than the age of rotation, with a mean age of
12 years for Eucalypt, 25 years for Pine, 20 years for Teak,
and 10 years for Black Wattle. This is an empirically valid
assumption for Brazilian plantations.

The volume yields per hectare calculated from the
simulations were then multiplied by the areas of each
genus/species. In the case of the other species, it was
considered that 50% are managed under a multiple-use

Table1 Commercial volume (MAI) over four c<m
at the smaller end, estimated by EMBRAPA’s growth
and yield simulators for the main tree genera/species
planted in Brazil

Commercial volume MAI
(m*ha~"years™")

Genus/species

Low Medium High
Eucalyptus® 36 42 48
Pinus taeda 22 27 32
Tectona grandis 13 17 22
Acacia mearnsii 20 25 31

@ E. grandis/urograndis
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regime (represented by Teak) and 50% under a pulp-
wood management regime (represented by Black Wat-
tle). Low productivity was assumed for the period
1990-2000, reflecting the lower technological level
during that time. The arithmetic mean of the low and
medium productivities was applied for 2000-2010,
and the mean of the high and medium productivities
was adopted from 2011 onwards, reflecting the breed-
ing techniques that were recently developed.

Biomass estimation

The total dry biomass (above and below ground)
stocked in forest plantations was estimated by the
application of the corresponding basic wood density
(BWD) and biomass expansion factors (BEF) to obtain
aboveground biomass (AGB), and the root-to-shoot
ratio (R) for estimating belowground biomass (BGB).
BWD converts the stem volume into trunk biomass or
weight (t), BEF expands it to the whole aerial compart-
ment, and R considers the root fraction (Egs. 1, 2, 3, 4,
5,6):

B =V x«BWD % BEF x (14 R) (1)

where: B=dry total biomass (t ha™!); V =commer-
cial stem volume (m® ha™'); BWD=basic wood density
(tm~3);

BEF = biomass expansion factor = (dimensionless)
- @

AGB=dry aboveground biomass (t ha™%);
Bstern = dry stem biomass = V « BWD (t) (3)

. BGB . .
R = root-to-shoot ratio = —— (dimensionless)

AGB
(4)
BGB=dry belowground biomass (t ha™'); and
AGB = V % BWD % BEF (5)
BGB =B — AGB (6)

The values used in this work were obtained from the
literature (Table 2). In some cases, single values were
applied for each genus/species, whereas in others an
age differentiation was applied (when available), with
the variations shown in the body of the table.

To calculate the total biomass, both AGB and BGB
for all forested land, the results of Eqgs. 1, 5, and 6 (per
hectare basis) were multiplied by the plantation areas
of each genus/species in each year of the analysis.
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Table 2 Parameters for biomass and carbon estimation
for tree species planted in Brazil and the source references

Genus/ BWD(tm~3) BEF(tt™")  R(tt™) BCF(gg™"
species

Eucalyptus 0.5090 1.0365- 0.1700 04630

1.2970
Pinus 03223- 1.0902- 0.1097- 04536
03782 2.5463 0.5830

T grandis 04750 14100 04800 0.5000
A.mearnsii 0.6345 1.2468 0.1309 04410

Range refer to age-dependent values

BWD basic wood density, sources: [20-23]

BEF biomass expansion factor, sources: [24-27]
R root-to-shoot ratio, sources: [20, 21, 25, 27]
BCF carbon fraction, sources: [20, 26-29]

Carbon stock estimation

To estimate the carbon stocked in the tree tissues, the
AGB and BGB of each genus/species were multiplied by
the respective carbon fractions (CF) (Egs. 7, 8 and 9). A
similar procedure was applied to calculate the carbon
stock in necromass (Eq. 10), with unit area values taken
from various studies carried out for the target species, by
genus/species and age (Table 3). For biomass estimation,
the carbon fractions are those shown in Table 2, and for
necromass, CF values are given in Table 3.

CAGB = AGB % BCF )
CBGB = BGB % BCF (8)
CB = CAGB + CBGB 9)

where: CAGB=carbon stock in aboveground biomass
(t ha™!);CBGB=carbon stock in belowground biomass
(t ha™1); CB=carbon stock in total biomass (t ha™1);

CDW = DW x NCF (10)
CL = L «+ NCF (11)
CN = CDW + CL (12)

where: CDW =carbon stock in deadwood (t ha™!);
CL=carbon stock in litter (t ha™!); CN = carbon stock in
necromass (t ha™'); DW =deadwood (t ha™1); L=litter
(tha™?).

Hence, the unit area values for carbon stocks were mul-
tiplied by the respective area in hectares of each genus/
species to generate the values for total forested land.

To calculate the carbon stock of HWP, first we took
statistics for sawnwood, wood-based panels, and
treated wood (stacks, poles, and sleepers) produced
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Table 3 Deadwood (DW), litter (L) and carbon fraction (NCF) values used to estimate carbon stock in necromass of forest
plantations in Brazil, and source references

Age (years) Necromass (tha™")

Eucalyptus Pinus T. grandis A. mearnsii

Deadwood Litter Deadwood Litter Deadwood Litter Deadwood Litter
1 0.29 1.10 1.84 6.38 0.00 0.00 0.07 191
2 0.62 237 203 7.04 0.05 .11 0.15 3.82
3 095 363 222 7.70 0.12 284 0.22 573
4 1.28 4.90 241 836 0.19 457 029 7.65
5 1.61 6.16 2.60 9.02 0.27 6.30 0.40 10.31
6 1.94 743 2.79 9.69 0.34 8.03 0.50 12.97
7 411 6.85 298 10.35 041 9.76 0.73 18.87
>7 573 10.01 - - - - 0.78 2035
8 - - 3.17 11.01 0.49 1148 - -
9 - - 336 11.67 0.56 1321 - -
10 - - 3.55 12.33 0.63 14.94 - -
I - - 3.74 12.99 0.71 16.67 - -
12 - - 393 13.65 0.78 1840 - -
13 - - 412 14.31 0.85 20.13 - -
14 - - 431 1497 093 21.86 - -
15 - - 4.50 15.63 1.00 23.59 - -
>15 - - - - - - - -
16 - - 469 16.29 1.36 3223 - -
17 - - 488 16.95 - - - -
18 - - 5.07 17.61 - - - -
19 - - 526 18.27 - - - -
20 - - 545 18.93 - - - -
>20 - - 6.40 22.24 - - - -
NCF(gg™)

0.4251 0.4251 0.4030 0.4030 0.4330 0.4330 04330 04330

Eucalyptus source: [30-32]
Pinus source: [33-35]

T. grandis sources: [36-38]
A. mearnsii sources: [39, 40]

from tree plantations in cubic meters, and for the his-
toric consumption of logs [13, 14, 41-43], called here
solid wood. Other HWP (such as pulp and paper, fire-
wood) were not considered because they do not store

Table 4 Conversion of roundwood to HWP, apparent wood
density and carbon fraction of HWP from tree species
planted in Brazil, and source references

C in the long term. Then, we converted roundwood Product AWD (tm™) HWPCF(9g™)
into product by applying the apparent wood density of  Sawnwood 0458 0.5000°

each product, and species-specific values, to obtain the  plywood 0.542° 0.4930°

mass of each product in tonnes. For each type of HWP,  particleboard 0.596¢ 0.4540¢

the mass in tonnes was multiplied by the volume and  pigiron NA 0.0400

the carbon fraction (Table 4), to calculate the carbon | 8]

stocked in solid wood products. Since no specific infor- (49]

mation of the Brazilian HWP are available, the lifetime < 5

of each product was taken from IPCC reports (default
values). Further confirmation of these values is needed.

Secondly, to calculate carbon stocked in pig iron, we
multiplied the official statistics for the mass of charcoal

coming exclusively from forest plantations [13, 44] and
consumed in pig iron production [45, 46], and the car-
bon content in the product (Table 4). Pig iron is the
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product of smelting iron ore in blast furnaces with a
high-carbon fuel and reductant such as charcoal as a
fuel and reductant. We did not consider pig iron pro-
duced by using coal, coke or charcoal made from defor-
estation in this analysis.

Exports of HWP were discounted from the calculations
[12, 47] and imports were neglected because Brazil is not
a significant importer of wood products.

CHWP = CSW + CPI (13)
CSW = SW x HWPCF (14)
CPI = PI x HWPCF (15)

where: CHWP = carbon stock in HWP (t); CSW =carbon
stock in solidwood products (t); CPI =carbon stock in
pig iron (t); SW =solidwood produced excluding exports
and imports (t); HWPCF =HWP carbon fraction (g g™);
PI =pig iron produced excluding exports and imports (t).

CO, removals

Gross carbon dioxide atmospheric removals were cal-
culated by stoichiometry, assuming the atomic masses:
C=12 and O =16, therefore CO, =44, as follows (Eq. 5):

44
COzeq = C *x —

12 (16)

CO, removals

Gross carbon dioxide atmospheric removals were calcu-
lated through stoichiometry, assuming the atomic masses
C=12 and O=16. Therefore CO, =44, as follows (Eq. 5):

Results

Extent of forest plantations

The area of planted forests in Brazil increased from 4934
to 10,212 million hectares (Mha) from 1990 to 2016,
which means that it has more than doubled during the
26-year period of study (Table 4). Since the beginning of
reforestation in Brazil, Eucalyptus has been the dominant
planted tree in Brazil, and its proportion increased from
60% in 1990 to 74% in 2016. Eucalyptus experienced sig-
nificant growth in its planted area compared to Pinus,
which increased by only 17%. Pinus has been losing area
to other more competitive tree species in Brazilian for-
estry and decreased from 36% of the planted area in 1990
to 20% in 2016, a remarkable change. While the other
species, such as Tectona grandis and Acacia spp. have
a small proportion of the total planted forest area, they
have increased their relative proportion from 4% in 1990
to 6% in 2016.
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Volume stock

The commercial volume of stems (standing volume of
the logs from a 4-cm threshold diameter with bark)
increased from 774 Mm® in 1990-1999 Mm? in 2016, an
increase of 158% (Table 5). Eucalyptus accounted for 52%
of the volume stock in 1990, increasing to 67% in 2016.
Pinus decreased sharply as a proportion of volume stock,
from 46% in 1990 to 28% in 2016, and the other species
increased from 3 to 4%. Two factors affected the growth
of the volume stock, namely the increase in planted area
and higher productivity achieved by plantations in recent
years due to improvements in genetics and silviculture
practices. Hence, the increase in volume was proportion-
ally greater than the forest extent in hectares.

Biomass stocks

Biomass stocked in Brazilian forest plantations increased
by 172% during the study period, from 457 Mt in 1990
to 1246 Mt in 2016 (Table 5). This refers to the total dry
biomass (AGB and BGB) stored in the stems, branches,
leaves, and roots of the trees, excluding necromass (dead
tissues), and soil organic carbon. AGB accounted for
86% of the total biomass, and BGB for 14%. Eucalyptus
accounted for 57% of the biomass stock in 1990 and 71%
in 2016, whereas Pinus fell from 38 to 23% in this period.
The other species increased from 4 to 7%.

Necromass stocks

Necromass on the ground increased from 50 Mt in 1990
to 90 Mt in 2016, of which deadwood accounted for 24%
and litter for 76%. Eucalyptus accumulated 55% of the
wood debris in the forest plantations, whereas Pinus and
the other species accounted for 37 and 7%, respectively
(Table 5).

Harvested wood products

Solid HWP (sawnwood, wood-based panels, stacks,
poles, and sleepers) production, excluding exports
and imports, increased from 1990 to 2013 and then
decreased. Pig iron production increased continuously,
growing 264% in 26 years (Table 5).

Carbon stocks

In 1990 the Brazilian forest plantations stocked
231 Mt C (biomass and necromass), and the HWP pro-
duced stored 2.2 Mt C. In 2016 these values increased
to 612 Mt C and 76 Mt C, considering the cumula-
tive wood from forest plantations produced over the
26-year period. This corresponds to an increase of
295% in C stocking. This large increase was due to a
strong expansion in forest area and higher productivity
of the stands, as well as the accumulation of C in prod-
ucts that remained in use inside the country during the
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Fig. 1 Dynamics of carbon stocks in the Brazilian forest plantations
by sink during 1990-2016

accounting period. In this calculation, we did not con-
sider the C storage in products produced before 1990
due to a lack of reliable data (Fig. 1).

In 2016, AGB represented 71% of the carbon stock
in forest and products, whereas BGB accounted for
12%. Deadwood and litter stocks were 1.32 and 4.09%,
respectively. Woody products accounted for 11% of the
total carbon quantified, 10.44% was stocked in solid
wood materials and less than 0.59% in pig iron. This is
because sawnwood, wood-based panels, stacks, and
poles are mostly composed of wood with a carbon frac-
tion of 40-50%, while the carbon content in pig iron is
low, only 4%.

Eucalypt plantations have great importance in Brazil-
ian forestry and also demonstrate a remarkable poten-
tial for carbon storage. They accounted for 56% of the
total carbon stock in forest in 1990 and 70% in 2016.
The other species have also continuously increased in
carbon storage, from 4% in 1990 to 7% in 2016, due to
diversification of plantations designed to produce more
valuable woody products. Conversely, carbon stocks in
Pinus stands increased much slower, and Pinus drasti-
cally decreased as a share of total carbon stock in forest
from 38% in 1990 to 22% in 2016 (Fig. 2).

The carbon storage in forest products could not be
calculated accurately by genus because there is no data
available for this purpose, particularly for exports. The
exact proportion of sawnwood, wood-based panels,
stacks, poles, and sleeper production by species is not
clear because there many small and independent produc-
ers throughout the country and also because institutions
compute the data in aggregate. However, it is reasonable
to assume that almost all wood from plantations used for
pig iron production comes from Eucalyptus stands.

CO, removals

The growth of total carbon stocks in Brazilian for-
est plantations and wood products corresponds to the
gross removal (disregarding emissions) of 1.7 Gt CO,_eq.

Carbon Stock in Forest by Genus (t)
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Fig. 2 Dynamics of carbon stocks in the Brazilian forest plantations
by genus during 1990-2016

(carbon dioxide equivalent), applying the respective
atomic masses. Carbon in biomass accounted for 80%
(1338 Gt) of this removal, necromass 3.64% (60.7 Mt) and
HWP for 16% (270.1 Mt). The expansion of the planted
area, the increased productivity of the stands, and the
woody product sink were responsible for this GHG miti-
gation effect.

Discussion

Extent of forest plantations

The 1960s marked the beginning of the Brazilian Fed-
eral Government’s fiscal incentives policy for reforesta-
tion, which expanded in the 1970s and was interrupted in
1988 [51]. There was an abrupt jump in the area planted,
from 500,000 ha in the late 1960s to 2.6 Mha in 1975, and
over 6 Mha in 1985 [52]. The end of the subsidies caused
an immediate reduction in annual planting rates, and
the area of forest decreased to 5 Mha in the early 1990s.
However, there was a resumption of plantation growth
using private resources from 1995, and for nearly a quar-
ter of a century the country has experienced a continuous
increase in plantation area.

Since the beginning of plantation silviculture in Bra-
zil until the present day, no primary survey by either
the public or private sectors covering the entire area of
planted forests in Brazil has been carried out. Even the
National Forest Inventory, completed in the 1970s, was
unable to give a complete overview of the extent of these
forests. The new National Forest Inventory, restarted in
the early 2000s, has the enormous challenge of provid-
ing reliable and updated forest statistics for the coun-
try. However, the focus appears to be on natural forests,
which are much larger than plantations in area, but less
relevant to the forest-based economy. The consequence
of the lack of actual forest cover data from remote sens-
ing and field measurements is the persistent use of
approximations and rough estimates, with no perspec-
tive for change in the short term. This is a negative for the
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country’s socioeconomic development, both for public
policy and private forestry investments.

The expansion of the area of planted forests since 1990
can be considered very successful and coincides with
the recent construction and operation of large pulp and
paper mills in Mato Grosso do Sul, Bahia, and Maranhao
States, providing economic growth opportunities, jobs,
and income in the forestry sector, which was previously
less established in these regions of the country. On the
other hand, the poorly planned expansion of productive
forests, especially in pioneer regions, can bring concerns
and potential losses. Expansions of the forest base should
be preceded by competent planning, thorough knowl-
edge of the production chain (internal and external), use
of scientific information, and application of appropriate
technologies for forest management, as well as consid-
eration of socio-environmental externalities, risks, and
uncertainties in a country with frequent instabilities.

Volume of biomass and necromass

The expansion of forest plantations since 1990 has led
to the formation of a large wood stock in Brazil, over
2.1 Gm?, currently accounting for more than 80% of con-
sumption by national forestry companies. This volume,
calculated for 2015, is close to that reported in FRA2015
[1], despite the different methodological approaches used
in each study. It is noteworthy that the FAO report makes
no reference to whether the volume is only commercial,
or the total used, and the threshold diameter considered
for the calculations is not provided. In this study, we used
four cm as the threshold limit.

On the other hand, a significant difference of more than
50% was noticed between the calculated biomass, which
was 1.246 Mt in this study and reported as 1.896 Mt in
the FRA2015. The main cause was identified as the dif-
ference in BEF and R values used in each study. Although
the expansion factors for plantations are not explicit in
FRA, they could be deducted from the numbers in the
report. FRA used 1.50 as an average BEF for all species,
while we utilized species-specific values (plus age-spe-
cific values in some cases), which resulted in an overall
weighted mean BEF of 1.27. In addition, FRA used 0.20
as an average R value for all plantations, whereas in this
study we utilized species-specific root-to-shoot ratios,
which resulted in an overall mean of 0.17. Since most of
the available literature reporting expansion factors sup-
port the values used in this study, we believe that FRA’s
biomass estimates are overestimated and should be
revised in future reports. Necromass (deadwood and
litter) is not reported for plantations by the Brazilian
FRA2015 and comparisons are not possible.
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Carbon stocks

The difference between this study and FRA regarding
biomass has direct implications for carbon stocks. How-
ever, this is not the only factor, since the carbon fractions
used in each case are also different. FRA used 0.47 (the
IPCC default) for all species, and we used species-spe-
cific values, ranging from 0.44 to 0.50, with a weighted
mean of 0.46. The combination of these factors resulted
in a difference of 57% between the studies, with 569 Mt
calculated in this study (in 2015) and 891 Mt reported by
FRA. Again, the literature supports our estimates, and
hence we believe that FRA’s carbon estimates are overes-
timated and should be revised.

Although plantation necromass estimates are not pro-
vided by FRA, litter carbon figures are provided. FRA
used an overall value of 22 t ha™! for all species and
ages. On the contrary, we adopted species and age-spe-
cific values (Table 4) supported by the literature. Fur-
thermore, species-specific carbon values for necromass
were applied in this study. FRA’s litter carbon values are
much higher than those estimated in this study. While
the FRA reported 171 Mt, our estimates showed only 37
Mt. As the literature indicates much lower values for lit-
ter stocks in the Brazilian forest plantations, we can state
that the estimates in the FRA report are strongly inflated
and need careful revision. This divergence in estimates
demonstrates the need for more research on expansion
factors and other parameters used for biomass and car-
bon quantification, and systematization of methods is
required for large-scale studies.

Forest products also play an important role as a car-
bon sink. In this study, HWP produced and transformed
into materials represents almost 11% of the total carbon
stocked in 2016 in forest plantations in Brazil. Sawn-
wood, wood-based panels, stacks, poles and sleepers,
and pig iron also retain carbon inside their structure for
a long time and contribute to avoided emissions from
other carbon-intensive products. In this study, we did not
consider the GHG emissions due to timber harvesting or
processing of these products. These demand further con-
sideration and should be included in future studies.

CO, removals

The dynamics of total carbon stocked in Brazilian forest
plantations and HWP over the 26 years corresponds to
the removal of 1.7 Gt CO,_eq. Removals by forest stands,
due to the expansion of the planted area and increases
in stand productivities, accounted for 84% (1.4 Gt) of
this removal, and the wood product sink for 16% (270
Mt). We did not consider removals by the stands (trees
and organic matter) and HWP before 1990. The figures
mentioned are gross removals because the corresponding
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anthropic emissions were not considered. FRA2015 does
not consider carbon stocks in wood products, and there-
fore no comparisons can be made.

Since 1990, Brazil emitted more than 50 Gt CO,eq.
from the AFOLU sector. This sector was responsible for
more than 80% of the accumulated emissions during that
period. Most of these emissions were due to deforesta-
tion, especially in the Amazon Forest biome. However,
forest plantations traditionally have not been established
in the Amazonia region. Most plantations are located in
regions that suffered anthropization a long time ago, such
as the Mata Atlantica biome, where the current environ-
mental legislation does not allow conversion from native
forest to industrial plantations. Therefore, the impact of
forest plantations on deforestation and GHG emissions
in this period is small compared to agriculture and live-
stock. In contrast, planted forests have contributed to cli-
mate change mitigation through carbon sequestration, as
demonstrated in this study. In addition, Brazilian forest-
ers have an extensive area of native forest, protected by
legislation that determines a percentage of natural veg-
etation to be maintained on each property, depending on
the biome. This also helps alleviate, in part, criticisms of
forest monocultures.

The GHG removals by Brazilian planted forests and
their products during the 26-year study period corre-
spond approximately to the sum of the country’s emis-
sions over that period from the waste sector and exceed
the national AFOLU emissions for 2016. Moreover, this
sequestration is equivalent to approximately 3% of Bra-
zil’s total GHG emissions over the 26 years, according to
data published by the Brazilian Climate Observatory [16].
This is the only forest typology that increased in area in
the country [15], becoming a relevant C sink for the Bra-
zilian emission balance [15].

The CO, mitigation calculated here should also be
increased by calculating avoided CO, emissions through
bioenergy use with wood replacing fossil fuels, which was
not considered in this study. In addition, the increase in
organic matter by forest plantations can also mean higher
C stocked in the soil. Complementary studies should
consider these aspects, as well as the emissions from this
sector, to improve the quality of Brazil's GHG inventories
and contribute to meeting Brazil's commitments to its
NDC and the Paris Agreement.

Conclusions

Carbon stocks in Brazilian forest plantations increased
from 231 Mt in 1990 to 612 Mt in 2016. In addition,
plantation wood products stocked 74 Mt C in their
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structures. This sequestration was due to the increased
forest area and higher productivity of the stands, as
well as the accumulation of carbon by HWP over the
26 years. Eucalyptus plantations play the primary role
in Brazilian forestry and in carbon storage, followed
by Pinus plantations. Carbon dioxide removals by the
Brazilian forest plantations over the study period cor-
respond to the totality of the country’s emissions
from the waste sector within the same period, or the
AFOLU emissions in 2016. Forest plantations play an
important role in mitigating GHG emissions in Brazil,
and the estimates provided by this study can improve
the accuracy of the Brazilian GHG inventory and help
to accomplish the goals of Brazil's NDC and the Paris
Agreement.
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