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Impacts of historical land cover
changes on carbon stocks in the
[tacaiunas River Basin, eastern
Amazon

Rosane Barbosa Lopes Cavalcante*, Emily Ane Dionizio',
Vitor Cirilo Araujo Santos', Lucas Felipe Ferraro Cardoso?,
Uilson Ricardo Venancio Aires?, Sdmia Nunes* and
Markus Gastauer?

Instituto Tecnologico Vale, Belém, Par3, Brazil

Quantifying the long-term impacts of land use and land cover (LULC) change
on carbon stocks is critical for guiding climate change mitigation strategies in
tropical forest frontiers. In this study, we assessed the spatially explicit carbon
balance of the lItacaitinas River Basin (IRB), located in the Amazon arc of
deforestation, from 1985 to 2021. To achieve this, we combined annual LULC
maps with estimates of biomass and soil carbon stocks and burned area data
to quantify carbon losses from deforestation, carbon gains from secondary
forest regrowth, and direct fire emissions. Over the 36-year period, the IRB lost
335 Mt-C (40% of its original stock), mainly due to biomass loss associated
with the conversion of primary forests to pasture. Protected areas, which cover
29% of the basin, contained 51% of the remaining carbon stock in 2021 and
contributed only 4% to the net carbon loss. Fire emissions accounted for up to
12% of annual carbon losses during prolonged drought years. Secondary forests
stored 23 Mt-C in 2021, although current regrowth rates remain insufficient
to offset ongoing deforestation. These findings reinforce the importance of
protected areas, forest restoration, deforestation control, and improved pasture
management in supporting climate change mitigation and sustainable land
management strategies across the Amazon.

KEYWORDS

carbon stocks, fire emissions, forest carbon, greenhouse gas emissions, land use
changes, secondary forests

1 Introduction

Land is a critical source of natural resources, minerals, and essential ecosystem services
for human livelihoods. Depending on its use and management, land can act as both
a source and a sink of CO;, influencing atmospheric carbon dynamics. Over the past
century, global land use and land cover (LULC) changes have emitted 1.4 £+ 0.7 Pg-
C yr~! (Friedlingstein et al., 2020), with deforestation and forest degradation being the
primary drivers of these emissions (Barbosa and Fearnside, 1996; Sousa-Neto et al., 2018;
Han and Zhu, 2020). Forests play a critical role in the global carbon cycle, storing nearly
half of the world’s terrestrial carbon (Reichstein and Carvalhais, 2019) and continuously
removing CO, through tree growth. However, when forests are cleared or degraded,
the area becomes a significant source of CO; emissions, releasing stored carbon from
vegetation and soils into the atmosphere (van der Werf et al., 2009).
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Brazil is the sixth largest emitter of GHG, and its primary
source of emissions is deforestation (SEEG, 2025), mainly in the
Amazon. Policies implemented by the military governments in the
1960s’ triggered large-scale development in the region, promoting
road construction, settlements, cattle ranching incentives, and
other regional investments (Moran, 1993; Brownetal., 2016).
These drivers, along with land tenure conflicts and speculation
that encouraged forest clearing, led to extensive deforestation
(Espindola et al., 2012). Additionally, beef and soy supply chains
played a significant role in this process (Nepstad and Stickler, 2006;
Nepstad et al., 2014; Assungio et al., 2015).

Deforestation in the Brazilian Amazon reached a peak in
1995, with 29,000 km? of forest loss, followed by another high in
2004, when 27,800 km? were cleared (INPE, 2025). In response
to this alarming trend, the Brazilian government launched the
Action Plan for the Prevention and Control of Deforestation
in the Legal Amazon, introducing measures such as expanding
protected areas and strengthening environmental monitoring
(Nepstad et al., 2014). Protected areas are a leading conservation
strategy that has helped reduce deforestation in the Brazilian
Amazon (Nolte et al., 2013). Rural private properties also play a
crucial role, as the Brazilian Forest Code allows deforestation in
only 20% of a property’s area in the Amazonia biome (Brazil, 2012).
However, significant non-compliance with this regulation remains
challenging (Camara et al., 2023).

The government’s efforts contributed to a sharp decline in
deforestation, which reached a historic low of 4,600 km? in
2012. However, in the following years, deforestation began to rise
again, affecting protected and unprotected areas (Qin et al., 2019;
Nogueira et al., 2018). A new peak was recorded in 2021, with
13,000 km? of forest lost (INPE, 2025), underscoring the persistent
challenges of forest conservation in the region.

Despite
reforestation remain crucial for climate mitigation, particularly

ongoing challenges, forest conservation and
within the Nature-based Solutions (NbS) framework. Reforestation
offers one of the largest potentials for economic climate change
mitigation while also preserving biodiversity and maintaining other
ecosystem services (Crouzeilles et al., 2020; Griscom et al., 2020;
Lewis et al., 2019; Pugh et al., 2019; Mitchard, 2018; Watson et al.,
2018;

2019a, 2022). Forest regrowth has emerged as a promising

IPCC Intergovernmental Panel on Climate Change,

strategy for enhancing terrestrial carbon sinks (Lennox etal,
2018; 2021) and can
meeting its commitment to climate goals, including a 53%
by 2030 and the restoration of 12 million ha of forest
(Brazil Programa Brasileiro GHG Protocol, 2023; Heinrich et al,,
2021).

Currently, the Amazon contains approximately 1,20,000-
1,50,000 km? of secondary forest (Nunes et al., 2020; Silva Jr et al.,
2020), which helps offset 9-12% of carbon emissions from
deforestation (Silva Jr et al., 2020; Smith et al., 2020). However,
the nature of these contributions can be transient since most of

Heinrich et al., support Brazil in

these secondary forests are cut in the first 5 years (Nunes et al.,
2020; Silva et al., 2023; Oliveira et al., 2023). Slash-and-burn and
rotational agriculture practices remain key drivers of this cycle
(Steininger, 1996; van Vliet et al., 2013). While the total area of
secondary forests has increased, so has the rate of secondary
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forest loss, particularly during the period when overall Amazonian
forest loss has declined. This suggests a shift toward deforesting
less-protected secondary forests rather than primary forests
(Carvalho et al., 2019; Wang et al., 2020; Nunes et al., 2020).

Understanding the implications of LULC change on the carbon
balance is fundamental for developing and implementing strategies
to mitigate and control carbon emissions, particularly in identifying
solutions that align with the economic and social contexts of the
affected regions. Diverse spatial and temporal scales of analysis are
necessary to understand the varying patterns of LULC change and
better support local decision-making processes.

In this context, this study provides the first assessment of
the carbon stock balance in the Itacaiunas River Basin (IRB),
southeast Pard, from 1985 to 2021, integrating biomass and soil
carbon dynamics with fire emissions, the contribution of secondary
forests to carbon sequestration, and the role of protected areas in
mitigating carbon loss. This analysis offers a refined understanding
of temporal carbon flux patterns characteristic of the Amazon
arc of deforestation. The state of Pard currently leads in GHG
gross emissions due to land use (SEEG, 2025), deforestation rates
(INPE, 2025), and the total area of secondary forest (Nunes et al.,
2020) in the Amazon. Historically, about half of the IRB area was
converted from forest to pasture between the 1970s” and 2020s’ and
the remaining forested areas are concentrated in protected areas
(Souza-Filho et al., 2016), mirroring trends observed throughout
the eastern Amazon. Here, we assess the temporal carbon balance
to address three key questions: (i) How much carbon stock has
been lost since 1985 due to LULC changes in the IRB? (ii)
What role do protected areas and fires play in these emissions?
and (iii) What is the potential for carbon removal through
forest regrowth?

2 Methods
2.1 Study area

Located in the Eastern Amazon (Figure la), the IRB spans
41,300 km? with elevations ranging from 80 to 900m. The highest
elevations are found in the Serra dos Carajds mountain range,
situated in the eastern portion of the basin. The IRB lies within
the Carajas mineral province, and the soil is predominantly
Entisols in the higher elevations and Ultisols in the lower-lying
areas (IBGE Instituto Brasileiro de Geografia e Estatistica, 2008).
The region experiences a tropical monsoon climate (Alvares et al.,
2013), and the average annual precipitation is about 1,800 mm,
concentrated between November and April (Cavalcante etal,
2019). Due to its ecological importance, the IRB has been identified
as a high-priority area for global forest restoration (Strassburg et al.,
2020).

The IRB was originally predominantly covered by Dense
and Open Ombrophilous Forest, with scattered patches of
Ferruginous Rupestrian Field, also known as “Canga” in the
highest areas (IBGE Instituto Brasileiro de Geografia e Estatistica,
2014). However, since the 1970s’ the IRB has lost about half of
its natural forest cover, with deforestation expanding gradually
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FIGURE 1

(a) Location of the Itacaiunas River Basin and its land use and land cover maps for (b) 1985, (c) 2008, and (d) 2021.

along the roads. Most deforested areas are converted to pasture
(Figures 1b-d), as commonly observed in the eastern Amazon
(Barona et al., 2010). Other land uses, such as agriculture and forest
plantation, correspond to less than 2% of the studied area.

The remaining forest areas are concentrated in a mosaic of
protected areas (indigenous land and conservation units) in the
western portion of the IRB, which together cover 29% of the IRB.
Private lands constitute 58% of the basin, while the remaining
13% includes non-designated areas, urban zones, water bodies, and
other land types. Additionally, the IRB hosts significant mineral
extraction activities, further influencing land use dynamics in
the region.

2.2 Annual land use and land cover
classification

The LULC classification for the study area from 1985 to
2021 was obtained from the MapBiomas Project—Collection 7
of the annual series of coverage and land use maps in Brazil
(MAPBIOMAS Project, 2021) with a 30-meter spatial resolution
(Souza et al., 2020). The general accuracy of Mapbiomas Collection
7 for the Amazon was 95.9%, with 98.5% of accuracy for Forest
Formation and 91.5% of accuracy for Pastures. The forest areas
were classified as primary (natural forest formations classified as
forest every year since 1985) or secondary forest (other). Maps of
secondary forest age were obtained using the method developed by
Silva Jr et al. (2020), based on transitions of deforestation to forest
class through the time series. For example, a pixel classified as
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deforestation in 1 year of analysis and as forest in the following 5
years was mapped as a 5-year-old secondary forest, and so on.

2.3 Biomass carbon stocks

The biomass carbon stock corresponds to the vegetation dry
mass, and it was estimated considering the carbon stocks in above
(AGB, biomass in trunks and tree crown) and below-ground
biomass (BGB, biomass in roots) of living vegetation, dead wood
(DW), and litter (L). The temporal variation of the AGB and BGB,
including variation due to climate extremes or forest degradation,
was not considered.

The AGB for natural LULC classes such as Forest, Savanna,
Wetlands, and Grasslands were obtained from the reference
report of 4th National Brazilian Communication to the UNFCCC
(Brazil, 2020), except for the “Dense Ombrophilous Forest
Submontane” and “Montano Vegetational Refuge” types (Table 1).
The reference AGB used for these two forest types was
obtained from forest field data for the Carajas National Forest
(Dionizio et al., 2025). The coefficient of 0.47, indicated by
the IPCC to convert biomass into carbon stock in tropical
domains, was applied to all the natural LULC to estimate
carbon stock (IPCC Intergovernmental Panel on Climate Change,
2022).

The AGB values for the non-natural formations, such as “Forest
Plantation, Pasture, Soybean, and Other temporary crops”, were
obtained by a literature review (Table 1). The reference values
for Pasture and Other temporary croplands were obtained from
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TABLE 1 Biomass carbon stocks (Mg-C ha~?) for the different land use and land cover (LULC) classes and their respective forest types according to the Brazilian Vegetation Classification
(IBGE Instituto Brasileiro de Geografia e Estatistica, 2014) for the Aboveground Biomass (AGB), Belowground Biomass (BGB), dead wood (DW), and litter (L) pools.

Forest type

Forest Formation Open ombrophilous forest, a 106.5 37.38 8.63 6.28
Dense ombrophilous forest, a 114.9 40.33 10.80 4.71
DOF alluvial, a 90.0 31.59 8.46 3.69
DOF lowland, a 66.0 23.17 6.20 271
DOF submontane, b 114.9 40.33 10.80 4.71
Montano vegetational refuge, b 114.9 40.33 9.31 6.78
Savanna formation, a 44.98 15.79 4.95 7.65
Forest Plantation, ¢ 76.94 12.31
Wetlands, a 1.47 0.52 0 0.14
Grassland, a 1.47 0.52 0 0.14
Pasture, d 5.22 1.04 0 0
Soybean, e 2.36 0.47 0 0
Other temporary crops, d 7.76 1.55 0 0
Non-vegetated areas - 0 0 0 0

The references for AGB values for each LULC and forest types are: (a) 4th National Brazilian Communication (Brazil, 2020); (b) (Dionizio et al., 2025), based on field data; (c) average of
four AGB values for Eucalyptus (Campoe et al., 2012; Paixdo et al., 2006; Ribeiro, 2011; Stape et al., 2008); (d) Costa et al. (2012) for northeastern Paré; and (e) average of AGB values from
six studies (Bonini et al., 2018; Cruz et al., 2010; Martorano, 2007; Padovan et al., 2008; Walter et al., 2009; Watanabe et al., 2005). (f) BGB values based on a BGB/AGB coefficient of 0.351
for tropical classes (Qi et al., 2019) and 0.20 for anthropic classes (IPCC Intergovernmental Panel on Climate Change, 2006). (f) DW and L values were obtained from 4th National Brazilian

Communication (Brazil, 2020).

Costa et al. (2012), who measured different LULC in northeastern
Pard. The AGB for “Pasture” represents those with large amounts
of small woody plants and a few large woody plants sparsely
distributed. In contrast, the “Other temporary croplands” represent
an average of biomass on crops such as Cocoa, Rice, Beans, Corn,
and Cassava. In the absence of regional values, we used an average
of biomass measured in five different states in Brazil for soybeans,
and biomass estimates in Eucalyptus in four states for Forest
Plantations (Table 1), considering the prevalence of this genus in
Brazil and in the IRB.

To estimate the BGB in all-natural classes (Table 1), we used a
coefficient of 0.351 based on 951 field data developed by Qi et al.
(2019) for tropical rainforests. For anthropic classes, the BGB
was considered a fraction of 0.20 of AGB as recommended by
IPCC Intergovernmental Panel on Climate Change (2022).

The AGB stocks for secondary forests were based on the
Requena Suarez et al. (2019) model. Using measures from field
data, the model calculates the biomass accumulation rates using
two slopes per growth curve: one for younger secondary forests
(0-20 years) and another for older secondary forests (20 years
onwards). The initial AGB estimate for younger secondary forests
was 2.25 Mg C ha~! yr~!, measured by Lennox et al. (2018) in the
northeastern Pard. For older secondary forests (=20 years), the
AGB is calculated considering a linear regression from the AGB
value at 20 years, considering that the maximum AGB is reached
at 80 years.

The dead wood and litter expansion values for all LULC classes
were obtained from the 4th National Brazilian Communication
(Brazil, 2020).

Frontiers in Forests and Global Change

2.4 Soil organic carbon stocks

The dynamic of soil carbon due to land use change is poorly
studied in the literature (Araujoetal, 2023) due to the lack
of field data to measure the carbon loss during the process
of land use change. However, it is well established that the
carbon stored in soils constitutes a significant portion of the
total carbon stock and is crucial for a comprehensive landscape
assessment. Accordingly, our study incorporates an evaluation of
changes in soil organic carbon stocks (SOC), utilizing the Brazilian
national reference map of native soil carbon stocks (Bernoux et al.,
2002) and the annual stock change rates established by the
IPCC Intergovernmental Panel on Climate Change (2006, 2019b).

The SOC stocks map of Bernoux et al. (2002) was developed
considering the soil type (EMBRAPA Empresa Brasileira
de Pesquisa Agropecudria, 2018), the Brazilian Vegetation
Classification (IBGE Instituto Brasileiro de Geografia e Estatistica,
2014), and soil carbon measurements before 1985. The SOC
concentrations and densities used by the authors were from
2,694 soil profiles of native vegetation areas for a 0-30 cm depth,
including 371 and 192 profiles in dense and open Amazon forests,
77% of them in low-activity clay mineral soils (e.g., Ultisols).
For further details about methodology and soil carbon data,
please consult Bernoux et al. (2002). This map was considered the
representation of equilibrium SOC stock for the initial year of our
analysis, as its reference values were obtained only for areas with
natural vegetation cover.

The annual changes in SOC stocks were determined according
to the IPCC Intergovernmental Panel on Climate Change (2006,
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2019b) methodology. The gain or loss of SOC occurs linearly over
20 years after a LULC change when a new equilibrium is reached.
Although the period to reach a new equilibrium can vary depending
on the management or type of LULC change (Deng et al., 2016;
Guo and Gifford, 2002), 20 years is commonly adopted for regions
when the specific land use change factors (flu) are unknown. Here,
we adopt the reference flu described in the 4th National Brazilian
Communication (Brazil, 2020) for all natural to non-natural LULC
classes. Penalty factors due to changes in land management or
organic matter addition were not applied due to the absence of
local information. Furthermore, changes between natural LULC do
not alter the SOC once we assume there was no anthropogenic
disturbance to the soil layers.

For each year y of the historical series, the SOC stock in each
pixel p (SOCy,p) is calculated based on the SOC in the previous year
(SOCy-1,p), the reference soil carbon for the new LULC class of the
pixel (SOCref, p), and the soil carbon of the previous LULC class of
the pixel p when it reaches equilibrium (Equation 1). The reference
values for the new LULC are calculated by Equation 2, multiplying
the past soil carbon stock (SOCprevious) for pixel p and the land
use change factor (flu) for the new LULC. Thus, in Equation 2,
SOCref represents the soil carbon content at equilibrium (20 years)
for different LULCs, and flu is the percentage penalty factor for the
change in SOC due to changes in LULC.

20

SOCret = SOC previous x flu (2)

(1)

SOCy,p = SOCy_l’p + ((

For the most common LULC change observed in the study
area, from forest formation to pasture, flu was considered equal
to 0.98, which is the mean value indicated for pastures in the
state of Pard, where the IRB is located (Brazil, 2020). A middle-
term increase in soil carbon after forest-to-pasture conversions
has frequently been observed in well-managed pastures in the
Amazon (Fujisack et al., 2015), as also observed in a study carried
out near the IRB (Desjardins et al., 2004). However, a reduction can
be observed depending on management practices (Navarrete et al.,
2016). The other factors are presented in Table S1. By the end of
each year, areas classified as non-vegetated or water areas were
masked based on the LULC classification of the same year and
considered SOC equal to zero.

2.5 Annual carbon stock changes

The changes in carbon stocks were calculated yearly by
comparing the difference in carbon stocks on total biomass and soil
carbon between two consecutive years. In this balance, we assumed
that AGB and BGB are stable for all LULC classes, except for the
secondary forest areas, which grow over time. A comparison of the
net loss of carbon stock inside and outside the set of protected areas
of the IRB was also analyzed.

A software was developed to generate the annual carbon stock
maps and assess carbon stock changes using Python programming
(under registration with the Brazilian National Institute of
Industrial Property—process n. BR512023001589-0). We used
Python libraries, including Rasterio, OSGeo, geopandas, and
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Fiona, to directly manipulate geospatial data. These libraries were
also employed to manipulate raster and shapefile files. Essential
data editing tasks were facilitated using numpy, pandas, scipy,
openxlsx, zipfile, and hashlib libraries. The entire methodology
was encapsulated within a pipeline to enhance usability. This
software was configured within a Docker container, enabling its
deployment on any platform. Due to the collaborative features,
scalable processing power, and robust security attributes, we opted
to execute the software on Microsoft Azure, a cloud platform
offering all these characteristics.

The devised methodology comprises the following main steps:
(i) obtaining data, (ii) pre-processing and structuring raster and
shapefiles; (iii) generating annual maps of biomass and carbon
stocks, considering the LULC, forest type, and age of secondary
forest; (iv) calculating the annual maps of SOC, based on the LULC
history and flu; (v) generating the annual maps of total carbon
stock (biomass plus SOC), (vi) calculating the annual maps of
carbon balance between two consecutive years, and (vii) calculating
the carbon stocks (SOC, biomass and total carbon stock) for
each LULC.

2.6 GHG emissions estimates due to fires

The GHG emissions from fires were estimated according to the
IPCC Intergovernmental Panel on Climate Change (2006, 2019b)
methodology. First, we obtained the burned areas based on satellite
images. Then, we quantified the mass of material available for
combustion (biomass carbon stock) and calculated CO, CHy, N, O,
and NOy emissions based on combustion (Cf) and emission (Gef)
factors (Equation 3).

Egug = A.Y.CiGer (3)

where EGHG is the amount of emissions (Mg) of each GHG
(CO,, CO, CHy, N0, and NOy); A is the burned area (ha), Y
is the biomass carbon stock available for combustion (Mg.ha-1),
described in item 2.4; Cf is the combustion factor related to land
use and coverage (dimensionless); and Gef is the greenhouse gas
emission factor related to land use and cover (Mg Mg™!).

We used the global MCD64A1.006 monthly burned area
product (Giglio et al., 2018), derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) sensor available from 2001
to the present. The rasters were downscaled from the original
500 m spatial resolution to 30 m to make them compatible with
the LULC maps. The Cf and Gef values were obtained from the
Fourth National Communication (Brazil, 2020) for forests, natural
fields, and other woody formations in the Amazon. For the other
LULC classes, we used the Cf and Ged values proposed by the IPCC
(IPCC Intergovernmental Panel on Climate Change, 2006, 2019b)
when directly available or grouped with the most similar LULC
classes (Table S2). To calculate each GHG’s CO; equivalent (COse),
we multiplied by each equivalent Global Warming Potential. The
method is also automated in the software mentioned in item 2.5.
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2.7 Carbon removal from forest regrowth
scenarios

We included two reforestation scenarios to assess the carbon
removal potential of secondary forests in the IRB. The scenarios
were based on natural forest regeneration due to the lower cost
compared to other forms of reforestation, the deficit of areas in
the basin that must be restored, and since a large part of the basin
has good potential for natural regeneration. In the first scenario, all
secondary forests present in 2021 would be preserved and allowed
to grow up to 2030. In the second scenario, in addition to the
natural growth of secondary forests from 2021, we considered
that 4,383 km? of forest would be restored. This amount was
estimated by Nunes et al. (2019) as the total forest deficit to meet
legal obligations in 2017 according to the Brazilian legislation.

3 Results

3.1 Historical carbon stock loss due to
LULC changes

The carbon dynamics at IRB are mainly related to converting
forests to pasturelands (Figures 1b-d, 2). The LULC classes, such as
ferruginous rupestrian fields, mine, and urban areas, correspond to
less than 2% of the basin area (Figures 3a,b) and about 0.5% of the
total carbon stock over the years (Figure 3c¢).

The total forest area reduced from 35,990 km? in 1985 to
19,189 km?2 in 2021, with 83% of the native vegetation lost in
2021 primarily originating from primary forests (Figure 3a,b). As
a result, the total carbon stock in the IRB decreased by more than
half, from 830 Mt-C in 1985 to 495 Mt-C in 2021 (Figure 3c),
representing a net loss of 335 Mt-C. This loss is largely attributed
to the clear-cutting of primary forest and subsequent conversion
to pasture, resulting in an emission of 1,229 Mt-CO2e to the
atmosphere over the entire period.

Of the total carbon lost, 99% originated from biomass
(Figure 4c). The carbon stored in the vegetation reduced from 627
Mt-C to 296 Mt-C (Figure 4a). The loss of biomass carbon stocks
due to primary forest deforestation was equivalent to an emission
of 1,212 Mt-CO2e over the period, with a mean annual loss of 51
Mt-CO2e.year-1 from 1985 to 2008, and 9 Mt-CO2e.year-1 from
2009 to 2021. The most significant loss of primary forest occurred
from 1985 to 2008 (average of 794 km?.year-1) compared to the
period from 2009 to 2021 (mean of 136 km?.year-1) (Figure 3a).
The year 2008 marks a key point for the implementation of the
Native Vegetation Protection Law (NVPL, Federal Law 12,651 of
2012), which established a baseline for restoring illegally deforested
areas. In IRB, most of the remaining primary forest areas are within
protected areas (see section 3.3) or other forms of natural vegetation
protection on private rural properties, as required by the NVPL.

The mean total carbon density of primary forests was 222 Mg-
C.ha™!, with approximately 22%of this carbon stored in the soil
and 78% in the biomass. These averages showed minimal variation
over time, which can be attributed to the forest type and specific
deforestation locations, particularly in areas with lower soil carbon
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stocks. As a result, the variation in carbon stock observed across
land use types is primarily driven by changes in total area.

Pasturelands, due to their extensive coverage area in 2021,
represent the second largest carbon pool in the IRB (Figure 3c)
(118 Mt-C), though their carbon stock density is much lower (6.26
Mt-C.ha™!). More than 88% of this total stock is stored in the
soil. In 1985, pasturelands covered 5,450 km?, expanding to 22,353
km? in 2008. During this period, the expansion of pasturelands
was linearly related with primary forest loss (R* > 0.99, using
Pearson’s correlation). After 2008, this correlation weakened (R2 =
0.68), suggesting indicating that pastureland expansion began to
occur increasingly over other land use types. While the primary
forest area consistently reduced in this period, pastureland area
fluctuated between periods of contraction (2009-2014 and 2019-
2021) and growth (2015-2018), ultimately reaching 21,963 km? by
2021. This pattern is the opposite of that observed for secondary
forests loss (R2 = 0.93, from 2008 to 2021, with a maximum of R2 =
0.98 after 2011). This suggests that in the last decades, while some
pastures continue to be temporarily abandoned and converted to
secondary forests, pastureland expansion also occur over secondary
forest areas.

The changes in the soil carbon stock represented a reduction
of 1.6% between 1985 and 2021, decreasing from 202 to 199 Mt-C
(Figure 4b). This small reduction is attributed to the conservative
land use change factor (0.98) recommended by the 4th Brazilian
National Communication (Brazil, 2020) to Para State, which was
applied to the primary land-use change observed (forest to pasture).
This factor suggests that only 2% (flu = 0.98) of the soil carbon
stored in forest areas was lost over 20 years after the conversion
to pasture. As a result of the more substantial decline in biomass
carbon stock compared to the soil carbon stock, the proportion of
soil carbon increased from 24.4% to 40.2% of the total carbon stock
in the IRB.

Over the years, there has been a clear deceleration in land
use changes in the IRB, largely driven by the reduction of native
vegetation areas. In the last 5 years (2017-2021), the cumulative
carbon loss was 1.9 Mt-C, representing a significant slowdown
compared to earlier periods. In contrast, between 1992 and 1996,
the carbon loss was much higher, averaging 18.5 Mt-C per year and
highlighting a marked rate of carbon stock loss.

3.2 Emissions from fires

Considering all detections from 2001 to 2021, 16,523 km? of
burned areas were detected in the IRB, with annual burned area
varying from 26 km? (in 2013) to 2,599 km? (in 2007) (Figure 5a).
The total fire emissions were estimated at 7.7 Mt-COje for CHy
and N, O (varying from 1.316 in 2005 to 0.002 Mt-CO;e in 2013)
(Figure 5b). The total fire emission in CO,e corresponds to 2% of
the total carbon stock loss in the basin in the same period, but the
percentage is much more significant in some years (e.g., 12% in
2017). Additionally, fires caused the emission of 0.108 Mt-NOy and
3.406 Mt-CO.

Primary forests correspond to 18% of the total burned
areas (Figure 5a), yet they contribute a disproportionately high
share of fire-related emissions, representing 89% of the total fire
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FIGURE 2

2008-1985, (e) 2021-2008, (f) 2021-1985

Carbon stocks (biomass and soil) in the Itacaiunas River basin in (a) 1985, (b) 2008, and (c) 2021, and changes in carbon stocks between the years: (d)

emissions (Figure 5b) due to the higher carbon content stored in
their biomass.

3.3 The role of protected areas

Our results indicate that the majority of carbon loss occurred
outside protected areas (Figure 2f and comparing Figures 3¢,d with
Figures 3g,h). Although protected areas cover 29% (12,337 km?) of
the IRB area, they store 51% (254 Mt-C, Figure 3c) of the IRB’s total
carbon stock as of 2021, contributing to less than 4% of the net
change. In 1985, the distribution of total carbon stock was nearly
proportional to area, with 32% (267 Mt-C) of IRB’s total carbon
stock within protected areas.

This disparity between protected and non-protected areas is
even more pronounced when considering biomass carbon alone.
In 2021, 66% of the carbon stored in the vegetation in the IRB
was within protected areas. This reflects the higher levels of
deforestation outside protected zones: 92% of the protected areas
remain primary forests compared to only 16% of the non-protected
areas (Figure 1d and Figures 3a,b,e,f). Deforestation within current
protected areas occurred mainly in protected areas of sustainable
use or before their creation.

Protecting carbon stocks in tropical primary forests is critical,
as the loss of these stocks cannot be recovered in time to reach
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the goal of limiting global warming. The IRB’s protected areas
contained 71% of the primary forest carbon in 2021. However, there
are still 102 Mt-C stored in primary forests outside protected areas
that need to be conserved. While these areas are likely under other
forms of natural vegetation protection inside private properties, this
is insufficient to ensure long-term preservation (Nunes et al., 2019).

Between 2001 and 2021, only 7% of the burned area and 20%
of fire emissions occurred within protected areas (Figures 5¢,d),
with a particular emphasis on the Amazonia droughts of 2015
and 2016 (Jiménez-Mufioz et al., 2016), which also affected the IRB
(Cavalcante et al., 2020).

3.4 Carbon removals by secondary forest

The area of secondary forest reached 3,229 km? in 2021
(Figure 3a). While secondary forest cover generally increased
over the study period (Figure 3b), frequent clear-cutting within
regenerating areas was observed. Most of these secondary forests
are less than 5 years old, a trend consistent with observations
across the Amazon (Nunes et al., 2020; Oliveira et al., 2023). This
temporal LULC dynamic likely reflects fallow areas of pastures, a
common practice in eastern Amazonia, where livestock activity is
temporarily halted to allow for soil recovery.
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FIGURE 3

Annual area (a), change in area (b), total carbon stock (biomass and soil) (c), and change in total carbon stock (d) in the Itacaiunas River basin and (e,
f, g, h) inside its protected areas (conservation units and indigenous land) considering different land use and land cover classes from 1985 to 2021.

FIGURE 4

and (c) annual changes in biomass and soil carbon stock.

Annual biomass (a) and soil (b) carbon stock in the Itacaiunas River basin, considering different land use and land cover classes from 1985 to 2021,

By 2021, the total carbon stock in secondary forests reached
22.9 Mt-C, the highest recorded in the historical series, accounting
for 5% of the total carbon stock in IRB (Figure 3c). Of this total,
67.5% was stored in the soil (Figure 4b). Annual carbon stock
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declines in secondary forests occurred only in 2001, 2004, 2016, and
2017 (Figure 3d). In these years, deforestation of secondary forests
released more carbon than was sequestered through regrowth,
leading to a negative carbon balance.
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FIGURE 5

River basin and (c, d) only inside its protected areas from 2001 to 2021.

Burned area, as classified by MODIS, and the corresponding fire emission of CHa4 and N, O in the equivalent of CO, (CO2e) (a, b) in the Itacaiunas

In 2021, the carbon stock in secondary forests increased by 2.9
Mt-C due to forest regrowth capturing 10.8 Mt-CO2e (Figure 3c)
from the atmosphere. However, this increase in carbon stocks in
the 3,229 km? of secondary forests was lower than the carbon loss
from the deforestation of 140 km? of primary forests in the same
year (—3.1 Mt-C), reinforcing the importance of addressing both
reforestation and conservation actions.

Our first modeling scenario showed that if all secondary
forests mapped in 2021 were allowed to regenerate, the IRB’s
total carbon stock would increase 83 Mt-C by 2030, primarily
through biomass accumulation. This would represent a 17%
increase in the total carbon stock, equivalent to the removal of
305 Mt-CO2e from the atmosphere. This is roughly comparable
to similar GHG emissions avoided by almost 9,000 wind turbines
running for a year (based on the estimated values of the
United States Environmental Protection Agency, assessed in
www.epa.gov/energy/greenhouse-gas-equivalencies). The increase
in soil carbon would be less than 0.001 Mt-C.

In the second scenario, restoring 4,383 km? of forests to comply
with Brazilian environmental law would sequester 32.5 Mt-CO,e
from the atmosphere between 2021 and 2030. However, if 500 km?
of primary forest were deforested, it would release the same amount
of carbon, thereby negating the benefit. Additionally, considering
the legally allowed forest surplus (130 km? that can be legally
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deforested), its deforestation would emit approximately 7.8 Mt-
COze.

4 Discussion

The LULC changes observed in the IRB resulted in a loss of 335
Mt-C, corresponding to a reduction of 40% of its original carbon
stock (biomass and soil) of 830 Mt-C between 1985 and 2021. This
historical carbon loss reflects a broader Amazonian pattern, where
the removal of primary forests through slash-and-burn practices
is predominantly followed by pasture establishment (Lima et al.,
2012; Schielein and Borner, 2018). The period of the biggest carbon
loss in the basin (1992 and 1996) coincides with the peak of annual
forest loss in the Amazon (1994) (INPE, 2025).

To address deforestation, the Brazilian government increased
the number of protected areas in the Amazon between 1997
and 2008 and implemented stricter enforcement policies. In the
IRB, the creation of the Carajis National Forest and Itacaitinas
National Forest in 1998 contributed to conservation efforts. The
impacts of these policies were evident in 2012 when Amazon
(and IRB) deforestation rates reached their lowest level (INPE,
2025). However, after 2012, primary forest loss increased again,
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although the rate was less pronounced in the IRB than in the
broader Amazon. This discrepancy may be due to the pre-
existing dominance of pasture in the IRB outside protected areas,
limiting further forest conversion, and deforestation in the Amazon
advanced to new frontiers westward. Non-etheless, secondary forest
loss increased in both the IRB and the Amazon (Carvalho et al.,
2019; Wang et al., 2020; Nunes et al., 2020).

Although the Brazilian Native Vegetation Protection Law (Law
12651/2022) mandates conservation and restoration efforts based
on the 2008 baseline, compliance has been minimal in the IRB over
the past decade (Nunes et al., 2019). This lack of enforcement has
led to continued carbon emissions. Villela et al. (2026) emphasize
the critical need for improved policy enforcement, as insufficient
action continues to drive carbon emissions, even in regions where
conservation policies are in place. Strengthening command-and-
control mechanisms, as well as enhancing financial incentives for
conservation and restoration, is critical for reversing this trend.

Soil carbon is a critical component of the total carbon stored
in terrestrial ecosystems, especially in areas with mature forests.
However, few studies of carbon loss due to land-use changes
consider soil carbon, which accounts for a large share of total
carbon stored. The estimated soil carbon loss (1% of total carbon
loss) is much lower than the biomass carbon loss (99%) because
of the land change factor used (flu = 0.98) as recommended by
the 4th Brazilian National Communication for the state of Para.
This factor assumes that only 2% of the soil carbon is lost over
20 years after converting forest to pasture. However, the change
in soil carbon can vary significantly depending on management
practices applied (Navarrete etal., 2016) and the time after
the conversion (Neill et al., 1997; Cerri et al., 2003; Durrer et al.,
2021). Well-managed pastures in the Amazon often experience
mid-term increases in soil carbon storage (Fujisack etal., 2015;
Desjardins et al., 2004), whereas deep soil layers may show carbon
depletion (Fearnside, 1996). This highlights the importance of soil
conservation practices in preventing long-term carbon depletion
in soils.

The present study assessed soil carbon only in the upper
30cm of the soil profile, which is the standard depth adopted
in most large-scale carbon accounting frameworks and reporting
guidelines, reflecting both the higher dynamism of surface soils
and the greater availability of consistent spatial data. However, this
convention represents an important knowledge gap and may lead
to a substantial underestimation of total ecosystem carbon stocks.
In the Itacaitinas River Basin, surface soil carbon has been shown to
account for up to 40% of total soil carbon storage, indicating that a
large fraction of carbon may be stored below this depth.

Deeper soil layers, often neglected in standard inventories,
are believed to contain significant amounts of carbon and to
function as ancient, relatively stable reservoirs (Fujisaki et al., 2015;
Desjardins et al., 2004; Villela et al., 2026). The age of soil organic
carbon generally increases with depth, with a transition from labile
to more protected and recalcitrant pools (Garrett etal.,, 2024).
Extending soil carbon assessments to 1 m depth can approximately
double estimated soil carbon stocks (Gomes et al., 2019), although
deeper horizons tend to be less directly influenced by recent land-
use changes (Popin et al., 2025; Balesdent et al., 2018). Despite their
relevance for long-term carbon sequestration, the dynamics of deep
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soil carbon remain poorly understood, reinforcing the need for
future studies that explicitly incorporate deeper soil layers.Fire-
related emissions of CHy4 and N, O in the IRB are low compared to
biomass loss, but reached up to 12% of the carbon stock loss in 2017.
Given climate change projections indicating increased drought
frequency and intensity in the Amazon (Cochrane and Barber,
2009; Silvestrini et al., 2011; Fonseca et al., 2019), fire emissions
could escalate. Additionally, repeated forest fires lead to substantial
biomass losses (Gerwing, 2002; Xaud et al., 2013; Longo et al., 2016;
Rappaport et al., 2018), which were not accounted for in this study.

Secondary forests in the IRB store only 5% of the basin’s
total carbon stock, and our findings indicate that forest
regrowth has been insufficient to offset the carbon loss due
to the continuous deforestation of primary and secondary
stock declined
underscores the

forests. Consequently, carbon
the study period. This
restoration actions and protection of secondary forests while

throughout
importance of

conserving primary forests to mitigate and reduce carbon
emissions, as demonstrated in previous studies (Qinetal,
2021). Although secondary forests have higher sequestration
potential due to biomass accumulation, primary forests
contain more carbon stored, which is irreversibly released
if deforested.

Most secondary forest areas in IRB are under 5 years old,
mirroring patterns across the Amazon (Oliveira et al., 2023). In
the state of Para, where the IRB is located, the legislation allows
for the clearance of secondary forests aged 1-5 years old without
authorization and imposes some restrictions on clearing forests
aged 6-20 years (e.g., a minimum of basal area) (SEMAS Secretaria
Estadual de Meio Ambiente e Sustentabilidade do Estado do
Pard, 2015). While this policy represents a step toward protecting
secondary forests, making Para the only Amazonian state with such
legislation, it leaves younger forests highly vulnerable (Nunes et al.,
2020). If protected to grow and the total deficit is restored, the
secondary forests of the IRB may remove 337.5 Mt-CO; from the
atmosphere by 2030, increasing the basin’s total carbon stock by
18%. This would contribute to national (Heinrich et al., 2021) and
global restoration targets, while also enhancing ecosystem services
such as water resources protection and biodiversity conservation
(Cavalcante et al., 2019). However, secondary forest growth alone
will not offset emissions without halting primary forest loss and
reducing degradation.

Protected areas are crucial in preventing deforestation and
safeguarding large carbon stocks in the IRB. In 2021, protected
areas covered 29% of the area but held 51% of the carbon stock
and 71% of the primary forest carbon. They are responsible for
only 4% of the net carbon loss from 1985 to 2021 and 20% of
fire emissions from 2001 to 2021. The delimitation of protected
areas, regardless of the type, has proven to effectively reduce
deforestation in the Amazon (Nolte et al., 2013; Pfaff et al., 2015;
Gongalves-Souza et al., 2021). In 2016, protected areas covered 44%
of the Amazon area and stored 58% of the region’s carbon but
were responsible for just 10% of the net change (Nogueira et al.,
2018; Walker et al., 2020). Worldwide, 23% of irrecoverable carbon
is within protected natural areas, which cover 17% of the continents
(Protected Planet, 2020), and 34% is managed by indigenous
peoples and local communities (Noon et al., 2021).
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In deforestation hotspots like the IRB, protected areas are
key in mitigating climate change and helping Brazil to achieve
its nationally determined contribution under the Paris Climate
Agreement (UNFCCC United Nations Framework Convention
on Climate Change, 2015). Additionally, they provide essential
ecosystem services (Gianninietal, 2025; Pontesetal,, 2019).
However, maintaining their effectiveness requires enhanced
surveillance, protection, and financial support. Public-private
partnerships, such as those observed in the IRB where the mining
company Vale assists government agencies in conservation efforts,
could provide viable funding mechanisms for sustaining these
protected areas.

Although this approach enables a consistent reconstruction
of historical carbon stock dynamics, it is subject to uncertainties
related to data availability, reference values, and simplifying
assumptions inherent to large-scale carbon accounting. The main
sources of uncertainty in the carbon balance estimates are
associated with the reference values adopted for AGB, BGB, DW,
L, and with the soil carbon stock change factors (flu). Field-
based AGB estimates have uncertainties themselves due to field
measurement errors, allometric equations used (van Breugel et al.,
2011; Keller etal., 2001), plot size, and sampling variability
(Qin et al., 2020). In addition, the reference values are assumed
to be spatially and temporally constant within each land use
or forest type (except for secondary forests), despite known
influences of physiographic and ecological factors on biomass
distribution (Lamsal etal., 2012), including forest degradation
(Rappaport et al., 2018). This variability is illustrated by the wide
AGB ranges reported for forest types in the Brazilian Amazon
(Brazil, 2020) (e.g., 0 to 198 Mg C ha~! in Open Ombrophilous
Forest). Similar variability applies to other carbon pools and
LULC classes. Although annual changes in carbon stocks are
tracked for secondary forests and due to land use changes,
the approach does not explicitly represent biological processes
such as growth, mortality, and decomposition, reflecting the
limited availability of long-term field data needed to parameterize
dynamic models.

The limited availability of long-term field measurements of
annual carbon gains and losses for each LULC class constrained
the application of dynamic growth and mortality models in
the reconstruction. Conducting local chronosequence studies
of biomass and soil carbon in pastures, secondary forests,
and degraded forests would be important for validating
the soil carbon loss factor and refining carbon balance
assessments. Local data are also necessary to improve the
spatial variability of carbon stocks in primary forests, the
carbon loss due to degradation, and the annual growth of
secondary forests.

The errors in reference values propagate when estimates
are extrapolated over large areas (Chen etal,, 2015; Chave et al,,
2004). Additional sources of uncertainty affect the estimation
of GHG and removals from land-use change, particularly
those related to land-use and land-cover classification accuracy
(Jong, 2001) and the choice of ancillary spatial datasets,
such as forest typology and burned-area maps. While these
uncertainties should be acknowledged and progressively better
quantified, they are unlikely to alter the overall magnitude of
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the estimated carbon losses and gains or the main conclusions
of this study regarding the dominant role of deforestation,
the limited offset provided by secondary forest regrowth, and
the importance of protected areas in maintaining regional
carbon stocks.

5 Conclusion

This study assessed the impacts of LULC changes on carbon
stocks in the IRB between 1985 and 2021. The findings reveal
a substantial carbon loss of 335 Mt-C (40% of the original
stock), primarily driven by deforestation for pasture expansion,
mirroring broader Amazonian trends. Despite policy efforts,
continued deforestation and insufficient forest regrowth resulted in
a persistent carbon deficit.

Protected areas play an important role in protecting carbon
stocks, especially those from primary forests. They cover almost
one-third of the area and are responsible for only 4% of the net
carbon loss from 1985-2021. The results highlight the already
proven importance of protected areas in mitigating climate
change and helping Brazil achieve its targets. However, ongoing
forest degradation and secondary forest loss indicate the need
for stronger conservation measures and restoration initiatives.
The potential for carbon sequestration through secondary forest
regrowth remains significant. If protected to grow and the
total deficit is restored, the secondary forests of the IRB
may remove 337.5 Mt-CO; from the atmosphere by 2030.
However, alone, it cannot compensate for continued deforestation
and degradation.

To reduce carbon emissions and enhance sequestration in
the IRB, actions must focus on zero deforestation, strengthening
conservation policies, enforcing environmental regulations,
and promoting large-scale restoration. Protected areas require
increased support to maintain their effectiveness in climate change
mitigation and biodiversity conservation. Pasture areas must
be well managed to maintain or enhance soil carbon stocks.
Conducting local chronosequence studies of soil carbon in pasture
and secondary and degraded forests would be important to refine
soil carbon balance assessments.
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