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Abstract: The Amazonian forests located within the Guiana Shield store above-average
levels of biomass per hectare. However, considerable uncertainty remains regarding carbon
stocks in this region, mainly due to limited inventory data and the lack of spatial datasets
that account for factors influencing variation among forest types. The present study
investigates the spatial distribution of original total forest biomass in the state of Amapá,
located in the northeastern Brazilian Amazon. Using data from forest inventory plots, we
applied geostatistical interpolation techniques (kriging) combined with environmental
variables to generate a high-resolution map of forest biomass distribution. The stocks of
biomass were associated with different forest types and land uses. The average biomass was
536.5 ± 64.3 Mg ha−1 across forest types, and non-flooding lowland forest had the highest
average (619.1 ± 38.3), followed by the submontane (521.8 ± 49.8) and the floodplain
(447.6 ± 45.5) forests. Protected areas represented 84.1% of Amapá’s total biomass stock,
while 15.9% was in agriculture and ranching areas, but the average biomass is similar
between land-use types. Sustainable-use reserves stock more biomass (40%) than integral-
protection reserves (35%) due to the higher average biomass associated with well-structured
forests and a greater density of large trees. The map generated in the present study
contributes to a better understanding of carbon balance across multiple spatial scales
and demonstrates that forests in this region contain the highest carbon stocks per hectare
(260.2 ± 31.2 Mg ha−1, assuming that 48.5% of biomass is carbon) in the Amazon. To
conserve these stocks, it is necessary to go further than merely maintaining protected areas
by strengthening the protection of reserves, restricting logging activities in sustainable-use
areas, promoting strong enforcement against illegal deforestation, and supporting the
implementation of REDD+ projects. These actions are critical for avoiding substantial
carbon stock losses and for reducing greenhouse-gas emissions from this region.
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1. Introduction
The Brazilian Amazon is one of the world’s largest carbon reservoirs, storing around

59 Pg of carbon in biomass (live + dead, above + below ground) in addition to large amounts
of carbon in the soil [1,2]. The Amazon forest plays an indispensable role in climate control
and the global carbon balance [3]. However, the process of deforestation and hidden
degradation (logging and understory fire) has resulted in a reduction in the forest’s ability
to absorb and store carbon [4]. The Amazon carbon sink was reduced by 30% over two
decades (1990s–2000s), declining from 0.54 Pg yr−1 to 0.38 Pg yr−1 [5], while carbon stocks
decreased by 18.3% over four decades (1970s–2010s), from 71.8 Pg to 58.6 Pg [2].

Biomass in Amazonian forests is studied by several groups of researchers and mon-
itoring networks using atmospheric measurements. These include the LBA Data Model
Intercomparison Project [6] and permanent plots such as those in the Amazonian Forest In-
ventory Network (RAINFOR) [7], the Amazonian Tree Diversity Network (ATDN) [8], and
the Center for Tropical Forest Science—Forest Global Earth Observatory (CTFS-ForestGEO)
network [9]. Biomass directly affects the calculation of carbon stocks, and biomass losses
and gains affect emissions and uptakes of greenhouse gases [10–13].

Recent studies have highlighted the role of remote sensing tools in improving biomass
mapping at high spatial resolution across the Amazon. Ref. [14] combined LiDAR, MODIS
surface reflectance, and SRTM elevation data with inventory data from RADAMBRASIL
project to generate detailed carbon maps. GEDI (Global Ecosystem Dynamics Investigation),
based on spaceborne LiDAR, has enabled the estimation of carbon stocks and fluxes at
both basin and regional scales with unprecedented spatial and temporal resolution [15,16].
Integrating airborne LiDAR, PALSAR radar, MODIS reflectance, and TRMM precipitation
data, ref. [17], produced high-resolution biomass estimates across Amazonian forest types.
Sentinel-2 spectral data have also been shown to accurately predict aboveground biomass in
transitional forest–savanna ecotones [18]. Finally, ref. [19] showed that MODIS data, when
combined with sparse LiDAR information, can provide high-resolution carbon density
maps. These technological advances complement ground-based inventories and improve
biomass estimation in remote or under-sampled forests of the Amazon.

Accurate estimates of the spatial distribution of forest biomass are necessary to reduce
uncertainties in carbon stocks and greenhouse-gas emissions and to assist in reducing
emissions from deforestation and forest degradation [4,20–23]. Advances in increasing the
number of plots and their spatial scope in different ecosystems, as well as in improving
inventories by increasing the accuracy of measurements and adding new variables (such
as height and wood density) have been implemented in the last decades [24]. However,
high intra- and inter-specific variation add spatial variability that needs to be studied and
reduced to improve biomass estimates.

More accurate estimates of forest biomass can be achieved when spatial variability
is taken into account. Environmental factors, such as soil, relief, and climate, can be used
as predictors of the spatial distribution of forest biomass when there is a relationship
between these variables and the different vegetation types [16,25–29]. Data from the forest
inventories of the RADAMBRASIL project [30] conducted in the Brazilian Amazon have
been used to determine the total biomass at 123.1 Pg (above- and belowground) [2,12].
Information on commercial volume is expanded to the total biomass (live + dead; below
and aboveground) based on established expansion factors for different types of forests [1,2],
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allowing the extrapolation of biomass in larger areas that encompass different types of
forests [2,13,22,25–27,29,31].

The state of Amapá has data from inventories of vegetation in forest areas; however,
systematic work has not yet been conducted to organize these data and assemble a map of
the distribution of biomass and carbon. While much of the state’s vegetation cover is still
conserved, the increasing advance of illegal deforestation in forest areas will increase carbon
emissions. Thus, determining the quantity and distribution of biomass and carbon in the
different forest types in the state is essential for determining future losses in carbon stocks.

The general objective of this study was to model the spatial distribution of the dense
ombrophilous forest biomass and to evaluate the total biomass stock (live + dead, above
and belowground) in the state of Amapá. Our objectives were as follows: (i) to estimate the
total forest biomass based on the expansion of the commercial volume of forest inventories
carried out in dense ombrophilous forests in Amapá and surroundings; (ii) to produce a
reference map through spatial modeling of forest biomass using geostatistical methods;
(iii) to quantify the biomass density (Mg ha−1) for each forest type and estimate the losses
resulting from deforestation; and (iv) to estimate the original biomass stock in areas of
agriculture and ranching use (settlement projects and other areas) and in protected areas
(conservation units, indigenous lands, and quilombola areas). Brazil’s “conservation units”
are areas protected for biodiversity and “quilombola” areas are protected for the descendants
of escaped African slaves, who are traditional peoples with the same rights as indigenous
peoples under Brazil’s 1988 constitution.

2. Materials and Methods
2.1. Study Area

The state of Amapá is located in the northeastern portion of the Brazilian Amazon
and has an area of 142.8 × 103 km2 (Figure 1). Intact forest covers 97% of the state, with
73% corresponding to protected areas, including conservation units and indigenous and
quilombola lands [32–34].

The climate is humid tropical monsoon, with a minimum temperature of 26 ◦C and
maximum of 33 ◦C [35–38]. The northern and coastal regions of the state have higher
annual rainfall that varies between 2700 and 2900 mm, whereas in other parts of the state
precipitation varies between 2300 and 2700 mm in the southern portion and between
2000 and 2200 mm in the west and southwest (Tumucumaque Mountains and Jari River
areas) [37,39,40].

The vegetation in Amapá is characterized by the predominance of dense ombrophilous
forest (75.5%), which is classified into four forest types: (i) dense-canopy rainforest
on river floodplain (Da), (ii) dense-canopy rainforest on non-flooding lowlands (Db),
(iii) dense-canopy rainforest, submontane (Ds), and (iv) dense-canopy rainforest, montane
(Dm) [41,42] (Figure 1 and Table 1).

Table 1. Forest types and their respective areas in the state of Amapá.

Forest Type Vegetation Code a
Dense Ombrophilous Forest

Area (103 km2) Area (%)

Dense-canopy rainforest on river floodplain Da 6.07 4.3
Dense-canopy rainforest on non-flooding lowlands Db 20.71 14.5
Dense-canopy montane rainforest Dm 0.4 0.3
Dense-canopy submontane rainforest Ds 80.58 56.4

Total 107.76 75.5
a Vegetation codes [35]. Areas are for the year 2018.
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Figure 1. Spatial allocation of forest inventory plots across distinct forest types within the state of
Amapá and extending up to 100 km beyond its borders. The forest areas represent those still standing
in 2018.

In river floodplains the predominant soil is alluvial with medium to high fertility, with
a flooding period that is associated with the effect of the daily tides, and during the rainy
season many areas remain flooded or at least the soils are saturated with water [39,40]. The
main botanical families are Fabaceae, Arecaceae, Clusiaceae, Malvaceae, Myrtaceae, and
Mimosaceae [43–45].

In non-flooding lowland forests, the predominant soils are red-yellow latosol and
yellow latosol (Ultisols) [46,47], and the relief varies considerably (elevations between
5 m and 100 m), with areas that are quite flat and dissected by a network of streams
that undergo periodic flooding during the rainy season. The Sapotaceae, Lecythidaceae,
Fabaceae, Burseraceae and Chrysobalanaceae families are predominant [48].

In submontane forests, the predominant soil is red-yellow latosol [46,47], with a gently
undulating to hilly relief and elevations of 100 m, rarely exceeding 500 m. This vegetation
type is characterized by primary communities with little or no change and has some
trees exceeding 60 m in height. The families Meliaceae, Annonaceae, Chrysobalanaceae,
Sapotaceae, Burseraceae, Euphorbiaceae, Lauraceae, Myrtaceae, and Lecythidaceae are the
most abundant [45].

In the montane forests the predominant soil is red-yellow latosol [46,47]. The relief
is mountainous, and the Tumucumaque mountains stands out in the westernmost part
of the state near the triple border between Brazil, French Guiana, and Suriname with a
topography of rocky outcrops and hills with altitudes of 600 m to 700 m [42,49].
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2.2. Boundaries of Dense Ombrophilous Forest Types

The definition of the limits of the dense ombrophilous forest in Amapá were derived
from a vegetation map of the Environmental Information Database (BDIA) at a scale of
1:250,000 [41]. The dense ombrophilous forest is divided into four forest types, but the
montane forest (Dm) type is excluded due to the absence of forest inventories in the area
and because it occupies a very small area (0.3%). The three remaining forest types were
used for this study: river floodplain (Da), non-flooding lowlands (Db), and submontane
forest (Ds) (Table 1).

2.3. Biomass Estimation

The estimation of the total original biomass (live and dead, above and belowground)
per unit area (Mg ha−1) was performed using data from 129 plots: 15 plots in the river
floodplain, 59 in the non-flooding lowlands, and 55 in the submontane forest (Figures 1 and 2).
Of these, 54 1 ha plots (100 × 100 m) were from the RADAMBRASIL forest inventories [30]:
37 plots located in the state of Amapá (3 plots in the river floodplain, 21 in the non-flooding
lowlands, and 13 in the submontane forest); 17 plots in the surrounding region (state
of Pará) within 100 km of the state border (4 plots in the river floodplain, 1 in the non-
flooding lowlands, and 12 in the submontane forest) [42]. From these inventories, we used
information on the commercial volume of trees with circumference at breast height—CBH
≥ 100 cm (diameter at breast height—DBH ≥ 31.8 cm) measured 1.3 m above the ground
or above any buttresses. To this database, were added 75 plots of more recent inventories
in Amapá, with 8 plots in the river floodplain, 37 in the non-flooding lowlands, and 30 in
the submontane forest. These included 4 types of forest inventory plots: 33 square plots
(100 × 100 m) and 13 rectangular plots (40 × 250 m), each measuring 1 ha; 8 transect plots
(0.5 ha each), consisting of 20 subplots (10 × 125 m) distributed along 1 km transects; and
21 clustered plots (8 ha each), composed of 20 subplots (20 × 200 m) arranged in 5 crosses,
with 4 subplots per cross. In these plots, only individuals with a DBH ≥ 31.8 cm were used
for biomass calculations, in order to minimize the variability between recent inventories
and those of the RADAMBRASIL project.

Figure 2. Flowchart illustrating the methodological steps for estimating forest biomass in the state
of Amapá. BDIA = Environmental Information Database. BDGP = database of georeferenced plots.
ANA = National Water Agency.
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The bole volume (Vb) up to the height (Hb) of the first thick branch of each of the
19,544 inventoried trees, was calculated using the following equation [34]:

Vb =

[
π × D2]

[4 × Hb × 0.7]
(1)

where π is equal to 3.1416 and D is the tree DBH. An adjustment factor of 0.956 was applied
to the resulting bole volume to correct for hollow and irregularly shaped trees [1]. In cases
where bole height measurements were unavailable, we fitted site-specific allometric models
using a sample of DBH and bole height data available for each location (Supplementary
Material: Table S1). Then, the wood density (wood specific gravity as kiln dry weight
divided by the green volume; g cm3) obtained in the Global Wood Density Database
through the taxonomic identity of the trees [50] was used for each tree. When there was
no identification at the species level, the average for the genus or family was used, and
when there was no identification, the average of the plot was used. The bole volume and
basic wood density of each tree were transformed at the plot level (in 1 ha) to apply the
expansion factors, which were applied to all 129 sampling plots to convert bole volume
(m3 ha−1) into total biomass (Mg ha−1).

The volume expansion factor (VEF) is the volume ratio [1] given by dividing the
bole volume estimated for all trees ≥ 10 cm DBH by the volume estimated for trees with
DBH ≥ 31.8 cm. Therefore, the VEF adjusted the volume to represent the trees with DBH
between 10 cm and 31.8 cm, which are not included in the RADAMBRASIL forest surveys.
The VEF value used was 1.537, normalized according to the expected diameter distribution
for dense forests of Central Amazon [1]. This means that the volume of trees with DBH
between 10 and 31.8 cm corresponds to 53.7% of the volume of trees with DBH ≥ 31.8 cm.

The biomass expansion factor (BEF) is a biomass ratio obtained by the division of total
aboveground biomass of the trees by the bole biomass [1]. Thus, the BEF was adjusted for
the crown biomass of the trees normalized by the diameter distribution of dense forests of
central Amazon [1]. The bole biomass was multiplied by the BEF, whose value was 1.635 if
the bole biomass was ≥190 Mg ha−1 (calculated by [1] from data by [51]), meaning that
crown biomass is 63.5% of the bole biomass of the tree. The equation below was used if the
biomass of the bole was <190 Mg ha−1, assuming the crown biomass varied depending on
bole biomass:

BEF = exp[3.213 − 0.506 × ln(Bb)] (2)

where exp is the antilogarithm, ln is the natural logarithm (base ~2.72), and Bb is the
bole biomass.

To transform the values of expanded biomass into total biomass, we applied specific
expansion factors representing the contribution of each component relative to above-
ground living biomass as follows: 0.065 for trees < 10 cm DBH [51]; 0.019 for palms, 0.034
for vines, 0.043 for seedlings [1]; and 0.0021 for other non-tree forest components [12,52].
The aboveground dead biomass was estimated using expansion factors of 0.094 for coarse
wood debris (both fallen and standing) and 0.041 for fine litter. The below-ground biomass
was estimated by applying a factor of 0.31 [1].

2.4. Validation and Determination of the Interpolation Model

The georeferenced dataset was randomly split into two subsets: one comprising
116 sampling plots (~90%), and the other comprising 13 plots (~10%). The largest subset
(N = 116) was used to develop the spatial models, while the smaller subset (N = 13) was
set aside for model validation and for selecting the most accurate interpolation model
following the generation of forest biomass maps.
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2.5. Criteria for Validation and Model Selection

In order to validate and select the most suitable interpolation model, the following
criteria were applied [53]: (i) the smallest mean square error (MSE), (ii) the greatest efficiency
percentage (%EF), and (iii) the highest adjusted coefficient of determination (R2). Both
the MSE and %EF were used as measures of accuracy, while the adjusted R2 served as
an indicator of precision [54]. The adjusted R2 was also used to assess model precision,
expressed as a percentage error: (ε) = (1 − R2) × 100.

The parameters were calculated from the 13-point subsample. These values were then
compared with the predictions generated by the three interpolation models (ordinary kriging,
co-kriging, and kriging with external drift) at the same geographic coordinates [27,55,56].

2.6. Modeling and Spatial Distribution of Biomass

The spatial distribution of forest biomass was determined based on the best model
among the three kriging techniques [27] (Figure 3): (i) ordinary kriging, (ii) co-kriging,
and (iii) kriging with external drift (KED). Kriging was performed in ArcGIS software,
version 10.7 (Esri, Redlands, CA, USA, 2019), and consisted of estimating values of a
spatial variable in non-sampled locations and assessing the uncertainty associated with
the predicted value [24,54]. To perform kriging, first a semivariogram must be modeled.
The semivariogram function quantifies the assumption that nearby points tend to be more
similar than more distant points and illustrates the spatial dependence among the sample
plots [24,27,54,57]. Once the distances between all pairs of plots are plotted, a model is
then fitted to the resulting data. To accomplish this, the semivariogram relies on three
key components [53,54]: (i) the “nugget”, which reflects the data’s variability at very short
distances, often indicating measurement error or a lack of spatial continuity; (ii) the “sill”,
representing the level at which the semivariance stabilizes and the values no longer increase
with distance; and (iii) the “range”, which defines the maximum distance over which
spatial correlation exists, beyond which the samples are considered to be uncorrelated. A
conceptual model for calculating the semivariogram (SV) is given as follows:

SV = N + (S + N)× R (3)

where N is the nugget effect, S is the sill, and R is the range.
For ordinary kriging, the semivariogram was modeled with the sample point variable

(total biomass) as an input, thus obtaining a continuous biomass map for the predicted
values (Mg ha−1) from known data [53]. In the co-kriging analysis, along with the primary
variable (total biomass), three auxiliary variables were incorporated, including (i) the
vegetation map (V) from the BDIA database, which classifies the area into three forest
types, (ii) the annual average precipitation map (P), obtained from the website of the
National Water Agency [39], and (iii) the longitude map (Lo) produced from the longitude
of each known point. The three maps were designed for UTM/Zone 22 N, WGS 84, and
transformed into a raster format with a spatial resolution of one hectare per pixel.

For KED, the final biomass map (Mg ha−1) was obtained by applying multiple linear
regression using the raster maps (cell grid) of the auxiliary variables V, P, latitude (La), Lo,
and R (map of residuals) as independent variables. The KED map was created in three
stages: (1) obtaining the residuals and the regression coefficients by applying the least
squares method between the main variable and the auxiliary variables (sample points),
(2) obtaining the raster map of residuals (1 ha spatial resolution, UTM/Zone 22 N, and
WGS 84) through ordinary waste kriging, and (3) execution of the multiple linear regression
as follows:

KEDB = 1481.43611 − 7.913882 × R + 7.748431 × V + 0.060044 × P − 16.401831 × La + 23.73743 × Lo (4)
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where KEDB is the total biomass obtained by kriging with external drift, R is the map of
residuals, V is the vegetation map, P is the precipitation map, La is the latitude map, and
Lo is the longitude map. The model explained 84% of the variability in KED biomass, and
all coefficients contributed significantly to the model (P = 0.03 for La, and P < 0.001 for the
other parameters).

Figure 3. Flowchart illustrating the application of kriging to the georeferenced database, incorporating
five auxiliary environmental variables. BDGP = database of georeferenced plots; OLS = ordinary
least squares; R = map of residuals; V = vegetation map; P = precipitation map; La = latitude map;
Lo = longitude map; Ord-krig = ordinary kriging; Co-krig = co-kriging; KED = kriging with external
drift. For co-kriging, three auxiliary variables were employed (V, P, and Lo), and for KED, five
variables were utilized (R, V, P, La, and Lo). The colors in the small maps represent the gradients of R,
V, P, La, and Lo, ranging from lower values (yellowish to reddish tones) to higher values (greenish to
bluish tones).

2.7. Biomass Maps for Forest Types

In order to estimate the biomass associated with each forest type, binary raster maps
(values 0 and 1) with a spatial resolution of one hectare were generated on the BDIA
classification. In these maps, pixels corresponding to the extension of a given forest type
were assigned the value 1, while all other areas were assigned the value 0. Each raster was
constructed with identical dimensions: 6153 rows by 5392 columns. These binary layers
were then individually overlaid with the dense forest biomass map (Mg ha−1) through
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map-algebra procedures, resulting in biomass distribution maps for each forest type, as
shown in the following equation:

B f t(i) = Mt(i) × Md f B (5)

where: Bft(i) is the biomass map for the forest type “i”, Mt(i) is the map of class “i” generated
from the BDIA map (Da, Db, and Ds), and MdfB refers to the dense forest biomass maps.

2.8. Biomass in Protected Areas and Agriculture and Ranching Areas

To determine the biomass in protected areas, cross-referencing between the binary
maps of conservation units, indigenous lands, and quilombola areas was applied using
databases from the Ministry of the Environment [58] and the National Institute for Colo-
nization and Agrarian Reform (INCRA) [59], with the biomass maps generated by forest
type. The biomasses of the agriculture and ranching use areas (settlement projects and
other areas) were determined by excluding the protected areas. Conservation units were
divided into “integral-protection” units (which aim to preserve nature and allow only
indirect use of their natural resources), and “sustainable-use” units (which aim to combine
nature conservation with sustainable use of part of their natural resources).

2.9. Statistical Analysis

The Shapiro–Wilk normality test was applied to all datasets obtained by cross-
referencing information between the land-use categories. The t-test was used to determine
whether the values predicted by the three models (ordinary kriging, co-kriging, and kriging
with external drift) and the values of the subsample had different means [49]. These analy-
ses were run using R software, version 3.5.1 (R Development Core Team, Vienna, Austria,
2018). The multiple regression was used to predict the values of the final map produced
in ArcGIS software by kriging with external drift using maps of the auxiliary variables
(vegetation, precipitation, latitude, longitude, and residuals).

3. Results
The model with the best performance in representing the total biomass of the dense

ombrophilous forest in the state of Amapá was KED (Figure 4 and Table 2). The final
fitted semivariogram (exponential structure) had a range of 168 km and a strong spatial
correlation of the data, with a nugget effect of 8% in relation to the threshold (20,141 m).
Nevertheless, the spatial correlation declined, with spatial dependence dropping between
168 km and 253 km, beyond which, the relationships between the samples became random.

Table 2. Cross-validation results (accuracy) and selection of the optimal interpolation model for
estimating the mean total biomass of dense ombrophilous forest in the state of Amapá. MSE = mean
square error; %EF = efficiency percentage; adjusted R2 = adjusted coefficient of determination;
BDGP = georeferenced database; Ord-krig = ordinary kriging; Co-krig = co-kriging; KED = kriging
with external drift.

Interpolators MSE %EF Adjusted R2 p-Value
Regression p-Value t-Test Mean Biomass

(Mg ha−1)

BDGP (13 plots) - - - - - 594.01

Ord-krig 126.9 96.70 0.48 0.0052 0.057 524.81

Co-krig 123.4 93.19 0.45 0.0069 0.071 531.47

KED 121.7 83.04 0.61 0.0010 0.092 534.78
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Figure 4. Reference map showing the spatial distribution of forest biomass (Mg ha−1) in the state of
Amapá, generated using kriging with external drift (KED). White areas represent non-forest vegetation.

The average biomass across forest types in the state of Amapá was 536.5 ± 64.3 Mg ha−1

(Table 3; Figure 4), corresponding to 260.2 ± 31.2 Mg C ha−1, assuming that 48.5% of
biomass is carbon [22]. Non-flooding lowland forest was the forest type that had the highest
average total biomass (619.13 ± 38.27 Mg ha−1; mean ± SD), followed by the submontane
forest (521.83 ± 49.82 Mg ha−1) and the floodplain forest, which had the lowest mean
(447.60 ± 45.51 Mg ha−1). The total biomass stock (live + dead, above and belowground)
for the dense ombrophilous forest in the state of Amapá (still standing in 2018) using
the KED model was estimated at 5.66 × 109 Mg for 107,193 km2 (71.9% of the state’s
territory). Of this total, live aboveground biomass accounted for 4.10 × 109 Mg (72.4%),
dead aboveground biomass accounted for 0.65 × 109 Mg (11.5%), and live belowground
biomass accounted for 0.91 × 109 Mg (16.1%) (Table 3). The cumulative loss of biomass by
2018 in Amapá due to deforestation was 0.098 × 109 Mg (1.74%) (Table 3). The lowland
rain forest had the highest cumulative loss (0.056 × 109 Mg; 0.99%).

Table 3. Original total biomass stock (live + dead; above- and belowground) and estimated weighted
average per unit area for dense ombrophilous forest in the state of Amapá, representing biomass
losses due to deforestation.

Forest
Type

Area
(103 km2)

Live
Above-
ground
(109 Mg) b

Dead
Above-
ground
(109 Mg) b

Live
Below-
ground
(109 Mg) b

Total
Biomass
Stock
(109 Mg)

Bio.
Stock
(%)

Mean (±SD)
(Mg ha−1)

Range
(Mg ha−1)

Biomass
Loss
(109 Mg)

Bio.
Loss
(%)

Da a 6.051 0.174 0.028 0.039 0.241 4.3 447.60 ± 45.51 293.0–692.0 0.008 0.14
Db a 20.688 0.895 0.143 0.199 1.237 21.9 619.13 ± 38.27 397.0–724.0 0.056 0.99
Ds a 80.454 3.026 0.484 0.672 4.182 73.9 521.83 ± 49.82 293.0–709.0 0.033 0.58

Total 107.193 4.096 0.655 0.909 5.659 100.0 536.48 ± 64.25 293.0–724.0 0.098 1.73

a Vegetation codes [35]. Data are for the year 2018. b The proportions used for calculation of biomass by forest
compartment were produced following ref. [22].
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The total amount of biomass stored within protected areas (conservation units,
indigenous lands, and quilombola areas) in Amapá, was estimated at 4.76 × 109 Mg
(84.13%; 535.08 ± 64.67 Mg ha−1) (Table 4). The largest stock was in conservation units (75%;
4.24 × 109 Mg), with 58.78% (3.32 × 109 Mg) in submontane forest, 14.65% (0.829 × 109 Mg)
in non-flooding lowland rainforest, and only 1.56% (0.088 × 109 Mg) in river flood-
plain forest. The total stock in areas of agriculture and ranching use was 0.898 × 109 Mg
(15.87%; 532.15 ± 61.26 Mg ha−1), and settlement projects had the largest stock (9.18%;
0.519 × 109 Mg), with the most biomass in the submontane forest type (5.87%; 0.332 × 109 Mg).

Table 4. Area (km2), average biomass (Mg ha−1; %), range of biomass values (Mg ha−1), biomass
stock (Mg), and biomass losses (106 Mg; %) due to deforestation up to 2018, by forest type and
land-use group in the state of Amapá.

Group Area
(103 km2)

Mean (±SD)
(Mg ha−1)

Range
(Mg ha−1)

Biomass
Stock
(106 Mg)

Bio.
Stock
(%)

Biomass
Loss
(106 Mg)

Bio.
Loss
(%)

Protected areas
Indigenous lands
Dense-canopy rainforest on river
floodplain 0.21 434.16 ± 22.58 348–600 9.24 0.16 0.01 0.11

Dense-canopy rainforest on
non-flooding lowlands 1.20 601.24 ± 10.87 547–622 72.39 1.28 1.21 1.67

Dense-canopy rainforest, submontane 8.16 511.10 ± 34.96 348–612 416.89 7.37 3.18 0.76

Total in indigenous lands 9.57 515.50 ± 46.13 348–622 498.52 8.81 4.40 0.88

Conservation units
Dense-canopy rainforest on river
floodplain 2.03 435.00 ± 53.62 293–655 88.45 1.56 0.07 0.08

Dense-canopy rainforest on
non-flooding lowlands 13.24 626.08 ± 35.74 397–721 829.06 14.65 13.94 1.68

Dense-canopy rainforest, submontane 63.78 521.58 ± 53.64 293–709 3326.44 58.78 7.74 0.23

Total in conservation units 79.05 537.55 ± 66.28 293–721 4243.95 75.00 21.75 0.51

Quilombola areas
Dense-canopy rainforest on river
floodplain 0.02 427.46 ± 9.31 415–438 1.01 0.02 0.04 3.96

Dense-canopy rainforest on
non-flooding lowlands 0.29 611.26 ± 8.50 581–641 17.43 0.31 0.02 0.11

Dense-canopy rainforest, submontane - - - - - -

Total in quilombola areas 0.31 519.36 ±49.66 415–641 18.44 0.33 0.06 0.33

Total in protected areas 88.93 535.08 ± 64.67 293–721 4760.91 84.13 26.21 0.55

Agriculture and ranching areas
Settlement projects
Dense-canopy rainforest on river
floodplain 0.56 460.01 ± 34.44 398–618 25.74 0.45 1.77 6.88

Dense-canopy rainforest on
non-flooding lowlands 2.64 610.47 ± 36.90 425–722 161.29 2.85 19.01 11.79

Dense-canopy rainforest, submontane 6.21 535.42 ± 17.14 412–671 332.41 5.87 14.86 4.47

Total in settlement projects 9.41 535.30 ± 51.03 398–722 519.43 9.18 35.65 6.86
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Table 4. Cont.

Group Area
(103 km2)

Mean (±SD)
(Mg ha−1)

Range
(Mg ha−1)

Biomass
Stock
(106 Mg)

Bio.
Stock
(%)

Biomass
Loss
(106 Mg)

Bio.
Loss
(%)

Other areas
Dense-canopy rainforest on river
floodplain 3.22 453.42 ± 38.36 312–692 109.52 1.94 6.58 6.01

Dense-canopy rainforest on
non-flooding lowlands 3.32 602.44 ± 47.01 397–724 168.50 2.98 22.29 13.23

Dense-canopy rainforest, submontane 2.31 531.12 ± 25.09 619–654 100.37 1.77 7.74 7.71

Total in other areas 8.85 529.00 ± 73.33 312–724 378.39 6.69 36.61 9.68

Total in agriculture and ranching areas 18.26 532.15 ± 61.26 312–724 897.82 15.87 72.25 8.05
Grand total 107.19 536.48 ± 64.25 293–724 5658.73 100.00 98.47 1.74

The agriculture and ranching areas had the highest cumulative losses of biomass in
the total stock of Amapá (72.25 × 106 Mg; 8.05%; Table 4). The protected areas had the
lowest cumulative losses (26.21 × 106 Mg; 0.55%).

Conservation units maintain the largest area of submontane forest cover in the state of
Amapá, stocking a substantial amount of biomass. The total biomass stock in sustainable-
use conservation units was estimated at 2263.30 × 106 Mg (572.79 ± 56.24 Mg ha−1),
40% of the total, while that in the integral-protection conservation units was lower,
1980.62 × 106 Mg (502.27 ± 55.90 Mg ha−1), or 35% of the total (Table 5). The largest
stock was in the Tumucumaque Mountains National Park (an integral-protection conser-
vation unit), estimated at 1872.98 × 106 Mg (500.91 ± 54.74 Mg ha−1), followed by the
Amapá State Forest (a sustainable-use conservation unit), estimated at 1325.85 × 106 Mg
(588.10 ± 55.10 Mg ha−1). Amapá National Forest had the highest average biomass stock
for sustainable-use units (599 ± 29.32 Mg ha−1), while the highest for integral-protection
units was for the Jari Ecological Station (533.55 ± 6.28 Mg ha−1).

Table 5. Area (km2), biomass stock (Mg; %), average biomass (Mg ha −1), and biomass range (Mg
ha−1) in 2018 for conservation units in the state of Amapá.

Conservation Unit Area
(103 km2)

Biomass Stock
(106 Mg)

Biomass
Stock (%)

Mean (±SD)
(Mg ha−1)

Range
(Mg ha−1)

Integral Protection
Tumucumaque Mountains National Park 37.29 1872.98 33.1 500.91 ± 54.74 293–613
Cabo Orange National Park 1.37 71.73 1.3 524.07 ± 84.45 394–639
Jari Ecological Station 0.67 35.91 0.6 533.55 ± 6.28 515–552

Total in integral-protection units 39.34 1980.62 35.0 502.27 ± 55.90 293–639

Sustainable Use
Amapá State Forest 22.80 1325.85 23.4 588.10 ± 55.10 397–721
Cajari River Extractive Reserve 3.71 215.81 3.8 580.52 ± 47.62 443–658
Amapá National Forest 4.50 274.92 4.9 599.00 ± 29.32 495–654
Iratapuru River Sustainable
Development Reserve 8.70 446.73 7.9 513.66 ± 23.62 340–552

Total in sustainable-use units 39.71 2263.30 40.0 572.79 ± 56.24 340–721

Total in conservation units 79.05 4243.93 75.0 537.23 ± 66.28 293–721

Biomass distribution using estimates for each pixel showed asymmetrical patterns
for the different land-use types (Figure 5A), which are related to distinct peaks of biomass
frequency for different forest types (Figure 5B). Agriculture and ranching areas had a
higher frequency of pixels with low biomasses (400–460 Mg ha−1), which coincide with
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a peak of frequency for forests on river floodplain. The highest frequency for integral-
protection conservation units (450–520 Mg ha−1) matches the high frequency for sub-
montane forests (500–550 Mg ha−1) and the high frequency of pixels with large biomass
stocks (500–600 Mg ha−1) for sustainable-use conservation units overlapped with peaks of
frequency for both submontane and lowland forests (550–620 Mg ha−1).

Figure 5. Biomass (Mg ha−1) distribution (frequency of pixels expressed as percentage) (A) across
conservation units and areas used for agriculture and ranching, and (B) by forest type. IP = integral-
protection conservation units; SU = sustainable-use conservation units; AUA = agriculture and
ranching use areas; Da = dense-canopy rainforest on river floodplain; Db = dense-canopy rainforest
on non-flooding lowlands; Ds = dense-canopy rainforest, submontane.

4. Discussion
We fitted total biomass data from a geographic database of forest inventories [41] and

mapped it using kriging with external drift to generate an improved modeling of stocks
of forest biomass for Amapá. The semivariogram revealed that 84% of the variation in
total biomass is spatially structured, with spatial dependence extending up to 168 km
across the study area. Approaches based on simple average per forest type are less effective
for mapping biomass than geostatistical methods, which account for spatial correlations
among sampling plots [27,31,60]. Despite the robustness of the approach, this study has
some weaknesses that should be addressed in future research. A key limitation is the
absence of a temporal analysis of biomass change over the past 5 to 10 years, which
would enable a better understanding of trends in carbon dynamics across the region.
The lack of temporal consistency between data from plots inventoried in the 1970s by
the RADAMBRASIL project and those from more recent inventories (2000s–2010s) may
increase uncertainty in the spatial modeling of current biomass. Additionally, the absence
of field data in some areas, particularly in remote regions of western Amapá such as
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the Tumucumaque Mountains National Park, has constrained spatial interpolation and
increased model uncertainty. Future research should focus on incorporating time-series
remote sensing data from LiDAR or GEDI missions [21–24,27] and expanding ground-truth
inventories in under-sampled regions to improve both the temporal and spatial resolution
of biomass estimates.

An important feature of this research was the relatively high plot density of one plot
per 835 km2. This plot density is higher than that for the forest inventories in the state
of Roraima (1480 km2) [27] and for the RADAMBRASIL Project for the forest area of the
Brazilian Amazon as a whole (one plot per 2702 km2). This higher density indicates an
improvement in the spatial analysis of the total biomass data by forest type, with a high
spatial resolution of 1 ha, thereby decreasing the uncertainty as compared to other research
on the Amazon that has spatial resolution of 1 km2 [13,22,27].

The use of interpolation techniques incorporating environmental variables (latitude,
longitude, precipitation, vegetation type, and residuals) produced significant results in
multiple linear regression, explaining a large portion of the variability (84%) in the inter-
polated biomass. Longitude, precipitation and vegetation showed positive relationships
with biomass; that is, the larger the values of these variables, the greater the forest biomass.
This increase in biomass with longitude reflects a gradient toward the eastern region of
Amapá, where precipitation is higher and lowland non-flooded forests are prevalent (see
Figure 1), supporting greater biomass stocks. The positive effect of precipitation is expected,
as water availability enhances photosynthesis, tree growth, and forest productivity, thereby
promoting biomass accumulation [61]. In addition, forest types with greater structural com-
plexity, such as lowland non-flooded and submontane forests of the northeastern Amazon,
typically store more biomass due to the higher density of large trees [62,63]. Nonetheless,
the contribution of a database of georeferenced forest inventories from French Guiana [64]
and the western portion of Amapá would enhance the accuracy of biomass models, since
the absence of data in these surrounding regions was the primary source of error (39%) in
the spatial modeling. However, the present reference map produced in this study (Figure 4)
offers a reliable representation of the spatial distribution of total forest biomass in Amapá.

Regarding average forest biomass per hectare, the findings revealed that the mod-
eled estimates (537 Mg ha−1) in Amapá may exceed those of the broader Brazil-
ian Amazon by 75% to 124% depending on the reference estimate (307 Mg ha−1 to
240 Mg ha−1) [1,17]. Particularly, the Guiana Shield is known to store high amounts of
biomass (370–434 Mg ha−1) [1,28], but the small sample size (27 plots for [28] and 37 for [1])
indicates uncertainty in the estimates and in the capacity for extrapolation to large areas
of forest in this region. All of the forest types in Amapá had higher averages in our study
than those reported in the Brazilian Amazon as a whole [1]. The average in non-flooding
lowland rainforest was the one with the highest difference (60% higher) in relation to the
average for the Amazon, while submontane and river-floodplain forests were 35% and 24%
higher [1].

The higher biomass density observed in Amapá′s forests, compared to other regions
of the Brazilian Amazon, can be attributed to a combination of ecological, biogeographic,
and methodological factors. Amapá lies within the Guiana Shield, a region characterized
by well-preserved, structurally complex forests with a high density of large, long-lived tree
species and lower historical disturbance levels [62]. These forests often contain a higher
proportion of large (DBH > 30 cm) and tall trees (reaching over 70 m in height; [64]). For
instance, large trees in lowland forests of the Amapá National Forest have an average height
of 32 m [65], whereas trees of similar diameter typically reach lower heights in the dense
forests of the southwestern (24 m) and central (27 m) Amazon [66]. Dominant large-tree
species in the region, such as Dinizia excelsa, Manilkara spp., and Vouacapoua americana, are
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characterized by high wood density, which contributes substantially to the aboveground
biomass in Amapá′s forests [28,29]. Additionally, the climatic conditions in Amapá, marked
by relatively high precipitation and minimal dry season stress, favor continuous forest
productivity, a higher density of large trees, and greater biomass accumulation [29,61,63].
Furthermore, past studies in the region have relied on limited sample sizes, especially
in remote or upland areas, which may have led to underestimates of biomass [1,17]. In
contrast, the present study includes a larger and more spatially representative dataset,
improving the accuracy of biomass estimates and better capturing the contribution of
high-biomass forest types prevalent in Amapá.

In the present study, montane dense forest was excluded due to limited inventory data.
However, future studies could address this gap using remote sensing tools such as LiDAR,
GEDI, or Sentinel-2 imagery [18,67]. These technologies can provide reliable biomass
estimates in remote areas and improve the completeness of forest carbon assessments across
different tropical forest types. However, this study used a dataset combining past with
recent inventories and applied a reliable methodology to improve the spatial distribution
of the biomass estimates. The results show that forest areas in Amapá store more biomass
than previously reported.

The total biomass of the protected areas was estimated at 4760.91 × 106 Mg, represent-
ing 84.1% of the total biomass of Amapá. These estimates indicate that the protected areas
in Amapá are strategic for mitigating losses of carbon stocks and for reducing greenhouse-
gas emissions, and these areas form part of a large set of protected areas in the Amazon
that are essential for maintaining carbon stocks [23,68–70]. These protected areas play
an important role in mitigating the effects of global climate change and may represent
future opportunities for the state of Amapá under REDD+ projects. These projects have the
potential to reduce greenhouse-gas emissions [70] and benefit the traditional populations
that live in them through commitments to maintain the forest standing [70–72].

The largest stock observed in protected areas was in the conservation units (75% of
total). The sustainable-use conservation units contributed 40% of the total biomass stock,
while integral-protection reserves contributed 35% due to differences in average biomass.
The higher biomass in the sustainable-use reserves is due to differences in biomass per unit
area (14% higher in the sustainable-use areas), since both types of conservation unit occupy
similar areas (37.0% for sustainable-use vs. 36.7% for integral-protection reserves).

In Amapá National Forest, a total stock of 274.92 × 106 Mg was estimated, which
is 56% higher than that estimated for this conservation unit by [73], who reported a
total of 176.47 × 106 Mg of biomass. The largest stock was in Tumucumaque Mountains
National Park, estimated at 1872.98 × 106 Mg, which is 26% higher than the estimate
of 1482.50 × 106 Mg by [73]. For Amapá State Forest, 1325.85 × 106 Mg was estimated,
which is 49% higher than the 891.56 × 106 Mg estimated by [73]. Since the methods used
to estimate plot biomass in [69] and in the present study were the same, the observed
differences are likely due to the inclusion of a greater number of sample plots from recent
inventories in the Amapá National Forest (13 plots) and in the Amapá State Forest (32 plots).
These additions likely contributed to increased estimation accuracy for these two protected
areas. Although no new plots were added in the Tumucumaque Mountains National
Park, the plots from the other two reserves included submontane forests, which represent
the most common forest type across these protected areas. Furthermore, the previous
study [69] relied on biomass maps from [1], which were based solely on RADAMBRASIL
plots. Because those plots were mostly located near rivers, they likely failed to adequately
sample large tree species such as Dinizia excelsa and Manilkara spp., which are common
on the region’s plateaus [63]. In contrast, our study incorporated different environmental
predictors (precipitation, longitude, and latitude) which helped improve the precision of



Sustainability 2025, 17, 5310 16 of 20

biomass spatialization in areas lacking sample plots, resulting in more accurate estimates
for these protected areas.

Protected areas play an important role in preventing emissions from deforestation [74].
The biomass stocks (and consequently, the carbon stock) currently held in protected areas
are at less risk of being emitted into the atmosphere by deforestation than the carbon
stored in vegetation located outside of protected areas. In addition to their value for
conservation of biological diversity, protected areas are valuable because they have large
amounts of carbon. This carbon is especially valuable because it is in areas that are under
legal protection, although these areas have varying levels of access and permitted use of
natural resources. Amapá State Forest and Amapá National Forest together contribute 28%
of the biomass stock in the State of Amapá, and both reserves are under concession for
selective logging. Because timber extraction focuses mainly on large trees with dense wood,
the negative impacts will be higher on biomass stocks and consequently on carbon stocks,
thus constraining the capacity of the protected areas to mitigate greenhouse-gas emissions.
To conserve these stocks, it is therefore necessary to go further than simply maintaining
protected areas; the uses permitted in sustainable-use protected areas must be rethought
since most forest biomass is stored in conservation units where logging is currently allowed
and is actively promoted by the government.

Since sustainable-use reserves hold a substantial portion of Amapá’s carbon stocks,
policy changes are urgently needed to guarantee their long-term carbon storage services.
Strong regulation and, most recommended, the cessation of industrial logging concessions
in sustainable-use reserves are required [75]. Further, it is necessary to implement zero-
deforestation supply chains, such as afforestation on degraded lands for wood supply, as
well as to support community-based forest management that aligns conservation goals
with local livelihoods such as the productive chains from essential oils of Carapa guianensis,
Pentaclethra macroloba, and Copaifera spp. [76–78]. Expansion of REDD+ initiatives and
payments for ecosystem services [70] can also contribute to making forest conservation
economically viable for local populations. Without such changes in public policy, the
carbon storage of Amapá’s forests could be drastically reduced, and both local and global
climate potential could be compromised.

5. Conclusions
Advances have been made in the quantification of stocks and in mapping the spatial

distribution of the total forest biomass in the state of Amapá, thereby helping to minimize
uncertainties related to the spatial variation of forest biomass. The present study highlights
the need for mapping the spatial distribution of forest biomass stocks using a larger number
of plots in surrounding areas to minimize local uncertainties regarding carbon reservoirs.

The map generated here has high spatial resolution and provides valuable informa-
tion for determining the carbon balance at multiple scales, offering further evidence that
Amapá’s forests contain the largest per-hectare biomass stocks in the Brazilian Amazon.

These stocks are concentrated in protected areas, mainly sustainable-use reserves.
Changes to public policies regarding these protected areas are needed to prevent the
depletion of carbon stocks and mitigate the emission of greenhouse gases. Therefore,
it is crucial to promote public policies that strengthen the protection of reserves, the
implementation of effective enforcement to reduce deforestation to zero, and the cessation
of logging activities in sustainable-use areas. Additionally, supporting community-based
forest management, such as productive chains from essential oils, and mechanisms such
as REDD+ and payment for ecosystem services can enhance the effectiveness of protected
areas, ensuring the conservation of carbon stocks in the region.
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