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Abstract
Carbon sequestration is a crucial ecosystem service, naturally mitigating and reducing the ever-growing threat from climate 
change. Large forests, such as the Atlantic Forest, are important carbon reservoirs removing carbon from the atmosphere and 
storing it in their biomass. The assessment of carbon stock from forests fragments helps to establish a better understanding 
of the carbon cycle and the potential of climate mitigation strategies. Thus, we estimated the biomass and carbon stock of 
an Atlantic Forest fragment located in the foothills of Pedra de Itaocaia. We used a non-destructive methodology based on 
climbing techniques and an allometric equation. We climbed seven trees in order to thoroughly measure them in whole and 
calculate the volume of arboreal compartments. We compared the measured volume obtained from the climb to an esti-
mated tree cylindrical volume and established a correction factor of 0.65 between both (i.e. tree form factor). The tree form 
factor adjusts the allometric equation and allows carbon estimations without the need to climb all trees in the fragment. The 
biomass and carbon stock estimates obtained were 100.1 and 50.5 MgC/ha, respectively, which implies that the fragment 
is on an intermediary stage of regeneration at approximately forty years old. This allometric equation efficiently integrates 
structural features of forest fragments similar to the one of Pedra de Itaocaia, thus contributing to advance the knowledge 
about processes taking place in forest fragments situated in the Atlantic Forest. Carbon estimation is imperative for a better 
understanding of climate mitigation strategies that can revert the threat of climate change to ecosystems.

Keywords: Carbon sequestration; Allometric equation; Forest regeneration; Climate change mitigation.

Introduction

Climate change severely impacts ecosystems 
and biodiversity, however, with mitigation strat-
egies in accordance with the Paris Agreement, 
risks can be reverted (MANES et al. 2021). 
Climate mitigation is essential to limit the mag-
nitude of such threats and prevent irreparable 
consequences for natural and anthropogen-
ic environments. The most effective method to 
mitigate climate change is through carbon se-
questration, where forest regeneration plays a 
crucial role (LEWIS et al., 2019). The latest IPCC 
(2018) report stresses the need to implement 
one billion forest hectares to limit climate warm-
ing to a 1.5 oC increase until 2050.

The restoration of forest fragments 
would drastically reduce atmospheric carbon 

concentration and help achieve this goal if all 
areas with regeneration potential were effective-
ly accounted for (BASTIN et al., 2019). Actions 
to protect secondary forests in the Neotropics 
areas can store in the next 40 years a sufficient 
amount of carbon to offset industrial and fos-
sil fuel emissions from the Latin American and 
Caribbean (CHAZDON et al., 2016). Quantifying 
and determining spatio-temporal patterns of for-
est biomass contributes to the understanding 
of the role of forests in the global carbon cycle, 
which in turn underpins estimates of the capac-
ity of carbon storage (POORTER et al., 2016). 
The Atlantic Forest is considered a hotspot in 
the world and, according to estimates, 40 % of 
the species are endemic (MYERS et al., 2000). 
However, the great fragmentation affects about 
91 % of the remaining fragments of the Atlantic 
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Forest (PÜTZ et al., 2014). Marques et al. 
(2016) report that forests store about a third 
of the total carbon in the non-geological world, 
where the restoration of the Atlantic Forest can 
triple the values   of sequestration of this gas in 
regeneration areas in 60 years. Therefore, for-
est carbon storage is a relevant parameter to 
monitor ecosystems, evaluate impacts, estimate 
stages of ecological succession, and gauge the 
capacity of carbon storage as effective climate 
mitigation strategies.

Forest biomass is a mass of matter of bi-
ological origin from forest components. The 
components of forest biomass are the sum of 
the biomasses of the above-ground living com-
ponents, which ranges from the base of the trunk 
to the crown of trees and shrubs; below-ground 
biomass, which is composed of live roots; dead 
biomass above ground, composed of litter 
(leaves, trunks and fallen branches) that has not 
yet been decomposed; and soil organic matter 
(SILVEIRA et al., 2008). Forest biomass can be 
estimated using allometric equations that deter-
mine the volume of tree individuals derived from 
measurements of their structure (BROWN et al., 
1995; CHAVE et al., 2005) and calculate the 
carbon stock, which is estimated as 50 % of 
biomass (AZEVEDO et al., 2018). Most allome-
tric equations require cutting and weighting the 
trees to determine the volume. A contrasting al-
ternative, better-suited for the Atlantic Forest due 
to protective law, would be to climb the trees to 
measure them in whole (BRASIL, 2006). The 
thorough measurements from the climbing of few 
local trees allow the calculation of a correction 
factor that can be applied into forest inventories 
(containing tree’s diameter, height, and wood 
density) and easily estimate carbon storage from 
forest fragments without the need to climb and 
measure every tree in the forest. Although less 
practical to estimate and often lacking in forest 
inventories, the wood density also plays an im-
portant role to explain differences with respect 

to carbon estimates within a forest (CHAVE 
et al., 2005).

The Atlantic Forest is a biodiversity hotspot 
due to a combination of high rates of faunis-
tic and floristic endemism and ongoing loss of 
habitat. Due to the great diversity of arbore-
al species, it is inappropriate to use allometric 
equations previously developed for different 
biomes (e.g. for the Amazon forest) as is com-
monly seen in the literature. Using allometric 
equations from other areas can significantly in-
crease errors given that in different areas distinct 
groups of species (with their respective allo-
metric relationships) predominate (TANIZAKI, 
2000). Hence, it is imperative to use allome-
tric equations that encompass regional forest 
physiognomy and the main variables influencing 
forest structure variability to estimate forest bio-
mass without the need for cutting trees down. 
In that sense, the aim of our study was to de-
rive an allometric equation for an Atlantic Forest 
fragment in Pedra de Itaocaia (Rio de Janeiro), 
enabling biomass and carbon stock estimation 
from a forest inventory previously performed in 
the study area.

Material and methods

The methodology applied in this study was 
adapted from Tanizaki (2000). First, we climbed 
and measured the structure of seven trees to es-
tablish form factors and be able to develop an 
allometric equation to quantify aboveground 
biomass from the trees climbed. Afterwards, we 
applied the same allometric equation to a forest 
inventory to estimate biomass and carbon from 
the forest fragment area.

Study area

The study area corresponds to the perime-
ter known as Pedra de Itaocaia (22º 56’ 06’’ S 
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and 42º 57’ 49’’ W), located within the limits 
of the city of Maricá, Rio de Janeiro. The mean 
annual temperature is 23 oC and mean rainfall 
between 1000 mm/year and 1500 mm/year, 
within a sub-humid climate (BARBIERE & COE-
NETO, 1999). Maricá is located at an altitude 
of about 5 meters and the main types of soils 
are argisol (70.82 %) and gleysol (16.87 %) 
(INDE, 2021).

The region is composed of forest fragments 
found in the vicinity of the Serra da Tiririca State 
Park (IGNÁCIO et al., 2015). The local vegetation 
is mostly composed of secondary formations of 
dense ombrophilous Atlantic Forest. The area was 
much altered due to anthropic perturbations and 
deforestation, followed by land abandonment. The 
area has been abandoned for 30 to 40 years with-
out major anthropic influences (BARROS, 2008).

Figure 1. a) Brazilian Atlantic Forest; b) Forest Remnant of Rio de Janeiro. The area circled in black represents 
the Maricá municipality.

Source: Adapted from SOS Mata Atlântica/INPE (2021).

Form factor establishment

Starting at the base, the diameter of the trunk 
was measured from meter to meter to the base of 
the crown, including the traditional DAP, measured 
at about 1.3 m from the ground. At that moment, 
according to the structural structure of the tree, 
the branches were registered and the diameter of 
the base of each branch (Diameter of the Base of 
the Branch) was measured, as well as the length 
of each branch (Length of the Branch) estimated 
visually. As far as possible, the most representa-
tive branches were measured meter by meter from 
their respective bases, and their branches (sec-
ondary branches) were also recorded. The climb 
continues to assess viability towards the top of 

the canopy. When the maximum possible limit is 
reached, the total height of the tree is recorded 
plus the remaining length towards the top: es-
timated visually and usually a few meters away.

In the second stage of the climbing process, 
a middle branch is selected and cut from the tree. 
Once on the ground, the branch is partitioned into 
thick branches (diameter greater than 2 cm) and 
thin branches, and the leaves detached from the 
branches. The three compartments (thick branch, 
thin branch, and leaves) are weighed and samples 
from each compartment are stored for further lab-
oratory analysis (calculation of basic density and 
fresh density). In the case of branches, cylindrical 
samples of approximately 5 cm in length were 
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separated, in the case of leaves, samples of ap-
proximately 100 grams of leaves.

We climbed seven trees in whole to calculate 
their trunk and tree crown volume. To calculate 
trunk volume, we measured the trunk diameter 
in every meter up from the ground until the be-
ginning of the tree crown, to calculate the volume 
of each trunk section and summed them. For the 
calculation of the tree crown’s volume, we used a 
branch form factor (FFB). The branch form factor 
is a ratio between the branches’ estimated conical 
volume and the real volume obtained measuring 
their irregular form (TANIZAKI, 2000). To measure 
the branch’s real volume, we cut out a big branch 
from each climbed tree and measured the volume 
according to the method of water displacement 
(Archimedes’ principle). We estimated the coni-
cal volumes and used the branch form factor from 
each tree to calculate the volume of the branches 
that were not cut from the same tree. Therefore, 
the branch form factor (Eq. 1) for each tree rep-
resents the ratio of the branch’s real volume (Eq. 
2; which is a sum of three branch compartments 
of thick and thin branches and leaves) and its con-
ical volume (Eq. 3; calculated using length and 
diameter at the branch base on cone volume for-
mula). Finally, the total branch volume (i.e. tree 
crown volume) representing all of the branches 
from a given climbed tree is given by the sum of 
the conic volume of every branch multiplied by 
the branch form factor (Eq. 4). We used the trunk 
volume and tree crown volume to thoroughly cal-
culate the trees’ volume (i.e. real volume).

FFB = Vbranch / Vconical (1)

Vbranch = Σ(Wfn /Dfn), with 1 ≤ n ≤ 3 (2)

Vconical = {(Dbranch/2)2 * π * Lbranch } / 3 (3)

Vtreecrown = Σ(Vconical * FFB) (4)

At which: FFB, Vbranch, Vconical, Dbranch, Lbranch, Wf, Df, and Vtreecrown 
are, respectively, branch form factor, branch real volume, 
branch conical volume, branch diameter, branch length, 
fresh weight, and fresh density of the branch compartments 
assuming that n is the number of compartments (namely thick 
and thin branches and leaves), and total branch volume from 
a climbed tree.

We also measured the diameter at breast 
height (DBH) and total height (H) of the trees, 
used to calculate the tree’s cylinder volume. 
Combining the real volume and the cylinder vol-
ume we were able to establish a tree form factor 
(FFT). Similarly, the tree form factor represents the 
conversion from the tree’s estimated cylinder vol-
ume to its real volume, which accounts for natural 
irregularities of the trunks, assuming that trees 
from the same area present similar shapes and 
structures. The tree form factor is calculated using 
a linear regression correlating the tree’s cylinder 
volume and their real volume measured during the 
climb, eliminating the need to climb every tree in 
the region. We selected trees with great variabili-
ty of sizes and shapes in order to generate an FFT 
reflective of the region (TANIZAKI, 2000).

On the field, we also obtained wood sam-
ples using a cylindrical borer and used them to 
calculate wood basic (Db) and fresh density (Df) 
from each tree with the relation between sample 
volume and their oven-dried weight.

Carbon stock estimation

In order to establish an allometric equation 
(Eq. 5) for the Atlantic Forest fragment, we used 
the tree form factor (FFT) generated from the 
climbed trees. The estimation of biomass and 
forest carbon stock can be conducted through the 
application of an allometric equation to a forest 
inventory previously performed in the study area 
containing tree’s structural measurements (diam-
eter and height to calculate cylinder volume, and 
basic density) (CARVALHO, 2007). We used the 
allometric equation to calculate biomass and di-
vided the biomass by 2 to calculate carbon stock 
since carbon is assumed to be 50 % of biomass 
(TIEPOLO et al., 2002).

AGB = Vcylinder * FFT * Db (5)

At which: AGB, Vcylinder, FFT, Db are, respectively, 
aboveground biomass, cylinder volume, tree form 
factor, and basic density.
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We measured the biomass from the seven 
climbed trees and, additionally, we evaluated the 
contribution of each tree component to the total 
tree’s biomass (between trunk, thick, and thin 
branches and leaves).

The forest inventory adopted in this study 
was the one performed by Carvalho (2007) in a 
forest fragment undergoing an intermediate stage 
of ecological succession at Pedra de Itaocaia, clas-
sified by the author as a secondary forest growing 
on land abandoned for 30 to 40 years. This in-
ventory assessed 56 trees in a transect area of 
600 m2 where the average values of DBH and H 
found were, respectively, 15.7 cm and 9.25 m 
(coefficient of variation of 56.3 % and 41.8 %). 

In addition, trunk samples from 9 trees enabled 
the estimation of an average basic density value 
of 0.55 g cm-3 (coefficient of variation of 19.1 %).

Results

Form Factor Establishment

The 7 sampled tree individuals were very 
heterogeneous, with different sizes and there-
fore aboveground biomass storage potential 
(TABLE 1). The contributions of the aerial tree 
compartments (branches and leaves) sum up to 
33 % of the total AGB. Variability was also ob-
served among the basic density values, namely 
0.52 g cm-3 on average.

Table 1. Main features of the trees climbed and the contributions of the different compartments to the AGB. 
Values shown for each of the 7 trees climbed are diameter at breast height (DBH, in centimeters), height (H, 
in meters), total aboveground biomass, and proportion of biomass in each tree component (trunk, thick and 
thin branches, and leaves), and fresh and basic wood density. Trees were sampled in Pedra de Itaocaia, Rio de 
Janeiro, Brazil. 

Tree
DBH 
(cm)

H (m)
Aboveground Biomass Density

Total 
(Kg)

% 
Trunk

% Thick 
branches

% Thin 
branches

% 
Leaves

Fresh 
(g/cm3)

Basic 
(g/cm3)

#1 9 8 10 85 5 5 6 0.86 0.35

#2 11.2 8 28 58 5 25 13 0.99 0.47

#3 16 15 100 84 9 5 3 0.95 0.61

#4 20.9 12 161 55 28 10 8 1.02 0.54

#5 39 21 917 62 30 5 4 1 0.58

#6 43 23 1696 69 18 4 9 0.86 0.55

#7 93 23 4843 59 32 3 6 0.9 0.53

Average 33.1 15 - 67 18 8 7 0.94 0.52

Coefficient of 
variation (%)

89 42 - 18 66 95 48 7 17

Source: Elaborated by the authors (2020).

The linear model which considered the 
cylinder and the real volumes of the climbed 
trees generated an FFT of 0.58 (R2 = 0.998). 
However, tree #7 presents a DBH of 93 cm, rep-
resenting over 60 % of the total biomass gauged 
during the climbing process. Large-stature trees 
with a DBH superior to 70 cm can be excluded 
from the biomass predictive models for tropical 

rainforests without compromising the final es-
timates (OVERMAN; WITTE; SALDARRIAGA, 
1994). Therefore, we also calculated FFT with 
the exclusion of the bigger tree, generating a new 
FFT of 0.65 (R2 = 0.99, p<0.0001; FIGURE 1).

By considering the tree’s structural charac-
teristics (TABLE 1), the total biomass obtained 
with the FFT of 0.58 differed only -10 % from the 
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biomass value measured through the climb [% 
difference = (estimated AGB – measured AGB)/
measured AGB]. Moreover, when excluding the 
bigger tree #7, the new FFT of 0.65 differed 
only 1 % from the AGB measured on the ground 
(TABLE 2).

Table 2. Comparison between the aboveground bio-
mass estimated through the allometric equation using 
different FFT. Values shown for each of the 7 trees are: 
aboveground biomass measured in the climb and es-
timated aboveground biomass using the two different 
FFT. Trees were sampled in Pedra de Itaocaia, Rio de 
Janeiro, Brazil.

Tree
Aboveground Biomass (Kg)

Measured 
(climb)

Estimated 
(FFT 0,58)

Estimated 
(FFT 0,65)

#1 10 10.33 11.57

#2 28 21.47 24.07

#3 100 106.65 119.52

#4 161 128.87 144.43

#5 917 843.48 945.28

#6 1696 1064.94 1193.47

#7 4843 4800.29 5379.63

Total 7755 6976 7818

Source: Elaborated by the authors (2020).

Due to the smaller discrepancy between the 
AGB measured through the climb and the one 
obtained through the allometric equation, the FFT 
value of 0.65 was adopted as the one that rep-
resents best the study area.

Carbon stock estimation

We applied the allometric equation to the 
forest inventory performed by Carvalho (2007). 
The total biomass was estimated by applying Eq. 
5 with an FFT value of 0.65 and basic density 
of 0.55 found by the author, similar to the value 
we calculated. We estimate the biomass stock 
estimated for Pedra de Itaocaia of 100.1 Mg ha-1 
(i.e. 6.006 kg), with a potential for carbon stock 
reaching about 50.5 Mg ha-1.

Discussion

Overall, the structural features of the trees 
were well distributed between the minimum and 
maximum DBH values representative of tree vari-
ability. Therefore, we were able to establish an 
FFT that consistently reflects the structure of trees 

Figure 1. Tree Form Factor established for the trees climbed. The tree form factor is based on the correlation of 
cylinder and real volume of 6 the climbed trees, excluding the bigger tree #7.

Source: Elaborated by the authors (2020).
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from the study area, despite the small number 
of trees climbed. The exclusion of the bigger tree 
that was biasing the estimations led to a more 
adjusted FFT value, very close to the real vol-
ume of the trees. This shows the strength of the 
methodology, allowing the FFT value to be ap-
plied to a forest inventory in order to estimate 
carbon stocks.

Tropical forests present a great number of 
small individuals granting that the structural re-
lationships existing between them accurately 
capture and represent the entirety of the vege-
tation (CHAVE; RIEIRA; DUBOIS, 2001). The 
contributions of the aerial tree compartments 
(branches and leaves) sum up to 33 % of the 
total AGB, which is in accordance with previous 
studies (TANIZAKI, 2000). Similar values were 
obtained by Cunha et al. (2009) in the Atlantic 
Rainforest located in the Desengano State Park, 
where foliar structures, branches, and bark rep-
resented up to 39 % of the AGB in two distinct 
forest fragments. This thorough measurement en-
abled the calculation of the FFB and therefore the 
adjustment of the FFT required to estimate the 
AGB taking into account the substantial propor-
tions of aerial compartments (TANIZAKI, 2000).

We estimated biomass stock for Pedra de 
Itaocaia of 100.1 Mg ha-1, which is in accor-
dance with the forest age. Carvalho (2007) 
assessed a biomass stock of 111 Mg ha-1 us-
ing the same forest inventory, which is 10 % 
higher than our estimation. Cunha et al. (2009), 
while studying a natural regeneration fragment 
of the Atlantic Rainforest of 40 years old, esti-
mated a value of 158.14 Mg ha-1, which also 
corroborates our findings. The forest fragment of 
Pedra de Itaocaia is considered to be small (≤ 
50 hectares) and because of anthropogenic im-
pacts and edge effects, the potential for carbon 
stocking is reduced, whereas bigger trees are re-
placed by smaller ones that manage to thrive 
in such circumstances: pioneer species that ab-
sorb less carbon and die more easily (RIBEIRO 

et al., 2009). The bigger tree found in the study 
area does not match the period of abandonment 
of the forest fragment and therefore is probably 
a remnant that survived the previous deforesta-
tion. Including this tree in the AGB estimates 
nearly doubles the final results, reaching about 
193 Mg ha-1. This indicates that considering a 
large-stature tree that is not representative of the 
stage of the ecological succession of the system 
it composes might interfere with the estimates 
and lead to inaccurate extrapolations regarding 
the biomass stock in the fragment.

Tanizaki (2000) estimated AGB in different 
Atlantic Rainforest fragments in Rio de Janeiro. 
In the forest fragment of Pedra Branca, which 
was left fallow for 20 years, biomass was es-
timated at 30 Mg ha-1 – a relatively low value 
explained by land use and banana plantations 
in the area. In another forest fragment left fallow 
for 40 years in the city of Magé, characterized 
by intense edge effects and seasonal floods, the 
AGB was estimated at 60 Mg ha-1. In two other 
forest fragments left fallow for 40 years, Mata 
do Caçador and Floresta Queimada in the city 
of Nova Friburgo, AGB was estimated in 150 
Mg ha-1 and 250 Mg ha-1 respectively, in which 
despite similar values of DBH in both areas, 
a greater number of large-stature trees in the 
Floresta Queimada explains the discrepant re-
sults (TANIZAKI, 2000).

Secondary forests or fragments disrupted 
for various reasons accumulate less than 200 
Mg ha-1, and in some extreme cases even less 
than 100 Mg ha-1. These values are consistent 
with data obtained in the Desengano State Park, 
where biomass estimates reached about 158.14 
Mg ha-1 (CUNHA et al., 2009). Estimates from 
the Parque Natural Municipal do Curió at the city 
of Parabambi are 212.39 Mg ha-1, indicating a 
tropical forest in a good state of conservation 
(SILVA et al., 2018). However, it is expected that 
biomass stock estimated after adequate forest 
management is higher than natural regeneration 
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and abandonment. For example, Azevedo et al. 
(2018) in the well-managed Guapiaçu Ecological 
Reserve, estimated biomass of 39.88, 45.78, 
and 71.24 Mg ha-1 for reforestation undertakings 
of 3, 5, and 7 years old, respectively, whereas 
the native forest presented a value of 273.35 
Mg ha-1. Thus, the AGB value of 100.1 Mg ha-1 
estimated for Pedra de Itaocaia reflects well its 
current stage of regeneration (initial to an in-
termediary) further to 30-40 years left fallow 
and subject to occasional anthropogenic im-
pact. The importance of forest maintenance is 
evident since these systems are intimately relat-
ed to several ecosystem services (CHAZDON & 
BRANCALION, 2019).

Conclusion

The allometric equation derived in this study 
efficiently integrates structural features of forest 
fragments similar to the one of Pedra de Itaocaia. 
The calculation of the FFB enabled the adjust-
ment of the FFT based on the significative percent 
contribution of the branches relative to the total 
biomass. The exclusion of a tree with a great 
DBH did not compromise the predictive potential 
of the equation; on the contrary, its inclusion may 
entail an inaccurate extrapolation of biomass val-
ues in the study area. Overall, the information 
collected for and derived from this study contrib-
utes to advance the knowledge about processes 
taking place in the various floristic compositions 
and stages of the succession of forest fragments 
situated in the Atlantic Rainforest.
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