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Abstract 

The study aimed to describe the influence of different planting spacings in aboveground biomass and soil carbon 
stocks, in 7.5 years old Anadenanthera peregrina (L.) Speg. var. peregrina stands, hypothesizing that smaller 
spacings might enhance carbon storage. The stands are located in Espírito Santo, Brazil and were planted in 2011. 
Blocks were allocated in a randomized block design to evaluate three treatments: 3 m x 3 m, 4 m x 4 m and 5 m x 
5 m tree spacings. Samples up to 100 cm were taken for carbon determination and soil bulk density. 10 trees were 
felled and their aboveground biomass measured. Soil and aboveground biomass C stocks were calculated. The 
aboveground biomass C stock did not change in different spacing. Soil C stock was not influenced by the spacings, 
with total C stock of 122.93, 106.09 and 97.08 Mg ha-1 for 3 m x 3 m, 4 m x 4 m and 5 m x 5 m, respectively. The 
intensification of carbon storage in smaller spacings was not confirmed. The study reveals inedited information 
about carbon storage in A. peregrina var. peregrina stands and demands new investigations regarding different soil 
characteristics. The species do have potential for carbon storage regardless of tree spacing. 
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1. Introduction 

Global climate changes have become one of today's main environmental concerns, with the exploitation of forests 
and the increasing greenhouse gases (GHG) emissions, impacting several ecosystems (Fawzy et al., 2020). The 
planted forest sector plays a major role in the atmospheric removal of GHG, and the removal is linked with the 
growth rate, whether reducing harvests to keep the biomass in the field or increasing the rotation frequency, to 
provide new plantations with early rapid growth and sequestration (Pukkala, 2018). Additionally, soil is one of the 
largest carbon storage compartments in forest ecosystems. Changes in soil carbon stock can influence carbon 
dioxide (CO2) levels in the atmosphere and impact global climate change (Chen et al., 2015). The Brazilian forestry 
sector comprises around 1.82 billion tons of equivalent CO2 stored in planted areas, natural conservation spots and 
soils (Ibá, 2023). 

Forest plantation soils are directly influenced by specific characteristics of the chosen species, with deposition of 
organic matter on the soil surface and their chemical composition, which can facilitate or not microbial activity in 
the decomposition of the material and C increment to the soil (Balin et al., 2017). The silvicultural management 
decisions prior to planting such as the choice of planting spacing is crucial because it affects growth, production 
and allocation of biomass and dictates all post-planting management, according to its productive purpose (Páscoa 
et al., 2019). For some species, adequate spacing may increase carbon storage in biomass and influence the 
decomposition rate of the soil organic matter (Schwerz et al., 2020). The size of the trees and their dominance 
relationship are among the factors that can influence aboveground carbon stocks (Noulèkoun et al., 2023). 

Further than growth behavior and spacing, the climatic adaptation of the chosen species is detrimental (Lázaro-
Lobo et al., 2023). This argument makes the species choice one of the most important decisions for restoration and 
carbon storage (Thomas et al., 2007). Brazil has a wide diversity of native tree species, but around 95 % of planted 
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forest areas are composed by exotic species (Ibá, 2023). The smaller proportion of native forest plantations is not 
related to any kind of silvicultural unfeasibility but the lack of information and technologies regarding their 
characteristics of growth, survival, plant health and forestry practices (Mendonça et al., 2017). The market seeks 
alternative adapted high-quality material tied to the concept of low carbon and climate change mitigation, making 
native forest plantations a profitable option (Rolim et al., 2019). 

Species such as Anadenanthera peregrina (L.) Speg. var. peregrina (angico-vermelho) are promising because of 
its commercial appeal to the timber sector. Native to Brazil, the pioneer to early intermediate trees grow to about 
10 to 25 meters in height, in a branching form (De Souza et al., 2017). The species is known for its biomass energy 
potential, as well as non-timber use, such as the extraction of tannins in its bark (Athayde & Morellato, 2014). To 
reach their maximum potential, these plantations require adequate forestry treatments to facilitate their growth, 
production and carbon sequestration (Ferez et al., 2015).  

Little is known about the silvicultural management of the species and its interactions with the environment, with 
carbon data limited to the early years of development of the trees (Souza et al., 2023). It is hypothesized that after 
years, the trees might experience canopy closure and increased competition in smaller spacings, enhancing soil 
and biomass carbon storage. Therefore, the study aimed to evaluate soil and biomass carbon stocks and the 
influence of planting spacing in such characteristics in 7.5 years old A. peregrina var. peregrina stands. 

2. Methods 

2.1 Site and Establishment 

The study was developed in an area provided by the Federal Institute of Education, Science and Technology of 
Espírito Santo (Ifes), Alegre campus, located in Alegre, Espírito Santo, Brazil (Figure 1). The experimental plots 
are in an area with previous grazing pasture use and unfertilized pasture vegetation, mostly Urochloa sp. grasses.  

 
Figure 1. Anadenanthera peregrina stands location in Alegre, Espírito Santo, Brazil 
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The climate is classified as Aw in the Köppen classification system, with dry winter and rainy summer (Alvares et 
al., 2013). The local altitude of the study site varies between 120 and 235 meters to sea level (Figure 2) and the 
difference between the experimental blocks presents 51 % variation (Souza et al., 2023). 

Soil type was classified by Cunha et al. (2016) with the revised brazilian nomenclature system, according to 
Embrapa (Dos Santos et al. 2018). Different soil type combinations occur throughout the experimental area (Figure 
2), with Latossolo Amarelo distrófico (Ferralsols) alone (LAd1) or combined with Argissolo Vermelho-Amarelo 
distrófico (Acrisols) (LAd7) or Cambissolo Háplico Distrófico (Cambisols) (LAd9). The soils’ chemical and 
physical characteristics for the 0 – 20 and 20 – 40 cm layers were evaluated in 2010, before planting. They were 
classified as clayey textured soils with medium organic matter content, regardless of the locations. The Atlantic 
Forest is the local biome and the main forest formation in the region is classified as Semideciduous Seasonal Forest 
(IBGE, 2012). 

 
Figure 2. Soil type classification and site level curves in Anadenanthera peregrina stands located in Alegre, 

Espírito Santo, Brazil 

Note. LAd1 - Latossolo Amarelo distrófico (Ferralsols); LAd7 - Latossolo Amarelo distrófico (Ferralsols) + 
Argissolo Vermelho-Amarelo distrófico (Acrisols); LAd9 - Latossolo Amarelo distrófico (Ferralsols) + 
Cambissolo Háplico Distrófico (Cambisols). 

 

The stands of A. peregrina var. peregrina were planted in June 2011. The cattle were removed from the site and 
glyphosate-based chemicals used to dry out the weeds. Planting was carried out in pits and initial fertilization was 
made using 220 grams per plant of formulated NPK 02-30-06 fertilizer. The maintenance was carried out during 
the first year, with replanting, mowing and manual weeding operations. In each of the blocks, experimental units 
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of 30 m x 50 m were allocated, according to the treatments (3 m x 3 m, 4 m x 4 m and 5 m x 5 m spacings). 

2.2 Aboveground Biomass C Stock 

The biomass was quantified at 7.5 years after planting, using 10 trees per treatment, according to the mean 
diameters. The trees were felled and segmented into fractions (Stemwood, Stembark, leaves and branches). All the 
fractions were entirely weighed in the field using a digital scale to obtain the individual fresh biomass. Stemwood 
was sampled in discs with bark approximately 5.0 cm thick, removed at the 0.10 m, d (1.30 m), ½ of the stem 
length and top positions. The stembark samples were extracted from the disks. Leaf samples were taken from the 
lower, middle and upper positions of the crown. The branches were sampled in portions from the lower, middle 
and upper third of the tree's crown. The dry weight of the biomass was obtained by weighing the fresh samples 
and drying them in a forced air circulation oven at 65 ºC, until they reached a constant weight. The dry biomass of 
the fractions and the stand’s total biomass was determined (Table 1). 

 

Table 1. Mean diameter at breast height (DBH) and mean aboveground biomass in A. peregrina var. peregrina 
planting 7.5 years after planting 

Treatment 
DBH Trunk Bark Leaves Branches Total 

cm Mg ha-1 

3 m x 3 m 10.37 13.80 2.93 5.52 23.42 44.83 

4 m x 4 m 12.18 17.20 2.38 5.65 27.68 52.06 

5 m x 5 m 14.41 15.99 2.07 5.02 27.28 49.26 

SD 1.93 2.97 0.53 0.72 5.46 8.88 

CV (%) 15.71 18.96 21.46 13.40 20.88 18.23 

Source: Gomes, unpublished data. 

 

The carbon stocks in the aboveground biomass were quantified according to the carbon concentration per 
compartment (Table 2) reported by Souza et al. (2023), for the same stand at 56 months of age. Carbon 
concentration at young age was used to estimate the stocks, since they usually do not change with the stand age 
(Sanquetta et al., 2014, Martins et al. 2020).  

 

Table 2. Carbon concentration (%) in A. peregrina var. peregrina compartments 56 months after planting 

Compartment Carbon concentration (%) 

Trunk 44.22 

Bark 44.31 

Leaves 43.97 

Branches 44.25 

Source: Adapted from Souza et al. (2023). 

 

Considering the percentage of carbon in the compartment of each tree and the survival rate of the stand, the stocks 
were calculated. 

BioC stock ൫Mg ha-1൯=Compartment biomass ൫Mg ha-1൯ x C concentration ሺ%ሻ       (1) 
2.3 Soil C Stock 

Soil sampling was performed using trenches to quantify soil organic carbon concentration and soil bulk density. 
At each block and treatment, sampling points were allocated and trenches up to 100 cm depth were dug, exposing 
the soil profile. The sampling occurred disregarding the edges of the experimental plot, with sampling points in 
the center of four individuals with mean diameter at breast height (DBH), which better represent the stand. 

The trenches were subdivided according to the following depth layers: 0 – 20, 20 – 40, 40 – 60, 60 – 80 and 80 – 
100 cm. Samples from each of the spacings and depths were conditioned in plastic containers and sent to the 
laboratory. The laboratory procedures were as recommended by Embrapa (Teixeira et al., 2017). The soil organic 
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carbon analysis was made by Walkley-Black organic matter oxidation method. For the soil bulk density (BD) 
determination, the volumetric ring method was used (Teixeira et al., 2017), with the aid of a metallic rim of known 
volume and mass. At each depth, undisturbed samples were collected with an undeformed soil sampler and 
volumetric rings with a volume of 102.14 cm3. In the laboratory, the material was placed in a forced circulation 
oven at a temperature of 105 ± 3 degrees Celsius for 72 hours. After cooling, they were weighed to obtain the dry 
mass value, and the BD was calculated. 

Soil organic carbon stock was calculated by the association between BD and the organic carbon concentration 
obtained in the chemical analysis, through Equation 2, adapted from Veldkamp (1994), which also accounts for 
the thickness of the analyzed soil layer. 

C stock=SOC x BD x 
e

10
                 (2) 

where: ܥ	  Soil organic carbon concentration = ܥܱܵ ;Organic carbon stock for a given depth, in Mg ha-1 = ݇ܿ݋ݐݏ
for a given depth, in g kg-1; ܦܤ = Soil bulk density for a given depth, in g cm-3; ݁	 = Soil layer thickness, in cm. 

2.4 Statistics 

The experimental design was in Randomized Block Design (DBC), with three treatments (planting spacings) and 
three replications. Data were tested for homogeneity of variances and normality of residuals, by the OneilMathews 
and Shapiro-Wilk tests, respectively. When the requirements were met, analysis of variance (ANOVA) was 
performed at 5 % probability level. Means were compared using the Tukey test, at 5 % probability. The R software, 
Expdes.pt package was used. 

3. Results 

3.1 Biomass C stock 

The carbon stocks determined from biomass stock are represented in Figure 3. Only the stembark compartment 
had statistical significance for the planting spacings. The higher amount of carbon stored in the stembark came 
from higher stembark biomass stocks for 3 m x 3 m spacing (Gomes, unpublished data). The stemwood 
compartment accounted for around 7.14 Mg ha-1 C stock. In the leaves, the stands stored a carbon mean of 2.36 
Mg ha-1. The branches are responsible for 11.54 Mg ha-1. 

 

Figure 3. Carbon stock in total and compartmentalized aboveground biomass, for different spacings 

 

As the only compartment with a statistical significance between the spacings was responsible for the smallest part 
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of the stored carbon (stembark), it did not influence the total carbon stocked in the aboveground biomass. The 
stands stored a total mean of 22.20 Mg ha-1 in its aboveground biomass. Of this total, about 52.46 % is stored in 
the branches, 31.54 % in the stemwood, 10.96 % in the leaves and 5.03 % in the stembark. 

3.2 Soil C Stock 

Data on organic carbon and soil bulk density did not differ in terms of planting spacings (p > 0.05) (Table 3). 
Considering the soil surface layer (0-20 cm), the non-significant variation of BD was 0.12 g cm-3 between the 4 m 
x 4 m and 5 m x 5 m spacings, respectively. There was a non-significant variation of 3.14 g kg-1 in carbon content 
between 4 m x 4 m and 3 m x 3 m spacing. 

 

Table 3. Mean and standard deviation for soil bulk density and soil organic carbon concentration (SOC) up to 100 
cm depth, for different planting spacings, in A. peregrina var. peregrina stands in Alegre, ES, Brazil 

Treatment ns 
Depth BDns SOC* 

cm g cm-3 g kg-1 

3 m x 3 m 

0 - 20 1.30 (0.09) 16.27 (2.11) a 

20 - 40 1.52 (0.07) 10.67 (1.33) b 

40 - 60 1.47 (0.06) 6.57 (0.86) c 

60 - 80 1.50 (0.07) 5.20 (0.60) c 

80 - 100 1.49 (0.15) 4.63 (0.55) c 

4 m x 4 m 

0 - 20 1.36 (0.03) 13.13 (2.37) a 

20 - 40 1.48 (0.13) 9.10 (2.33) b 

40 - 60 1.48 (0.10) 5.80 (0.60) bc 

60 - 80 1.46 (0.10) 5.00 (0.35) c 

80 - 100 1.48 (0.01) 4.43 (0.29) c 

5 m x 5 m 

0 - 20 1.24 (0.19) 14.33 (4.35) a 

20 - 40 1.37 (0.16) 7.33 (0.86) b 

40 - 60 1.40 (0.15) 5.60 (0.35) b 

60 - 80 1.40 (0.16) 4.80 (0.35) b 

80 - 100 1.31 (0.06) 4.60 (0.00) b 

Note. ns – Non-significant; BD – Soil bulk density; SOC – Soil organic carbon; Values followed by the same 
lowercase letter in the columns do not differ for each treatment, by Tukey's test at 5% probability. Standard 
deviation in parenthesis. 

 

A significant difference in carbon concentration was observed for the soil depths (p < 0.05). In general, the surface 
layer of the soil up to 20 cm has higher carbon content, with a decrease at greater depths. There was greater 
variation between the surface layer up to 100 cm in the 3 m x 3 m spacing, with a difference of 11.64 g kg-1.  

Soil carbon stocks were calculated for the different planting spacings and sampling depths, represented in Figure 
4. The soil carbon stocks also differed statistically in relation to the sampling depth, with higher mean stocks in 
the 0 – 20 cm depth and lower stocks in the 80 – 100 cm layer, for all evaluated spacings. 
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Figure 4. Soil carbon stock at different depths, for three planting spacings, in an A. peregrina var. peregrina 

stand in Alegre, ES 

 

Soil carbon stocks were not affected by planting spacing (p > 0.05). The carbon stocks in the surface layer range 
between 35.52 and 42.07 Mg ha-1, for the spacings of 4 m x 4 m and 3 m x 3 m, respectively. There was a non-
statistical tendency for larger stocks in the 3 m x 3 m spacing, up to a depth of 40 cm. The sum of the total C stored 
for each spacing (up to 100 cm depth) was 122.93 Mg ha-1, 106.09 Mg ha-1 and 97.08 Mg ha-1 for 3 m x 3m, 4 m 
x 4 m and 5 m x 5 m, respectively. 

4. Discussion 

4.1 Biomass C Stock 

The aboveground biomass carbon concentrations (Souza et al., 2023) indicate that the species has similar carbon 
content as brazilian native species, such as reported by Dallagnol et al. (2011) for the Fabaceae Mimosa scabrella, 
with the highest concentration among five species evaluated by the authors, indicating great potential for great 
carbon storage. However, the stand accumulated low carbon stocks at 7.5 years (21,94 Mg ha-1), if compared to 
other forest species, such Eucalyptus spp. from different locations at 7 years old, reported by Gatto et al. (2010), 
with stemwood compartment carbon stocks of 64.15 Mg ha-1. It is important to point out that Eucalyptus spp. is 
generally planted in tighter spacings and with higher growth rates. On the other hand, the stocks were higher than 
some Atlantic Forest mixed species reforestation stands, at 11 years of age, in Sergipe, Brazil (Meira et al., 2020). 

The lower stocks for stemwood are linked to the biomass allocation pattern of A. peregrina var. peregrina, mainly 
into the branches. The behavior of carbon storage as a function of biomass allocation was also verified by Magnago 
et al. (2016) in young eucalyptus stands with higher biomass and carbon storage to the stemwood at smaller 
spacings and higher crown biomass and carbon storage in wider spacings. For the present study, however, there 
was no influence of planting spacing, except for the stembark compartment, which stores more carbon at the 3 m 
x 3 m spacing, also as a function of higher biomass amounts at the referred spacing.  

As expected, the largest biomass compartment stored the largest amount of carbon, with 52,46% of the total carbon 
stored in branches. With traditional forest harvesting, much of the carbon and nutrients in the biomass is exported 
by removing stemwood (Caldeira et al., 2014). At the stands, this compartment would export about 31.54 % of the 
carbon stored in the aboveground biomass. The branches will remain or not on the forest floor, according to the 
forest harvesting system adopted. In case the producer opts for harvesting the compartment, a total of 84 % of the 
carbon will be exported (stemwood + branches). If the producer chooses to keep the branches in the area, it is 
possible that this practice favors the stability of the stocks in the system (Carneiro et al., 2019), since the species 
has high wood density (Souza et al., 2020).  

Considering the data collected by Souza et al. (2023) at 56 months old, the increments to the total biomass carbon 
stocks of the present study (7.5 years old) were 4.17 Mg ha-1 year-1 for the 3 m x 3 m spacing; 6.54 Mg ha-1 year-1 
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for the 4 m x 4 m spacing; and 5.68 Mg ha-1 year-1 for the 5 m x 5 m spacing. It is worth stating that important 
compartments for carbon storage in forests, such as roots, litter and necromass were not sampled.  

4.2 Soil C Stock 

The planting spacings did not cause noticeable differences in soil bulk density, which for all the tested spacings 
and depths proved to be adequate to crop development in clayey soils (Brady & Weil, 2013). Possible changes in 
soil physical characteristics are usually related to the root system of forest species. Root density can be related to 
physical attributes such as soil porosity, according to the growth characteristics of the species (Yu et al., 2018). 
Though planting spacing tends to influence root density, it might not reflect in changes for soil bulk density itself. 
In a study developed by Rosa et al. (2018), for example, the authors did not observe differences in soil bulk density 
of Eucalyptus dunnii stands with different planting spacings one year after planting. 

In the study developed by Souza et al. (2023) at 56 months old A. peregrina var. peregrina stands, the author finds 
small differences for root biomass related to different spacings, with 3 m x 3 m and 4 m x 4 m spacings showing 
similar results. At this stage, the implementation of the stands had resulted in significant reduction in soil bulk 
density. In the literature, most studies report bulk density reduction in the surface layer and an in-depth increase in 
the establishment of forest stands (Macedo et al., 2008, Korkanç, 2014, Balin et al., 2017).  

Soil carbon contents and stocks were not influenced by planting spacing. The main contributions of spacing to soil 
C are linked to environmental factors and the organic matter C concentration. There may be a strong relationship 
between planting density and aboveground carbon stocks in some plantations, expressed by the correlation 
between basal area and carbon stock in biomass in tropical forests (Wassihun et al., 2019). However, the transfer 
of organic matter to the soil in forest plantations takes place through the deposition of branches and leaves. Even 
though dense spacings can produce a greater amount of litter, it does not cause greater C input in the soil. The lack 
of patterns for carbon storage related to tree spacing is also reported by Schwertz et al. (2020), for different species 
and planting densities. 

The soil carbon stocks found in the study are close to the values commonly found in several planted forests, such 
as in reforestation plantations with leguminous tree species inoculated with Rhizobia in ferralsols (Macedo et al., 
2008) and in Eucalyptus and erva mate stands in cambisols soils (Denardin et al., 2014). In both studies, the C 
stocks are lower than the native vegetation reference area. In a study developed by Neves et al. (2022) in an area 
of seasonally dry tropical forest near stands of A. peregrina var. peregrina here studied, the authors report higher 
soil carbon stocks than in the present study, with mean values of 57 Mg ha-1, at the depth of 0 - 20 cm. According 
to Zhou et al. (2019), species compositions that have high nitrogen concentration and low C/N ratio show higher 
efficiency in organic matter decomposition and C accumulation. 

Several factors are responsible for variations in soil carbon contents in forest plantations. The planting arrangement 
and soil use, the species or mix of species used, climatic variables and clay content in the soil are some of the most 
relevant (Paula et al., 2021). In a study developed by Gatto et al. (2010), the authors evaluated carbon stocks in 
Eucalyptus spp. stands with different soil and climate characteristics. Although they observed higher stocks in 
ferralsols, with a predominance of higher clay content, the authors emphasize that part of this result is due to the 
climatic condition of the studied areas, with higher altitudes, mild climate and little water deficit, making the 
mineralization of soil organic matter slower.  

In a study conducted by Moore et al. (2018) with native species in tropical soils previously occupied by pasture, 
changes in carbon stocks are observed as a function of time. Based on δ13C analyses, the authors show that in 
processes of land cover change, the conversion of carbon from pastures predating forest planting may take decades. 
In younger planting stages, Souza (2023) reported changes in the carbon isotopic ratio with the introduction of the 
stand, with the addition of more negative δ13C coming from the forest stand. These contributions were most 
noticeable in the top-soil layer. The age of the stand, however, makes comparisons of the stocks in relation to the 
time of establishment inconclusive. 

Within all the complexity of carbon conversion processes, the soil is considered one of the largest compartments 
of C storage in forest ecosystems, even though it is susceptible to variations caused by changes in soil management 
systems, which affect carbon contents (López-Díaz et al., 2017). Studies indicate that reforestations or forest 
planting established in areas with different previous uses cause an initial decrease in soil carbon, until the planting 
begins to increase significant amounts of carbon in the system, usually after 30 years (Paul et al., 2001). Thereafter, 
tree planting may or may not result in increased carbon stocks, with the risk of losses and impact on global climate 
change (Friggens et al., 2020).  

Considering the high temperatures, good precipitation volume (despite the dry winter) and low altitude, in addition 
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to the relatively short evaluation period, the A. peregrina var. peregrina stand carbon stocks were satisfactory, 
compatible with the pattern of other forest crops. The results reported by Souza et al. (2023) characterize a decrease 
in stocks compared to the initial soil carbon stock, mainly because of the decrease in BD at 58 months. The decrease 
is not noticeable for the evaluation period of the present study, in which the stand presents greater canopy closure, 
a characteristic with potential for increasing soil C contents (Maraseni & Pandey, 2014). 

5. Conclusions 

Under the conditions of the experiment, the planting spacing did not influence the soil and aboveground biomass 
carbon stock. Carbon storage was not intensified, though the species stored significant amounts of carbon. The 
study reveals inedited information about carbon storage in A. peregrina var. peregrina stands and demands new 
investigations regarding different soil types and sampling methods. The species do have potential for carbon 
storage regardless of tree spacing and should be considered for pure or mixed stands, associating high value timber 
production and environmental services. 
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