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 Background: Aiming to carry out the spatial analysis and quantify the carbon storage 
in three different forest ecosystems surrounding the Camargos and Itutinga dams in the 

State of Minas Gerais, namely, degraded (DE), disturbed (PE) and preserved (CON) 

ecosystems, equations were applied to the data obtained through the forest inventory. 
Samples were fractionated into non-woody materials (NWM) and woody material 

(WM), and soil was collected at depths between 0 and 10 cm, and between 10 and 20 

cm in all permanent plots. Geostatistical and kriging methods for map production were 
applied. According to the results, carbon stocks in the arboreal stratum were 33.52, 

47.43 and 42.25 ton.ha-1, and was found low values of carbon stock in the NWM 

around 3.68 ton.ha-1, 4.62 ton.ha-1 and 2.52 ton.ha-1, both respectively in DE, PE and 
CON ecosystems. The exponential model was found to be best adjusted for depicting 

the spatial continuity of carbon stock for the arboreal stratum and soil at depth between 

10 and 20 cm. For NWM, WM and the soil, at depths between 0 and 10 cm, the 
Gaussian model was found to be the best. The highest rates of carbon storage in the 

arboreal stratum (from 68.71 ton.ha-1 to 102.09 ton.ha-1) were focused in R5 and R1 
portions of PE ecosystem. Distribution of carbon stocks in NWM showed 

homogeneous behaviour while, in WM, spatial distribution occurred irregularly. The 

largest stock of organic carbon was distributed in R4 area (PE). The carbon presents 
spatial dependence and data were adjusted to exponential and Gaussian models. 

Therefore, usage of fast-growing leguminous plants can create conditions and 

potentialize the restoration process in poor soils, and also promote the carbon stocking. 
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INTRODUCTION 

 

 The hydroelectrics interfere in the environment due to the reservoirs construction, which cause flooding in 

the forest areas, interfere in the flow of rivers, destroy plant species, prejudice wildlife and interfere in the 

human occupation. The demand for mitigating environmental impacts caused by the hydroelectrics construction, 

makes the restoration of forest ecosystems presenting rapid expansion, what will remain highlighted in Brazil. 

However, the restoration has been conducted to fulfill the demands without compromising sustainability, which 

generates a gap to be filled by the research (Brancalion et al., 2013). 

 The removal of plant cover causes environmental degradation or perturbation. In the case of “lent areas”, 

which are considered degraded, and from which are removed thick soil layers for hydroelectric factory 

construction, causing intense disturbances, their recovery used to be slow and uncertain (Ruiz-Jaen; Aide, 

2005). Besides, assessing stability and resilience in these degraded environments is a difficult task, in which one 

of ways is using study of carbon stock as an ascertained parameter able to help determining the sustainability 

level of these forest ecosystems in restoration process (González-Cabán; Fenn; Scatena, 1995). By 

understanding the carbon stocking capacity, through forest recomposition, is possible to evaluate and 

recommend restoration practices in the areas with different levels of disturbance. 

 The sampling efficacy of the carbon stock in the vegetation in restoration process may be increased by 

incorporating a spatial variability model. As a practical consequence, spatialization of carbon stock allow us 

understanding which parts of ecosystems in restoration process present the greater or lesser carbon stock and, 

consequently, places that need the silvicultural management. Geostatistics, however, allows to know the carbon 

spatial distribution along degraded or perturbed areas, providing support for planning future samplings, in order 
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to qualify the recovery state of an area which has suffered some degradation level about its capacity for carbon 

sequestration. Thus, we aimed, through this study, to quantify and verify how the carbon stock is spatially 

distributed in the forest ecosystems in restoration process. 

 

MATERIALS AND METHODS 

  

Characterization of the study areas: 

 The research was performed in six areas surrounding the dam of hydroelectric factory of Companhia 

Energética de Minas Gerais - CEMIG, located in Itutinga, in the State of Minas Gerais (Figure 1). From these, 

were selected two areas intensely changed, three areas with mild to moderate disturbances, and a fragment with 

wild native plants as reference. These areas were classified as degraded (DE), perturbed (PE) and reference 

(CON), respectively. The historical and differentiated levels of disturbance may be seen in the Table 1. 

 The restoration techniques were implemented 20 years ago through mechanical practices, such as terrace 

construction in level and vegetative practices. Equiano mixed plantations of native and exotic plant species were 

performed in the spacing 1.5×3.0 m, quincunx arrangement, and based in the principles of secondary succession 

(Rodrigues & Gandolfi, 2001). 

 The natural vegetation of the region consists of areas with forest and grassland formations, with transitional 

from Cwa to Cwb climatic classification according to Antunes (1986), and mean temperature of the coldest 

month below 18
o
C, and temperature of the hottest month over 22

o
C. The period of heaviest rainfall, around 

83.25%, occurs between October and March, and the mean annual rainfall is about 1,529.7 mm (Carvalho et al., 

2008). 

 

Characterization of database: 

 The estimation of carbon stock in the arboreal stratum, considering the Diameter at Breast Height 

(DBH≥5cm), was obtained through forest inventory from 36 plots (20×20m), distributed in the six areas 

mentioned above. Were used the allometric equations for tree species proposed by SCOLFORO et al. (2009), 

RUFINI et al. (2010), developed for semidecidual stational forest of hydrographical basins of the Grande and 

Piracicaba rivers, which have disturbance levels and forest physiognomy similar to those found in the area of 

study. Estimation of carbon stock of the arboreal stratum:  

; 

); where: DBH = diameter at 1.30 m from the soil (m) and H = total height (m).  

 For the carbon stock in the leaf litter, we fractionated it into: (a) non-woody material (NWM), represented by 

the senescent leaf structures, tree branches with diameter less than 1cm and miscellany; and (b) woody material 

(WM), correspondents to woody parts, and represented by tree branches, stems and fallen bark on the ground, 

with diameter equal and/or greater than 1cm. In the collection of NWM we used a wooden square 0.25×0.25 m 

placed directly on the forest soil, collecting all organic leaf litter. Were used four replications distributed by plot, 

these located on the outer corners of the plot, established for forest inventory, which resulted in a collection of 

144 samples. For samples collection of WM were demarcated 76 rectangular 3.0×2.0m plots, and all material 

located within the plots was weighed on 10 g accurate digital scale and, then, was taken off a homogeneous sub-

sample of 200 g (wet weight). In the laboratory was determined a dry weight through 0.01 g accurate digital 

scale. Samples were ground in a Willey mill and passed through 20 mesh sieves (1.0mm). 

 For determining carbon stock in the soil were collected 36 composite samples at depths between 0 and 10 

cm, and between 10 and 20 cm in all permanent plots. For determining apparent density of soil were collected 

undisturbed samples with the aid of a 84.5cm
3
 cylinder. , where:  soil density (g/cm

3
); m = soil dry 

weight (g); and v = volume of the cylinder (cm
3
). The total organic carbon was determined using the following 

expression: , where:  Cst = stock of organic carbon in a certain depth (Mg.ha
-1

); CO = 

content of total organic carbon (%); Sd = average of soil density in a depth (kg.dm
-3

), determined from 

undisturbed samples; and e = thickness of the considerate layer (cm). 

 For analysing content of carbon in the stem compartments, leaf litter (NWM and WM) and soil, were used 

sub-samples (10 to 12 mg) packed into tin capsules and analyzed using TOC analyzer, Vario TOC Cube model 

of elementary brand (MORAIS et al., 2013). 

 

Data analysis and variographic study: 

 Shapiro Wilk test was run for analysing residue normality and, when data were considered with no 

Gaussian normal distribution were transformed in order to attend the assumptions of analysis of variance 

(ANOVA), for example, the square root transformation for carbon stock values. Plots were considered as 

replications and, for ANOVA, were considered the carbon stock in different areas and interaction among them 

as sources of variation (SV). For all significant SV (p≤0.05), means were compared using Scott-Knott test, also 

at 5% of significance. 
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 Geostatistical methods for analysing spatial dependence of carbon stock in the arboreal stratum, leaf litter 

(NWM and WM) and soil, and production of map kriging were used (mello et al., 2005; guedes et al., 2012; 

morais et al., 2013). The analysis of spatial dependence was performed through variographic analysis, as 

outlined in YAMAMOTO & LANDIM (2013). The semivariance was estimated using the following expression: 


( )

2

1

1
( ) [ ( ) ( )]

2 ( )

N h

i

h V x V x h
N h




   , where:   (h) is the experimental semivariance, obtained by the 

sampled values z(xi) e z (xi+h); h is the distance among the sample points; (xi) the sampled places; and N (h) 

total number of pair of possible points at a considered distance h.  

 The geoestatistical study was performed using R package (R Development Core Team, 2007) and geoR 

package (Ribeiro Júnior; Diggle, 2001). The models used for adjustments were exponential and Gaussian, both 

described by ISAACK & SERIVASTAVA (1989). The spatial dependence degree was given by the ratio 

between contribution (σ2) and total variation (τ2 + σ2) for each compartment (IDE), and was classified by 

assuming the following ranges: low spatial dependence for IDE≤ 25%; moderate for 25% < IDE ≤ 75%; and 

strong for IDE > 75 % (Cambardella et al., 1994). 

 

RESULTS AND DISCUSSION 

 

 The estimates of mean carbon stocks in the arboreal stratum, soil, leaf litter and total, are shown in the 

Table 1, from which was possible discussing about global values and percentages of each studied matrix in the 

three degradation categories. 

 
Table 1: Mean stock, percentage and total carbon in each matrix, and total mean per fragment in each matrix. 

 MEAN CARBON STOCK (ton.ha-1) 

CATEGORY Arboreal 

Stratum 

(%) Leaf litter (%) Soil (%) Total 

DE 33.52 a 31.65 1.96 a 1.85 70.42 a 66.50 105.90 a 

PE 47.44   b 43.36 2.02  a 4.70 57.47   b 52.75 106.93 a 

CON 42.26   b 31.41 1.58    b 1.17 90.73    c 67.43 134.56   b 

 

Carbon stock in the arboreal component: 

 The estimates of mean carbon stock in the arboreal stratum was about 33.52 ton.ha
-1

; 47.44 ton.ha
-1

 and 

42.26 ton.ha
-1

 for the areas DE, PE and CON (Table 1) and, the lowest carbon stock in the DE area was because 

of the involvement of edaphic attributes commonly found in “lent areas”. Indeed, there was removal of 

vegetation in DE area from the original soil layer around 5m deep, in case of “lent area”, and exposure of C 

horizon (Ferreira et al., 2007). This soil was removed approximately after 30 years, during cuts and 

embankments, on the restoration occasion and, the degradation process occurred on that areas causes changes in 

the chemical, physical and biological soil properties; which causes no transportation of air, heat, water and 

soluble substances into the soil, according to Sánchez (1981). Aspects such as compaction, low infiltration rates, 

water storage capacity, oxygen deficiency, resistance to root penetration, increased of soil density and lack of 

organic material (Valcarcel & D´Altério, 1998; Moreira, 2004) make difficult the survival, growth and 

development of the regeneration (Durigan, 1999). Thus, the excessive soil compaction in DE area constitutes 

one of the major obstacles to forest succession and, consequently, to the carbon stock in arboreal stratum. 

 According to results, there are many researches which demonstrate variability in the carbon stock in areas 

with similar conditions (ferreira et al., 2009; ribeiro et al., 2010; souza et al., 2011). Generally, this occur 

because of the difference in the forest structure and adopted methodologies (Amaro et al., 2013). Besides, the 

carbon stock vary according to differentiated levels of soil disturbances and fertility. However, the mean carbon 

stock was equal in PE and CON areas. Plants of A. mangium (356 individuals.ha
-1

) were responsible by 83% of 

carbon storage in PE area. So, plantation of exotic plant species, such as A. mangium, demonstrated a potential 

carbon storage similar to that from native wild plant species found in the CON area, such as Copaifera 

langsdorffii (315 individuals.ha
-1

) e Tapirira obtusa (228 individuals.ha
-1

), which demonstrates that usage of 

exotic plant species plays its role in areas where the natural forest succession is limited. Therefore, we 

recommend the use of fast-growing plant species, such as A. mangium, on the moment the environmental 

conditions are limited, and when there are no dispersers. In fact, usage of this leguminous plant is a measure 

capable to create conditions and potentialize the rapid restoration process in the areas, and promote carbon 

storage. 

 

Carbon stock in the leaf litter: 

 The content of carbon stock deposited on the leaf litter, in forest areas, was found to be around 1.96 ton.ha
-

1
, 2.02 ton.ha

-1
 and 1.58 ton.ha

-1
 in the areas DE, PE and CON, respectively (Table 2). These data contributed in 

1.85%, 4.70% and 1.17% of total carbon. Thus, it may say that carbon stock in leaf litter was less than those 
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found in the literature (Paiva, Rezende & Pereira 2011; Gama-Rodrigues, Gama-Rodrigues & Barros, 2008; 

Morais, 2012). 

 The major carbon stock in DE and PE areas result from high plant density (208 ind.ha
-1

 e 356 ind.ha
-1

) of A. 

Mangium in senescence process. According to Zhang; Guan, Song (2012), A. Mangium is a plant specie which 

can contribute to the biomass accumulation on the ground in the form of leaf litter, thus, increasing the capacity 

to carbon storage in these type of environment. 

 

Carbon stock in the soil: 

 The soil management affects the carbon dynamics and gas emission (Corazza et al., 1999). Also according 

these authors, accumulation of carbon tends to be higher in systems with no soil disturbances. Based on these 

assumptions, we noted that CO stock in CON area was around 90.73 ton.ha
-1

, i.e., higher than when compared 

with the other areas of study, namely, DE and PE. The CO stock found in the soil of native wild plants is related 

to existent organic material. 

 By assessing CO stock in the DE area, we observed that, at depth between 0 and 10 cm, there are 32.19 

ton.ha
-1

, and between 10 and 20 cm, there are 38.23 ton.ha
-1

. In the PE area, there are 29.43 ton.ha
-1

 and 28.04 

ton.ha
-1

 of CO stock, and 57.50 ton.ha
-1

 and 33.32 ton.ha
-1

 in conserved area (CON), both, respectively at the 

same depths. These results are according to Szakacs (2003), from which, the stock carbon in the soils of 

disturbed and conserved areas is inversely proportional to the depth. Therefore, there was an inversion for 

degraded areas, in which a soil was removed, changing significantly the natural condition in terms of nutrients 

on the soil surface and, consequently, changing the carbon concentration. In the other areas, where there were no 

soil removal, the organic carbon storage on the soil surface may be explained by addition of organic material, 

mainly from leaf litter during the degradation process. Besides, these may be because of non-soil removal, and 

the lowest carbon lixiviation in the soil profile because of lower solubility of soil organic residues. According to 

SCHUMACHER et al., (2003), on the soil surface layers, it predominates the nutrient cycling process, where 

occurs the most intense exchanging process and deposition.  

 

Total carbon stock: 

 In the perturbed ecosystems (PE), there are around 47.44 ton.ha
-1 

of
 
 carbon stored in aerial parts of the 

plants, 2.02 in the leaf litter and 57.47 in the soil, totalling 106.93 ton.ha
-1

 at the age of 20 (Table 2). In the areas 

classified as degraded (DE), the total carbon stock was around 105.90 ton.ha
-1

 and there was no statistically 

significant difference when compared with the value found for disturbed ecosystems. By considering the 

arboreal stratum, leaf litter and the soil, the degradation intensity in the DE and PE areas is not a limiting factor 

to carbon storage capacity, but the natural conditions can stock more carbon than these changed environmental 

conditions. 

 We observed that the soil was the major contributor for total carbon stock in all areas of study. In natural 

wild vegetation, the carbon stock in the soil was higher than in the other areas. This result is according to 

Corazza et al. (1999); Lal (2007); Zheng et al., (2007), which verified that the accumulation of carbon was 

higher in undisturbed systems and, the soil management affects the carbon dynamic and gas emission. 

 

Spatial standard of carbon stock in the forest ecosystems in restoration process: 

 The model which best adjusted for depicting the spatial continuity of carbon stock for the arboreal stratum 

and soil at depth between 10 and 20 cm was the exponential, where the carbon stock contribution in the arboreal 

stratum was around 805.14 ton.ha
-1

, within a reach of 100.73 m. Indeed, at depth between 10 and 20 cm, the 

spatial dependence was low and the nugget effect was around 50.95, while for leaf litter (NWM and WM) and soil 

at depth between 0 and 10 cm, the Gaussian model demonstrated the best adjustment. According to the Figure 2, 

the plot results had a reach of 400.00 m for the carbon stock in the leaf litter (NWM), higher than carbon stock of 

the other studied compartments, which demonstrated that the homogeneity of values of carbon stock in the leaf 

litter (NWM) occurred in a areas with high risk. Therefore, as geostatistical analyzes revealed moderate spatial 

dependence, it shall use the reach of studied variables in further samplings. 

 Thus, we observed, for carbon stock in leaf litter (NWM), a smaller nugget effect, indicating that from the 

total variation of carbon stock, 0.04 ton.ha
-1

 is random and 0.11 ton.ha
-1

 may be explained by a spatial 

component. Therefore, by assessing the ratio between the nugget effect on the  threshold for variable stock of 

carbon in the woody material, we observed a moderate spatial dependence, according to criteria established by 

TRANGMAR et al., (1985) and CAMBARDELLA et al., (1994). 

 

Spatial distribution of carbon stock in the forest ecosystems in restoration process: 

 The figures 3A and 3B characterize the spatial distribution of carbon variable in the areas in restoration 

process, which were assessed. 

 The highest rates of carbon stock (from 68.71 to 102.09 ton.ha
-1

) were concentrated in two spots, one of 

them located in the right top extreme in R5 (PE), and the other in the bottom portion in R1 (PE). This was due 
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high density of individuals of A. Mangium characterized by higher growing in diameter than of the other 

species, such as Piptadenia gonoacantha, Enterolobium contortisiliquum, Anadenanthera peregrina, Lithraea 

molleoides, Myrsine umbellata, Peltophorum dubium and Mimosa caesalpiniifolia; and demonstrated that the 

usage of pioneer exotic plant species, such as A. Mangium, besides being a great silvicultural option and 

leverage the restoration process, can also fix carbon. However, A. Mangium may be a specie with short life 

cycle and, considering the reforestation ages, part of individuals are in the senescence stage. Therefore, it is 

necessary the enrichment management practices, which can accelerate the regeneration process, assist the 

succession process and increase the diversity of plant species in the forest. 

 The lowest carbon stock in the arboreal stratum (from 0.51 to 19.97 ton.ha
-1

) was found in R1, an areas 

characterized by shallow and sandy soils and, with plants dominated by Miconia chartaceae plant species 

(Melastomataceae) of short size and less diametric class (< 5 to 10 cm). We observed, however, that the 

composition of species has influenced the gain in biomass and carbon stock. In fact, M. chartaceae plant species 

occur in abundance, what justifies interventions in order to increase species diversity and accelerate the 

succession process and the restoration of forest functions. 

 By observing the Figure 3B, which corresponds to distribution of carbon stock in leaf litter (NWM), we 

verify a homogeneous behaviour. Although in less proportion, the carbon stock represented by class 5 was 

found to be totally distributed in the fragment R5 (PE). The highest density of the A. Magium individuals in the 

senescence process, probably, has influenced the carbon stock in non-woody material, since this species is able 

to contribute significantly in the accumulation of biomass in the soil. In the woody material, the carbon stock in 

the class 2 was found to be predominantly spatially distributed in R1 (PE) and, in R3 (DE) there is highest spatial 

carbon distribution between 1.45 and 1.59 ton.ha
-1

 (Figure 3C). 

 

 
 

Fig. 2: Semivariograms adjusted for carbon stock in the arboreal stratum, leaf litter (non-woody “NWM” and  

woody material “WM”) and in the soil (at depths between 0 and 10 cm, and between 10 and 20 cm), in  

the areas in restoration process, with differentiated disturbance levels, and native wild vegetation  

surrounding the Camargos and Itutinga dams in the State of Minas Gerais. 
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Fig. 3: Spatial distribution of carbon stock (ton.ha
-1

) in the arboreal stratum, leaf litter (non-woody “NWM” and  

woody material “WM”), and the soil (at depths between 0 and 10 cm, and between 10 and 20 cm) in the  

areas in restoration process, with differentiated disturbance levels, and native wild vegetation  

surrounding the Camargos and Itutinga dams in the State of Minas Gerais.  

 

 The highest carbon concentrations in the soil (at depths between 0 and 10 cm) is in the class 3 and, is 

distributed in the bottom portion of R3 area (DE), at left of R1 area (PE) and, finally, at middle portion of R5 area 

(PE) (Figure 3D). The highest organic carbon stock is distributed almost totally in R4 area (PE) and, this is 

probably due to the best soil conditions and the regime of disturbance less intense. At depth between 10 and 20 

cm, the organic carbon stock is predominantly in the class 4, and its spatial distribution occurs in all studied 

areas (Figure 3E). 

 The Figure 4 shows the mean carbon stock in each compartment. We observe that the soil was the highest 

contributor to total carbon storage in all areas. In relation to fragment of native wild vegetation (CON), we 

verify that the carbon stock in the soil was greater than in the other areas. This may be related to the quality of 

organic material present in each area, which is according to results described in Corazza et al. (1999), from 

which the carbon accumulation was higher in systems with no soil disturbance. 

 

 
 

Fig. 4: Mean percentage of carbon stock in each compartment, for each area category in restoration process, and  

in the native wild vegetation surrounding the Camargos and Itutinga dams in the State of Minas Gerais. 
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Conclusions: 

1) The soil compaction may constitute obstacle for forest succession and, consequently, for carbon storage 

capacity. 

2) The forest ecosystems in restoration process revealed carbon stock capacity in the similar manner, 

regardless of the disturbance level. 

3) The use of fast-growing leguminous plants, such as A. mangium, can create conditions and potentialize the 

restoration process in soils poor in nutrients, organic material, and also promote the carbon stocking. 

4) The carbon stock in forest ecosystems in restoration process presented spatial dependence, low for arboreal 

stratum and soil layer at depth between 10 and 20 cm, and moderate in the leaf litter and soil at depth between 0 

and 10 cm. 
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