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Abstract: Hybrid eucalypt clones are grown for fiber production worldwide and to provide an
ecosystem service that can store atmospheric carbon at a very fast rate. This study assessed the carbon
stocks in the soil and various tree fractions in a 10-year-old plantation of Eucalyptus urophylla S.T. Blake
× Eucalyptus globulus Labill. in Southern Brazil. Four experimental plots were established, and an
inventory of Eucalyptus trees was conducted by considering five diametric classes. Three trees in each
diametric class were harvested for biomass and carbon quantification. The understory biomass of
native trees was quantified in five subplots and the litter was quantified in 16 subplots. Organic C was
quantified in the soil (SOC) and roots (diameter ≤ 0.5 cm) to a depth of 100 cm. The C concentration
in the different biomass fractions of the eucalyptus trees were 55.7% (±0.6), 50.4% (±0.4), 49.5% (±0.6)
and 45.4 % (±0.9) for leaves, branches, wood and bark, respectively. The C concentrations in the
understory fractions were 51.4% (±1.0) for the canopy and 50.0% (±0.9) for the stem. The carbon
concentration in the fine root biomass was 45.7% (±1.4). Soil C concentrations were 1.23% (±0.32),
0.97% (±0.10), 0.45% (±0.14), and 0.24% (±0.10) for depths of 0–25, 25–50, 50–75, and 75–100 cm. C
was allocated in: (a) the trees (aboveground fraction = 118.45 Mg ha−1 and belowground fraction
= 30.06 Mg ha−1), (b) the understory = 1.44 Mg ha−1, (c) the litter = 8.34 Mg ha−1, and (d) the soil
(without roots) = 99.7 Mg ha−1. The share of total C stock (a + b + c + d = 258.0 Mg ha−1) was similar
in the aboveground (49.7%) and belowground (50.3%) fractions, thus indicating a very high rate
of C sequestration in the biomass. Eucalyptus plantations in Brazil are fast growing (for this study
= 36.7 m3 ha−1 year−1) and contribute to intense carbon sequestration in above and belowground
biomass (14.8 Mg ha−1 year−1).
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1. Introduction

Demand for wood products has grown strongly in recent years, thereby increasing interest in the
use of land for fast-growing tree plantations. In Brazil, the total area covered by forest plantations in
2017 was about 9.8 M ha [1], yielding 91% of the wood destined for industrial purposes [2]. Eucalyptus
was first introduced to Brazil more than 150 years ago. Plantations of the species now cover an area of
7.4 M ha and represent 75.2% of all forest plantations in the country [1] and yield on average 39 m3 ha−1

year−1 [2]. Eucalyptus has been planted extensively in Brazil in the past 10 years, with an increase of
about 70% in plantations of the species in the period. Short rotations are used for pulpwood (6–7 years)
and slightly longer rotations for solid timber (12–15 years). The main products are pulp, paper, wood
panels, laminate flooring, plywood panels, furniture, other solid wood products, and charcoal and
biomass for energy purposes [2].
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Forest plantations play an important role in the global carbon cycle [3,4], as when forests grow,
carbon is removed from the atmosphere and stored in the plants [5–7]. New forest establishment is
of ecological, environmental, social, and economic value [6] and results in large amounts of C being
sequestered [7–9], although trade-offs involving the impacts on hydrology and biogeochemistry should
be taken into account [10]. Plantations can maximize carbon sequestration, but also have adverse side
effects such as reduced stream flow [11] and decreased soil pH and base saturation [10].

Increasing the carbon stock depends on the biomass allocation of each species and the C
concentrations in each component [12]. Biomass allocation depends on the resources available at
the site as well as the type of management [13], stand age [3,9], and rotation length [14]. Likewise,
the accumulation of soil carbon depends on the type of land use [15,16], soil chemical and physical
properties [8], climatic conditions [7], net primary productivity, fertilization, site preparation, and soil
drainage [17].

The transformation of the current fossil fuel-based energy generation systems to sustainable
and renewable energy (RE)-based systems by ‘carbon-neutral’ alternatives has been reported to be
essential [18]. Brazil is one of 97 developing countries that have included land use, land use change and
forestry (LULUCF) in their nationally determined contributions (NDCs). However, the LULUCF sector
requires scientific data to ensure that the national reports are consistent, complete, and comparable [19].
Several studies have estimated the carbon stocks in Eucalyptus stands (i.e., [20–24], but there is still
a lack of studies considering all ecosystem components in the plantations including both above
and belowground components such as the tree biomass and soil fraction. Accurate methods of
estimating carbon stocks in forest stands are required for building and validating regional models [4].
In addition, the understory and the litter layer must be considered additional pools for estimating
stand carbon sequestration [25]. Hybrid eucalypt clones in Brazil grow very quickly and thus have a
high capacity to fix atmospheric carbon. Carbon stocks can be estimated in forestry plantations by
biomass quantification, subsequent determination of C concentration, and fitting allometric equations.

The main goal of this study was to carry out a complete assessment of carbon stocks in a eucalypt
plantation, close to the rotation age, and thus with stabilized C concentrations. An additional aim
was to compare the carbon concentrations in above and belowground biomass components and the
carbon stock in the soil of a 10-year-old hybrid plantation of Eucalyptus urophylla × Eucalyptus globulus
in Southern Brazil.

2. Materials and Methods

2.1. Site and Stand Description

The study was conducted in a 10-year-old Eucalyptus urophylla × E. globulus stand close to
harvesting age (30◦10′31.21′′ S and 51◦36′17.85′′ W; elevation: 175 m a.s.l.). According to the Köppen
system, the climate is classified as Cfa (humid subtropical). Average temperatures range from 13.4 ◦C
in the coldest month to 24.3 ◦C in the hottest month, with an average annual rainfall of 1600 mm [26].
The soil is classified as an Acrisol, according to the Word Reference Base [27], and soil chemical and
physical properties include a low cation exchange capacity, low base saturation, and acidic conditions
(Table 1).

Eucalyptus seedlings were planted after minimum tillage in the planting line in July 2001. The
stand was established with a spacing of 3.5 m × 2.5 m. Fertilizer was applied when the seedlings were
planted, with 300 kg ha−1 of reactive phosphate and 100 g seedlings−1 of 06-30-06 (N-P2O5-K2O). After
planting, fertilizer was applied twice, once in the third month and again in the twelfth month, with
15-05-30 (N-P2O5-K2O) 100 g plant−1.
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Table 1. Soil chemical and physical properties of the Eucalyptus urophylla× Eucalyptus globulus plantation
(n = 9 repetitions), 10 years after establishment.

Depth
(cm)

O.M. N pH
(H2O)

Ca Mg Al Na CECeffect. BS

(%) cmolc dm−3 %

0–25 2.46 0.08 4.64 0.34 0.41 4.13 0.28 7.47 20.68
25–50 1.94 0.07 4.73 0.25 0.42 5.38 0.25 6.09 21.56
50–75 0.90 0.03 4.81 0.24 0.38 4.83 0.22 4.72 23.78
75–100 0.48 0.02 4.87 0.24 0.30 4.45 0.30 8.02 18.53

Depth
(cm)

P K Sand Silt Clay Micro
Porosity

Macro
Porosity

Total
Porosity SD PD

ppm % % g cm−3

0–25 1.32 52.10 46.2 11.6 42.2 18.06 30.17 48.23 1.41 2.74
25–50 0.64 54.07 23.5 13.8 62.7 36.16 16.45 52.62 1.33 2.81
50–75 0.61 40.34 29.8 19.4 50.8 36.79 15.00 51.79 1.37 2.84
75–100 0.51 25.89 49.9 25.7 24.4 36.91 11.63 48.54 1.46 2.84

Where O.M. = organic matter, CEC = cation exchange capacity, BS = base saturation, SD = soil density, and PD =
particle density.

2.2. Tree Sampling and Measurements

Four inventory plots (35 m × 20 m) were systematically established in a 10-year-old Eucalyptus
urophylla × E. globulus stand. The diameter at breast height (DBH) and total height (H) were measured
in all of the trees in each plot, and the density of live trees was calculated. The structure of the stand
was very homogeneous in terms of density and tree size, with a coefficient of variation of tree height
of only 9% (Table 2). Predictive equations were used to calculate stand variables such as basal area,
standing volume, and leaf area index (LAI). The mean annual increment was 36.7 m3 ha−1 year−1,
which is an intermediate level of productivity in the Brazilian context (Table 2). Based on the stand
DBH distribution, trees were included in five diameter classes: 9.1–13.0; 13.1–17.0; 17.1–21.0; 21.1–25.0,
and 25.1–29.0 cm, which corresponded to 5%, 18%, 32%, 37%, and 9% in relation to the total number
of trees.

Table 2. Dendrometric variables in the 10-year-old Eucalyptus urophylla × Eucalyptus globulus stand.

Variables n
(trees plot−1)

N
(trees ha−1)

Basal Area
(m2 ha−1)

DBH (cm) H (m) V (m3 ha−1)
LAI

(m2 m−2)

µ 73 1043 34.56 20.2 28.7 366.9 2.55
σ 3.0 42.9 2.61 4.1 2.6 36.2 0.15

µ = average; σ = standard deviation.

Three trees in each diameter class were harvested for the evaluation of the carbon stocks in
aboveground Eucalyptus biomass. For each of the 15 trees harvested, the aboveground biomass was
separated into four components: leaves, branches, bark, and commercial wood (smaller diameter use
= 6.0 cm). Stems of diameter less than 6 cm were considered as branches.

The fresh weight of each tree component was measured and samples were taken to determine the
dry weight and carbon contents. Wood and bark were sampled at three different points along the stem
at relative heights of 0.25, 0.5, and 0.75. Branches and leaves were sampled randomly throughout the
canopy, considering a sampling intensity of 5% of the total amount in each tree. The samples were
transported to the laboratory and dried in a convection oven at 70 ◦C for 72 h to determine the dry
weight and estimate the total carbon per tree and component.
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2.3. Understory and Litter Sampling

Five 5 × 5 m square plots were systematically established in the Eucalyptus stand to estimate the
understory biomass. The positions of the understory plots followed the same rectangular grid used for
the inventory plots, leading to a 3 × 3 layout of the plots. In each understory plot, all plants except
for the eucalyptus trees were cut and separated into two biomass components: leaves and stem. The
understory was composed of more than 15 native tree species of the Atlantic Forest Biome (mainly
Cupania vernalis Cambess.) with individuals less than 3 m in height and most plants at the initial stage
of regeneration. The carbon accumulated in the litter layer was determined in four samples from
each of the four plots used to measure Eucalyptus DBH and height. A square frame with an area of
0.0625 m2 was used for this purpose. All of the organic material inside the frame was sampled for
biomass estimation. To calculate the total carbon accumulated in the litter layer, we considered that the
carbon content represented 50% of the dry matter.

2.4. Root and Soil Sampling

Carbon was measured in the fine roots (diameter < 2 mm), medium roots with a diameter of
2–5 mm, medium roots of 5–10 mm, and soil. Nine sampling points were established in the middle of
each of the nine aforementioned plots and the method of root sampling in soil pits was applied. A 1.3 m
deep trench was manually excavated at each sample point for the collection of roots and soil. In each
trench, four soil layers were demarcated for sampling: 0–25 cm, 25–50 cm, 50–75 cm, and 75–100 cm. A
square frame with a side length of 10 cm was used to mark the area for excavating roots, yielding a
volume of 2500 cm3 of soil for each sample at a 25 cm depth. The roots were separated from the soil by
using water jets to wash the material through a set of sieves (2.0 mm and 0.34 mm meshes). The roots
were dried and the dry mass was weighed on an analytical balance (accuracy 10−4 g). Soil samples
were collected from the same trench for the analysis of organic carbon concentration and soil density.

The organic carbon in the different Eucalyptus components, understory, roots, and soil was
determined on a dry weight basis in an element analyzer (Carlo Erba NA 1500, Milan, Italy).

As whole-tree excavation was not possible, the coarse root biomass was estimated for each
inventoried tree by applying the model proposed by [28] for roots thicker than 10 mm in E. grandis ×
urophylla plantations of medium productivity including the stump:

Wcr = 0.0221 DBH2.6017 (n = 36) (1)

where Wcr is the coarse root biomass (kg tree−1) and DBH is the tree diameter in cm. The C concentration
determined for roots of 5–10 mm in this study was applied to the coarse roots.

2.5. Data Calculation and Analysis

The Eucalyptus aboveground carbon stock was estimated by fitting individual tree carbon regression
models. The carbon content in different aboveground components of the Eucalyptus trees (leaves =

Cl, branches = Cbr, bark = Cb, and wood = Cw) were considered as dependent variables. Different
combinations of log-transformed independent variables were used: tree diameter (DBH), tree height
(H), and power combinations of these variables DBHx Hy. A logarithmic transformation enabled the
reflection of the relationships between variables, with the assumption of an underlying power function
with a multiplicative error structure. The SPSS 13.0 application for Windows [29] was used for modeling.
The goodness of fit of the models was evaluated by considering the coefficient of determination (R2

adjusted), standard error of estimate (Syx), and by the graphic evaluation of the relationships between the
observed and estimated values. The amount of carbon per hectare was estimated by the regression of the
data from the forest inventory and extrapolation based on the area of the plot.

The accumulated understory carbon was estimated by multiplying the carbon content in the
dry biomass of each component per plot and extrapolated to a per hectare basis. For the litter layer,
the dry biomass of each subplot (n = 16) was multiplied by the carbon content (assuming a 50%



Forests 2019, 10, 536 5 of 12

content) and the amount was then extrapolated to a per hectare basis. For fine and medium roots, the
biomass at each depth (n = 4) and at each point (n = 9) was multiplied by the corresponding carbon
content, and extrapolated to a per hectare basis. For each soil sample, carbon stocks were calculated by
multiplying soil carbon concentration by the bulk density (kg m−3) of each plot and by the depth of the
soil layer. The bulk density was calculated by dividing the dry mass of soil (105 ◦C) by the volume of
the sampling cylinder.

Duncan’s test was used to identify significant differences in the values. Analysis of variance
(ANOVA) was used to test the effects of the tree components and soil depth on carbon concentration in
the Eucalyptus fine roots and soil. All statistical tests were performed with the SPSS 13.0 application for
Windows [29] after checking the ANOVA assumptions.

3. Results

3.1. Equations for Eucalyptus Aboveground Carbon Estimation

The equations selected for estimating the carbon amounts in the biomass components are shown
in Table 3. The value of the adjusted coefficient of determination was high, the value of the standard
error of estimate was low, and the residuals were normally distributed. This demonstrates that the
equations obtained by the stepwise procedure performed well in relation to predicting the carbon
content per component and tree (Figure 1).

1 
 

Figure 1 

 

Figure 1. Observed and estimated amounts of carbon in the 10-year-old Eucalyptus urophylla×Eucalyptus
globulus stand.

Table 3. Carbon equations for different components of the 10-year-old Eucalyptus urophylla × Eucalyptus
globulus stand. Cw is carbon in wood (kg tree−1), Cb is carbon in bark (kg tree−1), Cbr is carbon in
branches (kg tree−1), and Cl is carbon in leaves (kg tree−1). DBH is diameter at breast height (cm) and
H is total tree height (m).

Component Equation Prob > F R2 ajd. Syx

Wood Ln Cw = −5.265 + 1.043 ln(DBH2
× H) <0.001 0.996 0.0547

Bark Ln Cb = −4.855 + 2.299 lnDBH <0.001 0.965 0.1417

Branches Ln Cbr = −20.953 + 18.396 × (DBH × H−1) +
6.624 × (H × DBH−1)

<0.001 0.906 0.1042

Leaves Ln Cl = −0.446 + 0.075 × (DBH2
× H−1) <0.001 0.859 0.1502
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All models were highly significant and the assumptions of normality and homogeneity of variances
were met. The coefficient estimates were also significant (branches, p = 0.019; other components,
p < 0.001). The equations for estimating the carbon contents of the wood components and total tree
had a predictive power greater than 99.5% of the distribution of dependent variables and low standard
error of estimation (0.0547 and 0.0490, respectively).

3.2. Aboveground Carbon Concentration and Contents
The Eucalyptus aboveground biomass contained different concentrations of organic carbon

(p ≤ 0.05). The C concentration was higher in leaves, followed by branches, wood and bark (Table 4).
The difference between the carbon concentration in leaves and bark was more than 100 g kg−1 biomass.
Even for the highest concentration of organic carbon in leaves, the stock represented 1.6% of the total
carbon stocked in the Eucalyptus aboveground biomass. The wood component accounted for more
than 80% of the total carbon content of the trees, followed by the bark and branches.

Table 4. Soil, above and belowground carbon concentration, and stock in the 10-year-old Eucalyptus
urophylla × Eucalyptus globulus stand. µ = average (proportion of components between brackets).
σ = standard deviation. In rows, different letters indicate significant differences for the components
(Eucalyptus) and depths (fine roots and soil) at p < 0.05 by Duncan’s test. * For litter, a carbon
concentration of 50% was assumed.

Components Carbon Concentration (%) Carbon Amount (Mg ha−1)

µ Lower Higher σ µ σ

Eucalyptus

Wood 49.52 c 48.64 49.93 0.32 103.40 (87.3) 10.56
Bark 45.45 d 43.88 46.23 0.71 8.57 (7.2) 0.76

Branches 50.41 b 49.60 50.89 0.40 4.46 (3.8) 0.35
Leaves 55.66 a 54.48 56.78 0.57 2.02 (1.7) 0.13
Total – – – – 118.45 (100) 11.79

Understory
Leaves 51.38 49.78 52.26 0.97 0.18 (12.7) 0.22
Stem 50.02 48.71 51.09 0.86 1.26 (87.3) 1.35
Total – – – – 1.44 (100) 1.47

Litter 50 * – – – 8.34 (100) 1.75

Fine roots (<2 mm)

0–25 cm 47.68 a 46.98 48.47 0.75 0.34 (69.9) 0.01

25–50 cm 46.31
ab 44.72 47.37 1.40 0.09 (18.3) 0.04

50–75 cm 44.56 b 43.91 45.74 1.02 0.032 (6.5) 0.01
75–100 cm 44.52 b 43.41 45.09 0.96 0.026 (5.3) 0.02
0–100 cm – – – – 0.48 (100) 0.14

Medium roots (2–5 mm)

0–25 cm 46.30 44.91 47.28 1.24 0.22 (75.8) 0.09
25–50 cm 45.45 44.18 46.72 1.27 0.04 (13.4) 0.03
50–75 cm 45.48 – – – 0.02 (7.5) 0.02
75–100 cm 45.48 – – – 0.01 (3.4) 0.02
0–100 cm – – – – 0.29 (100) 0.13

Medium roots (5–10 mm) 0–100 cm 47.24 46.58 47.90 0.66 0.17 0.12

Coarse roots (>10 mm) 0–100 cm 47.24 29.11 2.98

Soil

0–25 cm 1.23 a 0.80 1.76 0.32 43.1 (43.2) 10.0
25–50 cm 0.97 b 0.81 1.20 0.10 32.2 (32.3) 3.9
50–75 cm 0.45 c 0.21 0.70 0.14 15.5 (15.5) 5.4
75–100 cm 0.24 d 0.12 0.41 0.10 8.9 (8.9) 4.4
0–100 cm – – – – 99.7 (100) 12.1

Aboveground – – – – 128.2 (49.7) –
Belowground – – – – 129.8 (50.3) –

Total – – – – 258.0 (100) –
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The understory contributed 1.44 Mg ha−1 to the total carbon stock in the stand (Figure 2). The
understory comprised herbs, shrubs, and small individuals of native tree species. The litter layer
contained 8.34 Mg ha−1 carbon. Litter was composed of plant residues (Eucalyptus and understory) and
represented 6.5% of the carbon stock in the aboveground biomass. Total carbon stock in aboveground
biomass was 128.23 Mg ha−1, allocated in Eucalyptus biomass (92.4%), litter (6.5%), and understory
(1.1%).Forests 2019, 10, x FOR PEER REVIEW 7 of 12 
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Figure 2. Illustrative carbon stock distributions (Mg ha−1) in the 10-year-old Eucalyptus urophylla ×
Eucalyptus globulus stand. F&M roots = Fine + Medium roots (Prepared by the authors).

3.3. Belowground Carbon Concentration and Contents

The carbon concentration in the fine roots was higher (p ≤ 0.05) in the upper soil layer than at
depths below 50 cm. The difference between the average carbon concentrations in the roots of the
upper soil layer (0 to 25 cm in depth) and the deepest layer evaluated (75 to 100 cm) was more than
30 g kg−1. Almost 70% and 76% of the carbon stocks in the fine and medium roots, respectively,
occurred in the upper soil layer (upper 25 cm) (Table 3 and Figure 3).

The sum of the C stocks in fine and medium roots was 0.95 Mg ha−1. The estimated C stock in the
coarse roots was 29.11 Mg ha−1, with a small variation between the plots (Figure 2).

The soil organic carbon concentration was influenced by the soil depth (p ≤ 0.05). The carbon
concentration in the upper layer was five times higher than in the deeper soil layer, directly reflecting
the amount of carbon stocked in the soil. For a depth of 1 m, more than 43% of the soil carbon stock
occurred in the upper layer (depth 25 cm). The total belowground carbon stock was 129.8 Mg ha−1

(roots + soil), corresponding to 50.3% of the carbon stocked in the Eucalyptus stand.
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Figure 3. Carbon concentrations in the fine roots (diameter < 2.0 mm) and soil and in the 10-year-old
Eucalyptus urophylla × Eucalyptus globulus stand.

4. Discussion

The ability to measure the total amount of carbon in forest ecosystems accurately and precisely is
required to evaluate the role of forests in the global carbon cycle [30]. In most forests, the largest C
pools occurs in the aboveground live biomass and mineral soil organic matter, with smaller amounts in
the roots and litter layer [31]. The most rapidly changing pool is usually the aboveground live biomass,
with important differences between natural forests and forest plantations [32,33]. The size of the pool
in the root biomass can be directly estimated by the average 0.26 root:shoot biomass ratio, but the soil
pool is seldom related to the aboveground biomass or forest age [31].

In the present study, we determined the distribution of C stocks in a stand close to rotation age.
Although variations in C stocks over time have not been studied, it is clear that land use change has
led to an accumulation of aboveground C, resulting in a pool that is similar to that in the underground
stock (including the roots and soil). Rapid accumulation of C stocks in the biomass of fast growing
plantations has already been noted, with estimated rates of accumulation of 8.3–12.8 Mg C ha−1 year−1

in aboveground components reported [23]. The corresponding value determined in the present study
was 11.8 Mg C ha−1 year−1. In the Eucalyptus aboveground biomass, the C was predominantly allocated
in the wood, followed by the bark, branches, and leaves. This was consistent with previous findings in
Eucalyptus plantations [3,9,23].

The C concentration determined in this study was highest in the leaves, followed by the branches,
wood, roots, and bark. Although this gradient has previously been reported in other Eucalyptus
plantations [24,34], the present study provides complementary information such as the increase in root
C concentration with root diameter and the decrease in C concentration in fine roots with soil depth.
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Carbon budgets are usually calculated on the basis of the assumption that plant biomass is 50% C. For
this study, the weighted average for Eucalyptus biomass was 48.9%. Thus, the general application of
50% C to all components would lead to a slight over-prediction of 3.4 Mg C ha−1 (relative error of 2.3%).
Weighted averages of 47.7% for the aboveground biomass of E. globulus and E. nitens in Spain [12]
and 49.77% for the above and belowground components of the same species in Tasmania [35] have
previously been reported.

The understory biomass is not usually considered in studies of carbon fixation in fast-growing
plantations. In the present study, we found that more than 1% of the total carbon stocked in the
aboveground biomass was in the understory and that the C concentration in this ecosystem component
was slightly higher than 50% (weighted average, 50.2%). In a study carried out in a E. urophylla ×
E. grandis stand of age 6–8 years in China, about 2% of the aboveground carbon was fixed in the
understory biomass [3]. The relatively small amount of carbon found in the understory in the present
study can be explained by the full canopy cover (leaf area index of 2.55 m2 m−2) of the plantation.
Nonetheless, relative to the previous land use (pasture), afforestation has led to the presence of an
understory of native trees.

Fine and medium roots thinner than 10 mm contributed 0.95 Mg ha−1 to the total C stock. More
than 70% of the carbon stock in the fine and medium roots occurred in the topsoil (25 cm deep)
where the highest C concentration in fine roots occurred. Considering the estimated amount of C in
the coarse roots and stump, the root:shoot ratio for C stocks obtained in this study was 25.4, with a
biomass root:shoot ratio of 26.5, a value close to that reported for allometric biomass relationships in
angiosperms worldwide [36]. This indicates the importance of the accurate estimation of coarse root
biomass for calculating the total ecosystem C budgets [35]. Tree root systems represent an important
component of forest ecosystems because they absorb water and soil nutrients, thus supporting the
arboreal structure and function as a store of nutrients and carbon [37,38]. Previous estimations of root
C stocks in 8-year-old plantations in the same regions of this study provided values ≥10 Mg ha−1 [39].

In the present study, 38.6% of the total organic carbon in the Eucalyptus plantations occurred in
the soil. In a study of other Eucalyptus plantations aged seven years, the ratio between the organic
carbon in the soil (to a depth of 100 cm) and the total carbon was found to be greater (43%–63%) [40].
Soil organic matter comprises the largest C pool in many natural forests, but the aboveground biomass
C pool is the predominant pool in forest plantations [31], as observed in the present study. Moreover,
important losses of soil organic carbon occur in the upper mineral soils during the first decade after
afforestation [41]. Such losses are common in afforested grassland soils under humid temperate
climates [42] and occur as a consequence of mineralization of the labile fraction produced by soil
disturbance during planting, even when minimum tillage is applied. Although we were not able to
assess such losses in this study, this effect should be considered when land use changes are proposed.

The depth at which the soil is sampled is an important source of uncertainty in the determination
of total C in forest ecosystems as forest soils are often very deep (several meters) [17]. The concentration
of soil organic carbon (SOC) is influenced by the soil depth due to variations in organic matter. The
carbon concentration in the upper soil layer found in this study was five times higher than in the deeper
soil layers. Higher concentrations of carbon in the upper soil layers have generally been reported for
other forest ecosystems, e.g., [3,6,40,43]. Most of the soil carbon in forest plantations (i.e., about 57% to
68%) has previously been detected in the upper 50 cm of soil [3,7,44]. This layer represented more than
75% of the soil carbon stock occurring within a depth of one meter in the present study. These results
indicate the need to lengthen the rotations or make appropriate decisions at harvesting to prevent net
soil C emissions due to soil disturbances during the operations.

The total C stored in the plantation under study was 258 Mg ha−1. This was much lower than
the high biomass carbon densities found in native and older forests that are multi-aged, multilayered,
and have been subjected to minimal human disturbance [45]. It is clear that protecting forests with
large biomass stocks from deforestation and degradation (including transformation into plantations)
prevents the release of significant carbon emissions into the atmosphere [46]. Plantations such as that
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considered in the present study are often established on former pasture land for the main purpose of
the sustainable production of fiber, timber, and energy. The findings of the present and previous studies
show that plantations, if adequately managed, can provide carbon sequestration as an important
environmental service.

5. Conclusions

The total C stock in a fast growing (36.7 m3 ha−1 year−1) Eucalyptus plantation aged 10 years
(biomass + soil) was 258 Mg ha−1 and was distributed between the aboveground (49.7%) and
belowground (50.3%) components. The above and belowground eucalypt biomass accounted for
57.6% of total C, whereas the share of the wood component alone was 40%. Soil represented an
important component, accumulating 38.6% of the total C, mainly in the upper 25 cm. Litter and
understory represented 3.2% and 0.6% of the total C, respectively. Plantations established for the
sustainable production of goods can provide C accumulation as an important ecosystem service at a
rate of 11.8 Mg ha−1 year−1 (eucalyptus aboveground biomass) or 14.8 Mg ha−1 year−1 (including the
root system).
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