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Abstract
The objective of this study was to evaluate CO2, N2O and CH4 �uxes and C �xation in the soil-plant system, in an area with different managements of
eucalyptus harvest residues. Before the experiment was set up, a plot was selected at the end of the third rotation (5 years) and harvested using the Harvester
+ Forwarder system. After harvest, the coppicing system was adopted and three types of residue management were established: 1. Maintenance of all harvest
residues and litter from the previous rotation (HR+L), 2. Maintenance of litter from the previous rotation (L), 3. Removal of harvest residues and litter from the
previous rotation (WR). Soil gas �ux was sampled 5 days before harvest and at 4 times (distributed along the dry and rainy seasons) over 22.3 months. To
collect the gases, PVC chambers were introduced into the soil to a depth of 5 cm in the planting rows and inter-rows. Subsequently, the gas samples were
analyzed by gas chromatography. To evaluate C inputs in the system, the quantity of C in the plants and organic matter content in the �rst ten centimeters of
soil were quanti�ed at the end of the experiment (22.3 months). There was higher CO2 equivalent �ux in the soil in the area with HR+L at 0.3 and 9.3 months
after harvest, with no differences between the treatments WR and L. CO2 equivalent �uxes were similar among all treatments in the samplings performed at
15.8 and 22.3 months after harvest. No differences were observed in the treatments regarding organic matter content in the soil and C �xation in plant
biomass.

1. Introduction
Increased global temperature has been mainly attributed to the increase in the concentration of greenhouse gases (GHG) in the atmosphere. According to the
According to the World Meteorological Organization (2015), since the �rst industrial revolution, the overall concentrations of the three main GHGs (CO2, CH4

and N2O) have increased by 144, 256 and 121%, respectively. Brazil is the �fth country that most contributes to GHG emissions, and soils managed under
agriculture and forestry production account for 32% of total emissions [1]. These �gures indicate that soil is a strategic compartment in the combat of climate
change [2].

The management adopted in planted forests can potentiate or mitigate GHG emissions to the atmosphere [3, 4] Conservation cropping systems, which focus
on the input of residues and reduce soil turning, can maintain or even increase C stocks in the soil [5]. Planted forests produce large amounts of plant residues,
especially during the harvesting operation, mainly composed of branches, bark, tips and leaves. Approximately 20% of eucalyptus biomass turns into residues
at harvest [6].

The use of forest residues for energy generation has intensi�ed in several countries due to increased energy demand, exhaustion of non-renewable sources
and pressure for greater use of “clean” energy sources [7]. In Brazil, several forestry companies consider the possibility of fully or partially collecting
eucalyptus residues with a view to their utilization for energy production [8, 6, 9].

In 2015, in the Paris agreement, Brazil pledged to increase by 18% the share of biomass in primary energy production and reach 45% of renewable energy use
[9]. The country has great potential for energy generation using forest biomass, as it has about 7.8 million hectares of planted forests, edaphoclimatic
conditions favorable to high forest productivity, availability of area and technology [10].

The removal of residues from forest harvest affects soil microbiota [11, 12, 13], reducing nutrient cycling [14, 15] and also reducing C stocks in the soil [12, 16].
Conversely, the permanence of forest residues in the area reduces erosive processes [17], and decreases soil compaction during the tra�c of machines and
implements [18, 19]. On the other hand, their permanence may increase CO2, CH4 and N2O emissions in the short term, since in the initial stages of
decomposition signi�cant fractions of C and N present in plant residues return to the atmosphere in oxidized forms [14, 20].

GHG emission in forest plantations is the result of the balance between C inputs and outputs to the atmosphere in oxidized form (CO2 and CH4), with N2O also
being an important greenhouse gas, and the N present in agricultural residues has a considerable contribution to the emissions of this GHG [21]. C inputs into
the system occur through photosynthesis, and part of this �xed C is transferred to the soil and transformed into stable organic matter during plant
decomposition. The outputs occur through root respiration and soil microorganisms [22].

In general, studies conducted in Brazil show that eucalyptus planted forests reduce the potential for global warming, due to the accelerated growth of plant
biomass and, in most cases, due to the conservation soil tillage techniques adopted, which in turn reduce the respiration of soil microorganisms [11]. There are
few studies relating forest residue management and greenhouse gas emissions; consequently, the effects of retention or removal of eucalyptus harvest
residues on GHG emissions are still not conclusive.

Thus, in this study the following hypotheses were evaluated: i) the retention of harvest residues increases CO2, CH4 and N2O emissions in the short term in the
soil; ii) the removal of eucalyptus harvest residues from the area reduces C stock in the soil-plant system.

In view of the above, this study aimed to evaluate the �uxes of CO2, CH4 and N2O, in addition to the C stored in the forest and in the soil surface (0-10 cm
layer), in an area subjected to different managements of eucalyptus harvest residues.

2. Material And Methods

2.1. Experimental design
The experiment began in the �rst half of 2019 (Figure 1) and was carried out in commercial eucalyptus plantations belonging to BRACELL company, located
in the municipality of Entre Rios-BA (38°3′36″ S and 12°1′17″ W at 180 m altitude; Figure 2). The relief of the area is �at and the climate is predominantly Af
type (humid tropical), with average annual precipitation of 1,250 mm. The original natural vegetation cover is Atlantic Forest, but currently there is a
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predominance of pastures and commercial eucalyptus forests. The soil of the experimental area is classi�ed as cohesive Argissolo Amarelo (Santos et al.,
2018), which corresponds to Ultisol in Soil Taxonomy (Soil Survey Staff, 2014) (Table 1).

 
Table 1

Chemical and physical characteristics of the cohesive Ultisol, in samples collected in the row (R) and inter-row (IR) of eucalyptus plantations at different dept
100 cm)

Position* Soil
layer

pH TOC P K Ca Mg S Al V Sand Silt

  Cm   % mg dm−3 ------------------- cmolc dm−3 --------------------- % -----------------kg kg−1-------

  0-10 6.21±0.60 1.27±0.23 3.45±0.58 53.25±6.74 3.80±1.24 0.43±0.07 4.03±1.85 0.00±0.00 70.23±15.2 0.75±0.02 0.01±0.01

  10-
20

5.93±0.67 1.11±0.07 2.55±0.58 45.50±9.15 3.21±0.97 0.35±0.06 4.28±2.35 0.05±0.09 61.60±17.4 0.73±0.02 0.01±0.01

R 20-
40

5.68±0.83 0.89±0.04 1.48±0.19 52.75±12.54 2.43±1.14 0.27±0.07 6.13±6.14 0.17±0.22 50.55±20.8 0.66±0.04 0.01±0.01

  40-
60

5.25±0.63 0.70±0.09 0.60±0.44 57.5±19.72 1.46±0.70 0.20±0.07 19.6±11.10 0.45±0.34 36.58±15.2 0.56±0.05 0.01±0.01

  60-
100

4.98±0.55 0.48±0.09 0.13±0.19 30.00±12.89 1.12±0.73 0.18±0.07 34.58±9.18 0.57±0.41 30.80±17.0 0.49±0.03 0.01±0.01

  0-10 6.04±0.20 1.40±0.01 4.55±1.67 34.50±5.49 3.83±0.30 0.60±1.26 3.33±0.45 0.00±0.00 68.03±6.91 0.76±0.02 0.01±0.01

  10-
20

5.84±0.15 1.13±0.13 4.65±2.10 27.00±4.90 3.03±0.33 0.49±0.19 3.40±0.60 0.00±0.00 58.98±4.60 0.70±0.03 0.01±0.01

IR 20-
40

5.29±0.20 0.75±00.07 2.95±3.41 24.50±1.90 1.70±0.03 0.33±0.06 11.78±2.60 0.24±0.05 41.40±4.86 0.57±0.02 0.01±0.01

  40-
60

5.05±0.21 0.58±0.20 0.35±0.33 30.50±19.28 1.31±0.48 0.26±0.04 20.90±2.43 0.52±0.25 34.83±6.34 0.49±0.03 0.01±0.01

  60-
100

4.90±0.21 0.62±0.20 0.25±0.24 33.75±24.77 1.28±0.89 0.22±0.05 32.68±5.25 0.43±0.35 30.50±11.5 0.46±0.07 0.01±0.01

pH in water (1:2.5 ratio); P and K (Mehlich-1 extractant); Ca+2, Mg+2 and Al3+ (1 mol L−1 KCl extractant); V = (SB/T) x 100; Organic Carbon – Walkley-Black; Pa
the pipette method (Ruiz, 2005); θ FC: moisture at �eld capacity, with matric potential of -10KPa; θ PWP: moisture at the permanent wilting point, with matric 
deviation around the means (n=4).

A plot with clone 1404 (Eucalyptus urophylla x E. grandis) was selected at the end of the third rotation (5 years), originally planted at a spacing of 4.0 x 2.4 m.
The cut was performed with a Harvester and the wood was removed with a Forwarder. Next, the residues on the soil were treated in three ways (treatments): i)
Maintenance of harvest residues (HR: leaves, branches and bark) and litter (L): (HR+L); ii) Maintenance of litter (L); and iii) Removal of residues (WR). In the
HR+L management, 24.0 Mg ha−1 of dry matter of HR (13, 34 and 53% of weight corresponded to leaves, branches and bark, respectively) and 10.7 Mg ha−1 of
dry matter of L (35 and 65% of weight corresponded to leaves and branches, respectively) were kept on the soil. Thinning was performed when the sprouts
were between 1.0 and 2.0 m tall, leaving only the most vigorous sprout per stump.

The experimental design used was randomized blocks, with four replicates. The plot (1,380 m2) established after harvest was composed of 144 plants (12 x
12), considering the 64 central plants (8 x 8, 614 m²) as usable plot.

2.2. GHG sampling in soil
GHG (CO2, CH4 and N2O) emissions were measured in �ve seasons: one in pre-harvest (5 days before harvest) and four in post-harvest, at 0.3, 9.3, 15.8 and
22.3 months after harvest (MAH), with two evaluations in the rainy season (0.3 and 15.8 MAH) and two in the dry season (9.3 and 22.3 MAH) (Figure 1).

Static chambers made with PVC rings (20 cm high and 30 cm diameter) were installed to collect GHGs in the soil. The chambers were allocated in duplicate in
each of the positions corresponding to the rows (R) and inter-rows (IR). At the time of gas sampling, the chambers were closed with PVC caps with rubber
septum on the top, which allowed the collection of gases inside the chamber and restricted the passage of air from the soil to the atmosphere [23]. The gases
were collected at intervals of 0, 10, 20, 40 minutes after closing the chambers, using 60-mL syringes equipped with three-way stopcock valves, which were
closed after the collection of gases for storage.

At the time of gas collection, near each chamber, measurements of temperature (ºC) and soil moisture (%, v v−1) were taken at 5 cm depth using the EC-5
sensor (Decagon Devices Inc., Pullman, WA).

After collection, the gas samples were taken to the laboratory to determine the concentrations of CO2, CH4 and N2O in a gas chromatograph equipped with
mass spectrometer (GCMSQP2010SE – Shimadzu Corporation). Soil CO2, CH4 and N2O �uxes were calculated according to Equation 1, proposed by [24].
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 Flux =
ΔQ
Δt xMxPxV

RxTsxA   Equation 1

Where, ΔQ/Δt is the angular coe�cient (ppm s−1), obtained from the adjustment of gas concentrations over the predetermined collection time; M is the molar
mass of the gas (g mol−1); P is the constant pressure of 1 atm; V is the volume of the chamber (L); R is the gas constant (0.08205746); Ts is soil temperature
(K) and A is the area of the chamber (m2).

To measure the potential of global warming, CO2 equivalent (CO2eq) was calculated by multiplying the seasonal emissions of N2O and CH4 by the respective
radioactive potentials [25], according to Equation 2.

CO2eq = (25 x CH4) + (298 x N2O) + (1 x CO2) Equation 2

To estimate the gas �ux in the area (ha−1), a weighted average was applied, considering the coverage area of each sampling position. In the experiment, the
planting row was 1.10 m wide, totaling an area of 2,750 m2 ha−1, while the remainder, 7,250 m2 ha−1, was considered to be inter-rows. Thus, it was possible to
create weights of 27.5 and 72.5% for planting row and inter-row, respectively.

At 22.3 MAH, soil samples were collected in the 0-10 cm layer to determine the total organic C content of the soil (TOC) by the Walkley-Black method and total
N (TN) by the Kjeldahl method [26]. The collections were performed in the rows and inter-rows.

To evaluate the impacts of the wood harvesting and forwarding operation (tra�c of HV and FW, respectively) on bulk density, associated with compaction and
with the consequent effects on soil C storage, the area was subdivided into four blocks. In each block, three random points were selected, in the rows and inter-
rows of the plantation, for the collection of undisturbed soil samples. Sampling was performed, before and after harvest, using cylindrical rings of
approximately 5 cm in height and diameter, in the center of the 0-10, 10-20, 20-40, 40-60 and 60-100 cm layers. These samples were used to evaluate soil bulk
density (Ds), according to [26] (Figure 3). Thus, with the TOC and TN contents and Ds (Figure 3), it was possible to calculate the stocks of TOC and TN for the
0-10 cm layer after 22.3 MAH (Equation 3).

TOC or TN stock (Mg ha−1) = (TOC or TN x Ds x h) x 10 Equation 3

Where, TOC is the total organic carbon content at 0-10 cm depth (g kg−1); TN is the total nitrogen content at 0-10 cm depth; Ds is bulk density of the 0-10 cm
layer (g cm−3); and h is the thickness of the layer considered (cm). To consider the values per unit of area (ha−1), a weighted average was applied, considering
the coverage area of each sampling position, 27.5 and 72.5% for planting row and inter-row, respectively.

2.3. Decomposition of residues
Decomposition chambers made of PVC pipe (25 cm height and 10 cm diameter), containing nine holes with 5 cm in diameter and distributed on the lateral
surface of the pipe, constituted the microplots. Each pipe was covered with 2-mm-mesh steel screen to allow roots to enter. At the top of the pipe, six holes of 2
cm in diameter, located 20 cm high, were opened to allow the entry and exit of soil fauna [27; 11; 28; 29; 30]. The inside of the pipe was �lled with undisturbed
soil, collected from the 20 cm layer of a natural pasture area adjacent to the experiment (Table 2). The pipes were transported to the experimental area and
inserted into the soil to a 20 cm depth, so that the lateral holes were at the soil surface level (Figure 3).

On the surface of the pipe (above the soil surface), the amounts of plant residues referring to each plot of the treatment were deposited. The amounts were
calculated based on area proportions (Table 3). The upper part of the pipes was then covered with plastic screen (1 x 1 cm mesh) to prevent the entry of any
material that did not constitute the treatments.

In each experimental plot, three pipes were installed (Figure 4). One pipe was collected at each evaluation time after imposing the treatments: 6.3, 13.0 and
19.2 months. At the moment of collection at each evaluation time, plant residues were removed from the pipes, taken to a forced ventilation oven at 65°C and
kept until reaching constant weight. Before weighing to determine the mass loss, the residues were cleaned with a brush, to remove the adhered soil. Then, the
C and N contents of the residues in each evaluation season were determined via dry combustion (Perkin Elmer, PE-2400). The contents of C and N and the
weight of the remaining dry matter of the residues were used to determine the quantities of these elements.

The half-life time (T1/2) of the quantities of C and N present in the residues in each treatment (Table 2) was calculated using an exponential mathematical

model described by [31], of the type X = Xo e−kt, where X is the quantity of C and N remaining after a period of time t, in months; Xo is the initial quantity of C
and N; and k is the constant of decomposition of the residue. The value of k was used to calculate the half-life time (T1/2 = 0.693/k) [32].
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Table 2
Dry matter weight of the components of the residues (litter and harvest residues) placed in the decomposition

chambers, and contents, quantities and half-life time (T1/2) of carbon (C) and nitrogen (N) of the residues of each
treatment: without residues (WR), litter (L) and harvest residue + litter (HR+L)

Treatments Litter Harvest residues Content Quantity T1/2

  Leaf Branch Leaf Bark Branch C N C/N C N C N

  --------------------- g pipe−1 ---------------- -------- % ------ -- Mg ha−1-- months

WR - - - - - - - - - - - -

L 1.2 2.2 - - - 45.6 0.51 130.0 5.12 0.04 8.5 8.5

HR + L 1.2 2.2 1.0 4.0 4.7 47.7 0.37 91.5 15.8 0.18 9.3 5.9

2.4. Plant analyses

2.4.1. Analysis of residues and litter collected at the beginning of the experiment
The weight of the harvest residues was determined by quantifying the biomass of �ve trees whose diameters and heights corresponded to those of the
average tree, felled 10 days after harvesting the stand. Leaves, bark, branches and tips were weighed. Litter was quanti�ed seven days prior to harvest using a
quadrangular metal frame (0.5 m2), with the separation of leaves and branches to determine their weights. Twenty-four random samplings were carried out in
the entire experimental area. Samples of the plant material from the harvest residues and litter were dried in an oven with closed circulation and air removal at
65°C until reaching constant dry weight. Subsequently, the material was weighed to obtain the dry matter weight.

2.4.2. Analysis of tree biomass and litter
At the end of the experiment, 22.3 months after harvest, a tree with average diameter at breast height (DBH) of each experimental plot was selected and felled.
The plant was divided into �ve parts: leaves, branches, trunk, bark and roots. Leaves, branches, trunk and bark were weighed in the �eld to obtain the fresh
weight. Samples of leaves, branches, sawdust and bark were collected to determine the dry weight. Sawdust and bark were sampled at three different points
corresponding to 33%, 66% and 99% of the total height. Leaves and branches were randomly sampled along the canopy. Litter was also sampled when the
trees were felled, using a quadrangular metal frame (0.5 m2). Four random samplings were performed in each experimental plot. Fresh weight was determined
in the �eld, and a sample was collected to determine the dry weight.

At the time of felling of the selected tree, roots that were in the �rst 40 cm depth of ¼ of the area occupied by the tree were sampled using a probe with
collection capacity of 886 cm³ of soil. There were four collection points with prede�ned spacings in the planting rows and inter-rows (Figure 5). The collected
soil was transported to the laboratory for manual collection of roots, and then this material was washed and taken to a forced circulation oven (65 ºC) to
determine the dry weight. The C contents of the samples (root, litter, trunk, bark, branch and leaf) were determined by dry combustion (Perkin Elmer, PE-2400).

2.5. C balance
C balance, according to the treatments, was calculated as the difference between the average CO2 equivalent emissions during the experimental period and
the C inputs during the experiment (22.3 months). C emissions were calculated using the averages of CO2 equivalent observed at 0.3, 9.3, 15.8 and 22.3
months after the experiment was set up. The average obtained in each treatment was multiplied by the number of experiment days (675) and number of hours
in one day (24), according to equation 4.

C emission (Mg ha−1) = average CO2 equivalent (kg ha−1 h−1) x 675 x 24 / 1000 Equation 4

The conversion of CO2 to C was based on the molecular weights of the elements. The results obtained in CO2 equivalent were multiplied by a conversion
factor (0.272), considering that one mol of CO2 contains 12.011 and 15.999 g of C and O, respectively.

C immobilization includes the C content of the biomass of eucalyptus at 22.3 months, and Δ C of the 0-10 cm soil layer, obtained through the differences
between the C stock at the beginning of the experiment (collection performed at pre-harvest) and at the end (collection performed 22.3 months after
imposition of treatments).

2.6. Statistical analysis
The obtained data were subjected to analysis of the assumptions of parametric statistics, through the Shapiro-Wilk test, to evaluate the homoscedasticity, and
Hartley test to verify the normality of the data. Next, the data were subjected to analysis of variance and the means were compared by Tukey test at 5%
probability level. Statistical analyses were performed in R software version 4.0.0 [33]. The results of soil temperature, moisture and GHG �uxes were subjected
to Pearson’s linear correlation analysis.

3. Results And Discussion

3.1 CO2 �uxes
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The mean variation of soil CO2 �ux (CO2-F) for the residue management systems during the experimental period ranged from 0.7 to 1.3 kg ha−1 h−1 (Figure 6-

A1). The results are consistent with CO2-F values found in other studies carried out in commercial eucalyptus forests in Brazil: 1.19 - 1.82 kg ha−1 h−1 [34]; 1.31

- 1.56 kg ha−1 h−1[35]; 1.28 kg ha−1 h−1 [36]; 0.75 - 1.51 kg ha−1 h−1 [37].

The higher CO2 �uxes (CO2-F) in areas with HR+L, observed at 0.3 and 9.3 months after harvest (MAH) (Figure 6-A1), are due to the greater amounts of

residues present in this treatment, which increases the rate of microbial activity. In a similar study, [14] found average CO2-F of 0.93 kg ha−1 h−1 in an area

without residues and 1.50 kg ha−1 h−1 in an area where eucalyptus harvest residues and litter from the previous rotation were left. The increase in the
population of soil microbial biomass is associated with the amounts of decomposable residues left in the area [38, 12], which must have occurred in the
period corresponding to 15.8 and 22.3 MAH, leading to a reduction in CO2-F (Figure 7A1). Similar results were observed by [39], who found that, immediately
after sugarcane harvest, CO2 emissions increased linearly with the increase in the amount of straw deposited on the soil, followed by a decrease six months
after the deposition of plant residues on the soil.

In the area where all residues were removed (WR), at 9.3 MAH, CO2-F was equal to 1.11 kg ha−1 h−1, being higher than that of the L treatment and similar to
that of the HR+L treatment. The higher �uxes may also have been stimulated by higher soil temperature (Ts) (Table 3). The sampling performed at 9.3 MAH
coincided with the dry period, when high temperatures are recorded (Figure 1). Additionally, in this sampling period, the soil was more exposed to solar
radiation, considering the low size of the plants and, consequently, less shading. The uncovered soil, without the presence of residues, is more exposed to
solar radiation, which in turn increases Ts [40]. Increments in Ts stimulate microbial respiration, which in turn increases CO2 emissions to the atmosphere [41,
42]. [43] observed that there was higher CO2-F in soils that were uncovered and without plant residues due to higher Ts values.

In the treatment where only litter from the previous rotation was left (L), the CO2-F remained constant as a function of the collection times (Figure 6-A1). Litter
has a greater amount of materials with higher degree of recalcitration, in which most of the labile C has already suffered interference from decomposer
microbial activity [44]. C:N ratio in the L treatment was 42% higher than in the HR+L treatment. In addition, the quantity of C is three times lower in L (Table 2).

Throughout the experiment, regardless of the treatments, higher (p < 0.05) CO2-F values were observed in the planting rows compared to the inter-rows, even at
9.3 MAH (Figure 6-A2). Eucalyptus planting rows have higher CO2-F than the inter-rows [11, 23]. [45] noted a gradual increase in GHG emissions as the
samplings approached the base of the pine tree.

Planting rows are sites with higher root volume, due to the proximity of the stumps; in addition, the growth of the trees is favored by the better physical
conditions of the soil promoted by minimum tillage [46] particularly in cohesive soils such as that of the present experiment [47]. Moreover, fertilization in
eucalyptus plantations is directed to the planting row region [48]. Greater amounts of roots increase CO2-F as a consequence of root respiration [49]. The
higher CO2-F levels found in the planting rows at 0.3 and 9.3 MAH may result, although partially, from the death and renewal of the roots of sprouts. [50]
suggest that, up to 60 days after cutting eucalyptus trees, there is high mortality of thin roots in the 0.0-1.0 m layer, which contributes to C supply along the
soil pro�le. The rhizosphere is a site enriched with exudates, mucilage, lysates and secretions that can be used as substrate by the various groups of soil
microorganisms, in interactions developed with the root system [51].

Another factor that may explain the higher CO2-F observed in the planting rows compared to the inter-rows is the lower bulk density (Ds) found in this position
in all soil layers evaluated (Figure 3). High Ds, and the consequent decrease in soil porous space, limits the diffusion of gases [52, 53] After harvest, there was
a signi�cant increase in Ds in the 0-10 and 60-100 cm layers in the inter-rows (Figure 4). The same did not occur in the planting rows, since machine tra�c
occurs predominantly in the inter-rows [54].

No signi�cant correlation was observed between CO2-F and soil moisture and temperature (Table 4). The results of the present study differ from those
reported by [2, 53, 55] Neto et al. (2011), Bicalho et al. (2017) and Vicentini et al. (2019), who found signi�cant correlations between soil moisture and
temperature and CO2-F. However, these studies evaluated the in�uence of soil moisture and temperature as well as CO2-F separately, without the presence of
organic residues. This is evidence that, in this case, the decomposition of organic residues in the soil also in�uences carbon dioxide emissions, as well as soil
moisture and temperature. [14] conducting an experiment in tropical environment, as in the present study, found no in�uence of eucalyptus harvest residues
on soil moisture and temperature in most of the experimental time (2 years).

3.2 CH4 �uxes
The observed CH4 �uxes ranged from 0.001 to -0.0006 kg ha−1 h−1 (Figure 6C1), with magnitude similar to that found in other experiments in commercial

eucalyptus forests: -0.00002 to -0.00015 kg ha−1 h−1 [57]; 0.0027 to -0.0028 kg ha−1 h−1 [58]; -0.00010 to -0.0009 kg ha−1 h−1 [59]; 0.0001 to -0.0006 kg ha−1

h−1 [60]; -0.0002 to -0.0007 kg ha−1 h−1 [61].

In this study, the CH4 �uxes to the atmosphere (CH4-F), or in�uxes to the soil (CH4-I), were temporarily related to the presence of plant residues on the soil

(Figure 6-B1). The highest CH4-F values (0.0009 kg ha−1 h−1) were found in the pre-harvest. After harvest, �uxes were observed in the collections performed at
0.3 and 9.3 MAH, in treatments with litter (L) or harvest residues plus litter (HR+L). In�uxes were observed in these same treatments in the collections
performed at 15.8 and 22.3 MAH. In the sites with no residues (WR), there was a reduction in CH4-F compared to the pre-harvest, and in�uxes were observed at
all sampling times.

At �ve days before harvest (PH) and at 0.3 MAH, collections that coincided with the rainy season, the large amount of residues on the soil in the treatments (L
and HR+L) and PH may have reduced the diffusion of gases between the atmosphere and the soil. [62] in a study conducted in forest areas, found a 16%
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increase in CH4 in�ux with the removal of litter. This result was attributed to the fact that litter hinders the diffusion of gases [63]. In addition, this situation of
higher soil moisture (Us) and presence of residues may favor higher microbial respiration, increasing sites with low concentrations of O2 [64]. The Us values at
these evaluation times were above �eld capacity in the sampled layers (Table 2 and 3). Characteristics of the soil, that is, presence of textural B horizon, of
cohesive nature, and �at topography may have contributed to a lower water drainage in the soil pro�le [65] and consequent increase in CH4 �ux. Rainfall
events with greater volumes promote environments with low amount of O2, stimulating the activity of methanogenic microorganisms, which decompose the
organic matter available in the soil, producing CH4 [38].

and consequent increase in CH4 �ux. Rainfall events with greater volumes promote environments with low amount of O2, stimulating the activity of
methanogenic microorganisms, which decompose the organic matter available in the soil, producing CH4 [66, 67] During the decomposition of forest residues,
there may be emission of CH4 caused by fungi [68] It has been observed in some studies that UV radiation and high temperature on dry and fresh leaves and
on structural components, including pectin, lignin and cellulose, lead to the increase of CH4-F [69, 70, 71].

At 15.8 and 22.3 MAH, CH4 emissions were reduced in the treatments L and HR+L (Figure 6-B1). The reduction in the amount of residues, especially leaves,
and the consequent reduction in C contents may have led to reduction in CH4 emissions (Figure 7). [39] described similar results when detecting CH4

emissions in areas with sugarcane straw up to six months after harvest, with a reduction after that, due to the advanced degree of decomposition of the
residues.

In the collections performed at 0.3 and 9.3 MAH in the HR+L treatment, CH4 �uxes were more pronounced in the planting rows. This position and these
sampling times also had higher CO2 �uxes, which possibly contributed to the generation of anaerobiosis sites. Unavailability of O2 is the main factor causing
CH4 emission from the soil to the atmosphere [72].

There was no signi�cant correlation between Us and Ts and CH4 �uxes or in�uxes in rows and inter-rows (Table 4). In the treatment L or HR+L, the possible
hypoxia events in the rainy season and the release of CH4 by the action of temperature and UV radiation in the dry season may have been equated. In addition,
at 15.8 and 22.3 MAH, CH4 �uxes were observed in all treatments, regardless of the evaluation time (dry or rainy season) (Figure 6-B1).

3.3 N2O �uxes
N2O �ux ranged from 0.0009 kg ha−1 h−1 to -0.0009 kg ha−1 h−1 (Figure 6C1), corroborating results reported in previous experiments in commercial eucalyptus

forests, whose variations were: 0.0011 to -0.00037 kg ha−1 h−1[58]; 0.00015 to -0.00005 kg ha−1 h−1 [73]; 0.00015 to -0.00005 [74] and 0.00098 kg ha−1 h−1

[75].

N2O �uxes (N2O-F) to the atmosphere, or in�uxes to the soil (N2O-I), varied with the different residue managements (Figure 6-C1). In the pre-harvest (PH) and
HR+L treatment, the highest N2O-F values were observed at 0.3 and 9.3 MAH. In comparison with PH, the total (WR) or partial (L) removal of residues caused
reduction in N2O-F to the atmosphere. In the L treatment, �uxes were observed only at 0.3 MAH. In the WR treatment, in�uxes were observed at all sampling
times.

Residue management is among the main factors that in�uence nutrient cycling in eucalyptus plantations [30]. Nitrogen in organic forms, such as the one
added to the soil in the form of residues, can be converted into N2O [76]. With the partial or total removal of residues, there is a reduction in N stocks (Table 2),
limiting N availability in the soil, which leads to reduction in N2O emission [77].

In this experiment, for the situation corresponding to HR+L, where there was a greater amount of residues on the soil, higher N2O-F values were observed at 0.3
and 9.3 MAH (Figure 6-C1). When litter and the residues generated in eucalyptus harvesting are kept in the area of the stand, N content in the soil increases
[78]. Results obtained by [79, 58] demonstrate the relationship between the amount of residues on the soil and N2O-F. [80] observed that the N2O-F of an area
is closely related to the N released from the residues maintained in that area.

Also in HR+L, the evaluations performed at 15.8 and 22.3 MAH showed N2O in�uxes (Figure 6-C1). There was a signi�cant release of N up to 10 months; after
that, the quantities and the rate of release of the nutrient contained in the residues decreased (Figure 7A2). The leaves present in the residues have high lability
for decomposition, so there was accelerated decomposition of this organ and great release of N in the �rst months (Figure 7A1). Similar results were observed
by [81].

In the L treatment, N2O �uxes were observed at 0.3 MAH (Figure 6-C1). However, the emission of this gas was lower than in the HR+L treatment. In the
beginning of the experiment, the quantity of N in the L treatment was approximately 450% lower than in the HR+L treatment (Table 2). N2O in�uxes were
observed in the samplings performed at 9.3, 15.8 and 22.3 MAH (Figure 6-C1). In addition to the low quantities of N in the residues (Table 2), there was also a
lower N release speed compared to the HR+L treatment (Figure 7B2). Litter is a material with high degree of decomposition. Compared to the HR+L treatment,
the C:N ratio of litter was 42% higher than that found under the condition in which it was combined with the other residues, which led to a longer half-life time
(Table 2).

There was no signi�cant correlation between Us, Ts and N2O �uxes or in�uxes (Table 4). In the treatments HR+L and L, N2O-F occurred in the rainy season; the
presence of residues may have reduced the diffusion of gases at the atmosphere-soil interface. Soil moisture is the variable that most favors N2O-F to the

atmosphere [82] With high Us, certain microorganisms can use NO3
− as �nal electron acceptors in place of O2 [83].
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The higher N2O-F values observed in the HR+L treatment in the dry period may be linked to the high temperatures in the soil (Table 3). Temperature in�uences
N2O emissions from the soil to the atmosphere, and denitri�cation can be extremely sensitive to rising temperatures, as increased microbial respiration results
in O2 depletion [84, 85]. In the present study, when high CO2 �uxes were observed (HR+L treatment; at 0.3 and 9.3 MAH - Figure 6-A1), higher N2O �uxes were
also observed (Figure 6-C1) compared to the other treatments. According to [86] the addition of plant residues on the soil rapidly stimulates microbial activity,
creating anaerobiosis sites and, consequently, stimulating the denitri�cation process.

 
Table 3

Soil temperature (Ts) and soil moisture (Us) measured at 5 cm depth, in the row
and inter-row of eucalyptus plantation, 5 days before harvest (pre-harvest) and at

0.3, 9.3, 15.8 and 22.3 months after harvest. The samples were collected in the
following treatments: without the presence of residues (WR), with litter from the

previous rotation (L) and with harvest residues and litter from the previous
rotation (HR+L)

Sampling season Treatment Planting row Planting inter-row

    Ts Us Ts Us

    (°C) (%, v v−1) (°C) (%, v v−1)

  Pre-harvest

Rainy period - 29.7 17.4 31.3 16.6

  0.3 Months after harvest

Rainy period WR 27.0 a 19.8 a 28.5 a 17.6 a

L 27.0 a 17.5 a 27.5 ab 16.8 a

HR+L 27.0 a 17.3 a 27.0 b 16.0 a

  CV (%) 0 15.7 1.8 10.3

  9.3 Months after harvest

Dry period WR 29.5 a 1.8 a 31.0 a 1.5 a

L 29.0 ab 2.3 a 30.5 ab 3.0 a

HR+L 28.25 b 2.1 a 29.0 b 2.1 a

  CV (%) 1.7 35.9 3.2 43.1

  15.8 Months after harvest

Rainy period WR 22.5 a 22.2 a 22.5 a 23.9 a

L 22.5 a 24.2 a 22.1 a 22.0 a

HR+L 22.5 a 23.8 a 22.7 a 25.6 a

  CV (%) 1.3 5.3 1.7 12.8

  22.3 Months after harvest

Dry period WR 25.3 a 8.1 b 24.7 a 8.4 b

L 25.5 a 8.8 b 25.4 a 10.2 a

HR+L 25.3 a 10.5 a 25.4 a 10.6 a

  CV (%) 2.1 7.8 1.3 8.5

 

Means followed by equal lowercase letters vertically do not differ from each other by Tukey test (p < 0.05). CV (%) denotes the coe�cient of variation around
the mean (n=8).

 



Page 9/17

Table 4
Pearson’s correlation coe�cients between CO2, CH4 and N2O �uxes and soil temperature and moisture measured in the planting row (R) and inter-row (IR) in
areas without the presence of residues (WR), with litter from the previous rotation (L) and with harvest residues and litter from the previous rotation (HR+L)

  Greenhouse gases

Description CO2 CH4 N2O

Sampling position R IR R IR R IR

Soil moisture -0.24 ns 0.01ns -0.18 ns -0.27 ns -0.10 ns -0.06 ns

Soil temperature 0.22 ns 0.12 ns 0.05 ns 0.54 ns 0.16 ns 0.09 ns

ns Non-signi�cant correlation; * Signi�cant correlation (p < 0.05)

 

3.4 CO2 equivalent �ux
CO2eq-F was similar at all evaluation times when comparing the WR and L managements. In the HR+L treatment, the �ux was higher than in the others, at 0.3
and 9.3 MAH. In the other samplings, the �uxes were similar to those found in the other treatments (Figure 8-A). The high C and N release rates in the HR+L
treatment in the �rst months, via decomposition (Figure 7-A2), can be explained by the high amount of residues (34.7 t ha−1).

 

During the decomposition process, plant residues release mostly C and N, of which, on average, 50 and 70%, respectively, return to the atmosphere in oxidized
forms [20]. Despite the higher CO2eq-F in the HR+L treatment, it should be noted that with the maintenance of residues, C and N inputs to the soil are expected
[19, 87, 12] which could increase C and N stocks in the soil, constituting an important strategy for reducing GHG concentrations in the atmosphere in forestry
and agricultural systems [88].

When analyzing the contributions of gases to the overall emissions, a quantitatively high contribution of CO2 is observed (Figure 6-A1). CH4 and N2O
emissions or in�uxes were similar (Figure <link rid="�g6">6</link>-B1 and 6-C1), but N2O has a higher warming potential compared to CH4 [25]. In the HR+L
treatment, the highest CO2 �uxes were observed in the collections performed at 0.3 and 9.3 MAH (Figure 6-A1). Higher CH4 and N2O �uxes were also observed
(Figure <link rid="�g6">6</link>-B1 and 6-C1). The close relationship between CO2 �uxes in the soil and CH4 and N2O �uxes is reported in other studies. [64]
conducting an experiment under controlled conditions, arti�cially injected CO2 to 10 cm deep into the soil through a probe and observed that N2O and CH4

emissions increased linearly with CO2 concentration and time of application.

3.5. Quantities of carbon and nitrogen in plant biomass and soil
The tree biomass and its quantity of C at 22.3 MAH did not differ under the in�uence of residue management (Table 5), despite the nutrients released by
eucalyptus harvest residues. Positive responses in the growth of eucalyptus plants in the presence of residues in soils with low levels of organic matter, P, K,
Ca, Mg, and S are attributed mainly to the release of nutrients from the residues to the soil [14, 89]. In this experiment, the absence of response to the
maintenance of residues may be due to the existence of nutrients at appropriate levels to the plants (Table 1), both natural from the soil and residual from the
fertilizers and limestone applied in previous rotations. Similar results have been reported by other authors [90]. Increases in forest productivity only after two
successive rotations of harvest residue maintenance in the same area [12].

 

Table 5
Quantity of carbon in tree biomass and soil, at 22.3 months after eucalyptus harvest, in the area without the
presence of residues (WR), with litter from the previous rotation (L) and with harvest residues and litter from
the previous rotation (HR+L). Means followed by equal lowercase letters vertically do not differ from each

other by Tukey test (p < 0.05). CV (%) denotes the coe�cient of variation around the mean (n=4)

  Plant biomass

-------------------------------

Quantity of carbon

----------------------------------

Treatments Below ground1 Above ground Total Below ground1 Above ground Total

  ------------------------- Mg ha−1 --------------------------

WR 0.67 a 63.92 a 64.57 a 0.28 a 28.86 a 29.13 a

L 1.18 a 62.76 a 63.94 a 0.52 a 26.71 a 27.22 a

HR+L 0.92 a 65.34 a 66.26 a 0.41 a 27.57 a 27.99 a

CV (%) 36.44 8.42 8.59 42.83 8.43 8.68

1 0-40 cm soil layer
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The removal of residues from planted forests aimed at bioenergy production, for instance, leads to the export of soil nutrients [15, 77, 91], hence requiring
greater nutritional replacements via fertilizers. In such situations, there may be greater release of GHG to the atmosphere, resulting from the manufacture of
fertilizers and their contact with the soil [92, 93, 94].

C (Figure 10A) and N (Figure 10B) stocks in the soil surface layer (0-10 cm) at 22.3 MAH were similar in all treatments, despite the different quantities of C and
N supplied to the area in the form of residues (Table 2). Changes in soil C stocks are slow, with di�cult detection in the laboratory in short experimental
periods [95]. Therefore, long-term studies for monitoring C stocks in soil are essential to determine these changes, which are often noticeable only after several
years or decades [96].

The absence of increase of soil organic matter in the HR+L and L treatments compared to the treatment without residues (WR) may also be due to the fact
that the experimental area is in the third rotation and received residues from the harvest of two previous rotations successively. [14] also found no increase in
organic matter content in the soil with retention of eucalyptus harvest residues. These authors attributed this observation to the low quality of the residues.
[97] in eucalyptus forests, observed that regardless of the quantity and quality of litter on the soil surface there was no in�uence on soil organic C contents.
The input of C in quantity and quality in forest soils does not always result in an increase of C in the soil due to the differences in the biochemical
characteristics of the residues, mineralogy through the physical protection of SOM and the priming effect in the soil [98].

Additionally, the surface layers of the soil under study are sandy (Table 1), hence offering little physical protection to residues, facilitating microbial
decomposition and hindering the formation of stable organic matter [99]. Results similar to these were found by [100] in sandy soil in the third rotation of
eucalyptus planting.

3.6. Balance between CO2 equivalent emissions and quantity of C in the plant-soil system
In all treatments, there were higher quantities of C immobilized in the plant-soil system compared to atmospheric GHG emissions, thus indicating C
sequestration (Figure 11). There is consensus that planted eucalyptus forests, mainly in tropical or subtropical areas, contribute to greater C sequestration
than other forests, mainly due to the accelerated growth of tree biomass [22, 101, 102, 103, 104].

Where the harvest residues were kept (HR+L), C balance was 14.4 and 16.7% lower compared to the treatments in which the residues were partially or totally
removed (L and WR), respectively (Figure 11). The lower C balance in the HR+L treatment is due to the higher CO2 equivalent �uxes observed at 0.3 and 9.3
months of experiment, compared to the other treatments (Figure 8). Furthermore, during the experimental period, no differences were observed between
treatments in C �xation in plant biomass (Figure 9) and in soil (Figure 10).

Although the CO2eq-F values found in the treatment are higher where harvest residues were left (HR+L), at 0.3 and 9.3 MAH, it should be considered that the
partial (L) or total (WR) removal of forest residues will cause GHG emissions. GHG emissions will occur in the process of removing material from the �eld,
during transportation and in the processing in the industry for energy production. In this scenario, the consumption of fossil fuels should be accounted for,
considering the removal of residues from the �eld and transport to industry. Diesel consumption is the main source of GHG emissions throughout the
eucalyptus production cycle, corresponding to approximately 64% of the total emission according to [105]. The relevant GHG emissions during biomass
combustion for energy generation should also be considered [106].

Additionally, it should be considered that the permanence of forest residues in the planting area favors nutrient cycling [12, 15], contributes to increasing soil
diversity and microbial activity [12, 13], attenuates the physical deterioration of the soil under machine tra�c [18, 19], reduces soil losses via water erosion
[17], reduces thermal oscillations of the soil [107, 108] and minimizes soil water loss via evaporation [108].

4. Conclusions
Maintenance of eucalyptus harvest residues increases CO2, CH4 and N2O �uxes from the soil in the �rst months after harvest compared to the area with
removal of residues or with only litter.

Maintenance of harvest residues does not increase the quantity of C in the plant and in the soil surface layer (0-10 cm) after 22.3 months of eucalyptus
planting. However, long-term studies should be conducted to investigate the management of eucalyptus harvest residues and C sequestration capacity in the
soil-plant system.
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Figure 1

Precipitation and average temperature recorded during the experimental period. The data were obtained by a weather station located within a 7 km radius
from the experimental site. Source: BRACELL. * indicates the start of evaluations (5 days before harvest) and ↓ indicates sampling times after harvest (0.3,
9.3, 15.8 and 22.3 months).

Figure 2

Location of the experimental area, in the municipality of Entre Rios - BA. Source: [18]
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Figure 3

Bulk density (Ds; g cm-3) in the rows (R) and inter-rows (IR) of eucalyptus plantation, before (A) and after (B) harvest. Means followed by equal uppercase
letters do not differ between sampling positions (R and IR), within the same evaluation time by the F test (p < 0.05). Means followed by equal lowercase letters
do not differ between sampling times within the same sampling position (R and IR) by the F test (p < 0.05). Horizontal bars denote standard deviation around
the mean (n=4). Data extracted from [18].

Figure 4

Installation scheme of the pipes used to measure the speed of decomposition of plant residues.

Figure 5

Sampling scheme used for root collection, in the rows and inter-rows. The area shown represents ¼ of the total tree area.

Figure 6

CO2 (A1), CH4 (B1), N2O (C1) �uxes in pre-harvest (PH) and post-harvest without the presence of residues (WR), with litter from the previous rotation (L) and
with harvest residues and litter from the previous rotation (HR+L) within each sampling season (at 0.3, 9.3, 15.8 and 22.3 months after harvest). Bars denote
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con�dence interval at 5% signi�cance level, around the mean (n =16). In A2, B2 and C2 there are comparisons of CO2, CH4 and N2O �uxes performed in the
planting row and inter-row within each sampling season (pre-harvest and at 0.3, 9.3, 15.8 and 22.3 months after harvest). Bars denote con�dence interval at
5% signi�cance level, around the mean (n=8).

Figure 7

Mass loss of harvest residues + litter from the previous rotation (A1) and C and N release rates (A2). In B1, mass loss of litter from the previous rotation and, in
B2, C and N release rates. Bars denote standard deviation around the mean (n=4).

Figure 8

CO2 equivalent �ux (A) in pre-harvest (PH) and post-harvest without the presence of residues (WR), with litter from the previous rotation (L) and with harvest
residues and litter from the previous rotation (HR+L) within each sampling season (pre-harvest and at 0.3, 9.3, 15.8 and 22.3 months after harvest). Bars
denote con�dence interval at 5% signi�cance level, around the mean (n =16). In (B) there are comparisons of the CO2 equivalent �uxes determined in the
planting row and inter-row within each sampling season (0.3, 9.3, 15.8 and 22.3 months after harvest). Bars denote con�dence interval at 5% signi�cance
level, around the mean (n=8).

Figure 9

Caption not included with this version.

Figure 10

Stocks of organic carbon (A) and organic nitrogen (B) in the 0-10 cm soil layer, at 22.3 months after eucalyptus harvest, in the area without the presence of
residues (WR), with litter from the previous rotation (L) and with harvest residues and litter from the previous rotation (HR+L). Bars denote standard deviation
around the mean (n=4).

Figure 11

Net balance between C inputs (biomass + Δ C of soil in the 0-10 cm layer) and C outputs (CO2 emission) in the different harvest residue managements during
the initial growth cycle of eucalyptus (22.3 months).


