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ABSTRACT: Eucalyptus forests in southern Bahia (BA) are planted in soils with a sandy surface 
layer and humid tropical climate, conditions that lead to soil carbon (C) decomposition. Recent 
studies have shown that nitrogen (N) may be important for soil C stabilization. The aim of this 
study was to evaluate the contribution of Eucalyptus harvest residues and nitrogen fertilization 
to C stabilization in Ultisols of southern BA. The experiment was conducted in Eucalyptus clonal 
plantations cultivated in two regions of Eunápolis, BA, Brazil, with different clay content: southern 
region (140 g kg-1 of clay) and western region (310 g kg-1 of clay). Five treatments were evaluated: 
one control (CTR), without Eucalyptus harvest residues and N fertilization, and four treatments 
with harvest residues combined with four rates of N fertilization: 0, 25, 50, and 100 kg ha-1. Soil 
samples were collected from the 0.00-0.10, 0.10-0.20, 0.20-0.40, and 0.40-0.60 m layers at 
the beginning and the end of the experiment (36 months). The amount of C and N and the C 
and N isotopic ratio (δ13C and δ15N) of particulate organic matter (POM) and mineral-associated 
organic matter (MAOM) were determined. In the southern region after 36 months, the C-MAOM 
stocks in the 0.00-0.10 m layer of the CTR decreased by 33 %. The addition of harvest residue 
followed by 100 kg ha-1 N increased C-POM and N-POM stocks (0.00-0.10 m) compared to the 
CTR, and the final N-POM stocks and residue-C recovery in the surface soil layer were positively 
correlated with the increase in N fertilization rates. In the western region, residue maintenance 
resulted in increased C-MAOM stocks (0.00-0.10 m) compared to the CTR, but an increase in N 
availability reduced this increment. The increase in N fertilization rates did not alter C stocks, 
but reduced N stocks of POM and MAOM in the upper soil layer. At the end of the experiment, 
N fertilizer recovery (0.00-0.60 m) was similar among the regions evaluated. In soil with lower 
clay content, higher N availability led to higher C and N stocks in the particulate fraction. In soils 
with high clay content, physical and chemical protections are more important than N fertilization 
for soil C stabilization, and just maintaining harvest residues may suffice to increase C and N 
in the more stable SOM fraction. 
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INTRODUCTION
Currently, global climate change and particularly the contribution of greenhouse gases 
(GHG) to global warming and the need to develop strategies to mitigate GHG are among 
the major concerns of society. In this context, carbon (C) storage in soil organic matter 
(SOM) fractions is capable of reducing GHG emissions and soil degradation (Graves et al., 
2015). However, to better understand soil C storage potential, it is necessary to assess 
the C input and decomposition, and mechanisms of C stabilization.

Carbon input into the soil originates predominantly from plant biomass via litterfall, 
roots, and root exudation. In planted forests, such as those of the Eucalyptus genus, 
cultivated specifically for pulp and timber production, C stocks exported at harvest 
reach, on average, 60 t ha-1, and harvest residues generated may contain up to half of 
the stem wood C content (Gatto et al., 2010). Therefore, keeping harvest residues in the 
field makes a crucial C contribution to soils with Eucalyptus plantation.

Harvesting operations influence the quantity and quality of the residues. In Brazil, 
two mechanized systems are commonly employed: conservation system (roots, bark, 
branches, and leaves are left in the field) and conventional system (cutting and de-barking 
operations occur outside the forest stand area and the harvest residues are used for 
energy production). The most suitable harvesting operation should be based not only on 
economic feasibility, but also on the sustainability of current and future forest productivity.

The composition (nutrients and labile C amounts) and content of phenolic constituents 
influence the decomposition rate of plant litter (Berg, 2014). This author proposes that 
the litter decomposition rate during the initial stage increases rapidly in response to 
increasing N content, in contrast with that observed in the latter phases, in which lignified 
materials predominate. However, despite some prior studies reporting N as an important 
factor for soil C dynamics (Stockmann et al., 2013; Du et al., 2014), in tropical regions, 
a complete understanding of the role played by this nutrient in decomposition of plant 
residue (Cusack et al., 2011; Ferreira et al., 2016) and soil C stabilization (Prescott, 
2010) remains unclear. Probably, the effect of N on the decomposition process may be 
linked to the response of the microbial community to changes in the C/N and lignin/N 
ratio (Cotrufo et al., 2013). Furthermore, the consequence of increasing N availability 
on soil C stabilization depends upon the various chemical changes that occur in each 
soil organic matter (SOM) fraction (Grandy et al., 2008). For instance, the addition of 
mineral N induced higher C accumulation in recalcitrant SOM fraction and reduced the 
soil labile C:recalcitrant C ratio of temperate forests (Du et al., 2014). In tropical rain 
forests, however, the mineral-associated organic matter (MAOM) fraction appears to 
react more quickly to changes in N availability (Cusack et al., 2010). Frequently, the lack 
of consensus regarding N dynamics in soil-plant systems arises from the difficulty of 
defining the origin of the different N sources. Thus, isotopic techniques, using 15N tracer, 
allow mineral N or plant residue N to be traced, which leads to better understanding of 
N dynamics and the role of N in soil C stabilization (Bird et al., 2008; Dail et al., 2009). 

Soil C stabilization in pools with longer residence times relies on the interaction of soil, 
climatic and biological factors (Leckie et al., 2004). Physical protection of SOM within 
soil aggregates (Dieckow et al., 2009; Dungait et al., 2012) and chemical adsorption of C 
onto mineral surfaces (Six et al., 2002) favor soil C accretion and are strongly related to 
soil texture. However, climatic factors such as temperature may alter soil C stabilization 
capacity by influencing the binding energy between SOM and soil minerals (Conant et al., 
2011). However, the climate effect during soil C stabilization is weaker than the influence 
of geochemical soil properties (Doetterl et al., 2015).

In tropical soils, management practices should provide for maintenance and accretion of 
soil C, since SOM is responsible for most of the cation exchange capacity (CEC) of these 
soils, and SOM also influences soil physical properties, favoring higher water retention 
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and aggregation stability (Six and Paustian, 2014). Moreover, in planted forests, concerns 
over maintenance of soil C stocks are driven by the relationship of these stocks to the 
long-term productivity of the forests (Versini et al., 2013). Therefore, the conversion of 
residue C to stable soil C may ensure sustainability of planted forest in the long-term.

We therefore hypothesize: removal of Eucalyptus harvest residues reduces soil C stocks 
and the effect is stronger in soils with lower clay content; and stabilization of residue 
derived C is greater in soils with higher N availability.

Considering that Eucalyptus forests in southern Bahia are predominantly planted in 
Ultisols (upper soil layer with sandy texture) and established in regions with high mean 
annual temperature and rainfall, the aim of this study is to quantify the effects of harvest 
residue removal on SOM C and N stocks; and to determine the contribution of increasing 
mineral N fertilization to C stabilization in Ultisols with different clay contents.

MATERIALS AND METHODS

Site description

The study was set up in commercial Eucalyptus urograndis hybrid stands in two areas of 
the municipality of Eunápolis (southern Bahia, Brazil): one in the south (16° 42’ 04” S, 
39° 18’ 40” W) and the other in the west (16° 13’ 17” S, 39° 44’ 31” W), hereinafter 
called the South region and West region, respectively.

Both regions are within the Atlantic Forest Biome, under a climate transition area between 
tropical without dry season (Af) and tropical monsoon (Am), according to Köppen’s 
classification system (Alvares et al., 2013). During the experiment, the monthly average 
temperature was 22.5 °C in both regions, and annual average rainfall was 1,634 and 
1,370 mm in the South and West region, respectively. Soil in the South region was 
classified as an Argissolo Amarelo Distrófico abrúptico and in the West region as an 
Argissolo Amarelo Distrófico típico, according to the Brazilian Soil Classification System 
(Santos et al., 2013), and as Ultisols for both regions by the Soil Taxonomy system (Soil 
Survey Staff, 2014). The initial soil properties are shown in table 1.

The first forestry companies arrived in southern Bahia at the beginning of 1980, encouraged 
by soil and climate conditions, land availability and price, availability of labor, and feasibility 
of forest products distribution (Almeida et al., 2008). Specifically, in the regions selected, 
land use change occurred primarily from native forest being replaced by grassland 
cultivation. Grasslands were managed for 15 years, until 1999, when short rotation 
Eucalyptus forests were introduced (Silva, 2008). In 2014, average forest productivity in 
the state of Bahia exceeded mean Brazilian productivity by 8 % (39 m³ ha-1 year-1) and 
contributed 20 % of Brazilian cellulose production, mainly through the high productivity 
achieved from planted forests in southern Bahia (Abaf, 2015).

Table 1. Chemical and physical properties of a Typic Hapludults located in two regions of the municipality of Eunápolis, BA, Brazil
Region/Soil(1) Soil layer pH(H2O) Ca2+ Mg2+ H+Al P K Sand Silt Clay

m cmolc dm-3 mg dm-3 g kg-1

South/Argissolo Amarelo 
Distrófico abrúptico

0.00-0.10 4.5 1.1 0.5 4.6 7 93 830 30 140
0.10-0.20 4.7 0.9 0.5 4.3 4 85 780 30 190
0.20-0.40 5.0 0.9 0.4 4.3 1 64 680 40 280
0.40-0.60 5.0 0.9 0.3 4.0 1 61 620 40 340

West/Argissolo Amarelo 
Distrófico típico

0.00-0.10 4.4 1.6 0.6 4.5 4 90 670 20 310
0.10-0.20 4.6 1.5 0.5 3.6 3 75 670 40 290
0.20-0.40 4.6 1.2 0.4 3.1 2 58 580 40 380
0.40-0.60 4.5 1.0 0.3 3.3 1 45 540 40 420

(1) Brazilian soil classification system (Santos et al., 2013). pH in water at a ratio of 1:2.5 v/v; Ca2+ and Mg2+ extracted by  KCl 1 mol L-1; H+Al extracted by 
calcium acetate 0.5 mol L-1, buffer at pH 7.0; P and K extracted with Mehlich-1 solution; sand, silt, and clay determined by the pipette method (Ruiz, 2005).
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Experimental design and treatments

This experiment began in 2006, at the end of the first Eucalyptus rotation (7 years) in 
both areas. The experiment was set up after harvest and was conducted at the same 
time as the second Eucalyptus rotation.

Five treatments were set up in a randomized block design with five replications. Treatments 
were arranged in a split-plot in time design (0 and 36 months) and consisted of a control 
(CTR), in which harvest residues were removed and no mineral-N fertilization was used; 
and treatments in which harvest residues was maintained, followed by four rates of 
mineral N fertilization: 0; 25; 50; and 100 kg ha-1.

The biomass dry weight (DB) of each harvest component [leaves (DBL), thin twigs (DBtT), 
thick twigs (DBTT), and bark (DBB)] was calculated, based on mean annual increment 
of the former rotation, through NUTRICALC® software (Barros et al., 1995). As a result, 
the following were added to each experimental unit (EU) of 1 m²: 253 g of DBL, 339 g 
of DBtT, 337 g of DBTT, and 1,296 g of DBB. Prior to setting up the experiment, total 
organic matter on the EU surface was manually removed. Afterwards, except for the 
CTR treatment, harvest residues were placed in direct contact with the soil surface. 
Residues were kept similarly as their occurrence in the field; thus twigs and bark were 
only chopped (0.15-0.20 m) when their size exceed the EU limits.

Nitrogen fertilizer (NH4NO3) was diluted in 5 L of water, and the solution was uniformly 
distributed in the EU. The same water volume was applied to the treatments without N 
fertilization (CTR and 0 kg ha-1 of N) to maintain the same initial soil moisture condition. 
Labelled ammonium sulfate [(15NH4)2SO4, 98 atom% excess] was added in 5 % of the 
50 kg ha-1 N rate to trace the fate of N fertilizer in different SOM fractions. The aim of N 
labelling was only to clarify mineral N dynamics in the soil, so it was not used in all the 
N fertilization rates evaluated.

Finally, the EU was covered with a 4 mm² mesh net with dimensions of 1.20 × 1.20 m, 
fixed with metal rods, to prevent external litterfall input.

Residue and soil analyses 

At the beginning and end of the experiment, the residue remaining in the EU was manually 
sampled, dried at 60 °C in a forced-air circulation oven until constant weight, weighed, 
and ground (<500 µm). Carbon and N content and natural 13C (13C/12C) and 15N (15N/14N) 
abundance were measured using a continuous flow isotope ratio mass spectrometer 
(IRMS) (20-20 ANCA-GLS, Sercon, Crewe, UK). The isotopic C (δ13C) and N (δ15N) ratio 
were calculated from natural 13C and 15N abundance and measured against standard Pee 
Dee Belemnite and the air, respectively. 

In both sampling times, soil was sampled in the 0.00-0.10 m layer for all treatments 
and in particular for the 15N-labeled 50 kg ha-1 N treatment, samples were taken 
from the 0.10-0.20, 0.20-0.40, and 0.40-0.60 m soil layers. Soil samples were 
obtained with a cylindrical auger and were collected as single samples in triplicate 
to form a composite sample per treatment. Soil samples were air dried and passed 
through a 2-mm mesh sieve. Afterwards, the samples were dispersed with sodium 
hexametaphosphate (5 g L-1) for 15 h to obtain two SOM pools: the particulate organic 
matter (POM, 53-2000 µm) and mineral-associated organic matter (MAOM, <53 µm) 
fractions (Cambardella and Elliott, 1992). The SOM fractions were dried and ground 
to pass through a 100 mesh (149 µm) sieve prior to analyses. Total C and N content 
and δ13C and δ15N were determined by IRMS analysis. In each region, at the end 
of the full Eucalyptus rotation and prior to the machine harvesting operation, five 
undisturbed soil sample cores were collected from the 0.00-0.10 m layer to obtain 
soil bulk density (Claessen, 1997).
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C and N stocks and residue-C and mineral-N recovery

In each region, C and N stocks in the 0.00-0.10 m layer were calculated using their 
contents (g kg-1) and their respective density.

The residue-derived C contained in POM or MAOM (fc) was estimated through the equation 1 
adapted from Moran et al. (2005): 

δ13Cfinal-δ13Cref

δ13Cresidue-δ13Cref

fc = 	 Eq. 1

in which δ13Cfinal is the δ13C of POM or MAOM at the end of the experiment; δ13Cref is the 
δ13C-POM or δ13C-MAOM of the CTR treatment at the end of the experiment; and δ13Cresidue 

is the δ13C weighted average of the harvest residues components added. 

The recovery of residue-derived C in POM or MAOM was estimated according to equation 2: 
fc × T × 100

Cad 
Crec (%) = 	 Eq. 2

in which T is the C content (g kg-1) in the 0.00-0.10 m layer; and Cad is the C content of 
residue added in the EU (g kg-1).

The fraction of fertilizer-derived N in each SOM fraction (fn) was calculated according 
to equation 3:

PAExt

PAExfert
fn(%) = × 100	 Eq. 3

in which PAEx is the 15N enrichment in each fraction at the beginning or end of the 
experiment (t) and the 15N enrichment of the mineral N fertilizer (fert). The recovery of 
N fertilizer in POM and MAOM was estimated through the equation 4: 

fn × T x 100 
Nad

Nrec = 	 Eq. 4

in which T is the N content (g kg-1) of SOM in each layer and Nad is the mineral N fertilizer 
content (g kg-1). 

Statistical analyses

Data normality was assessed using the Shapiro-Wilk test and log or Box-Cox transformations 
were used when normality was not met. The C and N stocks and δ13C and δ15N values 
from each region were subjected to analyses of variance (Anova). Contrasts were used 
to test differences between treatments (N fertilization rates) and the CTR treatment 
through the Dunnett test. In each region, the N vs. time interaction inside Anova was 
decomposed and linear equations were fitted to estimate C and N stocks, C recovery 
rate, and δ13C values as a function of N fertilization rates. To select the best-fitting 
models, the significance of regression deviation and equation parameters were checked 
by the F-test, and the coefficient of determination (R2) of the model was observed. The 
C and N contents and N-fertilizer recovery in the 0.00-0.10, 0.10-0.20, 0.20-0.40, and 
0.40-0.60 m soil layers were evaluated by confidence intervals. All statistical analyses 
were performed using SISVAR® software (Ferreira, 2011).

RESULTS

Harvest residues management and soil C stocks

At the end of the experiment, C and N stocks of the CTR treatments in the South 
region were significantly different from the initial values (p<0.05) (Table 2). In this 
region, harvest residues removal reduced the C and N stocks of both SOM fractions, 
except for C-POM; the C and N stocks of the MAOM fraction decreased 35 and 15 %, 
respectively, and the N-POM stock was 50 % lower. In contrast, the δ13C of SOM was 
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not altered. In the West region, C and N stocks of the SOM fractions were not altered 
by harvest residues removal, although differences in δ13C values were noted: the δ13C 
POM were higher (less negative) and δ13C MAOM were lower (more negative) at the 
end of the experiment.

At 36 months, in both regions, harvest residues decomposition reached 85 % of the 
initial dry biomass (data not shown). Contrasts between the CTR and treatments with 
residue and N fertilization (0; 25; 50; and 100 kg ha-1 of N) revealed the distinct SOM 
fractions behavior in the regions studied (Figure 1). In the South region, increasing N 
availability did not affect C MAOM stocks in comparison to the CTR (p>0.05). Nevertheless, 
maintenance of harvest residues without N fertilization (0 kg ha-1 N) reduced the C-POM 
stock, whereas addition of 100 kg ha-1 of N increased the C and N-POM stocks. In the West 
region, N fertilization rates had no effect on the C-POM stock. In this region, maintenance 
of harvest residues without N fertilization (0 kg ha-1 N) resulted in the highest C-MAOM 
stock increment (5.3 Mg ha-1). Maintaining harvest residues in the planted area increased 
N stocks of both SOM fractions in this region compared to the CTR, whether followed by 
N fertilization or not, except for application of 100 kg ha-1 N (Figure 1).

N effects on soil C stocks 

Overall, increasing N availability had little effect on topsoil (0.00-0.10 m) C-POM and 
C-MAOM contents in the South and West regions (Figure 2). In both regions, C-POM reached 
1.7 Mg ha-1 on average at the end of the experiment. In the South region, in comparison 
to the 0 kg ha-1 N rate, C-MAOM increased 11.9 % with the addition of 25 kg ha-1 of N. 
In this region, differences in the C-MAOM stocks among the 25, 50, and 100 kg ha-1 N 
fertilization rates reached 20 %, and the highest N level resulted in the highest N-POM 
stock (0.28 Mg ha-1). In the West region, there was a negative linear relationship between 
N fertilization rates and N-POM and N-MAOM stocks.

Nitrogen effects on isotopic ratio and residue-C recovery

The δ13C-POM values in both regions were around -24 ‰ at the end of the experiment 
(Figure 3). In the South region, the δ13C-MAOM ranged from -21 ‰ in the treatment with 
harvest residues and 0 kg ha-1 N to -18 ‰ with increasing N fertilization rates. In this region, 
N addition enhanced residue-C recovery (Crec) in the POM fraction, contrary to what was 
observed in MAOM. In the West region, the δ13C MAOM was also -21 ‰ in the treatment 
with harvest residues and 0 kg ha-1 N, and slight decreases were observed at the higher N 
fertilization rates. In this region, increasing N rates did not affect Crec in the POM fraction, 
and a 13 % recovery was observed on average. The highest Crec in the MAOM fraction 
(51.8 %) in the West region was achieved with the addition of 26.3 kg ha-1 N (Figure 3). 

Table 2. Carbon (C) and nitrogen (N) stocks of particulate organic matter (POM) and mineral-
associated organic matter (MAOM) and carbon isotopic ratio of soil organic matter (SOM) fractions 
(δ13C POM and δ13C MAOM) in the 0.00-0.10 m layer of the treatment without harvest residues 
and nitrogen fertilization (CTR)

Soil property (1) South region West region
Initial Final p-value Initial Final p-value

C-POM (Mg ha-1) 1.4 ±0.02 1.8 ±0.1 0.058 1.5 ±0.1 1.4 ±0.1 0.530
C-MAOM (Mg ha-1) 21.7 ±0.6 14.6 ±1.5 0.006 16.7 ±0.6 15.6 ±0.5 0.056
N-POM (Mg ha-1) 0.4 ±0.02 0.2 ±0.02 0.001 0.2 ±0.01 0.2 ±0.01 0.883
N-MAOM (Mg ha-1) 1.9 ±0.1 1.4 ±0.1 0.003 1.1 ±0.1 1.4 ±0.05 0.276
δ13C-POM (‰) -24 ±1.2 -20 ±1.6 0.181 -24 ±0.5 -18 ±0.5 0.001
δ13C- MAOM (‰) -17 ±0.2 -18 ±0.7 0.112 -20 ±0.5 -22 ±0.7 0.005

Values shown are means with standard errors (n = 5). (1) POM and MAOM determined by Cambardella and 
Elliott (1992) fractionation method; C, N contents and δ13C values determined using a continuous flow isotope 
ratio mass spectrometer (IRMS).
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C and N contents in subsurface layers 

The C and N contents of the 50 kg ha-1 N treatment in the beginning and end of the 
experiment are shown in figure 4. At the beginning of the experiment, the C and N contents 
were higher in the surface layers (0.00-0.10 and 0.10-0.20 m) than in the deeper ones 
for both regions (Figure 4). However, in the South region, some of the differences initially 
observed in the C and N content in the MAOM fraction could not be seen at the end, due 
to an increase in C and N contents in deeper layers. In the West region, 1.8 and 0.47 g kg-1 
increases in the C-MAOM and N-MAOM contents, respectively, were observed in the surface 
layer (0.00-0.10 m) at the end of the experiment. The C-MAOM and N-POM contents were 
also higher in deeper layers (0.40-0.60 m) than initially recorded in the western region.

Mineral-N recovery

Immediately after application of the treatments, i.e., at the beginning of the experiment, 
8 and 4 % of fertilizer-N were associated with the harvest residues in the South and West 
region, respectively. In both regions and samplings, the highest mineral-N recoveries were 
observed in the MAOM fraction (Figure 5). In the South region, at the beginning of the 
experiment, the N recovered in the MAOM fraction was 33 % in the 0.00-0.10 m layer, 
which was roughly twice the N recovered in the 0.10-0.20 m layer and almost ninefold the 
N recovered in the deepest layer evaluated (0.40-0.60 m). In the West region, however, 
N recovered in the 0.00-0.10 m layer was 19 %, which was sevenfold the N recovered in 
the deepest layer. At the end of the experiment, approximately 6 % of the added N was 
recovered in the MAOM fraction in both regions.
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Figure 1. Contrasts of final C and N stocks (Mg ha-1) in particulate organic matter (POM) and mineral-associated organic matter 
(MAOM) in the 0.00-0.10 m soil layer. 0N-CTR: effect of residue addition; 25N-CTR: effect of residue and 25 kg ha-1 of N addition; 
50N-CTR: effect of residue and 50 kg ha-1 of N addition; 100N-CTR: effect of residue and 100 kg ha-1 of N addition. °, *, and **: 
significant contrasts at 10, 5, and 1 %, respectively, by the Dunnett test.
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DISCUSSION
After three years, the removal of harvest residues induced a loss of 7 Mg ha-1 in the 
C stock of the stable SOM fraction in the lower clay content region (Table 2). The 
losses recorded in this region were greater than those reported by Xiong et al. (2008) 
and Gentile et al. (2010). In central Kenya, with an average annual rainfall of 1,200 
mm and in a soil with 650 g kg-1 of clay, removal of Eucalyptus harvest residues 
decreased the content of C-rich macroaggregates by 25 % compared to the content 
in the area where residues were maintained in the field (Epron et al., 2015). Similarly, 
in New Zealand pine forests, harvest residues removal caused a decline in C and N 
stocks (3.07 Mg ha-1 C and 0.10 Mg ha-1 N) as well as a 15 % decline in the basal area 
(m2 ha-1) of the planted forest (Zhang et al., 2006). In our experiment, the combined 
climatic, soil, and biological factors might explain the greater reduction in the C stock 
in the South region. High temperatures and the lack of long dry periods during the 
experiment may favor high soil enzyme activity - for instance, Β-glucosidase and 
alkaline and acid phosphatase (Waring et al., 2014), which may have induced more 
intense SOM mineralization. In addition, the lower clay content in the soil surface 
layer reduces C physical-chemical protection, which increases access of the microbial 
community to soil C and favors SOM decomposition process (Dungait et al., 2012). 
Corroborating our findings, in the Cerrado region, a 49 % difference in the clay content 
between two soils was responsible for a 46 % reduction in soil organic carbon (SOC) 
losses when the native vegetation was converted to conventional tillage systems 
(Dieckow et al., 2009).

Figure 2. Carbon (C) and nitrogen (N) stocks of particulate organic matter (POM) and mineral-associated soil organic matter (MAOM) 
as a function of N fertilization rates. °, *, and ** indicate equation parameters significant at 10, 5, and 1 %, respectively.
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The lower aggregation capacity, specific surface, and charge density in sandy soils make 
soil C biochemistry properties of fundamental importance to SOC preservation over 
time (Sleutel et al., 2010). Remarkably, after three years of residue removal, δ13C-POM  
was less negative than initially recorded in the West region (Table 2), indicating a 
selective preservation of C derived from C4 plants. Historically, prior to the introduction 
of planted clonal Eucalyptus forests, these regions had been used for grazing and the 
pasture management often involved the use of fire. The cycling of pyrogenic C produced 
by incomplete vegetation biomass combustion is estimated at more than 100 years 
(Singh et al., 2012), and also offers higher resistance to decomposition than plant biomass 
(Lehmann, 2007). In the lack of litter input to the soil, similar to the treatment without 
residue (CTR), microorganisms could preferentially degrade C3-derived C instead of the 
C4 pyrogenic C. This may have resulted in the higher δ13C values, i.e., less negative, 
observed in the particulate fraction.

Maintaining harvest residues in the field was an important C input for the soil, 
particularly for soils with higher clay content in the surface layers (Figure 1). In the 
West region, increases in the C stock of the most stable SOM fraction were greater 
(Figure 1) than C stocks losses due to residue removal (CTR) (Table 2). In other words, 
maintaining residue resulted in higher soil C stock than that observed at beginning of 
the experiment. In the South, however, residue maintenance without N fertilization 
induced practically no change in C-MAOM stocks (Figure 1), and we argue that this 
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distinct behavior was caused by the lower clay content in this area. According to 
Stewart et al. (2007) and Doetterl et al. (2015), C soil stabilization relies on the 
presence of mineral surfaces for C adsorption and on physical protection, especially 
in soil microaggregates (Six et al., 2002). In this context, the soil textural difference 

Figure 5. Recovery of nitrogen fertilizer (Nrec) in harvest residues, particulate organic matter 
(POM), and mineral-associated organic matter (MAOM) soon after application of 50 kg ha-1 (initial) 
and at 36 months (final). Bars in each column represent standard deviation of the means. 
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between the regions was a fundamental factor for greater residue C storage in the 
higher clay content soil.

Some previous studies have indicated the importance of N on C dynamics in forest 
systems (Cusack et al., 2011; Jones et al., 2011) and tropical regions (Cusack et al., 
2011; Huang et al., 2011), as well as on microorganism activities (Keeler et al., 2009; 
Janssens et al., 2010). If, on the one hand, N addition has been related to an increase 
in the formation of microbial products with longer soil residence time (Cotrufo et al., 
2013), on the other hand, it has been related to higher SOM mineralization rates 
(Khan et al., 2007). Here, two distinct situations were observed in response to increasing 
N rates (Figure 2). In the South, the highest N fertilization rate resulted in higher 
C-residue recovery in the POM fraction (Figure 3), greater N-POM stock (Figure 2), 
and C-POM amount accretion (compared to the CTR) (Figure 1). Grandy et al. (2008) 
reported that the increased N availability in lignin-rich litter could lead to a higher 
soil C content, mainly due to the accumulation of lignin-derived compounds in the 
POM fraction. The greater C accrual in this fraction may have further implications for 
SOM stabilization. First, because there is an increase in C mineralization of particulate 
fractions with increased rainfall (Muñoz et al., 2016), and second, because transfer 
of organic compounds between SOM fractions may occur (Six et al., 2002; Oliveira, 
2015). Although the addition of 25 kg ha-1 of N resulted in C-POM accretion in the 
South region, the same behavior was not observed for N-POM stocks and, moreover, 
an increase in the δ13C value was noted in comparison to the treatment with residues 
and without N addition. This indicates that the effect observed from the addition of 
25 kg ha-1 may have been random. 

In the West region, in turn, although the higher clay and silt content could have 
offered more surface sites for chemical adsorption of cations and anions (Pozza et al., 
2007), and thus minimize the dependence of N fertilization on soil C dynamics, our 
findings did not show higher N-fertilizer recovery (Figure 5). For this region, the 
higher N availability reduced the positive effects on soil C due to maintenance of 
harvest residues (Figure 1). In fact, N fertilization may have enhanced the activity 
of heterotrophic microorganisms responsible for SOM degradation (Khan et al., 
2007). The losses observed in N stocks with increasing N fertilization rates, even 
if minimal, is a matter of concern as they occur in a system characterized by low 
N supply through fertilizer and in soils characterized by low CEC and poor natural 
fertility (Table 1), and this may compromise the sustainability of forest productivity 
in the future.

Soon after N application, fertilizer tracer was found in the 0.40-0.60 m layer (Figure 5), 
likely indicating fertilizer leaching. Regardless of the region, an average of 6 % of the N 
fertilizer was recovered in MAOM in the 0.00-0.10 m layer by the time the experiment 
ended. In the particulate fraction, in turn, fertilizer recovery in the same layer was 3.6 % 
on average in the West and 1.1 % in the South region. Given the high mean annual 
rainfall in these regions, the sandy texture of the surface layer and probable N uptake by 
the plant roots growing near the experimental plots, the observed recovery rate of the 
fertilizer N is a good indicator of the long-term interactions between soil C and N. Such 
interactions between the mineral N and organic soil compounds may result in formation 
of N-linked aromatic compounds, which exhibit longer soil residence time (Gillespie et al., 
2014). Carbon residence time in tropical soils may also be longer in deeper soil layers as 
a result of constraints on SOM mineralization in these layers (Stahl et al., 2016). Indeed, 
an increase in C and N contents in the most stable SOM fraction was observed in the 
0.40-0.60 m layer in both regions by the end of the experiment (Figure 4). In forests that 
are N fertilized, an increase in C stocks in subsurface layers may result from increased  
dissolved organic C content, root cycling (Cusack et al., 2011), and specific soil root 
C-preservation mechanisms (Rasse et al., 2005).
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CONCLUSIONS

The removal of Eucalyptus harvest residues results in a decrease in SOM C and N contents, 
particularly in low clay soils. Nitrogen fertilization effects on the stabilization of C derived 
from harvest residues in the Ultisols of southern Bahia depend on the N fertilization rate, but 
these effects are limited by the specific natural capacity of soil to stabilize C. In soil with lower 
clay content, increasing N availability favors recovery of residue-C in the SOM particulate 
fraction and enhances C and N stocks in this fraction. In contrast, in higher clay content soil, 
chemical and physical protections are more important than N input for residue-C stabilization 
in surface layers. In this latter condition, only the maintenance of Eucalyptus harvest residues 
may be sufficient to increase C and N stocks in the more stable SOM fraction.
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