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previous rotation (L), and (3) removal of harvest residues 
and litter from the previous rotation (WR). Before and after 
harvest, sampling was carried out in the planting rows and 
inter-rows, and after tillage, samples were collected in the 
traffic line of the subsoiler-tractor set. In both experiments, 
undisturbed soil samples were collected from the center of 
the 0–10, 10–20, 20–40, 40–60, and 60–100 cm layers to 
determine soil density and total porosity. In each period 
and site of evaluation, mechanical resistance to penetration 
up to the 60-cm depth was also determined. The harvest-
ing operation increased soil density at 0–10 and 60–100 cm 
depths only in the inter-rows. Retention of harvest residues 
and litter (HR + L) after harvesting avoided increases in soil 
density and penetration resistance caused by machine traffic 
during tillage. The results indicate the importance of retain-
ing harvest residues on forest soils for achieving sustainable 
utilization and for conserving soil quality.

Keywords Soil penetration resistance · 
Harvester + forwarder · Soil tillage · Soil density · Cohesive 
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Introduction

Brazil has the largest area planted with eucalyptus in the world, 
approximately 7.5 ×  106 ha (IBGE 2019), in addition to having 
one of the highest average productivities, 36  m3  ha−1 (IBÁ 
2019). An important part of the eucalyptus stands in Brazil is 
located in the region of the Coastal Tablelands, concentrated 
mainly in the states of Espírito Santo and Bahia. The soils in 
this region generally have naturally cohesive subsurface hori-
zons (Moreau et al. 2006; Lima Neto et al. 2009; Gomes et al. 
2012), with the presence of pans which can range from very 
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hard to extremely hard when dry and from friable to firm when 
moist (Santos et al. 2018).

The hardened layers in the soils of the Coastal Tablelands 
can restrict permeability and root development, being strong 
limiting factor for plant production. Under these conditions, 
even the root system of tree species such as eucalyptus can 
undergo morphological and physiological changes that 
adversely affect growth and productivity (Bengough et al. 
2011; Silva et al. 2018).

In commercial eucalyptus plantations on the coast of 
Bahia, subsoiling is commonly carried out to a depth of 1.1 m 
(Stape et al. 2002). This practice improves soil penetration and 
facilitates the growth of tree roots, which are able to explore 
larger volumes of soil and to absorb greater amounts of water 
and nutrients (Gonçalves et al. 2016). Studies have indicated 
the effectiveness of deep subsoiling in commercial eucalyp-
tus plantations on cohesive soils in the region of Entre Rios, 
Bahia, with greater initial growth of seedlings compared to the 
use of holes for planting (Stape et al. 2002). Although it can 
be efficient as a form of soil tillage, subsoiling at great depths 
requires robust and heavy machines with high traction power. 
D8T-type tractors are often used, which exert high pressure 
on soils and increase compaction. Compaction reduces aera-
tion and hydraulic conductivity and increases resistance to root 
system development (Tracy et al. 2011), which can limit the 
absorption of water and nutrients, negatively affecting produc-
tivity (Luciano et al. 2012).

At the same time, forestry activities generate large volumes 
of residues after harvesting operations, when up to 20% of the 
biomass might be left on the surface (Daystar et al. 2015). 
When residues are left, a protective layer is formed which 
reduces the contact and pressure of machines, hence lessening 
compaction. Maintaining the residues generated in eucalyptus 
harvesting minimizes the effects of soil compaction caused by 
machine traffic during wood forwarding (de Jesus et al. 2015; 
Tassinari et al. 2019). However, the compaction-reducing 
effect promoted by harvest residues is little known for tillage 
operations, especially when using robust tractors that perform 
subsoiling at great depths.

The hypothesis of this study is that leaving eucalyptus har-
vest residues on site reduces the effects of compaction caused 
by heavy machines used in deep subsoiling on soils with natu-
rally cohesive horizons. This study evaluates the impact of 
eucalyptus harvesting on soil physical attributes and whether 
the retention of harvesting residues effectively lessens compac-
tion caused during soil tillage at great depths.

Material and methods

Experimental site

The experiment was conducted in commercial eucalyptus 
plantations of the BRACELL company located in the munic-
ipality of Entre Rios (Bahia), at 38°3′36″ S and 12°1′17″ 
W (Fig. 1). The altitude is 180 m, with a predominant flat 
relief. The climate is Af, rainy tropical with dry summers 
(Fig. 2). The original natural vegetation was Atlantic Rain-
forest which has been replaced by pastures and commercial 
eucalyptus plantations.

The soil is sandy-loam, dystrophic cohesive Yellow Argi-
sol according to Santos et al. (2018), which corresponds 
to Ultisol in the soil classes of Soil Taxonomy (Soil Sur-
vey Staff 2014). The soil belongs to the set termed ‘Coastal 
Tablelands’ of the Barreiras Group, a formation that consists 
of sandy-clay sediments with the sand fraction dominated 
almost exclusively by quartz and the clay fraction by kao-
linite, in addition to low levels of iron oxides (Vilas Bôas 
et al. 2001).

Experimental design

A 10-ha plot (Fig. 3) of the eucalyptus clone 1404 (Eucalyp-
tus urophylla × Eucalyptus grandis), following its third rota-
tion, was selected and planted at 4.0 m × 2.4 m spacing. The 
harvesting operation was of the shallow- cut type with the 
use of a Komatsu Harvester (HV) PC200-8 model equipped 
with tracks, 110 kW (148 HP) power and a mass of 24 Mg. 
Logs were forwarded with a Komatsu Forwarder (FW), 895 
model, with extra-wide tires, 193 kW power (262 HP), mass 
of 18 Mg and load capacity of 20 Mg.

After harvesting and removing the wood, the area was 
divided to receive three treatments related to different man-
agement of forest residues: retention of harvest residues 
(leaves, branches and bark) and litter from the previous rota-
tion (HR + L); retention of only litter (L); and, removal of 
all harvest residues and litter (WR). When present, the dry 
matter weight of the residues was equivalent to 24.0 and 
10.7 Mg  ha−1 for HR and L, respectively.

The relative proportions in the dry mass of harvest resi-
dues was 13.3% ± 0.2% leaves, 22.7% ± 3.7% branches, 
52.6% ± 3.4% bark and 11.4% ± 0.3% tips (trunk segment 
with diameters < 4  cm). In the litter, 35.4% ± 5.7% and 
64.6% ± 6.9% corresponded to leaves and branches, respec-
tively. The composition of the relative proportion in mass 
of HR was obtained after felling five trees with diameters 
corresponding to the mean of the stand. The means obtained 
were extrapolated to the number of trees present on 1 ha. 
Litter composition was quantified 7 days before harvest from 
24 samples randomly collected using a 0.5 m × 0.5 m square 
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metal frame. Samples of the components of the harvest resi-
dues and litter were dried in a closed-circulation oven with 
air renewal at 65 °C until reaching constant weight for mois-
ture correction.

Tillage for the new plantation was carried out 60 days 
after harvest using a Caterpillar D8T tractor with tracks, 
253 kW (343 HP) power and an operating mass of 38.9 Mg, 
using a single-shank trailed subsoiler operated to form 

furrows with 1.1 m depth and width. Subsoiling was per-
formed in the center of the inter-row of the previous 
plantation.

Experimental evaluations

The study consisted up two soil compaction evaluations, 
the first to evaluate the result of harvesting operations and 
the second to evaluate the effect of the retention of harvest 
residues on the reduction of compaction caused by deep 
subsoiling.

For the evaluation of the impacts of wood harvesting and 
forwarding operations (traffic of HV and FW, respectively) 
on the physical quality of the soil, the area was subdivided 
into four blocks (Fig. 3). In each block, three random points 
were selected in the rows and inter-rows to collect undis-
turbed soil samples. Sampling was carried out before and 
after harvesting using cylindrical rings 5 cm in height and 
diameter in the center of the 0–10, 10–20, 20–40, 40–60, 
and 60–100 cm soil layers. These samples were used to 
determinesoil bulk density (Ds) according to Teixeira et al. 
(2017). To reduce spatial variability, the samplesbefore and 
after harvest were carried out in areas close to each other, 
achieved by painting the bases of tree trunks before harvest 
to mark the site.

Fig. 1  Location of the experimental area in the municipality of Entre Rios—BA, Brazil ( Source: BRACELL company)

0

5

10

15

20

25

30

0

50

100

150

200

250

Te
m

pe
ra

tu
re

 (
°C

)

Pr
ec

ip
ita

tio
n 

(m
m

)

Month

Precipitation (mm)
Temperature (°C)

Fig. 2  Average monthly precipitation and temperature for 1988–
2018 obtained at the Quatis weather station in the municipality of 
Entre Rios—BA, Brazil, located approximately 7 km from the experi-
mental area ( Source: BRACELL company)
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Before and after harvesting, soil penetration resistance 
(PR) was evaluated up to a 60-cm depth with a FALKER 
digital penetrometer, PenetroLOG—PLG 1020 model with 
automatic data acquisition. The penetrometer was set to 
record readings every 1 cm increment of depth, working at 
a constant penetration speed. PR data processing was carried 
out using PenetroLOG software. In each block before and 
after harvest, 36 observations were made in the rows and 36 
in the inter-rows following a transect (Fig. 3). At the time 
of PR evaluations, soil samples were collected at depths of 
0–10, 10–20, 20–40, and 40–60 cm using a hand auger to 
determine soil moisture by the thermogravimetric method 
as described by Teixeira et al. (2017).

The effects of harvest residues on the mitigation of soil 
compaction caused by deep subsoiling were evaluated in the 
same experimental area (Fig. 3). An experiment was set up 
in a randomized complete block design with four replicates 
to evaluate the three types of residue management (HR + L, 
L and WT). Additionally, a nearby reference area which was 
harvested but not subject to subsoiling was also evaluated. 
Each replicate was formed by one 32 m × 4 m area.

At the time of soil tillage and in the traffic lines of the 
D8T tractor (0.4-m-wide strip) pulling the subsoiler, three 
undisturbed samples were collected in each replicate and in 
the center of the 0–10, 10–20, 20–40, 40–60, and 60–100 cm 
soil layers to determine bulk density (Fig. 3). These same 
samples were used to evaluate particle density and both used 
to calculate total porosity (Teixeira et al. 2017). Soil penetra-
tion resistance was evaluated again up to 60 cm at 12 points 
in each replicate.

The data were subjected to the Shapiro–Wilk test to 
evaluate homoscedasticity and to the Hartley test to verify 
data normality. The data were subjected to ANOVA to test 
the effect of treatment on bulk density and total porosity 
by the Tukey test (p < 0.05). All statistical analyses were 
performed in R software version 4.0.0 (R Core Team 2018). 
Soil penetration resistance data were subjected to descriptive 
statistical analysis.

Results and discussion

Effect of harvesting and forwarding on soil density 
and mechanical resistance to penetration

The highest means of bulk densities were found in the upper 
10 cm surface layer and the lowest in the deepest soil layer 
(60–100 cm) (Fig. 4). The sand content decreased with 
increasing depth (Table 1). Quartz present in higher per-
centages in the sand fraction makes the soil denser (Libardi 
2005). Bulk density in the upper -10 and 60–100 cm layers 
in the inter-rows increased by 7% and 9% (p < 0.05), respec-
tively, due to wood harvesting and removal (Fig. 4).This is 
the predominant traffic position of the Harvester (HV) and 
Forwarder (FW).

The more superficial soil layers are more susceptible to 
compaction, as they are subject to direct pressure. In addi-
tion, they are more porous and hence more vulnerable when 
receiving external loads from machine traffic (Szymczak 
et al. 2014). However, Berisso et al. (2012) observed that 

Fig. 3  Sketch of the experimental area and the experimental evaluations performed
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machine traffic can cause soil bulk density to increase up to 
90 cm deep. The compaction process is intensified in soils 
with higher clay contents (Suzuki et al. 2008). As depth 
increased in the soil under study, there was an increase in 
clay content (Table 1), which led to a significant increase in 
bulk density in the 60–100 cm layer after HV and FW traffic 
in the inter-rows (Fig. 4).

Soil penetration resistance, unlike bulk density, was 
reduced after the harvest operation (Fig. 5). This was con-
trary to what was expected, and such divergence may be 
explained by differences in soil moisture at the time of each 
evaluation (pre- and post-harvest) (Fig. 5). The correlation 
between bulk density and penetration resistance depends on 
soil moisture at the time of penetration resistance evaluation 
(Dexter et al. 2007).

Soil penetration resistance evaluations at pre-harvest were 
performed on dry soil, with soil moisture close to the perma-
nent wilting point (Table 1; Fig. 5). However, after harvest, 
soil moisture was close to field capacity (Table 1; Fig. 5). 
According to Assis et al. (2009), soil penetration resistance 
is dependent on soil moisture, and the higher the water con-
tent in the soil, the greater the changes in the conditions of 
friction between the perforating cone and the soil, facilitat-
ing the penetration of the rod and making the soil more plas-
tic due to the lubricating action of the water. The cohesive 
Yellow Argisol soil is extremely hard when dry, and firm to 
friable when moist (Silveira et al. 2010; Santos et al. 2018).

Soil penetration resistance values indicate a more intense 
physical impediment in the inter-rows compared to the 
rows, regardless of the evaluation time (Fig. 4). On this site, 
regardless of the passage of the harvester and forwarder, 
in the 0–10, 10–20, and 20–40 cm layers, the average bulk 
density was higher than 1.5 g  cm−3; this did not occur in the 

Fig. 4  Soil bulk density (g  cm−3) in the planting rows and inter-rows, 
before and after eucalyptus harvest; A 0–10, B 10–20, C 20–40, D 
40–60, and E 60–100 cm soil layers. Equal uppercase letters did not 
differ from each other regarding sampling position for the same time 
of evaluation by Tukey test (p < 0.05). Equal lowercase letters did not 
differ regarding sampling time by Tukey test (p < 0.05)

Table 1  Physical and chemical characteristics of the cohesive Yellow Argisol soil in the rows and inter-rows of eucalyptus plantations at differ-
ent soil layers

1 Particle size analysis with the pipette method (Ruiz 2005)
2 Moisture at field capacity at -10 kPa matrix potential
3 Moisture at the permanent wilting point with matrix potential of -1500 kPa
4 Soil organic matter = C.org × 1.724 (Walkley Black)

Position Soil layers (cm) Sand1 (kg  kg−1) Silt1 (kg  kg−1) Clay1 (kg  kg−1) θ  FC2 (kg  kg−1) θ  PWP3 (kg  kg−1) SOM4 (%)

Planting row 0–10 0.75±0.02 0.01±0.01 0.24±0.02 0.13±0.01 0.07±0.01 2.19±0.40

10–20 0.73±0.02 0.01±0.01 0.26±0.03 0.15±0.01 0.07±0.01 1.92±0.13

20–40 0.66±0.04 0.01±0.01 0.33±0.04 0.18±0.02 0.10±0.01 1.55±0.08

40–60 0.56±0.05 0.01±0.01 0.43±0.05 0.20±0.02 0.11±0.01 1.21±0.16

60–100 0.49±0.03 0.01±0.01 0.50±0.02 0.21±0.03 0.13±0.02 0.84±0.17

Planting inter-row 0–10 0.76±0.02 0.01±0.01 0.23±0.02 0.12±0.01 0.06±0.01 2.42±0.01

10–20 0.70±0.03 0.01±0.01 0.28±0.03 0.13±0.01 0.07±0.01 1.95±0.23

20–40 0.57±0.02 0.01±0.01 0.42±0.03 0.15±0.01 0.08±0.01 1.31±0.13

40–60 0.49±0.03 0.01±0.01 0.50±0.04 0.17±0.01 0.10±0.02 1.01±0.36

60–100 0.46±0.07 0.01±0.01 0.53±0.08 0.20±0.03 0.12±0.02 1.08±0.36
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planting rows (Fig. 4). In medium-textured soil, as in the pre-
sent study, Ribeiro et al. (2010) found that bulk density val-
ues ≥ 1.5 g  cm−3 inhibited the development of the eucalyptus 
root systems. On the Coastal Tablelands of Brazil, regardless 
of agricultural mechanization, the average soil bulk density 
is 1.5–1.8 g  cm−3 (Giarola and da Silva 2002). There is lit-
tle information on the development of eucalyptus roots in 
cohesive soils. Nevertheless, root system expansion occurs 
mainly in rainy periods when soil moisture approaches field 
capacity and there is a reduction in mechanical resistance 
to penetration (Fig. 5). Another factor that contributes to 
eucalyptus root development in cohesive soils is the practice 
of deep subsoiling (Stape et al. 2002).

Subsoiling performed five years after soil tillage was 
responsible for the lower values of bulk density and soil 
penetration resistance in the planting rows (Figs. 4 and 5), as 
turning the soil causes the fracture of aggregates and devel-
opment of macropores, leading to reduction of bulk density 
and less resistance to root penetration (Tormena et al. 2002). 
Additionally, there may have been more biopore formation 
in the planting rows due to the greater activity of edaphic 
fauna and tree roots, contributing to the lower bulk density 
and penetration resistance values (Bodner et al. 2014). The 
lower physical impediment in the planting rows (Figs. 4 and 
5) can be critical when choosing to grow suckers instead 
of replanting seedlings, as soil tillage is a costly activity, 

especially when performed at great depths as in the Coastal 
Tablelands.

Retention of harvest residues related 
to compaction

The amount and type of harvest residues influenced the bulk 
density and total porosity after passing of the D8T subsoiler 
used for tillage. The lowest values of bulk density and the 
highest of total porosity were found in the upper 10 cm 
layer where the D8T impact did not occur (WT) (Fig. 6 and 
Table 2). The only treatment evaluated that showed results 
similar to those of the control area (WT) at the same depth 
was HR + L, in which the subsoiler passed on the harvest 
residues and litter from the previous rotation. At the other 
depths, there were no differences in bulk density and total 
porosity between treatments.

In the upper 10 cm layer, D8T traffic increased the bulk 
density by 9%, 11%, and 6% and reduced porosity by 14%, 
16%, and 10% in the L, WR and HR + L treatments, respec-
tively, compared to WT. The increase in bulk density due 
to D8T traffic in the different treatments was not more pro-
nounced only because of the history of pressures to which 
the soil was subjected, since mechanized harvesting was 
adopted at the beginning of the present experiment. With 

Fig. 5  Soil penetration resist-
ance (MPa) and soil moisture 
(kg  kg−1) in the planting rows 
and inter-rows, before (A) and 
after (B) eucalyptus harvest
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the harvesting and forwarding operations, bulk density in 
the inter-rows had increased by 7% and 9% in the 0–10 and 
60–100 cm layers, respectively, compared to the pre-harvest 

figure (Fig. 6). According to Williamson and Neilsen (2000), 
the higher the density of the soil, the less it will be prone to 
undergo additional compaction. Once compacted, the soil is 
relatively less compressible due to the higher proportion of 
micropores compared to macropores.

The amount and type of residues that remain on the 
surface mitigates the increase in bulk density and poros-
ity resulting from machine traffic (Fig. 6; Table 2). When 
only litter was kept on the surface, there was no reduction 
of the impacts of D8T traffic, i.e., after tillage, the physical 
conditions of the soil were similar to areas with no residues. 
Bark and branches remaining on the surface in the HR + L 
treatment (76% of the relative weight of harvest residues) are 
likely to be important for reducing physical damage caused 
by machine traffic. Silva et al. (2007), evaluating the impact 
of a forwarder on brushwood, brushwood + bark, soil with-
out residues and a site without machine traffic, concluded 
that forest residues minimized soil compaction. They also 
found that soil without residues was more susceptible to 
compaction and that the presence of brushwood + bark pro-
moted the greatest resistance to compaction.

Penitration resistance was also affected by D8T traffic, as 
can be seen from the difference between the areas under sub-
soiler traffic (WR, L and HR + L) and the reference area WT 
(Fig. 7). As in the present study, Andrade et al. (2011), also 
found an increase in penetration resistance in the traffic lines 
of a subsoiler. In this study, the differences were observed 
in the 20–60 cm layer and resulted from the increase of clay 
content in the subsurface which are more compressible than 
sandy soils (Suzuki et al. 2008).

It was not possible to observe a well-defined penetra-
tion resistance under different types of residue management 
except for the 10–20 cm layer, in which areas with reten-
tion of residues (L and HR + L) were similar to those of the 
reference area (WT) (Fig. 7). Plant residues reduce the con-
tact pressure at the machine wheel-soil interface due to the 
increase in the contact area, reducing the applied pressure 
and dissipating the compaction energy on the soil (Achat 
et al. 2015). At the other depths, penetration resistance on 

Fig. 6  Soil bulk density (g  cm−3) at the 0–10 cm soil layer of the site 
where the D8T tractor passes on eucalyptus harvest residues and litter 
from the previous rotation (HR + L); only on the litter from the previ-
ous rotation (L); soil without residues (WR); and control, where trac-
tor traffic did not occur (WT). Means followed by the same letter did 
not differ from each other by Tukey test (p < 0.05)

Table 2  Total porosity  (m3  m−3) at the site where the D8T trac-
tor passes on eucalyptus harvest residues and litter from the previ-
ous rotation (HR + L); only on litter from the previous rotation (L); 
soil without residues (WR); and control, where tractor traffic did not 
occur (WT)

Means followed by the same letters did not differ from each other by 
Tukey’s test (p < 0.05)

Treat-
ments

Porosity  (m3  m−3) at different soil layers

0–10 cm 10–20 cm 20–40 cm 40–60 cm 60–100 cm

WT 42.8 a 40.7 a 39.7 a 46.7 a 49.2 a
WR 37.0 b 41.9 a 40.8 a 46.0 a 49.5 a
L 35.9 b 41.9 a 41.2 a 47.8 a 45.8 a
HR + L 38.4 ab 39.7 a 40.5 a 51.2 a 51.8 a
CV (%) 6.7 6.0 9.3 6.2 5.6

Fig. 7  Soil penetration resist-
ance (MPa) and soil moisture 
(kg  kg−1) at the site where the 
D8T tractor pass on eucalyptus 
harvest residues and litter from 
the previous rotation (HR + L); 
only on the litter from the previ-
ous rotation (L); soil without 
residues (WR); and control, 
where tractor traffic did not 
occur (WT)
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soil without residues (WR) was expected to be higher than 
in the other treatments with retention of residues (L and 
HR + L). However, soil moisture at the time of the evalua-
tions was higher in the treatment without residues (Fig. 7), 
which reduced penetration resistance at the time of evalua-
tion (Assis et al. 2009). The lower soil moisture content in 
the treatments L and HR + L can be attributed to the inter-
ception of rainwater by the residues (Du et al. 2019), causing 
a reduction in water infiltration.

Removing harvest residues is an alternative to increas-
ing the operability of machines and implements during soil 
tillage, besides being an opportunity for generating extra 
revenue with bioenergy production, especially in the face of 
the growing global demand for the use of renewable sources 
(International Energy Agency 2019). However, the main-
tenance of harvest residues in the planting area increases 
nutrient cycling and organic matter content (Rocha et al. 
2016), and contributes to mitigating soil physical deteriora-
tion under the traffic of increasingly robust machines.

Conclusions

The harvesting operation resulted in an increase in soil 
bulk density in the inter-rows. Retention of harvest residues 
reduces the impacts of machines used in soil tillage, avoiding 
increases in soil bulk density and root penetration resistance.
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