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ABSTRACT: Commercial eucalyptus forestry has significantly increased in the last
decades to supply the growing demand for forest goods (pulp, paper, sawmill, by-product
industries, and biomass for bioenergy and biofuels). Among factors most influencing forest
productivity, the soil physical environment is very important and can be harmful or beneficial
to trees. In the effort to increase environmental and economic sustainability of commercial
plantations, in this literature review, we summarize relationships between soil type and
properties, forest rotation, and forest growth and productivity. Mechanized soil tillage must
consider soil type, particularly land slope, soil drainage and depth, along with forest rotation
(first or higher-order). Soil surveys, including soil physical properties (e.g., compaction,
granulometry including gravel) and morphological attributes (e.qg., horizons, solum depth,
subsurface drainage impedance), are thus essential for foresters to make knowledgeable
decisions on soil tillage, provided tillage is the single most costly practice in eucalyptus
forestry. Subsoiling is the most common soil tillage for eucalyptus, but it is best for deep,
drained soils. Existing scientific publications show, for clayey cohesive or compacted soils,
tillage depth might be of 0.70 m (deep subsoiling) to ameliorate compacted soil of low
microporosity and restriction to root growth, but 0.50 m (shallow) subsoiling plus ridding
produce similar results. The latter, nonetheless, has a higher operational cost. Downslope
subsoiling on sloppy lands increases the risk for soil erosion, which may be reduced by
interrupting ripping, mechanized hole- or pit-drilling with low operational cost. Chiseling
performed for fertilizer application (minimum 0.25 m deep) might be the only tillage
required for non-compacted sandy soils. Mechanical or manual pitting could also be an
option for second or higher rotations, but results show crop early-growth is restricted,
possibly because of root confinement. For second or higher rotations, stumps require
cutting to allow cross-slope tractor traffic and tillage. Subsoiling plus ridging or bedding is
required in low-drainage or shallow soils to increase the soil volume to be explored by roots.
The ridges can be built by grade bedding or terracing plows. In areas with waterlogging,
drainage and ridging without subsoiling are necessary. Research opportunities include
further studies for slopy lands and low-drainage or compacted soils, tillage affecting soil
erosion and eucalyptus productivity, equipment for special tillage, and mapping compaction
risk and special tillage needs.
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INTRODUCTION

Eucalyptus plantations are increasing in several parts of the world because of edaphoclimatic
adaptation and diverse uses of the raw materials derived from eucalyptus (Gongalves et al.,
2013). Offering an alternative supply of wood, thereby reducing the pressure on native
forests, is one of the main benefits of eucalyptus stands. If native forests could be used
sustainably, they would not be sufficient to meet the growing demand for forest products
such as pulp, paper, sawmill, by-product industries, and biomass for bioenergy and
biofuels (Viera et al., 2012).

Several tropical countries have the potential to greatly increase the productivity of managed
forests above current levels (Toit et al., 2010). The challenge for silviculture is using
management systems to achieve high growth rates and wood quality (Goncalves et al.,
2004), in addition to adopting environmentally sound practices for sustainable forest
production (Chaer and Tétola, 2007). Strategies to achieve this goal include using
genetically-improved trees, and implementing best harvesting and forestry practices;
for example, by minimizing negative impacts from mechanized operations and ensuring
adequate soil tillage, management and fertilization (Toit et al., 2010).

Among factors most influencing forest productivity, soil physical environment is very
important and can be harmful or beneficial to trees (Cavalli et al., 2020), where the
sustainability of forestry is directly related to soil conservation (Chaer and Tétola, 2007).
Since the first Eucalyptus plantation establishment, this genus has been the subject of
guestions regarding its effect on soil quality (Rosa et al., 2018).

Soil quality in areas designed for forestry is affected by soil compaction from natural
densification and or anthropogenic (traffic-induced) effects (Barros, 2001; Reichert et al.,
2007, 2010, 2018a; Sampietro et al., 2015). Mechanization has been responsible for
soil deterioration not only in agriculture, but also in forest areas, by the increased use
of larger, heavier machines and increased vehicular traffic in conditions of inadequate
soil moisture (Suzuki et al., 2014; Andrade et al., 2017). The most significant impact
on soil physical properties under forests occurs in association with harvesting (felling,
dragging and stocking) (Dedecek and Gava, 2005; Reichert et al., 2018a) and subsequent
soil tillage for regrowth or new planting (Dedecek and Gava, 2005; Franca et al., 2021;
Reichert et al., 2021a,b). These activities change soil structure and physico-hydraulic
properties, hindering root growth, nutrient transport and consequently forest development
(Dedecek and Gava, 2005; Silva et al., 2018; Reichert et al., 2021b).

Soil tillage is the most common and important management practice in silviculture,
allowing for optimal resource management and lower environmental impact
(Barrios et al., 2015). When used rationally, tillage can maintain or increase forest
productivity in the medium- and long-term, reduce the degree of soil compaction and
erosion by water and wind, and improve the cost/benefit ratio of available resources,
including labor, machinery, and equipment and fuel (Goncalves et al., 2000; Dedecek et al.,
2007; Prevedello et al., 2014; Sampietro et al., 2015). Less soil tillage intensity for
distinct tillage methods decreased the development of some dendrometric variables for
eucalyptus, but possibly there is an optimal relationship between tillage method and
initial tree growth (Lima et al., 2019) that must be further studied.

Although more intensive tillage might be necessary (Gatto et al., 2003; Prevedello et al.,
2014; Franca et al., 2021; Reichert et al., 2021b), there are conditions in which less
intensive tillage techniques are necessary. For example, in areas where several rotations
have been conducted, the presence of stumps from harvested trees restricts or prevents
the traffic of machines and equipment required for plantation management.

Understanding the behavior of the soil under different tillage methods in afforestation
areas is essential for improving soil properties and functioning, and thus allowing for
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adequate forest growth without compromising soil conservation (Franca et al., 2021).
Therefore, to assess soil physical quality, suitable indicators must be analyzed for their
sensitivity to changes and disturbances caused by management activities, such as by
tillage (Reichert et al., 2021a). Once defined, these indicators can be monitored to assess
the impact of the adopted management practices on the soil quality in the medium- and
long-term (Chaer and Tétola, 2007).

The United Nations sustainable development goals emphasize the importance of the
soils in the earth system to achieve sustainability and accomplish the land degradation
neutrality challenge (Novara et al., 2021). In this paper, we summarize relationships of
soil type and properties, forest rotation, eucalyptus growth and productivity, and present
research opportunities to increase the environmental and economic sustainability of
forest plantations.

DEVELOPMENT

Types of soil tillage and equipment used in forest areas

Until the end of the 1970s, silvicultural practices related to soil management followed
a typical agronomic pattern, including the burning of harvest residues and intense soil
tillage by inversion. This was the only recommendation for large forest plantations,
regardless of climate, soil type and forest genotype (Goncalves et al., 2013). Over time,
there have been changes to reduce tillage intensity for several reasons, including costs,
legal environmental compliances and operational difficulties in reforming the plantations in
areas with large stumps of previous forests (Barros and Comerford, 2002). Soil classification
and soil texture of referenced studies in this review are presented in table 1.

Intensive cultivation and reduced soil tillage are tillage methods commonly used nowadays
for planting exotic species. Intensive cultivation involves tilling of the soil surface layer,
with total or partial incorporation forest residues. In this tillage type, disk plow, reformer
plow, heavy and light harrow, and bedding harrow, among others, are commonly used
equipment (Goncalves et al., 2000). More intensive tillage has been necessary in areas
of old pastures and in areas of reforestation of stands where wood exploitation and
removal was done mechanically in the rainy season. In such situations, there is soil
compaction in the trails caused by forest machines used for tree felling, dragging and
stocking, thus reducing the growth of new seedlings and regeneration of sprouts (Barros
and Comerford, 2002).

Reduced soil tillage has been widely examined as a solution for soil degradation
(Cerda et al., 2020). This tillage system involves the maintenance of forest residues on
the soil surface, followed by localized tillage in the rows or planting pits. Reduced soil
tillage has several technical, economic and ecological advantages, such as maintenance
of soil physical quality, reduction in soil erosion, greater conservation of soil moisture
and reduction in weed infestation (Goncalves et al., 2007; Gongalves, 2009; Franca et al.,
2021; Reichert et al., 2021b,c). Subsoilers, chisels and drillers are the main equipment
used in this type of tillage (Goncalves et al., 2000). In countries in the southern
hemisphere, subsoilers and pitting machines are more common during mechanized
soil tillage (Ramantswana et al., 2020), whereas, in areas with a slope above 30-35 %
(depending on terrain irregularity), soil tillage might be restricted to the manual opening
of pits (Gongalves, 2009).

Therefore, the best tillage method depends on soil type, level of compaction and slope
(Gongalves, 2009; Hakamada et al., 2013; Reichert et al., 2021a,b,c), and the local
availability of equipment. Thus, we should not generalize the effects of soil tillage without
understanding the soil properties and genotypes at different stages of forest growth and
development (Reichert et al., 2021a,b).
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Table 1. Soil classification and soil texture of referenced studies

Classification

Textural class Reference

WRB-FAO" Soil Taxonomy® Brazilian system®’
. . . Sandy clay Cavalli et al.
Acrisol Ultisol Argissolo loam to clay (2020)
. , Pérez Bidegain et al.
Mollic Hapludalf Argissolo Sandy
(2012)
Argissolo Prevedello et al
Typic Hapludalf ~ Vermelho-Amarelo  Sandy loam '
s . (2013, 2014)
Distrofico arénico

. . Cambissolo Madeira et al.
Cambisol Inceptisol Umbrico Sandy loam (1989)

. . , - Medium with Baptista and
Cambisol Inceptisol Cambissolo Haplico gravel / clay Levian (2010)
Cambisol Inceptisol Cambissolo Sandy loam to Carneiro et al.

P Distrdfico / Eutréfico  loam texture (2014)
. Neossolo Hakamada et al.
Arenosol Quartzipsamment Quartzarénico tipico NP (2013)
aysglrgixl?adlilg Inceptic Haplustox iiossae el Cla et ef gl
yp P P Distréfico tipico y (2021a,b)
Nitisol
. Latossolo Suiter Filho et al.
Ferralsol Oxisol Vermelho-Amarelo NP (1980)
Ferralsol Oxisol Latossolo Vermelho Clay Cevdile et al
(2003)
Ferralsol Oxisol Latossglo \//e'rmelho Clay Gatto et al. (2003)
Distrdfico
) Latossolo Vermelho Hakamada et al.
Ferralsol Oxisol L Clay
Distrdéfico tipico (2013)
. Latossolo .
Ferralsol Oxisol Medium Paes et al. (2013)
Vermelho-Amarelo
Orthoeutric
Lixic Aol Reichert et al
Relictigleyic Typic Endoaqualfs Hapllcg EL/It:rOfICO Loam (2021a.b)
- gleissdlico
Histic Planosol
Hypereutric Typic Regosol Reichert et al.
Regosol Ustipsamments  Eutrotimobrico tipico Sandy loam (2021a,b)
Acrisol Ultisol Arg:;solo AT Medium Finger et al. (1996)
Acinzentado
Argissolo . ;
Acrisol Kanhapludults Vermelho-Amarelo M(t:elc;luem/ chpzeoqge)t al
Distréfico yey
Sandy clay
. . Argissolo loam to clay,
Acrisol Ultisol Vermelho-Amarelo with high Franca et al. (2021)

gravel content

WUSS (2015). ? Soil Survey Staff (1999). ® Santos et al. (2013). NP: soil classification not presented in the study.

Plowing ruptures soil by turning over the surface layers, causing soil inversion. The
most common types of plows are moldboard plows and disk plows, which differ in
design and morphology. Sometimes, plowing and harrowing are done simultaneously.
The working depth depends on the weight, and diameter and angle of the disks. Plows
have great operational capacity and are used for the incorporation of organic residues
after harvesting and crushing, and in incorporating weeds before plowing and preparing
newly deforested soils (Ribeiro, 2005).
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Chisel plow and subsoiler are among the most used equipment for the establishment and
recovery of forest plantations, as they carry out operations that improve the survival and
growth of seedlings, by enabling roots to reach greater depths. Tillage depth is usually
low (0.30-0.50 m), soil rupture is subsurface (Ribeiro, 2005), and no soil overturning is
done, reducing the risk of soil erosion (Dedecek et al., 2007; Baptista and Levien, 2010).

Subsoiling has been regularly used in forest plantations because of its beneficial effects
on the soil and its operational and economic advantages (Sasaki and Gongalves, 2005).
Subsoiling is a method of sufficient intensity to alleviate compaction in clayey soils,
with no need for major turnover interventions, which has made it a standard operation
used by most forestry companies (Reichert et al., 2021b). Subsoiling generates a series
of rupture stresses that are transmitted to layers in the subsoil, and does not generate
compaction below the operating depth of the equipment when done in adequate soil
moisture (Rosa et al., 2011). For eucalyptus stands, a minimum working depth of 0.50 m
is recommended (Dalbem et al., 2008), but the subsoiling depth decreases with the
increase in soil slope (Pena Pereira et al., 2012).

In rugged reliefs, the smallest soil disturbance makes mechanical pit-drilling an adequate
alternative to subsoiling (Baptista and Levien, 2010; Franca et al., 2021). However,
technical and economic knowledge about alternative soil tillage methods for planting
eucalyptus with pit-drilling is still incipient (Franca et al., 2021). Mechanical drilling lowers
the total cost of silvicultural operations when compared with subsoiling. However, drilling
provides the lowest initial growth of eucalyptus plants and can result in lower productivity
of forest plantations in the reform area (Franca et al., 2021).

Tilling by rotary hoes causes soil fragmentation into aggregates of varying sizes (Ribeiro,
2005). Rototilling can be a complementary practice, such as used by Reichert et al. (2021b)
in ridge tillage. In their study, a moldboard plow cut the soil to a depth of approximately
0.40 m, and was responsible for soil movement to form the ridge (0.80-m wide, and
0.40-m high but shortening with time due to soil consolidation), while the rotary hoe
performed the surface leveling, as a ridge-finishing operation.

Therefore, soil tillage activity varies depending on tillage purpose and soil characteristics,
climate, weeds and harvesting residues. Before any intervention in the field, conducting
an exploratory survey of the soil structural conditions is necessary (Reichert et al., 2021a),
along with evaluating the species and genetic material to be planted (Morales, 2014).
The effect of soil tillage depends not only on the equipment used, but also on the form
and intensity of use. Often, the beneficial effect of a particular equipment is canceled
out by its inappropriate or excessive use (Goncalves et al., 2000).

Effects of soil tillage on eucalyptus productivity

Selected results for eucalyptus growth (seedling survival and tree circumference at
breast height, height and volume) in different tillage and soil type, in first and second
planting rotation, are shown in table 2. Soil tillage, in addition to directly influencing the
soil conservation potential (Sasaki and Gongalves, 2005), is a prime factor influencing
the initial growth of eucalyptus, and consequently for the uniformity and production of
the forest (Suiter Filho et al., 1980; Sasaki and Gongalves, 2005; Padilha et al., 2018;
Franca et al., 2021; Reichert et al., 2021b).

Soil tillage constitutes a strategy for improving soil quality to meet, sustainably, the
requirements of plants and other beings (Barros, 2001), which consequently generates
conditions for improved productivity (Cavichiolo et al., 2003). However, if used improperly,
tillage techniques can physically, chemically and biologically degrade the soil in a few
years of use, reducing its productivity potential (Gongalves et al., 2000). Since soil tillage
changes physical, hydraulic and mechanical properties of the soil and, consequently,
crop development and productivity (Klein et al., 2009; Fasinmirin and Reichert, 2011;
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Table 2. Eucalyptus spp growth (seedling survival, and tree diameter at breast height DBH, height, and volume) in different soils
and tillage type and depth, in first and second planting rotations

Soil Tillage Eucaliptus species Rotation Tillage depth Age Survival DBH Height Volume
m months % cm m m® ha™
Not subsoiled - 24 93 2.35 2.11 -
e Subsoiled ) 0.60 98 3.78 3.43 -
Ultisol ) Eucalyptus grandis 1st
Not subsoiled - s 93 6.45 6.85 -
Subsoiled 0.60 98 9.83 9.95 -
No-tillage - 59 1.57 2.40 1.07
Chisel tillage 0.30 82 1.95 2.65 1.99
Ultisol® isel ti Eucalyptus grandis 1st 12
Chisel tilage plus YpHis g 0.30 87 206 280 223
arrowing
Rotary tillage 0.20 91 2.69 3.58 4.76

Subsoiling, crosswise

the slope direction A3 1Y ) 22 i
Subsoiling W|th 0.60 99 _ 1.10 i
Savannah subsoiler .
c onal Eucalyptus saligna 2nd 3
SISl 0.45-0.50 97 - 1.04 -
subsoiling
Mechanical digging ) i
with Rotree By = B
Subsoiling, Crosswise 0.45-0.50 96 1.38 2.15 -
the slope direction
Sulzatling vl 0.60 9% 175 238 :
@ Savannah subsoiler .
Ultisol Conventional Eucalyptus saligna 2nd 6
subsoiling 0.45-0.50 93 1.51 2.25 -
eenEmeE e 0.70 92 118  2.00 .
with Rotree
Subsoiling, crosswise
the slope direction 0.45-0.50 95 4.05 4.06 2.68
Szl it 0.60 9 444 428 335
Savannah subsoiler .
c tional Eucalyptus saligna 2nd 11
onveniiona 0.45-0.50 92 426 422 3.07
subsoiling
Mechanical digging
with Rotree 0.70 91 3.63 3.70 2.06
Subsoiling to 0.50 m
depth plus rototilling 0.50 98 3.54 3.43 i
Subsoiling t0 0.50 M £\ o1 s saligna 1t 0.50 12 96 356  3.40 :
plus ridging
Subsoiling to.O..70 m 0.70 98 411 371 i
plus rototilling
Subsoiling to 0.50 m
depth plus rototilling 0.50 98 7.48 7.55 i
Regosol® Subsoiling to 0.50 m Eucalyptus saligna 1st 0.50 18 95 7.76 7.56 -
plus ridging
Subsoiling t°.0.'70 m 0.70 98 8.03 7.60 i
plus rototilling
Subsoiling to 0.50 m
depth plus rototilling 0.50 98 .62 10.16 i
Subsoiling to 0.50 m .
olus ridging Eucalyptus saligna 1st 0.50 24 95 10.37 10.29 -
Subsoiling to 0.70 m 0.70 98 1060 1025 i

plus rototilling

Continue
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Continuation

Subsoiling to 0.50 m

depth plus rototilling 0.50 9 2.85 2.83 i
Subsoiling to 0.50 m .
olus ridging Eucalyptus saligna 1st 0.50 12 96 3.02 2.94 -
Subsoiling to 0.70 m
plus rototilling 0.70 3 2.87 2.82 i
Subsoiling to 0.50 m
depth plus rototilling 0.50 9 6.76 6.53 i
Nitisol@  Subsollingto 0.50m oy oy v saligna 1t 0.50 18 9% 734 7.0l :
plus ridging
Subsoiling to 0.70 m 0.70 9 701 6.68 i
plus rototilling . : .
Subsoiling to 0.50 m
depth plus rototilling 0.50 9 8.73 8.96 i
Subsoiling t0 0.50 M oo htc saligna 1st 0.50 24 9% 968  9.77 :
plus ridging
Subsoiling to 0.70 m 0.70 9 9.04 911 i
plus rototilling ' . .
Harrowing +
subsoiling i e ) i 1,22
Subsoiling of 3in 3 m i 95 ) i 24.45
+ harrowin ’
Oxisol® - .g Eucalyptus grandis 1st 14
Subsoiling of 1in 1 m i 89 ) i 37.26
+ harrowing '
Witness - Plowing +
harrowing - 86 = - 17.55
Subsoiling to 0.50 m
depth plus rototilling 0.50 94 2.89 2.95 i
Subsoiling to 0.50 m .
plus ridging Eucalyptus saligna 1st 0.50 12 98 2.61 3.03 -
Subsoiling to 0.70 m
plus rototilling 0.70 9 3.63 3.58 i
Subsoiling to 0.50 m
depth plus rototilling 0.50 a 6.97 6.43 i
@ Subsoiling to 0.50 m . i
Planosol olus ridging Eucalyptus saligna 1st 0.50 18 97 5.86 7.56
Subsoiling to 0.70 m 0.70 9 759 8.8 i
plus rototilling : : .
Subsoiling to 0.50 m
depth plus rototilling 0.50 a 9.61 8.60 i
Subsoiling t0 0.50 M o\ o e saligna 1st 0.50 24 9% 826  9.68 :
plus ridging
Subsoiling to 0.70 m 0.70 9 990 1038 i

plus rototilling
‘™ Finger et al. (1996). ® Prevedello et al. (2013). ® Franca (2017). “ Morales et al. (2014). ® Suiter Filho et al. (1980).

Reichert et al., 2019, 2020a; Awe et al., 2020), soil physical environment is decisive
for the initial growth of eucalyptus (Franca et al., 2021; Reichert et al., 2021b). Initial
development is defined as the period between planting and the closing of the canopy,
which occurs between the ages of one and two years for plantations with a spacing of
6 to 9 m? (Stape et al., 2002).

Although in the forestry sector, minimum tillage outstands towards increased forest
productivity and soil biodiversity and conservation (Prevedello et al., 2013), several
studies have indicated a positive relationship between the volume of ruptured soil
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and the initial development of eucalyptus (Suiter Filho et al., 1980; Finger et al., 1996;
Cavichiolo et al., 2003; Gatto et al., 2003; Baptista and Levien, 2010; Prevedello et al.,
2013; Wichert et al., 2018; Reichert et al., 2021b).

Root growth, and crop development and production are influenced by the level of soil
compaction, which depends on management system (Prevedello et al., 2013). With soil
compaction, the absorption of water and nutrients is reduced because roots are impeded
from accessing a larger volume of soil (Silva et al., 2018). Therefore, forest productivity
can be temporarily or permanently impaired in compacted soils (Silva et al., 2018). Visual
inspection in studies by Prevedello et al. (2013) and Reichert et al. (2021b) showed
eucalyptus roots occupied mainly the soil ruptured by soil tillage.

Initial growth of forest stands established under minimum tillage is generally slower and
more heterogeneous due to soil biological activity and mineralization rate of crop residues.
Burning or incorporation of residues in the soil accelerates residue mineralization by
combustion or biological activity, respectively, providing greater amounts of nutrients
for seedlings. By contrast, when the residues are left on the ground, their decomposition
is gradual, where microorganisms can compete for nutrients with the seedlings through
the immobilization of nutrients (Goncalves et al., 2000).

Sometimes minimum tillage can be adopted, but in others, a more intensive tillage
intervention will be necessary for greater plant survival and growth. Factors such as
previous use amount of harvest residues from previous crop; presence, distribution, and
size of stumps; physical soil conditions; topography of the area; and climate must be
considered when deciding on tillage techniques (Barros and Comerford, 2002).

When assessing the influence of soil compaction on the productivity of eucalyptus
regrowth, timber volume is affected by the soil compaction caused by machine traffic
during harvest, reaching reductions of up to two-thirds with a high degree of compaction
(Dedecek and Gava, 2005). As a result, soils with high natural bulk density or caused by
mechanization or trampling require some tillage practice (Barros and Comerford, 2002).
Thus, pedological knowledge of the soil and monitoring of the level of compaction before
tillage is essential to achieve the productive potential of the site (Hakamada et al., 2013),
given that the effects of soil tillage on forest growth are highly dependent on the type
of soil granulometry, depth and drainage (Reichert et al., 2021b).

Tillage and productivity in soils under undulated relief, with a focus on
Ultisols and Alfisols

Eucalyptus silviculture is expanding to high slope areas formerly occupied by degraded
pastures, because of limited agricultural value of these lands and their greater
aptitude to support forests (Wichert et al., 2018). The establishment and growth of
eucalyptus are favored by soil tilling, which can increase the productivity of forest
stands (Prevedello et al., 2013). On the other hand, Pérez Bidegain et al. (2012) found
no-tillage system did not affect Eucalyptus grandis productivity in the first rotation in
a mollic Hapludalf, and it was impossible to obtain adequate timber production with
the use of reduced tillage.

Ultisols are soils of variable depth, strong to imperfectly drained, reddish or yellowish
colors, and more rarely, brownish or grayish, the texture varying from sandy to clayey
in the A horizon and from medium to very clayey in the Bt horizon. In this type of soil,
Finger et al. (1996) evaluated the effect of subsoiling and non-subsoiling on the survival
and increase in growth of Eucalyptus grandis in the first rotation. A positive difference
was observed in all measured variables favoring seedlings planted in subsoiled areas
(Table 2). In the same region, Prevedello et al. (2013) evaluated the initial development
of Eucalyptus grandis in different types of soil tillage in a Typic Hapludalf, also in the first
rotation. They observed that survival, growth, and basal area and volume increased as
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soil tillage was intensified (Table 2). The authors found that eucalyptus seedlings showed
greater growth in diameter and height in rotary-tilled soil, while the lowest growth was
obtained in untilled (fallow) soil. Low growth in fallow soil may be associated with greater
difficulty in establishing roots in the initial period of plant development due to the absence
of soil rupture and greater competition by weeds. Weed interference in eucalyptus stands
is mainly due to competition for resources in the environment, and this competition is
more expressive in first year of crop growth (Santos et al., 2005).

Initial development of Eucalyptus grandis in an Ultisol in the first rotation was increased
by mechanical pit-drilling and residue maintenance on site (Wichert et al., 2018). Removal
or maintenance of crop residues in eucalyptus plantations influences soil quality and
productivity (Carneiro et al., 2014). Residues and organic materials, in addition to partially
dissipating applied loads and reducing soil compaction (Braida et al., 2006, 2007a,b,
2008, 2010; Reichert et al., 2007, 2014, 2015, 2016a,b; Holthusen et al., 2018a,b),
increase soil organic matter content, functioning as a source of slow release of nutrients
to the ecosystem (Wichert et al., 2018), where tillage itself affects the carbon balance
(Weiler et al., 2019).

Restoration of trees in forest plantations after harvesting requires soil structure to be
improved as heavy machineries used for harvesting usually cause soil compaction and
deformation, mainly on the surface but also in deeper layers. Franca et al. (2021) evaluated
the effects of four different soil tillage methods on the initial growth of eucalyptus in a
second rotation, in an Ultisol. They observed the most intensive and expensive method
(cross-slope subsoiling after stump cutting plus ridging, with stump) provided the best
conditions for tree growth, while pit-drilling with Rotree equipment was the least efficient
due to low-cost productivity. Therefore, the best tillage will depend on soil type and
compaction, history of land use and land slope.

Tillage and productivity in poorly-developed (Cambisols and Regosols) and
poorly-drained soils (Planosols)

Cambisols have great variation in relation to depth, including shallow to deep profiles,
with drainage varying from accentuated to imperfect, and are often stony, gravelly,
or rocky. In this type of soil, Carneiro et al. (2014) evaluated the effects of waste
management and tillage systems on the growth of Eucalyptus globulus plantations in
the first rotation. They observed the maintenance of crop and litter residues followed
by deep soil disturbance directed to greater timber production. Moreover, incorporating
residues into the soil followed by ripping (subsoiling) is probably the best option for
combining production and environmental sustainability of eucalyptus plantations.
On the other hand, in second rotation stands of Eucalyptus saligna, Baptista and Levien
(2010) observed total biomass of eucalyptus seedlings planted in plots with continuous
subsoiling without residue was 80 % greater than that of the treatment with mechanical
pit-drilling. Soils subjected to tillage without residue provided a greater volume of
ruptured soil, creating physical conditions favorable for adequate root development.
Therefore, the more intensive soil tillage contributed to the higher initial growth of
eucalyptus, but increased soil erosion.

Regosols are less developed, usually shallow soils, consisting of mineral material or
organic material. In this type of soil, Reichert et al. (2021b) evaluated initial growth
parameters of Eucalyptus saligna clones (first rotation) in three tillage methods: subsoiling
to 0.50 m depth plus rototilling (550+Ro), subsoiling to 0.50 m plus ridging (S50+Ri),
and subsoiling to 0.70 m plus rototilling (S70+Ro). The authors observed that the best
practice of soil tillage when considering the height of the trees was S50+Ri and, when
considering the diameter, it was S50+Ro. They also observed that the trees planted
after the S50+Ro tillage had less weed competition. Therefore, subsoiling plus ridges is
an important method of tillage in shallow soils.
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In an area previously occupied by eucalyptus, Hakamada et al. (2013) evaluated Eucalyptus
grandis x Eucalyptus urophylla at 72 months of age, under different types of tillage in
a sandy Regosol. The authors found a reduction in survival by 15 % in the tillage with
pit-drilling (pitting), and 9 % in tillage with harrowing when compared to subsoiling.
Furthermore, timber productivity in the area prepared with pitting was 16 % lower than
that obtained with subsoiling. Disk harrowing did not show any difference in productivity
compared with subsoiling. These results show that even in sandy soil with low susceptibility
to compaction, subsoiling should be carried out depending on the intensity of machine
use and traffic in previous rotations.

Planosols comprise mineral soils, imperfectly or poorly drained, with a subsurface horizon
with high clay content. These soils present imperfect drainage in periods of greater
rainfall, which can consequently cause oxygen deficiency, affecting the development of
eucalyptus (Morales, 2014). Thus, in hydromorphic soils, soil tillage and furrows contribute
to improving soil drainage and aeration.

Although there is a vast literature on the tillage and use of Planosols for annual crops
(Goulart et al., 2020, 2021), there is practically no information for forestry despite its use
for eucalyptus cultivation. In this type of soil, Reichert et al. (2021b) evaluated the initial
growth parameters of Eucalyptus saligna clones in the first rotation, and found that the
best practice of soil tillage, when considering tree height, was subsoiling to 0.50 m plus
ridging and, when considering tree diameter, the best tillage option was subsoiling to
0.50 m depth plus rototilling. Therefore, subsoiling plus ridging is an important tillage
method in poorly drained soils.

Tillage and productivity in well-drained soils in flat to smooth-wavy relief,
with a focus on Nitisols and Oxisols

Nitisols are soils with a clayey or very clayey texture with an expressive textural difference.
In this type of soil, Reichert et al. (2021b) observed that for the initial growth of Eucalyptus
saligna clones in first rotation, when considering tree height and diameter, the best soil
tillage practice was subsoiling to 0.70 m plus rototilling (S,,+Ro). Tree height in this
tillage method was 8 % greater than subsoiling to 0.50 m depth plus rototilling (Ss,+Ro).
Tree diameter and basal area were greater for S,,+Ro than for S;o+Ro by 20 and 15 %,
respectively. Therefore, deep subsoiling is an important tillage method in clayey soils
(Reichert et al., 2021b).

Oxisols are highly weathered, deep and well-drained soils. In this soil type, Suiter
Filho et al. (1980) studied several soil tillage methods to evaluate the development of
Eucalyptus grandis in first rotation at 14 months of age, in Minas Gerais. The authors
observed that the average volume obtained for subsoiling at every 1 m plus harrowing
with bedding was 112 % greater than the volume obtained with plowing and harrowing.
The highest seedling survival was observed for subsoiling at every 3 m plus harrowing
with bedding, which presented a value of 6.2 % greater than the subsoiling at every 1 m
plus harrowing with bedding (Table 2). Therefore, subsoiling is a practice that contributes
to eucalyptus development in clayey soils.

Soil tillage is often used after harvesting operations, with the purpose of improving soil
physical conditions for seedling survival (Cavichiolo et al., 2004). The soil conditions
determined by tillage practices influence the mortality and growth of forest species
(Fonseca et al., 2011; Franca et al., 2021), as observed by Cavichiolo et al. (2004) when
studying the effect of different tillage systems on the productivity of Eucalyptus saligna
regrowth (second rotation) in a clayey Oxisol. The authors found that treatments with
soil tillage showed higher growth. Further, Gatto et al. (2003) studied the effects of
different soil tillage methods on the productivity of Eucalyptus grandis stands in third
rotation, in a dystrophic Oxisol, in Minas Gerais. As soil tillage was intensified, a trend of
increasing tree survival, circumference, and height was observed, which was reflected
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in greater volume. These authors attributed the greater growth to the intensity of soil
tillage to improve conditions for nutrients and water absorption by eucalyptus plants,
and to the reduction of weed competition.

Effect of harrowing and furrowing was assessed by Cavichiolo et al. (2003) in the
productivity of Eucalyptus saligna regrowth (second rotation) at one year of age in
Oxisols with different granulometry (clayey texture), and at two years of age (medium
texture). Harrowing and subsoiling effects were more evident in clayey soil. Increase in
tree height was markedly different for the treatments with soil tillage compared to the
control, where subsoiling showed the highest average values. Thus, tilling to greater
depth reduces mechanical resistance, which favored the increase in tree height, and
possibly the furrow used in tillage produced satisfactory results. Further, the increment
in tree diameter with soil tillage was higher than in control. The maximum increments
in height and diameter of regrowth were observed in both years in soil tillage with
furrower. However, the increase in tree diameter showed a significant difference between
treatments and was greatest after harrowing.

In an area previously occupied by Eucalyptus, Hakamada et al. (2013) evaluated the
productivity of Eucalyptus grandis x Eucalyptus urophylla at 72 months of age under
subsoiling, manual pitting, and disk harrowing, in an Oxisol. They found timber productivity
in the area with pit-drilling was 17 % lower than that in the subsoiled area. There was no
significant difference in seedling survival. From these results, it can be concluded that
subsoiling is valid as an adequate tillage method for clayey soils, not requiring a more
intensive method, which would result in a greater risk of erosion and higher costs when
compared to subsoiling.

In the second rotation of an 83-month-old Eucalyptus grandis x Eucalyptus urophylla
plantation, Paes et al. (2013) found no difference in the volume of timber comparing
tillage with a one-shaft and a three-shaft subsoiler. However, the maintenance of forest
residues in the area resulted in an increase of 36.6 % (71.7 m® ha™) in timber volume
compared with removing all residues after harvest.

Soil physical properties in different types of tillage

The process of mechanization in the forestry sector has significantly increased productivity,
reduced costs, and improved the quality of forestry operations. However, excessive use
of machinery, intensive cultivation, and inadequate soil management are responsible
for considerable environmental impacts, especially soil compaction. Compacted soil has
reduced plant growth, leading to lower levels of organic matter in the soil, reduction
in nutrient cycling and mineralization, and the activities of microorganisms, in addition
to increasing wear and tear of cultivation machinery (Hamza and Anderson, 2005;
Sampietro et al., 2015; Silva et al., 2018).

Soil compaction occurs in a wide range of soil types and climates, and is aggravated by
low organic matter content (Braida et al., 2007a, 2010; Reichert et al., 2018b) and tillage
in inadequate soil moisture (Silva et al., 2002; Hamza and Anderson, 2005; Veiga et al.,
2007; Reichert et al., 2018b). The compaction process results from stresses applied to
the soil during silvicultural activities (weed control, soil tillage and fertilization), and
tree felling, and timber dragging and stocking. With compaction, there is an increase
in bulk density and mechanical resistance to root growth, and a reduction in porous
space, infiltration and internal drainage of water (Sampietro et al., 2015; Silva et al.,
2018). In forest areas, the depth of compaction is generally greater than in agricultural
or livestock areas, because the weight of machinery is greater, traffic during harvest is
more intense, and there is a possibility of higher soil moisture due to the shading caused
by the species in these forest plantations (Suzuki et al., 2012).
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Land use and management affect the degree of compaction to varying intensities
(Suzuki et al., 2015). When the soil is subjected to external pressure, soil compressibility
and shearing depends mainly on soil granulometry and moisture (Reichert et al., 2010,
2018b). Thus, performing traffic on soil conditions less prone to compaction, for example,
by managing traffic based on soil moisture, can reduce the risk of compaction (Dias
Junior et al., 2005; Richart et al., 2005; Milde et al., 2010; Reichert et al., 2014). Another
strategy is restricting traffic to specified lanes and thereby limiting the area affected by
soil compaction (Sampietro et al., 2015).

Avoiding compaction in an intensive production system is difficult when machines are
getting larger, heavier, and more powerful (Reichert et al., 2007). However, compaction can
be prevented if the soil’s load-bearing capacity is not exceeded, which makes it important
to assess both the mechanical strength of the soil and the impact of different operations
(Andrade et al., 2017). However, each soil presents a unique behavior in relation to traffic.
Considering soil diversity, area heterogeneity, and different management practices
adopted by companies and foresters, each condition must be analyzed individually to
make decisions regarding soil compaction (Reichert et al., 2007). Assessing soil quality
is an important tool for identifying the most sustainable soil management practices
(Fonseca and Figueiredo, 2016).

In forest areas, the response of plants to soil quality indicators is not very simple.
Unlike annual crops, trees have a longer cycle, being subject to climatic variations
and anthropic actions for several years (Suzuki et al., 2014). Eucalyptus productivity is
significantly influenced by functional properties and soil composition, where water and
air storage capacity and water permeability are the main soil properties related to the
site’s productivity potential (Cavalli et al., 2020). Therefore, plants need soils with proper
physical conditions for flow of water, heat and gases. Soil moisture, in turn, controls
aeration, temperature and mechanical resistance, which are affected by soil bulk density
and pore-size distribution. These physical factors interact and regulate the growth and
functionality of the roots, affecting productivity (Collares et al., 2006).

Soil physical properties commonly used as indicators to assess soil quality are based
on direct and indirect factors of plant growth, such as bulk density, resistance to
root penetration, availability of water in the soil and aeration (Cecagno et al., 2016;
Reichert et al., 2016¢). Among the properties used to assess soil compaction, bulk density
is probably the safest, as it has less or no dependence on other factors such as moisture
(Reichert et al., 2007). Bulk density values based on restrictions to growth and yield of
annual crops or the optimal water range (Secco et al., 2009; Suzuki et al., 2013) have
the potential to be used in perennial crops and pasture (Suzuki et al., 2012).

Soil resistance to penetration is one of the limiting factors to the development and
establishment of crops, as it expresses the degree of soil compaction, and varies with
the type of soil and with the cultivated species, and its causes have been attributed
to machine traffic (Richart et al., 2005). Several studies have sought a value or a
range of critical resistance values that restrict the growth of plants. However,
there are still uncertainties regarding these values, as different plants respond
differently to critical values. Although this assessment is more sensitive in identifying
compacted soil layers, it does not consider soil bioporosity, which is an important
factor affecting permeability (Abreu et al., 2004) and root growth in compacted soils
(Reichert et al., 2007).

Soil bulk density and porosity are properties related to volume changes. Density has an
inverse relationship with porosity. Generally, porosity reduction occurs with a reduction
in larger pores, responsible for water infiltration and soil aeration, followed by an
increase in the number of smaller pores (Reichert et al., 2007, 2014). Machine traffic
and no-tillage can reduce the volume of larger pores and increase the smaller ones,
while tillage can promote the opposite behavior (Reichert et al., 2017a). Therefore,
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because of the importance of soil physical properties, especially from the second
rotation onwards, tillage operations play an important role in forest productivity
(Cavichiolo et al., 2003).

Tillage and physical properties in soils under wavy relief, with a focus on
Ultisols and Alfisols

The choice of best soil tillage depends on the granulometry, degree of compaction, critical
density and resistance of the soil to penetration (Morales, 2014). Evaluating the effect
of soil tillage methods in a first rotation Eucalyptus grandis plantation, cultivated in a
Typic Hapludalf with a sandy-loam texture, Prevedello et al. (2013) observed that soil
managed under no-tillage presented the highest values of bulk density and resistance
to penetration, which resulted in restrictions to plant root and shoot growth. In contrast,
chisel tillage, chisel tillage plus harrowing, and rotary tillage reduced the resistance to
penetration and density to a depth of 0.30 m.

Soil tillage significantly impacts soil structure (Dedecek et al., 2007; Reichert et al., 2014,
Franca et al., 2021; Reichert et al., 2021a). In a study by Prevedello et al. (2014), soil
tillage with chiseling, chiseling followed by harrowing, and with a rotary resulted in less
structural stability of aggregates, with a reduction in the percentage of aggregates in
the larger diameter class. The highest aggregation index was found in soils that were not
tilled (Prevedello et al., 2014). Thus, the role of organic constituents in the formation and
stabilization of aggregates is fundamental (Wohlenberg et al., 2004; Braida et al., 20074,
2011; Batistdo et al., 2020; Holthusen et al., 2020; Alves et al., 2021; Awe et al., 2021),
especially in conservation forestry (Prevedello et al., 2014), in which the accumulation
of crop residues on soil surface and less soil mobilization contributes to the formation
and stabilization of aggregates (Silva et al., 2006).

Aggregate size and stability strongly influence air and water flow in the soil (Suzuki et al.,
2014). Considering the initial growth gains of eucalyptus in first rotation and erosive losses,
Wichert et al. (2018) found that the maintenance of residues on site and mechanical
pit-drilling as best management options for these areas, with a tendency for greater soil
loss with increasing soil tillage intensity.

Areas cultivated for the second or more rotations may have compacted soil structure
from the surface to deeper layers, owing to machine traffic during the harvesting
operations of the previous crop (Franca et al., 2021). In an area planted with eucalyptus
for commercial purposes, compaction negatively affects the soil structure down to the
0.40 m layer (Suzuki et al., 2014). When the soil is compacted, its resistance is increased
and the total porosity is reduced at the expense of larger pores. As a result, volumetric
water content and field capacity are increased, while aeration, water infiltration rate
and hydraulic conductivity of saturated soil are reduced. Consequently, surface runoff
may increase and plant growth may be reduced due to decreased water availability,
restricted root growth, and poor aeration (Reichert et al., 2007).

High productivity of eucalyptus was directly related to high microporosity, low resistance
to root penetration and adequate soil permeability (Cavalli et al., 2020). Therefore,
efficient soil tillage techniques are required to reduce compaction and provide a physical
environment suitable for eucalyptus growth and development, with the least environmental
degradation and the lowest cost of operations (Franga et al., 2021). In a second rotation
area, Madeira et al. (1989) compared the effects of minimal (surface disk harrowing) and
intensive (deep plowing) soil tillage techniques in a 30-month-old Eucalyptus globulus
stand. They observed that disk harrowing resulted in a significant decrease in soil bulk
density down to 0.30 m depth and an increase in aeration porosity in the 0.00 to 0.10
m layer. Deep tillage decreased bulk density in depths from 0.10 to 0.80 m, while water
infiltration rate was highest with disk harrowing.
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Different tillage systems may improve soil conditions (Dedecek et al., 2007). For example,
Franca et al. (2021) evaluated the effects of different soil tillage methods in a second
rotation Eucalyptus saligna stand, and observed that all treatments resulted in a less dense
topsoil, with increasing impact over time. As reasons for these changes, they considered
that soil tillage (in the short term) and root growth (in the long term) changed soil
structure. As confirmed by the study area characterization before the tillage experiment,
high and/or repeated loads possibly increased bulk density, both in the soil surface and
subsoil. The crop presumably was more affected in the short term (immediately after
planting and in the measurement interval of 122 days after planting), and the effect
of the roots dominated the results 391 days after planting. Therefore, mechanization
in soil tillage must be accompanied by techniques that allow for the smallest possible
further changes in soil physical properties, allowing for sustainability and preventing
land degradation (Richart et al., 2005).

Tillage and physical properties in poorly developed soils (Cambisols and
Regosols) and poorly drained (Planosols)

Evaluating three tillage methods in a first rotation Eucalyptus saligna stand implanted
in Regosol, Reichert et al. (2021b) observed soil bulk density was lower in the layer
0.00-0.40 m for subsoiling to 0.50 m plus ridging. The highest macroporosity was found in
the same type of tillage. However, pores formed by the roots are more stable due to the
biological action, including the release of exudates and the presence of organisms that
act in the decomposition of organic materials, leading to greater stability and durability
of the pores compared to those formed by mechanical tools (Reichert et al., 2014).

Soil tillage can affect some processes of the hydrological cycle (Padilha et al., 2018).
Seeking to identify and quantify the effect of soil tillage methods and crop residue
management on water erosion in a Eucalyptus saligna forest (first rotation) in a
Cambisol, Baptista and Levien (2010) observed that the soil loss due to the continuous
subsoiling treatment without residue was ten times greater than that of the other
subsoiling treatments and 100 times higher than that of mechanical pit-drilling. The
greatest soil losses occurred shortly after soil tillage and before the canopy closed, thus
demonstrating the importance of adequate tillage methods (Wichert et al., 2018). Soil
tillage erosion can be controlled by reducing operations, regulating speed and depth,
and choosing more sustainable tillage tools (Novara et al., 2019). Therefore, although
subsoiling is almost a standard operation in commercial productions of eucalyptus,
it is recommended mainly for deep, cohesive soils. For sloping terrains, which are prone
to soil erosion, pit-drilling and interrupted subsoiling are options that increase soil and
water conservation (Franca et al., 2021).

In a Planosol, different tillage methods in a first rotation Eucalyptus saligna were evaluated
Reichert et al. (2021b), and observed bulk density in the 0.00-0.10 m layer was lower for
subsoiling to 0.50 m plus ridging (Ssy+Ri). Macroporosity increased with tillage intensity.
Greatest porosity was found in the 0.00-0.10 m layer with subsoiling to 0.50 m depth
plus rototilling and subsoiling to 0.50 m plus ridging. Nonetheless, best tillage practices
for soils with drainage and effective-depth constraints for subtropical forest plantations
in South America are yet to be identified (Reichert et al., 2021b).

Tillage and physical properties in well-drained soils under flat to wavy relief,
with a focus on Nitisols and Oxisols

In forest areas, where plants have a longer cycle than annual crops, it is important
to propose and test indicators related to the environment, but with plant growth and
development (Suzuki et al., 2014). In a stand of Eucalyptus saligna in first rotation
implanted in a Nitisol, Reichert et al. (2021b) observed soil bulk density was lowest in the
0.00-0.10 m layer, for subsoiling to 0.50 m depth plus rototilling. In addition, subsoiling
to 0.70 m plus rototilling (S;,+Ro) was the tillage method with the lowest soil bulk density
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in the deepest layer evaluated (0.40-0.60 m). The highest total porosity was observed
for subsoiling to 0.70 m plus rototilling and subsoiling to 0.50 m plus ridging. According
to Sasaki and Gongalves (2005), in addition to the operational aspect, plant physiology
must also be considered, which implies subsoiling at adequate soil moisture for efficient
tillage and proper establishment of plants.

Negative impacts on soil physical properties resulting from harvest, such as from
compaction by traffic, are strongly related to soil granulometry (Toit et al., 2010). In a
regrowth area of Eucalyptus saligna (second rotation), Cavichiolo et al. (2003) observed
that the effects of harrowing and subsoiling were more evident in clayey soil. Significant
differences were found in depth from 0.00 to 0.10 m, where harrowing showed lower
bulk density than the subsoiling. This was possibly because of greater traction force
exerted by tractors used in this operation, and also because subsoiling generated less
soil rupture. In the deeper soil layer, the control without soil tillage showed higher bulk
density. Soil inversion to greater depths also reduced the resistance to penetration.

Several studies show total porosity increases with tillage (Cavichiolo et al., 2004;
Dedecek et al., 2007; Morales, 2014). In an Oxisol with clay texture, in a one-year-old
Eucalyptus saligna regrowth area, Cavichiolo et al. (2004) observed porosity was
significantly higher with soil subsoiling at the greatest sampled depth. Aeration porosity
was higher in the layer that was harrowed.

In eucalyptus plantations under reform management, additional soil disturbance
arrives from mechanical tillage for the new planting. Such disturbances are related
to soil compaction and disintegration, and the incorporation of organic residues and
horizons into the soil mass of the tilled profile (Soares et al., 2019). In a third rotation
Eucalyptus grandis plantation, Gatto et al. (2003) observed that the tillage systems
adopted caused small changes in soil physical properties. Lower soil bulk density was
found in areas where removal and subsoiling were carried out, as a consequence of soil
rupture provided by tillage. On the other hand, soil bulk density was slightly greater
in treatments with only burning and minimum tillage than in tilled areas. Tillage with
chopping and burning of vegetation and subsequent manual removal of stumps and
plowing improved all physical indicators, but only in the short term, namely less than
a month (Reichert et al., 2014).

Research opportunities

Research opportunities include a better definition of tillage equipment for different soil
conditions; evaluation of tillage effects on eucalyptus growth and productivity; the need
of subsoiling between rows in established plantations; soil tillage in poorly-drained areas;
tillage for highly-sandy soils, is there a need for subsoiling?; soil quality parameters for
areas with ridging tillage; and pit-drilling vs. subsoiling, which is the most recommended
for sloping areas in terms of productivity and soil erosion?; and generation of compaction
risk maps and need for special soil tillage.

Furthermore, study approaches used for agricultural crops can be adapted or improved
for eucalyptus. In particular, opportunities are related to tillage in compacted areas by
forest harvesting, by previously defining different soil compaction states in the field, such
as performed for agricultural crops (Secco et al., 2009), considering spatial variability
in soil physical properties (Silva et al., 2003; Marins et al., 2018); short- and long-term
tillage (Veiga et al., 2008, 2009, 2010; Reichert et al., 2016c) and cropping systems
effects (Awe et al., 2015; Cecagno et al., 2016; Ambus et al., 2018; Reichert et al.,
2022); refinement of plant available water as affected by soils and tillage, using existing
pedotranfer functions (Vaz et al., 2005; Reichert et al., 2009, 2020b) or by developing
improved ones, as well as via soil water balance (Reichert et al., 2021d), forest hydrology
(Ferreto et al., 2021a) or catchment water-budget fluxes (Reichert et al., 2017b, 2021¢;
Ebling et al., 2021; Ferreto et al., 2021b; Valente et al., 2021).
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FINAL REMARKS

Mechanized soil tillage must consider soil type, particularly land slope, drainage and soil
depth (Figure 1), along with forest rotation (first or higher-order). Soil surveys, including soil
physical (e.g., compaction, granulometry including gravel) and morphological properties
(e.g., horizons, solum depth, subsurface drainage impedance) are essential for foresters
to make knowledgeable decisions on soil tillage, provided tillage is the single most costly
practice in eucalyptus forestry.

Subsoiling plus ridging or bedding is required in low-drainage or shallow soils, whereas
deep-subsoiling is essential in clay soils. The ridges can be built by grade bedding or
terracing plows. In areas with waterlogging, ridging without subsoiling might be an
option, but drainage is required.

Subsoiling, using parabolic shanks with a wing on subsoiler tip, is the most common soil
tillage for eucalyptus, but it is best for deep, drained soils. On clayey cohesive soils, the
necessary tillage depth might be of 0.70 m or more (deep) to ameliorate compacted
soil of low microporosity and restriction to root growth, but 0.50-m (shallow) subsoiling
plus ridding produce similar results. Subsoiling plus ridging is required in low-drainage
or shallow soils to increase the soil volume to be explored by roots. Chiseling performed
for fertilizer application (minimum 0.25 m deep) might be the only tillage required for
non-compacted sandy soils.

On sloppy lands downslope subsoiling increases the risk for soil erosion, which may be
reduced by interrupted ripping, or mechanized hole- or pit-drilling. Manual or mechanical
pit-drilling, with pits 0.30-m deep or more, could also be an option for second or higher
rotations, but results have shown that early growth is restricted, possibly because of
root confinement. For second or higher rotations, stumps require cutting to allow cross-
slope tractor traffic and tillage.

Research opportunities include further studies for problem soils, such as slopy lands and
low-drainage or compacted soils, tillage affecting soil erosion and eucalyptus productivity,
equipment for special tillage, and mapping risk of compaction and special tillage needs,
among others. Approaches used to study short- and long-term effects of tillage on soil
properties and performance of agricultural crops could also be tested and improved for
eucalyptus crop.

Soil constraint
VS.
Tillage recommendation

Chiseling 0.25 m or
Subsoiling 0.50 m

Pitting or Subsoiling 0.50 m Drainage

Suloztilline ot hole digging plus ridging plus ridging

Figure 1. Soil tillage recommendation for soils with different physical constraints. Pictures taken
by Elias Frank de Araujo.
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