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Abstract In Brazil, the productive and sustainable
use of Amazonian soils under agroforestry systems
(AFS) has been considered a research challenge. This
study aimed to evaluate the physicochemical attributes
of a soil under AFS, comparing it with the soil under
an adjacent secondary forest (SF). The study was
carried out in an AFS area cultivated with passion fruit
(Passiflora edulis), cupuacu (Theobroma grandiflo-
rum) and Brazilian mahogany (Swietenia macro-
phylla), between 2005 and 2019. Both study areas
(AFS and SF) were divided into five blocks. Sampling
was carried out in two soil depths (0-20 cm and
2040 cm), which was subjected to chemical analysis
to determine the pH in water, contents of macro- and
micronutrients, exchangeable bases, exchangeable
aluminum, base saturation, cation exchange capacity
and organic matter contents. As for the physical
attributes, penetration resistance (PR) up to 40 cm
deep in the soil was evaluated, using 50 randomized
measurement per study area. The contents of macronu-
trients were higher in AFS, and the content of organic
matter was higher in SF. The contents of
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micronutrients did not follow a specific pattern, and
presented a similar distribution in both environments.
The PR was higher in SF, showing a linear behavior
that increases with increasing depths, while in AFS,
there was a stabilization tendency within soil depth.
Soil fertility was better in AFS, mainly due to the
residual contents of periodic fertilization, in addition
to presenting better conditions for root establishment.

Keywords Land use - Fertility - Penetration
resistance - Secondary forest

Introduction

In the Amazon territory, there is great soil spatial
variability, which is attributed to climate, source
material, biotic interactions and topography, among
other factors. However, high levels of acidity, leach-
ing, weathering, low fertility and high contents of
exchangeable aluminum are common characteristics
in more than 60% of the soils, in which Latosol and
Argisols are the predominant soil types (Junqueira
et al. 2016). Overall, unaltered soils are highly
dependent on nutrient recycling to maintain fertility
and biodiversity, which depends on organic matter
from vegetation. This shows the close relationship
between soil and vegetation of the Amazon biome
(Moline and Coutinho 2015).
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Agricultural models that aim only at high levels of
short-term profitability have intensified soil degrada-
tion, which is characterized by changes in the soil
quality status resulting in a diminished capacity of the
ecosystem to provide goods and services for its
beneficiaries. Thus, there is no concern for maintain-
ing ecological systems that can guarantee sustainable
production in the present and in the future (Ponisio
et al. 2015).

In the Amazon region, soil degradation is influ-
enced by a range of processes, whether agricultural or
not, with emphasis on the slash and burn system, also
known as itinerant agriculture. The burning of vege-
tation and organic material on the soil surface
promotes rapid fertilization due to the ash material,
with a decrease in acidity and an improvement in the
ability to exchange cations (Navarrete et al. 2015).
However, the advantages of the system last only in the
early years, and then there are several harms to the
edaphic complex. Souza et al. (2018) reported
increased compaction and drastic decreases in fertility
and the carbon stock of the soil. Béliveau et al. (2017)
observed a significant increase in soil surface density
and, consequently, in erosion rates.

For this reason, it is essential to search for
alternative land use systems that provide conditions
for improving carbon sequestration, with increased
biomass production, avoiding accelerated soil
degradation.

In this context, agroforestry systems (AFS) are
important for improving the chemical, physical and
biological attributes of the soil due to the conservation
and interaction between the participating plant species
(Verma et al. 2013). The action of the tree component
constantly deposits organic residues on the soil
surface, contributing to the maintenance and stability
of the local microclimate. Several studies demonstrate
the positive effects of AFS on the soil, i.e., the
maintenance of microbiological biodiversity (Ferreira
et al. 2006), the increase of nutrient contents (Rosen-
stock et al. 2014), less acidity and saturation by
aluminum (Schwab et al. 2015) and low records of
erosion and compaction (Liu et al. 2016).

This demonstrates that it is necessary to evaluate
these benefits in the Amazon context. Therefore, this
study aimed to evaluate the physical and chemical
attributes of the soil cultivated with Theobroma
grandiflorum and Swietenia macrophylla under an
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agroforestry system, comparing it with the soil of an
adjacent secondary forest.

Material and methods
Study area

The experiment was conducted in a rural producer area
located in Tomé Acu, state of Para, Brazil
(02°26'03.0" 'S, 48°18'37.6" W) for 15 years
(2005-2019). The agroforestry system is composed
of cupuagu (Theobroma grandiflorum), Brazilian
mahogany (Swietenia macrophylla) and passion fruit
(Passiflora edulis). The latter was removed from the
area after the third year of implantation.

According to the Kdppen classification, the climate
of the region is classified as Ami, with average annual
precipitation of 2,716 mm, average relative humidity
of 85% and average temperature of 26.4 °C. Climatic
data were collected at a meteorological station located
at the physical base of Embrapa Amazonia Oriental, in
Tomé Acu. The soil of the area was classified as
Yellow Latosol (Embrapa 2016), which is character-
ized as deep, with high acidity and low natural
fertility.

Experimental conditions

No liming was performed in AFS area at the beginning
of the experiment. Nevertheless, 1 kg of dolomitic
limestone was annually applied per cupuacu tree,
distributed in the canopy projection as a source of
calcium and magnesium. No organic fertilization was
carried out. Only on cupuacu trees, there was the
application of 400 g per plant of the formulation NPK
18-18-18 until the 3rd year and, subsequently, 800 g
per plant of the formulation NPK 10-28-20, annually,
until the 15th year. In the first five years of the
experiment, fertilization was carried out in the
projection of the cupuagu plants. However, in the
most advanced stages of the experiment, aerial
fertilization was carried out in the total area.

Semiannually, machinery was used in the experi-
mental area for mowing the weeds between the lines,
with the residues being kept in place to compose the
litter.

In order to carry out a homogeneous sampling of
both physical and chemical attributes, the AFS area
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was divided into five segments (blocks) of approxi-
mately 1,800 m? each.

As a comparative reference, an area of secondary
forest (SF) of approximately 2 hectares adjacent to the
AFS area was used. The SF area remained fallow for
more than 20 years, and it was previously an area of
pepper cultivation. Currently, it is in an advanced
ecological succession status, with considerable accu-
mulation of biomass, perceived by the litter thickness,
great variety of species and plants in full growth. The
SF area was also divided into five blocks with the same
dimensions as those established for AFS.

For the evaluation of the chemical attributes of the
areas, 15 samples were collected per block at each
depth (0-0.2 m and 0.2-0.4 m) to form two composite
samples and then five samples per depth were used. At
the end of the entire process, 20 composite samples
were obtained, being 10 from each system.

Studied variables

Chemical analyses were performed to determine the
pH in water, contents of phosphorus (P), potassium
(K), calcium (Ca), magnesium (Mg), aluminum (Al)
and sodium (Na), potential acidity (H + Al), organic
matter (OM) and micronutrients (Zn, Cu, Fe and Mn).
With these values, it was possible to estimate potential
CEC (T), effective CEC (t), sum of bases (SB), base
saturation (V%) and aluminum saturation (m%).
Laboratory analysis and determinations followed the
procedures of Embrapa (2009).

The physical analysis of the soil to determine the
proportions of sand, silt and clay (Table 1) was
performed by the pipette method, following the
granulometric analysis methodology proposed by

Table 1 Soil granulometry under secondary forest and agro-
forestry system, in Tomé Agu—Para, 2019

Secondary forest

Soil depth  Sand (gkg™")  Silt (g kg™") Clay (g kg™h
0-20 763 65 172

2040 661.4 54.6 284
Agroforestry system

Soil depth  Sand (g kg™")  Silt (gkg™") Clay (g kg™")
0-20 743.8 68.2 188

2040 651.2 60.8 288

Embrapa (2009). It demonstrated that both areas
present similar characteristics, with medium texture
and a predominance of the sand fraction.

The soil penetration resistance (PR) was evaluated
considering the first 40 cm of the edaphic profile. The
collection of these data occurred in the same blocks
used in the sample collection for chemical and
physical analysis of the soil. However, it was consid-
ered the collection of ten PR measurements per block
of each system, with an approximate distance of 15 m
between measurements, totaling 50 measurements.

The equipment used to measure the vertical PR was
the PNT-2000 model geo-referenced electronic pen-
etrometer, with a 30° conical tip and a conical area of
129 mm?. In the sampled locations, measurements
were taken at every five centimeters, up to a soil depth
of 40 cm.

Statistical analysis

The results of the soil analyses were first submitted to
the Kolmogorov—Smirnov test to verify the normality
of the data, and then subjected to analysis of variance,
considering a completely randomized experimental
design. The factors were arranged in subplots (two
environments and two depths), with five replications.
SAS (Statistical Analysis System) University Edition
statistical software was used. The variables that data
did not show normality were evaluated by non-
parametric Mann—Whitney analysis, using the Excel
software.

The penetration resistance data were also submitted
to the normality test, analysis of variance and regres-
sion analysis, aiming at observing the variable pattern,
according to the studied soil depths.

Results

The analysis of variance revealed an interaction of the
factors “Management areas” and “Depths” was
significant for the variables K, Fe and Zn. As for the
other variables, comparisons were carried out
individually.

The variables related to soil acidity (Table 2)
demonstrated significantly less acidification in the
area under AFS. The contents of exchangeable
aluminum and potential acidity in the soil of SF were
four times higher than in the soil under AFS, reflecting
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Table 2 Average levels of soil pH, aluminum (Al), sum of
bases (SB), potential acidity (H + Al), potential CEC (T),
effective CEC (t), calcium (Ca), magnesium (Mg), base

saturation (V), aluminum saturation (m), phosphorus (P) and
organic matter (OM) in secondary forest (SF) and agroforestry
(AFS) management systems, evaluated in Tomé Acu, PA, 2019

Management system  pH*  Al* SB** H + Al* T* t** Ca**  Mg** V#** mqm¥* Pp* OM*
H,0 cmolc dm™ % mg dm™  gkg™!

SF 44b 0.8a 1.1b 4.6a 56a 19b 0.6b 0.4b 18b  46a  4.9b 14.8a

AFS 51a 02b 19a 2.2b 4.1b 21a 13a 0.6a 47a  9b 33.1a 9.7b

* and ** means followed by the same letter in the column do not differ from each other at 5% significance level by the Mann—

Whitney and t tests, respectively

the difference between values of aluminum saturation.
On the other hand, the sum of bases and the effective
CEC were higher in AFS. These results are related to
soil pH, which is comparatively lower in SF, probably
due to the annual use of limestone carried out in the
AFS area.

Considering that there was no management in SF,
the importance of liming in the implantation of any
cultivation system under the studied conditions is
evident. The results of pH, Al and sum of bases (SB)
influenced the behavior of soil base saturation
(Table 2), which was significantly lower in SF. As
for AFS, the soil base saturation reached a value of
47%, which 1is important regarding nutrient
availability.

The active acidity (pH) did not vary between soil
depths in both management systems (Table 3). The
values of changeable acidity (Al) and aluminum
saturation (m) were significantly lower in the AFS
area. Regarding the potential acidity (H + Al), it was
significantly higher in the superficial layer of SF.

Table 3 Average pH, aluminum (Al), sum of bases (SB),
potential acidity (H + Al), potential CEC (T), effective CEC
(t), calcium (Ca), magnesium (Mg), saturation by bases (V),

These results conditioned the differences observed in
the values of SB, CEC, V and m (Table 3).

The contents of most macronutrients in the agro-
forestry system were higher than the levels found in
the secondary forest (Table 2). The only macronutrient
with higher levels in the soil under SF was K in the
superficial layer of the soil (Table 4). Regarding the
levels of organic matter, superiority was observed in
the secondary forest in relation to the agroforestry
system (Table 2).

The comparison of the contents of macronutrients
and organic matter (OM) between the evaluated soil
layers (Table 3) revealed that the values are higher and
significantly different in the superficial layer (0-20),
except for Ca in SF and Mg and OM in AFS. These
results also demonstrated that these variables were
higher in the AFS area. As for K, the content in
superficial layers was significantly higher, following
the tendency of the other macronutrients (Table 4).

As for the contents of Cu and Mn (Table 5), higher
levels were observed in the agroforestry system.

saturation by aluminum (m), phosphorus (P) and organic
matter (OM) as a function of soil depth in both management
systems, in Tomé Agu, PA, 2019

Soil depth ~ pH* Al* SB**  H + Al* T* ok Ca**  Mg**  V** m** p* OM*
cm H,0  cmolc dm™ % mg dm™  gkg™!
Secondary forest

0-20 4.4a 0.8a 1.3a 5.4a 6.8a 2.1a 0.8a 0.5a 19.3a 39.2a 6.7a 18.4a
20-40 44a 08a 0.8b 3.7b 45b  1.6b  0.5a 0.2b 17.0a  53.0a  3.1b 11.1b
Agroforestry system

0-20 S5.la  0.1b 22a 2.2a 44a 24a 1.5a 0.7a 50.6a  S5.2a 40.3a 9.9a
2040 5.la  0.3a 1.6b 2.2a 3.8b 1.9b 1.1b 0.5a 42.8b 13.6b  25.9b 9.6a

* and ** means followed by the same letter in the column do not differ from each other at 5% significance level by the Mann—

Whitney and t tests, respectively
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Table 4 Mean contents of potassium (K), in cmolc dm™3, asa
function of soil depth and management system, in Tomé Agu,
PA, 2019

Table 6 Mean contents of zinc (Zn) and iron (Fe) as a func-
tion of soil depth in both management systems, in Tomé Agu,
PA, 2019

Management system Zn (mg kg_l)
Soil depth (cm) Secondary forest Agroforestry system Management system*
0-20 0.05aA 0.03aB Soil depth (cm)* SF AFS
2040 0.02bA 0.02bA 0-20 0.64aB 2.39A
* Significant differences between management systems are 2040 0.3aB 1.11bA
represented by uppercase letters and between depths by Fe (mg kg™
lowercase letters by the t test at 5% significance level .
Management system*
Soil depth (cm)* SF AFS
0-20 204.9aA 145.5aB
Table 5 Mean micronutrient contents of copper (Cu) and 20-40 220.82A 122.9bB

manganese (Mn) in secondary forest (SF) and agroforestry
system (AFS), in Tomé Agu, PA, 2019

Management system Cu* (mg kg™ ") Mn** (mg kg™")
SF 0.4b 4.5a
AFS 0.7a 5.8a

* and ** means followed by the same letter in the column do
not differ from each other at 5% significance level by the
Mann-Whitney and t tests, respectively

Although there was no direct fertilization with the
elements in the area, in addition to a variation between
depths with a similar pattern between both studied
areas, higher values were found in the superficial
layers (0-20 cm) (Table 7). The same behavior can be
observed for Zn (Table 6). The high levels of Fe
(Table 6) found in both managed systems are consid-
ered a typical characteristic of soils in some regions of
the Amazon.

The penetration resistance (PR) varied significantly
within soil depth in both studied areas, with a
difference in the data adjustment model between PR
and depth (Fig. 1). By the regression analysis, PR in
the secondary forest was adjusted to the linear model,
showing increasing values with soil depth and indi-
cating that for each centimeter penetration in the soil,
the resistance increased up to 0.0983 MPa.

The response curve of the resistance to penetration
in the agroforestry system demonstrated a more
complex behavior when compared with the curve for
the secondary forest. The distribution pattern of the
points can be explained by a second-degree polyno-
mial model, with a tendency to stabilize the PR in the

* Significant differences between management systems are
represented by uppercase letters and by lowercase letters
between soil depths by the t test at 5% significance level

Table 7 Mean contents of copper (Cu) and manganese (Mn) at
both soil depths in secondary forest (SF) and agroforestry
system (AFS), in Tomé Agu, PA, 2019

Soil depth Cu* Mn**
cm mg kg’1
Secondary forest
0-20 0.4a 6.4a
20-40 0.3a 2.6b
Agroforestry system
0-20 0.9a 7.3a
20-40 0.5b 4.2b

* and ** means followed by the same letter in the column do
not differ from each other at 5% significance level by the
Mann-Whitney and t tests, respectively

deepest layers of the soil, when considering the studied
range. According to the adjusted model, the highest
penetration resistance value (2.16 MPa) is 42 cm
deep.

Discussion
The results observed in the secondary forest soil are in
agreement with Mantovanelli et al. (2016), who

considered Amazonian soils to be naturally acidic
and with high aluminum saturation, in addition to
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Fig. 1 Penetration resistance at different soil depths under secondary forest and agroforestry system, in Tomé Agu, PA, 2019

being poorly fertile, mainly due to leaching. Barreto
et al. (20006) explained that in the forest areas, there is a
more accentuated action of organic acids from the
mineralization of organic matter and release by the
roots, which promotes a decrease in soil pH. Ebeling
et al. (2008) directly related the carbon content in the
soil with its acidity. Natale et al. (2012) highlighted
the importance of liming, especially in naturally acidic
soils, to increase pH, decrease acidity levels and
supply Ca and Mg, which are important bases for plant
nutrition.

On the other hand, Collier and Aratjo (2010) found
higher values of potential acidity and exchangeable
acidity in soil of an agroforestry system, located in the
state of Tocantins, southeast of the Legal Amazon,
when compared with the levels of the present study.
However, the authors did not perform any type of
fertility management, such as liming and fertilization
in AFS of the study. Barreto et al. (2006) and Silva
et al. (2011) used acidity correction methods, using
phosphate rock and liming and mineral fertilizer
application, respectively.

@ Springer

Iwata et al. (2012) highlighted the direct relation
between age of AFS versus soil quality, depending on
the species used and the management used. The
authors found higher values of macronutrients in AFS
when compared with the native forest, a result similar
to that found in the present study.

According to Quesada et al. (2011), latosols present
in the Amazon basin are naturally low in exchangeable
phosphorus. Gama-Rodrigues et al. (2014) pointed out
that one of the main factors for this unavailability is
that phosphorus precipitates with the ions Al and Fe,
which are present in high levels in soil of Amazon
region. This relationship was also observed in the
present study (Tables 2 and 6). It justifies the need for
the use of acidity correction and phosphate fertilizers
as a practice, which allows the increase in phosphorus
in the soil and, consequently, greater availability to
plants. According to Lima et al. (2011), agroforestry
systems allow the movement of phosphorus through
the interaction between roots at different depths. Silva
Junior et al. (2012) also found high values of P in AFS.
The action of agroforestry combined with soil man-
agement can also be observed in the behavior of other
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elements, such as Ca and Mg. Pérez-Flores et al.
(2018) and Chauhan et al (2018) highlighted the action
of litter produced by the accumulation of branches,
leaves, flowers and fruits of the species, which
contributes significantly in the increments of the
elements.

Nevertheless, the particularities should be high-
lighted that involve the choice of species that will
compose the AFS and the edaphic management that
should be employed. In the present study, the
relationship between cupuagu and K is emphasized,
in which the plant presents great demand for the
nutrient for fruit formation. Alfaia et al. (2004) when
working with an agroforestry system involving
cupuacu and peach palm observed similar results. It
is worth noting that the study sought to follow certain
coherence with the reality of the region’s producers,
reflecting on the recurrence of the use of the formu-
lation NPK 10-28-20. In this way, very high levels of
phosphorus (higher value in the proportion of the
formulation) were identified in detriment to potas-
sium, which is the main macronutrient required by the
plant in the productive period. This result makes it
possible to base recommendations for formulations
different from those currently in use, adapting to the
needs of the plant.

Latosols from the Amazon region present a ten-
dency towards low natural fertility. For this reason, the
biodiversity of the Amazonian flora is highly depen-
dent on the recycling of nutrients and organic matter
produced in the ecosystem itself (Junqueira et al.
2016). In the present study, this relationship was
recorded (Table 2). Although AFS promotes soil
conservation, either by direct protection exercised by
the crowns of perennial plants, or by the deposition of
organic material on the soil, which improves condi-
tions for the soil microbiota (Monroe et al. 2016), the
carbon content and organic matter were lower than
those found in the secondary forest. The great diversity
of species present in this environment, in addition to
the greater density of plants per area, allows greater
input of organic material on the soil and, consequently,
greater production of organic matter and carbon
fixation.

Studies demonstrated that soils under forest present
great potential to store carbon, but also showed that
changes in the landscape reduce this potential (Mar-
ques et al. 2016; Singh et al. 2016; Durigan et al.
2017). The difference between the values of carbon

and organic matter in both evaluated systems in the
present study proves these theories. When compared
with other cultivation systems, AFS are more efficient
in carbon storage (Schwab et al. 2015). It is worth
mentioning that the age of AFS can influence the
stored carbon content. Couto et al. (2016) found higher
values of stored carbon when comparing several AFS
areas of approximately 20 years old with areas of
secondary forest and pasture.

The difference in the content of macronutrients in
the soil profile can be explained by the effect of
organic material on the surface, which acts as a natural
fertilizer, in addition to preserving and stimulating the
microbiota. The results are consistent with those found
by Silva et al. (2011). The levels of organic matter and
carbon in the secondary forest followed the trend of
the other treatments. According to Cotrufo et al.
(2015), the influence of litter on carbon deposition is
more intense in the first 20 cm of the soil, under
natural conditions.

Regarding micronutrients, the values found in the
present study for Cu, Mn and Zn can be considered
high, when comparing with the levels found by
Moreira and Fageria (2008) in Latosols of the Amazon
region. It is inferred that a large part of the contribution
of micronutrients comes from organic matter, since the
metallic micronutrients evaluated here are normally
complex with organic compounds, thus having a direct
relationship with the contents of organic matter in the
soil (Carmo et al. 2012). Imtiaz et al. (2010)
highlighted the influence of pH on the availability of
these nutrients, showing an inverse relationship.
Following these two premises, the micronutrient
contents should be higher in the secondary forest,
since in this area the content of organic matter is
higher and the pH is lower (Table 2). However, there is
a direct relationship between the amount of micronu-
trients in the soil and the addition of chemical
fertilizers (NPK). Rutkowska et al. (2014) confirmed
this behavior, in which the exclusive treatment with
NPK provided the highest levels of Cu, Fe, Mn and Zn
due to the greater acidification in this condition.
However, in the present study, AFS areas have lower
levels of acidity. Thus, it could justify higher levels of
micronutrients in the areas of AFS could be related to
the presence of micronutrients, such as impurities, in
the fertilizers used, both in NPK and in limestone. For
example, Carvalho et al. (2012) studied the amount of
impurities (micronutrients) in some NPK formulations
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and in the limestone and found the presence, some-
times significant, sometimes diminished, of the four
micronutrients studied here.

Oliveira et al. (2015) highlighted the compression
of the soil caused by the growth of the roots as one of
the primary factors for the high values of PR in areas of
native forest. Couto et al. (2016), when evaluating the
penetration resistance in agroforestry systems, con-
sidered three classes: the first class, with PR values
less than 2 MPa, which represents soils without
restrictions to root penetration; the second class, with
PR values between 2 and 3.5 MPa, which represents
soils with restrictive action to root penetration; and the
third class, representing soils with an impeding action
to root penetration, presenting values higher than
3.5 MPa. Taking this classification into account, there
is little restriction on the penetration of roots in the
agroforestry system of the present study. On the other
hand, there is a greater restriction in the secondary
forest, reaching the impediment level in the deeper
layers.

Freitas et al. (2012), when comparing the resistance
to soil penetration of an agroforestry system with three
other environments (native forest, pasture and stump
gardens), also observed the lowest values in AFS. The
authors attributed this factor to the constant supply of
organic residues in the soil. The use of irrigation in the
agroforestry system of the present study is empha-
sized, which, according to Silva et al. (2011), increases
the friability of the soil.

Comparing the agroforestry system analyzed in the
present study with other cultivation systems found in
the literature, lower values of resistance to penetration
in the AFS were found. Ralisch et al. (2008) observed
more compacted soils in no-tillage, conventional
tillage and native forest systems. Wendling et al.
(2012) also reported higher PR values for the natural
landscape and pasture. Nevertheless, the authors
observed a similar behavior to that of the present
study, when measuring the variable in a Pinus forest.
The low frequency of the passage of machines in AFS
of the present study may have contributed to the lower
compaction rate in this environment.

Conclusions

The soil of the agroforestry system had superior
chemical characteristics to the soil of the adjacent
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secondary forest, which is mainly attributed to the
management of fertilization employed, providing
better conditions for the development of the species.
The low use of machinery in AFS allowed the
maintenance of the physical characteristics of the soil,
especially soil friability. The fertilizers normally used
by the producers for cupuagu trees are unbalanced,
since there were an excess of phosphorus and a lack of
potassium in the soil of the studied AFS.
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