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ABSTRACT

The objective was to evaluate the relationship of soil fertility in areas with productivities
gradients of soybean managed under no-tillage system (NT) in Western Santa Catarina, Brazil, and
the interaction of this fertility with the physical and biological attributes of the soil. Areas with NT
of High (NTH), Medium (NTM) and Low (NTL) soybean productivity were selected during the
agricultural years 2016/2017 and 2017/2018. In each system, a sampling grid of 3 x 3 points,
positioned 30 m apart, was used. Univariate analysis of the data showed no difference between the
systems. However, principal component analysis helped identify the attributes that can affect
productivity. Redundancy analysis identified the influence of biological attributes on some soil
nutrients. The explanation for higher soybean productivities in NT system should not consider just

the chemical fertility of the soil, but a holistic approach to fertility.

Keywords: Nutrient availability, conservation agriculture, soil biology
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FERTILIDADE DO SOLO: DESAFIOS A PRODUTIVIDADE DE SOJA (Glicine max L.)
EM SISTEMA PLANTIO DIRETO CONSOLIDADO

RESUMO

Objetivou-se avaliar a relacdo da fertilidade do solo em areas com gradientes de
produtividade de soja manejadas sob SPD no Oeste Catarinense, €, a interacdo desta fertilidade
com os atributos fisicos e bioldgicos do solo. Foram selecionadas areas com SPD de Alta (SPDA),
Média (SPDM) e Baixa (SPDB) produtividade de soja durante os anos agricolas 2016/2017 e
2017/2018. Em cada sistema, utilizou-se uma grade amostral de 3 x 3 pontos, a uma distancia de
30 m entre pontos. A andlise univariada dos dados ndo mostrou diferenca entre os sistemas. No
entanto, a analise de componentes principais auxiliou na identificacdo dos atributos que
contribuiram com as diferentes produtividades. A analise de redundancia identificou a influéncia
de atributos biologicos sobre alguns nutrientes do solo. A explicacdo para maiores produtividades
de soja em SPD ndo devem levar em conta apenas a condicdo quimica do solo e, sim, uma

abordagem holistica da fertilidade.

Palavras-chave: Disponibilidade de nutrientes, agricultura conservacionista, biologia do solo

INTRODUCTION

The concept of fertility refers to the soil’s ability to supply nutrients that are essential for
plant development, in appropriate quantities and proportions, and absence of toxic elements to
improve the productivity of crops (LOPES & GUILHERME, 2007; NICOLODI et al., 2014).
According to Liebig’s law of the minimum (Justus von Liebig, 1840), the response of a plant is
limited by the nutrient that is in smaller quantity in the soil, according to the need of the crop. This
concept is so valid that, since then, it has been applied and disseminated worldwide.

From the agronomic point of view, before planting a crop, it is necessary to perform
sampling and chemical analysis of the soil, followed by interpretation of the results,
recommendation of fertilization (chemical and/or organic fertilizers) and liming, when necessary.
This procedure aims to increase/maintain soil fertility to promote gains in crop productivity
(NICOLODI et al., 2014). Nutrient availability can be influenced by forms of application, type of
soil, and soil management system. Proof of this is that areas managed under no-tillage (NT), in the

long term, show an increase in organic matter, which promotes changes in microbial stability and
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diversity (WANG et al., 2017) and, consequently, in the availability of nutrients (MOREIRA et al.,
2016).

The NT was implemented in the early 70s, showing a great expansion from the 90s
(MOTTER et al., 2015), and in the 2017/2018 season there were more than 32 million hectares
cultivated in Brazil (FEBRAPDP, 2020). It stands out as an effective strategy to improve the
sustainability of agriculture and reduce the problems caused by erosion through the use of crop
rotation, soil turning only in the cultivation row, and permanent cover (CAIRES et al., 2011,
RODRIGHERO et al., 2015). This change in the cultivation system with the transition from
intensive management such as conventional planting to a more conservational system, such as NT,
brings undeniable benefits (FAVARATO et al., 2015; TIECHER et al., 2017) and draws attention
to the application of the mineralist concept of soil fertility (NICOLODI et al., 2014).

The mineralist concept deals with the magnitude of soil fertility perceived by plants, given
solely by the supply and presence of nutrients in the soil via fertilizer (NICOLODI & GIANELLO,
2015). This concept needs to be reviewed in soils cultivated under NT since the nutrient x
productivity relationship alone cannot explain the production shown by the crops in this system
(NICOLODI et al., 2014).

It is known that the NT promotes nutrient accumulation in the soil surface layer (0 -10 cm)
(TIECHER et al., 2017), due to higher concentration of roots and material deposition on the soil
surface. However, the NT also promotes circumstantial changes in physical attributes (BLANCO-
CANQUI & RUIS, 2018; PEREIRA et al.,, 2018) and mainly in soil biological attributes
(BARETTA etal., 2014; BEDANO et al., 2016). Thus, the interaction between these attributes can
contribute to the change in nutrient availability, or even to how plants perceive fertility in the first
centimeters of soil and throughout the area explored by the roots. This is due to the so-called
rhizospheric effect, since the existing interrelationships between chemical, physical and biological
attributes control the processes and aspects related to the variation of time and space, with effects
on soil quality and agricultural productivity (CARVALHO et al., 2018).

Thus, for a better understanding of these interactions (chemical, physical and biological) as
well as the use of a broad dataset, it is necessary to use multivariate data analysis tools (BELINATO
etal., 2020). The use of multivariate analysis techniques is more efficient to explore the correlations
between the variables and determine those that most contribute to soil characterization and changes
(CARVALHO et al., 2018).
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In view of the above, the hypotheses are: 1) In consolidated NTS, high levels of fertility do
not guarantee high soybean productivity; and 11) Using the multivariate analysis technique can help
understand the chemical attributes in NT with different soybean yields and the physical and
biological factors that affect them. Therefore, the objective of this study was to evaluate the
relationship of soil fertility in areas with productivity gradients of soybean (Glycine max L.)
managed under NT in Western Santa Catarina, as well as the interaction of this fertility with the

physical and biological attributes of the soil.

MATERIAL AND METHODS

The study was carried out in the municipalities of Chapecé (27°4'51.74" S; 52°41'3.07" W;
637 m altitude), Campo Ere (26°22'26.26" S; 53°08'37.93" W; 924 m altitude), Faxinal dos Guedes
(26°47'14.36" S; 52°14'56.23" W; 859 m altitude), and Maravilha (26°44'2.11" S; 53°6'64.13" W,
623 m altitude) located in the Western Region of Santa Catarina State, Brazil, during the
agricultural years 2016/2017 and 2017/2018, except for Maravilha, where the study was conducted
only in the agricultural year 2017/2018. The sampled sites are characterized by the use of the no-
tillage system (NT) with more than sixteen years of implementation. In each municipality (true
replicate), areas with the same history of crop management were selected to avoid interference in
the analyses (Table 1).

NT areas were selected in each municipality with different levels/gradients of soybean
(Glycine max L.) productivity: Low (NTL, < 2,400 kg ha!), Medium (NTM, between 3,600 and
2,400 kg hal), and High (NTH > 3,600 kg ha). The areas were selected considering the average
yield of the Santa Catarina state in the 2015/2016 season, according to the Companhia Nacional
de Abastecimento (3,341 kg ha*) and the knowledge of researchers and agronomists linked to the
rural extension who know the region. In the years evaluated, the average soybean yield ranged
from 1,711 kg ha! in NTL areas to 8,101 kg ha in NTH areas. Field collections were performed
using a sampling grid of 3 x 3 points, in which the sampling points were 30 m away from each
other and 20 m away from the border, in a total area of 1 hectare (ha) for each of the productivity
levels (NTH, NTM, and NTL), totaling 189 points sampled during the two agriculture years of
evaluation (Figure 1). Soil samples were collected at the beginning of the soybean reproductive
stage (phenological stage - R2), which coincides with December and January, depending on the
period of implementation in each municipality and on the cycle of the cultivar used by each farmer.
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Table 1. Characterization of collection sites managed under no-tillage system of High (NTH),
Medium (NTM), and Low (NTL) soybean productivity.

Fertilization (kg ha) vears under

Cities Treatments NE pt Kt NTS Agrochemicals

Agricultural Year 2016/2017

NTH 20 Ammonium glyphosate salt; Trifloxystrobin +
- Cyproconazole; Azoxystrobin +
Campo Ere NTM 12 84 84 20 Benzovindiflupyr; Trifloxystrobin +
NTL 20 Prothioconazole.
NTH 18 Ammonium glyphosate salt; Trifloxystrobin +
Chapecé NTM 5 50 50 18 Cyproconazole; Azoxystrobin +
NTL 18 Benzovindiflupyr.
NTH 33 Potassium  glyphosate;  Thiamethoxam  +
Faxinal dos Lambda-Cyhalothrin; Teflubenzuron;
Guedes NTM 0 476 872 24 Azoxystrobin + Benzovindiflupyr; Imidacloprid
+ Bifenthrin; Mancozeb; Fluxapyroxad +
NTL 33 Pyraclostrobin; Bifenthrin.
NTH 28 Ammonium glyphosate salt; Trifloxystrobin +
Prothioconazole; Methoxyfenozide;
Maravilha NTM 15 675 105 28 Chlorantraniliprole; Mancozeb; Azoxystrobin +
Benzovindiflupyr; Imidacloprid; Chlorfenapyr;
NTL 16 Flubendiamide.
Agricultural Year 2017/2018
NTH 21 Diammonium  glyphosate salt; Carbendazim;
Trifloxystrobin + Cyproconazole;
- Diflubenzuron; Azoxystrobin +
Campo Ere NTM 10 100 100 21 Benzovindiflupyr; Difenoconazole;
Prothioconazole; Mancozeb; Bifenthrin  +
NTL 21 Carbosulfan; Methomyl.
NTH 19 Ammonium glyphosate salt; Teflubenzuron;
, Trifloxystrobin + Prothioconazole; Imidacloprid
Chapeca NTM 4 40 ut 19 + beta-cyfluthrin; Acephate + Aluminum
NTL 19 Silicate; Teflubenzuron.
NTH 37 Potassium glyphosate; Chlorimuron  Ethyl;
Stainless ~ Manganese;  Azoxystrobin  +
Faxinal dos Benzovindiflupyr;  Carbendazim;  Thiram.
Guedes NTM 0 47.6 87.2 25 Fluazinam; Teflubenzuron; Profol;
Picoxystrobin;  Mancozeb;  Flubendiamide;
Thiamethoxam; Lambda-cyhalothrin;
NTL 37 Trifloxystrobin; Chlorantraniliprole.

Adapted from Kraft et al., 2021.

392



SOIL FERTILITY: CHALLENGES TO SOYBEAN (Glycine max L.) PRODUCTIVITY IN
CONSOLIDATED NO-TILLAGE SYSTEM

area —1lha
Legend
30m 30m 20m Chemical and
= = = P = ———p - ——p microbiological attributes
f # Edaphic fauna
g 1 = Penetration resistance
"’; A Moisture
B Cores
F [ Productivity evaluation
€1
S1 [ ¢ [ ]
L — —
\ 4 ° Y
|
o— % o
A
=4 — o. —_  ©
8} o ®

Figure 1. Schematic representation of soil sample collection and determinations performed in areas
managed under no-tillage system of High (NTH), Medium (NTM), and Low (NTL)
soybean productivity, located in the municipalities of Maravilha, Campo Ere, Chapeco,
and Faxinal dos Guedes, Santa Catarina State, Brazil, in the 2016/17 and 2017/18
seasons.

Soil sampling for chemical evaluations was performed around a central collection point,
using a Dutch auger; each main sample consisted of 12 subsamples collected in the 0.00-0.10 m
layer. After collection, the samples were sent for analysis in the soil laboratory of
EPAGRI/CEPAF/CHAPECO, to determine the levels of Phosphorus (P), Potassium (K), Organic
Matter (OM), Calcium (Ca), Magnesium (Mg), Cation Exchange Capacity (CECpH7.0), Base
Saturation (V%), Aluminum Saturation (m%) and pH-water, according to the methodology of
Tedesco (1995) (standard methodology adopted by the Official Network of Laboratories of Soil
and Plant Tissue Analysis of the Rio Grande do Sul State and Santa Catarina State).

Among the biological variables, considered explanatory variables, the edaphic fauna
sampled by soil monoliths with dimensions of 25 x 25 cm and 10 cm depth (ANDERSON &
INGRAM, 1993) was evaluated. For its screening, macrofauna organisms were manually captured
with the aid of artificial lighting. All organisms found were kept in 70% alcohol, except for
earthworms, which were kept in 92.8% alcohol. Subsequently, the organisms of the edaphic fauna
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were identified at the taxonomic level of Class/Subclass/Order/Epifamily (RUGGIERO et al.,
2015), using a stereoscopic microscope (40x magnification), quantified and deposited in absolute
alcohol. At the same points where chemical sampling was carried out, samples were collected to
evaluate microbial biomass carbon (MBC), by the fumigation-extraction method (VANCE et al.,
1987), and microbial activity, determined by soil basal respiration (SBR) (ALEF and
NANNIPIERI, 1995). The results of SBR and MBC were used to calculate the metabolic quotient
(gCOy) as proposed by Anderson and Domsch (1993), and the total organic carbon (TOC) and
MBC values were used to calculate the microbial quotient (gMic).

As physical variables, penetration resistance (PR) and soil moisture (Uv) were determined
at the time of field sampling, using a digital penetrometer and an electronic soil moisture meter
based on frequency domain reflectometry (FDR), respectively. Other soil physical evaluations
were performed in the laboratory from samples collected in volumetric rings at each point
evaluated. The rings with soil were saturated in trays and placed on a tension table and subjected
to tensions of 10 kPa, 60 kPa, and 100 kPa, to determine the microporosity (mic); bioporosity (bio),
and macroporosity (macro). Soil bulk density (BD) was obtained by dividing dry soil mass by the
ring volume. The physical variables were determined following the methodologies proposed by
EMBRAPA (1997).

Soybean yield was evaluated when the plants were at field maturity (Stage R8) by collecting
1 m? at each collection point (Figure 1).

For data analysis, the points within each municipality were reordered to better separate the
most productive points from the least productive ones, which was only possible because the data
collections were made for each point sampled, respecting a distance (30 m) that guarantees the
independence of the points. From these points, the treatments were grouped (NTH, NTM, and
NTL) and the mean was calculated, considering each municipality a true replicate of the evaluated
system, according to Kraft et al. (2021). Thus, three levels of productivity x four municipalities (3
x 4 = 12) were established in the 2016/2017 agricultural year and three levels of productivity x
three municipalities (3% 3 = 9) were established in the 2017/2018 agricultural year.

The data were subjected to the Shapiro-Wilk normality and Bartlett homogeneity tests, and
the means were compared by the LSD test (p < 0.05) between the NTs. When necessary, the data
were transformed by Box-Cox. Linear regressions were performed between soybean productivities

in the NTs and chemical attributes found to demonstrate the relationship between variables and
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productivity. In order to better understand the relationship between soil chemical attributes and
productivity levels, principal component analysis (PCA) was performed. Collinear explanatory
variables were identified through Variance Inflation Factor (VIF) and Forward Selection
operations, using successive Redundancy Analyses (RDA) based on permutations by the Monte-
Carlo test for each type of variable, removing those that showed collinearity and maintaining the
significant ones (p < 0.05). Characteristics such as altitude, longitude, and latitude of each sampling

site were used as covariates in the analysis.

RESULTS AND DISCUSSION

The evaluation of soil chemical attributes focusing on nutrient availability can be performed
by an agronomic or statistical approach (TIECHER et al., 2017); the most common is through the
statistical difference in the values found, regardless of agronomic relevance (RHEINHEIMER et
al., 2018). However, in this study, initially it was decided to use an agronomic approach in the
interpretation and discussion of the data; later, based on statistical tools, an attempt was made to
understand the contributions of chemical attributes in NT and their interactions with physical and
biological attributes.

The critical limits for plant growth and productivity were defined using the official
recommendation of the Soil Chemistry and Fertility Commission for the Rio Grande do Sul and
Santa Catarina states (CQFS - RS/SC, 2016). The values found for the chemical attributes did not
show differences between productivity levels and the chemical variables analyzed (p > 0.05) (Table
2). However, all nutrients in all systems showed values above the critical level; for pH and base
saturation (V%) they were above the minimum value referenced for NT, and low aluminum
saturation (m%), according to CQFS - RS/SC (2016) for crops of group 2 (grains) under conditions
of no-tillage system.

Figure 2 shows that there was no correlation between P, K, Ca, and Mg levels and soybean
productivity (kg hat). According to CQFS - RS/SC (2016), it is known that the productive response
of crops to fertilization decreases from the critical level. However, P, K, Ca, and Mg values well
above the critical level also generated a decrease in soybean productivity, so the first hypothesis is
accepted. The critical level in these studies is defined as the concentration of the nutrient in the soil
that corresponds to the availability necessary to achieve the production of maximum economic
efficiency (ALVAREZ, 1996), which corresponds to 90% of the maximum productive response
(SCHERER, 1998).
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Table 2. Evaluation of chemical attributes in the no-tillage systems of High (NTH), Medium

(NTM), and Low (NTL) soybean productivity in Western Santa Catarina State, Brazil.
n=21

P K OM Ca Mg m v
H-water  ---mg dm3--- CEC pHro ---%---
P : %  ---cmolc dm®--- P
NTH 559" 16.84"™ 229.49" 432" 6.87™ 2.63™ 14.90™ 3.37™ 67.56™
NTM 5.67 1536 212.11 4.27 7.21 2.92 15.44 3.39 69.25
NTL 571 1549 229.03 4.27 6.97 2.92 14.99 3.59 69.52
C.V.(%) 6.13 48.46 26.13 2271 1592 36.14 10.86 154.98 10.56

Means compared by LSD test (p < 0.05).

" Not significant.
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Figure 2. Regression between levels of phosphorus (P), potassium (K), calcium (Ca), magnesium

396

(Mg), and soybean productivity (kg ha) in soils managed under no-tillage system (NTS)
in Western Santa Catarina State, Brazil (n = 21). Vertical dashed lines represent
respectively the critical level for grain crop, being for class 2 (black) and 3 (red) of clay
in the availability of P, CECph7.0, 7.6 to 15 (black), and 15.1 to 30 (red) for the availability
of K and (black) for Ca and Mg according to CQFS — RS/SC, 2016.
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The concentrations of organic P in the soil can constitute 5 to 80% of the total P, and it
needs to be taken into account in studies on bioavailability to plants (RHEINHEIMER &
ANGHINONI, 2003). This fraction of P is the result of the decomposition of plant residues and
microbial tissue (and the products resulting from decomposition) (MARTINAZZO et al., 2007),
which tend to increase in soils managed in conservation systems such as NTS. However, according
to Santos et al. (2008), due to the wide variety of organic compounds present in the soil, more than
half of the organic forms of P are still unknown. Therefore, it becomes less understandable to what
extent the P values found in soil analysis affect soybean productivity in NT, since this system
maintains soil cover, favoring biological diversity and activity as well as the accumulation of
organic matter in the soil. The increase in soil organic matter content affects the sorption of
nutrients such as P, so there is the formation of complexes with humic substances, even reducing
the leaching of the nutrient (DEBICKA et al., 2016).

The data found by Vieira et al. (2015) demonstrated that soils with lower P availability
under NT promote higher coefficients of determination (R?) of the fitted equation between grain
productivity and P doses. However, soil P contents ranged from 1.2 to 18.6 mg dm. It must be
highlighted that in a study conducted previously, in the same region, evidence was recorded that
the 0-20 cm layer has a higher relationship with crop productivity and with other nutritional
parameters than the 0-10 cm layer in soils with a long history (in this study with more than 30
years) of NT adoption (VIEIRA, 2010). Studies consider NT with more than five years as
consolidated (NOLLA & ANGHINONI, 2006), and NT with more than 14 years of implementation
as long-term (REICHERT et al., 2016); therefore, regarding the evaluated areas, all have more than
16 years of NT implementation and some reach 37 years. Thus, it should be considered that the
evaluation of fertility in the 0-10 cm layer over a long period of NT alone may be insufficient for
an adequate understanding between soil fertility and soybean productivity.

The K* contents found in this study were above the critical limits for both classes of
CECy;n7.0, and there was no response of the crop with the increment of K™ above this limit. Results
found by Fernandez et al. (2009) tested the production response of soybean in NTS under low,
medium, and high K availability, and observed only increased nutrient absorption by the plant with
no increment in productivity (luxury consumption) from the critical level.

Although Ca?* levels are above the critical limit (Figure 2), no relationship was observed
between nutrient availability and soybean productivity. Caires et al. (2011), evaluating the
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application of limestone and agricultural gypsum in different forms in NT, found no relationship
between Ca?* content and soybean productivity. However, the authors highlighted a positive
correlation of the nutrient at greater soil depths for the corn crop.

This lack of response of soybeans to the high concentrations of Ca?* and Mg?* may be due
to the high cation exchange capacity of legume roots (ASHER & OZANNE, 1961), being even
twice that of grasses (FERNANDES & SOUZA, 2006). This characteristic can enable soybeans,
for example, to meet their nutritional needs for Ca?* and Mg?* even below the reference levels.

Figure 3 also shows the lack of significant correlation of V%, m%, OM, and pH in water
with soybean productivity (kg ha?). It is worth pointing out that, even with points below the
reference value, high productivities are found and the opposite is also true.

8000 - \ \
7000 -
[ ] [
o 4 L4 [ ) ° L]
% 6000 . e . L § . i
[*)}
25000 S LS — T g LY Y S S
£ 4000 o . . . .
S 3000 A . o . .
=}
I . .
© 2000 _
o y = 14.792x + 3604.7 y= éfz %16‘1;;704
1000 + | R2=0.0085 | :
0 . . } . . . o . . .
50 55 60 65 70 75 80 85 0 5 10 15 20
V (%) m (%)
8000 - A
1
7000 - !
[ ] [ ]
T6000{ ® . ° ® . o
[ ) o
Z' 5000 * e ¢ *
X ’ """""""""""" ‘. ................... o C I ° [ RSP B @eernneneendiiiiiiiiinn @-eneee ". .........................
0] . .. o
2 [ f .
S 3000 . . . | .
B ° °
£ 2000 i
y = 153.3x + 37545
1000 1 y=-238.3x +5643.8 R2=0.0021
0 R?=0.0394
25 3 35 4 45 5 55 6 50 55 6.0 6.5
OM (%) pH - Water

Figure 3. Regression between base saturation [V (%)], aluminum saturation [m (%)], Organic
Matter [OM (%)], and pH in water and soybean productivity (kg hat) in soils managed
under no-tillage system (NTS) in Western Santa Catarina State, Brazil (n = 21). Vertical
dashed lines represent reference values according to CQFS - RS/SC, 2016.

Soil acidity hampers the availability of N, P, K, Mg, S, and OM for plants, and may cause
toxicity by Mn?* and AI** (RODRIGHERO et al., 2015). In addition, acidic soils commonly also

have Ca deficiency, whose conditions can cause impediments to root penetration (FAGERIA,
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2001). Nevertheless, it is noted that even under conditions of high aluminum saturation (> 10%)
and low pH (< 5.5) there are high soybean productivities, which probably occurred due to the high
average levels of OM (Table 2), which complexes toxic elements such as Al*® through organic
acids (mainly humic and fulvic acids), inhibiting even the adsorption of nutrients such as P
(PAVINATO & ROSOLEM, 2008). Other authors have reported high production of soybean and
corn grains in acidic soils managed under NT (CAIRES et al., 2005; 2006). The same occurs for
base saturation (V%), which corresponds to the percentage of basic cations such as Ca?*, Mg®*, K*,
and when present Na* in relation to CECph 7.0. According to CQFS (2016), when the values of V%
in NT are above 65% there is no need to apply limestone, that is, there would be no restrictions on
plant development and productivity; however, there are points with high productivity even with
the saturation below this value.

Soil OM contents varied widely, with values close to that considered low (<2.5%) up to
high values (>5%). The lack of response between OM percentage and soybean productivity in NT
has already been reported by Nicolodi and Gianelo (2017). The authors emphasize that the use of
OM is insufficient as an indicator of the improvement of fertility and the relationship with
productivity. They highlight that the results obtained by several researchers suggest the need for
biological and physical indicators to express soil fertility, especially those related to the
decomposition and transformation of organic matter. In this context, the results draw attention to
not only the use of quantitative metrics but also the need for qualitative analysis of OM in NT.

The use of multivariate analysis considers a set of response and explanatory variables, being
a useful tool to the limitations found in univariate analyses. The Principal Component Analysis
(PCA) showed a satisfactory explanation of the data, differentiating the NTH, NTM, and NTL
soybean productivity systems, confirming the second hypothesis. The principal component 1 (PC1)
explained 46.7% of the data and principal component 2 (PC2) explained 29.8% of the data,
representing 75.6% of the total variability of the data (Figure 4).

PC1 demonstrates a clear separation of the NTH and NTM systems from NTL, favored by
OM. Practices such as NT are recognized in the maintenance or elevation of soil OM levels
(MANGALASSERY etal., 2015; MOREIRA et al., 2016), as well as the knowledge of the benefits
that OM has on the physical attributes, availability of nutrients (MURPHY, 2015) and mainly on
diversity and biological functions (MANGALASSERY et al., 2015); the result of this set is crop
productivity. The analysis demonstrated a relationship of NTL with the highest pH values in water,
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while for NTM there was a relationship with cation exchange capacity (CECpn7.0). In NTH, a
relationship was observed with the levels of AI**, although most of the sampled systems showed
saturation below the harmful limit (10%) (CQFS - RS/SC, 2016). Therefore, it can be inferred that,
in situations where nutrients are above the critical level (Figure 2), the presence of AI** did not

affect the high productivities of soybean in NTs.

0
—
NTH
Al3H
o
&
S oM e
5 P
8 T N IM - /
CEC pH7.0
Mg?*
Ca2+
< pH-water NTL
-
-1.5 PCL (46.7%) 15

Figure 4. Principal Component Analysis (PCA) of chemical attributes evaluated in areas managed
under no-tillage system of High (NTH), Medium (NTM), and Low (NTL) soybean
productivity in Western Santa Catarina State, Brazil. OM = Organic Matter; P =
Phosphorus; K* = Potassium; Ca®" = Calcium; Mg?" = Magnesium; AI** = Aluminum;
pH-water; CECyH 7.0 = Cation Exchange Capacity. PC1 = Principal Component 1 and
PC2 = Principal Component 2.

Redundancy analysis (RDA) showed a satisfactory correlation between the chemical
attributes (response variable) and the physical and biological variables (explanatory environmental
variables). The environmental variables explain 41% of the variability, and of this part of the
variability, 56.4% is explained by axis 1 and 36.8% is explained by axis 2 (Figure 5). Thus, the use
of multivariate tools proves to be important in understanding the data, so the second hypothesis is

accepted.
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Figure 5. Redundancy Analysis (RDA) between the chemical attributes (response variable) and
the physical and biological attributes (environmental explanatory variables) evaluated
in areas managed under no-tillage system of High (NTH), Medium (NTM), and Low
(NTL) soybean productivity in Western Santa Catarina State, Brazil. OM = Organic
Matter; P = Phosphorus; K* = Potassium; Ca?* = Calcium; Mg?* = Magnesium; AlI** =
Aluminum; pH-water; CECpH 7.0 = Cation Exchange Capacity; Chi = Chilopoda; MBC
= Microbial Biomass Carbon; Dip = Diplopoda.

Among the explanatory variables, it is worth mentioning that only biological variables
demonstrate a significant effect on soil chemical attributes. The Diplopoda group (p < 0.05)
affected OM content. Individuals of this group are mostly fungivores and detritivores, feeding on
organic fragments with a fundamental role in the formation of soil organic matter (LEBEDEYV et
al., 2020), promoting the availability of nutrients to plants. The Chilopoda group showed an effect

on soil aluminum content (p < 0.05). However, more research is needed to link the interactions of
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groups of edaphic fauna to chemical attributes such as AI** or its saturation in the soil, and the way
they interact in the response of crops.

The MBC attribute (p < 0.01) showed a relationship with Mg?* contents. This biological
variable is directly related to nutrient availability (FERREIRA et al., 2017) and involves the
transformation and cycling of organic matter and nutrients for plants (BALOTA et al., 2015). In
this context, an important point arises, where soil biology may be affecting nutrient availability or
promoting changes in the way the plant finds this nutrient in the soil since it plays an important
role in soil fertility (BAGYARAJ et al., 2016). Other studies have warned of new approaches
involving the availability of nutrients in NT. Like the work conducted by Moreira et al. (2016),
who evaluated the availability of Zn and Mn for soybean crop under different management systems
and highlighted that the high levels of nutrients in the soil, using several extractors (Mehlich I,
Mehlich 111, HCI, and DTPA) were not adequate to the contents found in NT plants. That is, not
necessarily the quantity is the limiting factor for productivity in NT, but how plant roots can obtain
them. Thus, there is a need for a holistic approach, including soil biology in fertility studies in NTs.

CONCLUSIONS

The data approach by univariate analysis did not demonstrate differences between systems,
as well as an absence of significant correlations of nutrients with plant productivity. It should be
highlighted again that the nutrient contents were above the critical limit. However, the use of
multivariate analyses was satisfactory in the explanation of the data, separating the systems with
different soybean productivities, demonstrating that the high productivity of soybean in the NTH
system was not negatively affected by higher aluminum saturation, when the nutrient values are
above the critical limit and the important contribution of soil organic matter in the separation of
the most productive systems (NTH and NTM) from the least productive one (NTL). The use of
more robust methods of data analysis also allowed identifying the influence of biological variables
such as microbial biomass carbon and edaphic fauna groups (Diplopoda and Chilopoda) on soil
chemical attributes. Therefore, these studies reinforce the need for joint evaluation of chemical
attributes with other areas of soil science for an adequate assessment of soybean productivity in
no-tillage system, seeking a holistic approach to soil fertility. The search for and use of multivariate
data analysis tools can also help in understanding the attributes that determine soybean

productivity.
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