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Abstract: No-tillage cover crops contribute to better soil quality, being able to replace mechanized
tillage management. This observation can only be made after several years of adopting conservationist
practices and through research on soil–plant relationships. The objective of the research was to verify
the relationship between the production components, physiological, root development, and physical-
hydric properties of the soil in the yield of soybean grown in succession to different cover crops
or with soil chiseling. The experiment was carried out in a randomized block design with four
replications, comparing the cultivation of sunn hemp (Crotalaria juncea) and millet (Penninsetum
glaucum L.) as cover crops and a treatment with soil chiseling. The evaluations were carried out
during soybean (Glycine max L.) cultivation in the 2019/20 summer crop, that is, after 17 years
of experimenting started in 2003. Rotation with sunn hemp increased soybean yield by 6% and
10%, compared with millet rotation and soil chiseling. The species used in crop rotation in a long-
term no-tillage system interfere with the physical and water characteristics of the soil, affecting
the physiological responses and soybean yield. The rotation with sunn hemp offers greater water
stability to the plants and provides greater soybean yield in succession. Future research that better
addresses year-to-year variation, architecture, and continuity of pores provided by crop rotation, and
evaluations of gas exchange, fluorescence, and activities of stress enzymes in soybean plants may
contribute to a better understanding of soil–plant relationships in long-term no-till.

Keywords: cover crops; Glycine max; plant physiology; root development; soil physics; soil water

1. Introduction

No-tillage system (NT) represents a milestone in water and soil conservation in agri-
cultural systems due to its precepts, such as not tilling the soil, rotating crops, and keeping
the soil covered with straw [1,2].

Among these precepts, crop rotation plays a fundamental role in the success of NT
through straw production and diversification of root systems in the soil [1]. In addition to
reducing erosion and increasing soil moisture retention capacity, the permanent soil cover
promoted by NT reduces surface runoff and surface water evaporation [2]. In addition to
these factors, the higher organic matter content in the surface layers contributes to higher
porosity, favoring a higher infiltration rate [3,4].

Another important point is the large roots production by cover crops, which end up
exploring a large volume of soil profiles and are capable of altering the physical-hydric soil
properties and, consequently, the productivity of the crop grown in succession [5].
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The cover crops roots are important tools for manipulating the soil structure to obtain
beneficial conditions for successor crops growing [6–8]. Research shows that plants with
thick, deep roots and those with thin, voluminous roots are effective at improving soil
structure, creating paths while growing, and producing biopores after root death [8–12].
These biopores act on liquid–gas transport, which improves soil aeration and reduces
surface runoff and erosion [13–15]. In addition, biopores can provide preferential pathways
for root growth of successor plants, as they provide spaces with low mechanical resistance
and high concentrations of oxygen, favoring root respiration and growth in depth, thus
contributing to greater soil exploration in search of nutrients and water [11,16,17].

Despite the potential of cover crops to improve soil structure, mechanical management
with soil chiseling is widely used to alleviate soil compaction [18], however, many studies
question this practice because it produces ephemeral results [8,19–22].

There is already research addressing the effects of cover crops and soil chiseling
about soil physical, chemical, and biological properties and about crop productivity [5,8];
however, this subject requires new research that present the results obtained in long-
term experiments. In addition, some studies show isolated effects on soil or productive
components of crops without considering the soil–plant relationship [2,5,8].

In this way, knowing that the use of cover crops and soil chiseling affect soil struc-
turing, and considering that soybean is one of the main agricultural crops susceptible to
environmental conditions [23] and soil management [24], this research hypothesizes that
the use of different cover crops in the crop rotation in long-term NT and soil chiseling
can affect the physical-hydric properties of the soil, as well as the physiology of the plant,
resulting in alteration in soybean development and yield.

Thus, the objective of this research was to verify how physical and hydric properties
of the soil, as well as the yield, physiological, and root development variables interrelate
and consequently affect the yield of soybean grown in a long-term no-tillage system with
different crop rotation and with soil chiseling.

2. Results

From the correlation matrix between the pairs of each variable group (yield compo-
nents, physiological traits, root development, soil physics, and soil water), the eigenvalues
and their respective eigenvectors were obtained for the analysis of principal components.

The first principal component has already explained more than 70% of the variance
for all variable groups (Table 1). Therefore, only the first component was considered for
exploiting results.

Table 1. Percentage explanation of the first major component of the variables yield components,
physiological traits, root development, soil physics, and soil water.

Group of Variables Explanation Percentage (%)

Yield components 71.62
Physiological traits 75.17
Root development 99.99

Soil physics 98.80
Soil water 97.70

Among all the variables analyzed, the number of pods per plant (NPP), thousand
grains weight (TGW), leaf water potential (LWP), leaf area index (LAI), the relative water
content in the leaf (RWC), root dry matter (RDM), soil penetration resistance (PR), accu-
mulated infiltration(WI), and the basic rate of water infiltration into the soil (IR) (Figure 1),
were the characteristics that most explain the respective components, with loadings of 0.99,
0.12, −0.99, −0.11, −0.08, 1.00, 1.00, −1.00, and −0.027, respectively.
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stored eight days after rain; W15: water stored 15 days after rain. Blue color indicates positive 
loading variable; and the red color indicates a negative loading variable. 

Figure 1. Loadings of variable in yield components (A), physiological traits (B), root development (C),
soil physic (D), and soil water (E). PH: plant height; IFP: insertion of the first pod; NPP: number of
pods per plant; TGW: thousand grain weight; SPAD: index SPAD; LAI: leaf area index; RWC: leaf
relative water content; LWP: leaf water potential; RA: root area; ARD: average root diameter; RLD:
root length density; RDM: root dry matter; PR: soil penetration resistance; TP: soil total porosity;
Ma: soil macroporosity; Mi: soil microporosity; SD: soil density; AW: available water capacity; WI:
accumulated water infiltration; IR: basic infiltration rate; W1: water stored one day after rain; W3:
water stored three days after rain; W5: water stored five days after rain; W8: water stored eight days
after rain; W15: water stored 15 days after rain. Blue color indicates positive loading variable; and
the red color indicates a negative loading variable.

Through two-dimensional dispersion of treatments, there was a difference between
the species used in crop rotation and soil chiseling for all groups of variables. Plants grown
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under a no-tillage system (NT) with sunn hemp in crop rotation during the spring season
showed a higher yield than when NT with millet rotation or with soil chiseling (Figure 2).
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traits (B), root development (C), soil physics (D), and soil water (E) variables.

The highest soybean yield, observed in crop rotation with sunn hemp during the
spring season (3.900 kg ha−1), was associated with plants with a greater number of pods
and with greater thousand grains weight (Figure 2A); greater leaf area index, water content
and water potential in the leaf (Figure 2B); greater root dry matter (Figure 2C) and soil
penetration resistance (Figure 2D); and greater infiltration and the basic rate of water
infiltration into the soil (Figure 2E).
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Analyzing Pearson’s correlation analysis (Figure 3), it was observed that variables of
yield components (0.7), physiological traits (−0.69), root development (0.71), soil physics
(0.9), and soil water (−0.65) showed a significant correlation with soybean yield.
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Regardless of the species used in crop rotation in NT or soil chiseling, yield showed
a significant correlation with all sets of variables (yield components, physiology traits,
root development, soil physic, and soil water) (Figure 3). It is noteworthy that the higher
the number of pods per plant and the thousand grains weight, the better the soybeans
effective response (Figures 1 and 3). The higher leaf area index, relative water content, and
water potential in the plant are also associated with greater root dry matter, greater soil
penetration resistance, and more significant infiltration and rate infiltration of water in the
soil, which also contribute to higher yield (Figures 1 and 3). However, the highest yield
was observed in a rotating system with sunn hemp (Figure 2).

There was also a significant correlation between the yield components and those of
soil physic and soil water. The physiological trait component was also correlated with
soil physics and soil water. It also showed a significant correlation of soil water with soil
physics (Figure 3).

3. Discussion

The greater production of pods per plant and thousand grains weight obtained in the
system involving sunn hemp in the crop rotation for 17 years led to an increase in yield of
approximately 6% and 10%, in comparison with the rotation using millet or soil chiseling
(Figures 1A and 2A). The best response of yield components in the treatment with sunn
hemp is related to changes in physical properties and root development of soybean in
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this treatment. Such association can be confirmed by the direct and significant correlation
between these groups of variables (Figure 3).

Higher values of PR in NT generally do not harm plant development due to greater
continuity of pores, making porosity more efficient in liquid and gaseous transport and
favoring root growth [25,26]. Considering that the roots of leguminous plants are more
aggressive in breaking up compacted layers compared to grasses [8], sunn hemp probably
promoted greater formation of biopores in the soil than millet, in a field managed with
these same crops for 17 consecutive years.

Management systems without soil disturbance generally present greater nutrient
accumulation in soil, mainly in the superficial layer, where there is a greater amount of
soybean roots [27,28], favoring the nutrients absorption, contributing to greater production
of pod and grain weight [29], as in this research results for the treatment with sunn hemp.

In the treatment with millet, there is also no soil disturbance. Despite having similar
nutrient availability to the treatment with sunn hemp, it has greater soil acidity, which
impairs the absorption of nutrients [30]. Crop rotation with legumes favors an increase in
soil pH compared to grasses since N2 fixation produces less H+ than NH4

+ assimilation by
the plants, contributing to the reduction of rhizosphere acidification [31,32].

Based on plant physiological responses, it was noted that soybean had higher water
availability in the NT with sunn hemp rotation, explained by higher leaf area index, relative
water content, and leaf water potential (Figures 1B and 2B). This behavior can also be
observed by the direct and significant correlation between soil water components and
physiological characteristics (Figure 3), indicating that the greater the water storage in the
soil, the greater the water content in the plant. This physiological behavior resulted in
higher soybean yield in NT (Figure 2B).

Regarding the soybean physiological responses, this component showed a negative
correlation with yield (Figure 3). However, it is important to notice that the main variables
of this group showed a negative loading (Figure 1B). Thus, in the treatment with sunn
hemp, higher yield was associated with higher leaf area index, relative water content,
and leaf water potential (Figure 2B). In the millet rotation, these parameters were lower,
resulting in lower yield (Figure 2B). Moreover, in the treatment with soil chiseling, even
with physiological behavior similar to the management with sunn hemp, it did not result
in higher yield (Figure 2B).

The treatment with millet showed low water content in the soybean plant (Figure 2B),
which may be associated with lower soil exploitation by the root system [33], since it had
low RDM production (Figure 2C). Meanwhile, the treatment with soil chiseling, even with
high water content in the plant, did not result in high yield (Figure 2B). It should be noted
that the evaluations of this research were carried out in the 2017/18 harvest, 16 months
after soil chiseling; therefore, it is likely that the beneficial effects of chiseling on the soil
physical properties were no longer present, considering that its effects are temporary on
soil structure and plant development, generally not exceeding one year [8,19,20]. Thus, the
higher water content in the plant was not enough to result in higher yield.

The difference between treatments with sunn hemp and millet in physiological re-
sponses may be associated with the quantity and quality of straw formed by each crop and
with the different root systems these species present [34]. The rotation with cover crops
improves the soil physical quality [35]. In contrast, the rotation with sunn hemp increases
the soil macroporosity when compared to the rotation with millet [8]. This also explains
the lower infiltration and rate of water infiltration into the soil in the millet treatment
(Figure 2E), which can also be verified by the negative correlation between soil water and
yield (Figure 3). In this sense, it is worth noting that the variables with the highest loadings
in soil water presented negative loads (water infiltration and infiltration rate) (Figure 2E).
Thus, the smallest amount and rate of water infiltration into the soil, with millet rotation,
reduced soybean yield.

The greater macroporosity favors root growth, water infiltration, and oxygen diffusion
in the soil profile. In low oxygen availability, the roots produce ethylene, which is toxic to
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plants [36]. In soybeans, lack of oxygen impairs symbiotic nitrogen fixation, decreasing
yields [37].

In general, the higher soybean yield in succession to the sunn hemp can be explained
by the association with physiological characteristics, root development, soil physics, and
soil water. However, these results were based only on evaluations carried out 17 years after
the experiment implementation. It is possible that there are some variations between these
parameters between seasons, mainly due to climatic conditions, which directly interfere in
the plants development. Therefore, new studies that evaluate these characteristics year to
year can contribute to a better understanding of the water, soil, and plant relationships that
are established in long-term management systems.

The higher PR, observed in the sunn hemp rotation system, did not affect the water
infiltration in the soil thus contributing to greater water availability to plants. With a greater
water supply, the plants did not need to develop roots in depth due to the water supply
provided by the system, reducing the energy expenditure with root development and also
contributing to the best water content in the plants [24,38,39]. Thus, rotation with sunn
hemp in long-term NT was characterized as a production system less vulnerable to dry
spells and drought.

Plants grown under soil water deficit conditions develop adaptive mechanisms to
survive under these conditions [40]. Stomatal closure is the first line of defense against
dehydration [41]. The lack of water and consequent stomatal closure results in the ex-
posure of excess energy in the plant, which, if not safely dissipated, can cause excitation
in the reaction center of the PSII photosystem, resulting in photoinhibition [42], initiat-
ing the production of H2O2 which, consequently, leads to the activation of antioxidant
metabolism [43].

Thus, the appropriate choice of species to use in a crop rotation system in NT can
lead to greater water availability [8,24]. Understanding the dynamics of water in the soil
becomes essential for correctly planning agricultural activities, with water being the factor
that most affects crop yield [44].

There are several factors related to the water storage capacity in the soil and its
availability to plants. However, one of the main factors is soil management, as it modifies
the soil physical properties associated with the structure, such as water availability, aeration,
and resistance to root growth, which are directly related to plant development [24].

Compared to soil chiseling treatment, the positive effect of sunn hemp (grown for
17 consecutive years in the spring season) on soil water dynamics is also associated with
the presence of straw on the soil, as it reduces the impact of raindrops on the surface,
decreases surface runoff and evaporation surface water [3,45]. In addition to these factors,
the higher organic matter content in the surface layers contributes to the greater structuring
and soil porosity, favoring a higher rate of water infiltration [46].

4. Materials and Methods
4.1. Site Description

The field experiment was conducted in Botucatu, SP, Brazil, situated at 22◦49′ S and
48◦25′ W, at an altitude of 780 m, on a Typic Rhodudalf [47], classified as a clayey texture.
The soil chemical [48] and textural [49] properties are presented in Table 2.

The climate is CWa type, according to the Köppen classification, which means mesother-
mal climate with dry winter, with a mean annual rainfall of 1450 mm [50]. Means tempera-
ture and rainfall between the years 1997 and 2018 and during 2017/18 season are shown in
Figure 4, respectively.
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Table 2. Chemical and granulometric analysis of soil managed in long-term no-tillage, at depth
0.00–0.20 m, with crop rotation with millet, sunn hemp, and occasional chiseling.

Spring Management
pH P OM H + Al Ca Mg K Al Sand Silt Clay

CaCl2 mg dm−3 mmolc dm−3 g kg−1

Millet 4.6 47.5 27.1 54.8 7.4 2.3 5.5 8.8
110 245 645Sunn hemp 5.0 43.0 30.9 46.3 8.2 3.3 4.9 4.0

Chiseling 5.1 42.3 26.5 41.3 8.1 3.3 6.7 3.0

pH: active acidity; P: exchangeable phosphorus; OM: organic matter; H + Al: potential acidity; Ca: exchangeable
calcium; Mg: exchangeable magnesium; K: exchangeable potassium; Al: exchangeable aluminum; CaCl2: 0.01 M
calcium chloride solution; mg dm−3: milligram per cubic decimeter; mmolc dm−3: millimol charge per cubic
decimeter; g kg−1: gram per kilogram.
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4.2. History and Experimental Design

The experiment began in 2003 with triticale (X Triticosecale Wittmack) cultivated in
fall–winter in the total area; millet (Penninsetum glaucum L.) and sunn hemp (Crotalaria
juncea L.) as cover crops in the spring, plus a treatment with fallow in this season; and
soybean was cultivated in the total area in the summer season. The management history
of the experiment is shown in Table 3. Where no cover crop was cultivated in spring, soil
chiseling was performed every three years from 2003, i.e., it was chiseled in the years 2003,
2009, 2013, and 2016.

Table 3. Crop rotation has been used since 1997, highlighting management and species cultivated in
each agricultural year’s fall–winter (April to July), spring (September to November), and summer
(December to March) seasons.

Year Fall-Winter * Spring Summer

From 2003 to
2018 Triticale

Sunn Hemp
SoybeanMillet

Fallow/chiseling **
* Triticale was cultivated from 2003 to 2017 and maize was grown only in 2017. ** Soil chiseling was performed in
2003, 2009, 2013, and 2016. In treatments with chiseling, the soil remained fallow in the spring, that is, without
cover crops, but with fall–winter and summer crops.

The experimental design was a randomized complete blocks with three treatments
and four replications. Treatments consisted of the different cover crops in spring (millet
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and sunn hemp) or soil chiseling was followed by fallow in the spring. The plots were
delimited with 40 m2 (8 × 5 m), with 4 m spacing between plots and between blocks.

Mechanical chiseling was carried out using a chisel plough with seven shanks set on
two parallel bars and spaced 0.60 m from each other within the bars resulting in an effective
0.30 m between drill spacings. The shanks were inclined forward forming a 25◦ angle and
the effective action depth was around 0.30 m. A cylinder was attached to the equipment to
break up the biggest clods and smooth the soil surface in order to avoid harrowing.

4.3. Management and Analysis of Soybean Plant

In late spring, at preflowering stage of cover crops, the plants were chemically desic-
cated with glyphosate, and residues were left on the soil surface. The soybean was sown
soon thereafter on 8 December 2017, with cultivar TMG 7062 IPRO, using 0.45 m spacing
between lines, aiming at the density of 300 thousand plants ha−1. Seeds were treated with
fungicide Carboxin + Thiran, insecticide Tiametoxam, inoculant Bradyrhizobium sp., and
micronutrients Co e Mo. The sowing fertilization was conducted with 60 kg ha−1 of K2O
and 60 kg ha−1 of P2O5, using KCl and single superphosphate, respectively. The harvest
was carried out 111 days after sowing.

4.3.1. Physiological Traits

The physiological traits were evaluated when the soybean plants were in the full bloom
stage (R2). The relative chlorophyll content was obtained through the SPAD index, using
the portable chlorophyll meter SPAD-502 (Minolta Corp., Ransey, NJ, USA) in 10 plants per
plot, evaluating the third trefoil from the apex.

To determine the leaf area index (LAI), all plant leaves were collected at 0.5 m, and
then analyzed in a bench leaf area integrator (LICOR, model LI-3100C, Lincoln, NE, USA).
The LAI was calculated with the ratio of the total plant leaf areas (m2) per unit of land
(0.225 m2) available for plants [51,52], according to Equation (1):

LAI = total leaf area/soil surface area (1)

To obtain the leaf relative water content (RWC), five plants were analyzed, and two
leaf discs (0.69 cm2 each) were collected from the third trifoliolate leaf (apex to the base)
of each plant and the fresh tissue mass (Wf) was determined in analytical balance. After
that, the samples were rehydrated in distilled water for 24 h, to obtain the turgid mass (Wt),
using paper towels to extract the excess water. The dry mass (Wd) was obtained after the
discs remained in an oven with forced air circulation at 80 ◦C for 48 h. The equation of [53]
obtained RWC values:

RWC = [(Wf −Wd) × (Wt −Wd)−1] × 100 (2)

The leaf water potential (Ψw) was obtained using a Scholander chamber (Soil Moisture
Equipment, model 3005, Santa Barbara, CA, USA). The measurements were taken in the
hottest period of the day, between 12:00 and 14:00 h, so the lowest values of leaf water
potential are observed. Ψw was determined at the end (tip) of the third trefoil (direction
from the apex to the base), where pressure was applied until exudation occurred through
the cut made in the leaf petiole.

4.3.2. Root Development

Root analysis was performed at the full bloom stage (R2) of soybean. Soil samples
were collected with auger hole in the depth of 0.00–0.40 m, with four subsamples per depth
to compose a sample.

After collection, the soil portions containing the roots were washed on a 1 mm sieve,
placed in a container containing 30% alcohol and 70% water and stored in a refrigerated
environment. Subsequently, the samples were subjected to an optical reading scanner at a
resolution of 250 dpi, and the images obtained were analyzed with the “Win Mac Rhizo”
program to determine the root length density (root cm soil cm ha−3), root area (root cm2
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soil cm−3), and average root diameter (mm). Afterward, the samples were placed in paper
bags and dried in a forced aeration oven at 60 ◦C for 48 h to determine the dry mass.

4.3.3. Yield Components

When the crop reached the phenological R9 stage, the plant height, and the size of
insertion of the first pod and the number of pods per plant in 50 plants of each experimental
unit were evaluated. Thousand grains weight was also assessed, according to [54].

4.3.4. Yield

The soybean yield estimate was performed after the grains’ physiological maturity,
harvesting the plants from the useful fields (4.5 m2), discarding the borders, and the water
content of the grains was corrected to 130 g kg−1, according to Equations (3) and (4).

M = [(WGW − DGW)/WGW] × 1000 (3)

where M is the grain moisture (g kg−1); WGW is the wet grain weight (g); and DGW is the
dry grain weight (g).

Wc = [(130 ×WGW)/M] (4)

where Wc is the grain weight corrected (g kg−1); WGW is the wet grain weight (g); and M
is the grain moisture (g kg−1).

4.4. Soil Analysis
4.4.1. Soil Water Storage

The soil water content was assessed using tubes for moisture readings using a ca-
pacitance probe (model Diviner®, Sentek Pt Ltd., Stepney, SA, Australia). Water content
monitoring was carried out from the surface to 0.40 m in depth (0.10 m range), with
readings at one, three, five, eight, and 15 days after rain (DAR); for this evaluation, rains
above 10 mm were considered. Stored water values (SW) were the result of the sum of the
humidity values up to the depth of 0.40 m in each experimental unit, and for each day of
reading the average of SW was made.

4.4.2. Soil Physical Properties

At the time of root collections, a soil penetration resistance test (PR) was carried out
at three points per plot using the Impact Penetrometer (model IAA/Planalsucar–Stolf,
Piracicaba, SP, Brasil).

For the assessment of soil density (Sd), macroporosity (MP), microporosity (mp), total
porosity (TP), field capacity (FC), and permanent wilting point (PWP), two samples of soil
were analyzed with undeformed structure at each depth, using volumetric rings, by the
trench methods [45,55,56]. With the values of FC and PWP, it was possible to calculate the
maximum water capacity available (AWC) by subtracting the humidity in the PWP from
the humidity value in the FC [57].

4.4.3. Infiltration and Rate of Water Infiltration into the Soil

The accumulated water infiltration into the soil (AWI) was evaluated using the con-
centric ring infiltrometer method [58]. Readings were performed until constant infiltration
values were obtained (five similar values). Readings were taken at the following time
intervals: five repetitions of a minute; five repetitions of two minutes; five repetitions
of five minutes; five repetitions of ten minutes; five repetitions of fifteen minutes; five
repetitions of twenty minutes; and finally, intervals of thirty minutes, until the infiltration
rate stabilized. The infiltration equations adjusted experimental data according to the
mathematical models proposed by Kostiakov-Lewis. To obtain the time of basic infiltration
rate (BIR), Equation (5) was used:

BIR = {[−0.001/[C × n × (n − 1)]}1/(n−2) (5)



Plants 2022, 11, 2657 11 of 14

where BIR is the basic infiltration rate; n is the line slope, determined on the spot for each
type of soil; and C is the constant showing the infiltrated blade in the first minute, in cm.

4.5. Data Analysis

For data analysis, the four field repetitions were used, and the variables were divided
into five groups. The Yield components group was composed of plant height, the height of
first pod insertion, number of pods per plant and thousand grains weight. The Physiological
group was composed of the variables index SPAD, LAI, RWC, and Ψw. The group Root
development was composed of the variables root area, average root diameter, root length
density, and root dry matter. The group Soil physics was composed of the variables PR, TP,
MP, mp, and Sd. The group Soil water by AWC, AWI, BIR, and SW in one, three, five, eight,
and fifteen days after the rain.

In each variable group, it was applied to the principal component analysis (PCA) [59]
through the nonlinear iterative partial least squares algorithm (NIPALS).

For each set of variables, the smallest possible number of components was sought that
explained at least 70% of the total variability.

The five groups of variables scores were compared with the yield scores and plotted
on scatter plots, considering the values of each replication.

From the scores of the principal components selected from each group of variables,
the association with each component on the yield of soybean plants was assessed using
Pearson’s linear correlation coefficient (p < 0.05).

5. Conclusions

The productive soybean performance is associated with yield components, soil physical-
hydric properties, as well as physiological traits and plant root development.

The species in crop rotation in no-tillage system after 17 years of management interfere
with soil physical and water characteristics, affecting physiological response and soybean
yield. Sunn Hemp crop rotation in the spring season offers greater water stability to crops
and provides better soybean yield in succession.

The joint assessment of variables that affect soybean yield provides more consistent
data since these factors are generally correlated. The isolated evaluation of the variables
can be insufficient to detect the limiting factors of the productivity, mainly when comparing
different cover crops.

Our study proves that changes in the root growth environment promoted by soil man-
agement systems, especially by cover crops, are determinants of soybean yield. However,
our results are from a single year of evaluation, and the degree of interference of these
variables on soybean yield may vary between seasons, thus, more detailed studies, with
results from year-to-year evaluations, are still necessary.

In addition to this factor, future research that better addresses the architecture and
continuity of pores provided by crop rotation, and evaluations of gas exchange, fluorescence,
and activities of stress enzymes in soybean plants may contribute to a better understanding
of soil–plant relationships in long-term no-tillage.
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