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Abstract: Fallow is a practice in which the soil is left uncultivated for a period of time and
is used less due to the pressure on agricultural land, which impairs soil regeneration. The
cultivation of legumes, such as peanuts, is a viable alternative that leads to an improvement
in the soil chemistry and grain capacity. Despite their importance, there are gaps regarding
the use of peanuts for land reclamation and their importance for enzymatic activity in the
soil. Therefore, the aim of this study was to evaluate the effects of straw incorporation
and peanut cultivation in fallow land on the soil’s chemical and biological quality and to
determine whether the introduction of these elements contributes to an improvement in the
soil fertility parameters and enzymatic activity. To achieve these objectives, experimental
plots were established in fallow soils with different amounts of straw (0; 5 and 10 t ha’l),
with and without herbicide application and with peanut incorporation. The soil chemistry
and enzymatic activity, plant biometrics and productivity were evaluated. The results
showed that the straw treatment resulted in better plant development and increased
productivity by up to 80%. The pH, soil organic matter, soil organic carbon, P, K, sum of
bases and cation exchange capacity variables increased significantly with the presence of
the plant and the incorporation of straw compared to uncovered soil, by 10%, 86%, 80%,
68%, 42%, 38% and 27%, respectively. For the enzymatic activity, the values showed that
straw and peanut management affects the higher activity of 3-glucosidase and arylsulfatase,
with differences of 75 and 74% compared to the control. The incorporation of straw and
peanuts in fallow land improves the chemical and biological quality of the soil. The use
of herbicides has no effect on the soil dynamics or peanut development in the presence of
straw and the presence of peanuts provides a better soil quality index and increases the
-glucosidase and arylsulfatase activity in the soil.

Keywords: Arachis hypogaea; soil quality; microorganisms; sugarcane

1. Introduction

Fallow areas with bare soil, although traditionally used in many countries as a strategy
to “rest” the soil, can have negative impacts on its dynamics and quality over time. When
soil remains inactive, the lack of vegetation cover and biological activity limits essential
processes such as nutrient cycling, maintenance of the soil structure and water retention.
This scenario contributes to physical (soil loss and degradation through flooding, surface
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runoff, etc.), chemical (nutrient loss, acidification) and biological (reduction of microbial
activity through destructive biochemical reactions) soil degradation, reducing its fertility
and its ability to sustain agricultural crops in the long term [1,2].

In this context, the introduction of crops capable of assisting the soil emerges as an
alternative to reverse the harmful effects of prolonged fallow periods. These crops, by
occupying the soil, promote increased vegetation cover, stimulate microbial activity, and
improve soil quality through the addition of organic matter. Legumes, in particular, stand
out for their ability to fix atmospheric nitrogen, a fundamental resource for restoring the
fertility of degraded soils [3-5].

Peanut (Arachis hypogaea L.), as a legume, presents great potential for revitalizing fallow
soils. Its nitrogen-fixing ability not only enhances soil fertility but also stimulates biological
processes, such as microbial activity and organic matter disponibilization. Moreover, the
peanut’s root system promotes the formation of aggregates, increasing soil’s structural
stability and reducing the risk of erosion [6-8].

Although peanut cultivation predominantly takes place during sugarcane field ren-
ovations [9], in areas where there is significant accumulation of straw on the soil (up to
20 t/ha), this oilseed crop is also grown in conjunction with pasture restoration and as a
rotational crop in other production systems. However, since peanuts produce their pods
underground, it is not common to cultivate them in a no-tillage system [10,11]. Neverthe-
less, with advancements in research, various groups have conducted studies to assess the
effects of direct seeding on the agronomic performance of peanuts, although conservationist
practices remain a highlight [12-14]. The literature still lacks studies on the integration
of peanuts into no-till systems (NTSs), creating opportunities for experiments to address
these gaps.

Thus, in addition to the benefits of the legume, the incorporation of crop residue
into the system can promote greater soil structuring, reduce soil water evaporation, and
improve the chemical quality and the dynamics of the soil microbiota, which are directly
linked to healthy soil [4].

In recent years, studies on soil quality and regenerative agriculture have been conducted
to understand the influence of different agricultural management practices [15-17]. Among
these approaches, the use of enzymes has proven effective in diagnosing soil changes that ben-
efit crops, supporting the notion that healthy soil is not solely defined by chemical and physical
assessments but also by biological indicators, such as the 3-glucosidase and arylsulfatase
activity in the soil [18-20].

These enzymes have been identified as sensitive biological indicators for detecting
changes resulting from soil use and management [19,20]. Studies have demonstrated
significant relationships between the activities of these enzymes, soil organic matter—a
fundamental parameters of soil quality—and grain productivity, a basic economic indicator
of crops. These correlations were observed in clayey Oxisols in the Cerrado for soybean
and corn crops [21-26]. However, no studies have yet been conducted on the interaction
of these bioindicators with peanut cultivation, justifying the present research. This work
expands agronomic knowledge on the importance of incorporating peanut crops for land
restoration, integrating biological, chemical, and physical aspects of the soil and offering a
practical and innovative approach to sustainable and regenerative management. This study
provides a novel perspective on how fallow areas can be transformed into productive and
ecologically balanced systems.

Thus, the objective of this study was to evaluate the effects of straw incorpora-
tion and peanut cultivation in fallow areas on the soil’s chemical and biological quality,
and to determine whether the introduction of these elements contributes to improve-
ments in soil fertility parameters and enzymatic activity. The hypotheses are as follows:
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(1) the incorporation of straw and peanuts in fallow areas improves the soil’s chemical and
biological quality; and (2) herbicide application does not influence the soil dynamics or
peanut development in the presence of straw.

2. Materials and Methods

2.1. Experimental Design and Presentation of the Experiments
2.1.1. Experiment I—Tests in a Masonry Frame

The experiment was conducted in an open area, using experimental plots of 1.10 m?
demarcated by a masonry frame on a dark red Oxisol (10R 3/6, moist) with a clayey texture,
in the autumn-winter period of 2023. The area is located at latitude 21°14/39.83" S and
longitude 48°17'56.84” W, at an altitude of 606 m, in the city of Jaboticabal, in the northern
region of the state of Sdo Paulo, Brazil. Before setting up the experiment, soil samples were
taken with Dutch auger from 0-20 cm deep for chemical and physical analysis purposes.

The chemical analysis showed the following results: pH (CaCl2) = 5.6, OM (organic
matter) = 16 g dm~3, P (phosphorus) = 6 mg dm 3, K (potassium) = 3 mmolc.dm~3,
Ca (calcium) = 33 mmolc.dm3, Mg (magnesium) = 8 mmole.dm 3, H+Al (potential
acidity) = 20 mmolc.dm 3, SB (sum of bases) = 44.1 mmolc.dm 3, CEC (cation exchange
capacity) = 63.9 mmolc.dm 3, V (base saturation) = 69%. The results of the granulometric
analysis showed the following: clay = 53%; silt = 21% and sand = 26%. The peanut cultivar
used was IAC 503.

The cultivar has a low growth habit, with moderate resistance to foliar diseases (black
spot and rust). It has markedly indeterminate vegetative growth, with vigorous plants. Its
cycle is long, 130 to 140 days, and can extend to 145 to 150 days depending on the year’s
weather conditions. Its average productivity is 4500 kg ha~! in bark and its productive
potential is 6500 kg ha~!. The grains contain around 48% oil, with 70% to 80% oleic acid.
Cultivars with “normal oleic” have oil with 40% to 50% of this acid [27].

The region’s climate is type Cwa, subtropical, dry in winter, with summer rain [28],
with an average annual temperature of 22.7 °C and average precipitation of 1353 mm.
During the experiment, climate data on the rainfall, maximum, minimum and average
temperatures and humidity were recorded for the Jaboticabal region (Figure 1).

The experimental design involved randomized blocks, consisting of 12 treatments, with
four replications, whose treatments were as follows: (T1) peanuts (A) + equivalent to 10 tons
of sugarcane straw (P) + application of herbicide (H) (Plateau); (T2) peanuts + equivalent
to 5 tons of sugarcane straw + application of herbicide (Plateau); (T3) peanuts + equiva-
lent to 10 tons of sugarcane straw + without herbicide application; (T4) peanuts + equiva-
lent to 5 tons of sugar cane + without herbicide application; (T5) peanuts + no sugarcane
straw + application of herbicide (Plateau); (T6) peanuts + no sugarcane straw + no herbicide
application; (T7) equivalent to 10 tons of sugarcane straw + application of herbicide (Plateau);
(T8) equivalent to 5 tons of sugarcane straw + application of herbicide (Plateau); (T9) equiva-
lent to 10 tons of sugarcane straw + without herbicide application; (T10) equivalent to 5 tons
of sugar cane + without herbicide application; (T11) no sugarcane straw + application of
herbicide (Plateau); (T12) uncovered soil (Figure 2).

For the variables measured for the plant, the first six treatments (1-6) were considered,
and for the soil variables, the twelve treatments were considered. Each plot consisted of
two lines spaced 0.9 m apart, 6 m long, with the two central lines being considered as useful
areas. Sowing was carried out by depositing 23 seeds per meter, with fertilizer equivalent
to 300 kg ha~! of formula 4-14-8, with this being the need for fertilizer.
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Figure 1. Climatological data of the area during the experiment between January and August 2023.
Latitude: 21°14'05" S, longitude: 48°17'09” W, altitude: 615.01 m. P = planting; VE = plant emergency;
R1 = beginning of flowering and R8 = end of the cycle.

Peanut Plant Herbicide

Figure 2. Representation of the experimental treatments.

The sugarcane straw collected in the Jaboticabal-SP region was transported to the
study area, where quantities equivalent to 5 and 10 t ha~! (0.550 and 1.10 kg m?) were
deposited in the plots. A conventional sprinkler irrigation system was installed in the
area, with a rule shift every 5 days, corresponding to approximately 30 mm of water depth,
totaling 390 mm of water depth, plus 292 mm via rainfall.
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The herbicide used was Plateau® (imazapic), applied 15 days after emergence (DAE),
at a dose of 98.0 g a.i. ha~!. For the applications, a backpack sprayer at a constant pressure
(CO,) was used, equipped with a bar with four 110.02 tips spaced 0.5 m apart, making up a
range of 2 m, and adjusted to distribute 200 L ha~! of spray, with 2.8 bar of pressure. At
the time of the applications, the following information was recorded: start of application
at 6:12 pm; end of application at 6:42 pm; clear sky; air temperature 26 °C; wind speed:
9 km hL; relative air humidity of 70%.

2.1.2. Experiment I[[—Field

The experiment was installed in an experimental area of the Teaching, Research and
Extension Farm of FCAV /UNESP in the autumn-winter period of 2023. The area is located
at latitude 21°14'48.14” S and longitude 48°18'6.86” W, at an altitude of 594 m, in the city
of Jaboticabal, in the northern region of the state of Sao Paulo, Brazil. Before setting up the
experiment, soil samples were taken from 0-20 cm deep for chemical and physical analysis
purposes. The soil is classified as a eutrophic dark red latosol (Oxisol) with a clayey texture.

The chemical analysis presented the following results: pH (CaCly) =5.1, OM = 12 g dm 3,
P =9 mg dm—3, K = 2.8 mmolc.dm™3, Ca = 11 mmolc.dm3, Mg =5 mmolc.dm™3,
H+Al = 26 mmolc.dm ™, SB = 16.3 mmolc.dm 3, CEC = 43.7 mmolc.dm 2, V% = 37%. The re-
sults of the granulometric analysis showed the following: clay = 54%; silt = 7% and sand = 39%.
The peanut cultivar used was IAC 503. The climatic data during the execution of the experi-
ment are shown in Figure 1.

The experimental design involved randomized blocks, consisting of 12 treatments,
with four replications, whose treatments were the same as those described in relation
to Experiment I. Each plot consisted of four lines spaced 0.9 m apart, 6 m long, being
considered as useful area the two central lines. Sowing was carried out by depositing
23 seeds per meter, with fertilizer equivalent to 300 kg ha~! of formula 4-14-8.

The sugarcane straw collected at latitude 21°06'23.24” S and longitude 48°16'02.38"” W,
at an altitude of 545 m, in the region of Jaboticabal-SP was transported to the study area,
where amounts equivalent to 5 and 10 t ha—! (6.25 and 12.50 kg m?) were deposited on the
plots. A conventional sprinkler irrigation system was installed in the area, with a rule shift
every 5 days, corresponding to approximately 30 mm of water depth, totaling 390 mm of
water depth, plus 292 mm via rainfall.

The herbicide used was Plateau® (imazapic), applied 15 days after emergence (DAE),
at a dose of 98.0 g a.i. ha—!. For the applications, a backpack sprayer at a constant pressure
(CO,) was used, equipped with a bar with four 110.02 tips spaced 0.5 m apart, making up a
range of 2 m, and adjusted to distribute 200 L ha~! of spray, with 2.8 bar of pressure. At the
time of application, the following information was recorded: start of application at 5:03 pm;
end of application at 5:22 pm; clear sky; air temperature 25 °C; wind speed: 11 km h~};
relative air humidity of 65%.

2.2. Variables Analyzed
2.2.1. Soil Chemistry

For the chemical analysis of the soil, samples were collected at 30 and 60 DAE, which
were sent to Athenas - Consultoria Agricola e Laboratdrios, a specialized laboratory for
analyzing the pH, OM, N, P, K, S, Ca, Mg, Al, H+Al, SB, CEC, and V%. The methodology
for analyzing was Teixeira [29].

2.2.2. Activity of -Glucosidase and Arylsulfatase

The B-glucosidase (BG) and arylsulfatase (ARYL) activities were measured according
to [23]. These procedures are based on the determination of the p-nitrophenol formed after
the addition of specific substrates for each enzyme. To quantify the activities of BG and
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ARYL, pnitrophenyl-B-D-glycopyranoside (PNG) and p-nitrophenyl sulfate (PNS) were added
as substrates, respectively. Due to their short incubation periods (one hour), toluene was
omitted from the assays. These determinations were performed directly on air-dried soil
samples, according to [20]. The enzymatic activity of the two enzymes was expressed in ug
p-nitrophenol g~ soil h=1.

2.2.3. Leaf Area and Dry Matter

The leaf area (LA) and relative total chlorophyll content of the bean plant were evalu-
ated at 156 days. To determine the relative content of total chlorophyll, a chlorophyllometer
(ChlorofiLog, Falker, Porto Alegre, Brazil) was used, positioned in the middle of the asym-
metrical leaflet of the third fully expanded trefoil. On the same occasion, four plants were
collected, which were cut close to the ground, measured (height) and taken to the laboratory,
where the leaves, stem, flowers and pods were separated, with the latter being counted and
peeled to obtain the grains. The leaf area was determined using a leaf area meter (LI 3000A,
LiCor, Lincoln, NE, USA). After the measurements, the parts of the plants were taken to
the greenhouse with forced air circulation, at 60 °C, until they reached a constant mass to
determine the mass of dry matter with the aid of an analytical balance.

2.2.4. Productivity

At the time of harvest (156 DAE), the grain yields of each plot were estimated, ex-
pressed in kg ha~!, through the processing of plants harvested in the three central rows of
each plot.

2.3. Data Analysis

To evaluate the soil’s chemical properties, a Pearson correlation analysis was initially
conducted to understand the interactions between the variables and to select those that
best represent them for the subsequent analysis of variance. Another correlation analysis
was performed to understand the relationship between the soil chemical and enzymatic
variables. The correlation analysis was conducted using R software (version 4.4.2), utilizing
the GGally package [30].

To verify the normality of the data, a Shapiro-Wilk test was used, and for the homo-
geneity of variances, a Levene test was used. To determine the relationship between the
soil variables, principal component analysis (PCA) was used. Statistical differences were
considered at a significance level of 95% (o = 0.05).

To evaluate the difference between the treatments in both experiments, they were ini-
tially tested for normality and homoscedasticity and then subjected to analysis of variance
(F test) at 5% significance. When there was significance using the F test, the treatment
means were compared using the Skott-Knot test at 5% significance.

3. Results

3.1. Experiment [—Tests in a Masonry Frame
3.1.1. Biometric and Productive Evaluation of Peanuts

For the peanut biometric and productive variables, it was observed that, for the plant
height (ALT) and grain dry matter (DMG), treatments T1 and T2 provided better results in
relation to the other treatments. For the leaf area (LA) and number of pods (PN), T1 and
T2 presented higher values, followed by T3 and T4, with T5 and T6 being those with the
lowest values obtained for the leaf area and number of pods (Table 1).
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Table 1. Plant and productive parameters of peanut IAC 503 subjected to development under straw
and with and without herbicide application. Alt. = height; PN = pod number; LA = leaf area;
TDM = total dry mass; DMG = dry mass of grains; relative total chlorophyll content (TRCT); Canopeo
(CAN) and Prod. = productivity.

Alt. PN LA TDM DMG TRCT CAN. Prod.
Trat.
cm - cm? 8 8 UR % kg ha-1
T1 30.00 a 36 a 193442 a 84.46 a 21.02a 58.7 a 815a 3460 a
T2 28.00 a 29 a 179212 a 57.96 b 14.47 a 50.30 a 57.13b 2424 b
T3 24.00b 22b 1395.48 b 57.04b 6.36 b 47.75a 519b 2382 b
T4 23.66 b 22b 1165.30 b 47.23b 5.89b 47.40 a 48.7b 1974 b
T5 23.33b 12 ¢ 607.55 ¢ 31.79b 3.80b 27.23b 48.63b 1048 ¢
T6 21.66b 11c 41892 c 26.38 ¢ 245b 21.36b 46.93b 484 ¢
Factor 8.16 ** 20.49 ** 22.31 4.88 ** 8.24 % 12.21 ** 126 * 4.07%
CV (%) 7.68 23.08 18.43 32.12 40.10 18.45 26.18 42.28

(1) Peanut + straw (10 t ha=1) + herbicide; (2) peanut + straw (5 t ha~1) + herbicide; (3) peanut + straw (10 t ha™1);
(4) peanut + straw (5 t ha~1); (5) peanut + herbicide; (6) peanuts. Means followed by different letters differ by the
Tukey test at the 5% probability level. * and ** = Significant at the 5% and 1% probability levels, respectively, by
the F-test. CV (%) = Coefficient of variation.

Plants from T1 presented higher values for the total dry matter (TDM) and Canopeo
(CAN), followed by the other treatments, with T6 being the one with the lowest observed
value and different from all the others. The relative content of total chlorophyll (TRCT) was
higher in plants subjected to straw development (T1-T4), presenting significantly higher
values than those without the presence of straw (Table 1).

The peanut productivity was higher in plots with the presence of straw, with higher
values in T1 and significantly lower values in treatments T5 and T6, in which there was no
presence of straw.

3.1.2. Soil Chemical Assessment

For the brightness matrix analysis, the results showed positive and negative, weak and
strong correlations (Figure S1). The sulfur (S) variable was not present with any of the other
variables submitted in the Pearson transparency analysis (r). The correlations not shown in
the figure do not have a significant difference at the 5% level. The aluminum saturation
(H+Al) was the only variable to present negative brightness, showing strong luminosity
with the variables P, Mg, SB, K and pH, showing itself to be inversely proportional to the
effects of such variables in the ground. Ca showed correlation with the SB (very strong
positive), Mg (strong positive) and SatB, P and CEC (moderate) variables. SB showed
moderate positive brightness with K and pH and strong positive brightness with the SatB.

The CEC, in turn, had strong positive correlations with the P, SB, and SatB variables
and a moderate correlation with the Mg and K. For the P variable, all the correlations found
were very strong with the pH, Mg, SB, SatB variables. Finally, the K and pH variables show
strong correlations with the organic matter (Figure S1).

The treatments with the presence of peanuts presented higher values than those in
which the soil was left fallow and the other treatments without the plant. For the variables
found in Table 2, without exception, the presence of peanut + straw + herbicide (T2)
presented higher values, showing an efficient treatment for the soil condition.
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Table 2. Soil parameters with and without IAC 503 peanut cultivation when subjected to development
under straw with and without herbicide application. OM = organic matter; SOC = soil organic carbon;
P = phosphorus; K = potassium; SB = sum of bases; CEC = cation exchange capacity.

pH oM SOC P K SB CEC
Treats.
- g dm3 % gkg?! mg dm3 mmolc dm? - -
T1 6.48 b 17.15b 1.71 29.59b 71.82b 341b 51.53 ¢ 65.68 d
T2 6.70 a 20.50 a 2.05 35.36 a 91.72 a 4.03 a 60.93 a 7492 a
T3 6.33 ¢ 15.02d 1.50 25.92d 51.92 ¢ 3.12¢ 50.00 ¢ 66.40d
T4 6.36 ¢ 14.12d 1.41 24.35d 41.71 ¢ 1.80 f 4219 € 60.02 f
T5 6.37 ¢ 17.52b 1.75 30.22b 66.69 b 222e 50.31 ¢ 68.72 ¢
Té6 6.44 b 16.47 ¢ 1.64 2841b 46.57 ¢ 3.63b 51.87 ¢ 66.65d
T7 6.25d 17.53b 1.75 30.25b 41.58 ¢ 4.00 a 51.07 ¢ 68.72 ¢
T8 6.17 d 14.72d 1.47 25.40d 29.42d 2.78d 45.05 e 64.45e
T9 6.21d 17.02b 1.70 31.43b 34.04 d 3.96 a 46.33 d 64.36 e
T10 6.11e 1594 ¢ 1.59 27.50 ¢ 51.56 ¢ 3.31c 4723 d 64.33 e
T11 6.05e 472 e 0.47 484 e 35.88d 2.77d 53.86 b 71.14b
T12 6.10e 2.80 f 0.28 514 e 28.44 d 233 e 3752 ¢g 5526 g
Causes of variation
Ftrat 31.51 ** 92.10 ** 92.25* 16.42 ** 51.26 ** 64.86 ** 108.39 **
CV (%) 0.91 6.62 6.61 15.63 5.79 2.07 1.27

Treatments: (1) A+ P (10tha ) +H; Q) A+P (5tha )+ H; 3)A+P(10tha!); 4 A+P(5tha!);(5)A+H;
6) A; (7) P (10 tha=') + H; (8) P (5 tha™!) + H; (9) P (10 t.ha=1); (10) P (5 tha~'); (11) H; (12) uncovered soil.
Means followed by different letters differ by the Tukey test at the 5% probability level. * and ** = Significant at the
5% and 1% probability levels, respectively, by the F-test. CV (%) = Coefficient of variation.

The pH was slightly acidic, tending toward neutrality in all the treatments. The soil
OM, P, K, CEC and soil organic carbon (SOC) were higher in the treatments with straw and
plants, showing a greater role for them in retaining organic carbon and decomposition in
the system.

It is noteworthy that, when comparing the treatments with the presence of straw and
plants with the control (uncovered soil), there was an increase in the variables, highlighting
10% for pH, 86% for O.M. and 68% for phosphorus.

3.1.3. Assessment of Soil Enzyme Activity

The enzymatic activity of arylsulfatase had values below those considered optimal
for healthy soil [19-21], with the only treatment with a moderate value being that with
the presence of peanuts. For 3-glucosidase, the treatments with peanuts, straw and her-
bicide presented higher values than the others and, according to the interpretation, they
had adequate health for the management used. The treatments from T5 to T9 presented
moderate management values that were superior to the T10-T12 treatments, showing that
the adopted managements presented higher values than the control (Figure 3).

The activity of the enzyme (3-glucosidase showed a significant correlation with the
pH (R = 0.637 ***) and P (R = 0.501 *) variables. Arylsulfatase also exhibited a positive
correlation with the pH (R = 0.653 *), P (R = 0.415 *), and Ca (R = 0.608 **). The results
indicate that the enzymatic variables are highly influenced by the soil’s chemical conditions,
particularly the pH and P levels, as well as by the organic matter content, which did not
show a direct significant correlation with the enzymes (Figure S2).
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Figure 3. (A) Arylsulfatase (F = 21.14 **) and (B) p-glucosidase activity (F = 41.76 **) of soil with
and without IAC 503 peanut cultivation subjected to development under straw, with and without
herbicide application. (1) A + P (10 tha=!) + H; 2) A+ P (5 tha™') + H; (3) A + P (10 tha™1);
@A+PGBtha™l);(5) A+H;(6) A; (7) P (10 tha™1) + H; (8) P (5 tha1) + H; (9) P (10 tha~1); (10) P
(5 tha~1); (11) H; (12) uncovered soil. Means followed by different letters differ by the Tukey test at
the 5% probability level.
3.2. Experiment II—Field
3.2.1. Peanut Evaluation
For the evaluation of the peanut plant and productive parameters, only the TDM did
not show a significant difference between the treatments. For the Alt and PN variables,
plants from the treatments with straw without and with herbicide application (T1-T4)
presented the highest values in relation to the treatment without straw with and without
herbicide (Table 3).
Table 3. Plant and productive parameters of peanut IAC 503 subjected to development under straw
and with and without herbicide application. LA= leaf area; PN = pod number; DPM = dry pod mass;
Alt. = height; TDM = total dry mass; DMG = dry mass of grains and Prod. = productivity.
- Alt. PN DPM LA TDM DMG Prod.
rat.
cm - - cm? g g kg ha-1
T1 28.00 a 18 a 14.81 a 134192 a 4228 a 7.81a 1722 a
T2 29.33a 15a 10.40 a 1917.95 a 4597 a 7.77 a 1381 a
T3 29.66 a 13a 8.64b 826.73b 36.96 a 812a 1430 a
T4 30.00 a 14 a 4.27b 667.38 b 36.16 a 6.10a 1084 a
T5 24.33b 6b 214c 470.21b 3451a 1.65b 562 b
T6 20.00 c 3b 1.89¢ 408.92 b 29.16 a 1.23b 457 Db
Causes of variation
Ftrat 3.43* 11.58 ** 3.43* 8.86 ** 0.251 4.09 * 3.45*
CV (%) 13.32 29.17 30.50 36.03 4292 20.10 42.28

(1) Peanut + straw (10 t ha—1) + herbicide; (2) peanut + straw (5 t ha~1) + herbicide; (3) peanut + straw (10 t ha™1);

’

(4) peanut + straw (5 t ha™1); (5) peanut + herbicide; (6) peanuts. Means followed by different letters differ by the
Tukey test at the 5% probability level. * and ** = Significant at the 5% and 1% probability levels, respectively, by
the F-test. ns = Not significant by the F-test. CV (%) = Coefficient of variation.

For the DPM, plants from the treatments (T1 and T2) with the application of herbicide
and straw (regardless of quantity) showed higher value compared to the other treatments
(T3-T6). Plants that were not subjected to herbicide application (T3 and T4), regardless of
the amount of straw, showed better results than those observed for peanuts without straw
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with herbicide application (T5) and for those that were grown in a conventional system
(T6) (Table 3).

Plants subjected to treatment with herbicide application, regardless of the amount
of straw (T1 and T2), showed higher AF compared to the other treatments (T3-T6). The
largest DMG and Prod. were observed in the treatments where the plant was grown with
straw and with and without herbicide application (T1-T4), with the lowest values being
in the treatments (T5 and T6) that had straw, one with herbicide application and the other
without application, respectively (Table 3).

Multivariate Analysis of Plant Data

When performing the principal component analysis (PCA), it is verified that PC1
represents 63.49% of the data variation and PC2 19.85%, representing 83.34% of the total
data in the sum of the two. Checking the relationship of the PC axes with the variables,
PN, MP, DMP, GM, LA, Prod. and Straw are representative for axis 1, while for axis 2, the
Alt., NB, and TDM variables are representative (Figure 4). The complementary herbicide
variable is opposite the quadrant where all the variables are located, showing that it has no
influence on the response of these parameters.

4

*Herbicide
ID

PC2 (19.85%)
o

05 1.0 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5

PCI (63.49%) PCI (63.49%)

Figure 4. Analysis of the main components of the agronomic parameters of peanut IAC 503 sub-
jected to planting with straw and herbicide application. Alt = height. NV = number of pods.
MYV = mass of pods. MSV = dry mass of pods. MG = grain mass. NR = number of branches.
MST = total dry mass. AF = leaf area and Prod = productivity. SN = without straw and herbicide.
SW = without straw + herbicide. 5N = 5 t ha~! + without herbicide. 5W = 5 t ha~! + with herbi-
cide. 10N =10 t ha=! + without herbicide. 10W = 10 t ha~! + with herbicide. * Factors evaluated
(Herbicide Plant).

Another issue observable in the PCA is that, regardless of the amount of straw,
there is the same influence on the peanut development variables and productivity, mak-
ing it possible to observe the positioning of the factors 5W (5 t ha~! + with herbicide),
10N (10 t ha=! + without herbicide) and 10W (10 t ha~! + with herbicide) and
5N (5 tha~! + without herbicide) that are positioned in the variable quadrants and are
represented by PC1. The treatments without straw are in the opposite region.

3.2.2. Soil Chemical Assessment

Figure 5 shows the results of the soil chemical analysis. For the Al content in the soil, it
was observed that, in relation to the control (T11 and T12) and the other treatments without
plants, the presence of peanuts (T1-T6) influenced the reduction of Al in the soil. The same
was observed for the H+Al variable.
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Figure 5. Soil parameters with and without IAC 503 peanut cultivation subjected to development under straw, with and without herbicide application. (1) A + P
(10tha ) +H; Q) A+P(Btha )+ H; 3)A+P(10tha1); ) A+ P (5tha=1); (5) A+ H; (6) A; (7) P (10 tha~1) + H; (8) P (5 tha~!) + H; (9) P (10 tha~1); (10) P
(5 tha™1); (11) H; (12) uncovered soil. Means followed by different letters differ by the Tukey test at the 5% probability level. * and ** = Significant at the 5% and 1%
probability levels, respectively, by the F-test.
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Arylsulfatase (ug p-nitrophenol g_1 soil h_l)

For the Ca variable, the treatments with the presence of the plant provided higher
concentrations than those without peanuts. Among them, peanut cultivation with herbicide
application (T5) was the one with the highest Ca, followed by T2, T3 and T4), which
presented higher values than treatments 1 and 6.

Treatments 5 and 6 showed higher concentrations of K compared to the other treat-
ments. However, it was observed that the treatments where there was the presence of
peanuts (T1-T6) and where there was the presence of straw (T7-T10) presented better K
values compared to the controls (T11 and T12). For the concentration of Mg found in the
soil, it is possible to observe that the plant treatments (T1-T6) caused it to increase, with
T5 being the one that provided the highest Mg content, followed by T3, T1, T2 and T4.
The other treatments, without the presence of the plant, did not differ in terms of the Mg
concentration (Figure 5).

3.2.3. Assessment of Soil Enzyme Activity

For the enzymatic evaluation of the soil (Figure 6), it was observed that for the
arylsulfatase activity, except for treatments 2 and 6, all were low, indicating that the
conditions for the activity of this enzyme were not favorable. On the other hand, it was
possible to observe that, even though still below the values used as standard, the treatments
with the presence of peanuts (T1-T6) presented higher values than the control (T12), with
the higher values varying from 9.84 to 23.13 pg p-nitrophenol g ! soil h 1.
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Figure 6. (A) Arylsulfatase (F = 40.52 **) and (B) -glucosidase (F = 79.81 **) activity of soil with
and without IAC 503 peanut cultivation subjected to development under straw, with and without
herbicide application. (1) A + P (10 tha=!) + H; (2) A + P (5 tha™') + H; (3) A + P (10 tha™1);
@ A+PGBthal);5)A+H;6)A; (7)P(10thal)+H; (8) P (5tha~l) + H; (9) P (10 tha~1); (10) P
(5 tha=1); (11) H; (12) uncovered soil. Means followed by different letters differ by the Tukey test at
the 5% probability level.

For the soil 3-glucosidase activity, all the treatments (T1-T11) showed a significant
difference in relation to the control (T12), with the highest activity values observed for
the treatments with plants, straw and herbicide. According to the interpretation class, the
presence of peanuts positively influenced the transformation of a soil with low enzymatic
activity into a soil with moderate activity, which could improve over time (Figure 6).

-glucosidase, essential in the carbon cycle, showed a positive correlation with the
SOC (R = 0.346 *), reinforcing its direct relationship with the available carbon content. How-
ever, there was a negative correlation between 3-glucosidase and sulfur (S) (R = —0.718 *),
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suggesting a possible competitive effect or soil conditions that hinder the simultaneous
availability of carbon and sulfur for microbiological processes. Arylsulfatase, associated
with the sulfur cycle, exhibited a moderate negative correlation with S (R = —0.566 *), indi-
cating that the presence of available organic sulfur may modulate its activity. Arylsulfatase
also showed low correlation with other variables, such as the pH and nutrients, suggesting
that its activity is more influenced by specific factors of the sulfur cycle than by the general
soil conditions (Figure S3).

3.2.4. Multivariate Analysis of Soil Data

When performing the principal component analysis (PCA), it was found that PC1
represents 74.73% of the data variation and PC2 8.80%, representing 83.53% of the total
data in the sum of the two. Checking the relationship of the PC axes with the variables,
the Plant (complementary variable), pH, SatB, P, CEC, OM, SB, K, Ca, Mg, SatAl and H+Al
are representative for axis 1, while for axis 2, only the complementary variable Straw is
representative (Figure 7). The complementary variable Herbicide has no influence on the
response of these parameters.
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Figure 7. Analysis of the main components of the agronomic parameters of peanut IAC 503 subjected
to planting with straw and herbicide application. CSC = with plant, without straw and with herbicide.
C5C = with plant, 5 t ha~!, with herbicide; C10C = with plant, 10 t ha~!, with herbicide; CSS = with
plant, no straw and no herbicide; C5S = with plant, 5 t ha—1, no herbicide; C10S = with plant,
10 t ha— !, no herbicide; SSC = no plant, without straw and with herbicide; S5C = no plant, 5 t ha~1,
with herbicide; S10C = no plant, 10 t ha~1, with herbicide; SSS = no plant, no straw and no herbicide;
S5S =no plant, 5 t ha—1, no herbicide; $10S = no plant, 10 t ha—1, no herbicide. * Factors evaluated
(Herbicide Plant).

Another issue observable in the PCA is that, regardless of the amount of straw, there
is the same influence on the development variables and peanut productivity, making
it possible to observe the positioning of the CSC (with plant, without straw and with
herbicide), C55 (with plant, 5 t ha=1,no herbicide), C10S (with plant, 10 t ha~1, no herbicide),
CSS (with plant, no straw and no herbicide), C10C (with plant, 10 t ha~!, with herbicide)
and C5S (with plant, 5 t ha~!, no herbicide) factors in the quadrants toward the greatest set
of variables and which are represented by PC1. The treatments without the presence of
plants (555—no plant, no straw and no herbicide, SSC—no plant, without straw and with
herbicide, S55—mo plant, 5 t ha~1, no herbicide, $10S—no plant, 10 t ha~1, no herbicide,
S5C—no plant, 5 t ha~!, with herbicide and S10C—no plant, 10 t ha~1, with herbicide) are
in the opposite region, relating to the concentrations of sulfur and aluminum in the soil.
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4. Discussion

The use of sugarcane straw in peanut cultivation has several agronomic advantages
that lead to a significant improvement in plant growth and productivity [31]. In this study,
the presence of straw was found to have a significant effect on several characteristics of the
peanut plant. These traits include the plant height (Alt), number of pods (NP), pod mass
(PM), pod dry mass (PDM) and number of kernels (NG).

Peanut cultivation is predominantly performed in the conventional system, but this
system leads to soil loss as the plant has a distance of 0.90 m between rows, making it more
exposed between rows and vulnerable to the action of rain and irrigation, which can lead
to soil and nutrient loss and even loss of seeds, reducing the number of plants per area due
to runoff [32-34]. This can be observed in this work: where no straw was present, peanuts
showed the lowest values for all the variables analyzed, especially in the number of pods
and productivity, with a decrease of about 63 and 81%, respectively.

These reductions can be related to various factors, such as the pH and OM. Low soil
pH levels are able to alter different chemical structures in the soil and in the plant, as
this factor interrupts metabolic processes, leading to a reduction in root development and
the uptake of nutrients from the soil, such as calcium (Ca) uptake, which is an important
nutrient for pod development [35,36]. This component acts on the structural and functional
integrity of the cell, mainly in the transport and exchange of ions, and serves as a secondary
messenger for cell signaling [37,38].

In contrast to the plants subjected to the conventional system, the plants grown under
sugarcane straw showed higher values for all the variables, indicating an improvement
in the plant height, number of pods, pod mass and, consequently, productivity. Few
results are available for peanuts in rotation with sugarcane, with most showing little or no
statistical difference between the management regimens [31,39,40]. Therefore, it is difficult
to compare productivity or biometric data with other studies as there are few studies.

However, straw management for legumes in general can be considered a direction
for discussing such results. Straw that remains on the cultivated land or is introduced
into the environment contributes significantly to the development and optimization of
agricultural production, as shown by several studies on the cultivation of beans [41] and
soybeans [42,43] and some on peanuts [13,40].

The action of straw as a physical barrier promotes soil protection by helping to main-
tain moisture and reduce evaporation [44]. Such maintenance is essential as water is
essential for plant growth, especially during the reproductive period [45,46]. In addition,
thatch helps to protect against weeds and provides an environment without competition
for important resources such as nutrients and water [47,48].

Previous research has also emphasized the great benefits of straw in increasing the pro-
ductivity of subsequent crops [49,50]. The data obtained in this trial showed that the straw
treatment increased the total dry matter accumulation, nitrogen (IN) accumulation and pod
productivity. This effect can be attributed to differences in the soil structure, temperature
and nutrient availability. The reincorporation and decomposition of straw reduces the soil
compaction, increases the temperature, intensifies the enzymatic activity and increases the
nutrient concentration in the soil [51]. All these improvements in the physical and chemical
properties of the soil can favor nutrient uptake and plant development, leading to a greater
accumulation of dry matter and consequently higher productivity [52,53].

Barrow [54] reported that the increase in the phosphorus (P) content (H,PO, ™) in soil is
associated with an increase in pH in the range of 5.8 to 7.0. Below this range, P is complexed
by iron (Fe) and aluminum (Al), while above it, P is complexed by calcium (Ca). Despite
the low levels of P, their study showed that the use of basalt rock powder promotes higher
availability and better utilization of phosphorus due to the physico-chemical changes it
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induces in the soil solution. A similar effect was observed for the content of calcium (Ca),
magnesium (Mg) and potassium (K). This study also confirms these results, as it was found
that the incorporation of straw had similar effects to those described above.

This process occurs because P is an essential macronutrient that often limits plant
productivity in natural and agricultural ecosystems [55,56]. Its availability and mobility
are generally low in most soils, especially in acidic soils where the P availability is mainly
limited by adsorption reactions due to the low pH and high levels of Al and Fe oxides and
hydroxides [57,58] and sorption on clay particles and organic matter [59].

In addition to chemical variables, the results also demonstrated the potential of peanut
for soil enzyme activity. Soil enzymes play a key role in the entire biochemical system of
the soil ecosystem [60-62]. Therefore, a better understanding of soil enzyme activity in
different cropping systems with mulch and herbicide effects may provide better insights
into how cropping systems improve soil fertility.

Some studies showed that the monoculture system can impair the enzymatic function
of the soil, leading to a significant reduction in the enzyme activity [22,63,64]. In this study,
a considerable increase in enzymatic activity was observed in the soil where the straw had
been deposited and with the presence of the peanut plant, so it can be emphasized that
peanuts per se can promote an increase in enzymatic activity in the soil.

The increase in enzymatic activity in this study shows that 3-glucosidase exhibited
greater differences between the treatments, which is justified by its involvement in the
carbon cycle, as it is more active in the presence of organic matter in the soil and these
molecules are used as a substrate for the activity of this enzyme [19,65]. Thus, the pres-
ence of straw in the system increases the enzymatic activity of the soil, especially for
[-glucosidase, which acts in the degradation of cellobiose, a disaccharide.

The arylsulfatase showed no major differences, but the highest activity values were
found in the treatments with straw. The function of the enzyme arylsulfatase is to cat-
alyze the hydrolysis of sulphate esters in the soil to make sulfur available to plants, thus
showing a direct relationship with the nutrient concentration and increased enzyme ac-
tivity [66]. Thus, this enzyme utilizes the complex structure of the plant and converts
it into an assimilable structure that is in the form of sulfur trioxide (SO?%) and sulphates
(SO427) and in elemental form, which has important functions for soil fertility and plant
development as it is responsible for immunity, amino acid formation, enzymatic activity
and photosynthesis [67,68].

Conventional soil assessment, which includes physical and chemical parameters, may
no longer be sufficient to verify soil health [18,20], since less discrepant variations are
found when compared to soil enzymatic activity, which is more affected, making it a
more sensitive and crucial indicator of productivity. In this study, the enzymatic activity
presented values that indicate healthy soil when straw is introduced into the system (values
above 110 pg p-nitrophenol g~! soil h™!), and soils without straw and with the plant
present moderate values according to the indices of [18,21]

The use of soil enzymes has proven to be a promising tool for diagnosing management
changes in agricultural systems. Studies conducted by [18,20] in soybean cultivation areas
with a direct planting system (SPD) and conventional system (SC) revealed a similar dy-
namic, showing that between the direct planting system and conventional system there was
a reduction in productivity, with a difference of 30 bags per hectare [18,20]. Enzymes such
as [3-glucosidase and arylsulfatase, found in the soil, are essential to indicate environmental
changes [22,69] reflecting the state of the soil, as they are associated with the non-living
fraction, being adsorbed by clay particles and organic matter [65,66]. Soils with a greater
capacity to store and stabilize organic matter offer better conditions to protect enzymes
from the action of proteases and denaturation [53,70,71]. This effect can be observed in the
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peanut biometric variables and productivity, where the greater amount of straw promoted
a significant increase. Even in the treatments without plants, the presence of straw already
positively influenced the enzymatic activity.

5. Conclusions

The insertion of straw and peanuts in a fallow area provides an improvement in the
chemical and biological quality of the soil, increasing the productivity by up to 80%, as
well as the pH, O.M.,, P (10%, 86%, 68%, respectively) and B-glucosidase (68-75%) and
arylsulfatase (60-74%) activity when compared with uncovered soil (T12).

The application of herbicide does not influence the soil dynamics or peanut development.

The presence of peanuts provides a better soil quality index, that is, increasing the
activity of 3-glucosidase and arylsulfatase in the soil.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy15040912/s1, Figure S1: Pearson correlation matrix at
the 5% level of significance of the physical and chemical variables of peanut cultivation soil under
different amounts of coverage and herbicide application; Figure S2: Pearson correlation matrix at
the 5% level of significance of the chemical and enzymatic variables of peanut cultivation soil under
different amounts of coverage and herbicide application. OM (g dm?®), SOC (g kg—1), P (mg dm?),
K (mmolc dm?) and Beta and Aryl (ug p-nitrophenol g~ soil h™!) (in a Masonry Frame); Figure S3:
Pearson correlation matrix at the 5% level of significance of the chemical and enzymatic variables of
peanut cultivation soil under different amounts of coverage and herbicide application. OM (g dm?),
SOC (g kgfl), P (mg dm3), K (mmolc dm?3) and Beta and Aryl (ug p-nitrophenol g*1 soil h—1) (Field).
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