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Abstract 

The conversion of conventional tillage system (CTS) into no-tillage system (NTS) for onion 

crops with use of soil cover crops increases carbon and nitrogen contents in the soil 

aggregates. The objective of this work was to evaluate the effects of combinations of different 

plant species and soil management systems using rotation with soil cover crops for onion 

crops on the light organic matter (LOM), carbon (C), and nitrogen (N) contents in the organic 

matter granulometric fractions in soil macroaggregates and bulk soil. A nine-year experiment 

(2007-2016) was conducted using the treatments (T): maize-onion in NTS (T1); soil cover 

crops (winter)-onion in NTS(T2); maize-winter grasses-onion in NTS (T3); velvet 

bean-onion in NTS (T4); millet-soil cover crops (winter)-onion in NTS (T5); velvet 

bean-rye-onion in NTS (T6); maize-onion in CTS (T7); intercropped soil cover crops 

(summer)-onion in NTS (T8). C and N contents in the LOM, particulate organic C and N 

(POC and PON), and mineral- associated C and N (MOC and MON) were evaluated in soil 

macroaggregates (8.0 to 2.0 mm) and bulk soil (<2.0 mm) from the 0–5 cm, 5–10 cm, and 

10–20 cm layers. High diversity and combinations of plant species in T2-T6, and T8 resulted 

in higher POC and MON contents in aggregates, and higher MOC and PON contents in bulk 

soil, when compared to T1 and T7. T2 was a better option to increase LOM and POC 

contents in aggregates (0-5 cm). The evaluation of POC (0–5 cm), PON, and MON (0-10 cm) 

contents in soil aggregates showed more significant differences between the treatments than 

the contents found in bulk soil. The onion crops under NTS combined with use of rotations 

with soil cover crops were more efficient to improve the evaluated soil attributes than those 

under CTS. 

Keywords: particulate organic carbon, nitrogen particulate, cover crops, no-tillage system, 

soil aggregates, bulk soil 

1. Introduction 

Onion (Allium cepa) is a vegetable grown worldwide in approximately 9.2 million of hectares; 

China, India, and the USA are the main producers (FAO, 2020). Brazil is the tenth largest 

onion producer, with an estimated production of 1.61 million Mg in 2017, which decreased to 

1.55 million Mg in 2018. For the 2019 harvest, an increase of 1.78% in the volume produced, 

and 1.94% in productivity, is expected. Santa Catarina (SC) is the largest onion producing 

state in Brazil, with approximately 470,000 and 529,210 Mg in 2018 and 2019, respectively; 

this production is concentrated in the Upper Itajaí River Valley, with emphasis in the 

municipality of Ituporanga, which leads the onion production (Menezes Junior et al., 2013; 
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SEAP, 2017; IBGE, 2020).  

Producers in SC traditionally use conventional tillage system (CTS) to prepare soils for onion 

crops, with frequent soil turning and use of highly-soluble soil fertilizers. Onion crops in CTS 

have degraded physical-chemical attributes of the soil, requiring alternatives to this system, 

such as no-tillage system (NTS) (Loss et al., 2015; Santos et al., 2018a,b; Loss et al., 2017a; 

Comin et al., 2018; Ferreira et al., 2018). 

The NTS is based on minimum soil turning and presence of soil cover (alive or dead). The 

use of crop rotations, intercrops, green manure, and soil cover crops are practices constantly 

used in the NTS, which increase soil organic matter (SOM) contents. The SOM improves 

edaphic attributes, especially the nutrient availability, cation exchange capacity, soil microbial 

activity and biomass, and soil aggregation (Loss et al., 2015; Vezzani & Mielniczuk, 2011; 

Tivet et al., 2013; Comin et al., 2018; Ferreira et al., 2018, Loss et al., 2019; Abdala et al., 

2020). 

Soil aggregates are indicators of soil quality, because they are susceptible to soil physical 

disturbances and can affect the SOM dynamics under different soil management systems 

(Fernández et al., 2010; Tivet et al., 2013: Loss et al., 2017b). The use of different soil cover 

crops, such as grass species, Brassicaceae species, and leguminous species, grown alone or 

intercropped in crop rotation systems can also affect the formation of soil aggregates and the 

dynamics of the SOM fractions in these aggregates (Comin et al., 2018; Ferreira et al., 2018). 

The soil cover crops also affect other factors, such as atmospheric carbon sequestration, due 

to the photosynthesis processes, and can form a favorable environment to microorganism 

growth because of the release of root exudates, which results in mineralization of nutrients 

contained in the SOM (Lange et al., 2015; Loss et al., 2019). 

The granulometric fractions of carbon and nitrogen in the SOM can be divided into 

particulate organic carbon (POC) and particulate organic nitrogen (PON), which are related to 

soil particles with sizes >53 μm; and into mineral-associated organic carbon (MOC) and 

mineral-associated organic nitrogen (MON), which are related to soil particles with sizes <53 

μm (Conceição et al., 2013; Lavallee et al., 2019). 

POC and PON are originated from residues of shoots, non-completely decomposed plant 

roots, and fungus hyphae, and are protected mainly in the interior of soil aggregates. MOC 

and MON are originated from microbial tissues or metabolites of low molecular weight, and 

tend to form organo-mineral interactions with silt (2-53 μm) and clay (0-2 μm) particles; 

therefore, they are more recalcitrant in the soil and less sensitive to changes caused by soil 

managements (Lavallee et al., 2019; Chen et al., 2020). 

Another SOM fraction that is directly related to deposition of plant residues on the soil is the 

light organic matter (LOM). This is a low-density organic matter fraction from plant residues 

on the soil surface and from roots little changed by microorganisms. The LOM size is 

between 2.0 and 0.25 mm, and its total contribution to SOM varies from 45% to 60% 

(Anderson & Ingran 1994). Loss et al. (2014) evaluated soil aggregation and quantified the 

LOM and total organic carbon (COT) contents in a soybean-rye rotation under NTS for 15 

years, and in maize crops under CTS for 56 years, comparing them to areas with secondary 
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forest, and extensive pasture (Axonopus compressus), both with more than 30 years; they 

found that the use of CTS results in lower aggregation indexes and LOM and COT contents 

when compared to the forest area, and the NTS. 

In another study, the frequent soil turning in a maize-onion rotation under CTS decreased 

total C and N contents when compared to treatments using rotation with onion crops under 

NTS (Comin et al., 2018). This negative effect on soil quality is associated with decreases in 

stability of aggregates. Comin et al. (2018) also reported that soil management systems that 

do not use cover crops in rotation decreased C contents and presented less water-stable 

aggregates. 

Some studies report that the evaluation of soil chemical attributes, such as C and N contents 

and SOM fractions, should not be restricted only to disturbed soil samples (Loss et al., 2015; 

Santos et al., 2017; Ferreira et al., 2018). These studies evaluated C contents and SOM 

fractions in soil aggregates (undisturbed samples). According to Loss et al. (2015) and Santos 

et al. (2017), there are significant differences in aggregation between soils managed under 

CTS and NTS, mainly for the macroaggregates class (8.00 mm> Ø ≥ 2.0 mm). Ferreira et al. 

(2018) found that soil aggregates presented higher COT contents and particulate organic 

matter than bulk soil (Ø < 2.0 mm); and the evaluation of SOM fractions in soil aggregates 

(8.00 mm> Ø ≥ 2.0 mm) showed higher differences between the treatments (management 

systems and combinations of soil cover crops) than the evaluation of bulk soil (Ø < 2.0 mm). 

Therefore, the hypothesis proposed in the present study was that the conversion of onion crop 

areas under CTS into NTS with use of soil cover crops increases C and N contents in soil 

aggregates; and the differences between treatments using soil cover crops are more 

pronounced when evaluating the aggregates than the bulk soil. The objective of this work was 

to evaluate the effects of combinations of different plant species and soil management 

systems using rotation with soil cover crops for onion crops on the LOM, C, and N contents 

in the organic matter granulometric fractions in soil macroaggregates and bulk soil. 

2. Material and Methods 

2.1 Description of the Experiment 

The experiment was implemented in April 2007, in the Experimental Station of the Company 

of Agricultural Research and Rural Extension of Santa Catarina (EPAGRI), in the municipality 

of Ituporanga, SC, Brazil. The soil of the area was classified as a Humic Dystrudept (Soil 

Survey Staff, 2010) and presented the following physical-chemical attributes (evaluated 

according to Embrapa, 1997) in the 0-10 cm layer: 410 g kg-1 of sand, 264 g kg-1 of silt, and 326 

g kg-1 of clay; pH H2O of 6.1; exchangeable Ca, Mg, Al of 6.4, 2.7, and 0.0 cmolc dm-3 

(extracted with KCl 1 mol L-1), respectively; available P and K of 42 and 208 mg dm-3 

(extracted with Mehlich-1), respectively; and total organic carbon of 23.08 g kg-1.  

The climate of the region is Cfa, wet mesothermal, with hot summers, according to the Köppen 

classification (Alvares et al., 2013), with no defined dry season, presenting an annual average 

temperature of 17.6 °C and annual average rainfall depth of 1,400 mm.  

A randomized block experimental design was used, with eight treatments and four replications. 
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The area of each plot was 8.7 m², consisted of seven rows with 30 onion plants. The treatments 

consisted of onion crop systems based on different soil cover crops used for mulching in NTS. 

When the experiment was implemented in 2007, the following soil cover crops were sown in 

the whole area: oat (Avena strigosa Schreb), vetch (Vicia villosa Roth), and oilseed radish 

(Raphanus raphanistrum subsp. sativus (L.) Domin); subsequently, eight treatments (T1 to T8) 

were implemented, using soil cover crops and crop sequences (Table 1). The rotation systems 

and sequence of soil cover crops were modified after 2011, and a treatment under CTS was 

implemented for comparison with the treatments under NTS (Table 2). The soil preparation in 

T7 was carried out with one plowing and two harrowing. The sequence of the treatments was 

repeated after 2014 (Table 2), considering the years 2011, 2012, and 2013, i.e., the sequence of 

rotation restarted every three years.  

Weed, pest, and disease control was carried out using chemical products that are approved for 

onion crops by the Brazilian Ministry of Agriculture, Livestock, and Food Supply. 

Approximately 14 days before the onion planting, the plants were killed using glyphosate 

herbicide (360 g L-1) at 4 L ha-1. Weed control during the onion cycle was carried out using 

three herbicide applications—two with ioxynil (250 g L-1) at 1 L ha-1 at 35 and 65 days after 

transplantation (DAT) of the seedlings, and one with clethodim (240 g L-1) at 0.4 L ha-1 at 85 

DAT. The control of pests, especially Thrips tabaci Lind, was carried out using three 

insecticide applications—one with imidacloprid (700 g L-1) at 0.1 kg ha-1 at 30 DAT, and two 

with lambdacyhalothrin (50 g L-1) at 0.1 L ha-1 at approximately 60 and 81 DAT. The control of 

fungal diseases, mainly mildew (Peronospora destructor) and Alternaria solani, was carried 

out with six applications of fungicides—four with metalaxyl (40 g L-1) + mancozeb (640 g L-1) 

at 35, 50, 65, and 80 DAT, and two with tebuconazole (200 ml L-1) + trifloxystrobin (100 ml L-1) 

at 80 and 94 DAT. All applications were performed using personal protective equipment. 

The plant species chosen for the experiment (Tables 1 and 2) were commercial species 

frequently used in the study region, which present good adaptation, availability of seeds in the 

market, easy handling, and good dry matter production. The commercial and technical factors 

of the experiment were combined by adding treatments that were possible to adopt by the 

farmers, while being useful to elucidate questions related to chemical aspects of the adoption of 

NTS for onion crops. 

The experimental area had been cultivated in a conservation production system since 1995, 

when the soil pH was last corrected to 6.0 by liming. The crops in the experiment site had been 

grown under NTS, except in the treatment T7, which had been under CTS since 2011 for 

comparison with the treatments under NTS. 

Table 1. Species used in rotation with onion crops in different soil tillage system from 2007 to 

2010, Ituporanga (SC), Brazil. T=treatments, T1 = rotation with onion, and maize in no-tillage 

system (NTS); T2 = rotation with soil cover crops (winter), and biennial onion in NTS; T3 = 

rotation with maize, winter grasses, and onion in NTS; T4 = rotation with summer legume and 

annual onion in NTS; T5 = rotation with summer grass, winter grasses, and annual onion in 

NTS; T6 = rotation with summer legume, winter grass, and annual onion in NTS; T7 = rotation 

with maize and onion in conventional tillage system (CTS); T8 = rotation with intercrops of 
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soil cover crops (summer), and annual onion in NTS 

Treatment 2007 2008 2009 2010 

 Winter Summer Winter Summer Winter Summer Winter Summer 

T1 
Oat + Vetch + 

Oilseed radish 
Maize Fallow Onion Maize  

Fallow 

Onion 
Maize Fallow Onion Maize 

T2 
Oat + Vetch + 

Oilseed radish 
Maize 

Oat + 

Oilseed 

radish + 

Rye 

Onion Sunflower 

Oat + 

Vetch + 

Oilseed 

radish 

Common 

bean 

Rye + 

Oilseed 

radish 

Onion Maize 

T3 
Oat + Vetch + 

Oilseed radish 
Maize 

Oat + 

Oilseed 

radish 

Onion Maize Vetch Maize Rye Onion Maize 

T4 
Oat + Vetch + 

Oilseed radish 
Maize 

Oat + 

Oilseed 

radish + 

Rye 

Onion Velvet bean Rye Maize 
Oilseed 

radish 
Onion Velvet bean 

T5 

Oat + 

Vetch + 

Oilseed 

radish 

Onion  Pearl Millet 
Oilseed 

radish 
Onion Pearl Millet 

Oat + 

Vetch + 

Oilseed 

radish 

Maize Barley Onion Pearl Millet 

T6 

Oat + 

Vetch + 

Oilseed 

radish 

Onion  Jack bean  Rye Onion Velvet bean Onion 
Velvet 

bean 
Rye Onion Velvet bean 

T7 

Oat + 

Vetch + 

Oilseed 

radish 

Onion  
Jack bean + 

Pearl Millet 
Oat  Onion 

Showy 

rattlebox 
 Rye  Maize Oat Onion 

Showy 

rattlebox 

T8 

Oat + 

Vetch + 

Oilseed 

radish 

Onion  Sunflower Oat + Rye Onion 

Sunflower + 

Velvet bean + 

Pearl Millet 

Vetch Maize 

Rye+ 

Oat+ 

Oilseed 

radish 

Onion 

Pearl Millet+ 

Velvet bean+ 

Sunflower 

Species = Oat (Avena strigosa Schreb), Onion (Allium cepa L.), Rye (Secale cereale L.), 

Showy rattlebox (Crotalaria spectabilis Roth), Vetch (Vicia villosa Roth), Common bean 

(Phaseolus vulgaris L.), Jack bean (Canavalia ensiformis (L.) DC.), Sunflower (Helianthus 

annuus L.), Maize (Zea mays L.), Pearl Millet (Pennisetum glaucum (L.) R.Br.), Velvet bean 

(Mucuna pruriens var. utilis (Wall. ex Wight) L.H. Bailey), and Oilseed radish (Raphanus 

raphanistrum subsp. sativus (L.) Domin), Barley (Hordeum vulgare L.).  
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Table 2. Species used in rotation with onion crops from 2011 to 2013. Ituporanga (SC), Brazil. 

T = Treatments. T1 = rotation with onion, and maize in no-tillage system (NTS); T2 = 

rotation with soil cover crops (winter), and biennial onion in NTS; T3 = rotation with maize, 

winter grasses, and onion in NTS; T4 = rotation with summer legume and annual onion in 

NTS; T5 = rotation with summer grass, winter grasses, and annual onion in NTS; T6 = 

rotation with summer legume, winter grass, and annual onion in NTS; T7 = rotation with 

maize and onion in conventional tillage system (CTS); T8 = rotation with intercrops of soil 

cover crops (summer), and annual onion in NTS 

Treatment 2011 2012 2013 

 Winter Summer Winter Summer Winter Summer 

T1 
 

Fallow  
Onion Maize Fallow Onion Maize Fallow  Onion Maize 

T2 Vetch Maize 

Rye+ 

Oilseed 

radish 

Onion Maize 

Oilseed radish 

+ 

Rye 

Common 

bean 

T3 Rye Onion Maize Oat Onion Maize  Rye  
 

Onion 
Maize 

T4 
Fallow     

Onion 

Velvet 

bean 

Fallow     

Onion 

Velvet 

bean 

Fallow      

Onion 

Velvet 

bean 

T5 Rye  Onion 
Pearl 

Millet 
Oat Onion 

Pearl 

Millet 
Rye  Onion 

Pearl 

Millet 

T6 Rye Onion 
Velvet 

bean 
Rye  Onion 

Velvet 

bean 
Rye  Onion 

Velvet 

bean 

T7 Fallow Onion Maize Fallow  Onion Maize Fallow  Onion Maize 

T8 Fallow Onion 

Pearl 

Millet+ 

Velvet 

bean+ 

Sunflower 

Fallow  Onion 

Pearl 

Millet+ 

Velvet 

bean+ 

Sunflower 

Fallow  Onion 

Pearl 

Millet+ 

Velvet 

bean+ 

Sunflower 

Species = Oat (Avena strigosa Schreb), Onion (Allium cepa L.), Rye (Secale cereale L.), Vetch 
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(Vicia villosa Roth), Common bean (Phaseolus vulgaris L.), Sunflower (Helianthus annuus L.), 

Maize (Zea mays L.), Pearl Millet (Pennisetum glaucum (L.) R.Br.), Velvet bean (Mucuna 

pruriens var. utilis (Wall. ex Wight) L.H. Bailey) and Oilseed radish (Raphanus raphanistrum 

subsp. sativus (L.) Domin). 

During the experiment, the soil was fertilized only for the onion and maize crops, according to 

the recommendations for these crops (CQFS-RS/SC, 2004). Annual soil fertilization for onion 

crops consisted of 75 kg ha-1 of N, 120 kg ha-1 of P2O5, and 60 kg ha-1 of K2O, with all P and K 

and 15 kg ha-1 N applied at planting; the remaining N was applied at 45, 65, and 85 DAT. 

Phosphorus contents in the area in 2010 were very high, thus, the soil fertilization consisted of 

50 kg ha-1 of P and, in the following onion crop, it consisted of 80 kg ha-1 of P. Soil fertilization 

with P and K was not performed for maize crops due to the high contents of these nutrients in 

the soil; N fertilization consisted of 90 kg ha-1 of N (urea) when the maize plants had six to 

eight leaves. 

Before the onion seedlings were manually transplanted, the soil cover crops were killed and 

furrows were opened with a machine adapted for planting of onion in NTS. The onion cultivar 

used was the Empasc 352 (Bola Precoce); the spacing used was 0.40 m between rows and 0.10 

m between plants, with seven onion rows per plot. 

2.2 Dry Matter of Soil Cover Crops and Onion Yield  

The shoot dry matter (SDM) yield of the soil cover crops was evaluated in the same year that 

the soil samples were collected (2016). The SDM yield of the natural vegetation was evaluated 

together with the soil cover crops; the predominant species of this natural vegetation were from 

the following botanical families: Amaranthaceae (10%), Asteraceae, Caryophyllaceae, 

Compositae (10%), Convolvulaceae, Cruciferae, Cyperaceae (25%), Euphorbiaceae, 

Fabaceae, Lamiaceae (10%), Leguminosae, Liliaceae, Malvaceae, Oxalidaceae (10%), 

Plantaginaceae, Poaceae, and Polygonaceae (20%). The SDM yield of maize (Table 3) in the 

treatments containing this species (T1, T2, T3, and T7) was also evaluated. The average onion 

bulb yields found from 2011 to 2016 for each treatment are shown in Table 4. 

Table 3. Shoot dry matter (SDM) yield of the soil cover crops, natural vegetation, and maize 

in rotation with onion crops under no-tillage and conventional tillage systems in 2016 

SDM yield 

(Mg ha-1) 

T1 T2 T3  T4 T5  T6 T7 T8 

 

2016 5.97 9.73 10.5 4.01 11.6 7.58 4.76 11.0 

SDM yield 

of maize  

T1 T2 T3 T4 T5 T6 T7 T8 

(Mg ha-1) 
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2016 8.82 8.20 7.64 - - - 8.50 - 

T1 = rotation with onion and maize in no-tillage system (NTS); T2 = rotation with soil cover 

crops (winter) and biennial onion in NTS; T3 = rotation with maize, winter grasses, and 

onion in NTS; T4 = rotation with summer legume and annual onion in NTS; T5 = rotation 

with summer grass, winter grasses, and annual onion in NTS; T6 = rotation with summer 

legume, winter grass, and annual onion in NTS; T7 = rotation with maize and onion in 

conventional tillage system (CTS); T8 = rotation with intercrops of soil cover crops (summer) 

and annual onion in NTS. 

Table 4. Average onion bulb yield of crops under no-tillage and conventional tillage systems, 

including crop rotations, from 2011 to 2016 crop seasons 

Treatments T1 T2 T3 T4 T5 T6 T7 T8 

Onion bulb yield (Mg ha-1) 32.6 35.4 36.4 33.2 34.7 33.4 29.2 34.8 

T1 = rotation with onion and maize in no-tillage system (NTS); T2 = rotation with soil cover 

crops (winter) and biennial onion in NTS; T3 = rotation with maize, winter grasses, and 

onion in NTS; T4 = rotation with summer legume and annual onion in NTS; T5 = rotation 

with summer grass, winter grasses, and annual onion in NTS; T6 = rotation with summer 

legume, winter grass, and annual onion in NTS; T7 = rotation with maize and onion in 

conventional tillage system (CTS); T8 = rotation with intercrops of soil cover crops (summer) 

and annual onion in NTS. 

2.3 Soil Sampling and Analyses  

In September 2016, nine years after the beginning of the experiment, undisturbed and disturbed 

soil samples were collected in each plot. A 40×40×40 cm trench was opened between the onion 

rows in each plot using a spade, and samples were collected from the 0–5, 5–10, and 10–20 cm 

soil layers. The samples were then placed in plastic bags and sent to the Laboratory of Soil 

Management and Classification of the Federal University of Santa Catarina, where they were 

air-dried. Undisturbed samples were manually disaggregated following cracks or weak points, 

and sieved in 8.00 mm and 2.00 mm mesh sieves to obtain the soil aggregate indexes 

(Giumbelli et al., 2020). In general, each undisturbed sample weighed approximately 900 to 

1,000 g. The aggregates with diameters of 8.00 mm > Ø ≥ 2.0 mm, which were used for the 

evaluation of chemical properties of soils, represented approximately 60% of the total weight 

of soils under NTS. The aggregates of soils under CTS did not exceed 30% to 35% of the total 

soil weight. The amounts referring to aggregate stability and aggregation indexes are described 

in Giumbelli et al. (2020). Disturbed samples were sieved in a 2.00 mm mesh sieve to obtain 

the air-dried fine earth (bulk soil). The following analyses were performed for the soil 

aggregates and bulk soil.  

2.4 Organic Matter Granulometric Fractionation 

The SOM granulometric fractionation was carried out for macroaggregates and bulk soil 
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samples, using the methodology described by Cambardella and Elliott (1992). Twenty grams 

of bulk soil and macroaggregates and 60 mL of a sodium hexametaphosphate solution (5 g 

L-1) were used. The samples were shaken for 15 hours on a shaker and the suspension was 

passed through a 53 µm mesh sieve using water jets. The material retained in the sieve, which 

consists of POC and PON, was dried in an oven at 60 °C, weighed, ground in a porcelain 

mortar, passed through a 100-mesh sieve (150 μm), and analyzed in an autoanalyzer at 

900 °C (CHN-600 Carlo Erba EA-1110, Italy) at the Center for Nuclear Energy in Agriculture 

(CENA) of the University of São Paulo (USP), in Piracicaba, SP, Brazil. The material that 

passed through the 53 µm mesh sieve, which consisted of MOC and MON, was evaluated by 

the difference between COT and NOT, and POC and PON. 

2.5 Light Organic Matter (LOM) Contents 

LOM was analyzed only in the bulk soil because there was not enough macroaggregates in 

the CTS. Fifty grams of bulk soil were placed in 250 mL beakers and 100 mL of a NaOH 

solution (0.1 mol L-1) was added and left to rest overnight. The suspension was then shaken 

with a glass rod and the material was passed through a 0.25 mm mesh sieve to remove the 

clay and silt fractions (Anderson & Ingram, 1988). The material retained in the sieve (LOM 

and sand) was transferred to a beaker, which was filled with water. The floated material was 

carefully passed through a 0.25 mm mesh sieve to separate the LOM from the sand fraction. 

Water was added to the beaker, which was manually shaken to resuspend the remaining LOM 

and slowly pour the material in the 0.25 mm mesh sieve. This procedure was repeated until 

all the material that floated with the water shaken was removed. The material withheld in the 

sieve (LOM) was transferred to previously weighed aluminum containers and taken to an 

oven at 60 °C for 72 hours until constant weight. C and N contents in the LOM were then 

determined by the dry combustion method in a C and N autoanalyzer at 900 °C (CHN - 600 

Carlo Erba EA - 1110, Italy), in the CENA-USP, Piracicaba, SP, Brazil. The C to N ratio (C/N) 

was then calculated. 

The LOM weight data and C and N contents were used to correct each element, using the 

equation: Corrected LOM-C content (g kg-1) = [LOM-C (g kg-1) × soil LOM (g kg-1)] / 

1000. The nitrogen correction was carried out in the same way, considering the N contents 

instead of C. These corrections provided carbon and nitrogen contents added to the soil as 

LOM. 

2.6 Statistical Analyses  

The results were analyzed for normality and homogeneity of the data by the Lilliefors 

(Lilliefors, 1967) and Bartlet (Bartlett, 1937) tests, respectively. The data were subjected to 

analysis of variance (F test) and, when the effects were significant, the means were compared 

by the Scott-Knott test at 5% probability, using the software Sisvar 5.6. Statistical analyses 

were performed for the eight treatments, macroaggregates, and bulk soil. Subsequently, the 

data of each treatment were subjected to statistical analysis, independently, and the results of 

the macroaggregates and bulk soil were compared by the LSD test at 5%. 

3. Results  
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3.1 POC and MOC in the Bulk Soil and Macroaggregates 

In the bulk soil, the POC contents found were equal in the 0–5 cm layer of all treatments 

under NTS; T7 presented the lowest POC contents. The highest POC contents in the bulk soil 

were found in T2 and T6 in the 5–10 cm layer; and in T2, T3, T5, and T8 in the 10–20 cm 

layer (Table 5). 

In aggregates in the 0–5 cm layer, the highest POC contents were found in T2 and T3, and the 

lowest in T7. Among the treatments under NTS, T1 presented the lowest POC contents. 

Considering the aggregates in the 5–10 cm layer, only T5 differed from the other treatments, 

presenting the highest POC contents. In the 10–20 cm layer, the highest POC contents were 

found in T5, T7, and T8 (Table 5). 

Considering the bulk soil, the treatments T4 and T5 presented the highest MOC contents in 

the 0–5 cm layer; T4 presented the highest MOC contents in the 5–10 cm layer; and T4, T6, 

and T8 presented the highest MOC contents in the 10–20 cm layer. T1 presented the lowest 

MOC contents in the bulk of all layers evaluated (Table 5). 

Considering the aggregates, the treatments T1, T2, T4, T5, and T6 presented the highest 

MOC contents in the 0–5 cm layer; T5 had the highest contents in the 5–10 cm layer; and T1 

and T8 had the highest contents in the 10–20 cm layer. In aggregates of the 0–5 cm layer, 

T7presented the lowest MOC contents; in the 5–10 cm layer, T1, T3, T6, and T7 presented 

the lowest contents; and in the 10–20 cm layer, T7 had the lowest MOC contents (Table 5). 

3.2 PON and MON in Bulk soil and Soil Macroaggregates 

In the bulk soil, the highest PON contents in the 0–5 cm layer were found in T2, T3, T4, T5, 

T6, and T8, varying from 0.605 to 0.747 g kg-1. In the 5–10 cm layer, T5 showed the highest 

PON content (0.317 g kg-1), whereas no significant difference was found among the rest of 

the treatments. T5, T7, and T8 in the 10–20 cm layer showed the highest values, with no 

significant difference from the other treatments. The lowest PON contents in the 0–5 cm layer 

was found in T7, followed by T1 (Table 6). 

In aggregates, T6 presented the highest PON contents in the 0–5 and 5–10 cm soil layers, 

whereas T7 presented the lowest in the 0–5 cm layer, and T7 and T1 had the lowest contents 

in the 5–10 cm layer. No significant difference between treatments was found for the 10–20 

cm soil layer. Among the treatments under NTS, T3 (0–5 cm layer) and T3 and T1 (5–10 cm 

layer) presented the lowest PON contents (Table 6). 

In the bulk soil, the highest MON contents in the 0–5 cm layer were found in the treatments 

T4, T5, T6, and T8; and the lowest in T3 and T7. The highest MON contents in the 5–10 cm 

layer was found in T5 and T8, with no significant difference found among the rest treatments. 

In the 10–20 cm layer, the highest MON contents were found in T1, and the lowest in T2, T4, 

T7, and T8 (Table 6).  
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Table 5. Particulate organic carbon (POC) and mineral-associated organic carbon (MOC) in 

soils under no-tillage and conventional tillage systems for onion crops in rotation with crops 

and soil cover plants, Ituporanga, SC, Brazil 

Treatment 
POC (g kg-1) MOC (g kg-1) 

Bulk soil Aggregates CV% Bulk soil Aggregates CV% 
Soil 0–5 cm layer 

T1 9.34Aa 6.62Cb 7.65 21.31Eb 27.44Aa 6.4 
T2 8.01Aa 9.15Aa 5.92 26.01Cb 29.07Aa 3.62 
T3 10.53Aa 8.70Ba 18.15 29.68Ba 24.55Bb 3.9 
T4 9.32Aa 7.74Bb 7.44 33.08Aa 28.76Ab 3.32 
T5 9.40Aa 8.16Ba 12.79 32.49Aa 29.85Ab 2.47 
T6 10.59Aa 8.30Bb 6.58 27.03Cb 29.88Aa 4.89 
T7 4.55Ba 4.05Da 7.20 24.16Da 23.05Cb 0.78 
T8 9.79Aa 8.30Ba 10.02 27.72Ca 25.48Bb 4.37 

CV% 11.47 10.55  3.6 4.32  

Soil 5–10 cm layer 

T1 3.27Ba 2.43Bb 11.38 21.00Fb 22.75Ca 1.00 
T2 4.77Aa 3.19Ab 10.52 24.45Ea 25.84Ba 3.38 
T3 3.80Ba 2.98Bb 6.38 26.79Ca 23.45Cb 3.42 
T4 3.49Ba 2.77Bb 0.71 30.17Aa 25.66Bb 1.96 
T5 3.89Ba 3.17Ab 13.27 24.45Eb 29.11Aa 4.02 
T6 4.57Aa 2.96Bb 6.64 24.87Ea 21.96Cb 4.06 
T7 3.16Ba 2.86Ba 7.20 25.91Da 24.28Cb 2.69 
T8 3.84Ba 2.67Bb 5.98 27.86Ba 27.19Bb 1.25 

CV% 11.15 13.49  2.73 8.03  

Soil 10–20 cm layer 

T1 2.02Ba 1.47Bb 6.97 19.26Eb 22.71Aa 6.71 
T2 2.20Aa 1.57Bb 4.89 22.59Ba 19.83Cb 2.09 
T3 2.47Aa 1.70Bb 7.27 21.87Ca 21.21Ba 1.96 
T4 1.97Ba 1.60Bb 11.13 24.39Aa 20.46Cb 1.65 
T5 2.37Aa 1.90Ab 6.94 20.42Da 20.73Ca 1.77 
T6 1.89Ba 1.64Bb 2.29 23.90Aa 21.34Bb 3.43 
T7 2.12Ba 1.83Aa 11.46 21.87Ca 18.65Db 4.17 
T8 2.29Aa 1.97Ab 6.32 24.04Aa 22.90Aa 3.75 

CV% 7.35 8.13  3.03 3.98  

Means followed by the same uppercase letter in the columns are not significantly different 

(comparing treatments, for bulk soil and aggregates) by the Scott-Knott test (p<0.05); means 

followed by the same lowercase letter in the rows are not significantly different (comparing 

bulk soil and aggregates, for each treatment), by the t-LSD test (p<0.05). CV = coefficient of 

variation. T1 = rotation with onion, and maize in no-tillage system (NTS); T2 = rotation with 

soil cover crops (winter), and biennial onion in NTS; T3 = rotation with maize, winter grasses, 

and onion in NTS; T4 = rotation with summer legume and annual onion in NTS; T5 = 

rotation with summer grass, winter grasses, and annual onion in NTS; T6 = rotation with 

summer legume, winter grass, and annual onion in NTS; T7 = rotation with maize and onion 
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in conventional tillage system (CTS); T8 = rotation with intercrops of soil cover crops 

(summer), and annual onion in NTS. 

 

Table 6. Particulate organic nitrogen (PON) and mineral-associated organic nitrogen (MON) 

in soils under no-tillage and conventional tillage systems for onion crops in rotation with 

crops and soil cover plants, Ituporanga, SC, Brazil 

Treatment 
PON (g kg-1) MON (g kg-1) 

Bulk soil Aggregates CV% Bulk soil Aggregates CV% 
Soil 0–5 cm layer  

T1 0.447Bb 0.640Ba 9.16 2.507Ba 2.007Eb 6.74 
T2 0.672Ab 0.750Ba 5.47 2.600Ba 2.227Db 4.26 
T3 0.642Aa 0.482Ca 23.03 2.117Cb 2.920Ba 1.06 
T4 0.655Ab 0.772Ba 8.44 2.727Ab 3.225Aa 4.54 
T5 0.605Aa 0.712Ba 13.26 2.750Ab 2.930Ba 2.83 
T6 0.707Ab 0.972Aa 6.06 2.932Aa 2.642Cb 4.43 
T7 0.260Ca 0.295Da 8.19 2.057Ca 2.017Ea 1.90 
T8 0.747Aa 0.737Ba 8.96 2.857Aa 2.650Ca 4.70 

CV% 11.35 10.95   4.70 3.60   
Soil 5–10 cm layer 

T1 0.150Bb 0.197Da 13.45 1.967Ba 1.897Ea 3.83 
T2 0.207Bb 0.332Ba 13.65 2.080Ba 2.192Da 4.35 
T3 0.195Bb 0.255Ca 10.26 2.125Ba 2.297Ca 4.76 
T4 0.195Bb 0.312Ba 4.48 2.027Bb 2.582Aa 3.25 
T5 0.317Aa 0.280Ba 26.17 2.247Aa 2.157Da 3.51 
T6 0.220Bb 0.390Aa 8.67 2.062Bb 2.305Ca 3.64 
T7 0.170Ba 0.197Da 9.57 2.075Ba 2.062Da 1.83 
T8 0.212Bb 0.285Ba 11.10 2.200Ab 2.442Ba 2.40 

CV% 17.8 12.3   3.66 3.47   
Soil 10–20 cm layer  

T1 0.075Bb 0.110Aa 19.24 1.902Aa 1.542Cb 7.51 
T2 0.092Bb 0.155Aa 26.34 1.590Cb 1.755Ba 2.06 
T3 0.085Bb 0.170Aa 18.39 1.757Ba 1.725Ba 3.65 
T4 0.092Bb 0.137Aa 20.55 1.612Cb 1.900Aa 2.14 
T5 0.112Ab 0.140Aa 10.60 1.710Ba 1.710Ba 2.82 
T6 0.090Bb 0.145Aa 23.82 1.770Ba 1.817Aa 3.38 
T7 0.122Aa 0.117Aa 10.49 1.590Ca 1.550Ca 7.22 
T8 0.137Ab 0.160Aa 17.52 1.660Cb 1.917Aa 4.00 

CV% 15.89 20.12   4.90 4.02   

Means followed by the same uppercase letter in the columns are not significantly different 

(comparing treatments, for bulk soil and aggregates) by the Scott-Knott test (p<0.05); means 

followed by the same lowercase letter in the rows are not significantly different (comparing 

bulk soil and aggregates, for each treatment), by the t-LSD test (p<0.05). CV = coefficient of 

variation. T1 = rotation with onion, and maize in no-tillage system (NTS); T2 = rotation with 

soil cover crops (winter), and biennial onion in NTS; T3 = rotation with maize, winter grasses, 

and onion in NTS; T4 = rotation with summer legume and annual onion in NTS; T5 = 

rotation with summer grass, winter grasses, and annual onion in NTS; T6 = rotation with 
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summer legume, winter grass, and annual onion in NTS; T7 = rotation with maize and onion 

in conventional tillage system (CTS); T8 = rotation with intercrops of soil cover crops 

(summer), and annual onion in NTS. 

 

In aggregates, the highest MON contents in the 0–5 and 5–10 cm layers were found in T4, 

and the highest contents in the 10–20 cm layer were found in T4, T6, and T8. T1 and T7 

presented the lowest MON contents in the 0–5 cm layer; T1 presented the lowest one in the 

10–20 cm layer, followed by T2, T5, and T7; and T1 and T7 had the lowest contents in the 

10–20 cm layer (Table 6). 

3.3 Light Organic Matter (LOM), LOM-C, and LOM-N Contents 

The highest LOM contents were found in the treatment T2, in the 0–5 and 5–10 cm soil 

layers; and the lowest in T7 (0–10 cm) and T1 (5–10 cm). In the 10–20 cm layer, T5, T6, and 

T8 had the highest LOM contents, and T4 had the lowest. The higher LOM-C contents were 

found in T2 and T8, and the lowest in T7, in the 0–5 cm soil layer. In the 5–10 cm layer, only 

T2 was different from the other treatments, presenting the highest LOM-C contents. In the 

10–20 cm layer, T2 and T4 presented the lowest LOM-C contents, followed by T3 and T7; 

and the highest contents were found in T6, followed by T1 and T5 (Table 7).  

T4 and T8 presented the highest LOM-N contents, followed by T2 and T6; and T7 had the 

lowest, followed by T5, in the 0–5 cm layer. In the 5–10 cm layer, T4 had the highest, and T7 

had the lowest LOM-N contents; T1 and T5 had lower N contents than T2, T3, T6, and T8. In 

the 10–20 cm layer, T8 and T5 had the highest, and T2, T3, and T4 had the lowest LOM-N 

contents (Table 7). 

Table 7. Light organic matter (LOM), and carbon (C) and nitrogen (N) contents, and 

LOM-C/N in soils under no-tillage and conventional tillage systems for onion crops in 

rotation with crops and soil cover plants, Ituporanga, SC, Brazil 

Treatment LOM C N LOM-C/N 

 (g kg-1) 
Soil 0–5 cm layer  

T1 6.55B 1.45B 0.090C 16.17B 
T2 10.55A 1.77A 0.116B 15.24C 
T3 5.60B 1.38B 0.085C 16.21B 
T4 5.80B 1.44B 0.129A 11.17F 
T5 5.05B 1.38B 0.076D 18.20A 
T6 5.30B 1.40B 0.103B 13.65D 
T7 3.20C 0.69C 0.038E 18.03A 
T8 6.05B 1.72A 0.137A 12.47E 

CV % 17.55 9.15 2.15 3.03 

Soil 5–10 cm layer 

T1 1.15C 0.38B 0.019C 21.21A 
T2 3.20A 0.47A 0.025B 18.18B 
T3 1.80B 0.37B 0.023B 16.06C 
T4 1.95B 0.38B 0.029A 13.36D 
T5 1.95B 0.42B 0.021C 20.49A 
T6 1.70B 0.40B 0.025B 15.79C 
T7 1.44C 0.32B 0.015D 21.53A 
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T8 1.65B 0.35B 0.024B 14.24D 

CV % 16.86 6.77 6.56 3.92 

Soil 10–20 cm layer 

T1 1.00B 0.27B 0.010C 25.81A 
T2 1.00B 0.14E 0.007D 19.23D 
T3 0.90B 0.17D 0.008D 22.91B 
T4 0.60C 0.12E 0.006D 20.34C 
T5 1.55A 0.28B 0.014A 21.35C 
T6 1.45A 0.31A 0.012B 26.58A 
T7 1.00B 0.18D 0.012B 15.93E 
T8 1.20A 0.23C 0.014A 16.88E 

CV % 19.32 3.13 3.45 4.09 

Means followed by the same uppercase letter in the columns are not significantly different 

(comparing treatments, for bulk soil and aggregates) by the Scott-Knott test (p<0.05). CV = 

coefficient of variation. T1 = rotation with onion, and maize in no-tillage system (NTS); T2 = 

rotation with soil cover crops (winter), and biennial onion in NTS; T3 = rotation with maize, 

winter grasses, and onion in NTS; T4 = rotation with summer legume and annual onion in 

NTS; T5 = rotation with summer grass, winter grasses, and annual onion in NTS; T6 = 

rotation with summer legume, winter grass, and annual onion in NTS; T7 = rotation with 

maize and onion in conventional tillage system (CTS); T8 = rotation with intercrops of soil 

cover crops (summer), and annual onion in NTS. 

The highest LOM-C/N in the 0–5 cm layer was found in T5 and T7, and the lowest in T8. In 

the 5–10 cm layer, T1, T5, and T7 had the highest LOM-C/N, and T4 and T8 had the lowest. 

In the 10–20 cm layer, T1 and T6 had the highest LOM-C/N, and T7 and T8 had the lowest. 

4. Discussion 

4.1 POC in the Bulk Soil and Macroaggregates 

The results found for bulk soil and aggregates of the soil surface layer (0–5 cm) showed that 

the evaluation of POC is an alternative to differentiate the studied areas, according to the soil 

managements used. The treatments under NTS have annual additions of plant residues and, 

combined with a minimum soil turning, they allow the soil cover to remain on the soil surface, 

which increases POC contents. However, this situation was not found for the treatment under 

CTS (T7), in which the soil cover is from natural vegetation and maize crop residues, but the 

soil is turned, thus incorporating these plant residues to deeper layers, resulting in a fast 

mineralization.  

The evaluation of POC in aggregates of the soil surface layer was more efficient to 

differentiate the treatments than the evaluation of POC in the bulk soil. The POC found in the 

bulk soil presented no difference among the treatments under NTS; however, the POC in 

aggregates differentiated the treatments, highlighting the treatment T1, in which soil cover 

crops were not used. 

In the bulk soil of in the 5–10 cm layer, the combination of leguminous and grass species in 

T2 and T6 resulted in plant residues with an intermediate C/N, between the original C/N of 

the legumes and grass plants used. The POC fraction had predominance of compounds with 

high C content; therefore, residues with high C/N tend to remain longer in the soil, increasing 
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the soil POC contents (Cotrufo et al., 2019).  

The combination of different plant species to generate residues with intermediate C and N 

was also reported by Scherer-Lorenzen et al. (2008) and Duval et al. (2016). These studies 

showed residues with intermediate C/N (C/N=30) for combination of soil cover plants (oat + 

vetch) when compared to treatments with only grass species or legume species.  

The lower POC contents found in T1 and T7 may be due to the lower contribution of the 

natural vegetation to the plant residues when compared to the soil cover plants; despite the 

natural vegetation is more rustic, they are less efficient to accumulate dry matter (Maia et al., 

2015).  

The higher POC contents found in the bulk soil of the 10–20 cm layer in the treatments T2, 

T3, T5, and T8 may be due to the carbon contribution of the grass species roots, which 

elongate and explore deeper soil layers and present frequent renewal (Dietzel et al., 2017). 

The lower POC contents found in this layer in T4 and T6 may be due to the residues of the 

velvet bean, which is a leguminous species and has lower C/N, which is preferentially 

mineralized, tending to be fractionated and associated with the MOC fraction.  

Some studies on soils managed under NTS and minimum tillage report increases in COT 

contents with a consequent increase in POC and MOC fractions, in the 0–30 cm layer, when 

compared to those managed under CTS; this is related to a lower soil turning and to a greater 

quantity and frequent addition of plant residues through rhizodeposition of soil cover plants 

(Cates et al., 2016; Lima et al., 2016; Melo et al., 2016; Comin et al., 2018; Abdala et al., 

2020). 

The POC contents in aggregates of the treatments varied according to the soil layer; however, 

the use of grass species increased this carbon fraction mainly in the subsurface layers (5–10 

and 10–20 cm). The treatment T5, for example, consisted of a sequence of grass species in 

rotation with onion crops that resulted in higher POC contents than the other treatments, 

except for the 10–20 cm soil layer, when compared to T8 and T7, which were similar to T5. 

Therefore, the permanent contribution of organic residues in the NTS and the polysaccharides 

exuded by their root system contribute to soil aggregation and carbon stabilization in 

aggregates (Rauber et al., 2017; Loss et al., 2019).  

The higher POC contents found in aggregates of the 10–20 cm layer in the treatment T7 was 

due to the incorporation of plant residues to the soil by plowing and harrowing, which also 

explains why T7 had the lowest POC contents in aggregates of the 0–5 cm soil layer. POC 

contents in T8 and T5 were similar for the layer 10–20 cm because of the intercrop of soil 

cover crops, which resulted in higher DMG and POC contents in macroaggregates (Giumbelli 

et al., 2020), creating an environment that provided higher protection for POC. 

The POC contents in bulk soil and aggregates showed differences for these compartments in 

all treatments; the highest contents were always found in the bulk soil. This may be due to the 

constant maintenance of plant residues on the soil surface and absence of soil turning, which 

enrich the environment with particles with sizes >53μm associated with the POC fraction. 

Similar results were found by Ferreira et al. (2018), who evaluated POC contents in bulk soil 
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and macroaggregates under different management systems and soil cover plants. 

4.2 MOC in the Bulk Soil and Macroaggregates 

The higher MOC contents in the bulk soil of the 0–5 cm layer found in the treatments T4 and 

T5 were because of the successive crops without soil turning and the use of soil cover plants. 

More than 80% of COT is composed of MOC; thus, the addition of plant materials for the 

maintenance and increase of COT contents increases the compartments of MOC in the soil 

(Bayer et al. 2004; Conceição et al., 2013). The higher MOC contents in T4 and T5 

corroborates the higher COT contents in these treatments (Giumbelli et al., 2020). 

The 5–10 and 10–20 cm layers of treatments with velvet bean, alone (T4) or intercropped 

with grass species (T6 and T8), presented higher MOC contents in the bulk soil. This 

indicates that the rhizodeposition of nitrogen-rich materials that facilitates their 

decomposition by microorganisms, forming residues that can be associated with silt and clay 

particles (<0.53 μm). Canarini et al. (2018) found positive correlation between legume 

biomasses and MOC contents (R2 = 0.38, p <0.001), which corroborates the results found in 

the present work. 

The SOM labile fraction presents high decomposition rate and short permanence period in the 

soil; its main function is the supplying of nutrients to plants by mineralization, and energy 

and C to soil microorganisms. Some studies report negative correlation between MOC and 

POC, indicating that a higher MOC accumulation is resulted from the decomposition of POC 

(Silva & Mendonça, 2007; Conceição et al., 2013; Lima et al., 2016; Ferreira et al., 2018). 

Conceição et al. (2005) evaluated soils (Typic Hapludult) under CTS, minimum tillage, and 

NTS using seven treatments with grass species and legumes, with and without use of soil 

nitrogen fertilization, and found that the treatments with legumes add higher quantities of 

POC and MOC to the 0-20 cm soil layer. 

The lower MOC contents in the bulk soil of all soil layers in T1 were also due to the absence 

of soil turning, requiring the contribution of carbon-rich materials (use of soil cover plants) to 

form and maintain this more recalcitrant carbon fraction in the soil.  

Contrastingly, the higher MOC contents found in aggregates of the 0–5 and 10–20 cm layers 

in T1 denote that the conversion of POC into MOC in aggregates was more efficient than that 

occurring in the bulk soil, which may be due to a physical protection provided by the soil 

aggregates. The POC is the point of nucleation for soil particles, increases the microbial 

activity and, consequently, forms microaggregates (Kumar et al., 2013). The joint of 

microaggregates forms macroaggregates and, thus, more recalcitrant carbon will be protected, 

i.e., the MOC contents will be increased (Xu et al., 2019). 

The higher MOC contents in aggregates in T2, T4, T5, and T6 (0–5 cm), T5 (5–10 cm), and 

T8 (10–20 cm) were due to the preservation of the soil structure in the NTS (Giumbelli et al., 

2020). This favors the formation of stable aggregates, the release of exudates rich in 

polysaccharides and cementitious agents by the soil cover plants, and the permanence of plant 

residues that protect the aggregates and decrease the soil surface temperature, leading to the 

cycling of carbon. These factors show the better conversion of POC into MOC of soil 
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aggregates. 

The comparison of the POC and MOC contents in bulk soil and aggregates within each 

treatment showed, in general, higher POC contents in the bulk soil. The MOC contents 

showed higher variations, presenting sometimes higher contents in the bulk soil and 

sometimes higher contents in aggregates. The results showed higher MOC contents in 

aggregates in T1, and in the bulk soil in T7, in all layers evaluated. These results corroborate 

the higher aggregation indexes of T1 when compared to T7 (Giumbelli et al. 2020). Larger 

and more stable aggregates provided a more favorable environment for the formation and 

maintenance of MOC contents in T1 (NTS) when compared to T7 (CTS).  

The predominance of higher proportions of carbon in MOC form was found in the bulk soil 

and aggregates, in all layers evaluated. Studies on SOM granulometric fractions showed 

higher proportions of non-labile carbon fractions when comparing the MOC with labile 

fractions (POC) (Lima et al., 2016). However, the aggregates in the 10–20 cm layer in the 

treatment T7 presented the lowest MOC contents. These results reinforce the negative effect 

of CTS regarding the breaking of aggregates, with consequent loss of carbon, affecting 

less-stable aggregates, as reported by Giumbelli et al. (2020). 

The use of NTS contributed to increases in MOC contents because changes in MOC contents 

and stocks are followed by humification of labile organic matter (POC) and its higher 

interaction with mineralogical components—silt and clay fractions (Lima et al, 2016). Loss et 

al. (2009) found higher MOC contents in an NTS for vegetables with soil organic fertilization 

when compared to a CTS; these differences were attributed to the constant use of soil organic 

fertilization, and to the history and time of use of each area under NTS when compared to the 

CTS. 

4.3 PON in the Bulk Soil and Macroaggregates 

The higher PON contents found in the treatments under NTS with soil cover plants, when 

compared to T7, was because of the preservation of the soil structure, which protected the 

SOM and, consequently, decreased the microbial decomposition rate. This shows that PON is 

also sensitive to soil managements for crops; a maize crop under NTS, with velvet bean 

(Mucuna aterrima) as soil cover plants, showed gains of 34.9% in PON over a crop under 

CTS (Souza Nunes et al., 2011). 

The higher PON contents in the bulk soil of the 0–5 cm layer in T2, T4, T6, and T8 were 

mainly due to the decomposition of vetch and oilseed radish (T2) and velvet bean (T4, T6, T8) 

plants, which provided nitrogen-rich residues. Contrastingly, the higher PON contents found 

in the bulk soil of 0–5 cm layer in T3 and T5 may be due to the immobilization of N by the 

grass species used, which contain more C in their tissues, decreasing the decomposition rate 

of plant residues and increasing PON contents due to their slower mineralization (Veras et al., 

2016; Fu et al., 2019).  

Increases in nitrogen stocks in the particulate fraction favor the availability of this nutrient to 

plants because of the short time of influence of this fraction and its concentration in the soil 

surface layer, favoring the absorption of N by roots of plants (Conceição et al., 2005). 
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The higher PON contents found in the bulk soil of the 5–10 and 10–20 cm layers in T5 were 

because of the presence of grass species (oat, rye, and millet) in the summer and in the winter. 

These plants efficiently absorb inorganic nitrogen from the soil solution, such as NO3-, 

converting it into organic N, and releasing it to the soil when the plants tissues of the soil 

cover crops are decomposed (Beltrán et al., 2018).  

In addition to the immobilization of N by grass species in T8, the diversity of plant species 

(grass and legumes species) and the high contribution of LOM to the 10–20 cm layer (Table 7) 

can be related to the high PON contents in this layer, since the LOM was from velvet bean 

plant residues, which accumulate nitrogen in deep soil layers.  

However, the higher PON contents found in the bulk soil of the 10–20 cm layer in T7 may be 

due to the material buried through the soil turning, together with the nitrogen from the soil 

fertilization, natural vegetation, and maize crop residues from soil surface layers to deeper 

layers. The lower PON contents found in the bulk soil of the 0–5 cm layer in T7 confirm this 

explanation. 

The higher PON contents found in aggregates of the 0–5 and 5–10 cm soil layers in T6 are 

related to the combination of velvet bean and rye as soil cover plants, forming plant residues 

with intermediate C/N (> 20 and < 30), which provided a favorable environment for a slow 

decomposition and made possible the protection of this material in the interior of aggregates. 

This favorable environment was not found in T7 because of the absence of soil cover plants 

and frequent soil turning, which explains the lower PON contents found in aggregates of the 

0–5 and 5–10 cm soil layer in this treatment. 

The PON contents in the 5–10 cm layer in T1 and T7 were similar; however, T1 presented 

higher POC and PON contents in the bulk soil and aggregates, and higher MOC and MON 

contents in the bulk soil of the 0–5 cm layer than T7. This shows that the management 

practices used in NTS provide higher carbon and nitrogen contents on the soil surface than 

those in CTS. NTS also preserves aggregates, which improves water infiltration rate, total 

porosity, and nutrient retention capacity of the soil (Blanco & Lal, 2004). 

Considering the treatments under NTS, the lowest PON contents found in aggregates of the 

treatment T3 (0–5 cm layer) and T3 and T1(5–10 cm layer ) were due to the exclusive use of 

grass species, which increase more efficiently the soil aggregation, but are less efficient in 

biological nitrogen fixation than leguminous species.  

The PON in the bulk soil and aggregates within the treatments showed an opposite pattern to 

POC, i.e., the higher PON contents were found in aggregates of all soil layers evaluated. This 

denotes the importance of preserving the soil structure, which enables the formation of 

aggregates that protect this nitrogen fraction and, consequently, its maintenance for the 

subsequent crops.  

Organic substrates are physically protected inside soil aggregates, decreasing the accessibility 

of microorganisms and, consequently, the soil microbial activity, and protecting the C and N 

from decomposition, accumulating more C and N in aggregates than in the bulk soil (Zhong 

et al., 2017).  
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The PON contents presented no differences between bulk soil and aggregates for the CTS 

(T7). This may be due to the soil turning and breaking of aggregates, which homogenize the 

PON contents in bulk soil and aggregates. This reinforces the importance of the NTS to 

preserve the soil structure and the subsequent accumulation of PON in the interior of 

aggregates. 

4.4 MON in Bulk Soil and Macroaggregates 

The higher MON contents found in the bulk soil (0–5 cm) and aggregates (10–20 cm) in T4, 

T6, and T8, and in the bulk soil in T8 (5–10 cm) and aggregates in T4 (0–5 and 5–10 cm) 

were due to the nitrogen provided by the decomposition of soil cover plants, especially, 

velvet bean plants which associate with rhizobacteria and fix nitrogen bacteria that form 

residues with low C/N (< 20). This facilitates that microorganisms transform this plant 

material into smaller particles that can bound to the surface of minerals of the clay fraction 

(Giannetta et al., 2019).  

The higher MON contents found in the bulk soil of the 0–5 and 5–10 cm layers in T5 may be 

related to the successive crops with soil cover plants from the Poaceae family, which results 

in plant residues with nitrogen-rich tissues, and increases SOM contents and supply of 

particulate nitrogen over time (Personeni et al., 2005; Fu et al., 2019). 

The lower MON contents found in aggregates of the 0–5 and 10–20 cm layers in T1 and T7, 

and of the 5–10 cm layer in T1 may be due to the contribution of this nutrient to the two 

treatments only by soil mineral fertilization and residues of natural vegetation. In addition, T7 

also presented breaking of the soil structure, which made the previously protected MON in 

aggregates able to be consumed by microorganisms or lost in the environment (Santos et al., 

2018a).  

The higher MON contents found in aggregates of all soil layers evaluated in T4 indicate a 

trend of velvet bean residues to mineralize faster than grass species, facilitating the 

association of silt and clay fractions in the soil, protecting the MON in the interior of 

aggregates (Lavallee et al., 2019). 

The same pattern was found in T6 and T8, but only in the 5–10 cm soil layer; in this case, the 

velvet bean was intercropped with grass species, making the decomposition of residues 

slower in the soil surface layer, decreasing MON contents in this soil layer (0–5 cm). The 

other treatments showed a trend to accumulate MON in aggregates and bulk soil, but T7 

presented lower and homogeneous MON contents probably due the soil turning and breaking 

of aggregates, as found for PON. 

4.5 Light Organic Matter (LOM), LOM-C, and LOM-N Contents  

The higher LOM contents found in the 0–5 and 5–10 cm layers in the treatment T2 may be 

due to the use of vetch and combination of oilseed radish and rye, which added 9.73 Mg ha-1 

of dry matter to the soil in 2016 (Table 3). The aerial part of oilseed radish plants can add 

1,965 to 3,361 kg ha-1 of dry matter to the soil, and their roots can add 1,532 to 3,748 kg ha-1 

of dry matter to deeper soil layers (Wang & Weil, 2018).  
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However, dry matter with high proportion of N is rapidly decomposed by the soil microbiota 

(Jahanzad et al., 2016). Therefore, the combination of oilseed radish with rye, combined with 

maize plant residues, assisted in balancing the C/N of the residues, mainly in the 5–10 cm 

layer (C/N = 18.18), enabling the LOM formed in the treatment T2 to remain longer in the 

soil (Table 7) (Morton & Abendroth, 2017).  

The combination of plants of different families was efficient to accumulate LOM in the 

10–20 cm layer in the treatment T8, in which the sunflower root system had more effect in 

the first 10 cm of soil, and the velvet bean and millet tended to develop roots below this layer 

(Scapinelli et al., 2016).  

The higher LOM contents found in the 10–20 cm layer in T5 and T6 may be due to the use of 

rye as soil cover plants. This plant has high capacity to generate dry matter (DM) (17 to 35 

Mg ha-1) with high C/N, which improved the quantity of DM in the soil surface layer of the 

treatment T5 (Table 3) (Chaves et al., 2018). In addition, the rye root system is regularly 

renewed and tends to deposit organic material in deep soil layers (Loss et al., 2015).  

The lower LOM contents found in the 0–5 and 5–10 cm layers in T7 may be due to the 

absence of soil cover plants, resulting in a lower contribution of plants to the LOM, which, 

combined with the soil turning (CTS), results in plant residues with lower size and increases 

their decomposition rate (Loss et al., 2010). In addition, T7 had lower DM contents in soil 

surface layer (Table 3).  

T1 presented higher LOM contents in the soil surface layer than T7, confirming the DM 

data—T1 produced 1.0 Mg ha-1 more DM than T7 (Table 3). These differences show that, 

despite the use of soil cover plants in T1, the soil management in NTS kept the residues of 

natural vegetation on the soil and improved the contribution of LOM when compared to T7 

(CTS). T1 and T7 presented no differences in the 5–10 and 10–20 cm layers; this is related to 

the soil turning in T7, which incorporated the plant residues from the 0–5 cm to deeper layers, 

as reported by Loss et al. (2010) and Pereira et al. (2010). 

The lower LOM contents found in the 10–20 cm layer in T4 may be due to the use of velvet 

bean alone, which generated residues poor in carbon and rich in nitrogen, which were easily 

decomposed by microorganisms. These higher N contents in the plant residues are confirmed 

by the LOM-C/N in all soil layers evaluated in T4, especially in the soil surface layer (11.17) 

(Table 7). 

The higher LOM-C contents found in the 0–5 cm layer in T8 are related to the use of soil 

cover plants of different families and the consecutive crops under NTS. This corroborates the 

DM contents (11.0 Mg ha-1) found in the soil surface layer (Table 3). Studies show that millet 

intercropped with velvet bean and other legumes can produce, in general, 10 Mg ha-1 of DM; 

moreover, sunflower plants can provide 6.5 to 11.1 Mg ha-1 of DM to the soil surface when 

used alone as soil cover plants (Herrada et al., 2017; Büchi et al., 2020). This resulted in 

higher accumulation and preservation of plant residues on the soil surface, despite of their 

low C/N (12.47), when compared to the LOM of the other treatments (Table 7).  

Considering the LOM-C and LOM-N contents, T1 had higher C (0–5 and 10–20 cm) and N 
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(0–5 and 5–10 cm) contents, and more DM on the soil surface than T7 (Table 3). These 

treatments had the same crop rotation (maize-onion), without the use of soil cover plants. 

Maize adds carbon through plant residues, mainly roots, which add 3-fold more carbon than 

the shoot (Müller et al. 2016). Thus, the differences between T1 and T7 are due to the tillage 

system used, i.e., the NTS in T1 favored the soil cover. This improves the DM production and 

the LOM, LOM-C, and LOM-N contents when compared to T7, in which the use of CTS 

incorporated the plant residues and accelerated their decomposition. This was also found by 

Assunção et al. (2019), who evaluated the effect of CTS and NTS on SOM fractions of 

tropical soils and found higher LOM contents when using NTS. 

The higher LOM-N contents found in T4 (0–5 and 5–10 cm) and T8 (0–5 and 10–20 cm) 

were due to the use of leguminous species, which generated nitrogen-rich plant residues. This 

was also found in T2 and T6, which had leguminous species as soil cover crops and presented 

higher LOM-N contents in the soil surface layer when compared to the treatments using only 

grass species (T1, T3, and T5).  

Moreover, the higher LOM-C and LOM-N contents found in the 0–5 cm layer in T8 indicated 

that the combination of soil cover plants from different families increases DM yield and, 

consequently, the contents of these nutrients in the soil (Michelon et al., 2019). In addition, 

the resulting low C/N indicates that these and other nutrients can faster be available to plants 

(Redin et al., 2014).  

5. Conclusions  

The frequent soil turning caused by the conventional tillage system (CTS) in the treatment T7 

resulted in lower particulate organic C and N (POC and PON) contents in soil 

macroaggregates and bulk soil (0–5 cm layer) when compared to treatments under no tillage 

system (NTS). The use of CTS (T7) resulted in lower light organic matter (LOM), LOM-C, 

and LOM-N contents in the soil surface layer when compared to the other treatments. This 

denotes that the soil management in the NTS assists in the maintenance of residues of soil 

cover crops and natural vegetation on the soil and improves the LOM and granulometric 

fractions of the soil organic matter.  

The absence of soil cover plants in T1 resulted in lower MOC contents in bulk soil, and lower 

MON contents in aggregates, in all evaluated layers, when compared to the other treatments 

under NTS. The higher diversity and combinations of plant species in T2, T3, T4, T5, T6, and 

T8 resulted in higher POC and MON contents in aggregates and MOC and PON contents in 

bulk soil, in the soil surface layer, when compared to T1 and T7.  

The crop rotation with velvet bean followed by rye + oilseed radish as soil cover plants (T2) 

was a better option to increase LOM and POC contents (in aggregates) in the soil surface 

layer when compared to the other treatments. The treatments with legumes were more 

efficient to increase N contents (0-10 cm layer)—especially PON in T6, which included a 

rotation with summer legume-winter grass species; and MON in T4, which included a 

rotation with onion crops with summer legume, both in aggregates—and LOM-N contents in 

T4.  
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The POC (0–5 cm), PON, and MON (0-10 cm) contents in soil aggregates showed more 

significant differences between treatments than the contents in the bulk soil. The onion crops 

under NTS including the use of rotation with soil cover plants were more efficient to improve 

the evaluated soil attributes than the crops under CTS.  
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