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ABSTRACT. The use of cover crops during the winter period is the foundation of the no-till system and 

provides physical, chemical, and biological benefits to the soil. A high biomass input from cover crops and 

benefits related to nutrient cycling also enhance the presence of beneficial soil microorganisms. Thus, this 

study aimed to evaluate dry matter phytomass production, the soil coverage curve with cover crops, and the 

decomposition curve of dry matter phytomass in monoculture and cover crop mixtures in a subtropical 

environment. The following cover crop treatments were evaluated during the winters of 2022 and 2023 

using a randomized block experimental design: black oat, rye, common vetch, forage radish, black oat + 

common vetch, black oat + forage radish, black oat + common vetch + forage radish, rye + common vetch, 

rye + forage radish, and rye + common vetch + forage radish. Dry matter phytomass production, soil 

coverage, and dry matter phytomass decomposition were measured using the litter bag method. Black oat 

and forage radish in monoculture stood out for their dry matter phytomass production, and forage radish 

excelled in mixed treatments, presenting values exceeding 50% of the composition in all cases. Soil 

coverage was adequate for black oat, rye, common vetch, and forage radish in monoculture and their 

intercropping systems. After 150 days of decomposition, black oat and rye exhibited the lowest 

decomposition rates, and the cover crop mixtures showed intermediate decomposition rates, confirming 

their suitability as autumn/winter cover crops in subtropical environments. 
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Introduction 

For the 2023/2024 season, soybean and maize production in Brazil exceeded 65 million hectares, with 45 million 

hectares cultivated with soybean and 20 million hectares with maize (Companhia Nacional de Abastecimento 

[CONAB], 2024). Rio Grande do Sul (southernmost Brazil) utilizes over 6 million hectares for soybean production 

and 800,000 hectares for maize, and approximately 1.3 million hectares are cultivated with wheat during winter 

(Companhia Nacional de Abastecimento, 2024). The remaining area is often underutilized by extensive livestock 

farming or left fallow, which can increase weed emergence and cause non-uniform soil coverage. When maize is 

planned as the primary crop in Rio Grande do Sul, cover crop introduction, either as a monoculture or intercropping 

system, is typically considered in advance. Some of the main cover crops used in southern Brazilian systems include 

black oat (Avena strigosa Schreb), rye (Secale cereale L.), forage radish (Raphanus sativus L.), and common vetch 

(Vicia sativa L.). According to Silva et al. (2021), species selection should consider the intended purpose of 

cultivation, with grasses and legumes being the most prominent choices. 

Each species offers distinct benefits and limitations, increasing interest in cover crop mixtures 

(intercropping with two or more species). Pessotto et al. (2016) found that cover crops improved the soil 

structure, resulting in benefits for subsequent crops. Introducing cover crops into crop rotation systems 

enhances soil fertility and organic matter levels, contributing to agricultural sustainability (Rosa et al., 2017). 

Moreover, cover crops influence soil biological properties, increasing microbial diversity and suppressing 

soilborne pathogens and weeds (Almeida et al., 2016; Pittman et al., 2020). 
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Cover crops primarily function to shield the soil from the kinetic energy of raindrops during their growth 

and after desiccation, and their integration into cropping systems enhances soil protection and improves the 

soil’s physical parameters. According to Basche and DeLonge (2019), soil macropores, which affect aeration 

and water infiltration, are key physical attributes improved by cover crops. Cover crops also reduce the 

leaching of soil carbon (C) and other nutrients (Singh et al., 2021). 

A critical characteristic of cover crops is their rapid establishment. Rapid canopy closure decreases weed 

emergence and minimizes the exposure of soil to the direct impact of rainfall (Wayman et al., 2017). Such 

tools as the normalized difference vegetation index (NDVI) can be used to measure the canopy soil coverage 

rate (Asadi et al., 2019; Borgogno-Mondino et al., 2018).  

Grasses in monoculture or intercropping systems exhibit rapid growth and offer greater soil protection 

potential due to their higher carbon-to-nitrogen (C/N) ratio compared to crucifers and legumes. This enables grass-

based intercropping systems to maintain plant residues on the soil surface for extended periods (Ziech et al., 2015). 

Identifying optimal species mixtures to maximize both biomass production and ecosystem interactions remains a 

challenge, as different species combinations confer distinct ecosystem functions (Allan et al., 2015). 

Given the significance of cover crops, further studies focusing on monoculture and cover crop mixtures 

and the decomposition of dry matter phytomass are necessary to understand their development and coverage 

capacity. Therefore, this study aimed to evaluate dry matter phytomass production, the soil coverage curve 

of cover crops, and the decomposition curve of dry matter phytomass in monoculture and cover crop mixtures 

in a subtropical environment. 

Material and methods 

The experiments were conducted in 2022 and 2023 within the experimental area of the Department of 

Crop Science at the Federal University of Santa Maria, located in Santa Maria, Rio Grande do Sul State, Brazil 

(29°43'28 S, 53°43'41" W). The soil is classified as a dystrophic arenic Red Argisol (Santos et al., 2018). 

According to the Köppen classification, the climate is Cfa, a humid subtropical climate characterized by rainy 

and warm conditions (Alvares et al., 2013). 

Four species were sown in monoculture and mixed cover crop systems on April 17, 2022, and April 5, 2023: 

black oat (BO), rye (R), common vetch (CV), and forage radish (FR). This resulted in 10 treatments: T1 = BO; 

T2 = R; T3 = CV; T4 = FR; T5 = BO (50%) + CV (50%); T6 = BO (50%) + FR (50%); T7 = BO (50%) + FR (25%) + 

CV (25%); T8 = R (50%) + CV (50%); T9 = R (50%) + FR (50%); T10 = R (50%) + FR (25%) + CV (25%). In the 

cover crop mixtures, at least 50% grass was prioritized to maintain an optimal C/N ratio. 

The experimental plots were 1.8 m wide and 3.0 m long, totaling 5.4 m2. The experiment was setup in a 

randomized complete block design, with four replications per treatment. The cover crop seeding rates were 

as follows: BO = 80 kg ha−1; R = 50 kg ha−1; CV = 50 kg ha−1 (Fontaneli et al., 2012); and FR = 15 kg ha−1 

(Cargnelutti Filho et al., 2022). For the mixture treatments, seed quantities varied based on their proportions, 

referencing the monoculture seeding rate, with treatments T5–T10 following the proportional percentage of 

the reference values from T1 to T4. 

During the experimental period, soil coverage was assessed using the NDVI system with a GreenSeeker® 

device. NDVI values ranged from 0.0 to 1.0, with higher values indicating greater soil coverage. Four and five 

measurements were taken in 2022 (23, 41, 59, and 95 days after emergence) and 2023 (35, 50, 65, 80, and 95 

days after emergence), respectively. 

Green biomass was quantified at anthesis for BO and R, the end of flowering for FR, and the beginning of 

flowering for CV. A 2-m2 sample was collected from each plot, and a representative subsample was dried in a 

forced-air oven at 65°C until a constant weight was reached and then used to estimate the total dry matter 

phytomass production. Samples were collected on August 29, 2022, and August 13, 2023. 

The decomposition rate of the cover crop residues was evaluated using the litter bag method, with 2-mm 

mesh bags measuring 25 × 20 cm (Santos et al., 2024). The dry matter phytomass equivalent to the biomass 

produced in each treatment was placed in the litter bags, maintaining a 500 cm2 area corresponding to the 

litter bag dimensions, and distributed in four replications with five collection times (30, 60, 90, 120, and 150 

days after soil exposure). The litter bags were sampled at each timepoint (30, 60, 90, 120, and 150 days), and 

the contents were dried in a forced-air oven at 65°C until a constant weight was achieved. The remaining dry 

matter phytomass was then recorded. 
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The daily average temperature data and recorded rainfall volumes for the experimental period in 2022 and 

2023 were obtained from the National Institute of Meteorology (INMET) meteorological station at the Federal 

University of Santa Maria (Figure 1).  

 
Figure 1. Rainfall and daily average air temperature during the cover crop development period (A and B) and cover crop decomposition 

rate (C and D) in 2022 and 2023, respectively. 

The collected variables were subjected to a joint analysis of variance across years to identify differences 

between treatments. Subsequently, means were grouped using the Scott–Knott test at a 5% probability of 

error using R software version 4.3.3 (R Core Team, 2024). 

Results and discussion 

A total rainfall of 453 mm was recorded throughout the cover crop period in 2022, and 592.6 mm was 

recorded in 2023 (Figure 1). This resulted in an average daily rainfall of 3.38 mm in 2022 and 4.55 mm in 2023. 

Although the occurrence of these rainfall volumes was not uniform, periods of water deficit were not observed 

during cover crop development. 

When comparing the two years, dry matter phytomass production was higher in 2023 for 7 of the 10 

treatments, with significant differences (p ≤ 0.05) observed in BO and CV monocultures and in the R + CV + 

FR mixture (Table 1). Ruis et al. (2019) found that, in association with temperature, biomass production is 

influenced by factors such as rainfall, which promotes cover crop development, resulting in greater biomass 

accumulation. Differences were noted in the contribution of each cover crop species to the total dry matter 

phytomass at the end of the experiment for two or three species mixtures. Although CV and FR were sown at 

25% of the total seed quantity in the three-species mixtures, their final contribution varied. In the BO + CV + 

FR and R + CV + FR treatments, CV accounted for 5.21–8.21% of the total dry matter phytomass in 2022, 

whereas FR dominated in 2023, contributing 57.33–75.59% (Table 1). These results corroborate those of 

Santos et al. (2024), who observed variations in the final species composition in the dry matter biomass. In 

the R + CV + FR treatment, CV and FR exhibited aggressive growth in 2023, completely suppressing the other 

species and leading to their absence in dry matter phytomass at the time of cover crop sampling. This may be 

linked to the rapid establishment of FR, which has strong adaptability to low-altitude environments and 

sandy-textured soils, enabling it to grow taller and dominate other cover crops (Bainard et al., 2020).  
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Table 1. Percentage composition of dry matter phytomass in cover crop treatments and total dry matter phytomass production at the 

end of the cycle for the different experimental years. 

Treatment BO (%) R (%) CV (%) FR (%) Dry phytomass (kg h−1) 

2022 Season 

BO 100    4063.67aB 

R  100   3894.87aA 

CV   100  2999.99aB 

FR    100 4219.35aA 

BO+CV 68.33  31.67  3612.23aA 

BO+FR 40.08   59.22 4085.03aA 

BO+CV+FR 40.57  5.21 54.22 3834.31aA 

R+CV  69.41 30.59  4055.16aA 

R+FR  32.27  67.73 4112.61aA 

R+CV+FR  41.14 8.21 50.65 3491.60aB 

Mean for monoculture treatments (BO+R+FR+CV) 3794.47 

Mean for cover crop mixtures 3865.16 

Overall mean across all treatments 3836.88 

2023 Season 

BO 100    6609.33aA 

R  100   3448.91bA 

CV   100  4731.38bA 

FR    100 3001.86bA 

BO+CV 29.58  70.42  4979.40bA 

BO+FR 25.75   75 3517.42bA 

BO+CV+FR 20.26  22.41 57.33 3995.87bA 

R+CV  18.67 81.33  4931.12bA 

R+FR  11.88  88.12 4485.90bA 

R+CV+FR  00.00 24.41 75.59 5835.38bA 

Mean for monoculture treatments (BO+R+FR+CV) 4447.87 

Mean for cover crop mixtures 4624.18 

Overall mean across all treatments 4553.66 

BO = black oat; R = rye; CV = common vetch; FR = forage radish. *Means followed by the same lowercase letter in the column and uppercase letter between 

the years of evaluation do not differ by the Scott–Knott test at a 5% significance level. 

In the 2022 season, there was no significant difference in dry matter phytomass production between the 

treatments (monoculture or mixtures). Nevertheless, in 2023, this variable was significantly higher in the BO 

monoculture compared to the other treatments since BO is a rustic forage species and adapted to varied 

climatic and soil conditions (Meira et al., 2019). BO dry matter phytomass production was 5336.49 kg ha−1, 

averaged across both years, which is higher than the 4208.40 kg ha−1 reported by Ribeiro et al. (2017) for BO 

sown at 100 kg ha−1 in the Catarinense Plateau, Brazil. The values for R are similar to those recorded by 

Hanisch et al. (2020) (3794.00 kg ha−1), with an average of 3671.89 kg ha−1 in the 2022 and 2023 trials. For CV, 

the average dry matter phytomass production was 3865.68 kg ha−1, which exceeds the 3003.65 kg ha−1 reported 

by Ortiz et al. (2014). The average production of FR was 3610.60 kg ha−1 for both years, which is higher than 

the 3486.25 kg ha−1 reported by Ribeiro et al. (2017). In three consecutive growing seasons, Michelon et al. 

(2019) observed higher biomass accumulation when using cover crop mixtures, such as BO + FR + CV and BO 

+ CV, compared to monoculture.  

These findings corroborate our results, as dry matter phytomass production in mixtures exceeded the 

average values for the crops in monoculture. Although these biomass production values are similar, cover 

crop mixtures offer additional agronomic and economic advantages since they differ in their physiological 

characteristics, adaptation strategies (Yousefi et al., 2024), and root system architecture (Burr-Hersey et al., 

2017). The use of cover crops reduces costs, preserves soil health, and enhances economic crop stability. 

Therefore, utilizing cover crops, whether in monoculture or mixtures, in rotation with commercial crops, 

increases efficiency and sustainability in Cerrado agricultural systems (Silva et al., 2021). In studies conducted 

in Santa Catarina, Brazil, over eight years, Souza et al. (2021) found that soil chemical properties and crop 

productivity were influenced by the use of cover crops over time in no-tillage system. 

Higher biomass production promotes better soil coverage, protecting it from external environmental 

factors. In 2022, monoculture treatments (BO, R, CV, and FR) followed a linear soil coverage curve during the 

evaluation period, with coverage increasing until approximately 95 days after emergence (Figure 2). The best 

model fit was also linear for the BO + CV and BO + FR mixtures. In 2023, monoculture treatments (BO, R, CV, 

and FR) followed a quadratic function, with soil coverage peaking around 75 days after emergence and then 
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declining (Figure 2). The cubic plant growth model was the best fit for cover crop mixtures BO + CV, BO + FR, 

BO + FR + CV, R + CV, R + FR, and R + FR + CV. This behavior may be attributed to the growth dynamics of the 

plant species in the mixtures. BO and FR exhibit rapid early development, covering the soil faster than the 

other species. However, the soil coverage temporarily decreased as BO grew and FR began branching; at this 

stage, R and CV exhibited secondary growth, contributing to a second peak in biomass production, which 

restored soil coverage. The extent of this secondary growth response varied across treatments depending on 

the rainfall pattern in 2023, during which there was a homogeneous distribution of rainfall that occurred 

throughout the growing season of fall/winter 2023, resulting in faster ground cover than 2022, which had high 

rainfall concentrations only at the beginning of the season. 

 
Figure 2. Soil coverage curves for different cover crops determined using the NDVI system with the GreenSeeker® device. Black oat (A); 

rye (B); common vetch (C); forage radish (D); black oat + common vetch (E); black oat + forage radish (F); black oat + forage radish + 

common vetch (G); rye + common vetch (H); rye + forage radish (I); rye + forage radish + common vetch (J). Continuous lines (-) 

represent 2022 data and dashed lines (--) represent 2023 data. 

After measuring the dry matter phytomass, different decomposition behaviors were observed for the 2022 

and 2023 decomposition periods (Figure 3). The dynamics of phytomass decomposition are related to the 

plant material composition, C/N ratio, mass production volume, crop management employed, fertility and pH 

of the soil, soil fauna activity, and climatic conditions (Alvarenga et al., 2001; Rosa et al., 2024; 2025). 
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Figure 3. Decomposition curve of different cover crops, expressed as the remaining dry matter on the soil after different periods: black 

oat (A); rye (B); common vetch (C); forage radish (D); black oat + common vetch (E); black oat + forage radish (F); black oat + forage 

radish + common vetch (G); rye + common vetch (H); rye + forage radish (I); rye + forage radish + common vetch (J). Continuous lines (-

) represent 2022, and dashed lines (--) represent 2023. 
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In 2022, the cubic function provided the best model fit for BO and R, demonstrating initial rapid 

decomposition of low-lignified tissues, followed by a decline in the decomposition rate over time as stalks 

continued to decompose. Common vetch, a legume with a high decomposition rate, showed continuous 

reductions in dry matter phytomass, corroborating the results of Doneda et al. (2012). The quadratic function 

best explained the decomposition pattern for FR, as shown in Figure 3. Santos et al. (2024) found that 

intercropping BO with CV led to a slower decomposition rate than CV grown alone, aligning with the results 

of this study. This is linked to the quality of the plant material, especially the C/N ratio (Cassol et al., 2023). 

The decomposition curves in 2023 differed from those observed in 2022. For BO, R, and FR monocultures 

and BO + CV and R + FR mixtures, the linear functions best described the decomposition rates. For CV, BO + 

FR, BO + CV + FR, R + CV, and R + CV + FR, the quadratic function provided the best fit for the decomposition 

pattern over the evaluation period. The variation between the decomposition curves for 2022 and 2023 is 

linked to rainfall, as there was greater rainfall throughout the subsequent harvest in 2023, contributing to the 

differences in the decomposition rates. 

On average, BO and R monocultures retained over 40% of their initial dry matter phytomass after 150 days 

of decomposition in both years, indicating slower degradation and greater residue persistence for soil 

protection, which was mainly related to their high C/N ratio. Conversely, due to its lower C/N ratio, CV 

exhibited the highest decomposition rate, with 74% of its initial biomass degraded, becoming the cover crop 

with the fastest decomposition and greatest increase in biological N fixation. Thus, the functional 

complementarity between the species used in the cover crop mixtures stands out. Although legumes (CV and 

FR) enable biological N fixation and improve canopy structure (Luo et al., 2024), grasses (BO and R) have a 

high leaf area index and vegetative vigor (Montaldo et al., 2023). 

Conclusion  

Among the evaluated species, forage radish exhibited the highest contribution to the total phytomass in 

all mixed treatments, maintaining dominance above 50%, even when sown at only 25% of the total seed 

proportion. This confirms the suitability of forage radish for intercropping in subtropical environments. 

Forage radish and black oat produced a higher dry matter phytomass. All cover crops, whether in monoculture 

or mixtures, provided adequate soil coverage by 50 days after sowing. Greater differences in soil coverage 

were observed between years rather than species. The autumn/winter of 2023, which experienced well-

distributed rainfall, resulted in a faster soil coverage than 2022, which experienced heavy early season rainfall 

concentrations. After 150 days of decomposition, black oat and rye exhibited the lowest decomposition rates, 

retaining 41.18 and 38.86% of their initial biomass, respectively. Cover crop mixtures had intermediate 

decomposition rates, confirming their suitability as autumn/winter cover crops in subtropical environments, 

where they enhance nutrient cycling and extend soil protection. 

Data availability 

Not applicable. 
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