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ABSTRACT: Growing off-season cover crops effectively enhances ecological diversity
and improves nutrient cycling in agricultural systems, particularly when nutrient losses
and low use efficiency are prominent. This study aimed to assess the interaction between
different off-season cover crops and varying nitrogen (N) and phosphorus (P) application
rates on common beans, soybeans, and corn yields, as well as on soil organic matter
(SOM) and available P content (Mehlich-1) in a Cerrado loamy soil. The experiment was
conducted as a strip-plot factorial design with three replications in Planaltina, Distrito
Federal, Brazil, from 2017 to 2020 under a no-tillage system. A fallow control and different
cover crops were assigned to the rows of the three blocks and cultivated during the off-
season from February to May, including Urochloa ruziziensis, Crotalaria spectabilis, millet
(Pennisetum glaucum L.), white oat (Avena sativa) and a mix of cover crops (white oat,
millet, buckwheat [Fagopyrum esculentum Moench], and radish [Raphanus sativus L.]).
Combinations of N and P rates were assigned to the columns of the blocks, and the effects
of the interactions of the factorial were assessed on subsequently cultivated commercial
summer crops, including soybeans (Glycine max L.) in the 2017/18, 2018/19, and 2020/21
seasons and corn (Zea mays L.) in the 2019/20 season. Furthermore, common beans
(Phaseolus vulgaris L.) were grown during all winter cropping seasons from 2017 to 2020.
Cover crops reduced the dependence of commercial crops on mineral N and P fertilizers,
although response to increasing rates was still present. Moreover, the magnitude of this
effect varied with the specific crop species and commercial crops. Among the cultivated
species, U. ruziziensis and white oat; U. ruziziensis, white oat, millet, and the mix; and
U. ruziziensis and C. spectabilis exhibited the greatest potential for increasing yield in
beans; soybeans; and corn, respectively.
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INTRODUCTION

Phosphate and nitrogen fertilization are crucial in maintaining high productivity in Cerrado
agricultural soils. The dynamics of these nutrients in the soil are poorly understood,
and their use efficiency can be low in the absence of sustainable agricultural practices
(Oliveira et al., 2019; Nunes et al., 2021). Moreover, misuse of these fertilizers can lead
to erroneous application, resulting in nutrient losses or accumulation in soil fractions
less available to plants, particularly phosphorus (P) (Pavinato et al., 2020).

Nitrogen (N) application in agriculture is associated with challenges related to losses, such
as leaching or denitrification, posing environmental and economic concerns. Therefore,
efficient management of N fertilization is essential (Zhao et al., 2019). On the other
hand, excessive P fertilization has become increasingly common in highly weathered
tropical soils, such as those found in the Cerrado, exceeding crop demands (Pavinato et
al., 2020). Concerns regarding potential reductions in P availability due to the reaction
dynamics of P with soil colloids may contribute to the low use efficiency of this nutrient
(Fink et al., 2016).

Understanding how ecological intensification systems improve the efficiency of phosphate
and N fertilization in the Cerrado is limited, despite several studies indicating the
potential enhancement of N and P use through good agricultural practices (Zavalin et
al., 2018; Oliveira et al., 2019; Nunes et al., 2021). Ecological intensification refers to
the incorporation of a greater number of plant species in the production system through
succession, rotation, or intercropping schemes (Albuquerque et al., 2013; Silva et al.,
2013). In this context, the use of cover crops during the off-season is an intensification
option available to farmers, improving the chemical, physical, and biological aspects
of the soil environment (Gama-Rodrigues et al., 2007; Reinert et al., 2008; Carneiro et
al., 2009). This practice can impact the metabolic and physiological processes of the
main crop and influence the dynamics of plant nutrient absorption in subsequent crops
(Rosa et al., 2009).

Benefits and impacts of cover crops on commercial crop yields and nutrient cycling vary
depending on the species. For instance, leguminous species are used as cover Ccrops
mainly because they provide N to the soil (Pereira et al., 2012). On the other hand,
grasses with deep root systems and high biomass production are crucial for enhancing
soil organic matter and providing a long-term nutrient supply (Baptistella et al., 2020).

Therefore, the objectives of this study are: i) investigate how different cover crops
influence yield potential in commercial crops such as beans, soybeans, and corn; ii) how
they interact with N and phosphate fertilization; iii) test the responsiveness of corn and
beans to direct N applications, and the responsiveness of soybeans to residual N; iv)
evaluate the effects of these cover crops on soil organic matter and available P content.
We hypothesized: i) the establishment of cover crops positively affects the yields of
beans, soybeans, and corn, with specific cover crop species modulating these effects;
ii) cover crop establishment reduces the responsiveness of commercial crops to N and
phosphate fertilization; iii) bean and corn crops exhibit increased productivity with higher
N rates, unlike soybean; and iv) cover crops affect soil P availability, with certain species
demonstrating higher efficiency in enhancing its availability.

MATERIALS AND METHODS

Site description

The experiment was conducted in Planaltina, Federal District (DF), Brazil. It is located at
coordinates 15° 36’ 14.90” Sand 47° 42’ 52.65” W, with a 1,012 m elevation. The study
took place between October 2017 and January 2021. The soil in the area is classified as a
clayey Red Ferralsol (IUSS Working Group WRB, 2022), equivalent to Latossolo, according
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to the Brazilian Soil Classification System (Santos et al., 2013), and has a cultivation
history of over 20 years with soybeans (Glycine max L.), common beans (Phaseolus
vulgaris L.) and corn (Zea mays L.). The property owner and technical staff declared a
background of soil disease problems, mainly Fusarium spp. and Rhizoctonia solani, that
affected especially the more sensitive common beans crops.

Macro and micronutrients deficiencies were corrected, and the area follows a no-till
cultivation system with center-pivot irrigation. The ecological intensification system
included the following commercial crops: soybeans in the summer cropping seasons
(October to January) of 2017/18, 2018/19, and 2020/21, and corn in the summer cropping
season of 2019/20. After each summer crop, the cover crops were sown and grown between
February and May of each crop year from 2017 to 2020. Following each cover crop,
common beans were sown as a winter crop (June to September), followed by the sowing
of the subsequent summer crop (soybeans or corn). Before conducting the experiment,
soil samples (n = 126, 21 per cover crop treatment) were collected from the 0.00-0.10 m
depth layer and subjected to chemical and physical characterization. This layer was
selected due to its high sensitivity to management practices and the fact that only
broadcast fertilizations were performed in the area, including P application. In addition,
due to the relatively short experiment duration, no significant chemical changes were
expected below the depth of 0.10 m. Average values obtained were as follows: 6.28 for
pH(CaCl,), 6.59 for pH(H,0); H+AI(SMP) equal to 2.53 cmol. dm3; K* (Mehlich-1) equal to
1.15 cmol. dm3; P (Mehlich-1) equal to 103.5 mg dm3; Ca?*(KCl) equal to 5.8 cmol. dm?3;
Mg?* (KCl) equal to 1.4 cmol. dm3; soil organic matter (Walkley & Black) equal to 2.7 %;
sum of bases (SB) equal to 8.4 cmol, dm3; base saturation (BS) equal to 76.8 %; and
contents of clay, silt and sand of 495, 225, and 281 g kg?, respectively.

Climatic aspects

Climatic data, including rainfall and air temperature, were collected throughout the study
period using an automated gauge station near the study area. Accumulated annual
rainfall values during the study period (Figure 1) were 1097.7 mm in 2017, 1105.4 mm
in 2018, 1066.5 mm in 2019, and 1613.4 mm in 2020. Local water requirements vary
between 400 and 600 mm for corn (Fancelli, 2015), and between 300 and 500 mm for
beans (Cunha et al., 2013). Although the amount of rainfall received during the study
period was generally sufficient for each crop, the Cerrado region experiences an irregular
temporal rainfall distribution during the rainy season, necessitating additional irrigation
in each crop year. Throughout the study period, supplemental irrigation was applied to
the crops. Center-pivot irrigation system used in this study provided supplemental water
during the wet season and complete irrigation during the dry season (May to September).

Experimental setup

The experiment was conducted in a 6 x 7 strip-plot factorial design, with three replications.
The main factor comprised cover crops, which included spontaneous vegetation (fallow,
control) (1), Urochola ruziziensis (2), white oat (Avena sativa) (3), sunn hemp (Crotalaria
spectabilis) (4), millet (Pennisetum glaucum L.) (5), and a mix of species consisting of
white oat, millet, buckwheat (Fagopyrum esculentum Moench) and radish (Raphanus
sativus) (6). The secondary factor involved N and P fertilization rates for the summer
crops (soybean and corn) and the winter crop (common beans), totaling 7 levels of
fertilization (Table 1), which were applied perpendicularly to the cover crops in each
of the three blocks. The fertilizer rates for each treatment were determined based on
recommendations for each specific commercial crop (Table 1).

The cover crops were planted in plots that were 18 meters wide. In the transverse
direction, the main summer and winter crops were planted in 5-meter-wide sections.
Maintenance fertilization with potassium (K) involved applying 80 kg ha K,0O per crop
in the form of potassium chloride. Maintenance fertilization with N and P varied based
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on the specific treatment strategy. For the 100 % P treatment, a rate of 35 kg ha* of P
was applied to soybean, corn, and common beans as a total rate before planting. For
the 100 % N treatments, corn received a rate of 200 kg ha* of N (20 to 40 kg ha* of N
at planting and 160 to 180 kg ha of N as a topdressing on the fourth leaf), while beans
received 80 kg ha* of N as a total rate before planting. Corn was inoculated with one
dose of Azospirillum brasilense during planting.

At the end of each growing season for the commercial crops, grain yield was evaluated.
Additionally, soil samples were collected annually from the 0 to 0.10 m layer after the
harvest of the summer crop. Soil samples were analyzed for organic matter using the
Walkley and Black method (1934) and for soil available P content using the Mehlich-1
method. Soil analyses were conducted at the Soil Analysis Laboratory located at Embrapa
Cerrados, Planaltina, DF, Brazil.
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Figure 1. Maximum and minimum temperatures (°C) and monthly rainfall in the city of Planaltina-DF (Brazil) throughout the
experiment period. Source: INMET (2022).

Table 1. Nitrogen and P fertilization rates applied to the commercial crops

N rate to common P rate to soybeans,
Levels of N and P beans N rate to corn common beans,
and corn
kg ha?

P 0% + N 100% 80 200 0

P 25% + N 100% 80 200 9

P 50% + N 100% 80 200 17

P 100% + N 100% 80 200 35

P 100% + N 50% 40 100 35

P 100% + N 25% 20 50 35

P 100% + N 0% 0 0 35
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Plant materials

Cover crops were sown in February of the years 2017, 2018, 2019, and 2020 at the
following sowing rates: millet - 30 kg seed ha?, Urochola ruziziensis - 10 kg seed ha,
white oats - 130 kg seed ha?, crotalaria (Crotalaria spectabilis) - 35 kg seed ha’, and a
plant mix (white oats - 50 kg ha, millet - 7 kg ha, buckwheat - 15 kg ha, and radish
- 3 kg hal).

Dry matter production of the cover crops was evaluated at the end of each season. Before
desiccation using herbicide application, the aboveground biomass was collected from
a known area (1 m? per plot). Collected biomass was subsequently dried to a constant
weight in a forced-air oven at 65 °C. Dry matter was determined and converted into kg ha.

Statistical analysis

The results underwent analysis of variance using the F-test. When the F-test indicated
statistical significance (p-value<0.01), the Tukey test was conducted to compare means
(p-value<0.05) for the responses of both cover crops and commercial crops. Additionally,
regression analyses were conducted to assess the relationship between yields and
fertilization strategies.

RESULTS

Accumulation of dry biomass in cover crops

Millet consistently outperformed the other cover crops in all years in dry matter
accumulation (Table 2), with significantly higher values. Compared to the means of the
other cover crops, millet accumulated 44.2, 41.8, 68.6 and 112 % more dry matter in
2017, 2018, 2019 and 2020, respectively.

Soil organic matter and soil phosphorus content

Figure 2 presents the interaction between P rates and SOM, while figure 3 shows P rates
and soil P content. There was a significant positive influence of P rates on SOM only
when C. spectabilis was grown (Figure 2). No significant effects of P rates on dry matter
production were observed, as the increases in SOM were primarily observed with the
cultivation of C. spectabilis, one of the least capable species of inputting dry matter into
the system. Control (fallow) treatment had SOM levels reduced with increasing P rates
(Figure 2). However, when considering the mean responses of all cover crops regarding
SOM to applied P rates, P application did not affect SOM accumulation (Figure 2).

Table 2. Average dry matter production values of cover crops preceding the summer cultivation in Planaltina - DF, Brazil (crop year
from 2017 to 2020)

Cover Crop 2017 2018 2019 2020
kg hat

U. ruziziensis 2167.1 b 5029.7 d 33904 b 1490.3 ¢
White oat 2467.2 b 6090.9 c 1421.0d 1693.5 ¢
Millet 3521.7 a 8206.1 a 4475.1 a 3528.0 a
C. spectabilis 1745.8 b 4801.7 d 2382.5¢ 1083.5d
Mix 3389.7 a 72239b 34253 b 2362.9 b
F-test 22.34%xk 476.26%** 45,88%** 170.47%%*
CV (%) 28.19 4.84 25.99 16.51
Means 2658.28 6284.12 3018.87 2031.64

“* significant at 0.1 % probability; Means followed by the same letter in the columns do not differ from each other by Tukey's test at 5 % probability;
CV: coefficient of variation.
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There was an interaction between P rates and cover crops concerning soil P availability
(Figure 3). Soil under most cover crops presented significant and positive linear responses
to P addition, except for white oats, whose response was negative, although not statistically
significant.

Yield of common beans

Figure 4 presents the yield responses of common beans to cover crops and N rates,
considering the mean yields from 2017 to 2020. Generally, the highest yields were
observed in common beans grown with white oats and U. ruziziensis as cover crops
(p<0.05). The interaction between N rates and cover crops significantly influenced all
evaluated species and the control (fallow) treatment (Figure 4). However, there was no
significant effect in the interaction between P rates (Figure 5) with U. ruziziensis and the
crop mix. Angular coefficients of the regression models indicate that using cover crops,
approximately 1.9 times more P and 1.5 times more N was required to achieve a one-unit
increase in the yield of beans compared to the model based on the control without cover
crops use, i.e., soils under cover crops were less responsive to mineral fertilization.

Furthermore, when considering the prospect of increasing fertilizer rates, it is noteworthy
that only at rates of 334 kg ha! of N or 321 kg ha of P, which are approximately four
times the recommended rates for both nutrients, the yield of beans in the control group
would reach the same level as that achieved with cover crops. The models in figures 4
and 5 make evident that the angular coefficients for the response to N rates were higher
compared to those for P rates.
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= Millet Mix « Control
20 a Cover crops Cover crops 27.522 + 0.008PNs 0.20
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P rate (kg ha?)

Figure 2. Soil organic matter contents as a function of the interaction between P fertilization with cover crops between 2017 and
2020 in the city of Planaltina, DF (Brazil). Values presented correspond to the means of three replications for each cover crop (n = 3).
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Figure 3. Mehlich-1 P contents (mg kg!) as a function of the interaction between P fertilization with cover crops between 2017 and
2020 in the city of Planaltina, DF (Brazil). Values presented correspond to the means of three replications for each cover crop (n = 3).
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Figure 4. Yield of common beans as a function of the interaction between N fertilization rates with cover crops between the years
2017 and 2020 in the city of Planaltina, DF (Brazil). Values presented correspond to the means of three replications of N rates for

each cover crop (n = 3).
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Figure 5. Yield of common beans as a function of the interaction P fertilization rates with cover crops between the years 2017 and
2020 in the city of Planaltina, DF (Brazil). Values presented correspond to the means of three replications of P rates for each cover
crop (n = 3).

Soybean and corn yield

Supplementary Table 1 provides the analysis of variance for the average yield of soybean
and corn during the summer cropping period, covering the years 2017/18 to 2020/21. In
all the evaluated years, as well as in the combined analysis for the entire study period, the
effects of cover crops and fertilizers acted independently. This means that for soybeans
grown in the summer, there was no significant interaction between cover crops and P
or N rates regarding productivity. Similarly, there was no significant effect (p>0.05) of
the interaction between fertilizers and cover crops on corn yield in the 2019/20 season.
Consequently, figures 6 and 7 present the results obtained based on the main effects
of cover crops on the yields of soybean and corn.

Yield of soybeans was influenced by cover crops during the summer cropping from 2017
to 2021 (Figures 6a, 6b, and 6¢) and in the overall means for the entire period analyzed
(Figure 6d). Considering the yield means of the three soybeans crops (Figure 6d), all
cover crops, except for C. spectabilis, exhibited improved yields compared to the control
(fallow) treatment (p<0.05). On the other hand, in the 2019/20 summer corn crop, only
U. ruziziensis and C. spectabilis resulted in significantly higher yields compared to the
control group (Figure 7).
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Figure 6. Soybean yield as a function of cover crops in the crop years 2017/18 (a), 2018/19 (b), 2020/21 (c), and means for the
three soybeans crops between 2017-2021 (d) in the city of Planaltina, DF (Brazil).
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Figure 7. Corn yield as a function of cover crops (or fallow control) in the 2019/20 summer crop in
the city of Planaltina, DF (Brazil). Values presented correspond to the means of three replications
of N and P rates for each cover crop (n = 21).
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DISCUSSION

Regarding the cover crop shoot dry matter, millet consistently outperformed the other
cover crops across all the evaluated years. This superior performance can be attributed
to its rapid growth, especially in the edaphoclimatic conditions of the Cerrado region,
robust root system with high dry matter and nutrient cycling potential, as well as its
ability to reduce disease and pest inoculum in the soil (Lima Filho et al., 2014). Similar
findings were reported by Oligini et al. (2019) in a two-year study in the Parana State,
Brazil, where millet exhibited greater dry matter accumulations compared to B. brizantha
and C. spectabilis.

The other cover crop species had varying shoot dry matter productions across different
periods. This indicates that, except for millet, there was no consistent production pattern
among the species. These results demonstrate that certain cover crops may perform
diversely according to the cultivation year. Regarding the plant mix, its dry matter
production was lower only than that of millet. Even though the relative short duration of
the experiment, the high inputs of dry matter obtained by these two cover crop strategies
reflected the highest soil organic matter values, although gains with P rates were only
statically significant with C. spectabilis (Figure 2).

Soil under millet exhibited the highest response to P rates, being able to increase soil
P availability by 1.2 mg kg for each kg of P applied as fertilizer. Consequently, at the
highest rate, millet resulted in a soil P availability of 122 mg kg. Similarly, C. spectabilis
and U. ruziziensis cover crops, at the highest rates, showed soil P availabilities of
110 mg kg* and 105 mg kg, respectively, with coefficients of determination of 0.9
and 0.75. The observation of linear models relating Mehlich-1 P to P rates was partly
expected due to the high initial levels found in the area, what happened for all crops
except white oats. According to Barrow (2015), previous phosphate applications decrease
soil P buffering capacity and improve the efficiency of later applications.

An increase in P availability with cover crop cultivation compared to fallow was observed
by Soltangheisi et al. (2018), with white lupine being the most effective in enhancing P
lability. The influence of cover crops on soil P availability can be attributed to their ability
to alter soil P cycling and turnover, impacting its availability to subsequent crops. This
can be attributed to different strategies of P acquisition by plants and varying labilities
of P accumulated in plant tissues among cover crop species (Tiecher et al., 2012).
Biomass production and exsudation of organic materials by cover crops, along with its
subsequent degradation, can enhance P availability by complexing AI*+ and Fe?* in acid
soils (Urrutia et al., 2014; Fink et al., 2016). This represents an important pool of slowly
released P compared to soluble fertilizers (Martinazzo et al., 2007; Darch et al., 2014),
while also stimulating soil biological activity and facilitating P assimilation into microbial
structures (Yevdokimov et al., 2016).

The significant effect of the interaction between N rates and cover crops on the yield
of beans is evident, as confirmed in the absence of N or P fertilization (0 kg ha?) with
all cover crops compared to the fallow control. White oats and U. ruziziensis provided
the highest yields of beans, with 2.33 and 2.50 Mg grain ha?, respectively, compared to
1.56 Mg grain ha!in the control (0 kg N and P ha! under fallow). C. spectabilis cultivation,
which had the lowest dry matter production among the cover crops, still resulted in a
0.48 Mg ha' increase in grain yield compared to fallow. Gains observed with the use of
grasses may be related to improved control of soil diseases that thrive under irrigated
conditions, to which common beans are extremely susceptible (Toledo-Souza et al., 2012).

Considering the response curves obtained, it is noticeable that beans yields obtained
with previous cover crops cultivation could only be potentially matched without cover
crops if fertilization rates were about four times the recommended rates (334 kg ha! of
N or 321 kg ha of P). The models in figure 4 indicate that for N rates, angle coefficients
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were higher compared to those for P rates (Figure 5), suggesting that crops were more
responsive to N rather than to P application. This could be attributed to beans’ dependency
on N input through fertilization (Pias et al., 2022), as well as the initially elevated levels
of available P in the soil, which reduces its reliance on annual P input. However, the
observed productivity responses to P rates were unexpectedly high, given the initially
prominent levels of available soil P. Such discrepancy may be attributed to a background
of root diseases in the experimental site, which could have limited root development
and increased the crop’s dependence on annual P fertilizer inputs.

In a study with U. ruziziensis cultivation alone and intercropped with other plants to
assess its effect on bean productivity, Bettiol et al. (2015) found cover crops could recycle
approximately 80 to 253 kg ha! of N, with the highest value observed in the intercrop
between U. ruziziensis and C. spectabilis. In turn, Van Eerd (2018) observed that white
oats resulted in higher bean yields compared to other cover crops such as hairy vetch,
rye, and peas, leading to a 10.9 % increase in the yield of beans. Therefore, the choice
of cover crop is highly dependent on the main crop, and selecting appropriate cover
crops can have a significant impact on the main crop productivity.

Regarding the cover crop effect on P cycling, Maltais-Landry et al. (2014) concluded that
P assimilation and subsequent release by cover crop residues have a more significant
effect on P cycling than the release of organic acids and enzymes in the rhizosphere.
While legumes have a greater capacity to produce organic acids and enzymes, grasses
contribute more effectively to P cycling due to their higher biomass production. These
findings align with the results presented here, demonstrating the ability of cover crops to
enhance yields and reduce the dependence on N and P fertilizer inputs. This is achieved
through the significant cycling of these nutrients by cover crops (Wendling et al., 2015;
Hansen et al., 2022; Momesso et al., 2022), increasing their use efficiency based on
different root system development profiles and soil profile use capabilities (Wendling et
al., 2015; Hudek et al., 2021).

Cover crops play a vital role in nutrient assimilation, organic matter return to the soil,
nutrient losses reduction and increased N (Abdalla et al., 2019) and P (Soltangheisi et
al., 2018) availability. Their impact on nutrient uptake, rhizosphere acidification, and
exudation profiles varies depending on the cultivated species (Vives-Peris et al., 2020),
contributing to diverse microbial communities and enhanced nutrient cycling (Finzi
et al., 2015). This, in turn, can lead to disease suppression (Mendes et al., 2018) and
improved nutrient availability. The inhibitory effect of white oat extracts on the white
mold (Sclerotinia sclerotiorum) in soybeans and even suppression of root diseases has
been observed (Gebauer, 2017), with the species demonstrating increasing inhibitory
activity with higher extract concentrations.

Summer yield of soybeans was influenced by cover crops. The results indicate that the
plant mix, millet, and U. ruziziensis were the most promising cover crops for increasing
soybean yields in most of the evaluated years. White oat also showed potential as a cover
crop for enhancing soybean yields when considering the overall means across all years.
Notably, C. spectabilis was the only cover crop that resulted in lower productivity than the
control. On the other hand, Yokoyama et al. (2022) evaluated U. ruziziensis in soybean
succession on a dystrophic Ferralsol in the subtropical region of Brazil and found that it
increased soybean yield. These authors also reported that the benefits of cover crops
are cumulative over time, which is evidenced by the higher yield of soybeans in the last
year. Figure 6¢ shows that soybean yield in the U. ruziziensis and crop mix association
were 20.5 and 11 % higher, respectively, than in the first year.

Statistically, all cover crops provided similar yields to each other (p<0.05) in the 2019/20
summer corn crop, with only U. ruziziensis and C. spectabilis showing significantly
higher yields compared to the control (Figure 7). Millet yielded slightly lower than the
average of U. ruziziensis and C. spectabilis, representing a 9 % decrease. This suggests

Rev Bras Cienc Solo 2025;49nspel:e0240020 10



Nunes et al. Phosphate and nitrogen fertilization interactions with different cover crops on the yield...

’r-
‘
Y\

that millet had the least positive effect on corn among the cover crops. Cultivation of
C. spectabilis as a cover crop resulted in corn productivity similar to that of U. ruziziensis,
despite C. spectabilis producing less dry matter in the 2019 crop (Table 2). This indicates
that a legume cover crop has the potential to positively affect the productivity of a grass
crop like corn. The legume cover crop may compensate for lower biomass production
through other nutrient cyclings mechanisms, such as increased organic acid and enzyme
production. Maltais-Landry et al. (2014) showed that the low C/N ratio provided by straw
residuals favors nutrient mineralization in addition to biological N fixation during the cover
crop cycle. The satisfactory yield performance of corn grown over grasses U. ruziziensis
and white oats may also be due to relatively low N limitations in the soil system and the
inoculation of corn with Azospirillum brasilense.

Potential use of legumes as cover crops before corn growing was also observed by Silva
et al. (2020), who found higher corn yields with legume cover crops during the off-season
in a Cerrado Ferralsol. Introducing these cover crops was equivalent to applying 80 to
108 kg ha* of N in the form of urea. In the absence of N fertilization, these authors noted
that N recovery by the cover crops was 21.1 kg ha?, but the grain yield (6.41 Mg hal)
was equivalent to 60.5 kg ha N application for corn grown after fallow in the off-season.
Therefore, cultivating leguminous cover crops during the off-season can increase N
recovery for the main crop and contribute to overall system yield improvement.

In general, the responses to increasing N and P rates throughout the evaluation period
were linear and significant, except for the response of corn to phosphate fertilization in
2019/20, which showed no significant effect. Fontana et al. (2021) also found no reduction
in N fertilizer requirements for soybeans, wheat, and corn rotated with cover crops,
indicating that fertilizer remains essential for achieving satisfactory yields. However, the
authors observed increases in most fractions of SOM and, especially, in microbial biomass
C and N mineralization (43 % and 58 %, respectively) compared to the fallow control.

Although no N was applied to soybeans, the crop still responded significantly to residual
N from common beans in all studied years (Table S1). This response may be attributed to
restricted root development due to the presence of root pathogens in the soil (Figure S1)
and soil compaction observed at depths below 20 cm (above 3000 KPa) (Table S2). This
could have led to inefficient biological N fixation (Siczek and Lipiec, 2011).

CONCLUSIONS

Cover crops cultivation reduced the reliance of commercial crops on mineral fertilizers, i.e,
crops were less responsive to N or P fertilization where cover crops had been cultivated.
Nonetheless, response to mineral N and P fertilization rates was still noticeable on beans
and corn, while soybeans also responded to residual N.

Not only dependence on mineral fertilizers was reduced with cover crops, but yield
potentials were increased. Urochloa ruziziensis and white oat; U. ruziziensis, white oats,
millet and the mix; and U. ruziziensis and Crotalaria spectabilis showed the greatest
yield increases in common beans, soybeans, and corn, respectively.

Growing millet, C. spectabilis and U. ruziziensis during the off-season enhanced soil P
availability, indicating their efficiency in cycling this nutrient compared to other species,
thereby improving P use in Cerrado soils.

Interactions observed between commercial crops and cover crops, affecting yield and
important soil parameters related to crop nutrition, underscore the need to further
understand how cover crops, with their varied soil profile use and residue decomposition,
influence yield and N and P dynamics in the soil.

Rev Bras Cienc Solo 2025;49nspel:e0240020 1




’r-
‘
Y\

Nunes et al. Phosphate and nitrogen fertilization interactions with different cover crops on the yield...

SUPPLEMENTARY MATERIALS

Supplementary data to this article can be found online at https://www.rbcsjournal.org/
wp-content/uploads/articles xml/1806-9657-rbcs-49-spel-e0240020/1806-9657-rbcs-
49-spel-e0240020-suppl01.pdf

AUTHOR CONTRIBUTIONS
Conceptualization: Rafael de Souza Nunes.
Data curation: Ana Clara Barbosa de Souza and Rodrigo Moura Pereira.

Formal analysis: Luiz Eduardo Zancanaro de Oliveira and Rafael de Souza
Nunes.

Funding acquisition: Maria da Conceicdo Santana Carvalho.

Investigation: Luiz Eduardo Zancanaro de Oliveira and Maria da Conceicao
Santana Carvalho.

Methodology: Rafael de Souza Nunes.

Project administration: Ana Clara Barbosa de Souza and Thamires Dutra
Zancanaro de Oliveira.

Resources: Maria da Conceicao Santana Carvalho.
Supervision: Thamires Dutra Zancanaro de Oliveira.

Writing - original draft: Rodrigo Moura Pereira and (=) Thamires Dutra Zancanaro
de Oliveira.

Writing - review & editing: Luiz Eduardo Zancanaro de Oliveira.

REFERENCES

Abdalla M, Hastings A, Cheng K, Yue Q, Chadwick D, Espenberg M, Truu J, Rees RM, Smith P. A
critical review of the impacts of cover crops on nitrogen leaching, net greenhouse gas balance
and crop productivity. Glob Change Biol. 2019;25:2530-43. https://doi.org/10.1111/gcb.14644

Albuquerque AW, Santos JR, Moura Filho G, Reis LS. Plantas de cobertura e adubagao
nitrogenada na producdo de milho em sistema de plantio direto. Rev Bras Eng Agric Ambient.
2013;17:721-6. https://doi.org/10.1590/S1415-43662013000700005

Baptistella JLC, Andrade SAL, Favarin JL, Mazzafera P. Urochloa in tropical agroecosystems. Front
Sustain Food Syst. 2020;4:119. https://doi.org/10.3389/fsufs.2020.00119

Barrow NJ. Soil phosphate chemistry and the P-sparing effect of previous phosphate
applications. Plant Soil. 2015;397:401-9. https://doi.org/10.1007/s11104-015-2514-5

Bettiol JVT, Pedrinho A, Merloti LF, Bossolani JW, S& ME. Plantas de cobertura, utilizando
Urochloa ruziziensis solteira e em consércio com leguminosas e seus efeitos sobre a
produtividade de sementes do feijoeiro. Uniciéncias. 2015;19:3-10.
https://doi.org/10.17921/1415-5141.2015v19n1p%25p

Carneiro MAC, Souza ED, Reis EF, Pereira HS, Azevedo WR. Atributos fisicos, quimicos e
bioldgicos de solo de cerrado sob diferentes sistemas de uso e manejo. Rev Bras Cienc Solo.
2009;33:147-57. https://doi.org/10.1590/S0100-06832009000100016

Cunha PCR, Silveira PM, Nascimento JL, Alves Junior J. Manejo da irrigacdo no feijoeiro cultivado
em plantio direto. Rev Bras Eng Agric Ambient. 2013;17:735-42.
https://doi.org/10.1590/51415-43662013000700007

Rev Bras Cienc Solo 2025;49nspel:e0240020 12



’r-
‘
Y\

Nunes et al. Phosphate and nitrogen fertilization interactions with different cover crops on the yield...

Darch T, Blackwell MSA, Hawkins JMB, Haygarth PM, Chadwick D. A meta-analysis of organic and
inorganic phosphorus in organic fertilizers, soils, and water: implications for water quality. Crit
Rev Environ Sci Technol. 2014;44:2172-202. https://doi.org/10.1080/10643389.2013.790752

Fancelli AL. Cultivo racional e sustentdvel requer maior conhecimento sobre planta do milho.
Visdo Agric. 2015;13:20-3.

Fink JR, Inda AV, Tiecher T, Barrdén V. Iron oxides and organic matter on soil phosphorus
availability. Cienc Agrotec. 2016;40:369-79. https://doi.org/10.1590/1413-70542016404023016

Finzi AC, Abramoff RZ, Spiller KS, Brzostek ER, Darby BA, Kramer MA, Phillips RP. Rhizosphere
processes are quantitatively important components of terrestrial carbon and nutrient cycles.
Glob Chang Biol. 2015;21:2082-94. https://doi.org/10.1111/g9cb.12816

Fontana MB, Novelli LE, Sterren MA, Uhrich WG, Benintende SM, Barbagelata PA. Long-term
fertilizer application and cover crops improve soil quality and soybean yield in the Northeastern
Pampas region of Argentina. Geodema. 2021;385:€114902.
https://doi.org/10.1016/j.geoderma.2020.114902

Gama-Rodrigues AC, Gama-Rodrigues EF, Brito EC. Decomposicao e liberacao de nutrientes de
residuos culturais de plantas de cobertura em Argissolo Vermelho-Amarelo na regido noroeste
fluminense (RJ). Rev Bras Cienc Solo. 2007;31:1421-8.
https://doi.org/10.1590/5S0100-06832007000600019

Gebauer JT. Potencial de plantas de aveia branca, crotaléria e feijdo de-porco no controle de
Sclerotinia sclerotiorum na cultura da soja [tcc]. Laranjeiras do Sul: Universidade Federal da
Fronteira Sul; 2017.

Hansen V, Stover DM, Mufioz BG, Oberson A, Magid J. Differences in cover crop contributions
to phosphorus uptake by ryegrass in two soils with low and moderate P status. Geoderma.
2022;460:e116075. https://doi.org/10.1016/j.geoderma.2022.116075

Hudek C, Putinica C, Otten W, Baets S. Functional root trait-based classification of cover crops
to improve soil physical properties. Soil Sci. 2021;73:e13147. https://doi.org/10.1111/ejss.13147

IUSS Working Group WRB. World reference base for soil resources. International soil
classification system for naming soils and creating legends for soil maps. 4th. ed. Vienna,
Austria: International Union of Soil Sciences (IUSS); 2022. Available from: https://www.isric.org/
sites/default/files/WRB_fourth_edition_2022-12-18.pdf.

Lima Filho OF, Ambrosano EJ, Rossi F, Carlos JAD. Adubagao verde e plantas de cobertura no
Brasil: Fundamentos e pratica. Brasilia, DF: Embrapa; 2014.

Maltais-Landry G, Scow K, Brennan E. Soil phosphorus mobilization in the rhizosphere of cover
crops has little effect on phosphorus cycling in California agricultural soils. Soil Biol Biochem.
2014;78:255-62. https://doi.org/10.1016/j.s0ilbio.2014.08.013

Martinazzo R, Rheinheimer DS, Gatiboni LC, Brunetto G, Kaminski J. Fésforo microbiano do
solo sob sistema plantio direto em resposta a adicdo de fosfato soltvel. Rev Bras Cienc Solo.
2007;31:563-70 https://doi.org/10.1590/S0100-06832007000300016

Mendes LW, Raaijmakers JM, Hollander M, Mendes R, Tsai SM. Influence of resistance breeding
in common bean on rhizosphere microbiome composition and function. ISME J. 2018;12:212-24.
https://www.nature.com/articles/ismej2017158

Momesso L, Crusciol CAC, Cantarella H, Tanaka KS, Kowalchuk GA, Kuramae EE. Optimizing
cover crop and fertilizer timing for high maize yield and nitrogen cycle control. Geoderma.
2022;405:15423. https://doi.org/10.1016/j.geoderma.2021.115423

Nunes RS, Sousa DMG, Goerdert W], Oliveira LEZ, Pinheiro, TD. Crops’ yield and roots response
to soil phosphorus distribution resulting from long-term soil and phosphate fertilization
management strategies. Front Agron. 2021;3:757100. https://doi.org/10.3389/fagro.2021.757100

Oligini KF, Salomao EC, Batista VV, Link L, Adami PF, Sartor LR. Produtividade de milho
consorciado com espécies forrageiras no sudoeste do Parand. Agrarian. 2019;12:46434-42.
https://doi.org/10.30612/agrarian.v12i46.8705

Rev Bras Cienc Solo 2025;49nspel:e0240020 13



’r-
‘
Y\

Nunes et al. Phosphate and nitrogen fertilization interactions with different cover crops on the yield...

Oliveira LEZ, Nunes RS, Sousa DMG, Busato JG, Figueiredo CC. Response of maize to different
soil residual phosphorus conditions. Agron J. 2019;111:3291-300.
https://doi.org/10.2134/agronj2018.11.0710

Pavinato PS, Cherubin MR, Soltangheisi A, Rocha GC, Chadwick DR, Jones DL. Revealing soil
legacy phosphorus to promote sustainable agriculture in Brazil. Sci Rep. 2020;10:15615.
https://doi.org/10.1038/s41598-020-72302-1

Pereira NS, Soares |, Pereira ESS. Uso de leguminosas como fonte alternativa de N nos
agroecossistemas. Rev Verde. 2012;7:36-40.

Pias OHC, Welter CA, Tiecher T, Cherubin MR, Flores JPM, Alves LA, Bayer C. Common bean yield
responses to nitrogen fertilization in Brazilian no-till soils: A meta-analysis. Rev Bras Cienc Solo.
2022;46:e0220022. https://doi.org/10.36783/18069657rbcs20220022

Reinert D), Albuquerque JA, Reichert JM, Aita C, Andrada MMC. Limites criticos de densidade
do solo para o crescimento de raizes de plantas de cobertura em Argissolo Vermelho. Rev Bras
Cienc Solo. 2008;32:1805-16. https://doi.org/10.1590/S0100-06832008000500002

Rosa CM, Castilhos RMV, Vahl LC, Castilhos DD, Pinto LFS, Oliveira ES, Leal OA. Efeitos

de substancias himicas na cinética de absorcao de potdssio, crescimento de plantas e
concentracao de nutrientes em Phaseolus vulgaris L. Rev Bras Cienc Solo. 2009;33:959-67.
https://doi.org/10.1590/50100-06832009000400020

Santos HG, Jacomine PKT, Anjos LHC, Oliveira VA, Oliveira JB, Coelho MR, Lumbreras JF, Cunha
TJF. Sistema brasileiro de classificacdo de solos. 3. ed. rev. ampl. Rio de Janeiro: Embrapa Solos;
2013.

Siczek A, Lipiec J. Soybean nodulation and nitrogen fixation in response to soil compaction and
surface straw mulching. Soil Till Res. 2011;114:50-6. https://doi.org/10.1016/j.still.2011.04.001

Silva EC, Muraoka T, Bastos AVS, Franzini VI, Silva A, Buzett IS, Sakadevan K, Soares FALS,
Teixeira MB, Trivelin PCO, AraUjo LC. Nitrogen recovery from fertilizers and cover crops by maize
crop under no-tillage system. Aust ) Crop Sci. 2020;14:766-74.
https://doi.org/10.21475/ajcs.20.14.05.p2127

Silva MP, Arf O, S& ME, Andreotti M, Abrantes FL. Coberturas vegetais e adubacdo fosfatada no
feijoeiro “de inverno” em sistema plantio direto. Rev Bras Cienc Agrar. 2013;8:540-6.
https://doi.org/10.5039/agraria.v8i4a2601

Soltangheisi A, Rodrigues M, Coelho MJA, Gasperini AM, Sartor LR, Pavinato PS. Changes in soil
phosphorus lability promoted by phosphate sources and cover crops. Soil Till Res. 2018;179:20-
8. https://doi.org/10.1016/j.still.2018.01.006

Tiecher T, Rheinheimer DS, Kaminski ], Calegari A. Forms of inorganic phosphorus in soil under
different long-term soil tillage systems and winter crops. Rev Bras Cienc Solo. 2012;36:271-82.
https://doi.org/10.1590/S0100-06832012000100028

Toledo-Souza ED, Silveira PM, Café Filho AC, Lobo Junior M. Fusarium wilt incidence and common
bean yield according to the preceding crop and the soil tillage system. Pesq Agropec Bras.
2012;47:1031-7. https://doi.org/10.1590/S0100-204X2012000800002

Urrutia O, Erro J, Guardado |, Francisco SS, Mandado M, Baigorri R, Yvin JC, Garcia-Mina JM.
Physico-chemical characterization of humic-metal-phosphate complexes and their potential
application to the manufacture of new types of phosphate-based fertilizers. J Plant Nutr Soil Sci.
2014;177:128-36. https://doi.org/10.1002/jpIn.201200651

Van Eerd LL. Nitrogen dynamics and yields of fresh bean and sweet maize with different cover
crops and planting dates. Nutr Cycl Agroecosyst. 2018;111:33-46.
https://doi.org/10.1007/s10705-018-9914-x

Vives-Peris V, Ollas C, Cadenas AG, Pérez Clemente RM. Root exudates: From plant to rhizosphere
and beyond. Plant Cell Rep. 2020;39:3-17. https://doi.org/10.1007/s00299-019-02447-5

Wendling M, Buichi L, Amosse C, Sinaj S, Walter A, Charles R. Nutrient accumulation by cover
crops with different root systems. Asp Appl Biol. 2015;129:91-6.

Rev Bras Cienc Solo 2025;49nspel:e0240020 14



’r-
‘
Y\

Nunes et al. Phosphate and nitrogen fertilization interactions with different cover crops on the yield...

Yevdokimov |, Larionova A, Blagodatskaya E. Microbial immobilization of phosphorus in soils
exposed to drying-rewetting and freeze-thawing cycles. Biol Fertil Soils. 2016;52:685-96.
https://doi.org/10.1007/s00374-016-1112-x

Yokoyama AH, Zucareli C, Coelho AE, Nogueira MA, Franchini JC, Debiasi H, Balbinot Junior AA.
Precrops and N-fertilizer impacts on soybean performance in tropical regions of Brazil. Acta Sci
Agron. 2022;44:e54650. https://doi.org/10.4025/actasciagron.v44i1.54650

Zavalin AA, Dridiger VK, Belobrov VP. Nitrogen in chernozems under traditional and direct
seeding cropping systems: A review. Eurasian Soil Sc. 2018;51:1497-506.
https://doi.org/10.1134/S1064229318120141

Zhao H, Li X, Jiang Y. Response of nitrogen losses to excessive nitrogen fertilizer application in
intensive greenhouse vegetable production. Sustainability. 2019;11:1513.
https://doi.org/10.3390/su11061513

Rev Bras Cienc Solo 2025;49nspel:e0240020 15



