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Abstract Optimizing agronomic efficiency (AE) of

nitrogen (N) fertilizer use by crops and enhancing crop

yields are challenges for tropical no-tillage systems

since maintaining crop residues on the soil surface

alters the nutrient supply to the system. Cover crops

receiving N fertilizer can provide superior biomass, N

cycling to the soil and plant residue mineralization.

The aims of this study were to (i) investigate N

application on forage cover crops or cover crop

residues as a substitute for N sidedressing (conven-

tional method) for maize and (ii) investigate the supply

of mineral N in the soil and the rates of biomass

decomposition and N release. The treatments

comprised two species, i.e., palisade grass [Urochloa

brizantha (Hochst. Ex A. Rich.) R.D. Webster] and

ruzigrass [Urochloa ruziziensis (R. Germ. and C.M.

Evrard) Crins], and four N applications: (i) control (no

N application), (ii) on live cover crops 35 days before

maize seeding (35 DBS), (iii) on cover crop residues 1

DBS, and (iv) conventional method (N sidedressing of

maize). The maximum rates of biomass decomposi-

tion and N release were in palisade grass. The biomass

of palisade grass and ruzigrass were 81 and 47%

higher in N application at 35 DBS compared with

control in ruzigrass (7 Mg ha-1), and N release

followed the pattern observed of biomass in palisade

and ruzigrass receiving N 35 DBS (249 and

189 kg N ha-1). Mineral N in the soil increased with

N application regardless of cover crop species. Maize

grain yields and AE were not affected when N was
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applied on palisade grass 35 DBS or 1 DBS (average

13 Mg ha-1 and 54 kg N kg-1 maize grain yield)

compared to conventional method. However, N

applied on ruzigrass 35 DBS decreased maize grain

yields. Overall, N fertilizer can be applied on palisade

grass 35 DBS or its residues 1 DBS as a substitute for

conventional sidedressing application for maize.

Keywords Zea mays � Brachiaria spp. � Food
production � Cover crop � Nitrogen supply � Tropical
agriculture

Abbreviations

C Carbon

Ca Calcium

DAT Days after termination

DBS Days before seeding

K Potassium

Mg Magnesium

N Nitrogen

NH4
?–N Ammonium

NO3
-–N Nitrate

P Phosphorus

SOM Soil organic matter

S Sulfur

Introduction

Long-term agricultural projections report that the

world’s population is growing at a rate of at least

one percent per year (USDA 2019; Worldometers

2019). Historically, solutions for meeting the increas-

ing demand for food have emphasized the expansion

of cultivated areas, but recently the focus has shifted to

increasing yields within existing agricultural systems.

Introduction of cover crops into a no-tillage (NT)

system has been proposed as an approach to increase

yields of cash crops, agronomic efficiency (AE) of N

fertilizer applied, and system sustainability (Habbib

et al. 2016). The maintenance of cover crop residues

under NT system has more positive than negative

effects. Although residues under NT can immobilize N

in the soil and carry over plant diseases, an appropriate

crop rotation in the NT system is more economical

than tilling in reducing machinery and equipment

costs, and supports higher crop yields through

improvements of soil fertility and nutrient cycling in

the long-term (Derpsch et al. 2014; Turmel et al. 2015;

Camarotto et al. 2018). Crop residues cycle nutrient-

replenishing soil organic matter and prevent soil

erosion (Coleman et al., 2018). The choice of species

used as a cover crop determines the dynamics of

carbon (C) and N within the system and thus nutrient

cycling (Aita et al. 2004; Coleman et al. 2018). Plants

of the genus Urochloa are commonly used as cover

crops in the tropical region due to their high biomass

and vigorous, deep root systems (Pacheco et al. 2011;

Soratto 2011; Moro et al. 2013). This deep root

architecture increases nutrient uptake from the soil and

enables these species to grow in harsh off-season

conditions such as drought (Felismino et al. 2012;

Pacheco et al. 2017). In addition, the residues of

Urochloa spp. offer other benefits, such as improved

soil health, weed suppression and nutrient loss avoid-

ance (Castro et al. 2015; Büchi et al. 2019).

Nitrogen fertilizer application may maximize the

absolute biomass yield of cover crops. Efficient N

application improves the sustainability of food-pro-

ducing systems by preventing loss of excess N through

nitrate (NO3
-–N) leaching and nitrous oxide emis-

sion. Planning N fertilization by accounting for the

decomposition of cover crops and N release can

improve the economic yield produced per unit of N

fertilizer applied from subsequent crop to produce

grains, i.e., the increase of N-use efficiency (Oenema

et al. 2015; Bani, 2018). The N available from cover

crops depends on biomass mineralization by microor-

ganisms (Gatiboni et al. 2011; Liu and Sun 2013). The

N quantity, quality and amount of biomass affect the

rate of decomposition and consequently the synchro-

nism of N release and N demand by the next crop.

Residues with high C/N ratios may reduce N avail-

ability through immobilization. Few studies examin-

ing synchronism of N release from plant residues with

crop demand have been performed under tropical

climates (Cantarella 2007; Rosolem et al. 2017).

Maize crops require high quantities of N to increase

grain yields and the soils alone do not generally supply

the total N that the plants need to achieve yield

increases (Ciampitti and Vyn 2012). The conventional

recommendation for N fertilizer in maize is to split the

application: up to 30 kg N ha-1 at planting and

140–180 kg N ha-1 at sidedressing when maize has

5–7 leaves (Cantarella et al. 1997). However, N

fertilizer is often applied excessively and the excess N

can be lost and have a negative effect on the
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environment (Soares et al. 2016). One solution to this

problem would be combine the timing of fertilizer

application with use of cover crops to control the N

release to the subsequent crops and thus improve the

fertilizer efficiency. In addition, the early application

of N on cover crops could provide flexibility in the

operational schedules of farmers and facilitate the

fertilizer management of the main crop since sidedress

N application has to be applied during a certain growth

stage of a plant and the equipment used often causes

leaf damage (Schepers and Raun 2008).

A previous study showed that the early application

of total-N fertilizer rate on live cover crops or its

residues before cash crop seeding was not sufficient to

meet the N demand of maize as the conventional

method of N application (Momesso et al. 2019). The

conventional method for applying N fertilization is to

split the fertilizer rate by 25% at maize seeding plus

75% at maize growth stage sidedressing (Cantarella

et al. 1997). However, the N fertilizer application at

maize growth stage can favor N loss through NO3
-–N

leaching by high rainfall in tropical region (Panison

et al. 2019; Galdos et al. 2020). Thus, an alternative

and sustainable way to use N fertilizers could be to

follow the initial recommended application of N

fertilizer at maize seeding and, instead of following

the second recommended application method (at

maize growth stage), the N could be applied earlier

on live cover crops or on cover crop residues

(Momesso et al., 2020). This N application on live

cover crops or cover crops residues may be a good

alternative for sidedress N application (conventional

method). Since maize demands high amounts of N and

grass cover crops can cause temporary N immobiliza-

tion, it was hypothesized that N application on live

cover crops or over the cover crop residues could

replace the sidedress N application (conventional

method) as alternative N management and increase

maize grain yields and AE of N by maize. To test these

hypotheses, we used a three-years experiment of N

applied on live cover crops (palisade grass and

ruzigrass), residues and conventional N application

method to subsequent maize. This study aimed to

measure dry matter (DM) yield, biomass persistence

and N release of two forage grasses grown fertilized

with N, and to assess the effects of N application on

live grass or cover crop residues on soil N content, and

maize grain yield and AE of N.

Material and methods

Field experimental characterization

and experimental setup

The experiment was conducted over three consecutive

seasons from 2015 to 2018, in Botucatu, São Paulo,

Brazil (48� 260 W, 22� 510 S, 740 m above sea level).

The regional climate, according to the Köppen clas-

sification, is Cwa, i.e., with dry winter, and warm and

wet summer. Annual rainfall is 1358 mm and the

average annual minimum and maximum temperatures

are 15.3 and 26.1 �C, respectively. During the exper-

iment, rainfall and temperature were recorded on a

meteorological station located nearby the site (Sup-

plementary Fig. 1). The soil is a clay, kaolinitic,

thermic Typic Haplorthox (Soil Survey Staff 2014),

with 630, 90 and 280 g kg-1 of clay, silt, and sand,

respectively. Selected chemical characteristics of the

top soil (0.0–0.20 m) are in Supplementary Table 1.

The experimental area had been cropped under no-till

for 9 years before the experiment and the historical

crop rotation is shown in Supplementary Table 2.

The experiments were conducted in a 2 9 4

factorial design in randomized blocks with four

replicates. The treatments consisted of two cover crop

species: palisade grass (Urochloa brizantha cv.

Marandu) and ruzigrass (U. ruziziensis cv. Ruzizien-

sis), and four N management strategies (N application

timing): (i) control (no N application), (ii)

120 kg N ha-1 broadcast over the live grass cover

crop 35 days before maize seeding (DBS) (5 days

before cover crop termination), (iii) 120 kg N ha-1

broadcast over terminated grass cover crop 1 day

before seeding of maize (pre-seeding of maize), and

(iv) 120 kg N ha-1 sidedressed at V4 growth stage

(four expanded leaves) of maize [conventional

method, recommended by Cantarella et al. (1997)].

In all treatments, except for the control, 40 kg N ha-1

was sub-surface banded applied between 0.05 and

0.10 m next to the seed row, amounting to

160 kg N ha-1, applied as ammonium sulfate. Nitro-

gen rate was based on the recommendation of the

Technical Fertilization and Liming Recommendations

(Cantarella et al. 1997), for applying N fertilizer to

maize (Maize yield = 10–12 Mg ha-1 and low–high

expected response to N) is 100 to 170 kg N ha-1. The

plots were 4.5 m wide and 8.0 m long and at each end

of each plot 1.0 m was considered as buffer.
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Cover crop and maize management

The grasses were sown at a density of 10 kg ha-1 seed

(34% viable seeds) without fertilizer. In all growing

seasons, the cover crops were grown approximately

eight months from April to November (off-season).

The cover crops were 0.50 m tall and were cut 30 days

before desiccation 0.30 m above soil level by mechan-

ical mowers to stimulate growth and N uptake by

cover crops. The mowed material was left on the soil

surface.

The first N application was carried out on green

cover crops at 35 DBS of maize in October of each

year (Supplementary Fig. 1). Then 5 days later, the

cover crops were desiccated with glyphosate at

1.56 kg ha-1 (a.i.). The second N application was

carried out over the cover crop straws 1 DBS of maize

in November. The hybrid maize used was P3456

Pioneer (2019) and row spacing of 0.45 m (3 seeds

m-1), seeded 30 days after cover crop termination at a

density of 65,000 seeds ha-1, and all N treatments

received 40 kg ha-1 of N applied next to the seed line.

The conventional method of N fertilizer was sidedress

N applied in single-side surface banding (0.5 mm

away from the maize row) when maize was at the V4

growth stage. No N fertilizer was applied to the control

in December. The time from maize planting to

physiological maturity was approximately 130 days

after plant emergence. Maize was harvested 7 days

after physiological maturity from a 10.8 m2 area in

each plot using a mechanical harvester.

Cover crop dry matter and N accumulation

Samples of cover crops dry matter were taken on 0

(day of cover crop termination), 30, 60, 90 and

120 days after termination (DAT) of cover crop. Three

0.25 m2 sub-samples were taken per plot using a rigid

quadrat. Sampling was performed at random points

along diagonal crosswise lines, excluding 1.0 m at

either end (border). Fresh samples were oven-dried at

65 �C, weighed for dry-weight determination, and

ground in a Wiley mill (Thomas Scientific� Wiley

Mills) to pass through a 0.5-mm sieve. Subsamples

were used to determine N concentrations determina-

tion on an elemental analyzer (LECO-TruSpec�
CHNS). Total accumulated within dry matter samples

were extrapolated to Mg ha-1.

Ammonium and nitrate content in the soil

Soil samples (0–0.20 m depth) were collected at cover

crop termination, and 30, 60 and 90 DAT for

determination of ammonium (NH4
?–N), NO3

-–N

and total-N. Samples were taken with a 0.25 m

diameter auger. To stop soil N transformations, the

samples were put in plastic bags and conditioned in a

freezer at - 20 �C. The NH4
?–N and NO3

-–N were

extracted with KCl and distilled (Keeney and Nelson

2006). For total-N content, samples were air-dried,

ball milled, and analyzed with an elemental analyzer

(LECO-TruSpec� CHNS), using 0.2 g of soil.

Maize sampling and N agronomic efficiency

Maize leaf samples and shoot dry matter were

collected when 50% of the plants were at full

flowering stage (silking) by taking 5 whole plants

per plot. The samples were chopped and dried in a

forced-air oven at 65 �C for 72 h and weighed for

shoot dry matter. Dried samples were digested with

sulfuric acid for N concentration determination, and

with a nitro-perchloric (HNO3 ? HClO4) solution for

P, K, Ca, Mg, and S. Then, concentrations of N, P, K,

Ca,Mg, and S in the leaves were determined according

to the methods of Malavolta et al. (1997). Nitrogen

concentration was determined using the semi-micro-

Kjeldahl distillation method, P was determined by

colorimetry method, S was determined by turbidime-

try method, and K, Ca and Mg were determined using

atomic absorption spectrophotometry.

At maize harvest, kernel weight was determined,

and data were transformed to grain yield ha-1 at

130 g kg-1 moisture content. Final plant population

(the number of plants in the four central rows of the 6-

m rows in each plot) was determined by extrapolated

data to hectare, and number of ears per plant, number

of kernels per ear, and weight of 100 kernels were

evaluated from 10 plants per plot chosen at random.

The AE of applied N, i.e., N-use efficiency, in kg grain

kg-1 N, was calculated for each N-fertilized treat-

ment. The AE refers to the ratio of the difference

between the maize grain yield in a N-fertilized

treatment and the grain yield of the control (No N),

to the amount of N-fertilizer applied in the specific

treatment in kg N ha-1, i.e., the kg of maize grain yield

obtained per kg of N applied, according to the equation
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(Eq. (1)) (Dobermann, 2005; Fageria and Baligar,

2005):

AE ¼ YieldðN� fertilizedÞ � YieldðcontrolÞ
kg N ha�1 applied

ð1Þ

Data statistical analyses

All data from cover crops (dry matter and amount of N

accumulated) were first tested for normality using the

Shapiro–Wilk test procedure and were distributed

normally (W C 0.90). Then, dry matter and N accu-

mulated of cover crops were submitted to ANOVA

(P B 0.05) to determine the effect of growing season,

cover crop, N application timing, and their interac-

tions. There were no significant (P B 0.05) effect of

growing seasons interactions with cover crop and N

application timing for any of the dependent variables.

Therefore, data were combined across growing sea-

sons to improve robustness of model fits. Second,

analysis of cover crop, N application timing, sampling

time (0, 30, 60, 90 and 120 DAT), and their interaction

were performed and considered fixed effects. Block

was a random variable. Regressions of variables of the

five sampling times were tested across the replication.

Effects were considered significant at P\ 0.05 and all

data were fit to the non-linear model utilizing expo-

nential mathematical model (Paul and Clark, 1989)

with the following exponential equation (Eq. (2)) in R

v4.02 (R Core Team 2019; Pinheiro et al., 2020):

Xt ¼ X0 � eð�k�DATÞ ð2Þ

where Xt = dry matter or N accumulated of cover crop

at time t, X0 = dry matter or N accumulated at day

after cover crop termination, k = constant of residue

decomposition or N release, and DAT = days after

cover crop termination. Additionally, the half-life time

was calculated using the k (t� = 0.693/k) (Paul and

Clark, 1989).

Data from soil (NH4
?–N, NO3

-–N and total-N

content) and maize (shoot dry matter, yield compo-

nents, grain yield and AE) were initially tested for

normality using the Shapiro–Wilk test procedure using

the statistical software R (version 3.5.2). All data were

distributed normally (W C 0.90). Cover crop, N

application timing and growing season were consid-

ered fixed factors. The growing seasons and their

interactions with cover crop and N application timing

were not significant at P\ 0.05 for any of the

dependent variables. Thus, the data for the three

growing seasons were combined. The block variable

was considered a random variable. Analysis of vari-

ance and F probability test were performed in these

variables. Comparison of means was performed with

LSD test (P B 0.05) when the F-test t was significant.

Results

Biomass mineralization and N release from plant

residues

The dry matter loss and N accumulated from palisade

grass and ruzigrass was significantly (p\ 0.05)

affected by N application timing on cover crops at 0,

30, 60, 90 and 120 DAT (Table 1, Fig. 1 and

Supplementary Table 3). On the day of cover crop

termination (0 DAT), N application on palisade grass

at 35 DBS had the highest biomass (13.8 Mg ha-1)

and N accumulated (250 kg ha-1), whereas the lowest

biomass (8.7 Mg ha-1 on average) and N accumu-

lated (120 kg ha-1 on average) were on the ruzigrass

at 1 DBS, conventional and control (without N

application) (Table 1; Fig. 1). Palisade grass resulted

in similar rates of dry matter loss and N accumulated

in all treatments when receiving N fertilizer (35 DBS,

1 DBS and conventional) and no-N (control). Ruzi-

grass receiving N at 35 DBS had similar rate of dry

matter loss and N accumulated to that of palisade

grass, and the highest rate compared to that of other

ruzigrass treatments (1 DBS, conventional and con-

trol). From 0 to 120 days after cover crops termina-

tion, the dry matter loss and N accumulated of palisade

grass at 35 DBS were 20% and 27% higher in all N

treatments compared with palisade grass control

(6.1 Mg ha-1 and 162 kg ha-1 of dry matter and N

release, respectively) (Fig. 1). For ruzigrass, dry

matter loss and N accumulated followed the pattern

observed in treatments with palisade grass and the

lowest amounts of dry matter loss and N accumulated

were 3.61 Mg ha-1 and 59 kg N ha-1, respectively,

found for ruzigrass with zero-N fertilizer. In addition,

decay constant, k, indicated the pattern that decom-

position rates decreased from 0.007 and 0.015 for the

dry matter loss and N accumulated, respectively, of

palisade grass receiving N 35 DBS to a minimum of

0.004 and 0.006 for ruzigrass receiving zero-N
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fertilizer (Table 1). Both cover crops at 35 DBS

promoted a half-life of 99 and 87 days in palisade

grass and ruzigrass, respectively.

Soil NH4
?–N, NO3

-–N and total-N content

No interaction of cover crop, N application timing and

growing season on the N forms in soil were observed

in the 0–0.20 m soil profile, except for NO3-–N

content at 0 DAT (Fig. 2 and Supplementary Table 4).

Significant differences between palisade grass and

ruzigrass on soil NH4
?–N content at 0, 30, 60 DAT

were not observed for in soil NH4
?–N content on day

of cover crop termination (0 DAT), which soil with

palisade grass and ruzigrass had highest NH4
?–N

content in N application at 35 DBS (Fig. 2a). At 0

DAT, the NO3
-–N content in the soil increased in

ruzigrass, regardless N application timing; whereas

only palisade grass when N applied at 35 DBS had

similar values to ruzigrass (Fig. 2b). The total-N

content in the soil followed the pattern of the soil

NH4
?–N (Fig. 2c).

On the day of maize seeding (30 DAT), highest N

mineral (NH4
?–N and NO3

-–N content) was

observed on both cover crops with N applied 35

DBS and 1 DBS (Fig. 2a and b). In addition, soil

cultivated with ruzigrass had lowest NH4
?–N content

at this time. No influence of cover crops and N

application timing was observed on the total-N content

in the soil at 30 DAT (Fig. 2c). At 60 days after

termination, NH4
?–N content was greater in soil after

palisade grass and ruzigrass receiving N fertilizer at

conventional method. Meanwhile, there were no

differences neither in NO3
-–N nor in total-N content

among cover crops with different N application times.

At maize harvest (120 DAT), a time point at which no-

N fertilizer was applied, times of N application on

cover crops did not affect mineral- and total-N in the

soil (Fig. 2a–c).

Maize crop response

The leaf N concentration, shoot dry matter, yield

components, grain yields and AE of maize are shown

in Supplementary Table 5 and Fig. 3. Cover crops

significantly affected only shoot dry matter and plant

population (Supplementary Table 5). Maize cultivated

after palisade grass had higher shoot dry matter and

lower plant population than ruzigrass (Fig. 3b and c).

For both cover crops, maize showed statistically

Table 1 Dry matter and N accumulated of cover crops at 0 days after cover crop termination (DAT), and estimated decay constants

and half-life (t1/2) for palisade grass and ruzigrass under various N applications

Treatment Dry matter N accumulated

Mg ha-1�� Estimated decay constant

(k) (day-1)

Half-life (t1/2)

(days)

kg ha-1�� Estimated decay constant

(k) (day-1)

Palisade grass

35 DBS� 13.8 ± 0.6a� 0.007a 99 250 ± 18a 0.015a

1 DBS 12.4 ± 0.7b 0.006a 116 204 ± 14b 0.014a

Conventional 12.3 ± 0.5b 0.005a 138 194 ± 10b 0.014a

Control 12.4 ± 0.5b 0.006a 116 208 ± 10b 0.013a

Ruzigrass

35 DBS 11.3 ± 0.4c 0.008a 87 191 ± 9b 0.014a

1 DBS 8.4 ± 0.7d 0.005b 139 134 ± 14c 0.011b

Conventional 9.0 ± 0.6d 0.006ab 116 122 ± 13c 0.011b

Control 8.9 ± 0.6d 0.004b 173 105 ± 17c 0.006c

�N application timing treatments: 35 DBS = 120 kg N ha-1 broadcast over grass cover crop 35 days before maize seeding plus

40 kg N ha-1 in the maize seeding furrow; 1 DBS = 120 kg N ha-1 broadcast over terminated cover crop 1 day before maize

seeding plus 40 kg N ha-1 in the maize seeding furrow; Conventional = conventional N application method of 40 kg N ha-1 in the

maize seeding furrow plus 120 kg N ha-1 sidedressed in V4 growth stage
�Means ± SE (standard error) followed by different letters in the column differ statistically (P B 0.05) according to LSD test
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similar shoot dry matter and plant population when N

fertilizer was applied (35 DBS, 1 DBS and conven-

tional), while the lowest shoot dry matter and plant

population were in maize receiving zero-N fertilizer.

The interaction of cover crops and N application

timing had a significant influence on leaf N concen-

tration, number of kernels per ear, 100-kernel weight,

grain yield and AE (Supplementary Table 5 and

Fig. 3). Nitrogen applications (35 DBS, 1 DBS,

conventional) resulted in a higher N concentration in

maize leaves compared with the control (Fig. 3a).

Maize following both palisade grass and ruzigrass had

the highest number of kernels per ear when N was

applied both 1 DBS and conventionally; palisade grass

had higher number of kernels per ear (676, on average)

than ruzigrass (630, on average) (Fig. 3e). The

100-kernel weight did not follow the pattern of

number of kernels per ear (Fig. 3b). Maize cultivated

after palisade grass had greater 100-kernel weight of

maize when N was applied at 35 DBS and conven-

tional method of application; while 100-kernel weight

was lowest when maize cultivated in succession to

ruzigrass with no N-fertilizer.

Maize following palisade grass resulted in a 25%

increase in grain yield compared to maize following

ruzigrass (9.4 Mg ha-1) (Supplementary Table 5 and

Fig. 3g). Nitrogen fertilizer applied on palisade grass

(35 DBS, 1 DBS and conventional) resulted in highest

grain yields of maize, achieving an average of

13.4 Mg ha-1 (Fig. 3g). For ruzigrass, the response

of grain yield varied significantly with N application

timing, the highest yield maize was inmaize cultivated

after ruzigrass at 1 DBS and conventional (11.1 and

10.9 Mg ha-1, respectively). Agronomic efficiency of

maize followed the pattern of grain yield (Fig. 3g and

h). Maize cultivated after palisade grass had higher AE

than ruzigrass. Maize had similar AE in the treatment

with palisade grass receiving N fertilizer (35 DBS, 1

DBS, and conventional), which resulted on average

54 kg of maize grain yield obtained per kg of N

applied, regardless of N application timing. In con-

trast, the highest AE was in maize cultivated after

ruzigrass that received N fertilizer at 1 DBS and

conventional method (46 and 44 kg of maize yield per

kg of N applied, respectively), compared to N applied

35 DBS.

Discussion

Effect of early N application on biomass

mineralization and N release from cover crops

The earlier N application on both cover crops stim-

ulated, as expected, the increase in biomass and N

accumulated in the residues by palisade grass and

ruzigrass, in which palisade grass was among the

largest producer of biomass. Grasses of the genus

Urochloa, especially palisade grass, have high poten-

tial for dry matter yield and nutrient cycling compared

Fig. 1 Decomposition of biomass yield (a), and amount of N

accumulated in straw (b) of palisade grass and ruzigrass as

affected by N application timing over days after cover crop

termination. Data are average of three growing seasons and

symbols represent mean values. Nitrogen application timing

treatments are as follows: 35 DBS: 120 kg N ha-1 broadcast

over cover crop 35 days before maize seeding plus

40 kg N ha-1 in the maize seeding furrow; 1 DBS:

120 kg N ha-1 broadcast over crop 1 day before maize seeding

plus 40 kg N ha-1 in the maize seeding furrow; Conventional

method: 40 kg N ha-1 in the maize seeding furrow plus

120 kg N ha-1 sidedressed in V4 growth stage of maize; and

Control: no N application. Error bars are one standard error from

the mean
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Fig. 2 Cover crop 9 N application timing interaction effect on

NH4
?–N (a), NO3

-–N (b) and total-N (c) content in the soil at

depth of 0–0.20 m at 0, 30, 60 and 90 days after cover crop

termination (DAT). Data are average of three growing seasons.

Treatments are described in Fig. 1. One letter: different

lowercase letters denote significant differences between cover

crops and N application timing interaction; two letters: different

lowercase letters denote significant differences between cover

crops and different uppercase letters denote significant differ-

ences amongN application timing; ns: no statistically significant

difference (LSD, P B 0.05)
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with other cover crops such as sun hemp (Crotalaria

juncea) and pearl millet (Pennisetum glaucum) (Fisher

et al. 1995; Borghi et al. 2013; Baptistella et al. 2020).

Several studies have highlighted differences among

Urochloa spp. and their dry matter yields of forage

grasses and the response of forage in increasing

biomass by N fertilizer application (Pacheco et al.

2011, 2013; Momesso et al. 2019; Tanaka et al. 2019).

Additionally, the adequate weather conditions benefit

the great biomass yield of Urochloa spp. grown such

as observed in 2015/2016 growing season (Supple-

mentary Fig. 1), which can favor the straw amount for

decomposition and nutrient release for subsequent

cash crop. The superior biomass yield of palisade grass

related to ruzigrass, even with N fertilization, is

explained by plant characteristics of its easy adapta-

tion, great seasonal distribution and high responsive-

ness to N application (Fisher et al. 1995). Although N

fertilizer on live palisade grass led to the increase of its

biomass, the timing of N fertilizer application on

living cover crops or on cover crop residue altered the

decompositions rates which are essential for N supply

to the subsequent crop in the agricultural system.

Palisade grass with N fertilizer had the ability to

uptake and assimilate N, and thus release high

amounts of biomass and N by decomposition in the

tropical no-tillage system. Understanding the dynam-

ics of residues, N release and the half-life of plant

residue during cover crops straw decomposition gives

insights on how cover crops provide nutrients to soil

and synchronize residue decomposition and N demand

of the growing maize (Jahanzad et al. 2016). Although

there are debates of herbicides use for terminating

cover crops, countless benefits of terminated cover

crop residue have been observed to slow the evolution

of weed herbicide resistance, minimize soil erosion,

and increase soil organic matter (SOM) and nutrient

cycling by maintaining residue on the soil surface

(Castro et al. 2015; Büchi et al. 2019; Rosario-Lebron

et al. 2019). The high and rapid decomposition of

palisade grass after termination occurred because

N-stimulated plant growth can be a fresh source of C

and N and is associated with increases in microbial

biomass and rapid decomposition (El-Sharkawi 2012;

Wang et al. 2015). These residues undergo chemical

alteration by fungi and bacteria beginning with rapid

degradation of cellulose and hemicellulose (Fioretto

et al. 2005; Bani et al. 2018). Hence, the slow

decomposition rates of dry matter and N release

observed in the zero-N application ruzigrass treatment

can be explained by the low biomass yield of the cover

crop as well as the high C:N ratio of ruzigrass

(Rosolem et al. 2017).

Soil NH4
?–N, NO3–N, and total-N content

as affected by N application timing on cover crops

The increase of mineral N and total-N content in the

soil cultivated with Urochloa spp. were expected

because of the N-cycling potential of these species, as

shown by the high amounts of dry matter and N

accumulation. Our results are congruent with those

found by Moro et al. (2013) for mineral N in soil

cultivated with cover crops before rice seeding, which

observed great NH4
?–N and NO3

-–N concentrations

in soil with palisade grass and ruzigrass but did not

study early N fertilizer application on live cover crops

or its residues. In our findings, N fertilizer was the

responsible source for increasing soil NH4
?–N on day

of cover crops termination and on day of maize

seeding, the time points of N application on the 35

DBS (live cover crops) and 1 DBS (pre-seeding),

respectively. Mariano et al. (2015) reported that N

fertilization with synthetic and organomineral sources

resulted in remarkable increases in NH4
?–N and

NO3
-–N content during the sugarcane growth cycle.

Application of N fertilizer usually results in a rapid

increase in mineral N availability in the soil solution

(Inselsbacher et al. 2014; Mariano et al. 2015), which

explains the high availability of mineral N in the soil

observed in the present study.

The content of NH4
?–N and NO3

-–N in the soil

solution was directly affected by N fertilizer applied

during the growing season (Inselsbacher et al. 2014;

Mariano et al. 2015), which increased mineral N

available in the soil. However, variations in soil N

content also occurred between sampling times due to

the cover crop decomposition of biomass between

green cover crops in the beginning (0 DAT) and

highest N demand of maize (60 DAT), i.e., decompo-

sition of the cover crop residues contributed to provide

N to soil. Additionally, cover crops under no-till may

influence the potential contribution from SOM min-

eralization to N release and availability in the soil

since SOM and NO3
--N availability tend to be higher

by stimulating the microbial activity, especially nitri-

fying bacteria, in soil under no-tillage system com-

pared to conventional tillage (D’Andréa et al. 2004).
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Subsequently, mineral N content stabilized 60 days or

more after desiccation. This soil N was available for

nutrient uptake by the crop, soil microbial processes or

N leaching by rain. As in this period there is a high

rainfall, a possible potential effect of NO3
- leaching

may have influenced by weather conditions (Supple-

mentary Fig. 1). Studies have reported depletion of

mineral N and subsequent stabilization in tropical soil

cultivated with sugarcane (Mariano et al. 2015; Sattolo

et al. 2017) that explains the low content of NH4
?–N

and NO3
-–N in the soil at 90 DAT. The cover crop

species also recycled N, since the stocks of total-N

content in the soil were maintained during the growing

season, and N application and the cover crop species

were not sufficient to change the total-N content in the

soil.

Maize production after early N application

and cover crop grown

When soil cultivated with palisade grass received N

fertilizer, maize leaf concentration and yield compo-

nents showed that the plant used N available in the soil

for growth and production of grains, contributing with

20–50% to the improvements in the maize response

compared to the maize cultivation after palisade grass

without N fertilizer. Our study also revealed that the

increase of 100-kernel per weight and kernels per ear

of maize receiving N fertilizer on live palisade grass

(35 DBS) and on its residues (1 DBS), respectively,

were similar to those obtained on N applied at

conventional method. Nitrogen supply to maize is

explained by N application on forage species and thus

its biomass mineralization and high N amounts

released associated with specific timing of N fertilizer.

The early N fertilizer application on palisade grass (35

and 1 DBS) may have provided N to microbial activity

and plant decomposition processes and decreased the

effect of C:N ratio, inducing in rapid residues decom-

position and preventing N from being limiting source

for microbial decomposition processes in the soil

(Zhou et al. 2017; Bani et al. 2018). These high soil

coverage and rapid mineralization of palisade grass

combined with early N fertilizer promoted high N

uptake during maize growth since the response of crop

in succession to cover crops with N fertilizer depends

on the forage species and its response to N fertilizer

(Schimel and Bennett 2004; Rosolem et al. 2017).

Furthermore, the different maize response to biomass

mineralization following termination can allow new

researches in exploration of N release from cover

crops receiving N fertilizer to subsequent cash crop

since each crop has a different growth and time of N

demand (Landriscini et al. 2019; Silva et al. 2020).

Although our overall data indicate that maize yield

components differed among N applications in palisade

grass, maize cultivated after palisade grass had the

ability to increase grain yields and use N fertilizer

regardless of N timing. Indeed, the alternative of early

N applications on palisade grass was efficient for

enhancing grain yields and, in turn, efficiency of N

fertilizer use by maize in the three growing seasons as

well as the conventional management. Studies have

reported maize grain yield and AE values lower than

those observed in the present study (Ciampitti and Vyn

2011; Momesso et al. 2019). The positive effect of

mulch mineralization of palisade grass in our findings

showed the efficiency in N uptake by cover crop and

gradually release of N to maize growth and grain

yields. These synchronization between soil N supply

and maize demand may occur by microbial decom-

position of cover crop residues (Guo et al. 2018; Fan

et al. 2019). In contrast, ruzigrass may increase the risk

of N losses in the system and may have adverse effects

on the subsequent crop since ruzigrass can poorly sync

N and the soil N is susceptible to N losses by NO3
-

leaching and N2O emissions. These results are

corroborated by studies of Momesso et al. (2019)

and Rocha et al. (2019) that reported low response of

yield components, grain yield and AE of maize

following ruzigrass.

Maize requires high amounts of N to enhance N

uptake and grain yields and proper N fertilizer

management is essential to achieve optimal grain

yields in an agricultural system. There are no studies

bFig. 3 Cover crop 9 N application timing interaction effect on

N concentrations at maize flowering (a), shoot dry matter (b),
plant population (c), number of ears per plant (d), number of

kernels per ears (e), 100-kernel weight (f), grain yield (g), and N
agronomic efficiency (h) of maize. Data are average of three

growing seasons. Treatments are described in Fig. 1. One letter:

different lowercase letters denote significant differences

between cover crops and N application timing interaction; two

letters: different lowercase letters denote significant differences

between cover crops and different uppercase letters denote

significant differences among N application timing; ns: no

statistically significant difference (LSD, P B 0.05)
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reporting success in increasing maize yields via the

early application of N to live forage grasses. Our study

indicates possible strategies for replacing the conven-

tional sidedressing recommendation in cover crop-

maize systems by anticipating application of N

fertilizer on palisade grass or its residues. Nitrogen

could be applied on live palisade grass before its

termination or on its residues just before maize

seeding. However, when ruzigrass is introduced in

the system, the conventional method of N application

is still the best option for increasing maize grain yields

and AE. The findings of this study have important

implications for increasing food production and

nutrient use efficiency in agricultural cropping sys-

tems, but more studies are needed to clarify the N

dynamics, the microbial processes involved and fate of

N fertilizer applied on cover crops or cover crop

residues.

Conclusions

Here we showed that early N application is an option

as N management strategy on palisade grass as cover

crop in the no-till system. The use of palisade grass as

a cover crop allows for early N application, is an

alternative management to the sidedressing applica-

tion (conventional method) and proved to be an option

for the crop system and environment. In addition to

allowing greater flexibility for agricultural operations,

early N application on palisade grass improved N

agronomic use efficiency similarly to the conventional

method.When the cover crop cultivated is ruzigrass, N

fertilization must not be applied while the grass is still

growing (early N application on live ruzigrass).

Beyond crop nutrition, our findings raise questions

concerning the N dynamics of cover crops combined

with N fertilizer input, the environmental impact of the

timing of N fertilization on ruzigrass, and the conse-

quences of N losses for environment and microbial

communities in agro-food systems.
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