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on previous palisade grass
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Abstract High grain yields of upland rice (Oryza

sativa L.) can be achieved in no-tillage systems.

However, managing nitrogen (N) fertilization for rice

in succession to forage grasses is a challenge because

forage residues change N cycling and increase micro-

bial immobilization of N, thereby reducing N avail-

ability to the subsequent cash crop. In the present

study, two field experiments were conducted to

determine if applying all or part of the N fertilizer

on preceding palisade grass (Urochloa brizantha) and

ruzigrass (Urochloa ruziziensis) or their desiccated

residues immediately before rice seeding can supply N

to the subsequent rice crop. Forage biomass yield

(8–16 Mg ha- 1), N accumulation, and N supply to the

subsequent upland rice were highest when all of the N

fertilizer was applied on forage grasses at 50, 40 or 35

days before rice seeding (DBS), as opposed to the

conventional split application at rice seeding and at

tillering. On average, the grain yield of upland rice was

54% higher in succession to palisade grass compared

with ruzigrass. The grain yield of rice was higher when

N was applied to palisade grass at 35 DBS and

ruzigrass at 50 DBS, reaching 5.0 Mg ha- 1 and

3.7 Mg ha- 1, respectively. However, applying N to

ruzigrass was less effective for increasing upland rice
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yields since the yields did not differ from the

treatments with the conventional split application.

Adjusting the time of N application to forage grasses

to increase the grain yields of subsequent upland rice is

a sustainable alternative that can promote the eco-

nomic viability of upland rice production.

Keywords Oryza sativa � Brachiaria spp. �Nitrogen
supply � Cover crop � Sustainable agriculture

Abbreviations

C Carbon

Ca Calcium

DBS Days before seeding

K Potassium

Mg Magnesium

N Nitrogen

NUE N-use efficiency

P Phosphorus

SOM Soil organic matter

S Sulfur

Introduction

Rice is a staple food for more than half of the global

population, and world rice production is approxi-

mately 750 Tg per year (Faostat 2019). Most of the

world’s rice is cultivated in flooded fields, but flooding

rice consumes large amounts of water. In addition, the

potential emission of greenhouse gases from flooded

rice is more than three times higher than from upland

crops (Bouman et al. 2007; Carlson et al. 2017).

Upland rice cultivation has lower water consumption

requirements and is compatible with current agricul-

tural production practices in subsistence crop systems,

with few purchased inputs to high-technology systems

needed (Kumar and Ladha 2011; Crusciol et al. 2013).

Studies have reported grain yields of rainfed upland

rice of greater than 3 Mg ha- 1 (Moro et al. 2013;

Nascente and Stone 2018). Upland rice cultivation has

been used to convert raw land to agriculture, to quickly

renew degraded pasture in one growing season, and in

rotation with soybean [Glycine max (L.) Merr.] in

South America (Santos et al. 2006; Bouman et al.

2007). Moreover, upland rice is a cash crop option for

cultivation in crop rotation/succession with maize and

soybean that avoids the pathogen cycles associated

with other crops. Given these benefits, upland rice

cultivation has been gaining in popularity globally but

is still considered to provide low economic returns

compared with less risky and more profitable crops.

The Brazilian grain yield of upland rice is * 2.0 Mg

ha- 1, approximately 31.5% of lowland rice yield

(CONAB 2017).

To make upland rice production viable, alternative

approaches such as no-tillage are required. Conserva-

tion of residues on the soil surface plays an important

role in nutrient cycling in no-tillage systems (Pacheco

et al. 2011, 2017; Crusciol et al. 2015). In these

systems, the biomass of cover crops cultivated in fall-

winter is left to cover and protect the soil and to

recycle nutrients back to the soil for the next crop

(Calegari et al. 2013; Crusciol et al. 2015; Costa et al.

2016). Forage grasses of the genus Urochloa used as

cover crops in no-tillage systems grow fast, produce

high biomass yields and have relatively high C/N

ratios (Pacheco et al. 2011; Soratto 2011; Costa et al.

2016). These traits help preserve soil moisture and

supply nutrients to the following crop over a longer

period due to the slow rate of residue decomposition

by microorganisms (Ceretta et al. 2002; Bani et al.

2018). Urochloa species have great tolerance to water

deficit stress and high capacity to regrow due to their

deep root systems (Felismino et al. 2012; Pacheco

et al. 2017), thus making them more resistant to

adverse conditions during fall and winter than other

crops. In addition to improving soil fertility and

increasing the yield of the subsequent crop (Crusciol

et al. 2015), these perennial forage grasses reduce

potential losses from leaching due to their deep roots

(Sullivan et al. 2017). Moro et al. (2013) obtained

maximum grain yields of 4.8–6.8 Mg ha- 1 for rainfed

upland rice grown in succession to Urochloa grasses.

Nitrogen is a yield-limiting nutrient in upland rice

production. N increases shoot dry matter, the grain

harvest index, and components that are positively

related to grain yield (Fageria 2007; Fageria et al.

2010). Recent studies have demonstrated that upland

rice grain yield responds to N fertilization rates higher

than 100 kg N ha- 1, especially when grown in no-

tillage systems following forage grasses (Guimarães

and Stone 2003; Lopes et al. 2013). However, forage

grasses can also compromise the synchronization

between N available in the soil and upland rice N

uptake and yields by increasing N immobilization

before the cash crop is planted, especially in systems
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with forage grasses with high C/N ratios (Guimarães

and Stone 2003; Cantarella 2007; Rosolem et al.

2017).

The conventional recommendation for N fertiliza-

tion of upland rice is application of 20% of N at

seeding plus 80% of N sidedressed at tillering

(Cantarella et al. 1997). These recommendations are

based on conventional soil tillage and excessive N

supply at the beginning of the upland rice cycle

(seeding to tillering), which can cause N lodging in the

plant. However, little is known about efficient N

management for upland rice in no-tillage systems with

large residues (Kluthcouski and Stone 2003; Nascente

et al. 2013). Previous studies have found no clear

tendency of the response to N application in the early

growth stage of rice, as both increases in yield

(Guimarães and Stones 2003) and no effects on yield

(Nascente et al. 2011) have been reported for N

application at upland rice seeding in succession to

pasture in no-tillage systems.

Studies of N application after seeding in the early

growth stages of the upland rice cycle in different

regions have shown both grain yield and economic

gains (Kluthcouski et al. 2006). Applying N fertilizer

to the preceding forage grasses may be an efficient

method for providing a much-needed increase in cover

crop biomass in no-tillage systems. In addition, N

application on forage grasses may facilitate the

synchronization of N release from forage decomposi-

tion with the period of highest demand by the

succeeding upland rice crop (Rosolem et al.

2004, 2017). Because of their deep root systems,

forage grasses may improve N cycling from the soil in

agricultural systems and thus reduce excessive N

losses in complex plant-straw-soil systems (Crusciol

et al. 2014; Galdos et al. 2020). In addition, applying N

fertilizer to the previous forage grass could avoid

damage to the cash crop during the growth stage due to

mechanical operations and save fuel and labor costs

(Kluthcouski et al. 2006; Soratto 2011).

A previous study showed that applying N fertilizer

to forage grasses grown before maize is impracticable

because the resulting N immobilization compromises

N supply early in the maize crop cycle (Momesso et al.

2019). However, the N uptake and N-use efficiency of

upland rice differ from those of maize due to the lower

N fertilizer rate and N demand of the former (Makino

et al. 2003). Thus, this study tests two hypotheses in

successive experiments: (1) applying N on forage

grasses preceding the rice crop is an alternative system

of food production that enhances rice yields; (2)

applying part of the N fertilizer on forage grasses and

part at rice seeding can avoid N immobilization early

in the rice cycle and enhance rice yields. To test the

above hypotheses, the effects of applying all or part of

the N fertilizer on preceding palisade grass (Urochloa

brizantha) and ruzigrass (Urochloa ruziziensis) or on

their desiccated residues immediately before rice

seeding on N supply and upland rice yields were

compared with those of conventional N fertilization.

Materials and methods

Site description, experimental design and crop

management

Two field experiments were conducted in Botucatu in

São Paulo State, southeastern Brazil (48� 260 W, 22�
510 S, 740 m). Experiment 1 (E1) was carried out in

two growing seasons (2014–2015 and 2015–2016),

and experiment 2 (E2) was carried out in the

2015–2016 growing season (Supplementary Fig. 1).

The climate is Cwa according to the Köppen climate

classification system, i.e., tropical with dry winters

and hot, rainy summers (Alvares et al. 2013). Precip-

itation and average temperatures were measured

during the experiments (Supplementary Fig. 2). The

soil was a clayey, kaolinitic, thermic Typic Hap-

lorthox (USDA 2014) with 630, 90, and 280 g kg- 1 of

clay, silt, and sand, respectively. The chemical

characteristics of the topsoil (0–0.20 m) were deter-

mined before initiating the experiments in each of the

growing seasons and are shown in Supplementary

Table 1.

The areas were managed in a no-tillage system for

seven years prior to the start of the experiments. Both

experiments were set up in areas previously cultivated

with palisade grass (U. brizantha cv. Marandu) and

ruzigrass (U. ruziziensis) under no-tillage before

upland rice seeding. The historical crop rotation is

shown in Supplementary Table 2. Palisade grass and

ruzigrass were seeded at a density of 10 kg seed ha- 1

(34% viable seed) and were not previously fertilized,

i.e., they grew only with residual fertilization from a

previous crop. The forage grasses were cultivated for

approximately 20 months before upland rice seeding,

and the pastures were managed without weed control
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and mowed three times a year. In 2014 and 2015, plant

material 0.30 m above soil level was mechanically

mowed before experiment installation in order to

stimulate growth and N uptake by the forage grasses in

both experiments.

We set up two experiments to evaluate the effect of

applying all (E1) or part (E2) of the N rate on forage

grasses or their residues (Supplementary Fig. 1). The

experimental designs were a completely randomized

block with four replications. The field plots consisted

of 10 rows with a length of 6 m and spacing of 0.34 m

and a total plot area of 20.4 m2. A schematic diagram

of N application timing in E1 and E2 is presented in

Supplementary Fig. 1.

E1 was arranged in a 2 9 6 factorial scheme over

two growing seasons. The plots were planted with a

combination of two forage species {{palisade grass

[(Urochloa brizantha (Hochst. Ex A. Rich.) R.D.

Webster] and ruzigrass (U. ruziziensis R. Germ. and

C.M. Evrard) Morrone and Zuloaga}} with six N

management strategies (Supplementary Fig. 1): (1)

control (no N application), (2) conventional method 1

(20 kg N ha- 1 applied in the upland rice seeding

furrow plus 80 kg N ha- 1 sidedressed at the rice

tillering stage), (3) N applied on live forage grass 50

days before seeding (DBS) of upland rice, (4) N

applied on live forage grass 40 DBS of upland rice, (5)

N applied on live forage grass 35 DBS of upland rice,

and (6) N applied on forage grass residue 1 DBS of

upland rice (pre-seeding of upland rice). The total N

fertilizer rate was 100 kg N ha- 1 in all treatments

except for the control. In all treatments, ammonium

nitrate was used as the N source.

In E2, a 2 9 4 factorial scheme was used. The plots

were composed of the same two forage grasses as in

E1 and four N management strategies (Supplementary

Fig. 1): (1) control (no N application), (2) conven-

tional method 2 (100 kg N ha- 1 sidedressed at upland

rice tillering stage), (3) N applied on live forage grass

35 DBS of upland rice, and (4) N applied on live

forage grass residue 1 DBS of upland rice (pre-seeding

of upland rice)]. Except for the control, the treatments

received 100 kg N ha- 1 at the different application

times plus 20 kg N ha- 1 at rice seeding, giving a total

rate of 120 kg N ha- 1. Ammonium sulfate was used

as the N source for all N treatments.

In all treatments, forage species terminations was

performed at 30 DBS of upland rice by spraying

1.56 kg glyphosate ha- 1 (active ingredient). For the

treatments with N application 1 DBS of upland rice

(pre-seeding), N was applied on the desiccated forage

grass residue in December.

The upland rice was seeded using a no-tillage drill

at a density of 70 seeds m- 1. In E1, the rice cultivar

BRS Monarca was used in both growing seasons. This

cultivar has an intermediate cycle (112 days) and long

grains and performs well in several management

systems. The recently released upland rice cultivar

ANa 5015 was used in E2. This cultivar has a shorter

cycle (92 days), is classified as an intermediate type

with long grains, and has the potential to produce

5 Mg ha- 1. The basic fertilization in the rice seeding

furrows consisted of 50 kg P2O5 ha- 1 as triple

superphosphate and 50 kg K2O ha- 1 as potassium

chloride.

For the conventional N fertilization, in E1 20 kg N

ha- 1 was band-applied 0.05 to 0.10 m from the seed

line on the day of seeding and complemented with

80 kg N ha- 1 sidedressed at the rice tillering stage. In

E2, all N treatments received 20 kg N ha- 1 band-

applied between 0.05 and 0.10 m from the seed line on

the day of upland rice seeding. For the conventional

method in E2, an additional 100 kg N ha- 1 was band-

applied at the tillering stage. Therefore, the treatments

in E1 and E2 differed in (1) time of N application; (2)

the application of 20 kg N ha- 1 at seeding in all

treatments in E2 (only the conventional methods

received N at seeding in E1); (3) the N rate, which was

100 kg ha- 1 in E1 and 120 kg ha- 1 in E2; (4) the use

of ammonium nitrate as the N source in E1 but

ammonium sulfate in E2.

Sampling, measurement, and analyses

The dry mass yield of the forage grasses was evaluated

on the day of termination and 90 days later in order to

determine the initial and remaining amounts of dry

matter biomass above the soil surface. Three samples

per plot of aboveground plant material were collected

using a wooden frame with an internal area of 0.25 m2

on each date to obtain a composite sample. Sampling

was performed within the plots at random points along

diagonal crosswise lines. The collected biomass was

dried by forced-air circulation at 65 8C for 72 h and

weighed, and the data were extrapolated to Mg ha- 1

for dry matter determination. The plant samples were

ground to pass through a 0.85-mm stainless-steel sieve

and analyzed to determine the N concentration.
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Rice leaf samples were collected for nutrient

concentration determination when 50% of the panicles

in each plot were at the flowering stage. The flag

leaves of 20 randomly chosen plants per plot were

collected following the procedure described by

Cantarella et al. (1997). The leaf samples were dried

by forced-air circulation at 65 �C for 72 h, ground to

pass through a 0.85-mm stainless-steel sieve, and

analyzed to determine nutrient (N, P, K, Ca, Mg, and

S) concentrations.

The samples of forage grass residues and upland

rice leaves were digested with sulfuric acid for N

determination and with nitro-perchloric solution for

the other nutrients. The N, P, and S concentrations

were determined from the digested solutions by semi-

micro-Kjeldahl distillation, colorimetry, and tur-

bidimetry methods, respectively. The K, Ca, and Mg

concentrations were determined by atomic absorption

spectrophotometry (Malavolta et al. 1997).

On the same dates as rice leaf sampling, shoots of

plants from 1.0-m lengths of the two central rows were

cut at the soil level to determine aboveground dry

matter. The plant shoots were dried by forced-air

circulation at 65 �C for 72 h and weighed, and the data

were extrapolated to Mg ha- 1. The following param-

eters were evaluated 85 and 108 days after emergence

in E2 and E1, respectively: plant height, number of

panicles per m2, total number of spikelets per panicles,

spikelet fertility, and 1000-grain weight. The plants

were manually harvested, and the panicles from the

usable areas of the plots were collected and dried in the

sun for 1 to 2 days before mechanical threshing using a

research plot thresher. The grain yield (unhulled grain

weight, moisture content corrected to 130 g kg- 1 and

conversion to Mg ha- 1) was determined. The N-use

efficiency (NUE) was defined as the increase in grain

yield per unit of N applied (Fageria and Baligar 2005)

and was determined by dividing the difference

between the grain yield (kg ha- 1) in each N treatment

and the grain yield of the control (no N application) by

the applied N rate (kg ha- 1).

Statistical analyses

For all variables, analysis of variance and F probabil-

ity tests were performed using the SISVAR statistical

software package (Ferreira 2011). First, all data were

initially tested for normality using the Shapiro-Wilk

test procedure and were distributed normally (W

C 0.90). Then, the data were submitted to ANOVA to

determine the effect of forage grass and N application

timing on biomass and N accumulated of palisade

grass and ruzigrass, and rice compounds, grain yields

and NUE of rice. For E1, forage grass species, N

application timing, and growing season were consid-

ered fixed effects. For E2, forage grass species and N

application timing were considered fixed effects. The

blocks and all block interactions were considered

random effects. A comparison of means was per-

formed with the LSD test (P B 0.05) when the F-test

was significant. To estimate the relationship between

rice yield and forage grass biomass (on the day of

termination), the linear components were tested with

the whole data sets of E1 and E2; to estimate the

relationship between rice yield and N released by grass

residues from 0 to 90 days after termination, the linear

components were tested with the data sets of E1 and

E2 split according to forage grass species (Mead and

Drasgow 1993).

Results

Forage grass biomass yield and N release

The interaction of forage grass species and time of N

application significantly influenced dry matter yield

and N accumulation by forage grasses in both E1 and

E2 (Figs. 1 and 2). On the day of termination, forage

grass dry matter was highest for early N application on

live palisade grass (50 DBS and 35 DBS in E1 and E2,

respectively) (Figs. 1 and 2a). In E1, compared with

the control, palisade grass dry matter was 39% higher

when N was applied 50 DBS (11.5 Mg ha- 1) and

decreased in the treatments in which N was applied to

live forage grasses closer to rice seeding (40 DBS and

35 DBS). The dry matter results in E2 followed similar

trends. N application to live palisade grass 35 DBS

resulted in an increase in yield compared with the

treatments where N was applied over forage residues;

at the other times of N application (1 DBS and

conventional), the yields did not differ from the

control (Fig. 2a). However, even for the unfertilized

forage grasses (controls), the dry matter yield of

palisade grass at termination (9 Mg ha- 1) was 33%

greater than that of ruzigrass in both experiments.

At 90 DAT, the remaining dry matter of the forage

grasses decreased sharply but followed the trends of
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the sampling performed immediately after termination

(0 DAT). For palisade grass, the values of remaining

biomass were highest when N was applied early on

live forage (50 DBS and 35 DBS in E1 and E2,

respectively) (Figs. 1b and 2b). In addition, in E1,

remaining dry matter was higher when palisade grass

received N 10 days before forage termination (40

DBS) than when N was applied 5 days before

termination (35 DBS). For ruzigrass in both experi-

ments, all treatments in which N fertilizer was applied

to live forage grasses resulted in similar remaining dry

matter (3.5 Mg ha- 1 average), while remaining dry

matter was lower in the treatments in which N was

applied over ruzigrass residues (Fig. 1b).

In general, the earlier that N was applied to palisade

grass, the higher the value of N accumulation at

termination in both experiments (Figs. 1 and 2c). In

E1, N accumulation in palisade grass and ruzigrass

was highest with the earliest N application (50 DBS),

with values of 288 and 131 kg ha- 1, respectively

(Fig. 1c). In E2, N accumulation was highest when N

was applied at 35 DBS (Fig. 2c). At 90 DAT,

remaining N in the forage grass residue was highest

in the treatment receiving N on palisade grass 50 DBS

in E1 and 35 DBS in E2 (Figs. 1d and 2d), similar to

the trends for remaining dry matter.

Nutrient concentration in upland rice leaves

Forage grass had little influence on the leaf N

concentration of upland rice (Supplementary Table 3).

In both experiments, the leaf N concentrations in

upland rice leaves were higher in succession to

palisade grass compared with ruzigrass and in all

treatments with N application compared to the control.

No significant influence of the treatments on leaf

Fig. 1 Forage grass 9 N application timing interaction effect

on the amount of dry matter (a, b) and N (c, d) in shoot residues
of forage grasses at 0 (a,c) and 90 (b, d) days after termination

(DAT) in experiment 1. Average of 2014–2015 and 2015–2016

growing seasons. Treatments are described in Table 1. Error

bars are one standard error from the mean. Different lowercase

letters denote significant differences between forage grasses and

different uppercase letters denote significant differences among

N application systems (LSD, P B 0.05)
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concentrations of P, K, Ca, Mg, and S was observed in

either E1 or E2 (Supplementary Table 3).

Plant growth, yield components, and grain yield

of upland rice in experiment 1

In E1, the timing of N application significantly

influenced the plant height of upland rice (Table 1).

The plant height increased from 0.70 m in the control

to an average of 0.80 m in the 40 DBS, 35 DBS, and 1

DBS treatments.

The interaction of forage grass species and N

application timing had a significant influence on shoot

dry matter, number of panicles per m2 and spikelets

per panicle (Table 1; Fig. 3a). On average, the shoot

dry matter yield of rice in succession to palisade grass

was 55% higher when N was applied closer to the day

of forage termination (35 DBS and 40 DBS) compared

with the control. For rice in succession to ruzigrass,

shoot dry matter yield was higher in the treatment with

N applied at 50 DBS (7.8 Mg ha- 1) than in the other

Fig. 2 Forage grass 9 N application timing interaction effect

on the amount of dry matter (a, b) and N (c, d) in shoot residues
of forage grasses at 0 (a, c) and 90 (b, d) days after termination

(DAT) in experiment 2 (2015–2016 growing season). Treat-

ments are described in Table 1. Error bars are one standard error

from the mean. Different lowercase letters denote significant

differences between forage grasses and different uppercase

letters denote significant differences among N application

systems (LSD, P B 0.05)
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N treatments (4.0 Mg ha- 1). Nitrogen application on

live forage grasses also increased the number of

panicles per m2 (Fig. 3b). Rice in succession to

palisade grass and ruzigrass receiving N fertilizer at

50, 40, 35 and 1 DBS had a higher number of panicles

per m2 than rice in the treatments with conventional N

Fig. 3 Forage grass 9 N application timing interaction effect

on rice shoot dry matter (a), number of panicles per m2 (b),
number of spikelets per panicle (c), grain yield (d), and N-use

efficiency (e) of upland rice in experiment 1. Average of

2014–2015 and 2015–2016 growing seasons. Treatments are

described in Table 1. Error bars are one standard error from the

mean. Different lowercase letters denote significant differences

between forage grasses and different uppercase letters denote

significant differences among N application systems (LSD,

P B 0.05)

123

Nutr Cycl Agroecosyst (2020) 118:115–131 123



123

124 Nutr Cycl Agroecosyst (2020) 118:115–131



application; however, the increase in the number of

panicles per m2 of rice was highest for rice in

succession to palisade grass. The trend for the number

of spikelets per panicle across all N applications was

similar to that for shoot dry matter yield of upland rice,

i.e., higher when N fertilizer was applied on palisade

grass at 35 DBS and 40 DBS (Fig. 3c).

Both the percentage of spikelet fertility and

1000-grain weight were lower in rice in succession

to ruzigrass than in rice in succession to palisade grass,

with respective values of 77.7% and 80.7% and 21.5

and 23.1 g (Table 1). Regardless of the forage grass,

zero-N application resulted in 5% lower spikelet

fertility compared with N fertilizer application on

forage grass and its residues (50 DBS, 40 DBS, 35

DBS, and 1 DBS). A similar trend was observed for

1000-grain weight. Zero-N application (control)

decreased 1000-grain weight by 8.7% compared with

the treatments receiving N fertilizer.

The interaction of forage grass species and N

application timing also significantly influenced rice

grain yield and NUE (Table 1; Fig. 3). Rice grain

yields were higher in succession to palisade grass

compared with ruzigrass under every N application

timing treatment, but the NUE of rice in succession to

palisade grass was higher only when N was applied at

40, 35 and 1 DBS (Fig. 3d, e). For rice in succession to

palisade grass, the rice grain yield was highest when N

was applied 35 DBS and 40 DBS and decreased in the

other treatments in the following order: 50 DBS, 1

DBS, conventional and control (Figs. 3 and 5).

However, the NUE of rice was highest when cultivated

in succession to palisade grass receiving N fertilizer at

35 DBS. For rice in succession to ruzigrass, the highest

rice grain yield (3.7 Mg ha- 1) was obtained when N

was applied at 50 DBS and was 131% higher than that

in the control (1.6 Mg ha- 1). In addition, the grain

yields of rice in succession to palisade grass and

ruzigrass were higher under the conventional method

of N application (in the seeding furrow plus side-

dressing at tillering of upland rice) than in the control.

Plant growth, yield components, and grain yield

of upland rice in experiment 2

In E2, the forage grass species affected rice plant

height (Table 1). Upland rice plants were 17% taller

when cultivated in succession to palisade grass

compared to ruzigrass. In addition, all treatments with

N fertilizer resulted in taller plants than the control, but

there was no difference in plant height between N

application strategies.

The shoot dry matter yield, yield components, grain

yield, and NUE of upland rice were affected by the

forage grass species and N application interaction

(Table 1; Fig. 4). The shoot dry matter and yield

components (panicle per m2, spikelets per panicle and

1000-grain weights) of rice were highest when N

fertilizer was applied on live palisade grass (35 DBS)

and its residues (1 DBS), followed by the treatments

with conventional N application and the controls

without N fertilizer (Fig. 4a). By contrast, the shoot

dry matter and yield components of rice cultivated in

succession to ruzigrass were similar among the

treatments that received N fertilizer (35 DBS, 1 DBS

and conventional). Thus, while N fertilization of both

palisade grass and ruzigrass increased the rice

response compared with the control, cultivation in

succession to palisade grass resulted in the greatest

shoot dry matter and yield components.

Similar to the trend of shoot dry matter of rice

following ruzigrass, N fertilization increased spikelet

fertility compared with the control in succession to

both forages (Fig. 4d); however, when no N was

applied (control), spikelet fertility was more than

double in succession to palisade grass compared to

ruzigrass.

The grain yield and NUE of rice differed signifi-

cantly among the N treatments in succession to

palisade grass (Figs. 4f and 5). The grain yields

following palisade grass were 4.6, 4.1, 3.6, and 2.3 Mg

ha- 1 in the 35 DBS, 1 DBS, conventional, and control

treatments, respectively; by contrast, the grain yield of

rice following ruzigrass with N fertilization was

similar in all N management strategies (2.4–2.6 Mg

ha- 1) and higher than in the control (1.1 Mg ha- 1)

(Figs. 4 and 5). The NUE of upland rice was larger the

earlier that N was applied for rice in succession to

bFig. 4 Forage grass 9 N application timing interaction effect on

the shoot drymatter (a), number of panicles per m2 (b), number of

spikelets per panicle (c), spikelet fertility (d), 1000-grain weight

(e), grain yield (f), and N-use efficiency (g) of upland rice in

experiment 2 (2015–2016 growing season). Treatments are

described in Table 1. Different lowercase letters denote signif-

icant differences between forage grasses and different uppercase

letters denote significant differences among N application

systems (LSD, P B 0.05)

123

Nutr Cycl Agroecosyst (2020) 118:115–131 125



Fig. 5 Relationships between rice yield and forage grass

biomass (n = 128) on the day of termination (a), and rice yield

and N released by grass residues (n = 64) for N application

timing on each forage grass (b) in experiment 1 (E1) and

experiment 2 (E2). The black solid line in (a) means linear

model for both forage grasses. The blue spots and solid line

mean palisade grass (Urochloa brizantha) values, and the black
spots and dashed line mean ruzigrass (U. ruziziensis) values in
(b). The description of treatments is in Table 1
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palisade grass but was similar for all times of N

application for rice in succession to ruzigrass

(Fig. 4 g). Regardless of N treatment, higher upland

rice grain yields and NUE values were obtained in

succession to palisade grass (3.6 Mg ha- 1 and 19 kg

grain kg- 1 N) relative to ruzigrass (2.1 Mg ha- 1 and

6 kg grain kg- 1 N).

Discussion

Effect of nitrogen application on forage grasses

In this study of two growing seasons, earlier N

application on forage species increased forage grass

residues. The highest biomass yields of forage grass

were achieved with N application at 50 and 35 DBS of

upland rice in E1 and E2, respectively. Early N

application on forage grasses stimulated the growth of

the grasses in the period between N fertilization and

forage grass termination when the weather conditions

were favorable. However, at termination, there was no

significant difference in biomass yield between N

application on forage grasses at 40 and 35 DBS,

probably because the intervening period of * 5 days

was too short to affect plant growth. When N was not

applied, palisade grass and ruzigrass produced at least

11.5 and 6.9 Mg ha- 1 of dry matter biomass in E1 and

12.2 and 8.5 Mg ha- 1 of dry matter biomass in E2,

which is considered appropriate to provide mulch for a

no-tillage system (Kluthcouski and Stone 2003). High

biomass yields of grass cover crops benefit the

agricultural system by suppressing weeds and allow-

ing herbicide application to be reduced or eliminated

(Fageria et al. 2005; Sao Miguel et al. 2018). In

addition, greater cover crop biomass helps to preserve

soil moisture, which increases microbial activity and

improves plant nutrition (Chavarria et al. 2016;

Verzeaux et al. 2017). The high yields in this study

reflect the high fertility of the soil, which has been

cultivated under no-tillage for many years.

The biomass yield of palisade grass was higher than

that of ruzigrass in all N treatments due to differences

in the characteristics of the two species. Some studies

have shown that, compared to ruzigrass, palisade grass

has higher tolerance to soil acidy and high levels of

soil aluminum; higher biomass yield (Alvim et al.

1990; Timossi et al. 2007); and a higher capacity of

regrowth and straw persistence in the soil (Felismino

et al. 2012). The higher biomass yield of palisade grass

led to greater N accumulation at termination due to the

faster growth and higher NUE of palisade grass.

Contrary to the results of the present study, Pacheco

et al. (2011) and Momesso et al. (2019) found similar

N accumulation in the two species despite the higher

shoot dry matter yield of palisade grass.

Based on the initial biomass and N accumulated in

the forage at termination, we measured the loss of

mass and of N in the plant dry matter after 90 days.

Sharp decreases in both biomass and N content were

observed. Part or most of the N loss from the grasses

was probably transferred to the soil. During the 90

days after termination, on average 6–12 Mg ha- 1 of

biomass and 60–200 kg ha- 1 N accumulated in

forage grasses were released from the cover crops to

the system. The release of N by the grasses may have

increased the soil N available to the crop in succession,

especially in the plots with forage grasses fertilized

with N (from 120 to 200 kg N ha- 1 released). These

results indicate that palisade grass and ruzigrass have

the potential to recycle and release a high amount of N

into the agricultural system.

In addition to the loss of plant mass and N, palisade

grass residue released greater amounts of N than

ruzigrass residue during the 90 days after termination.

In the treatments with N applied on live palisade grass

residue (50 DBS, 40 DBS, and 35 DBS), an average of

130 kg N ha- 1 was released from the residues.

Applying nitrogen fertilizer to forage grasses before

termination may affect biomass yields as well as

chemical composition, including the proportions of

cellulose, hemicellulose, and lignin. The chemical

composition of forage grass influences the rate of

decomposition, which is carried out by microorgan-

isms in two main steps: degradation of cellulose and

hemicellulose followed by degradation of lignin (Bani

et al. 2018). Ruzigrass undergoes a period of fast

decomposition followed by a second period of slow

decomposition (Pacheco et al. 2017). Hence, the much

lower biomass of ruzigrass at the two sampling times

can be explained by the differences in the character-

istics of the two plant species.

Higher yields of upland rice related to nitrogen

management and forage grasses

The macronutrient concentrations in upland rice

leaves were within adequate ranges for rice crops
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(Cantarella et al. 1997). We aimed to increase forage

grass biomass yields in order to release N for the

subsequent upland rice crop. Nutrient cycling by

forage grasses can help supply the nutrients required

by upland rice, as observed by Soratto (2011),

Nascente and Stone (2018) and Momesso et al.

(2019). In both experiments, leaf N concentrations in

upland rice leaves were lower in the control than in all

treatments with N application; however, even in the

control (no N application), the upland rice plants were

properly nourished, probably due to the nutrients

released by the decomposition of the forage grass

residues, since the biomass yields of the control

treatments were also high.

Applying N fertilizer at rice seeding resulted in

lower rice yields than earlier N applications on forage

grasses. When N fertilizer was applied on palisade

grass at 40 and 35 DBS in E1, the forage grass

produced approximately 14 Mg ha- 1 of shoot dry

matter and 200 kg ha- 1 of accumulated N. These

residues and N accumulation promoted higher shoot

dry matter and yields of upland rice compared with the

conventional method of N application and the control.

In contrast to our findings, a study on the same farm in

which all N fertilizer was applied on grasses reported a

lower grain yield of subsequent maize compared with

the conventional recommended N application at

seeding and in the V4 to V6 growth stage of maize

(Momesso et al. 2019). Apparently, the response of the

subsequent crop to N fertilization on forage grass is

dependent on the crop species and its response to N.

The aim of applying N on forage grasses or its

residues prior to rice seeding was to increase the

flexibility of fertilization timing and permit N release

to the subsequent crop by straw decomposition.

Indeed, the strategy of applying N to forage grasses

was efficient for achieving high grain yields of upland

rice. A possible explanation for this positive effect is

that forage grasses can efficiently absorb N from

fertilizer and gradually release N via the slow

decomposition of biomass, thus avoiding N losses.

Studies have shown that N fertilization accelerates the

rate of decomposition of plant residues (Parton et al.

1988; Rosolem et al. 2004, 2017) by reducing the C/N

ratio of the cover crop. Therefore, the more gradual

release of the N retained by the grasses when N was

applied earlier may have benefited rice nutrition

compared to the pulse of N supplied by the conven-

tional method of fertilization. The synchronization

between soil inorganic N supply and crop demand may

be attributable to the microbial decomposition of straw

residues (Cantarella 2007; Guo et al. 2018; Fan et al.

2019).

In E2, we also tested the effect of start fertilization

by applying 20 kg N ha- 1 in the treatments in which

most of the N fertilizer was applied to the forage

before rice sowing. The premise was that start

fertilization would decrease the risk of N immobiliza-

tion and competition between plants and microorgan-

isms (Kuzyakov and Xu 2013; Bani et al. 2018).

However, no effect of start fertilization was observed,

as there was no difference in rice yields between the

treatments with N applied at 35 DBS and 1 DBS.

Our finding of reduced rice grain yield under the

conventional method of application was somewhat

unexpected since the conventional split application of

N aims to supply N in the rice growth stage with high

N demand, thereby increasing nutrient uptake by

plants and reducing losses by NO3
- leaching, NH3

volatilization and N2O emissions (Rao and Prasad

1980; Cantarella 2007). However, the second split

application occurred at the time of highest rainfall,

which may increase the risk of losses of N to leaching.

Our data support a role of NO3
- leaching by rainfall in

the insufficient N for grain yields since applying N

fertilizer at rice tillering (conventional method)

resulted in lower nitrogen recovery by rice. In

addition, these data highlight that early N application

can also be advantageous by increasing the flexibility

of N application timing to increase rice yields and

NUE.

In addition, the effect of mulching on rice plants

may be more relevant than previously thought. In our

study, all treatments comparing the time of N appli-

cation were fertilized with 100 or 120 kg N ha- 1;

thus, even if some losses occurred in some treatments,

the N applied should be enough to sustain yields of 4 to

5 Mg ha- 1 (Cantarella et al. 1997). There was a

significant relationship between the cover crop

biomass and rice grain yield; for the same amounts

of N released by grass decomposition, yields were

higher in succession to palisade grass than ruzigrass.

In addition, rice grain yields were higher when N was

applied earlier to the grass, consistent with the

increased grass and hence mulch production.

Rice has a shallow root system compared with

crops such as maize (Fageria and Moreira 2011) and

may be more responsive to mulching, which helps to
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preserve soil water, reduce soil temperature close to

the soil surface, and stimulate microbial activity,

improving conditions for root growth. Mulching may

also help alleviate stress caused by poor soil physical

conditions. Rice responds to N fertilizer application

under both no-tillage and conventional tillage man-

agement, but yields tend to be lower under no-tillage

(Stone et al. 1980; Kluthcouski et al. 2000; Nascente

et al. 2011), possibly due to the greater effect of soil

compaction on crops with shallow root systems.

Conclusions

Here we showed that the strategy of N application in

advance of upland rice seeding does not compromise

rice yield. Nitrogen application on palisade grass 35

days before rice seeding and on its residues just before

rice seeding represents an alternative N application

timing for enhancing grain yields in tropical no-tillage

systems. Furthermore, it is clear that mulching plays

an important role in the response of upland rice to N.

These are new options for managing fertilization to

sustainably increase rice yields in tropical environ-

ments, where soil cover and no-tillage are fundamental

for soil preservation. Relevant questions about which

microbial processes are the main drivers of available N

in soil and why a seemingly risky fertilization practice,

such as applying N before seeding the main crop,

worked well in a region with high precipitation

deserve further investigations.
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