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Intercropping forage grasses with upland rice is an alternative cropping system to
improve agroecosystem diversification and could potentially enhance sustainability in
tropical regions. However, nitrogen (N) immobilization and nutrient competition between
rice and forage grasses could reduce rice grain yield and decrease overall productivity.
Therefore, fertilizer N requirements of upland rice intercropped with forage grasses
needs to be better defined. Field experiments were carried out during three growing
seasons on a Typic Haplorthox soil in Sao Paulo state of Brazil. The experimental
design was a randomized block design with a 3 x 4 factorial scheme with four
replications. Treatments were cropping system [monocropped rice (Oryza sativa L.),
rice intercropped with palisadegrass (Urochloa brizantha), and rice intercropped with
guineagrass (Megathyrsus maximus) and sidedress N application rate (0, 40, 80, and
120kg N ha™"). Intercropped grasses were sown between upland rice rows 30 days
after rice emergence. On average, intercropping of rice with palisadegrass or guineagrass
decreased rice shoot dry matter and grain yield by 11% and milled rice productivity by
10% compared with monocropped rice. Grain yield, grain protein, and milled productivity
of rice increased as N application rate increased. Forage dry matter production (first and
second cut) and crude protein (second cut) were greatest in the rice + palisadegrass
intercropping system. Production of both forage grasses increased with up to 80kg
N ha=" in the first cut and increased linearly with N in the second cut. Intercropping
of rice with palisadegrass or guineagrass with 80kg N ha~' application resulted in
the greatest land equivalent ratio (1.96 and 1.55, respectively). Relative N yield was
greatest at 120kg N ha=" (220 and 173%, respectively). Although rice monocropping
had greatest grain yield, intercropping systems with forage grasses were more favorable
from both economic and environmental perspectives by enhancing plant diversification,
nutrient cycling with forage grasses, land use production per unit area, and profitability
throughout the year.

Keywords: Oryza sativa L., Urochloa brizantha, Megathyrsus maximus, intercropping crops, sustainable
agroecosystem
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INTRODUCTION

Rice (Oryza sativa L.) is a staple food consumed by more than
half of the world’s population (Emerick and Ronald, 2019) and
one of the three most important cereal crops globally (Africa Rice
Center - AfricaRice, 2019; Yadav et al., 2019). Rice cultivation is
particularly prominent in Asia, Africa, and the Americas (CGIAR
Science Council, 2006). The Cerrado of Brazil is the world’s
largest producer of upland rice (Silva et al., 2020), a region where
soils are acidic and of low fertility (Allen et al., 2007). Low-level
technology use by farmers and summer dry spells greatly restricts
plant development and upland rice yields (Nascente et al., 2013).

A common agricultural practice in tropical regions is to
cultivate upland rice in degraded pastures for two growing
seasons before returning to pasture (Kluthcouski et al., 2000).
Upland rice tolerates high soil acidity and exchangeable
aluminum, which are frequent characteristics of degraded
soils (Fageria, 1998). However, cropping systems based on
conservation management with crop rotation, intercropping,
integrated crop-livestock system (ICLS), and no-tillage system
(NTS) are recommended to reduce soil degradation. These
systems provide great efficiency in preserving natural resources
and sustaining high agricultural production in tropical regions
(Borghi et al., 2014; Crusciol et al., 2015; Moraes et al., 2019).

Intercropping upland rice with tropical forage grasses may
be an excellent option to improve crop diversity and soil
quality, particularly in tropical soils with low fertility and dry
winters (Allen et al., 2007; Wood and Mendelsohn, 2014).
In many regions of the world, including the tropics, ICLS
may be a suitable alternative to improve food production and
decrease poverty (Food and Agriculture Organization of the
United Nations (FAO), 2017). Because ICLS reduces the need
to cultivate new agricultural areas, these systems are considered
more sustainable (Surve and Arvadia, 2011) and promote crop
production diversity in the same area (Crusciol et al., 2014;
Mateus et al., 2016).

Studies of intercropping systems have assessed yields of corn
(Borghi et al., 2013a; Crusciol et al., 2013), sorghum (Crusciol
et al., 2011; Borghi et al., 2013b), and soybean (Crusciol et al.,
2012, 2014) in the summer season (Surve and Arvadia, 2011)
and biomass production of tropical grass during the off-season
(Pariz et al., 2017; Mateus et al, 2020). These studies aim
to develop better management practices for increasing plant
development and decreasing competition between intercropped
species, thereby increasing yields (Crusciol et al., 2014; Pariz
et al., 2016; Moraes et al., 2019; Mateus et al., 2020). However,
information on N management of upland rice when intercropped
with forage grasses in tropical regions is scarce.

Nitrogen is the most important nutrient impacting
development and yield of rice, and its dynamics in the soil-
plant system vary according to soil conditions and fertilizer
management strategy (Fageria et al., 2011; Nascente et al., 2013).
Increasing N use efficiency in agroecosystems is an ongoing
goal to improve agricultural sustainability, promote high
revenue per area, and increase upland rice yield (Nascente et al.,
2013). In ICLS, cash crops and forage grasses are intercropped
in the summer season, followed by forage grass production

with animal grazing in the off-season (Crusciol et al., 2014,
2016; Franzluebbers and Stuedemann, 2014; Moraes et al,
2019). Successive grass-only cultivation can compromise the
sustainability of ICLS due to soil N depletion through crop N
removal (Garcia et al., 2016). Low N fertilizer recovery efficiency
is common in grass crops. Optimal N fertilizer application rate
varies according to soil conditions, crop technological level,
and type of crop rotation with or without leguminous crops
that fix atmospheric N (Borghi et al., 2014; Crusciol et al,
2016). Therefore, improved N fertilizer recommendations in
intercropped systems, particularly those involving upland rice,
are needed.

We hypothesized that intercropping systems can (i) increase
biomass production of rice in the summer season and forage
grasses in the off-season in tropical regions and, as a consequence,
(i) improve land-use efliciency compared with monocropped
systems. Beyond that, (iii) better management of N fertilizer rate
in intercropping systems could reduce the competition between
intercropped forage grass and upland rice and improve the
whole system of food production. Thus, the first objective was to
compare the feasibility of production between monocropped rice
and rice intercropped with the two most commonly used forage
species (palisadegrass and guineagrass). Response variables
included production and quality of rice, pasture production,
land-use efficiency, and estimated meat production during
three growing seasons. The second objective was to determine
the most appropriate sidedress N rate for monocropped rice
and rice intercropped with tropical grasses relative to food
production, land use, competition factors, and economic aspects
of the systems.

MATERIALS AND METHODS

Site Description

Field experiments were conducted during 2011-2012, 2012-
2013, and 2014-2015 growing seasons in Botucatu, State
of Sio Paulo, southeastern Brazil (48° 26° W, 22° 51" S;
elevation of 740 m above sea level). The soil is classified as
a clayey, kaolinitic, thermic Typic Haplothox (United States
Department of Agriculture (USDA), 2014) with 630, 90,
and 280g kg~! of clay, silt, and sand, respectively. At the
beginning of the experiment, soil (0-0.2 m depth) was sampled
to evaluate chemical characteristics (Supplementary Table 1)
according to the methods of van Raij et al. (2001). The climate
is Cwa, humid subtropical zone, with dry winters and hot
summer, according to the Koppen climate classification system.
Temperature and rainfall during the experimental period are
reported in Supplementary Figure 1. Long-term (1956-2016)
mean annual minimum and maximum temperatures are 15 and
26°C, respectively, with mean annual precipitation of 1,359 mm
(Unicamp, 2016).

Each field experiment was performed in a new field previously
cultivated with corn (Zea mays L.). Management history was NTS
for 6 years. Prior to the 2011-2012 growing season, the field had
previous crop history going back in time of corn, fallow/soybean
[Glycine max (L.) Merr.], black oat (Avena strigosa)/common
bean (Phaseolus vulgaris L.), black oat/soybean, palisadegrass
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(Urochloa  brizantha)/corn, palisadegrass/corn, and black
oat/soybean. Prior to the 2012-2013 growing season, previous
crop history was corn, castor bean (Ricinus communis
L.)/common bean, forage grass/corn, forage grass/corn,
forage grass/corn, black oat/soybean, and black oat/corn. Prior
to the 2013-2014 growing season, previous crop history was
corn, black oat/corn, black oat/soybean, black oat/corn, black
oat/soybean, black oat/corn, and black oat/soybean.

Experimental Design and Treatments

The experimental design was a randomized complete block with
a 3 x 4 factorial scheme and four replications implemented each
of the three growing seasons. The three cropping systems were:
monocropped rice, rice intercropped with palisadegrass, and rice
intercropped with guineagrass (Supplementary Figure 2). Four
sidedress N application rates were: 0, 40, 80, and 120 kg N ha~!,
applied as ammonium nitrate. Each plot was 3.4 x 20 m. Buffer
area of 0.5-0.7 m along each plot edge was not sampled.

Crop Management

The upland rice cultivar BRS Monarca was sown on Nov.
21 (2011-12), Nov. 21 (2012-13), and Nov. 22 (2014-15) at
a depth of 3cm and row spacing of 0.34m at a density of
200 viable seeds m~2 using no-till seeding (Semeato, Model
Personale Drill 13, Passo Fundo, RS, Brazil). For all treatments,
the basic fertilization in the sowing furrow consisted of 20 kg
N ha™! as urea, 50 kg P,Os ha™! as triple superphosphate, and
50kg K,O ha=! as potassium chloride (Cantarella et al., 1997).
Sidedress N fertilization rates were applied at tillering growth
stage of upland rice (Supplementary Figure 2). Upland rice was
cultivated according to crop needs.

At the time of sidedress N application, intercropping systems
were sown with palisadegrass (Urochloa brizantha cv. Marandu)
and guineagrass (Megathyrsus maximum) at densities of 15.3
and 15.9kg ha™! seed (34% viable seeds), respectively, with
the same no-till drill in between all rows of rice. At the same
time, replicated same-size plots of palisadegrass and guineagrass
were sown solely as controls to calculate an intercropping
competition factor.

Sampling and Analyses of Rice and

Tropical Forage Grasses
Upland rice leaf samples were collected for nutrient
concentration analysis when 50% of the panicles in each
plot were at flowering stage. The selection was randomized by
collecting 20 flag leaves of plants per plot (Cantarella et al., 1997).
Leaf samples were dried by forced-air circulation at 65°C for
72h and ground to pass a 0.85-mm stainless-steel sieve. Samples
were digested with sulfuric acid for N determination and with a
nitro-perchloric solution for P, K, Ca, Mg, and S determinations.
Concentrations of N, P, and S were determined from digested
solutions by semi-micro-Kjeldahl distillation, colorimetry, and
turbidimetry methods, respectively. Concentrations of K, Ca, and
Mg were determined by atomic absorption spectrophotometry
(Malavolta et al., 1997).

At time of rice leaf sampling, shoots of plants from 1.0 m
rows of the two central rows were cut at soil level for the

determination of shoot dry matter (DM) of rice. Shoots were
dried by forced-air circulation at 65°C for 72h, weighed, and
data extrapolated to Mg ha™!. The following parameters were
evaluated 85 days after rice emergence: number of panicles per
m? (by counting the number of panicles in an area of 2.0 m in
the two rows from the usable area of each plot), total number of
spikelets per panicles (by counting the number of spikelets in 20
panicles in the useable area), spikelet fertility (calculated using
the following function: number of grain-bearing spikelets/total
number of spikelets per panicle x 100), and 1,000-grain weight
(evaluated by randomly collecting and weighing four samples of
1,000 grains from each plot adjusted to a moisture content of
130g kg~!). Plants were manually harvested and panicles were
dried in the sun for 2 days and later subjected to mechanical
threshing using a research plot thresher. Rice grain yield was
determined from unhulled grain weight, correcting moisture
content to 130 g kg~ !, and converting to Mg ha~!. Nitrogen-use
efficiency (NUE) was defined as the increase in grain yield per
unit of N applied (Fageria et al., 2005), which was determined by
dividing the difference between the grain yield (kg ha™!) in each
N treatment and the grain yield of the control (no N application)
by each N rate (kg ha™!).

For industrial quality and milled rice productivity, 100-g
sample of rice was collected from each plot and processed for
1 min in a proof mill for milling yield determination. Polished
grains were weighed and calculated as percentage of total grain
weight. Polished grains were placed in a grain sorting machine
for 30 s to determine broken and unbroken kernels (i.e., milling
fraction). Milling fraction was unbroken kernel yield divided by
total grain weight. Milled rice productivity was calculated as:
total grain yield x milling fraction (expressed as kg ha™!). Grain
protein (g kg™!) was calculated from total N concentration of
grain samples from Kjeldahl digestion multiplied by 5.95.

Palisadegrass and guineagrass DM production was evaluated
at 60 days (first cut) and 150 days (second cut) after upland rice
harvest. All forage from 2 m? per plot was cut with a mechanical
rotary mower at 0.25m from the soil surface. Forage was dried
by forced air circulation at 65°C for 72h, weighed, and data
extrapolated to Mg ha~!. Crude protein of first and second cut
was calculated from total N concentration of forage samples from
Kjeldahl digestion multiplied by 6.25 (Malavolta et al., 1997).

Statistical Analyses
All data were initially tested for normality using the Shapiro-
Wilk test from the UNIVARIATE procedure of SAS v. 9.4 (SAS
Inst. Inc., Cary, NC); all data were distributed normally (W >
0.90). Data were then analyzed using the MIXED procedure and
the Satterthwaite approximation. Cropping system, sidedress N
application rate, and resultant interactions were considered fixed
effects. Block was a random variable. Growing season and its
interaction with cropping system and sidedress N application
rate were not significant at P < 0.05 for any of the dependent
variables. Therefore, data were combined across growing seasons.
Results were reported as least square means and separated using
the probability of differences option (PDIFF).

Regressions of variables on the four rates of N fertilizer were
tested across the replications of growing seasons. All data were
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fit to the non-linear models of quadratic function and, when the
non-linear equation resulted an unrealistically outcome, a linear
regression was fitted to data. Effects were considered significant
at P < 0.05. Error bars are presented as standard error (SE) and
the regressions were calculated using the SigmaPlot v. 14.0 (Systat
Inc., San Jose, CA).

Economic Evaluation and Estimated Meat

Production

Cost per hectare to produce each crop was calculated for
each treatment (CONAB, 2018). The only differences among
treatments were forage seed cost and sidedress N application cost.
Return value of rice grain production was calculated using prices
in USS.

Although we did not have livestock graze the palisadegrass
and guineagrass after rice harvest, meat production was
estimated using the Large Ruminant Nutrition System (LRNS;
http://nutritionmodels.tamu.edu/lrns.html) model based on the
Cornell Net Carbohydrate and Protein System (CNCPS) v. 5,
according to Fox et al. (2004). To predict energy and protein
requirements, performance and dry matter intake by 450kg
Nellore bull cattle in a continuous grazing system were used
and assumed to produce 52% carcass yield with 22% Body
Fat Grading System. Forage nutritive values of palisadegrass
and guineagrass in the intercropping system with specific
sidedress N application rate were used to predict performance of
each treatment.

Dry matter intake was assumed as 9.9-10.0 kg DM day~!. Due
to the high forage crude protein (CP) concentration (9.5-14.4%),
average daily gain (ADG) was based on metabolizable energy
and protein to estimate meat production. Dry matter herbage
allowance was double the amount of DM intake by individual
cattle, considering a grazing efficiency of 60%, according to Braga
(1983).

Animal grazing time was considered to be 150 days, assuming
112 days for rice production, 60 days forage accumulation
period prior to stocking, and 43 days after animal grazing for
biomass regrowth and desiccation to allow sufficient surface
residue accumulation for effective ICLS management. Stocking
rate was estimated from forage DM production, time available for
grazing, DM intake by individual cattle, and grazing efficiency.
Stocking rate was multiplied by ADG, time of animal grazing, and
carcass yield (52%) to estimate total meat production per hectare
averaged across the three growing seasons during off-season (150
days per year). Meat was produced in the fall-winter period, after
the rice crop was harvested.

Gross revenue per hectare was calculate by the formula:
(price per kg x rice yield) + (price per kg x estimated
meat production). Net return per ha was calculated by
the formula: (gross revenue ha™' minus cost ha~!). Unit
values were from the Brazilian national average over the
last 5 years and we converted these values to US dollars
(Agrolink, 2020). Unit values were $0.19 kg=! for rice
grain, $3.00 kg~! for meat, $8.05 kg~! for N fertilizer, and
$89.37 and $90.40 kg~! for palisadegrass and guineagrass
seeds, respectively.

Intercropping Competition Factors
Competition effects between rice and forage crops were
calculated by land equivalent ratio (LER), relative crowing (K),
and aggressivity (A). The LER was calculated according Mead and
Willey (1980) by the following formula:

LER = Y1,/Y11 + Y21/Y22

where Y is aboveground biomass, and the suffixes 1 and 2
denote crop 1 (rice) and crop 2 (palisadegrass or guineagrass)
and vice versa, respectively. The Y;, was the aboveground
biomass of rice when grown in intercropping with grasses;
Y, was the yield of rice when grown monocropped; Y,
was the aboveground biomass of palisadegrass or guineagrass
when grown in intercropping with rice; and Y,, was the
aboveground biomass of palisadegrass or guineagrass when
grown monocropped (Baumann et al., 2001; Biabani et al., 2008).

Aggressivity (A) is used to determine the competitive
relationship between two crops in a mixture (Takim, 2012) and
was calculated by the following formula (Agegnehu et al., 2006):

(Arice = (Y12/Y1,1 x Y12) = (Y2,1/Y22 x Yp1) or
(Aforage = (Y2,1/Y22 x Y2,1) — (Y1,2/Y1,1 X Y1.2)

The K is a measure of the competition experienced by crop 1
(rice) when grown in intercropping with crop 2 (palisadegrass
or guineagrass) and vice versa. The calculation was according
Agegnehu et al. (2006) as the following formula:

(K1
(K)2

= Y12 xZ1/(Y1,1 — Y12) X Z1p or
Yo x Z12/(Yap — Y2,1) X Zp1

where Z; ; is the sown proportion of rice, and Z,; is the sown
proportion of the forage species. The plant density of each species
used was from the day of rice harvest.

RESULTS

Leaf Nutrient Concentrations, Agronomic
Characteristics, Yield, and Grain Quality of
Upland Rice

Monocropped rice had similar N concentration as rice
intercropped with palisadegrass and greater leaf P and K
concentrations as with rice in the intercropping systems
(Supplementary Table 2); N and P concentrations were lowest
in rice intercropped with guineagrass. In the first year (2011-
2012), greatest P and K concentrations were observed, while Ca
and Mg concentrations were greatest in the third year (2014-
2015). Across all cropping systems, sidedress N application
rate significantly increased leaf N concentration, but with
diminishing effect at higher N rates (Figure 1A).

Among agronomic characteristics, shoot dry matter (DM),
panicles per m?, spikelets per panicle, spikelet fertility, 1,000-
grain weight, and grain yield of upland rice were influenced
by treatment (Table 1). Agronomic characteristics were greatest
in monocropped rice. Greater DM, panicles per m?, spikelets
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FIGURE 1 | Rice leaf nitrogen concentration (A), shoot dry matter (B), cropping system x sidedress nitrogen rates interaction effect on panicles m=2 (C), spikelets
panicle=" (D), spikelets fertility (E), and 1,000-grain weight (F) as affected by sidedress nitrogen rate. Each data point is the mean of 36 replicates (three cropping
systems, four blocks, and three growing seasons) and associated error bar is &+ one SE. *P < 0.05.
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per panicle, and grain yields with monocropped rice than rice
intercropped with forage grasses was most dramatic in the first
growing season. In addition, these agronomic characteristics
responded positively to increasing N rate (Table 1).

A significant cropping system x N rate interaction occurred
for panicles per m? (Figure 1C) and grain yield of upland

rice (Figure 2A), with the highest values in the monocropped
system. Shoot DM (7.6 Mg ha™!) was greatest at 128kg N
ha™! (Figure 1B), spikelets per panicle (135) at 127 kg N ha™!
(Figure 1D), spikelet fertility (85%) at 85kg N ha~! (Figure 1E),
1,000-grain weight (22.8g) at 120kg N ha~! (Figure 1F), and
NUE (32kg kg~!) at 68kg N ha~! (Figure 2B). The effects of
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TABLE 1 | Shoot dry matter (SDM), panicles per m? (P), spikelets per panicle (SP), spikelet fertility (SF), 1,000-grain weight (W1000), grain yield (GY), and N-use efficiency
(NUE) of upland rice as affected by cropping systems, sidedress nitrogen rates, and growing season.

Treatment SDM P SP SF W1000 GY NUE
Mg ha! n° m—2 n° % g Mg ha~! kg kg™!
Cropping systems
Monocropped rice 7.1a8 132a 122a 81.8a 25.3a 3.1a 284 a
Rice + palisadegrass 6.4 b 123 b 111b 79.6b 25.2a 28b 27.2a
Rice + guineagrass 6.2b 128 b 112Db 79.5b 24.4Db 27b 271 a
Growing season
2011-2012 6.8a 127a 116a 80.6a 25.2a 3.0a 29.3a
2012-2013 6.7a 125a 116a 80.4a 249a 29a 26.8a
2014-2015 6.3b 125a 113a 79.9a 24.8a 2.8a 26.7 a
ANOVA (F probability)
Cropping systems (CS) <0.0001 0.0004 0.0057 0.0021 0.0077 <0.0001 0.5920
Nitrogen rates (NR) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Growing season (GS) 0.0015 0.4516 0.3252 0.5880 0.3588 0.4259 0.1069
CS x NR 0.1526 0.0047 0.7925 0.9344 0.3204 0.0386 0.8578
CS x GS 0.1629 0.1944 0.9426 0.9913 0.7077 0.9485 0.9600
NR x GS 0.3710 0.5285 0.2933 0.1212 0.9066 0.6166 0.4126
CS x NR x GS 0.7807 0.7644 0.9291 0.6044 0.9529 1.0000 0.9992
SValues followed by the same letter are not significantly different at P < 0.05 according to the LSD test.
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FIGURE 2 | Cropping system x sidedress nitrogen rates interaction effect on grain yield of upland rice (A), and N-use efficiency as affected by sidedress nitrogen rate
(B). Each data point is the mean of 36 replicates (three cropping systems, four blocks, and three growing seasons) and associated error bar is & one SE. *P < 0.05.

sidedress N rate on grain yield did not differ among cropping
systems, with monocropped rice (4.0 Mg ha™!) achieving a cost-
to-value threshold of 15kg gain per kg N at 86kg N ha~l,
rice + palisadegrass (3.7 Mg ha™!) at 87kg N ha™!, and rice +
guineagrass (3.5 Mg ha~!) at 83kg N ha~! (Figure 2A).

Milled rice productivity was influenced by treatment
(Table 2), with greatest yields for the monocropped system.
Milling yield, head rice yield, grain protein, and milled rice
productivity were influenced by sidedress N application rate
(Table 2). Industrial quality of upland rice increased with
sidedress N rate; milling yield (72%) was greatest at 117 kg
N ha™!, head rice yield (62%) was greatest at 96kg N ha~!

(Figure 3A), grain protein (11.6%) was greatest at 145kg N ha™!
(Figure 3B), and milled rice productivity (3.5Mg ha™!) was
greatest at 165 kg N ha~! (Figure 3C).

Forage Dry Matter Production and Crude

Protein and Economics

An advantage of intercropping systems compared with
monocropping was the production of forage in the off-season.
Palisadegrass intercropped with rice provided greater forage DM
production, estimated animal stocking rate (SR), and estimated
meat production in both cuts compared with guineagrass
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TABLE 2 | Milling yield (MY), head rice yield (HRY), broken-grain yield (BGY), grain protein (GP), and milled rice productivity (MRP) of upland rice as affected by cropping
systems, sidedress nitrogen rates, and growing season.

Treatment MYy HRY BGY GP MRP
% gkg™! Mg ha™!

Cropping systems

Monocropped rice 70.5 a8 60.8a 9.6a 108.8a 22a

Rice + palisadegrass 70.5a 60.5a 10.0a 108.4a 20b

Rice + guineagrass 70.6a 60.8a 9.8a 108.4a 20b

Growing season

2011-2012 70.8a 60.9a 9.9a 110.1a 21a

2012-2013 70.5a 60.8a 9.6a 108.0a 20a

2014-2015 70.4a 60.3a 10.1a 107.6a 20a

ANOVA (F probability)

Cropping systems (CS) 0.8926 0.7972 0.8151 0.9608 <0.0001
Nitrogen rates (NR) <0.0001 <0.0001 0.9747 <0.0001 <0.0001
Growing season (GS) 0.3696 0.3637 0.7051 0.2367 0.3321
CS x NR 0.9941 0.8355 0.9724 0.9931 0.9721

CS x GS 0.7153 0.9426 0.7720 0.5530 0.9610
NR x GS 0.9062 0.1015 0.1680 0.8012 0.6365
CS x NR x GS 0.9525 0.0624 0.1286 0.8316 1.0000

Svalues followed by the same letter are not significantly different at P < 0.05 according to the LSD test.
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FIGURE 3 | Industrial quality (A), grain protein (B), and milled rice productivity (C) as affected by sidedress nitrogen rate. Each data point is the mean of 36 replicates
(three cropping systems, four blocks, and three growing seasons) and associated error bar is + one SE.
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TABLE 3 | Forage dry matter production (FDMP), forage crude protein concentration (CP), estimated animal stocking rate (EASR), and estimated meat production (EMP)
in the fall-winter as affected by cropping systems, sidedress nitrogen rates and growing season.

Treatment FDMP CP EASR' EMP*
First cut’ Second cutt First cut’ Second cutt First cut’ Second cutt First cut’ Second cutt

Mg ha~! % AU ha™! kg ha=1
Cropping systems
Rice + palisadegrass 3.2at 6.5a 11.7a 11.9b 3.2a 6.5a 69.7a 1451 a
Rice + guineagrass 29b 59b 12.0a 12.5a 29b 59b 64.7b 139.9b
Growing season
2011-2012 3.0a 6.1a 11.8a 121a 3.0a 6.1a 67.1a 18399a
2012-2013 3.1a 6.4a 11.7a 11.9a 3.1a 6.4a 68.4a 1442 a
2014-2015 3.0a 6.0a 12.0a 12.6a 3.0a 6.0a 66.3a 1432 a
ANOVA (F probability)
Cropping systems (CS) <0.0001 <0.0001 0.1036 <0.0001 <0.0001 <0.0001 <0.0001 0.0031
Nitrogen rates (NR) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Growing season (GS) 0.1521 <0.0701 0.2189 0.0654 0.4503 0.1287 0.1434 0.1058
CS x NR 0.0007 0.1226 0.3409 0.0693 0.0666 0.2514 0.0844 0.2474
CS x GS 0.9874 0.8567 0.1890 0.8895 0.9910 0.9005 0.9799 0.5345
NR x GS 0.6644 0.6375 0.4108 0.5208 0.8047 0.8045 0.0951 0.9260
CS x NR x GS 1.0000 1.0000 0.9854 1.0000 0.9999 0.9999 0.9981 0.9884

? First and second cut in May and August, respectively.
8Values followed by the same letter are not significantly different at P < 0.05 (LSD test).
1 AU (animal unit) = 450 kg of body weight.

*Estimated meat production = kg of body weight gain (cattle) per ha (estimated) x 52% of carcass yield.

intercropped with rice (Table 3). However, guineagrass had
greatest CP content of forage in the second cut.

Forage DM production, CP, SR, and meat production were
positively influenced by increasing N rates (Tables 3, 4, Figures 4,
5). There was a significant cropping system x N rate interaction
for forge DM production in the first cut (Figure 4A), with best
results in the rice + palisadegrass intercropping system (5.15 Mg
ha~!) receiving 185 kg N ha~!, followed by the rice + guineagrass
intercropping system (4.6 Mg ha™!) receiving 175kg N ha=!. In
the second cut, forage DM production continued to increase with
increasing N rates applied to the rice crop, demonstrating the
positive carryover effect of N on forage production in the off-
season (Figure 4B). Crude protein was greatest during both first
and second cuts at 120kg N ha™! (Figure 4C).

The rice + palisadegrass and rice + guineagrass treatments
with 120 kg ha™! of applied sidedress N resulted in the highest
net profits (US$ 1,189 and 1,149 ha~!, respectively) (Table 4).
Monocropped rice without sidedress N application rate resulted
in the lowest net profit (US$ —158 ha™!).

Intercropping Competition

Aboveground biomass of monocropped rice was greater than that
of rice intercropped with palisade or guineagrass in all growing
seasons (Supplementary Table 3). However, intercropping of
rice with tropical forages increased total aboveground biomass in
both intercropping systems. In general, the greater the N fertilizer
rate, the greater the aboveground biomass. Total aboveground
biomass was greater for rice intercropped with guineagrass than
for rice intercropped with palisadegrass. The plant density of
rice and forage increased with increasing N rate, demonstrating
the efficiency of this nutrient in promoting plant development

and crop establishment. Total N content of rice intercropped
with palisadegrass or guineagrass was greater than that of
monocropped rice (Supplementary Table 3). Among the N rates,
120 kg N ha~! resulted in the greatest total N uptake.

Land equivalent ratio (LER) and relative N yield (RNY) of
rice and forages were calculated from aboveground biomass
and N content measured on the day of rice harvest (Table 5).
All intercropping systems resulted in LER >1. Across growing
seasons, LER and RNY were greater for rice intercropped with
palisadegrass than for rice intercropped with guineagrass, and
differences increased with increasing N rate. Compared with the
control treatment (0kg N ha~!), sidedressing rice intercropped
with palisadegrass increased total biomass by 31% at 80 kg N ha ™!
and by 59% at 120 kg ha~!.

The relative crowding coefficient (K) showed that
intercropping competition between plants was similar in
the two intercropping systems in the control treatment and at
40kg N ha~! (Table 5). In the treatments with 80kg N ha~1,
the K value of rice intercropped with guineagrass was lower
than that of rice intercropped with palisadegrass. Low values of
aggressivity (A) were observed for forage crops independent of
N rate, indicating low interspecific competition of either forage
grasses (Table 5).

DISCUSSION
Upland Rice

Nutritional status of upland rice was influenced by cropping
system and sidedress N rate. Availability of N for upland rice
was lowest when intercropped with guineagrass (28g kg~!),
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TABLE 4 | Economic evaluation of monocropped upland rice, upland rice intercropped with palisadegrass and upland rice intercropped with guineagrass as a function of

sidedress nitrogen rates for upland rice (average of three growing seasons).

Treatment Cost® GY™ Total rice® Total EMP* Total meat! Grosst Nett
US$ ha™! Mg ha~1 US$ ha™! kg ha=! US$ ha!

Monocropped rice

Okg ha™! 450 1.5 292 0 0 292 —158

40kg ha™! 466 2.8 545 0 0 545 79

80kg ha™' 482 41 798 0 0 798 316

120kg ha~' 498 41 798 0 0 798 300

Rice + palisadegrass

Okg ha™' 473 1.2 234 102 306 540 67

40kg ha™! 489 2.4 467 177 530 997 508

80kg ha™' 505 3.8 740 258 773 1,513 1,008

120kg ha™' 520 3.8 740 323 969 1,709 1,189

Rice + guineagrass

Okg ha™ 474 1.2 234 91 273 507 33

40kg ha™' 490 2.4 467 166 499 966 476

80kg ha™! 506 3.7 720 244 732 1,452 946

120kg ha™' 522 3.7 720 317 951 1,671 1,149

Meat production derived from pasture available in the fall-winter, after rice harvest.

2\ean costs and production costs of monocropped upland rice and upland intercropped with palisadegrass or guineagrass; the only difference was the forage seeds cost and sidedress

nitrogen rates used for the upland rice crop.
¥ GY is the upland rice yield.
8Total = kg of rice ha=' x US$ 0.19.

*Total estimated meat production (EMP) = kg of body weight gain (cattle) per ha (estimated) x 52% of carcass yield (sum of EMP First and Second cuts).

Total meat = meat production x US$ 3.00.

TGross is the revenue per ha, which was calculated using the formula: total upland rice + total meat.

*Net is the return per ha, which was calculated using the formula (gross ha='-cost ha™!).

indicating competition between rice and the forage for N.
However, leaf N concentration was within the range considered
ideal for rice (27-35g kg™') according to Cantarella et al.
(1997). Guineagrass has high N demand when intercropped with
grain crops, because of high soil fertility requirement (Pires,
2006). Regardless of type of intercropping, leaf N concentration
increased with sidedress N application up to 112kg N ha~!.
Results of a previous study led to a sidedress recommendation
of 40-60kg N ha~! (depending on the expected response
to sidedress N fertilization) for monocropped upland rice
(Cantarella et al., 1997). Our results suggest that N fertilizer
recommendations might need to be greater than published in
fertilization tables, but such changes in recommendation may
need to be defined by soil N availability indices.

Across cropping systems, rice leaf P concentration varied
from 2.3 to 2.6g kg~!, and rice leaf K concentration varied
from 19 to 20 g kg~ !. These values were considered within the
adequate range for rice, i.e., 1.8-3.0g kg™! for P and 13-30¢g
kg~! for K according to Cantarella et al. (1997). Intercropping of
palisadegrass and guineagrass with upland rice reduced rice leaf
P and K concentrations due to competition for these nutrients
between rice and the forage species.

Shoot DM, panicles per m?, spikelets per panicle, spikelet
fertility, 1,000-grain weight and grain yield of upland rice
were lower in intercropped systems than in rice monoculture
(Table 1). Rice grain yield varied from 2.7 to 3.1 Mg ha~! among
treatments. According to Crusciol et al. (2011) and Nascente

et al. (2013), it is possible to achieve upland rice yields of 4.0-
5.0 Mg ha™! under well-distributed rainfall conditions using NTS
for monocropped rice in tropical regions. Our results showed
a small interspecific competition between intercropped plants.
Therefore, forages reduced rice vegetative growth and grain yield
in these intercropping systems.

Rice does not have a strong ability to compete with other
plants, especially aggressive forage grasses (Fischer et al., 2001).
Plant competition is one of the most yield-limiting constraints
in upland rice production and can reduce rice yield by 50%.
Tropical forage grasses can reduce plant development of cash
crops, resulting in low crop yields. Intercropping may also lead
to interspecific competition and may decrease crop yields when
plants are not adequately managed (Baldé et al, 2011; Pariz
et al, 2016, 2017). In addition, rice and forage grasses have
different photosynthetic pathways, i.e., rice is C3 (Karki et al,,
2013) and these tropical grasses are Cy4 (Silva et al., 2015). Cy4
species are more efficient in converting energy intercepted by
the canopy into biomass production (Zhu et al., 2010), resulting
in greater competition compared with C3 species under tropical
conditions (Atkinson et al., 2016). Therefore, forage species likely
reduced the availability of water, nutrients, and solar radiation
for rice even when sown 30 days after rice emergence, resulting
in reduced plant development and grain yield of upland rice.
Studies have highlighted the challenges of food production
in intercropping systems with grasses and the need to seek
alternatives to reduce competition for resources among plants
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FIGURE 4 | Crop system x sidedress nitrogen rates interaction effect on forage dry matter production in the first cut (A), forage dry matter production in second cut
(B), and crude protein concentration at second cut as affected by sidedress nitrogen rate (C). Each data point is the mean of 24 replicates (two cropping systems,
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TABLE 5 | Land equivalent ratio (LER), relative nitrogen yield (RNY), relative crowding coefficient (K) and aggressivity (A) of upland rice, palisadegrass, and guineagrass

intercropped as a function of sidedress nitrogen rates for upland rice crop.

Treatment LER RNY K A

Rice Forage Total Rice Forage Total Rice Forage Rice Forage

%

Rice + palisadegrass
Okg ha™! 0.96 0.53 1.49 83 61 144 0.87 28.09 0.0010580 —0.0010580
40kg ha™! 0.83 0.63 1.46 86 87 173 0.18 44.54 0.0004831 —0.0004831
80kg ha~! 0.97 0.96 1.93 94 126 220 0.99 844.64 0.0001135 —0.0001135
120kg ha™' 0.88 0.95 1.83 93 136 230 0.25 588.09 0.0000152 —0.0000152
Rice + guineagrass
Okg ha™' 0.96 0.34 1.30 80 41 121 0.85 13.75 0.0014596 —0.0014596
40kg ha™' 0.83 0.40 1.28 86 60 146 0.19 17.19 0.0008847 —0.0008847
80kg ha™' 0.94 0.59 1.52 92 82 173 0.51 41.25 0.0005151 —0.0005151
120kg ha™' 0.81 0.55 1.36 89 84 174 0.16 34.32 0.0004168 —0.0004168

grown simultaneously (Costa et al., 2012; Mateus et al., 2020).
One alternative to reduce the negative effects of competition
on yields of upland rice intercropped with palisadegrass is the
application of a low rate of herbicide (cyhalofop-butyl), with the
aim of reducing forage growth at sowing while simultaneously
increasing food production in the system (Carvalho et al., 2010).
Another alternative to reduce competition and increase rice
yields is N application as fertilizer since N is essential for rice
plant growth (Basuchaudhuri, 2016) and its cultivation in NTS
usually develops slowly in the early stages as a result of N
immobilized by microorganisms that decompose straw (Rosolem
et al,, 2017). Our study showed that a rate of ~115kg N ha~!
increased production components, and the highest NUE was
obtained at a rate of 68 kg N ha~!. NUE reduction in rates above
68 kg N ha~! indicates that rice plants were not able to absorb the
N applied in excess, because their absorption mechanisms could
be saturated (Fageria, 2014).

There was an effect of the cropping system x N rate
interaction on the number of panicles per m? such that
in the absence of N application, the number of panicles
per m? was greatest for monocropped rice. N application
increases the number of rice tillers and ensures their survival
to become producers of panicles (Gitti et al., 2012). With
reduced N supply, intercropping of rice with palisadegrass or
guineagrass intensified the competition for N between species,
reducing the development of rice. For monocropped and
intercropped rice, the number of panicles per m? was greatest at
89kg N ha~!.

At all N rates, grain yield of rice was greater with
monocropping than with intercropping of forage grasses.
This result shows the potential for interference from forages
intercropped with rice due to competition for N. According
to Atkinson et al. (2016), species with C4 photosynthetic
metabolism (palisadegrass and guineagrass) have faster growth
than Cj3 species (rice). For all cropping systems, rice yields were
optimized with N rate of 85kg N ha~!. The rate of increase in
all systems was 32 kg grain kg~! N applied. With no N fertilizer
application, rice yield was greater when monocropped than in the

intercropping systems, and this difference increased as the rate of
N fertilizer application increased. In the intercropping systems,
forage grasses shaded rice plants due to vigorous growth of the
grasses, and the consequent lower solar radiation on the rice
leaves reduced plant development and photosynthetic processes
during grain filling (Meirelles et al., 2019).

Milled rice productivity was 12% greater when monocropped
than when intercropped with palisadegrass or guineagrass,
reflecting this negative effect of competition. Industrial quality of
rice grains, as assessed by milled and whole grain yields, achieved
maximum production at an average of 106 kg N ha~!. At this rate,
milled rice productivity was 24 kg grain kg~! N. Lower levels of N
in the plant reduce the industrial quality of rice grains (Portugal
et al,, 2020). Low N availability causes chalkiness of grain (Zhou
et al., 2015) due to grain opacity caused by the arrangement
between starch and protein granules in the cells, resulting in a
large percentage of broken grains (Marchezan et al., 1992). As
N availability improves, starch and protein accumulation in rice
grains increase. This accumulation results in densely compacted
starch granules interspersed with protein bodies (Zhou et al.,
2015), which increases grain resistance to breakage (Silva et al.,
2013). Rice quality and actual productivity influence the market
price of rice and consequently revenue in the growing area
(Salassi et al., 2013).

Forage Characteristics and Estimated

Meat Production

The optimal temperature range for palisadegrass and guineagrass
development is 30-35°C. Temperatures of 10-15°C that occur
during the winter greatly reduce the growth of these forage
grasses (Costa et al., 2005). In addition, during the off-season in
the Brazilian Cerrado (dry winters), rainfall is limited, further
reducing the development of these forage grasses, mainly in
June to July, the period corresponding to the 1st cut. Forage
DM production of the Ist cut was greater for palisadegrass
than for guineagrass, regardless of the N rate applied. For
both forage grasses, greatest DM production was obtained with
an application rate of 120kg N ha™! to rice, resulting in
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forage production of 4.7 and 4.3 Mg ha~! for palisadegrass
and guineagrass, respectively. Forage DM production of both
grasses during the 2nd cut responded linearly to rice N fertilizer
application. In general, greater stocking rate and meat production
were obtained with greater forage DM production.

Tropical forage grasses have strong potential for regrowth
and provide high availability of biomass (pasture) in the oft-
season (Costa et al, 2015), mainly in crop systems with N
application. Forage DM production can be used as a parameter
for hay production potential or as grazed pasture in the off-season
(Pariz et al., 2009) to increase the sustainability of agricultural
activities. In addition, rice monocropping in the summer season
is usually followed by a fallow period in the dry season, which
increases the number of weeds in agricultural areas (Nascente
et al., 2013). In tropical regions, forage availability is usually
lower in the off-season due to the dry winter weather conditions
(Borghi et al., 2013a). Therefore, rice intercropped with palisade
or guineagrass can be a good option for the diversification
of farm activities year-round. Intercropping systems provide
the possibility of grazing during the off-season period, when
climatic conditions are unfavorable for the development of most
crops. Sowing of tropical perennial grasses after rice harvest
usually does not provide enough fodder in the off-season due
to the short time period and slow plant development for the
establishment of fodder under dry winter conditions, making it
a risky option.

Intercropped forage crops accumulated significant DM,
even after 6 months without rain, which is characteristic of
these regions (Cerrado or African Savannas). Forage residue
accumulation can favor the success of a NTS, leading to
greater nutrient cycling from the large biomass production
and establishment of deep root systems (Pacheco et al., 2011;
Momesso et al, 2019). Forage roots can absorb nutrients
otherwise lost by leaching and return them to the surface of the
soil (Mateus et al., 2020). In addition, mineralization of plant
and animal residues releases nutrients into the soil that can be
absorbed by crops in succession (Carvalho et al., 2010; Pariz et al.,
2016, 2017; Moraes et al., 2019).

Among cycled nutrients, N provides the greatest returns to
the crop system and can be reused by crops in succession
(Rosolem et al., 2017; Momesso et al., 2019). Thus, high mulch
cover production by intercropped systems of grain crops with
forage grasses is key for the successful maintenance of NTS in
the tropics, as well as a very important strategy for enhancing
the early establishment and successful production of forage for
grazing by animals in the off-season (Barth Neto et al., 2014;
Mateus et al., 2016; Pariz et al., 2017).

The benefits of intercropping and N fertilization for increased
forage production and nutrient cycling are strongly reflected in
the quality of the pasture established in succession. Crude protein
was the same in the two forage grasses in the 1st cut, but greater
in guineagrass than in palisadegrass in the 2nd cut. Crude protein
was also greater in the 2nd cut than in the Ist cut. Both forages
responded strongly to the previous application of N to rice. In
general, CP exceeded the minimum of 70 g kg’1 (7%) considered
necessary by van Soest (1994) to maintain the population of
microorganisms in the rumen.

Palisadegrass growth was initially greater than guineagrass
growth during the 1st cut (Pariz et al,, 2017), but with greater
N application guineagrass responded with greater growth during
the 2nd cut (Mateus et al, 2016), resulting in equivalent
overall DM production. The rate of N fertilizer needed to
achieve optimum forage production potential is 80 kg N ha~!.
Recommended N fertilizer rates for monocropped upland rice
have been established (Cantarella et al., 1997). However, there
is no N fertilizer recommendation for intercropping systems,
especially in NTS (Nascente et al., 2013; Arf et al,, 2018). We
can infer that the current recommended N fertilizer rate may be
insufficient to optimize grain yield of rice and biomass and CP in
intercropped forage grasses.

Greater forage production and quality can increase meat
and milk production in the dry winter (Crusciol et al., 2012).
The amount of N required by crops varies according to the
environmental conditions and characteristics of the plants used
in rotation, with greater needs for N in crop systems that include
only grasses (Crusciol et al., 2012; Garcia et al., 2016; Mateus
et al.,, 2020). Thus, our results provide a better understanding
of the use of N in upland rice intercropping systems to
support greater N fertilization efficiency and more sustainable
agricultural systems.

Revenue

Intercropped systems can be considered a sustainable manner
of food production to improve quality of pastures and animal
carrying capacity. Our results demonstrated that intercropping
of forages with rice using NTS is a feasible option for increasing
sustainability in tropical areas and can result in higher revenues
for farmers due to the productive, economic, and environmental
benefits of these systems. Furthermore, these systems can
increase global food production in the same area (Carvalho
et al., 2010; Herrero et al., 2010; Franzluebbers and Stuedemann,
2014; Food and Agriculture Organization of the United Nations
(FAO), 2017; Moraes et al., 2019). Therefore, our data indicated
that rice intercropped with palisadegrass or guineagrass is a
promising approach for farmers, especially in the tropical regions
of South America, Africa, and parts of Asia, where additional
opportunities to produce food are needed.

Except for monocropped rice without sidedress N rate, all
treatments resulted in positive net profit, particularly the rice
+ palisadegrass and rice 4+ guineagrass treatments, because in
addition to rice yield in the summer/autumn, farmers could
use forage DM production of palisadegrass and guineagrass
for animal fodder in the winter/spring. In all treatments with
low N sidedress rate (0 or 40kg N ha~!), net profits were
negative when considering rice production only. However, when
considering intercropping, one could produce 102-323 kg ha™!
meat during the fall-winter season, with net profits of US$ 33-
1,196 ha~!, depending on the rate of sidedress N application to
rice. Greater N rates result in greater net profits as a function
of greater forage DM production, which could effectively add
an extra US$ 125-889 to the production system. In addition,
the need for soil mulch would be satisfied in planning for the
next crop.
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Similar to those of rice yield, economic results highlight the
need for sufficient sidedress N application rates for the rice +
palisadegrass (80-120 kg ha™! N) and rice + guineagrass (120 kg
ha=! N) treatments to achieve greatest net revenue (>US$
1,000 ha™!).

Intercropping Competition Factors
Intercropping changes the N dynamics and nutrient use in the
system. Our study showed positive effects of N application in
intercropping systems, resulting in greater yield per land area.
Increases in total LER and RNY were observed when tropical
forages were intercropped with rice, indicating that forage is a
suitable option for agricultural systems. Crop performance in
intercropping systems is measured by LER, which describes the
relative land use per unit area compared with monocropping
(Biabani et al., 2008). Values of LER <1 indicate that the
species is disadvantageous in the system. RNY may have low
nutrient cycling and imposes greater competition per area of
crops. However, intercropping systems such as rice 4 tropical
grasses are also beneficial due to straw production and soil
coverage throughout the year in NTS. Palisadegrass exhibited
greater growth rate than guineagrass when intercropped with
rice, indicating that this grass is a viable option in intercropping
systems. Systems that improve land use are important for the
sustainability of the environment and food production, especially
in regions with poor farmers (Costa et al., 2015; Mateus et al.,
2020). In addition, the RNY values indicated a high percentage
of N cycling in the intercropping systems with N fertilization.
Palisadegrass and guineagrass increase nutrient cycling in
agricultural systems (Pariz et al., 2017) due to their deep root
systems and nutrient uptake in the soil profile (Rosolem et al.,
2017). Our study highlights that, although monocropped rice
produced the greatest grain yield, intercropping systems of rice,
and forage increased total agricultural yields as well as enhanced
land use and N cycling.

Competition between rice and forages was evident. Based on
the high K values for the forage grasses, tropical forages are more
competitive than upland rice due to the plant characteristics of
these grasses (Zarochentseva, 2012; Rosolem et al., 2017). Pariz
et al. (2017) and Mateus et al. (2016) reported similar high
competition between forage grasses and maize and sorghum in
intercropping systems, respectively. However, the aggressivity
of upland rice was higher than that of the forage in our
study, as the rice was sown before the forage (Namuco et al.,
2009). In addition, aboveground biomass and plant density of
crops were affected by environmental factors, such as climatic
conditions and N fertilizer. A shorter time of co-existence
in intercropping can favor the growth of crops by reducing
interspecific competition (Crusciol et al., 2014). Although there
was competition between grain and forage species, intercropping
systems provided advantages, including soil coverage, high land
use per area and food for cattle as pasture due to forage
production. This study contributes to sustainable agricultural
production and provides a foundation for subsequent research
on the production of rice in intercropping with forage and the
adequate rate of N fertilizer application in these tropical systems.

CONCLUSIONS

In this study, intercropping systems with upland rice and forage
grasses showed considerable improvements in productivity,
economic, and environmental outcomes over three growing
seasons. Monocropping upland rice provided a superior rice
performance, with high agronomic characteristics and yields;
however, intercropping with forage grasses was superior in total
food production due to increased diversification of production,
land use per unit area, nutrient cycling, and profitability
throughout the year. Both forages were viable for cultivation in
intercropping system, production of forage dry matter, crude
protein, and estimated meat. For upland rice monoculture or
intercropped with perennial grasses, the recommendation of
85kg N ha~! was sufficient to optimize grain production.
However, our study showed that with crop-livestock integration,
food production (grains and meat), and economic return
responded positively with the application of 120kg N ha=!.
Additional studies with rates >120kg N ha~! and different
management of N fertilizer in the intercropped rice should
be considered, as well as long-term studies to understand the
changes in soil nutrient cycling capacity that might develop in
these systems. In addition, intercropping of upland rice and
forage grasses enhanced land equivalency ratio at an application
rate of 80 kg N ha~! and relative N yield at an application rate
of 120kg N ha™!. From an overall perspective considering grain
yields, land use, nutrient cycling, and profitability, intercropping
systems were effective to improve diversity and food production
in the same area with a potential to decrease poverty in
developing countries.
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