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Intercropping grain with forage crops bridges the gap between agriculture and
sustainability. In tropical regions, forage grasses are increasingly being adopted as
winter pasture intercropped and in rotation with maize to maximize food production.
However, current recommendations for nitrogen (N) fertilizer application are based
on monocropped maize (Zea mays), and the best N management approach for
intercropping systems remains unclear. A field experiment was carried out in three
growing seasons with three intercropping systems [monoculture maize, intercropped
with palisadegrass (Urochloa brizantha), and intercropped with guineagrass (Megathyrus
maximus)] combined with six different split applications of N to maize (0-0, 100-0, 70-30,
50-50, 30-70, and 0-100kg N ha~" at seeding-sidedressing) with four replicates. We
measured dry matter (DM) and accumulated N in maize and forage grasses, as well
as maize production components and yields. Additionally, land equivalent ratio, relative
crowding coefficient, aggressivity of maize with forage grasses, forage crude protein
(CP) concentration, estimated animal stocking rate, and estimated meat production and
economic outcomes. Greatest maize yield was 8.7 Mg ha~" for monocropped maize.
However, favorable maize yield was also obtained in intercropping systems. Although no
difference was observed between intercropping systems, applying all N at sidedressing
of maize negatively affected maize and forage yields and, consequently, land use and
economic evaluation. For both intercropping systems, estimated meat and land use were
114 and 10% higher when N fertilizer was applied than the control (0-Okg N ha=1), on
average. Maize-forage grass intercropping is a viable alternative production system for
improving yields and land use. In addition, estimated meat production and revenue can
be enhanced with palisadegrass or guineagrass. At least half of the N fertilizer must be
applied early in the growing season of maize to maximize production of the entire system.

Keywords: Brachiaria brizantha, Megathyrsus maximus, Zea mays L., tropical agriculture, intercropping grasses,
no-tillage system
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INTRODUCTION

Intensive use of agricultural land is a global concern. The
challenge of agricultural systems is to increase crop and food
production, while reducing land use. A new commercial practice
of intercropping grain and forage crops bridges the gap between
agriculture and environmental sustainability (Mateus et al., 2016;
Martin-Guay et al.,, 2018). Additionally, fertilizer management,
such as N application, benefits these intercropping systems by
enhancing yields and minimizing plant competition. However,
the appropriate time for N management in intercropping systems
remains incompletely studied. A new approach of maize-grass
intercropping systems for crop and meat production has been
suggested since intercropping with forages results in yield
improvements and in satisfactory socioeconomic outcomes for
integrated crop-livestock systems (ICLS) with a no-tillage system
(NTS) (Derpsch and Friedrich, 2009; Himmelstein et al., 2017;
Pariz et al., 2017a).

Intercropping tropical forages and cash crops is an alternative
for farmers to develop temporary pasture using ICLS combined
with NTS (Pariz et al., 2017b). With ICLS, food production
potential (meat and grains) can be enhanced on the same
land area and thus limit deforestation of new agricultural areas
(Moraes et al,, 2019). In the tropical region, forage grasses are
being increasingly adopted in ICLS under NTS for winter pasture
to maximize system production (Crusciol et al, 2015; Pariz
et al.,, 2016, 2017a,b). Palisadegrass [Urochloa brizantha (=syn.
Brachiaria)] and guineagrass [Megathyrsus maximus (=syn.
Panicum maximum)] has been suitable species for intercropping
with cash crops (Costa et al., 2015; Mateus et al., 2016; Pariz
et al., 2016). Importantly, this strategy of intercropping forages
with grain crops enhances the success of forage production in
the dry winter season with low and irregular rainfall (Borghi
etal,, 2013a). Therefore, more reliable forage biomass production
raises the protein concentration and potential meat production
by animals grazing fodder in ICLS (Crusciol et al., 2012, 2014;
Moraes et al., 2019).

Maize-forage grass intercropping has increased as cultivation
practice (Sulc and Tracy, 2007; Tracy and Zhang, 2008; Moraes
et al,, 2019). Intercropping grasses with maize improves soil
quality and increases soil organic C and N stocks by promoting
deep root systems and better nutrient retention compared with
monocrops (Costa et al., 2012, 2015; Cong et al., 2015). Because
of the potential of cycling N from soil by plant N uptake and
consequent high straw decomposition, providing diversity of
residues, and nutrient back to the soil (Pariz et al., 2017b; Martin-
Guay et al., 2018). However, maize and grass may compete
for N sources at the vegetative growth stages in intercropping
systems, since grasses can immobilize N by microbial processes
and increase the dependence on N fertilizer for crop yields (Pariz
etal., 2011; Mateus et al., 2016), especially during the first several
years of cultivation in NTS with accumulation of soil organic
matter. In addition, N demand by maize is high during early- to
mid-season growth (Anghinoni, 2007; Borghi et al., 2014; Garcia
et al., 2016).

Current recommendations for N application are based on
maize monocropping (Cantarella et al., 1997), however, the

N fertilizer recommendations for intercropping systems with
maize-grasses have not been adequately studied for crop yields
and meat production. Although agricultural models of possible
N fertilizer application in ICLS based on N rates have been
documented (Borghi et al., 2014; Mateus et al., 2020), there is
a lack of information on how to achieve maximum potential of
intercropping systems through fertilizer management. Nitrogen
recommendations need to be tested based on suitable application
timing. Managing N fertilizer in intercropping systems by
dividing the rate into two application timings may promote
greater N uptake and yield of maize, as has been shown for
intercropped sorghum and forage grasses (Mateus et al., 2016).
In addition, split N application may provide sufficient N for the
high N demand of maize and forage, thus tightening the N cycle
and minimizing environmental pollution.

While studies have shown reduction of soil erosion and
degradation, stimulation of root growth and increase of forage
yields in intercropping systems in relation to sole-cropping
systems (Pariz et al.,, 2017b; Moraes et al., 2019), the potential
food supply for livestock and farmers’ profitability do not
appear to have been investigated in maize-grasses intercropping
systems with proper N management. The aim of this study
was to evaluate the effects of split N application to maize-
forage intercropping systems on crop yield, land equivalent ratio
(LER), crop competition, estimated meat, and overall system
revenue. We hypothesized that N management applied at maize
seeding and at sidedressing of maize at V5 growth stage, i.e., the
initiation of maize ear development, would (i) increase yields of
maize and forage grasses, (ii) increase efficiency land use and
estimated meat production, (iii) decrease competition between
intercropped crops, and (iv) provide high revenue. To test these
hypotheses, we used the same N rate of 100 kg ha~! divided into
two applications (seeding + sidedressing) at different ratios for
maize intercropped with palisadegrass and guineagrass.

MATERIALS AND METHODS

Site Description and Experimental Design

A field experiment was carried out during three growing
seasons (2004-2005, 2005-2006, 2006-2007) in Botucatu, Sdo
Paulo, Brazil (48° 26'W, 22° 51’S, 740 m above sea level). The
climate is Cwa, i.e., tropical with dry winter and warm, rainy
summers, according to the Koppen classification. Mean annual
precipitation is 1,358 mm and mean annual temperature is
20.7°C. Precipitation and temperature during the experiment are
shown in Figure 1. The soil type was a clayey, kaolinitic, thermic
Typic Haplorthox [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, selected
chemical properties were determined according to methodology
proposed by van Raij et al. (2001) and are shown in Table 1. The
soil pH was determined ina 0.01 mol L~ CaCl, suspension (1:2:5
soil:solution). Soil organic matter was determined by chromic
acid digestion (Heanes, 1984). The total acidity at pH 7.0 (H4Al)
was extracted by calcium acetate (0.5mol L™! at pH 7.0) and
evaluated by titration with 0.025 mol L~! NaOH solution. The
available P and exchangeable basic cations (K*, Ca?*, and Mg?*)
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FIGURE 1 | Monthly rainfall, maximum and minimum temperatures during 2004-2005 (A), 2005-2006 (B), and 2006-2007 (C) growing seasons.

were extracted using an ion resin. The P, concentration
was determined colorimetrically (Murphy and Riley, 1962) with
a FEMTO 600S spectrophotometer. Exchangeable KT, Ca?™,
and Mg?T in the extracts were determined by an atomic
absorption/flame-emission spectrophotometer (Shimadzu AA-
6300). The cation exchange capacity (CEC) was obtained by
summing the individual cations (H, Al, K, Ca, and Mg). The
base saturation (BS) values were calculated using equivalents
exchangeable bases and total acidity results (van Raij et al,

2001). The experimental area had been cropped under NTS
since 1999 and the historical crop rotation is presented in
Supplementary Table 1.

The experimental design was a randomized complete block
with four replicates on different parcels of the same field
each year. Treatments consisted of monocropped maize, maize
intercropped with palisadegrass [Urochloa brizantha (Hochst. Ex
A. Rich) R. Webster “Marandu”], and maize intercropped with
guineagrass [Megathyrsus maximus (Jacq.) B. K. Simon and S.
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TABLE 1 | Soil chemical characteristics at two depths in the experimental areas before initiating the experiment (n = 8).

Growing Depth pH som’ Presin) H+Al K+ Ca?* s02- Mg+ CECH BSS
season (CaCly) (gdm=3) (mgdm=3) (mmol¢ (mmol. (mmol, (mmol, (mmol, (mmol, (%)
dm~3) dm3) dm—3) dm—3) dm—3) dm~3)

2004/2005 0.00-0.20m 4.7 25 14 52 1.3 20 4.7 10 83 39
0.20-0.40m 4.4 22 8 76 0.7 15 9.8 8 99 24

2005/2006 0.00-0.20m 4.5 24 14 49 1.7 19 51 9 82 39
0.20-0.40m 4.3 21 7 73 0.7 11 10.3 8 92 23

2006/2007 0.00-0.20m 4.8 26 15 47 1.6 18 4.4 12 78 41
0.20-0.40m 4.6 24 9 66 1.0 14 9.5 9 90 27

Soil organic matter.
*Cation exchange capacity.
8Base saturation.

W. L. Jacobs “Mombaga’] factorially arranged with N applied
at seeding and sidedressing of maize: (i) 0-0 (control), (ii) 100-
0, (iii) 70-30, (iv) 50-50, (v) 30-70, and (vi) 0-100kg N ha~!,
respectively (Figures2A,B). The rate of 100kg N ha™! was
based on current recommendation and studies in intercropping
systems (Cantarella et al., 1997; Mateus et al., 2020). The relatively
low rate aimed to reduce environmental impacts from N loss;
however, there is currently no specific recommendation of N
fertilizer application for intercropping systems.

Crop Management
Soil acidity was ameliorated with dolomite lime application
over the soil surface, without soil incorporation. Lime rate was
calculated to increase soil base saturation of the surface 0.20 m
of soil to 70% (Cantarella et al., 1997) and was applied at
concentrations of 3.05, 2.95, and 2.66 Mg ha™! in August 2004,
August 2005 and August 2006, respectively. Dolomitic lime
consisted of 400 kg CaO ha™! and 120kg MgO ha™!, with 85%
effective calcium carbonate equivalence.

Pearl millet (Pennisetum glaucum) was sown on 2 Oct. 2004,
5 Oct. 2005, and 3 Oct. 2006 at 0.3-m depth using a no-till drill
at a seed density of 20kg ha™! to produce crop residues for the
ICLS prior to maize in a short-term cultivation. Pearl millet was
terminated with glyphosate (1.8 kg ha~! acid-equivalent), using a
spray volume of 250 L ha™! 20 days before maize sowing. Maize
(hybrid 30F90) was sown on 15 Dec. 2004, 18 Dec. 2005 and 20
Dec. 2006 at a depth of 0.3 m and a density of 60,000 seeds ha~!
using a no-till drill. Each plot consisted of ten 20-m-long rows of
maize and row spacing of 0.45 m. Sampling area was considered
within a buffer zone of 0.45 m from the perimeter of each plot.

Baseline fertilization of maize in the sowing furrows consisted
of 84kg ha~! P,0s as triple superphosphate and 48 kg ha~!
K;O as potassium chloride in a 08-28-16 NPK formula for all
treatments. At seeding, N application treatments were applied as
urea and distributed between 0.5 and 0.10 m next to the seed row
by superficial broadcasting. For treatments with intercropping,
palisadegrass and guineagrass were simultaneously sown with
maize at densities of 15.3 and 15.9kg ha™! seed (34% viable
seeds), respectively. Palisadegrass and guineagrass were mixed
with fertilizer and sown at depths of 0.08 and 0.06 m below
soil surface, respectively. Monocropped maize was sown at the

same time using the same practices. In addition, monocropped
palisade grass and guinea grass were seeded at the same time as
the forages in intercropping systems using the same practices.
The monocropped forages plots were the same size and were only
used to calculate the intercropping competition factors.

Maize seedlings emerged 5 days after sowing (20 Dec. 2004,
23 Dec. 2005 and 25 Dec. 2006) and forage seedlings emerged 15
days after sowing, on average, for each growing season. Maize
and forage were cultivated according to crop needs; atrazine
[6-chloro-N2-ethyl-N*-isopropyl-1,3,5-triazine-2,4-diamine]
(1.0kg ha~! acid-equivalent) using a spray volume of 200L
ha=! was applied to control emergence of annual broadleaf
weeds, deltamethrin  [(S)-cyano-(3-phenoxyphenyl)-methyl]
(1R,3R)-3-(2,2-dibromoethenyl)-2,2-dimethyl-cyclopropane-
1-carboxylate (5g ha™! active ingredient) was used against fall
armyworm (Spodoptera frugiperda). Sidedress N fertilization was
applied according to the treatments at Vs maize growth stage
(five expanded leaves). Physiological maturity averaged 128, 132,
and 130 days after emergence in the 2004-2005, 2005-2006,
and 2006-2007, respectively. Maize harvest was 7 days after
physiological maturity using a mechanical harvester. Maize,
palisadegrass and guineagrass were harvested separately from
eight central rows.

Sampling and Analyses
When 50% of maize plants were in full flowering stage, 20
random leaf samples per plot were collected from the fourth
leaf with visible sheath from the apex for nutrition diagnoses
(Cantarella et al., 1997). Leaves were washed, dried in forced air
circulation at 65°C for 72 h, ground, and N, P, K, Ca, Mg, and S
concentrations in leaves were determined according to Malavolta
et al. (1997). The samples were digested with sulfuric acid for N
determination and with a nitro-perchloric solution for the other
nutrients. The leaf N, P, S concentrations were determined by
semi-micro-Kjeldahl distillation, colorimetry, and turbidmetry
methods, respectively. The leaf K, Ca, and Mg concentrations
were determined by atomic absorption spectrophotometry.
Kernel weight was determined and transformed to maize yield
ha™! by correcting to 13% grain moisture. Plant population was
determined by counting the number of plants in the four central
5-m rows per plot at harvest. Number of ears per plant, number of
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FIGURE 2 | (A) Scheme of cropping systems arrange in the summer season. Grazing by animals was not performed after maize harvest in off season and meat
production was estimated using Large Ruminant Nutrition System model. (B) Timing of N application (seeding + sidedressing) in the monocrop and intercrop system

kernels per ear, and 100-kernel weight were determined at harvest
and evaluated from 10 plants per plot chosen at random.

From the time of maize harvest, forage dry matter of
palisadegrass and guineagrass were evaluated at 55 days (first cut)
and 145 days (second cut), in June and September, respectively.
Forages were cut at 0.25 m from the soil surface (2 m? area each
area and row spacing = 0.45 m) and removed from the plots. The
remainder of plots were cut using a manual mechanical rotary
mower to provide faster forage regrowth. Forage dry matter was
dried by forced-air circulation at 65°C for 72h until constant
weight, and weighed. Data were extrapolated to Mg ha™!. A
sub-sample of forage dry matter was used to determine total
N concentration for crude protein (CP). CP was calculated by
formula: CP (%) = total N (%) x 6.25 (Horwitz, 1980).

Intercropping Competition Factors

To study the competition effects between crops and to evaluate
intercrop performance, different competition functions were
calculated: land equivalent ratio (LER), relative crowding
(K), and aggressivity index (A). The LER was used to
evaluate the land use advantage provided by intercropping
(Mead and Willey, 1980):

LER = Y1,2/Y1,1 + Y2,1/Y2,2

where Y is the aboveground biomass of crops, and suffixes 1
and 2 denote the crops: (1) maize and (2) palisadegrass or
guineagrass. Therefore, Y| 5 is the aboveground biomass of maize
when grown in a mixture with grasses, Y; ; is the yield of maize
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when grown in a monoculture, Y5 is the aboveground biomass
of the forage (palisadegrass or guineagrass) when grown in a
mixture with maize, and Y, is the aboveground biomass of the
forage (palisadegrass or guineagrass produced 839 and 1,327 Mg
ha~1, respectively) when grown in a monoculture.

Relative crowding coefficient (K values) is a measure of
plant competition theory as an index of the relative competitive
abilities between plants in an intercropping system to evaluate
and compare the competitive ability of one species to another in
a mixture (Zhang et al., 2011). K was calculated according the
method of Agegnehu et al. (2006) as follows:

(K)maize = Y1,2 x Z2,1/(YLl,1 —YL,2) x Z1,2 or
(K)forage = Y2,1 x Z1,2/(Y2,2 —Y2,1) x Z2,1

where Y and suffixes 1 and 2 denote as described for LER, Z; , is
the sown proportion of maize, and Z, is the sown proportion
of the forage species. For this calculation, the plant density of
each species was evaluated on the day of maize harvest. Greater
K value of one species indicates it is more competitive and
dominant than another species in the intercropping system (Li
et al., 1999; Wahla et al., 2009).

Aggressivity index (A) was calculated to determine relative
yield of crop 1 with crop 2 in intercropping (Takim, 2012):

(A)maize = (Y1,2/Y1,1Y1,2) — (Y2,1/Y2,2Y2,1) or
(A)forage = (Y2,1/Y2,2Y2,1) — (Y1,2/Y1,1Y1,2)

where Y and the suffixes 1 and 2 denote the same as used in
LER and (K). If (A)maize = 0, crops were equally competitive,
if (A)forage Was negative, then maize dominated, if (A)forage Was
positive, then forage dominated.

Economic Valuation and Estimated Meat

Production

Production costs per hectare of monocropped maize and maize
intercropped with forages were estimated (CONAB, 2018).
Differences in input costs were forage seed and N fertilizer, as
sowing maize monocrop and intercropped forage seeds were the
same process. Maize grain yield (kg ha™!) was calculated and
multiplied by the value per kg.

Although grazing by animals was not carried out for the
palisadegrass and guineagrass after maize grain harvest, meat
production was calculated using Large Ruminant Nutrition
System  (LRNS;  http://nutritionmodels.tamu.edu/Irns.html)
model to estimate grazing performance by animals on tropical
perennial grasses. The LRNS model is based on the Net
Carbohydrate and Protein System (CNCPS), version 5 (Fox
et al,, 2004). Energy and protein requirements, performance and
dry matter intake by each individual cattle fed in a group were
predicted for continuously grazed 450 kg Nellore bulls with 52%
carcass yield and 22% Body Fat Grading System. Performance
values were predicted from the nutritional composition of
palisadegrass and guineagrass and N fertilizer applied.

Dry matter intake by each individual cattle fed in a group
was 9.9-10.0kg of dry matter day!. Average daily gain (ADG)
was used to estimate meat production based on the allowable

metabolizable energy and protein gain, since CP of forage
was 9.3-14.6%. A animal grazing time was calculated using a
method similar to Crusciol et al. (2012), in which a 55 d forage
accumulation period occurred after maize harvest followed by
two 60-day grazing periods with a 30-day rest period in between
grazing periods. Stocking rate was estimated from forage dry
matter production, time of animal grazing (days per cut), dry
matter intake, and grazing efficiency. Total cattle meat produced
per hectare was calculated from stocking rate multiplied by
the components of ADG, time of animal grazing, and carcass
yield (52%).

Gross revenue ha~! was calculated by the formula: (price
per kg x maize yield) + (price per kg x estimated meat
production). Net return per ha was calculated by the formula:
(gross revenue — cost ha™!). The Brazilian national average price
used was from the last 5 years and values were converted to US$
(Agrolink, 2018).

Statistical Analyses

All data were initially tested for normality using the Shapiro-
Wilk test from the UNIVARIATE procedure using the statistical
software R (version 3.5.2) with the package “agricolae”
(Mendiburu, 2015). All data were distributed normally (W
> 0.90). Cropping systems, N management treatments, and their
interactions were considered fixed effects. Growing season and
its interaction with cropping systems and N managements were
not significant at P < 0.05 for any of the dependent variables.
Thus, data were combined across growing seasons. Block was
considered a random variable. Analysis of variance (ANOVA)
was performed and if the null hypothesis was rejected, means
were compared using LSD teste (P < 0.05).

RESULTS

Plant Nutrition, Agronomic Characteristics,

Kernels and Production Attributes of Maize
Monocropped maize and maize intercropped with palisadegrass
had greater leaf N concentrations than maize intercropped with
guineagrass (Supplementary Table 2). Maize intercropped with
palisadegrass had greater leaf P, K, and S concentrations than
monocropped maize and maize intercropped with guineagrass.
Although the interaction of intercropping system and N
management was not statistically significant for nutrient
concentration, all intercropping systems that received N
application had greater leaf N, P, and S concentrations than the
control without N fertilizer (Supplementary Table 2).
Intercropping system did not influence plant population, ears
per plant, kernels per ear, and 100-kernel weight (Table 2).
However, monocropped maize had greater shoot dry matter
and grain yield compared with intercropping systems of maize
with palisadegrass and guineagrass. Time of N application did
not influence plant population, but all treatments with some N
application led to greater number of ears per plant, number of
kernels per ear, 100-kernel weight, shoot dry matter, and grain
yield of maize compared to the control without N application
(Table 2). Shoot dry matter and grain yield of maize were greater
in all N management systems with some N applied at seeding
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TABLE 2 | Agronomic characteristics (plant population and number of ears per plant), kernels attributes (number of kernels per ear and 100-kernel weight) and
production attributes (shoot dry matter and grain yield) of maize as affected by intercropping system, N management in the three growing seasons.

Agronomic characteristics

Kernel attributes Production attributes

Treatment Plant population Ears per plant Kernels per ear 100-kernel weight Shoot dry matter Grain Yield
Thousand plants ha™! no. no. g Mg ha~! Mg ha™!
Intercropping system (IC)
Monocropped maize 60.1 a8 1.13a 403a 32a 17.6a 8.7a
Maize + palisadegrass 59.7a 1.14a 380a 32a 16.0b 8.2Db
Maize + guineagrass 59.9a 1.13a 370a 31a 15.1b 79b
N management (NM)*
0-0 59.2a 0.89¢ 333b 29b 9.6¢ 49c
100-0 60.0a 1.22a 381a 33a 17.7a 9.1a
70-30 60.5a 1.19a 399a 32a 18.2a 9.3a
50-50 59.7a 1.20a 404a 33a 18.4a 9.4 a
30-70 60.2a 1.20a 396a 32a 17.7a 9.1a
0-100 59.7a 1.10b 391a 32a 16.7b 8.0b
F probability
IC 0.313 0.109 0.074 0.563 <0.001 <0.001
NM 0.549 <0.001 <0.001 <0.001 <0.001 <0.001
IC x NM 1.000 0.083 0.656 0.724 0.532 0.963

SValues followed by the same letter are not significantly different at P < 0.05 (LSD test).

YA rate of 100kg N ha=" applied in two-split management at maize seeding and Vs growth stage sidedressing.

(i.e., 100-0, 70-30, 50-50, and 30-70kg N ha~!) than with no
N applied at seeding (i.e., 0-0 and 0-100 kg N ha™1).

Forage Characteristics and Estimated

Meat Production

Forage dry matter production, estimated animal stocking rate
and estimated meat production were influenced by intercropping
system in the second cut but not in the first cut (Table 3).
Forage dry matter production in the second cut was 23% greater
when maize was intercropped with palisadegrass than with
guineagrass, although CP in the second cut was similar in the two
intercropping systems. For both intercropping systems, forage
dry matter production, CP, estimated animal stocking rate, and
estimated meat production were greater when N fertilizer was
applied than in the control (0-0kg N ha-!) in the first and
second cuts.

Land Equivalent Ratio and Intercropping

Competition Factors
All LER values of maize and forages were lower under
intercropping compared with the respective monoculture
(Table 4). When combined, LER of maize intercropped with
palisadegrass (1.06 average) was more productive than each
component separately when receiving N, independent of the
split-N ratio. In contrast, LER of maize intercropped with
guineagrass (0.95 average) was less productive than individual
components grown separately for all N application conditions.
The intercropping competition factor (K) values shown in
Table 4 are the interspecific competitive abilities. Compared
with the unfertilized control, Kyaize and Kforage Were greater

for maize intercropped with both palisadegrass and guineagrass.
The aggressivity index (A) showed that maize was less
competitive than palisadegrass and guineagrass in all treatments.
Maize was more competitive with guineagrass without N
fertilizer application.

Revenue

Not supplying N fertilizer to cropping systems resulted in the
lowest estimated net profit (Table 5). When supplying 100 kg
N ha~!, net profit was similar among the different split N
applications, except when no N fertilizer was applied at seeding
(0-100 kg N ha!), which had lower net profit compared to other
treatments with N application. Intercropping maize with either
forage grass had greater net profit compared to monocropped
maize when supplied with N, because of significant meat
production during the winter/spring.

DISCUSSION

Maize and Tropical Forage Grass
Responses

Our study provides a novel alternative identifying potential
agricultural systems to improve food production by
intercropping maize with forage grasses and selecting the proper
N management. Currently, recommendations for N fertilizer
application consider only monocropping (maize or forage grass)
in the summer/fall or fodder in the winter/spring for grain
production (Cantarella et al., 1997). Our study shows that split
N application timing can increase responses of both maize and
forage grasses, while meeting grain crop requirements and high
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TABLE 3 | Forage dry matter (DM) production and crude protein (CP) concentration, estimated animal stocking rate, and estimated meat production as affected by
intercropping systems and N management in three growing seasons and ANOVA significance.

Treatment Forage DM (Mg ha~") Crude protein (%) Stocking rate (AU ha=1)" Meat production (kg ha=")¥
First cut Second cut! First cut Second cut First cut Second cut First cut Second cut

Intercropping system (IC)

Maize + palisadegrass 2.2a8 5.8a 125a 12.8a 22a 5.8a 53.1a 140.5a

Maize + guineagrass 21a 4.7b 12.6a 13.4a 21a 4.7b 49.5a 118.4 b

N management (NM)*

0-0 1.4b 31b 11.2b 10.1b 1.4b 5.7a 30.0b 59.0b

100-0 2.3a 5.7a 12.8a 13.8a 2.3a 5.8a 55.7a 1452 a

70-30 24a 5.8a 12.9a 13.9a 24a 5.7a 57.0a 1476 a

50-50 2.3a 5.7a 12.5a 18.7a 2.3a 5.7a 54.5a 140.0 a

30-70 2.3a 5.7a 12.8a 13.8a 2.3a 5.6a 56.3a 1445 a

0-100 2.3a 5.6a 12.7a 18.7a 2.3a 5.7a 54.3a 1405 a

F probability

IC 0.148 <0.001 0.127 0.081 0.198 <0.001 0.102 <0.001

NM <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

IC x NM 0.263 0.222 0.387 0.155 0.265 0.175 0.168 0.365

T First and second cut in June and September, respectively.
SValues followed by the same letter are not significantly different at P < 0.05 (LSD test).

A rate of 100kg N ha=" applied in two-split management at maize seeding and Vs growth stage sidedressing.

11 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.

TABLE 4 | Land equivalent ratio (LER), relative crowding coefficient (K), and aggressivity (A) of maize, palisadegrass, and guineagrass intercropped as a function of N

fertilizer applied for maize crop.

Treatment LER K A

Maize’ Forage* Total* Maize Forage Maize Forage
Maize + palisadegrass
0-0% 0.86% 0.09 0.95 4.00 0.15 —0.0002994 0.0002994
100-0 0.91 0.16 1.06 6.93 0.27 —0.0007091 0.0007091
70-30 0.91 0.16 1.07 7.27 0.27 —0.0007196 0.0007196
50-50 0.91 0.15 1.06 7.30 0.26 —0.0007247 0.0007247
30-70 0.91 0.16 1.07 7.34 0.26 —0.0007070 0.0007070
100-0 0.91 0.14 1.05 7.24 0.24 —0.0006394 0.0006394
Maize + guineagrass
Okg N ha™" 0.82 0.06 0.88 3.19 0.09 —0.0001518 0.0001518
100-0 0.86 0.09 0.95 4.13 0.15 —0.0002579 0.0002579
70-30 0.86 0.09 0.95 4.39 0.14 —0.0002684 0.0002684
50-50 0.86 0.09 0.95 4.51 0.14 —0.0002735 0.0002735
30-70 0.86 0.09 0.95 4.24 0.15 —0.0002558 0.0002558
100-0 0.86 0.10 0.96 4.23 0.15 —0.0001883 0.0001883

Y First value means the kg N ha~" applied at seeding and the second value means the kg ha~

1 Relative to respective monoculture.
*Relative to respective intercropping system.
SValue above 1 means positive impact.

N demand of both crops. Furthermore, this research provides
as a novel outcome that intercropping systems combined with
fertilizer N management showed effectiveness in improving the
overall productivity of the whole system, especially for enhancing
meat production and revenue for farmers.

1 applied sidedressing at maize Vg growth.

Competition between forage and maize may have been
reduced in this study due to the relatively long growing season
with the 130-day maturity maize hybrid (Crusciol et al., 2013).
Sowing plants with earlier relative maturity may benefit an
intercropping system and decrease the competition between
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TABLE 5 | Economic evaluation of monocropped maize, maize intercropped with palisadegrass and maize intercropped with guineagrass as a function of N management

for maize (average of three growing seasons).

Treatment Cost? cY® Total Meat Total Gross' Net¥
maize® production® meat!

US$ ha™! Mg ha~! US$ ha™! kg ha™! US$ ha™! US$ ha™! US$ ha™!
Monocropped maize
0-0 604 5.3 1,081 0 0 1,081 477
100-0 643 9.5 1,937 0 0 1,937 1,294
70-30 643 9.7 1,978 0 0 1,978 1,335
50-50 643 9.8 1,998 0 0 1,998 1,355
30-70 643 9.5 1,937 0 0 1,937 1,294
0-100 643 8.4 1,713 0 0 1,713 1,070
Maize + palisadegrass
0-0 626 4.7 958 91 272 1,230 604
100-0 666 9.1 1,856 214 643 2,499 1,833
70-30 666 9.3 1,896 221 664 2,560 1,894
50-50 666 9.4 1,917 206 618 2,535 1,869
30-70 666 9.1 1,856 218 654 2,510 1,844
0-100 666 8.0 1,631 211 634 2,265 1,599
Maize + guineagrass
0-0 628 4.7 958 87 262 1,220 592
100-0 667 8.7 1,774 187 562 2,336 1,669
70-30 667 8.9 1,815 188 563 2,378 1,711
50-50 667 9.0 1,835 183 548 2,383 1,716
30-70 667 8.7 1,774 184 551 2,325 1,658
0-100 667 7.7 1,670 178 534 2,104 1,437

2Mean costs and production costs of monocropped maize and maize intercropped with palisadegrass or guineagrass; the only difference was the forage seeds cost and sidedress

nitrogen used for the maize crop.
¥ CY is the maize yield.
8Total = kg of maize ha=' x US$ 0.20.

“Meat production = kg of body weight gain (cattle) ha~" (estimate) x 52% of carcass yield (sum of EMP First and Second cuts).

Total meat = meat production x US$ 3.00.

T Gross is the revenue per ha, which was calculated using the formula: total maize + total meat.

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

species (Pariz et al., 2009; Crusciol et al., 2013). Although we
observed high N uptake by monocropped maize, other studies
have shown that intercropping systems with forage grasses do
not impair N uptake by crops (Crusciol et al,, 2011; Mateus
et al,, 2012; Borghi et al., 2013b). Another important finding
of our study is evidence of high N demand, as the leaf N
concentration was below the appropriate range for maize (27-
35¢ N kg!) (Cantarella et al., 1997) when there was no N
application (control) for all intercropping systems and even for
monocropped maize. Despite differences between intercropping
systems, maize was adequately nourished in all treatments. Maize
leaf concentrations of P, K, Ca, Mg, and S were within ranges
considered adequate (Cantarella et al., 1997), and no nutrition
problems were observed.

Although no differences in agronomic characteristics and
kernel attributes were observed between monoculture and
intercropping systems, greater shoot dry matter and grain yield
of maize were observed in monocropped maize compared with
the other treatments. The lack of competition with tropical
forage grasses positively affected maize development and did not

appear to limit dry matter in the early growth stages, which
were characterized by high N uptake, implying high efficiency
in intercepting photosynthetically active radiation (Amaral Filho
etal,, 2005; Sawyer et al., 2010). Grain yield is positively linked to
dry matter accumulation and the supply of N and C to kernels
(Kowles and Phillips, 1988). Previous studies have shown that
intercropping maize/sorghum with palisadegrass/guineagrass did
not affect grain yield or create better conditions for improving
sorghum yield (Barducci et al., 2009; Borghi et al., 2013b), which
may have been related to lower nutrient demand and difference
in crop hybrid.

Shoot dry matter and grain yield of maize were strongly
related to timing of N fertilizer in the cropping system. Lowest
maize yield was a result of insufficient N supply to maize.
Grass-grass rotation without N fertilizer addition can result in
significant N immobilization via competition between plants and
microorganisms (Schimel and Bennett, 2004; Kuzyakov and Xu,
2013). Introduction of legumes in the crop rotation can enhance
soil N availability with NTS (Boddey et al., 2010). However,
cultivation of forage grasses is well-established among farmers
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(Moraes et al., 2019), and C4 grass residues are more favorable
in long-term protection and coverage of the soil under tropical
drought conditions than C3 residues due to slower residue
decomposition rate (Mateus et al., 2016; Rosolem et al., 2017).

Nitrogen fertilizer application provided an average maize yield
of 8.3 Mgha~!. While N addition increased maize yield, applying
no N fertilizer at seeding (0-100kg N ha~! applied at maize
seeding and sidedressing, respectively) resulted in the lowest ears
per plant, shoot dry matter, and grain yield among cropping
systems receiving N fertilizer. Similar reductions in maize yield
under delayed application of N fertilizer or 100% application
from maize growth stages Vg-V;; under monocropping have
been reported previously (Scharf et al., 2002; Walsh et al., 2012;
Muller et al., 2017). Applying the total N rate (100kg N ha™!)
at sidedressing did not match optimum N uptake capabilities of
maize, because significant N supply is needed during early growth
stages. Adequate maize development and N accumulation in the
plant are closely associated with metabolism of soluble protein
and sugar utilization (Faleiros et al., 1996). Thus, a portion of
the N fertilizer must be applied at maize seeding in this NTS
with grass cover crop to achieve high yield potential. There was
no difference in maize yield or forage characteristics whether
application of N was all at maize seeding or split between seeding
+ sidedressing.

No difference in forage dry matter production between
palisadegrass and guineagrass in the first cut may have been
related to climate conditions. Low forage growth (2.1 Mg ha™!)
occurred with low rainfall and temperatures between 10 and
15°C in early winter (Mateus et al, 2016). For the second
cut, climate conditions could also explain the 23% increase
in dry matter for palisadegrass compared with guineagrass.
Temperature increased and stimulated the production of forage
biomass, apparently with a greater effect on palisadegrass. In
general, greater values of estimated animal stocking rate and
estimated meat production were obtained with greater forage dry
matter production.

Production of dry matter for forage of up to 4Mg ha™! is
considered good (Borghi et al., 2013a) and was achieved in the
second cut, even though air temperature was not ideal for forage
development (i.e., 30-35°C) (Costa et al., 2005). Furthermore,
there was no effect of forage species in the intercropping
system on CP in the first and second cuts. CP is an important
parameter of nutritive value. Forage CP averaged 125g kg™!,
which was more than adequate of the 70g kg™' minimum
required for maintaining rumen microbial efficiency in cattle
(van Soest, 1994).

Forage dry matter and CP were at highest levels as long
as N was applied, irrespective of timing and split N ratio.
As expected, grasses responded to N fertilizer because of high
N demand (Boddey et al., 1996; Mateus et al., 2016). The N
fertilizer rate of 100kg ha™! was considered relatively low for
complex intercropping systems, but was compatible with our
study’s focus on finding an efficient N management strategy
for enhancing productivity in a sustainable manner. Indeed, we
observed greater maize yield and forage dry matter production
compared to other studies with application rates of <100kg N
ha—! (Mateus et al., 2016; Rosolem et al., 2017).

Land Use Efficiency, Intercropping

Competition Factors and Economics

Based on observed yields, LER of maize intercropped with
palisadegrass was 1.06. The LER indicates the productivity of
land with intercropping relative to sole cropping on separate
parcels of land. The value of 1.06 indicated that 6% less land
would be needed to achieve the same yield as monocropped
maize and palisadegrass separately. These results are in line with
those of Meixiua et al. (2020), who found that the average LER in
grass/grass (maize/wheat) intercropping was 1.59. Likewise, Pariz
et al. (2017b) found that the average LER of maize/palisadegrass
intercropping was 1.10. However, maize intercropping with
palisadegrass without N application or any intercropping of
maize with guineagrass resulted in LER <1, reflecting lower
productivity of land use. Our study suggests that land saving
potential for food production systems in tropical soil can only
be obtained in maize-palisadegrass intercropping systems with N
management, independent of the type of split-N application.

Maize was more competitive (K values) than the forage
species; however, the dominant species in the system were forage
grasses due to their aggressiveness. The K values of maize were
greater than those of the forage species, in agreement with
Zarochentseva (2012) and possibly due to the shading effect of
maize on forage grass during maize development. Our results
showed that maize was able to acquire more resources in the
intercropping systems even though the forage grasses were the
dominant species.

For LER and K values of intercropping competition, addition
of N fertilizer was necessary to enhance competitiveness of
maize. Nitrogen management promoted the competitiveness of
maize and forage grasses by increasing vegetative growth and
providing greater capacity for utilizing limited availability of
water (Marschner, 2012; Yang and Udvardi, 2018). Previous
studies have shown significant differences among crops in
grass/grass intercropping systems, but not among different types
of N addition (O’Leary and Smith, 1999; Baxevanos et al., 2017).
When a species has high competitiveness, the plant acquires more
resources and occupies a superior ecological niche (Grace and
Tilman, 1990). In addition, the A index values were extremely
low for all treatments, indicating a minimum dominance
by forage grasses. These findings highlight the necessity of
choosing suitable species for intercropping in maize-forage grass
systems to enhance the interspecific complementarity and reduce
interspecies competition (Davis and Woolley, 1993).

Intercropping is a sustainable practice of food production
to improve quality of pastures and animal carrying capacity.
Our results demonstrated that intercropping of tropical forage
grasses with maize 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 from the same land area
(Carvalho et al., 2010; FAO—Food and Agriculture Organization
of the United Nations, 2010, 2017; Herrero et al., 2010;
Franzluebbers and Stuedemann, 2014; Moraes et al., 2019).
Therefore, our data indicated that maize intercropped with
palisade or guineagrass is a promising approach for farmers,
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especially in the tropical regions of South America, Africa, and
parts of Asia, where individuals need additional opportunities to
produce food.

All treatments resulted in net profit, particularly the maize
+ palisadegrass and maize + guineagrass treatments with
N management, because in addition to maize yield in the
summer/autumn, farmers can use the forage dry matter
production of palisade and guineagrass (Table 3) for animal
fodder in the winter/spring. Thus, with maize intercropping,
farmers could produce 87-218 kg ha~! meat, with net profits up
to US$ 1,600-1,800 ha™!, depending of N management, which
could add an extra US$ 500-600 than monocropped maize. In
addition, the need for soil mulch would be satisfied in planning
for the next crop.

Overall, our data suggest that intercropping systems are a
great option for the diversification on farm and the increase
of grain and forage yields. However, these agricultural systems
deserve further investigations to assess the disadvantages and
impacts of N fertilizer. Our study raises relevant questions
about which changes occur in root systems and soil fertility
and microbiology in deeper soil layers, as well as the reduction
in diseases and pesticide applications, in maize-forage systems
receiving N fertilizer, and the effects of fertilizer on N losses to
environment and N recovery by plants in short- and long-term
of intercropping systems.

CONCLUSION

Intercropping maize with forage grasses is a promising practice
to meet the dual challenges of food production and sustainable
development. Since agricultural systems are region- and soil-
specific, variations of intercropping systems may require different
N fertilization recommendations. Although monocropped maize
produced greatest grain yield, intercropping systems were viable
in terms of balanced grain and forage yields, land use, and
profitability. Estimated meat production and revenue were
enhanced with intercropping of palisadegrass or guineagrass
with maize. Combining animal production with crop production
in an intercropping system can be advantageous not only
for farmers, but also for environmental quality and biological
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