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Core Ideas:

Integrated crop-livestock system has different rice fertilization requirements;

. Rice in integrated crop-livestock system does not respond to P and K fertilization;

Integrated crop-livestock system has higher eco-efficiency than conventional system;

o Nitrogen remains a limiting nutrient for rice development and yield.

Integrated Crop-Livestock Systems in Paddy Fields: New Strategies for

Flooded Rice Nutrition

CEC, cation exchange capacity;

CS, conventional system;

ICLS, integrated crop-livestock systems;
RS, Rio Grande do Sul;

SOM, soil organic matter;

V%, base saturation.
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ABSTRACT

Integrated crop-livestock systems (ICLS) appear as a good alternative to increase nutrient-
use efficiency of rice (Oryza sativa L.) through the improvement in nutrient cycling and soil chemical
attributes in paddy fields. The objective of this study was to evaluate the impact of an ICLS on soil
chemical attributes and on the fertilization requirement of N, P, and K by flooded rice in the Brazilian
subtropical region. Nutritional status, yield and nutrient-use efficiency of flooded rice was evaluated
by fertilization trials through rice response to different fertilization rates of N, P, and K. Soil chemical
attributes were evaluated at the beginning of the experiment and 30 months later. Different
fertilization rates were applied in two systems: Conventional system (CS), based on intensive tillage,
rice monocropping and winter fallow; and ICLS, characterized by no-tillage and winter cattle grazing
in annual ryegrass (Lolium multiflorum Lam.) pasture. Accumulation of N, P, and K in rice’s shoot was
greater under CS than ICLS at all fertilization levels. On the other hand, higher rice yields were
observed under ICLS at almost every fertilization levels, suggesting higher nutrient-use efficiency
than CS. In addition, rice yield was increased by 40% by fertilization of P and K under CS, while no
response was observed under ICLS. These benefits were possibly related to greater nutrient cycling
and greater synchronism between rice’s nutrient uptake and nutrient release of the soil. Our results
indicated that the adoption of ICLS ensures greater nutrient-use efficiency, becoming a system less
dependent on external inputs.

INTRODUCTION

The requirements to increase global food production are well known and projected to
double by 2050, when World’s population will likely meet nine billion people (FAOSTAT, 2013).
According to Alexandratos and Bruinsma (2003), the annual increase of corn, soybean, and rice
production, which are three of the most important grain crops cultivated in the world, are
insufficient to attend the rising demand by 2050, and must increase 67%, 55%, and 42%,
respectively. This requirement will have to be achieved by using less land, water, labor, and
chemicals (Khush, 2000).

Worldwide, rice corresponds to 29% of grain consumption, being the staple food of half of
the population’s diet in developing countries. Following a 35-year trend, increases in rice production
are expected to come from greater yields, since rice acreage increased only 36.2% while its
production increased 253% (Alexandratos and Bruinsma, 2003).

Outside of Asia, Brazil is the largest rice producer. In Brazil, rice is produced mainly in
lowlands and floodplains in the subtropics (Southern region) (FAOSTAT, 2013). Rio Grande do Sul
(RS) State produces 61% of Brazilian rice demand, where conventional rice cropping system includes
yearly soil tillage and fallow periods. Traditionally, this system may or not be combined with
extensive and inefficient livestock production. In addition, the cultivation system is still based on
intense and frequent soil disturbance. According to Boeni et al. (2010), in all rice regions of RS State,
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there was a predominance (71%) of areas with low soil organic matter (SOM) content (< 2.5%). In
addition, the predominance of sandy texture soils on these areas is detrimental to the rice yield
performance, due to lower soil cation exchange capacity (CEC), nutrient availability (Denardin et al.,
2018), and soil microbiological activity (Martins et al., 2017).

Soil disturbance has been pointed out as the main cause of soil degradation worldwide (Lal,
2015). Cassman et al. (1995) and Flinn and De Datta (1984) showed greater soil degradation in long-
term experiments with soil disturbance in flooded rice cultivation systems due to lower pH, CEC, and
nutrient-use efficiency. Soil degradation consequently decreases rice yield over time (Bado et al.,
2010; Dobermann et al., 2000). Thus, current flooded rice cropping systems require higher fertilizer
levels to sustain high yields (Boeni et al., 2010). On the other hand, soils managed under no-tillage
favour SOM accumulation and nutrients in the topsoil (Denardin et al., 2019; Feng et al., 2006; Tang
et al., 2007), as well as better soil microbiological attributes (Gao et al., 2004; Martins et al., 2017).

Although the adoption of no-tillage provides improvements in soil quality through increase
of SOM content, rice yield under no-tillage requires 14 years to surpass conventional tillage system
yields (Denardin et al., 2019). Thus, the adoption of this practice alone does not provide increases in
rice crop yield, especially in the short term, and it is necessary to diversify the production system
with other crops and/or activities (Huang et al., 2015; Denardin et al., 2019).

Carmona et al. (2016) found increases in yield and decreased rice response to fertilization
under ICLS. The ICLS is based on rotation between grain crop under no-tillage and livestock under
pasture cultivation (Carvalho et al., 2014). Pasture fertilization can optimize fertilizer use,
determined by nutrient (re)cycling through grazing, improving consequently soil fertility (Carvalho et
al., 2010; Assmann et al., 2017).

Our hypothesis is that ICLS, based on no-tillage and winter grazing, result in greater nutrient-
use efficiency compared to the CS of flooded rice. The objective of the study was to evaluate the
impact of an ICLS (under no-tillage combined with winter grazing) on soil chemical attributes and on
the fertilization requirement of N, P, and K by flooded rice in the Brazilian subtropical region.

MATERIALS AND METHODS

Site description and historical characterization of the experimental area

An on-farm field trial was conducted in the 2015/2016 and 2016/2017 rice growing
seasons at Corticeiras Farm, located in Cristal City, RS State, Brazil (31237°13"S, 52935’20"W,
28 m above sea level). The regional climate is warm humid summer climate, classified as

Cfa, according to Képpen (Kottek et al., 2006). The mean annual temperature is 18.3 2C, and
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the mean annual rainfall is 1522 mm (30 yr-normal) (Matzenauer et al., 2011). The soil is
poorly drained, classified as Albaqualf (Soil Survey Staff, 2010), with sandy clay loam texture

(24%, 23%, and 53% of clay, silt, and sand, respectively).

The experimental area has been cultivated with flooded rice followed by fallow since 1962.
The last rice cropping season before the study was in 2009, followed by a fallow period until March
2013, when soil samples (0—10 cm soil layer) were taken for chemical characterization of the
experimental site. In April 2013, the soil in the entire area was tilled with three heavy discs to
incorporate lime applied at a rate of 4.5 Mg ha™ (with a total neutralization relative power of 70%),
determined according to CQFS RS/SC (2004), to increase the 0—20 cm soil layer to pH 6.0.

After soil pH correction, five production systems involving the cultivation of flooded rice
were established in an area of 18 hectares. However, for the present study only two of the five
systems were evaluated: 1) CS, which is the dominant system in lowlands of Southern Brazil, based
on intensive soil disturbance, rice monocropping and winter fallow period; and 2) ICLS, which is
characterized by no-tillage adoption and integration between crop and livestock, with annual
ryegrass pasture grazing during the winter season. Before the present study, there were two pasture
seasons in the ICLS (winter 2013 and 2014) and two rice growing seasons in both systems
(2013/2014 and 2014/2015 cropping seasons).

Treatments description and experimental design

In the 2015/2016 cropping season five different levels of NPK fertilization were applied in
both systems (CS and ICLS) based on expected yield response to fertilization of flooded rice,
according to SOSBAI (2014). Fertilization levels corresponded to different fertilizer rates (in kg ha™ of
N-P,0s-K,0), according to SOSBAI (2014): (i) no-fertilizer application; (ii) low expected yield response
to fertilization (60-20-20); (iii) medium expected yield response to fertilization (90-30-35); (iv) high
expected yield response to fertilization (120-40-50), and (v) very high expected yield response to
fertilization (150-50-65), respectively. Fertilizer sources used were urea (46% N), single
superphosphate (18% P,0s), and potassium chloride (60% K,0). The experimental design was
conducted as a split plot randomized complete block design with four replications. The experimental
subplot size was 5 m x5 m.

Due to the results obtained in the first cropping season, in the second cropping season
(2016/2017), another experiment was carried out to separate the effects of P and K from N
fertilization. For this, two treatments were designed to evaluate the rice response to the presence or
absence of P and K supply (150-70-120 and 150-00-00, in kg ha™ of N-P,0s-K,0, respectively),
fertilized with the recommended N rate (150 kg N ha™). In addition, four treatments were
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established providing different N rates, being: (i) 0-70-120; (ii) 50-70-120; (iii) 100-70-120 (iv) 150-
70-120, in kg ha™ of N-P,0s-K,0, respectively. All the fertilizer sources used were the same in both
production systems, as well as the same experimental design and subplot size.

The N rates were split in two applications: 66% applied at V5 phenological stage, immediately
before flooding, and 33% applied at Vs phenological stage. The rice stages were determined
according to Counce et al. (2000). The IRGA 430 rice cultivar was used in the first cropping season,
and the IRGA 424 in the second cropping season, seeded at a density of 100 kg ha™ in a 17 cm row
spacing. The rice planting and harvest occurred in November 2015 and April 2016, respectively, in
the 2015/2016 growing season, and in October 2016 and March 2017, in 2016/2017 growing season.
Agronomic management for weed, insects, and diseases control was done according to the technical
recommendations (SOSBAI, 2014).

Neutered male steers (Angus) weighing around 200 kg were used for grazing in ICLS in both
winter seasons (2015 and 2016). Average adopted pasture height was 15 cm, and average stocking
rate was 831+114 kg live weight ha™, simulating cattle fattening or finishing systems during 62+15
days. The cattle’s diet was forage-based with only mineral salt being provided. Continuous grazing
was adopted (with a minimum of three test steers), and annual ryegrass was re-sowed at a density
of 30 kg ha™ using BRS Ponteio cultivar. The ryegrass fertilization was done according to CQFS RS/SC
(2004) recommendations, with 110-110-100, 130-130-130, 120-120-120, and 120-120-120 kg ha™ of
N-P,0;5-K,0 in 2013, 2014, 2015, and 2016 winter seasons, respectively. The rice fertilization in the
2013/2014 and 2014/2015 summer seasons was according to SOSBAI recommendation (2014),
representing 150-70-120 kg ha™ of N-P,0<-K,0, respectively.

Soil analyses

The soil was sampled in March 2013, prior to the installation of the experiment. Soil samples
(up to 10 cm soil layer) were composed by six sub-samples per plot. Georeferenced samples were
collected in a sample grid of 2,025 m?. In October 2015, before the first rice crop season, soil
samples were collected at the same georeferenced points.

Soil samples were carried in plastic bags and transported to the Federal University of Rio
Grande do Sul’s Soil Fertility Research Laboratory. The samples were dried in a forced air circulation
oven at 50°C, ground, sieved in 2 mm mesh, and analyzed. The soil properties used for the soil
fertility evaluation were: pH in water, SOM content (wet combustion), available P and K (extracted
by Mehlich-1), exchangeable Ca and Mg (extracted by 1.0 mol L™ KCl), CEC,h 7.0, and base saturation
(V%). All analyses were performed following the methodology described by Tedesco et al. (1995).
The exchangeable AI** was determined by titration with 0.0125 mol L™* NaOH solution; Ca** and Mg**
by atomic absorption spectrometry; K by flame photometry; and P by photocolorimetry. The
potential acidity (H+Al) was obtained through the equation proposed by Kaminski et al. (2001). The
sum of bases was determined by the sum of Ca, Mg, and K. The CEC,47,0 was calculated by sum of
bases + (H+Al); the V% was calculated using the relation: V% = 100 x sum of bases/CEC7.0 (CQFS-
RS/SC 2016).
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Plant analyses

In the first cropping season (2015/2016), rice tissue samples were collected to
evaluate the dynamics of absorption of different nutrients. The first plant sampling occurred
at R4 rice stage (Counce et al., 2000) to evaluate rice’s nutritional status, nutrient
accumulation, and shoot dry matter. For crop nutritional status evaluation, 50 rice flag
leaves were collected per experimental unit. For nutrient accumulation and shoot dry
matter evaluation, whole rice plants were cut from the ground level in 0.15 m? per plot at
the beginning of flowering. Samples were oven-dried (forced air at 65°C), weighed, ground,
and sieved (@ = 0.5 mm). Nitrogen, P and K content in plant tissue were analysed after
chemical digestion (H,0, + H,SQ4), according to Tedesco et al. (1995). Nutrient accumulation

was calculated using data obtained from the whole plant, according to Eq. 1.

NA = SNC x SDMP (Eq. 1)

where NA = nutrient accumulation (in kg ha™); SNC = shoot nutrient content (in kg Mg'l) and

SDMP = shoot dry matter production (in Mg ha™).

The second plant sampling took place at R;-Rg rice stage (Counce et al., 2000) in the
2015/2016 and 2016/2017 cropping seasons to determine grain yield. Harvests were
performed by hand with plants sampled in 1.02 m? per plot. Samples were threshed,

cleaned, and weighed. Grain moisture was determined and adjusted to 130 g kg™.
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The N, P, and K use efficiency was obtained by determining the amount of grain

produced per each kg of nutrient accumulated in rice shoot dry matter, according to Eq. 2.

NUE = GY / NA (Eqg. 2)

where NUE = Nutrient-use efficiency (in kg grain kg nutrient'l); GY = grain yield (in kg ha'l)

and NA = Nutrient accumulation (in kg ha™).

Statistical analyses

Statistical analyses were performed using linear models (PROC GLM) of the Statistical
Analysis System (SAS Institute, 1997). Data was assessed using the Shapiro-Wilk normality
test (p<0.05), Levene’s homogeneity of variance test (p<0.05), and analysis of variance at

p<0.05, and, when significant, means were compared using Tukey’s test (p<0.05).

RESULTS

Soil fertility attributes

The short-term (30 months) adoption of flooded rice cultivation increased the available K,
exchangeable Ca and Mg, and V% levels in both systems in 71.2%, 62.8%, 27.3%, and 29.8%,
respectively (Table 1). The SOM content, pH in water, and CEC did not change along time. The ICLS
improved the available P content from 9.9 to 26.1 mg dm™, while CS did not alter its available P
content.

Nutritional status and nutrient accumulation

The different input rates of N, P, and K fertilizer did not affect (p=0.94) the nutritional status
of rice, measured in the flag leaf (Figure 1), and the two rice production systems also remained
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similar to each other. The N, P, and K flag leaf content showed averages of 26.4,3.1,and 17.0g N, P,
and K kg™, respectively.

Despite no differences in nutrient content measured in rice flag leaf (Figure 1), nutrient
accumulation in the whole plant at R, stage was significantly different among the production
systems and fertilization levels (Table 2). For N, fertilization levels’ effect was only significant under
CS, where the highest response was obtained at the low fertilization level, achieving an increase of
65% as compared to no fertilizer addition. However, N content at the low fertilization level did not
differ from medium and high fertilization levels. On the other hand, at the very high level of
fertilization, there was a decrease in N accumulation, becoming similar to the no-fertilizer
treatment. In ICLS, only medium and very high fertilization levels showed higher N accumulation
than the no-fertilizer treatment. Higher N accumulation was observed in CS than in ICLS at low and
high fertilization levels, with 52 and 33 kg N ha™, respectively (Table 2).

Different from ICLS, the P accumulation in shoot dry matter in CS showed responses
depending on different fertilization levels. At the low fertilization level the P accumulation was 45%
higher than the no-fertilizer treatment. In the low and very high fertilization levels, the P
accumulation in rice shoot dry matter was in average 11 kg P ha™ higher in CS as compared to ICLS.
Regarding K accumulation, regardless of fertilization levels, the CS K accumulation was 23 kg K ha™
higher than the ICLS (Table 2).

Rice shoot dry matter and grain yield

The rice shoot dry matter was not affected by fertilization levels in the ICLS, presenting an
average of 10.8 Mg ha™ (Figure 2). In contrast, the increase in fertilization levels under CS resulted in
an increase of rice shoot dry matter. In this system, the very high fertilization level resulted in a
production approximately 50% higher than the control (no-fertilizer). The low, medium, and high
fertilization levels showed a similar shoot biomass, not differing from the other fertilization levels.
Differences between the production systems were observed only in the very high fertilization level,
resulting in an increase of 0.5 Mg ha™ in CS when compared to ICLS (Figure 2).

Increases in rice yield due to fertilization levels were observed in both production systems
(Figure 3). In the CS, all fertilizer rates were higher than the no-fertilizer treatment, and the highest
yield (9.7 Mg ha™*) was obtained in the very high fertilization level (3.2 Mg ha™ higher than the
treatment without fertilization). The low and medium fertilization levels showed intermediate values
of 8.5 and 8.7 Mg ha™, respectively.

On the other hand, the grain yield of flooded rice under ICLS did not show response to
fertilizer levels (Figure 3). In such system, the low fertilization level yielded 8.5 Mg ha™, which was
not different from the control (7.9 Mg ha™). The medium and the high fertilization levels presented
intermediate grain yields (9.8 and 9.9 Mg ha™, respectively) compared to low and very high
fertilization levels, and similar between themselves. The very high fertilization level showed the
highest yield (10.1 Mg ha™*) and was significantly higher than both the control (no-fertilizer) and low
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fertilization level. Finally, the ICLS showed higher yield comparing to the CS in most of the
fertilization levels, except for the low and very high fertilizer rates. In the no-fertilizer, medium and
high fertilization levels, the ICLS yielded 1.4, 1.1, and 1.6 Mg ha™ more than CS, respectively (Figure
3).

Regarding the second cropping season evaluated (2016/2017), the P and K supply did not
affect rice yield in the ICLS, which showed an average yield of 10.5 Mg ha™ (Figure 4). On the other
hand, rice yield in CS was increased by almost 40% by P and K fertilization. The rice yield was higher
in ICLS than in CS both with and without P and K fertilization. While without P and K fertilization the
yield difference between ICLS and CS was 4 Mg ha™, with P and K such difference was 1.1 Mg ha™
(Figure 4).

Differently from P and K, the N rates affected rice yield in both systems (Table 3). On
average of the production systems, the 150 kg N ha™ rate increased rice yield by 1.7 Mg ha™. The 50
and 100 kg N ha™ rates presented intermediate rice yields of 8.8 and 9.4 Mg ha™, respectively, and
did not differ from the other N rates. Although both systems showed response to N rates, the ICLS
had a higher yield than CS at all N rates, with a mean yield that was 1.4 Mg ha™ higher than CS (Table
3).

Nutrient-use efficiency

Only the N efficiency was affected by fertilization levels and production systems (Table 4).
The highest efficiency was found in the absence of fertilization, with 90.9 kg of grain produced per kg
of N accumulated (kg grain kg N'!). The lowest efficiency was found in the treatment with medium
fertilization level (69.5 kg grain kg N™), while the other fertilization levels showed similar efficiencies
(77.8 kg grain kg N™"). On average, ICLS was more efficient than CS, yielding more 23 kg grain kg N™".
In the same way, the ICLS yielded 30% and 27% more grains than the CS with the same amount of
accumulated P and K in the shoot biomass, respectively.

The relationship established between flooded rice grain yield and nutrient accumulation in
shoot dry matter shows that, regardless of the nutrient (N, P, or K), with the same amount of
nutrient accumulated there are always higher yields in the ICLS than in the CS (Figure 5). The
correlation between these two variables was similar between the systems only considering the N
accumulated, with R? of 0.81 for CS and 0.79 for ICLS. For P and K, only CS presents a R* of 0.88 for
both nutrients. The ICLS has a lower relation between accumulated P and K and grain yield, with R®
of 0.49 and 0.34 for P and K, respectively.

DISCUSSION
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The traditional paddy field system in the Brazilian subtropics is based on intensive soil
disturbance (SOSBAI, 2018), which results in high levels of soil degradation (Boeni et al., 2010).
Alternatives like the long-term adoption of no-tillage have arisen as important tools to improve soil
quality in the paddy fields (Denardin et al., 2019). However, we observed improvements in soil
chemical attributes under ICLS in the short-term. After 30 months of ICLS adoption, higher soil P
content was observed under ICLS compared to CS (Table 1). While tendencies of higher SOM content
under ICLS (0.4%) compared to CS (0.2%) could already be noted, no statistically significant
differences could be observed. Thus, soils under ICLS and CS would both be classified as having low
SOM content (<2.5%), very high P content (> 12 mg dm™) and high K content (91 — 180 mg dm),
according to soil chemical fertility for flooded rice cultivation (CQFS RS/SC, 2016). Therefore,
theoretically, the same yield response to fertilization would be expected (SOSBAI, 2018) from both
systems.

Despite the similarity regarding soil chemical analysis for both systems, which would indicate
the same fertilizer requirement, the ICLS showed higher yields in almost all evaluated fertilizations
rates (Figure 3, Figure 4, and Table 3), and consequently higher nutrient-use efficiency than CS
(Table 4). Our results are in agreement with Dalal et al. (2011) and Martins et al. (2014) who found
higher nutrient-use efficiency through no-tillage and ICLS adoption, respectively. Greater nutrient-
use efficiency was also identified in the ICLS yield compared to CS when no fertilizer was provided
(Figure 3). Also, the nutrient-use efficiency in ICLS was observed in similar yields under the medium
fertilization level compared to high and very high fertilization levels (Figure 3), saving up to 60 kg N
ha™, 20 kg P,0s ha™ and 30 kg K,0 ha™ in the flooded rice cultivation.

Rice yield under ICLS did not respond to P and K fertilization (Figure 4), which may be
related to nutrient cycling (Assmann et al., 2017) that was favoured by the large amount of animal
and plant residues under ICLS (Schoenau and Campbell, 1996; Diaz-Zorita et al., 2002; Bayer et al.,
2006; and Thomas et al., 2007). Therefore, as the animal exports a minimum amount of nutrients
through meat (Whitehead, 2000), the replenishment of P and K exported by rice grains can be
performed on successive pastures. This may be a more efficient alternative of fertilization with P and
K for rice cultivation under ICLS.

Different from that observed for P and K fertilization, rice yield still responds to N
fertilization in both production systems (Table 3). However, ICLS had a yield 17% higher (1.4 Mg ha™)
than CS, possibly due to higher SOM labile fraction in this system, as observed by Martins et al.
(2017). According to Denardin et al. (2019), the N deficiency remains as the main limitation of rice
yield with adoption of no-tillage alone. Normally, N is the most limiting nutrient in systems with high
residue amounts, and this is due to the greater advantage and capacity of the soil microorganisms
for N uptake compared with plant roots across any concentration range (Geisseler et al., 2010;
Kuzyakov and Xu, 2013; Liu et al., 2016).

In the present study, 66% of N fertilizer was applied in V; rice stage, aiming to stimulate
tillering (plant growth). Under CS, N addition is mostly converted to plant growth, while N dynamics
may be different under ICLS due to the greater residue accumulation with a high C/N ratio on the
soil surface, which can favour great N immobilization by soil microorganisms (Bijay-Singh et al., 2008;
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Gbémez-Rey et al., 2012; Kuzyakov and Xu, 2013). As a result, N added can be initially less available to
plant growth leading to lower shoot dry matter production under ICLS (Figure 2). This explains why
we observed higher rice yield but lower shoot dry matter under ICLS, resulting in higher nutrient-use
efficiency compared to CS.

Higher yields observed under ICLS are also possibly related to greater synchronism between
N uptake by rice and N released from soil and microorganisms (as immobilized N becomes available
for rice after death of microorganisms) compared to CS (Kuzyakov and Xu, 2013; Liu et al., 2016).
Short immobilization of mineral N by microorganisms is an important adaptation of ecosystems, and
the allocation of N within soil microorganisms protects against losses, such as N leaching or
denitrification (Kuzyakov and Xu, 2013). Consequently, the ICLS is less susceptible to N losses and
rice in ICLS is more efficient in converting N to grain in relation to CS.

The results of flag leaf analysis, which is widely used as a reference for the evaluation of rice
nutritional status, showed in both systems an adequate nutritional status for N (range for 23-28 g N
kg) (Figure 1) and above adequate for Pand K (>2.5g P kg™, > 14 g K kg™*, respectively) (SOSBAI,
2018). This fact is probably due to the P and K luxury consumption by rice (i.e. when plant continues
to uptake nutrients without reflecting in higher yield) (Dobermann et al., 1996; Zou et al., 2001;
Burgos et al., 2006), especially under high content of these nutrients in the soil. According to
Dobermann and Fairhurst (2000), the relationship between grain yield and nutrient uptake that
reveals an optimal internal nutrient-use efficiency is 68, 385, and 69 kg grain yielded per kg of N, P,
and K accumulated in the rice shoot biomass, respectively. Considering N, rice cultivated under CS
showed an optimal internal nutrient-use efficiency, with 67.3 kg grain kg™ N. Rice cultivated under
ICLS, however, was more efficient, yielding 90.0 kg grain per kg N accumulated in shoot biomass
(Table 4).

Both systems were inefficient in the use of P and K, yielding 235.5 and 307.4 kg grain per kg
P and 41.2 and 52.5 kg grain per kg K accumulated in shoot biomass in CS and ICLS, respectively
(Dobermann and Fairhurst, 2000) (Table 4). However, ICLS was more efficient than CS, yielding 30%
and 27% more grain, with the same amount of accumulated P and K in the shoot biomass,
respectively. Nitrogen uptake is directly related to plant biomass production (Marschner, 2011), and
consequently to uptake of other nutrients, such as P and K. Thus, the higher availability of initial N
for rice under CS possibly resulted in higher biomass production and P and K uptake, showing lower
nutrient-use efficiency than ICLS (Table 3). Therefore, in addition to the higher N use efficiency in
ICLS, this system also contributes to decrease the luxury consumption of other nutrients, increasing
the P and K use efficiency. In this sense, the adoption of ICLS appears as a new and appropriate
strategy to increase the nutrient-use efficiency in paddy fields of the Brazilian subtropical region.

Systems that receive more fertilization and produce more biomass did not guarantee greater
rice yield. Thus, efforts for a better understanding of the processes regarding nutrient cycling under
conservation management systems in rice cultivation, such as ICLS, seems to be necessary to
develop new standards of fertilization, aiming to find more efficient systems regarding nutrient use
and with less dependence on external inputs.
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CONCLUSIONS

Integrated crop-livestock system and CS have different yield responses to fertilization levels,
even with the same interpretation of soil fertility levels. Flooded rice under ICLS yields more grain
while requiring lower fertilizer application than CS. Integrated crop-livestock system has higher
nutrient-use efficiency compared to CS, demonstrated by the greater use efficiency of nutrients,
yielding a higher amount of grain with the same amount of nutrient uptake. Rice yield under ICLS
does not respond to P and K fertilization supply, suggesting an important contribution of nutrient
cycling to plant nutrition. However, N remains a limiting nutrient for development and production of
flooded rice.

Efforts for a better understanding of the processes regarding nutrient cycling under ICLS
seems to be necessary to develop new standards of fertilization, aiming to find more efficient
systems regarding nutrient use and with less dependence on external inputs.
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List of figure captions

Figure 1. Flag leaf nitrogen (A), phosphorus (B) and potassium (C) contents affected by fertilization
levels in the 2015/2016 cropping season of different flooded rice production systems in the Brazilian
subtropics. The range highlighted in gray corresponds to the crop adequate nutritional status, according to

SOSBAI (2014). The “ns” indicates absence of statistical difference according to Tukey’s test (p>0.05). Error

bars represent standard error of the mean (n=3).
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Figure 2. Flooded rice shoot dry matter affected by fertilization levels in the 2015/2016 cropping

season of different production systems in the Brazilian subtropics. Tukey’s test (p<0.05): Different

lowercase letters indicate differences among the fertilization levels within each flooded rice production

system; Different uppercase letters indicate differences between flooded rice production systems within each

fertilization level.
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Figure 3. Flooded rice grain yield affected by fertilization levels in the 2015/2016 cropping season of
different production systems in the Brazilian subtropics. Tukey’s test (p<0.05): Different lowercase letters
indicate differences among the fertilization levels within each flooded rice production system; Different

uppercase letters indicate differences between flooded rice production systems within each fertilization level.
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Figure 4. Flooded rice grain yield with or without P and K fertilization in the 2016/2017 cropping
season in different production systems in the Brazilian subtropics. Tukey’s test (p<0.05): Different
lowercase letters indicate differences between the P and K fertilization within each flooded rice production
system; Different uppercase letters indicate differences between flooded rice production systems within each

P and K fertilization.

14

OCS BICLS
12

Aa

g

[es]
1

Bb

Yield (Mg ha?)

Without P and K With P and K
P and K fertilization

Accepted Article

This article is protected by copyright. All rights reserved.
20



Figure 5. Relationship between flooded rice yield and N (A), P (B), and K (C) accumulated in shoot dry
matter, affected by fertilization levels in the 2015/2016 cropping season in different production

systems in the Brazilian subtropics.
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Table 1. Soil fertility (0-10 cm layer) after 30 months (March 2013 and October 2015) of the
adoption of CS and ICLS production systems in paddy fields of a Brazilian subtropical region

:;:tde'::zm“ SOM pH P K Ca Mg CEC V%
% || - mgkg' - | e L T — %
March 2013
cs 2.0 5.5 9.2Aa 69.3 3.2 2.1 9.3 58.1
ICLS 1.8 5.4 9.9Ba 76.6 3.7 2.3 11.0 56.1
Average 1.9 5.5 9.5 7298 3.58B 228 10.2 57.1B
October 2015
cs 2.2 5.7 16.4Ab | 116.0 5.1 2.6 10.6 75.3
ICLS 2.2 5.5 26.1Aa | 133.6 6.2 3.0 12.4 72.9
Average 21" 5.6™ 21.2 1248A | 5.7A 2.8A 11.5" | 74.1A

Accepted Article

Tukey’s test (p<0.05): Different lowercase letters indicate differences between the flooded rice production
systems within each year; Different uppercase letters indicate differences between years within each flooded
rice production systems. The “ns” indicates absence of statistical difference.
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Table 2. Nitrogen, phosphorus, and potassium accumulation in shoot dry matter of flooded rice

affected by fertilization levels in the 2015/2016 cropping season of different production systems in the
Brazilian subtropics

Production Fertilization level
Average
systems No-fertilizer Low Medium High Very high
Nitrogen (kg ha'l)

cs 90 Ab 149 Aa 137 Aa 134 Aa 125 Aab 127
ICLS 76 Ab 97 Bab 134 Aa 101 Bab 124 Aa 106
Average 83 133 135 117 124

Phosphorus (kg ha™)
cs 29 Ab 42 Aa 36 Aab 33 Aab 41 Aab 36
ICLS 28 A™ 31B 36 A 33A 308 31
Average 29 36 36 33 36

Potassium (kg ha'l)
(o 179 233 213 189 214 206 A
ICLS 160 190 202 170 194 183 B
Average 169™ 212 207 180 204

Accepted Article

Tukey’s test (p<0.05): Different lowercase letters indicate differences among the fertilization levels within each
flooded rice production system; Different uppercase letters indicate differences between flooded rice
production systems within each fertilization level. The “ns” indicates absence of statistical difference.

Table 3. Flooded rice grain yield affected by nitrogen supply levels in the 2016/2017 cropping season
in different production systems in the Brazilian subtropics

. -1
Production Nitrogen supply (kg N ha™)
tems Average
Sys 0 50 100 150
(& 7.2 7.8 8.7 9.3
ICLS 8.7 9.8 10.0 10.2
Average 8.0b 8.8 ab 9.4 ab 9.7 a

Tukey’s test (p<0.05): Lowercase letters compare the nitrogen supply levels in each flooded rice production
system; Uppercase letters compare flooded rice production systems in each nitrogen supply level. Different
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lowercase letters indicate differences among the nitrogen supply levels within each flooded rice production
system; Different uppercase letters indicate differences between flooded rice production systems within each
nitrogen supply level.

Table 4. Flooded rice grain yield per each kg of N, P, and K accumulated in shoot dry matter in the
2015/2016 cropping season, affected by fertilization levels in different production systems in the

Brazilian subtropics

Fertilization level

Production Average
systems No-fertilizer Low Medium High Very high
Nitrogen (kg grain kg N*)

cs 743 58.8 63.5 61.7 77.9 67.3B
ICLS 107.5 91.3 75.5 92.2 84.9 90.3A
Average 90.9 a 75.0ab 69.5b 77.0 ab 81l.4ab

Phosphorus (kg grain kg P'l)
(o 229.2 207.2 248.8 247.2 244.8 23558B
ICLS 286.9 299.3 286.3 306.9 357.5 307.4A
Average 258.1™ 253.3 267.6 277.1 301.2

Potassium (kg grain kg K'l)
cs 36.9 36.8 41.6 44.5 46.2 41.2B
ICLS 51.3 48.0 50.9 59.3 52.8 525A
Average 44.1™ 42.4 46.2 51.9 49.5

Tukey'’s test (p<0.05): Different lowercase letters indicate differences among the fertilization levels within each

flooded rice production system; Different uppercase letters indicate differences between flooded rice
production systems within each fertilization level. The “ns” indicates absence of statistical difference.
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