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Rice yield in Costa Rican
Central Pacific did not improve
with a urease inhibitor
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Urea is widely used as nitrogen (N) source for rice fertilization in Costa Rica,
despite its low efficiency linked to ammonia losses. To assess urea management
alternatives, two field experiments were conducted in the Central Pacific region
of Costa Rica to study the effect of N-(n-butyl) thiophosphoric triamide (NBPT)
on rice yield and N use efficiency (NUE). In Experiment 1 (Expl) three tillage
treatments (commercial-CT-, reduced-RT-, and reduced tillage with previous
subsoiler-RTS-) were evaluated with three N managements: control (without N),
urea at 124 kg N ha™ with and without NBPT. In Experiment 2 (Exp2), a 100 kg N
ha™ rate (with and without NPBT) was evaluated along with a control (without N).
NUE was estimated using **N urea isotopic labeling technique for both trials. In
Expl, a significant difference of 4.8% in NUE for grain was observed among urea
with and without NBPT, but no tillage effect was observed. No statistically
significant differences were observed in yield among the fertilization
treatments (Expl: 3.56 + 0.98 t ha™ for urea and 3.85 + 0.85 t ha™! for urea
with NBPT; Exp2: 3.38 + 0.39 t ha™ for urea and 3.40 + 0.58 t ha™* for urea with
NBPT) or due to different tillage practices (CT: 3.33 + 0.79 tha™®, RT: 3.56 + 0.74 t
ha* and RTS: 4.23 + 0.98 t ha™®). Although the NBPT is a viable option to reduce
ammonia losses, its adoption in tropical conditions might be restricted by the
small impact on yield.
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1 Introduction

Tillage practices and nitrogen (N) management are essential
factors for rice production. Urea is the most used fertilizer
worldwide (Li et al., 2017), although its efficiency is usually low
(Liao et al,, 2015). Decreased N use efficiency (NUE) associated with
the N loss via ammonia (NH;) volatilization, reduces crop
productivity and its subsequent deposition generates an indirect
greenhouse gas effect, eutrophication of water bodies and soil
acidification (de Vries, 2021; Skorupka and Nosalewicz, 2021). In
the tropics, NH; volatilization is enhanced by high humidity and
temperature and low carbon content in the soil (Martins et al., 2017).

Several techniques have been tested to improve NUE, including
the use of urease inhibitors as N-(n-butyl) thiophosphoric triamide
(NBPT), that seeks a slower release of ammonium (NH,"), to reduce
the concentration of NH; near the soil surface (Guardia et al., 2018;
Klimezyk et al., 2021). Retaining N as urea for longer time reduces N
loss as NHj; from the soil-plant system and could potentially provide
the plant with a longer period for uptake, especially under high
application rates (Koci and Nelson, 2016). Soil properties such as pH,
the total exchange capacity, the type and structure of soil, and
moisture content impact N-volatilization from urea and the efficacy
of NBPT (Klimczyk et al., 2021; Soares and Cantarella, 2023).

Although, studies focused on the effect of the NBPT inhibitor
according to soil type have established the potential of NBPT to reduce
up 52% NH; loss (Sanz-Cobena et al.,, 2014; Silva et al,, 2017) its effect
on yields and its cost-benefit ratio have been less predictable. The
utilization of urease inhibitors, including NBPT, showed variable
results in paddy rice. For instance, in two recent meta-analyses,
Linquist et al. (2013) found rice yield increases ranging from 3.5% to
9%, and Cantarella et al. (2018) reported an average yield increment of
7.6%, but with values ranging from nearly -10% to over 50%. Moreover,
the potential benefit of NBPT in rice depends on its degradation rate
affected by soil temperature or pH, presence of coarse-textured soils,
and whether the urea was applied to the soil well before the field was
flooded (Silva et al., 2017; Cantarella et al., 2018).

A few field trials have studied the interactions between slow-
release N fertilizer and tillage practices on NUE and rice yield (Jian-
She et al,, 2011; Cantarella et al., 2018; Liu et al., 2018). No-tillage or
conservation tillage have been pointed out to promote NHj;
volatilization compared with conventional intensive tillage
(Rochette et al.,, 2009; Uddin et al., 2021; Santos et al., 2023).
However, Liu et al. (2018) suggested a combination of no-tillage and
slow-release N fertilizer plus inorganic N fertilizer as a strategy for
mitigating NH; emissions and improving grain yield and NUE in
paddy fields of central China. This is because they did not find
obvious effects on total NHj; volatilization or a significant effect on
grain yield and NUE in a two growing seasons study period under
intensive tillage and no-tillage.

In Costa Rica, rice cultivation spans 35,301 ha across five
geographical regions for the 2021/2022 harvest. The Central
Pacific region, comprising 18% of the planting area, ranks second
in importance. While rainfed rice production covers 57% of the
national planting area, this proportion remains at around 96% in
the Central Pacific region between 2018 and 2022 (CONARROZ,
2023a). Planting in this region typically occurs at the onset of the
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rainy season (usually between April and May), with second
plantings during the dry season being rare due to the absence of
irrigation districts. The average annual yield in the Central Pacific
was 3.85 t/ha from 2018 to 2022 (CONARROZ, 2023a). Rice
cultivation in this region heavily relies on intensive urea
application, predominantly under high temperatures and wet soil
conditions, which may lead to N losses as NH; (CONARROZ,
2023b). However, there is a lack of published research on the impact
of NBPT on NUE and rice yield, as well as its influence under
various tillage practices.

We carried out two field trials with the objective of assessing the
potential of NBPT to improve NUE and rice yield under varying
environmental conditions, including different rice varieties, N rates,
and production seasons (rainy/dry) in Costa Rican rice production,
according to its ability to mitigate ammonia (NHj3) volatilization
from urea fertilization. Secondly, to investigate the interaction
effects of NBPT application and different tillage on NH3
volatilization, NUE, and rice yield to determine optimal
management strategies for rice production in tropical conditions,
and finally, to provide insights into the cost-benefit ratio of NBPT
application in tropical rice production systems, considering factors
such as soil properties, climate conditions, and potential
yield improvements.

2 Materials and methods
2.1 Study sites

Two field trials were carried out in Parrita in the Central Pacific
of Costa Rica, in two farms located 8.2 km from each other. The
area is classified as Tropical Humid Forest (L. Holdridge life zone
system), with an annual average temperature of 28°C (for period
2013-2021), which oscillates from 26°C to 29°C. The annual
accumulated average rainfall ranges from 2000 to 3000 mm per
year with a maximum in October (mean 613.6 mm) and a marked
rainfall reduction during the dry season that peaks in February
(mean 13.6 mm).

The first field trial (La Bandera) was located at CONARROZ’
Experimental Farm in La Bandera, Parrita (9°30°55.02” N, 84°
22°2.56” W). The second experiment (Barbudal) was carried out
in a producer farm located in Barbudal, Parrita (9°30°59.15” N, 84°
17°27.20” W). The soils classified as alluvial Inceptisol, under ustic
climatic regime, are clay loam in texture, characterized by low
organic matter (1.6 and 1.7% in La Bandera and Barbudal
respectively) and medium to high fertility. Other soil
characteristics for both sites, prior to the onset of the experiment,
are shown in Supplementary Table 1.

2.2 Experimental design and
treatments applied
2.2.1 Experiment 1. La Bandera

The experiment was conducted from December 4™, 2019, to
March 25, 2020 during the dry season (Supplementary Figure 1).
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Lazarroz variety was sown in a seed density of 110 kg ha™' under a
wet-dry irrigation system. Fifteen 12 m x 60 m plots were
established under a split plot design of a randomized complete
block, with five repetitions for each treatment combination. Tillage
was assigned to the main plot and fertilizer to the subplot. The
following tillage systems were applied: commercial tillage (CT),
reduced tillage (RT) and reduced tillage with previous subsoiling
(RTS). The CT consisted of two passes with coarse harrow discs in
the top 20-30 cm of soil, followed by one pass with fine harrows at a
depth of 10-20 cm. In contrast, the Reduced Tillage (RT) only
included a single pass with fine harrows at the 10-20 cm depth.
Furthermore, the Reduced Tillage with Subsoiling (RTS) method
included a subsoiler pass at a depth of 30-40 cm, conducted eight
months before the RT application.

Three fertilization treatments (plots 12 m x 20 m) were
randomly applied in main plots (Supplementary Table 2), namely:
control (CKj, without N fertilization), urea (U;, 124 kg N ha™! as
urea) and urea with inhibitor (UI;, 124 kg N ha! as urea coated
with NBPT commercial brand Nitro Xtend).

In the entire experimental area following subsoiling in May
2019, weed seed bank depletion was carried out by mowing weeds
with a brush cutter, supplemented by the application of Paraquat.
This weed seed bank depletion process was repeated after plant
reemergence. Finally, due to weed emergence, primarily broadleaf, a
mixture of 2,4-D and metsulfuron was applied.

Before sowing the crop, an exhaustion of weeds was conducted
using the post-emergent contact herbicide Gramoxone (active
ingredient Paraquat) along with the non-selective systemic herbicide
Roundup (active ingredient Glyphosate-isopropylamine). Following
sowing, the selective rice herbicide Sirius (active ingredient
Pyrazosulfuron ethyl) was applied to control of Cyperaceae and
broadleaf weeds. Based on monitoring, one reseal was applied with
the post-emergent systemic sealant herbicide Sempra (active
ingredient Halosulfuron Methyl).

Soil penetration resistance was measured using a Penetrometer
(Eijkelkamp, model 06.01.SA) at a depth of 5, 10, 15, 20, 25, 30, 35
and 40 cm in 28 sampling points per plot (120 per soil
preparation treatment).

To assess soil available water (SAW) for plants, undisturbed
samples were taken in cylinders of 20 cm?, at 10 cm and 30 cm soil
depth. With 5 replicates per soil preparation treatment, SAW was
estimated as the difference of water content at field capacity
(between 60-330 hPa) and at permanent wilting point (15 000
hPa) in the water retention curve.

2.2.2 Experiment 2. Barbudal

The experiment was conducted from May 6™ to August 19",
2021 during the rainy season (Supplementary Figure 1). The Inta-
Puita variety was sown in a seed density of 120 kg ha™ under a
rainfed rice system. Eighteen 4.5 m x 4.5 m plots prepared with
minimal tillage (only one coarse harrow pass) were delimited in six
complete random blocks. Three fertilization treatments were
randomly distributed in the experimental area (Supplementary
Table 2), namely: control (CK,, without N fertilization), urea (U,
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100 kg N ha! as urea), and urea with inhibitor (Ul,, 100 kg N ha!
as urea coated with NBPT commercial brand Nitro Xtend).

Due to the low weed pressure in this experimental area, only the
non-selective systemic herbicide Roundup (active ingredient
Glyphosate-isopropylamine) was applied. Subsequently, a single
pass of heavy harrowing was performed before planting. The high
seed density used and the precipitation conditions limited weed
growth, eliminating the need for the application of a seal or post-
seal herbicide during crop development. Few weeds that were not
controlled chemically were removed through manual weeding.

2.3 Rice yield estimation

In La Bandera, 15 subplots of 1 m* were harvested per treatment
(U, and UI,) (small size due to the restrictions imposed by the
COVID-19 pandemic), while in Barbudal, six subplots of 8 m* per
treatment (U, and UlI,) were harvested for yield estimation.

In both experiments, the weight of each subplot’s fresh grain
was determined immediately after cutting. Samples were
homogenized and air-dried to determine dry biomass yield. To
determine the moisture content of rice grain, two composite
samples of 2.5 kg of each treatment were collected and analyzed
by the Laboratory of Quality Control in Rice in CONARROZ,
following the INTE-ISO/IEC 17025:2005 and Technical Regulation
of Rice “RTCR 406-2007". Finally, the dry grain was normalized to
13% moisture (percentage of moisture in Costa Rican commercial
grain) to calculate the yield.

2.4 Nitrogen use efficiency

The estimation of NUE was conducted using the "’N urea
isotopic labeling technique (Tubert-Brohman et al,, 2013; Meng
et al., 2020). Microplots of 1 m? were delimited inside the U and UI
plots. Microplots were fertilized with urea and urea impregnated
with NBPT, both enriched with N at 1.9384 atoms in excess.
During harvest, a sample of four plants was cut from the center of
each microplot, separating the biomass from the grain.
Subsequently, the grain and the foliage were dried in room air for
48 h and dried in an oven at 70 °C for 72 h. These samples were
ground in a blade mill (Retsch GM 200). A subsample was taken to
determinate the total N content by the dry combustion method
using a MACRO cube CN vario analyzer (Elementar Analyze
system GmbH, Germany) (Horneck and Miller, 2019). The rest of
each subsample was ground to powder in a pellet mill (Retsch MM
400), then packed in tin capsules and sent to the Stable Isotope
Laboratory, at the University of California, Davis to determine the
"N composition. To determine the dry biomass in each treatment a
subsample of 200 g of foliage were dried at 70 °C by 72 hours.

The amount of N from the fertilizer in the plant (Ng), in grams
(g), was evaluated according to the Equation 1:

Nac « Nay ) (1)

Nap = ( 100
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where, Nsc is the accumulated N or N uptake (g) calculated
using N = (Mp*Cy)/100 where Mp, is the dry matter (g), and Cyis
its content of total N (%), and Ny the N derived from the fertilizer
(%) calculated by Equation 2:

A
Ny = (A N plant > %100 2
N fertilizer

where, Ay is the >N atoms in excess of 0.3663 in the plant or in
the fertilizer.
Finally, NUE (%) was calculated by Equation 3:

Nagp
— 100 3)
Rate of N application

% NUE = (

2.5 NHzs volatilization potential

The effect of NBPT on NH; volatilization was corroborate in
two different phases. In La Bandera, the aim was to capture the
greatest risk of NHj volatilization due to the combination of a
higher application rate with less development of the plant (16 days
after sown- DAS). In Barbudal monitoring in the active tillering
stage was chosen to see the effect of NBPT under conditions of
lower NHj volatilization risk due to the peak of crop development
(31 DAS). Throughout the NH; monitoring periods, average
temperature and wind speed were 26.9 + 3.2 °C, (26.0-29.0 °C),
and 1.68 + 1.1 m s (0.09-5.16 m s*) for dry season respectively,
and for rainy season were 26.1 + 2.7 °C (25.0-26.7 °C), and 1.86 +
0.5m s (0.14-5.20 m s™') respectively.

Measurements of NHj; volatilization potential were determined
by semi-static open chambers made of transparent polyethylene
terephthalate bottles (Aratjo et al., 2009; Jantalia et al., 2012;
Martins et al.,, 2017). One NHj3 chamber was installed in each plot
on the soil surface. Inside each chamber, a foam strip (2.5 cm X
25 ¢cm, 3 mm thick) was presoaked in a solution of 1 mol L™ H,S0,
with 5% (v/v) glycerol and kept moist during sampling periods with
25 mL of the acid solution contained in a plastic jar suspended inside
the chamber. When foam strips were removed, they were transported
inside the plastic jar to the laboratory in a cooler (4-6 °C) box. The
trap volume was adjusted to 50 mL with deionized water and
extracted by shaking for 30 min at 220 revolutions per minute on
an orbital shaker (Martins et al, 2021). A 1.2 mL aliquot of this
solution was diluted to 25 mL, and NH," was analyzed as indophenol
in an alkaline medium by spectrophotometric analysis (Bolleter
et al., 1961).

In La Bandera, traps were installed just after the second N
fertilization (15 DAS) and replaced by new traps on days 1, 3, 5, 8
and 11 after N application. The last trap was removed on day 14. In
Barbudal, the traps were installed just after the third N fertilization
(30 DAS) and replaced by new traps on days 2, 5 and 8 after
fertilization. The last trap was removed on day 11. In both trials, one
NH; chamber was installed per plot of the CK, U, and UI
treatments; however due to an issue with N fertilization in the
block 1 of the split plot design of a randomized complete block,
NH; volatilization was followed only in four repetitions in La
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Bandera. The purpose of installing and replacing the traps was to
prevent saturation, particularly during the initial sampling days
when emissions are higher. This precautionary measure aimed to
maintain optimal trapping efficiency and prevent a decline in the
percentage of NH; captured throughout the sampling period.

For comparing volatilization between treatments, partial
cumulative NHj volatilization potential (Ecnps, g ha™) was
calculated by Equation 4 following the procedure stated by
Jantalia et al. (2012).

my; * CF 1

FES T @

Ecnns = >

where my; (mg N) is the i value of N captured from one plot by
each period of sampling, CF is the conversion factor for converting
N present in trap into volatilized N equal to 1.74 (Jantalia et al.,
2012), A is the area covered by the chamber (m?), and 107 is a
factor to express in kg ha™' the result.

2.6 Statistical analysis

Normality and homogeneity of variances were assessed with
Shapiro-Wilk and the Levene test, respectively. The outliers were
identified and corrected with the Cook’s distance method. Data
analysis in La Bandera was assessed using a two-way ANOVA, and
the means comparison between treatments was evaluated by Least
Significant Difference (LSD Fisher) by the split plot design. In
Barbudal data was evaluated by one-way ANOVA, and the means
comparison treatments were performed by Tukey’s Honest
significance difference. Statistical significance differences between
treatments were considered at p values less than 0.05. The software
Rstudio 4.2.3 was used for statistical data analysis.

3 Results
3.1 Rice yield and soil physical properties

The rice yield in La Bandera and Barbudal trials did not present
statistical differences at p< 0.05 between fertilization treatments
(Figure 1). In La Bandera, tillage treatments factor CT (3.33 £ 0.79 t
ha™), RT (3.56 + 0.74 t ha') and RTS (4.23 + 0.98 t ha') or the
combined effect of tillage and N-fertilization treatments did not
show differences in yield (Supplementary Figure 2A).

Soil compaction was evident in the CT and RT tillage
treatments in La Bandera, showing values near to 1 MPa in
the top 10-15 cm, and values above 1.66 to 1.72 MPa at a depth
of 20-30 cm (Figure 2A) where the deep roots of rice
are developed.

Soil available water in the top 10 cm in La Bandera ranged from
7% to 22% and at 30 cm from 6% to 27%, with a high variability
among repetitions of the same treatment what precluded the
detection of significant differences among tillage treatments.
However, there was a clear tendency towards higher values in the
RT treatment particularly at 30 cm depth (Figure 2B).
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FIGURE 1

Rice yield at 13% humidity and nitrogen use efficiency (NUE) for two field trials in Parrita, Costa Rica: (A) La Bandera: Var. Lazarroz with 120 kg N ha™

1

applied as urea (U;) and urea with NBPT (Ul 1) (n=15) (B) Barbudal: Var. Inta-Puita produced with 100 kg N ha™ applied as urea (U,) and urea with
NBPT (Ul ,), (n=6). Error bars indicate standard error. In both experiments, the rice yield was not significantly different according to LSD Fisher test
(p > 0.05). The grain bars in panel (A) identified with different letters are significantly different according to LSD Fisher test at p< 0.05 (Giraldo-

Sanclemente, 2024)

3.2 Nitrogen use efficiency

In the split plot field trial in La Bandera, the treatment UI,;
increase significantly the NUE grain percentage in 4.8% at p = 0.029
in comparison with Uj, but not for foliage (Figure 1A). Regarding
the ANOVA analysis, no significant differences were observed with
different tillage management in NUE (p = 0.64) (Supplementary
Figure 2B) or in the interaction between tillage and fertilization
treatments (p = 0.068).

In Barbudal, grain and foliage did not present NUE percentage
statistical differences between Ul, and U, (Figure 1B).

Frontiers in Agronomy

3.3 Potential volatilization of NHz

In contrast to the controls, the NH; potential volatilization
increased after the urea application with or without NBPT, where
volumetric soil water content higher than 25% favored urea
hydrolysis. The NH; potential volatilization remained consistently
higher in the urea treatments (Figure 3A), and maintained similar
emission intervals, with the rates of NH; volatilization reaching the
baseline level by day 12 after N-fertilization.

The highest NH; volatilization rates occurred within 3-5 days
and 0-2 days after N fertilization in La Bandera and Barbudal,
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standard error (n=5). La Bandera, Parrita, Costa Rica

respectively (Figure 3A). In La Bandera, the use of NBPT delayed
the loss of NH3. The maximum NHj volatilization rate was reached
in the case of U, between days 3 and 5, while UL, showed the highest
emission on day 8, and the loss of 50% of the total NH; was reached
after up to 4.4 and 6.0 days, respectively (See Supplementary
Figure 3). On the other hand, although U, and UI, presented
differences in the maximum potential volatilization rate of around
40%, both reached their peak on the second day after N application,
which may have been observed in this way due to the lower
sampling frequency in Barbudal.

The partial cumulative NH; emissions showed differences
between U and UI treatments in both experiments (Table 1).
Although, there were no significant statistical differences between
the tillage treatments, and there was no interaction between
fertilization and tillage treatments in La Bandera, most of the
time the RT-NH; emissions were higher than in RTS and CT
treatments (Figure 3B). Which can be related to the higher available
soil water in the RT treatment (Figure 2B).

4 Discussion

4.1 Rice yield

The rice yield obtained in La Bandera and Barbudal (Figure 1)
was similar to the average yield reported for the region Parrita
(2019: 4.13 t ha* and 2021: 3.77 t ha™!) (CONARROZ, 2023a).

This research did not show any yield benefits when using urea
coated with NBPT instead of urea alone, which is consistent with
results reported by Rector et al. (2018) in flooded rice. However, the
no effect of NBPT on vyield contrasts with the average yield gain of
5.3% and 5.7% reported for soils with different pH and organic
carbon content regardless of the N rate applied (Linquist et al., 2013;
Silva et al., 2017). The effectiveness of NBPT in tropical soils may be
reduced by factors such as pH, temperature, texture, and cation
exchange capacity (Soares and Cantarella, 2023). Firstly, the pH
levels of the soils in La Bandera and Barbudal (Supplementary
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Table 1) could explain the ineffectiveness of NBPT in improving
crop yield; as these more acid pH levels do not favor the acid-base
balance shift towards NH;- formation compared to soils with a pH
> 8, that are more represented in meta-analysis studies on the
effectiveness of urease inhibitors like NBPT (Linquist et al., 2013;
Matczuk and Siczek, 2021). Furthermore, pH modulates the
stability and persistence of NBPT (less than a week at pH 5.5-
6.4), with the degradation of NBPT being two to four times greater
in acidic soils than in neutral or alkaline soils (Lasisi and Akinremi,
2022; Soares and Cantarella, 2023).

Secondly, the lower stability of NBPT at the high temperatures
of tropical conditions, where degradation has been reported to
begin just two or four days after application contrasts with the
stability of the inhibitor in temperate climates (Soares and
Cantarella, 2023). Finally, the clayloam texture and a high
effective cation exchange capacity (Supplementary Table 1) might
be key factors to fix NH,4" to the exchangeable cation specific sites in
the clay and reduce faster volatilization of NHj; in both
experimental field trials (Abalos et al, 2014; Silva et al, 2017;
Gotze et al., 2023).

In La Bandera, the tillage treatments did not result in significant
differences in yield. This discrepancy to previous reports in
literature of increased yield (Wang et al, 2020b), associated to
improvement in soil physical properties (structure, aeration, water
retention) with subsoiling (Giirsoy, 2021), might be due to the fact
that there was no water stress, an aspect that has been mentioned as
a key factor for yield increment with subsoiling (Sun et al., 2018).

4.2 Nitrogen use efficiency

The limited increase in NUE in La Bandera’s grain, achieved by
using urea with NBPT compared to urea alone, was insufficient to
impact crop yield, and contrasts with the reported 12% NUE
increments (Linquist et al., 2013). As previously mentioned, the
lower effectiveness of NBPT could be attributed to the high
temperature and acid nature of the soils in the experimental areas
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Potential NHs volatilization rate (mg NHz-N m™ h™) for control (CK), urea (U) and urea with NBPT (Ul) in two rice crops in Parrita, Costa Rica. In La
Bandera: Wet/dry irrigated rice crop with Lazarroz variety and 42 kg N ha™* applied 15 d after sowing (n=12). In Barbudal: Rainfed rice crop with Inta-

Puita variety and 30 kg N ha™

applied 30 d after sowing (n=6). (A) NHs potential volatilization for control (CK), urea (U) and urea with NBPT (UI).

(B) NH3 potential volatilization showing the interaction of N-fertilizer [urea (U;) and urea plus NBPT (Uly)] and tillage treatments [commercial tillage
(CT), reduced tillage (RT) and reduced tillage with previous subsoiler (RTS)]. The error bars indicate standard error. Different letters indicate significant
differences between means (p< 0.05) according to Tukey's test (Giraldo-Sanclemente, 2024).

as the most significant benefits of the inhibitor in rice have been
observed in temperate soils with a pH > 7.5 (Abalos et al.,, 2014;
Meng et al.,, 2020; Soares and Cantarella, 2023).

The increase in NUE in grain during the dry season observed in
La Bandera is attributed to the reduction under favorable conditions
of NH;3-N volatilization (Santos et al., 2023), and the translocation
of N from foliage to grain. It is well-documented that enhancing the
N utilization in stages preceding floral differentiation in rice
contributes to approximately 50% of the final grain content
(Wang et al., 2022). In the case of experiment in Barbudal
conducted during the rainy season, C/N ratio of less than 7.5
suggests that N is readily available to the rice, and accordingly,
most N is likely taken up from the soil, rather than from fertilizer.
Therefore, the N saved by NBPT may serve as a complement that
does not translate into NUE increases (Cantarella et al., 2018).

Tillage treatments did not affect NUE even though it is
recognized that the removal of a compact soil layer could
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promote root development and subsequently enhance plant N
uptake (Jug et al., 2019). What might be linked to soil disturbance
promoting N mineralization rate and favoring N absorption from
soil instead of from the fertilizer (Govindasamy et al., 2023).

4.3 Potential volatilization of NHz

The observed delay in the maximum rate of NH; volatilization
(Figure 3A) in Ul; compared to Uy, as well as the decrease in the
potential loss of NH; -N with the application of NBPT in both La
Bandera and Barbudal farms were due to the recognized delay in urea
hydrolysis caused by NBPT (Wang et al, 2020a). This led to the
dilution of the urea into the soil, limiting the availability of the NH,"
and hence its loss by volatilization (Silva et al., 2017; Uddin et al.,
2021). Ammonia volatilization from the N-fertilized plots (U, and
Ul,), independently of the tillage treatment, maintained similar

frontiersin.org


https://doi.org/10.3389/fagro.2024.1394143
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Pérez-Castillo et al.

TABLE 1 Partial cumulative volatilization of NHz-N (mean + standard
deviation) after broadcast fertilization for one split only, in La Bandera
and Barbudal, Parrita, Costa Rica.

N accumulated
volatilization
(mg NH3-N m™3)

Treatment

Conditions

CK; 71 + 13¢**
La Bandera - Dry season

(42 kg N applied 15 Ul 179 + 49b**
DAS®) (n=12)
U, 316 + 84a**
CK, 26 + 7ct
Barbudal - Rainy season
(30 kg N applied 30 UL, 119 + 34b*
DAS) (n=5)

U, 191 + 71a*

The values identified with different letters are significantly different at p< 0.05* and p< 0.01**.
“Days after sown.

Monitoring extended for 14 days in La Bandera and 11 days in Barbudal for the treatments
control (CK), urea application (U), and urea plus NBPT (UI) (Giraldo-Sanclemente, 2024).

emission intervals (Figure 3B) due to the short period of effective
urease inhibition of NBPT under high temperatures and
slightly acidic soils (Cantarella et al, 2018), which aligns with
NBPT half-life in non-sterilized soil of only 0.59 d at pH 6.1
reported by Engel et al. (2015).

The difference in the timing of the highest NH; emission rate
after urea application between La Bandera and Barbudal trials
(Figure 3A) was associated with the lower soil water content in La
Bandera, as this factor affects urease activity and thus the hydrolysis
rate of the applied urea (Tian et al., 2015; Cantarella et al., 2018). As a
result, the potential NH; losses increased substantially in La Bandera
until day three when irrigation was applied, increasing the soil water
content, and promoting urea hydrolysis. Otherwise, in Barbudal, the
maximum rate of NH; losses from urea fertilizer occurred within
the first three days after broadcast application, which is consistent
with Uddin et al. (2021).

Is worth noticing that the differences observed in NH;
emissions in la Bandera, where emissions were higher in RT than
in the CT or the RTS. This condition could be caused by several
factors, first an increment in available water (RT reaching up to 5%
higher than the CT, Figure 2B) as indicate by Alvarez and Steinbach
(2009), that could provide better conditions for urea hydrolysis
before and after irrigation. Second, an increase in soil urease activity
resulting from the presence of vegetation from crop residues, which
leads to a higher concentration of NH,". Third, the presence of crop
residues can prevent soil contact and reduce NH," adsorption.
Finally, it is possible that the reduced penetration of N fertilizer
applied to RT plots contributed to this condition, as these plots
showed fewer shallow soil cracks, particularly when compared to
RTS plots (Rochette et al., 2009; Uddin et al., 2021).

4.4 Refining data interpretation
As it is already accepted, the urease inhibitor NBPT application
reduces N losses through NHj volatilization. However, as it was

mentioned in the previous sections, it was not a viable alternative
for significantly increasing grain yield or NUE in our experimental
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conditions. The effectiveness of the urease inhibitor depends on
environmental factors such as rainfall, temperature, and soil
properties (like pH, and ECEC), as when urea diffuses and
hydrolyses, the NH," originated may undergo sorption to clays in
the soil matrix, while NH; can interact with soil acidity (Cantarella
et al., 2018; Matczuk and Siczek, 2021).

Further research is necessary to determine the conditions that
justify the application of NBPT from an economic point of view.

Exploring the use of urease inhibitors in conjunction with split
or reduced rates of N application, as well as implementing proper
soil management practices, could be crucial in reducing
management costs and improving rice yields in tropical soils.
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