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In no-tillage rotation systems, the recovery of nitrogen (N) fertilizer in the soil-plant system is affected by soil
fertility and biological changes caused by the surface application of lime (L) and phosphogypsum (PG). Here we
assessed the effect of surface-applied L and/or PG on the fate of °N-labeled fertilizer, soil chemical properties,
microbial gene copy number (16 S rRNA of prokaryotes and genes of N cycle) and grain yield of maize (Zea mays
L. intercropped with ruzigrass) in rotation with soybean [Glycine max (L.) Merrill] during two growing seasons.
We found that applying L improved soil fertility, particularly when combined with PG (LPG treatment), resulting
in higher grain yield. Moreover, compared with the control, the recovery of °N-labeled ammonium sulfate
[(1°NH4)2S04] increased in maize and ruzigrass dry matter but decreased in soybean grown on the residue of the
first growing season in two treatments (L and LPG). The losses of 1°N-labeled fertilizer were highest in the control
and PG treatments. A large amount of '°N-labeled fertilizer was found in the deep layers of PG-amended soil,
indicating leaching of fertilizer-derived '°N. Conversely, the analysis of soil microbial N cycle genes revealed that
the abundances of denitrifiers were highest in the control (no correctives applied), suggesting that the N fertilizer
remaining in the soil increased denitrification rates. Surface application of a combination of L and PG is clearly a
feasible strategy for increasing soil fertility, 1°N recovery from fertilizer, and grain yield while reducing envi-
ronmental pollution associated with nitrification and denitrification.

1. Introduction

Soil acidity limits tropical agricultural production (Holland et al.,
2018). This acidification is the result of natural processes (e.g., weath-
ering of source material and nutrient cycling) and anthropogenic ac-
tivities, including inappropriate agricultural management practices
(Fageria and Nascente, 2014). Low soil pH causes a chain of negative
effects on soil biogeochemistry (Holland et al., 2018). These detrimental
effects can impair root deepening, nutrient and water uptake, and
consequent lower yields (Bossolani et al., 2021a). For hundreds of years,
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dolomitic lime (CaCO3 + MgCOs3) has been applied to ameliorate soil
acidity (Li et al., 2019). Lime application increases soil pH and base
saturation, thereby increasing soil fertility and complexing exchange-
able aluminum (Al3+), which is toxic to plants (Crusciol et al., 2019).
The common practice is lime application as incorporated material by
plowing and harrowing in the conventional tillage (Santos et al., 2018).
However, in systems under no-tillage, no incorporation is the main
practice when lime is applied on the soil surface. Action of this product
becomes restrict to the small soil layer around the lime particles them-
selves (Soratto and Crusciol, 2008), limiting its effectiveness in
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correcting acidity to the topsoil (Bossolani et al., 2022b; Costa et al.,
2018). Subsoil effects of liming can occur but depend on the soil texture,
lime rate, application over time, and no-till system management (Bos-
solani et al., 2020b; Carmeis Filho et al., 2017a; Soratto and Crusciol,
2008). An emerging strategy to increase the efficiency of surface liming
is to combine lime with phosphogypsum (Bossolani et al., 2022a,b,
2021a,b,c; Soratto and Crusciol, 2008). Phosphogypsum from phos-
phoric acid industry is a primarily composed residue of calcium sulfate
(CaSO4-2 Hy0) and characterized by approximately 200 times more
soluble than lime (Zoca and Penn, 2017). Calcium (Ca®*") and sulfate
(SO3-S) are products released by phosphogypsum dissociation in the
soil (Caires and Guimaraes, 2018). Sulfate binds AlI**, making it un-
available for plant uptake and favoring root deepening. The decompo-
sition of these deeper roots creates biopores that increase lime mobility
throughout the soil layers (Tiritan et al., 2016). Thus, phosphogypsum
complements lime with both important actions in the soil profile (Bos-
solani et al., 2021a). Additionally to improving soil chemical properties,
the combination of lime and phosphogypsum strongly benefits physical
an biological proprieties such as soil structure (Carmeis Filho et al.,
2017b), composition and function of microbial communities (Bossolani
et al., 2021b, 2020a). Lime and phosphogypsum can also alter the effi-
ciency of N fertilization since soil amendments affect microbially
mediated N reactions and N dynamics in the interactions of soil-plant
system (Shi et al., 2017). The rise in soil pH following liming also has
cascading reaches reaction of N cycle (J. Liu et al., 2018; X.Y. Liu et al.,
2018).

The reaction of ammonium-based fertilizers can lead to soil acidifi-
cation as a result of nitrification (Yang et al., 2021). An way to neutralize
acidifying effect of the ammonium-based fertilizers is the lime and
phosphogypsum applications, stimulate nitrification in acidic soils and
improve N fertilizer uptake by crops (Garbuio et al., 2011). To mitigate
N losses by leaching, volatilization and N,O emission from the agricul-
tural system, N recovery by plants should be maximized. Applying lime
and phosphogypsum enhances root growth in deeper layers where
fertilizer-derived N can be vertically displaced (Weligama et al., 2010).
After harvest, the crop residues become a temporary N pool that can be
accessed by subsequent crops through residue decomposition and
mineralization, thus decreasing N fertilizer losses (Yang et al., 2021).

Research on the dynamics of N in tropical agricultural systems,
especially those based on crop rotation of grasses and legumes, is in the
early stages. Moreover, N supplied to maize intercropped with forage
grass has an unclear recovery of residual N fertilizer by soybean [Glycine
max (L.) Merrill], especially when soil amendments are associated with
N fertilizers. Here we hypothesized that crops (maize + ruzigrass in
rotation with soybean) recover more °N-labeled fertilizer when estab-
lished in soils broadcast with lime and phosphogypsum than when
established in acidic soils, as the former results in less N loss to the
environment. Over the course of 18 years conducting this experiment,
this study is the first demonstrating the improvement of N fertilizer re-
covery (based on 15N labeled fertilizer) by the innovative combination of
lime and phosphogypsum. Moreover, it highlights the significant role
played by soil fertility and microorganisms in shaping these dynamic
processes. To test this hypothesis, we examined the effects of the surface
application of lime alone or in combination with phosphogypsum in a
maize (intercropped with ruzigrass)-soybean rotation system on (i) soil
fertility, (ii) crop biomass and grain yield, (iii) 1°N recovery in the entire
system (soil and plant), and (iv) the microorganism in N cycle genes.

2. Material and methods
2.1. Site location and description

The study of 18-years field experiment is registered by the Global
Long Term Agricultural Experiments Network (GLTEN), Rothamsted

Research, UK; https://www.glten.org/experiments/62] established in
Botucatu, southern of Sao Paulo State, Brazil (22°83'3' S, 4°42'64' W,

European Journal of Agronomy 149 (2023) 126907

765 m a.s.l.). In this long-term experiment, lime (L) and/or phospho-
gypsum (PG) were surface applied in an agricultural system with crop
rotation under no-tillage. The climate in this region is classified as
mesothermic (Cwa) and humid subtropical, with dry winters, and hot
and wet summers according to the Koppen—Geiger climate classification
system. Climatic data during the experimental period are illustrated in
Fig. 1A. The soil is a sandy clay loam kaolinitic thermic Typic Hap-
lorthox (Soil Survey Staff, 2014). Prior to the establishment of the study
in 2002, the initial soil properties were determined at a depth of 0-20
cm according to van Raij et al. (2001) (Table S1). Detailed description of
this study are found in Bossolani et al. (2022a).

2.2. Experimental design and crop management

The field study has been managed with a randomized complete block
design composed by four treatments and four replicates tested since
2002. Plot sizes were 57 m> (9.0 x 6.3 m). The treatments tested were
(i) no soil amendments applied, as a control treatment; (ii) application of
phosphogypsum (PG); (iii) application of lime (L); and (iv) application of
L + PG (LPG).

The experimental field received treatment reapplications in four
years (2002, 2004, 2010, and 2016) during the 18 years of agricultural
cultivation. Reapplications cropped up based on the results of annual
base saturation (BS) determinations recommended by van Raij et al.
(1997). These recommendations consider BS and cation exchange ca-
pacity (CEC) values and were used. From 2002-2010, the calculation
was based on the results obtained in the 0-20 cm soil layer. However,
the calculation for the last reapplication considered the 0-40 cm soil
layer. This change was adopted because Carmeis Filho et al. (2017a)
showed that a lime dose considering the 0-20 cm layer underestimates
the ideal dose of lime in the same field experiment for intensive tropical
agricultural systems. The revised calculation resulted in 13 Mg ha™ of
lime to increase the BS to 70 %. When liming occurred, phosphogypsum
was also reapplied. For the first three applications of phosphogypsum,
the dose was calculated by multiplying the clay content in the 20-40 cm
depth by 6 as a factor, which resulted in a dose of 2.1 Mg ha™! (van Raij
et al., 1997). Posteriorly, a new method was suggested for calculating
the phosphogypsum dose established by enhancing the saturation of
Ca%*in the effective CEC (ECEC) to 60 % in the 20-40 cm depth (Caires
and Guimaraes, 2018). Thus, the new dose applied was10 Mg ha™! of
phosphogypsum in 2016.

This study investigates the direct residual effects of soil amendments
application in the third year after the last L and or PG reapplication in
2016, and the indirect effects of the first applications (2002, 2004 and
2010) and the long-term cultivation of crops performed since 2002. The
cropping history from 2002 to 2020 and the details of the previous
treatment applications are given in Table S2.

2.3. Crop management

The chronological details of the crop management events are illus-
trated in Fig. 1A and B. Maize (hybrid P3707VYH, DuPont Pioneer, Rio
Grande do Sul, Brazil) was planted in March 2019. The grain crop was
intercropped (same row) with ruzigrass (Urochloa ruziziensis cv.
Comum)]. For ruzigrass, was used a seed density of 10 kg ha™'. Each plot
received 42.8 kg P ha! and 46.5 kg K ha™! at planting time. Nitrogen
fertilizer was carried out in two applications, with 28 kg N ha™ at
seeding and sidedressed 100 kg N ha™! at phenological stage Vs of maize
(Ritchie et al., 1993). Maize harvest occurred in July 2019, and the
maize stover fractions (stalk, leaves, sheaths, tassel, core cob, and straw
cob) was left in the soil surface. After the maize harvest, the ruzigrass
continued growing until October 2019, when it was chemically termi-
nated using glyphosate (2.5 kg ha™! a.i.). In November 2019, soybean
(cultivar TMG 7062 IPRO, TMG — Tropical Melhoramento & Genética,
Parana, Brazil) was sown over the ruzigrass residue. At planting time of
soybean, initial fertilization was performed with 26.2kg P ha™! and
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Fig. 1. Weather conditions (A), main activities during the experimental period (A and B), and schematic representation of the plot, 1°N-labeled fertilizer microplot,
as well as the sampling protocol (C). The average (1956-2022) annual precipitation is ~1360 mm, and the mean annual air temperature range is 15.3-26.1 °C.
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49.8 kg K ha! and seed was inoculated with Bradyrhizobium sp. The
soybean was harvested in March 2020.

2.4. °N microplot establishment

Unconfined microplots (1.8 x 1.2 m) were set up in each treatment
during the maize + ruzigrass season (Fig. 1C). All crop management
occurred in the main plots were also used in the microplots. Maize
microplots consisted of four rows plants, with five plants per row (~4.2
plants m™). ®N-labeled ammonium sulfate [(15NH4)ZSO4] fertilizer
enriched at 6.31 atom % '°N excess (Sigma-Aldrich Inc., St. Louis, MO,
USA) was side-dressed (100 kg N ha') when maize plants reached the
Vs phenological stage, as occurred for the main plots. The microplots
received only '°N-labeled fertilizer, whereas the main plot received
unlabeled ammonium sulfate. The maize stover was returned to the
microplot after lab processing to ensure the cycling of the !°N present in
the plant residues. After maize harvesting, the microplot remained
marked to evaluate the recovery of residual fertilizer labeled with °N by
soybean in crop rotation.

2.5. 1°N-labeled material sampling and isotopic analyses

At penological stage Rg (maize physiological maturity), six plants
from central part of each microplot were cut to ground level. Maize
plants were separated into vegetative fractions (stalk, leaves, sheaths,
tassel, core cob, and straw cob) and grains. All vegetative fractions from
each microplot were mixed (herein defined as stover), chopped with a
forage grinder, and oven-dried at 60 °C to obtain the dry weight. The dry
weight of the grain fraction was obtained after a similar procedure. The
subsamples of dried stover and grains were ground in a Wiley mill (0.50-
mm sieve). The remaining stover was returned to the microplots.

The ruzigrass biomass was sampled in October 2019 before chemical
desiccation. In each microplot, an area of 0.25 m? was collected (at
ground level). The ruzigrass biomass samples were oven-dried, and a
subsample of the dry material was ground in a Wiley mill. The remaining
biomass was returned to the microplots. For soybean, at the beginning of
physiological maturity [R; phenological stage; (Fehr and Caviness,
1977); March 2020], before leaf senescence, six plants were sampled
and separated into vegetative fractions [stem, leaves (including petiole),
and pods] and grains. All vegetative fractions were pooled and termed
soybean stover. The same drying and grinding procedures described for
maize were carried out. Plants from each main plot (maize stover and
grains, ruzigrass, and soybean stover and grains) were also subjected to
the same procedure to assess the natural >N abundance. All milled plant
tissue was used to measure the total N concentration and °N.

Soil was sampled at seven depths (0-5, 5-10, 10-20, 20-40, 40-60,
60-80, and 80-100 cm) using a core sampler. Six soil samples were
collected per microplot and combined into one sample per depth per
microplot. Three sample points were located in the maize rows that
received '°N-labeled fertilizer, and the three other points were collected
between the maize rows. The soil samples were oven-dried, ground in a
ball mill, and homogenized through a 100-mesh sieve (0.15-mm sieve).
These soil samples were used to measure the total N concentration and
I5N. The natural >N abundance in the soil was also measured. To esti-
mate the soil N accumulation for each soil depth and treatment, volu-
metric ring method was used to evaluate the soil bulk density during the
ruzigrass season (Blake and Hartge, 1986). Total N concentration and
15N abundance from soil and all plant tissue (maize, ruzigrass, and
soybean) were analyzed using an automatic elemental analyzer (Flash
EA, Thermo Scientific, Germany) interfaced with an isotope ratio mass
spectrometer (CF-IRMS, Delta V, Thermo Scientific, Germany).

2.6. '°N calculations

A number of variables were calculated to determine '°N recovery,
including N derived from fertilizer (Ndff), maize + ruzigrass and
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soybean '°N recovery, soil °N retention in each soil layer and across all
soil depths (down to 100 cm), and unrecovered I5N in the soil-plant
system. In these calculations, maize + ruzigrass was considered the first
season, while soybean was the second season. '°N recovery was deter-
mined according to the following equations:

Ndff  (kgha™") = (x/y ) x IN (€))

15N recovery (%) = (Ndff /NFR) x 100 )

I5N unrecoveredrs (%) =100— 15N recoverypg 3)

I5Nremaining(%) = 1SN recoverypg— 15N recovery, i  grain

4

I5N unrecoveredss (%) = 15N remaining— 15N recoverygs

)

where Ndff represents the amount of N derived from fertilizer; x and y
represents the 15N abundance (atom % 15N excess) in the crops (maize/
ruzigrass/soybean) and their respective fractions (stover and grain) or
soil, and in the fertilizer, respectively (a natural abundance of 0.368
atom % '°N was considered in the calculations); TN represents the N
accumulated in the plant fractions or in the soil (kg ha'l); S recovery
represents the recovery of the labeled °N fertilizer; NFR represents the
dose (kg ha™) of the N fertilizer applied; °N unrecoveredzs and °N
unrecoveredgs represents the percentages of potential losses of N fertilizer
(*>N unaccounted) after maize + ruzigrass (\°N fertilizer applied during
maize + ruzigrass season) and after soybean (15N fertilizer residual in
the second season); 2°N recoverygs represents the percentage of the total
N recovery, considering the sum of maize stover and grain, ruzigrass,
and soil in the maize + ruzigrass crop season; '°N remaining represents
the amount of '°N available in the system before soybean was grown;
BN TeCOVerymaize grain T€presents the amount of 15N exported in maize
grains; 1°N recoveryss represents the percentage of the total N recovery,
considering the sum of soybean stover, grains and soil.

2.7. Soil sampling and chemical analyses

To measure soil fertility status, composite soil samples (n = 8) were
taken from the 0-5, 5-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm
layers of each plot. The sampling procedure was carried out in October
2019, before ruzigrass desiccation (3 years after the last application of L
and PG and 17 years after the beginning of the study). The soil was air-
dried, homogenized and ground (2-mm sieve) for chemical analysis. Soil
pH, SOC, exchangeable AI>*, Ca®" and Mg?" and SO%—S were analyzed
according to van Raij et al. (2001).

2.8. Soil sampling, DNA extraction and qPCR analyses

Soil was sampled from the 0-10 cm layer for microbiological anal-
ysis after the maize and soybean harvests. Bulk soil samples (i.e., six
individual samples to compose one sample) were collected between
rows at maize and soybean R; stages. A sample with 0.25 g of soil was
used to determine the total DNA [DNeasy Power Lyzer Power Soil DNA
Isolation Kit (Qiagen, Hilden, Germany)]. The DNA extraction proced-
ure was carried out following the manufacturer’s instructions. The
NanoDrop 1000 spectrophotometer equipment (Thermo Scientific,
Wilmington, DE, USA) was used to assess the soil DNA quality and
concentration. After DNA extraction, the samples were stored at — 20 °C
for further analysis.

The abundances of 16S rRNA gene (total bacteria and archaea), ni-
trifiers (AmoA-AOB, ammonia monooxygenase gene of bacteria; AmoA-
AOA, ammonia monooxygenase gene of archaea), and denitrifiers (nirk,
nitrite reductase gene; nosZ, nitrous oxide reductase gene) were assessed
by qPCR (StepOnePlus Real-Time PCR System; Applied Biosystems,
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Foster City, CA). A 10-fold serial dilution (108 to 10%) was used to create
the standard curves based on target gene (previously amplified by PCR).
The reaction conditions for each gene amplification are shown in
Table S3. All analyses were performed in triplicate and obtained gene
abundance calculated as number of DNA copies per g of fresh soil.

2.9. Dataset and statistical analysis

All dataset were tested for normality by using Anderson-Darling test
and homoscedasticity through Levene’s test. When significant, means
were analyzed using Fisher’s protected least significant difference (LSD)
test, at p < 0.05. Redundancy analysis (RDA) was used to verify the
correlations between soil fertility and >N recovery, between soil
fertility and N cycle genes, and between N cycle genes and °N recovery
by maize and soybean. RDA triplots were generated using Canoco
(version 4.5, Biometrics, Wageningen, Netherlands). Monte Carlo per-
mutation test (999 random permutations) was performed to verify the
significance of soil fertility, 1°N recovery, and N cycle gene responses.
One-way PERMANOVA (permutational multivariate analysis of vari-
ance) was performed to group treatments by similarity.

3. Results
3.1. Soil profile fertility

Contrasting levels of soil fertility were observed three years after the
last soil amendment reapplication (Table 1). Soil acidity was reduced
across the entire soil profile in both L and LPG compared with the
control and PG. As expected, PG did not efficiently alter soil pH
compared with the control. SOC content was higher in LPG than in L and
in PG than in the control at depths < 20 cm. At all depths, Ca-based
amendments of soil (PG, L, and LPG) increased the Ca?' concentration
compared with the control, following the trend: LPG > L > PG. L and
LPG also increased the Mg>" concentration throughout the soil profile,
but at depths > 40 cm, the Mg?" concentration was higher in LPG than
in L. L and LPG were equally efficient in reducing the AI** concentration
in the soil profile, especially in the surface layers (i.e., < 40 cm). PG also
reduced the AI3* concentration compared with the control but to a lesser
extent than L and LPG. The most notable effect of PG was an increase in
the concentration of SO%‘—S, but the concentration of SO?(—S was
highest in LPG across the soil profile. The SO3™-S concentration did not
differ between L and PG at depths < 10 cm but was higher in PG in
subjacent layers.

3.2. Aboveground dry matter yield

On average, in the first growing season, maize aboveground (shoot)
dry matter (stover + grain) production was 71 % higher in L and LPG
than in the control and PG (Fig. 2A). Ruzigrass biomass followed the
same pattern. In the second growing season, soybean aboveground dry
matter production was, on average, 16 %, 70 %, and 108 % higher in
LPG than in L, PG, and the control, respectively (Fig. 2B; Table S4).

3.3. 15N recovery in the soil-plant system

5N recovery in maize fractions (stover and grain) and ruzigrass was
higher in L and LPG (Fig. 3 A; Table $5). !N recovery did not differ
between L and LPG and was ~48 % higher than in the control and PG. By
contrast, °N recovery in maize grain and ruzigrass biomass was highest
in LPG. In general, ~75 % of the '°N fertilizer found in maize shoots was
exported by the grain. LPG increased grain °N recovery by 232 %, 150
%, and 16 % compared with the control, PG, and L, respectively. A
similar trend was observed in ruzigrass: 15N recovery was 55 %, 37 %,
and 13 % higher in LPG than in the control, PG, and L, respectively. Soil
retention (down to 100 cm) of °N fertilizer was highest in PG
(23 kg ha™), followed by L (19 kg ha™), the control (16 kg ha™), and
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Table 1

Soil fertility in response to soil amendments [control (no soil amendments
applied), phosphogypsum (PG), lime (L), and lime + phosphogypsum (LPG)] at
seven stratified soil layers up to 100 cm depth.

Soil Sat pH SOC Ca?* Mgt APt S03-S
depth
(cm) (CaCl) (g (mmol. kg™ (mg
kg™ —_— kg™
0-5 Control 4.08 b 15.9¢ 11.0 8.61 4.45 9.4c
d b a
PG 4.32b 17.1b 45.0c 10.4 2.32 236b
b b
L 6.00 a 17.8 61.7 25.7 0.16c 21.2b
ab b a
LPG 6.08 a 18.3a 78.5 26.6 0.06¢ 32.4a
a a
5-10 Control 3.68b 14.3c 9.90 7.75 6.68 8.45¢
d b a
PG 3.89b 15.4b 40.5¢ 9.35 3.47 21.3b
b b
L 5.40 a 16.0 55.5 23.1 0.24c¢ 19.0 b
ab b a
LPG 5.48 a 16.5a 70.6 23.9 0.08¢ 29.2a
a a
10-20 Control 4.01b 11.9d 9.11 5.00 14.9 12.1d
d b a
PG 411b 13.1c 19.0c 6.04 13.0 326 b
b b
L 5.01 a 14.4b 35.0 16.2 1.06¢ 25.6¢
b a
LPG 5.17 a 15.3a 44.6 16.7 1.08c 42.5a
a a
20 - 40 Control 3.98b 10.8 b 8.81 2.77 15.5 15.6¢
d b a
PG 4.03 b 11.2b 13.6¢ 4.29 12.9 40.8b
b a
L 4.53 a 13.0a 30.2 12.7 2.85 31.2¢
b a b
LPG 4.62 a 14.0 a 38.3 12.6 2.95 59.4 a
a a b
40 - 60 Control 3.83b 10.2¢ 5.71 2.84c 16.7 16.3c
d a
PG 3.87b 11.1 8.38¢ 3.47¢ 15.4 43.6 b
be a
L 414 a 11.9 17.5 11.1 9.40 37.3c
ab b b b
LPG 4.27 a 12.5a 22.2 13.0 7.58 69.8 a
a a b
60 - 80 Control 3.76 b 9.22¢ 1.92¢ 2.30c 20.5 21.8d
a
PG 3.88b 10.1 5.61 2.03c 19.0 54.1b
be b a
L 4.13 a 10.6 119 10.1 11.3 43.5¢
ab a b b
LPG 4.16 a 115a 12.2 14.7 9.09 72.6 a
a a b
80 - Control 3.75b 8.60 b 1.42 1.35¢ 20.9 23.7d
100 d a
PG 3.88b 8.77 b 3.83c 1.18¢c 19.4 64.4b
a
L 4.06 a 9.31 7.21 2.34 11.7 31.7¢
ab b b b
LPG 4.05 a 9.92a 9.17 4.07 9.45 72.8 a
a a b

! Different lowercase letters for each soil layer indicate significant differences
between treatments by Fisher’s protected LSD test at p < 0.05; * Soil amend-
ments (SA)

LPG (11 kg ha™1). The pattern of unrecovered '°N was opposite that of
15N recovery by maize and ruzigrass plants: the highest losses of
fertilizer-derived '°N occurred in the control (46 %), followed by PG (35
%), L (14 %) and LPG (11 %).

At the end of the maize + ruzigrass season, the amount of '°N in the
soil-plant system was denoted as '°N remaining (i.e., >N recovered by
plants and soil retention, excluding the amount exported by grains;
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ruzigrass) (A), and second (B; soybean) growing seasons in response to soil
amendments [control, phosphogypsum (PG), lime (L), and lime
+ phosphogypsum (LPG)]. Different lowercase or capital letters indicate sig-
nificant differences between treatments by Fisher’s protected LSD test at
p < 0.05. Error bars express the standard error of the mean (n = 4).

Fig. 3B; Table S5). On average, the '°N remaining in L and LPG was ~27
% higher than that in the control and 9% higher than that in PG. Overall,
~52 % of the '°N fertilizer applied to maize remained in the soil-plant
system before soybean planting.

At soybean harvest, the trends of N recovery in stover and grain
were opposite those of maize (Fig. 3C; Table S5). Compared with the
average of the control and PG, '°N recovery in stover and grain was 63 %
lower in L and 33 % lower in LPG. In addition, the average '°N recovery
in soybean shoots was 92 % lower than that in maize shoots. Soil
retention of °N after soybean was lowest in the control treatment (32
%); the average of the other treatments was 40 %. The amount of un-
recovered '°N following soybean was also affected by the soil amend-
ments. The highest loss occurred in L (16 %), whereas the average of PG
and LPG was 10 %. At the end of the experiment, the total amount of
unrecovered '°N (sum of the both growing seasons) decreased in the
following order: control (55 %) > PG (45 %) > L (29 %) > LPG (22 %)
(Fig. 3D; Table S5).

Based on the values of total °N recovery from each season and dry
weight production, we calculated the yield-scaled *°N recovery (Fig. 3E
and F; Table S5). In the maize + ruzigrass season, the use of 5N fertilizer
for each Mg ha™! of biomass produced was greater in LPG (3.5 kg '°N
Mg ! biomass) than in the other treatments (average of 3.2 kg 1°N Mg
biomass; Fig. 3E), whereas the opposite pattern was observed in the
soybean season (Fig. 3 F). The accumulation of fertilizer-derived 15N in
biomass production in the soybean season ranged from 0.39 kg '°N Mg !
biomass (average of control and PG) to 0.14 kg >N Mg~ biomass
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(average of L and LPG).
3.4. 15N retention along the soil profile

The treatments influenced '°N retention along the soil profile after
the maize and soybean harvests (Fig. 4). After the maize harvest, °N
fertilizer retention in the uppermost soil layers (0-20 cm) was highest in
L and PG, whereas in deeper layers (20-100 cm), I5N retention was
highest in PG (Fig. 4A). After the soybean harvest, I5N retention at
depths < 40 cm was highest in LPG, followed by L (Fig. 4B). Conversely,
similar to the pattern observed after the maize harvest, 1°N retention at
depths > 60 cm was highest in PG.

3.5. Microbial analysis in the soil

During the maize season, the total bacterial abundance (16 S rRNA
gene) in L and LPG was ~20% higher than that in PG and ~25 % higher
than that in the control (Fig. 5A). The total bacterial abundance was also
highest in LPG during the soybean season. Total archaeal abundance was
more sensitive to changes caused by the treatments (Fig. 5B). For both
crops, L and mainly LPG increased the abundance of total archaea
compared with the control and PG. Compared with PG and the control,
the average total archaeal abundance between L and LPG increased by
81 % and 265 %, respectively, during the maize cultivation, and by 18 %
and 58 %, respectively, during the soybean cultivation.

Functional marker genes were quantified by gPCR to assess soil mi-
crobial communities related to the N cycle. The treatments affected the
abundance of the bacterial amoA-AOB gene only during the maize sea-
son; the abundance of this gene was ~14 % higher in LPG than in the
other treatments (Fig. 5C). By contrast, the pattern of the abundance of
the archaeal amoA-AOA gene was similar to that of total archaea in both
crop seasons. In the maize season, the amoA-AOA gene abundance was
highest in L and LPG and was significantly higher in LPG than in PG and
the control (Fig. 5D).

The abundances of the nirK and nosZ genes, which are both related to
denitrification, were lower in soils amended with L and LPG than in PG
and the control, especially during maize cultivation (Fig. 5E and F). The
exception was nosZ during the soybean season, which was not altered by
the treatments. During the maize season, the gene abundances of both
nirK and nosZ were higher in the control than in L and LPG. During the
soybean season, the abundance of nirK was lowest in L. Interestingly,
during maize season, LPG presented the highest ratio between nirK and
nosZ gene abundances, whereas during soybean season, control and PG
presented the highest values (Fig. S1).

3.6. Linking plant-soil-N cycle data

The relationship between soil fertility and °N recovery in the
soil-plant system of both growing seasons was presented in the first RDA
(Fig. 6A). The sum of the two axes (RDA; = main variation; RDA; =
remaining variation) explained ~88% of all variation in '°N recovery by
crops. PERMANOVA separated the four soil amendments into distinct
groups. Soil pH and Ca?" concentration were the main soil properties
responsible for the variation in '°N recovery. The vectors also showed
that >N recovery by maize and ruzigrass was highest in L and LPG,
whereas '°N recovery by soybean was highest in the control. The loss of
I5N fertilizer in the maize season was highest in the control.

The second RDA examined the relationship between soil fertility and
soil microbial gene abundance. PERMANOVA again distinguish the
treatments into four groups, although the control and PG showed a
certain degree of similarity. The sum of the axes indicated that soil
properties explained 70 % of all variation in the abundance of soil mi-
crobial genes. The main soil characteristics responsible for this variation
were soil pH and SOC content (Fig. 6B). The abundances of denitrifying
genes (nirK and nosZ) correlated positively with the control and PG and
with the amoA-AOA gene during the soybean season. On the other hand,
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Fig. 3. 15N recovery in each compartment (plant, soil or unrecovered) from the first (A), and second (C) growing seasons; I5N-_fertilizer remaining after the first
growing season (B), total 15N unrecovered (first 4+ second growing seasons; D); and yield—scaled 15N recovery related to the total biomass production in the first (E),
and second (F) growing seasons in response to soil amendments [control, phosphogypsum (PG), lime (L), and lime + phosphogypsum (LPG)]. Different lowercase
letters indicate significant differences between treatments by Fisher’s protected LSD test at p < 0.05. Error bars express the standard error of the mean (n = 4).

the abundances of total bacteria and total archaea were greater in the
treatments with higher soil fertility (L and LPG). Soil fertility was also
linked to the abundances of ammonia-oxidizing microbial genes (amoA-
AOB and amoA-AOA) during the maize season.

The third RDA revealed the role of soil microbial genes in modulating
15N recovery in the maize + ruzigrass season (Fig. 6C). Axis 1 explained
93 % of the variation. PERMANOVA segregated the treatments into four
distinct groups. The highest !°N losses in the maize + ruzigrass season
were positively correlated with denitrification genes in the control
treatment. In addition, the highest abundances of total bacteria, total
archaea and nitrifying genes were positively correlated with the highest
15N recovery by maize and ruzigrass in L and especially LPG. Total
archaea, amoA-AOB, amoA-AOA, nirK, and nosZ were the main soil mi-
crobial genes that modulated '°N fertilizer utilization during the maize
+ ruzigrass season.

The final RDA combined soil microbial genes and °N recovery by
soybean in the second season. PERMANOVA indicated that the

treatments were different from each other and that the sum of the axes
explained 62 % of all variation. In this analysis, only the nirK gene
participated significantly in the modulation of *°N recovery responses,
especially in the control and PG. 1°N recovery by soybean was also
highest in these treatments. By contrast, the largest losses of 1°N fertil-
izer in the second season occurred in L and LPG.

4. Discussion
4.1. Soil profile fertility/nutrient availability

The surface application of amendments under no-tillage is a feasible
practice for reducing subsoil acidity and improving soil fertility over
time. Here, we present the long-term construction of subsoil fertility
after four applications of L and/or PG amendment over 17 years. The
results of this study refer to the third year after the last reapplication of
these soil amendments. Subsoil acidity was sharply reduced by liming (L
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and LPG); however, combining L with PG (LPG) increased Ca%* con-
centrations in all soil layers, especially at greater depths. An adequate
exchangeable Ca®* concentration in deeper layers is essential for deep
rooting to increase nutrient and water uptake (Bossolani et al., 2021c)
and for reducing the risk of water deficit during dry spells (Bossolani
et al., 2021a).

Sole application of phosphogypsum did not change the soil pH,
although it increased the Ca?* concentration in the soil profile compared
with the control. The effects of phosphogypsum alone are small
compared with those of liming, but phosphogypsum potentiates the ef-
fects of liming when applied together (Crusciol et al., 2019). When
phosphogypsum is applied to soil, it quickly dissociates into SO~ and
Ca®* (Zoca and Penn, 2017). In addition to its fertilizing effect (S and Ca
supply), phosphogypsum reduces AI** toxicity (Tiecher et al., 2018).
S04% also forms ionic bonds with exchangeable cations (K", Ca2+,
Mg?*, NHY), displacing them to deeper layers (Tiecher et al., 2018; Zoca
and Penn, 2017). The exchangeable Mg?" concentration also increased
along the soil profile after liming (L and LPG), regardless of the appli-
cation of phosphogypsum. Low Mg?" availability is limiting for crop
development, but fertilization programs do not include this nutrient in
conventional NPK formulas. For this reason, Mg?" is often considered a
“forgotten element” (Cakmak and Kirkby, 2008). Acidic soils are poor in
Mg%", which is essential for numerous metabolic plant (Jaghdani et al.,
2021) and microbial processes. Liming is the most viable form of Mg?*
fertilization to make Mg2+ less limiting in intensive crop production
systems (Li et al., 2019). The ability of SO to create ionic pairs with
Mg?* (Zoca and Penn, 2017) increased the concentration of Mg?" in
deep layers in LPG compared with L. The long-term effects of L and LPG
also impacted SOC content in all soil layers. Soils with adequate fertility
management provide greater above- and belowground crop residues
(Bossolani et al., 2021a; Costa et al., 2018), leading to increases in SOC
over time (Inagaki et al., 2017).

4.2. Aboveground dry matter yield and fate of *°N-labeled fertilizer

The improvement in soil fertility by broadcasting L and LPG also
increased the aboveground dry matter of maize, ruzigrass, and soybean
plants. In general, these crops have a low tolerance of acidic soils with
high AIP" concentrations (Rao et al., 1993). Numerous studies have
demonstrated the benefits of liming, especially when combined with
phosphogypsum, for increasing biomass and grain yield (Bossolani et al.,

2022b, 2021a; Costa et al., 2018; Crusciol et al., 2019; Soratto and
Crusciol, 2008). Although straw production did not differ between L and
LPG, maize and soybean grain yields increased in LPG. The improve-
ment in these yields was due to improvements in soil fertility (i.e., higher
SOC, Ca?*, Mg?*, and SO -S concentrations) and lower Al®* concen-
trations, as supported by RDA, which showed positive correlations of
stover and grain yields with soil fertility parameters. Increased Ca%*
levels in deeper layers are strongly linked to rooting depth, which im-
proves the uptake of soil resources by crops (Costa et al., 2018; Ritchey
et al., 1982). Our results emphasizes the importance of combining lim-
ing and phosphogypsum (LPG) in annual crop rotations to obtain high
straw (for no-tillage system maintenance) and grain yields.

The cascading effects of the soil amendments on soil fertility and
crop growth and yield impacted the fate of '°N. LPG increased not only
15N recovery by maize grains but also >N accumulation in ruzigrass
biomass. While the '°N in ruzigrass biomass and maize stover act as N
pools that can potentially be returned to the system (!°N remaining
data) through crop residue decomposition, N in grains is exported after
harvest. Any N that is contained in plant tissues is less susceptible to
losses to the environment by denitrification or leaching (Zhou et al.,
2020). Increasing the recovery of N fertilizer by crops guarantees higher
crop yields as well as environmentally safe agriculture. This link is
reinforced by the results for unrecovered '°N after maize growth. Soils
managed with L and LPG had the lowest N losses, whereas the control
(no amendments applied) had the highest 1°N losses.

The soybean-maize (intercropped with forage grasses) rotation sys-
tem is widely used in tropical regions, particularly in Brazil (Ceccon
et al., 2013). Interestingly, the trend of N recovery by maize and
ruzigrass was opposite that of soybean cultivated in rotation. The
yield-scale SN recovery for each season reinforces this pattern.
Approximately 90% of the total N accumulated by soybean is a supply
from biological N fixation (BNF) (Freitas et al., 2022), but 5N recovery
was higher in the control and PG treatments. These results reflect (i) the
smaller amount of N fertilizer remaining in the soil in L and LPG
and/or more likely (ii) increased BNF efficiency due to liming (Alves
et al.,, 2021; Andrade et al., 2002), which reduced the plants’ depen-
dence on soil fertilizer-derived '°N. Several studies have shown that
liming increases soil pH, leading to changes in the compositions of soil
Rhizobia species (Andrade et al., 2002; Zhalnina et al., 2013), as the
abundance of N-fixing Rhizobia species is strongly reduced in highly
acidic soil.
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4.3. Distribution of 1°N fertilizer along the soil profile and soil microbial
genes

The soil retention data indicated a high concentration of °N fertil-
izer in deep layers in PG, whereas the smallest amounts of '°N-labeled
fertilizer were observed in L and LPG. Liming catalyzes numerous soil
biological processes (Guo et al., 2019; Liu et al., 2018). The cascading
effects of liming on soil fertility can dramatically affect soil N trans-
formation processes by microorganisms (Bossolani et al., 2020a),
modulating the release of plant-available N and N losses through
groundwater and/or to the atmosphere (Holland et al., 2018; Yang et al.,
2021).

Liming, especially in combination with phosphogypsum (LPG), had
positive effects on total bacterial and archaeal gene abundances.
Increased soil fertility is often correlated with changes in soil microbial
communities (Bossolani et al., 2021b; Holland et al., 2018). In response
to the increases in the bacterial and archaeal populations, the abundance
of N cycle genes increased (Fig. S2). High abundances of
ammonia-oxidizing microbial genes (AmoA-AOB and especially
AmoA-AOA) were found in L and LPG. Archaea are the most abundant
microorganisms responsible for nitrification in agricultural soils with
low NHi-N content, and when NHj-N fertilization is high, nitrifying

bacteria outcompete archaea despite the low abundance of the former
(Riitting et al., 2021). Our third RDA revealed a strong influence of
archaea (16S rRNA and AmoA-AOA abundances) during the maize sea-
son on the °N recovery response. Despite the greater AmoA-AOA gene
abundance, numerous reports suggest that AmoA-AOB may have a pre-
dominant role in regulating N cycling in acidic soils (Kunhikrishnan
et al., 2016). In addition, the increase in nitrifying microorganisms due
to liming suggests that fertilizer-derived NHJ is rapidly converted to
NO3 (Beeckman et al., 2018). Numerous studies have reported an in-
crease in the abundance of genes of nitrifying microorganisms in soils
managed with liming (Bossolani et al., 2020a,b; J. Liu et al., 2018; X.Y.
Liu et al., 2018). When there are no biotic or abiotic impediments to
plant growth, NO3 generated by nitrification is taken up by crops.
However, when uptake rates are low by plants (e.g., incipient root sys-
tem) or region has an excessive rainfall and water promotes the NO3
leaching (Holland et al., 2018). The high biomass and grain yields in L
and LPG, combined with the low amount of I5N fertilizer in deep layers,
indicate intense N uptake by the crops. However, high amounts of 1°N
were found in the soil in PG, probably due to a reduction in the nitrifi-
cation rate because of the acidic conditions (Beeckman et al., 2018).
Additionally, the SO%~ generated from PG dissociation in the soil may
have formed an ion pair with NHZ, resulting in zero-charged ammonium
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sulfate [(NH4)2SO4], which may leach into deeper soil layers before
being absorbed by crops. Bossolani et al. (2021a) showed that root
growth was shallower in the control and PG than in L and LPG.
Leaching to layers beyond the root zone makes N unavailable to
plants, and the N is eventually carried to groundwater. Interestingly, the
levels of 1N fertilizer in deep layers were lower in the control than in
PG, and the abundances of the AmoA-AOB and AmoA-AOA genes were
lower in the control than in the limed treatments (L and LPG). Although
these results indicate low nitrification rates, the control presented the
highest abundance of denitrification genes. Although not all genes
associated with the denitrification cycle were assessed, the abundance of
two crucial genes (nirK and nosZ) linked to this pathway increased, as
supported by the third and fourth RDAs. A lower N uptake rate by crops
increases the availability of mineral N (NHJ and NO3), thus providing
substrates for denitrifying populations and favoring conditions for NoO
and Ny production (Zhou et al., 2020). Nevertheless, our results showed
an increase in the nirK/nosZ ratio in LPG-amended soil during maize
season, indicating a greater potential for N loss via NoO (Kunhikrishnan
et al., 2016). However, it is certain that most of the NO3 generated by
nitrification was uptaken by maize and ruzigrass. On the other hand,
during soybean season, L and LPG treatments showed a lower ratio of
nirK/nosZ abundance, indicating a greater tendency in converting N,O
into Ny, which suggests that these treatments could be a N5O sink
(Merloti et al., 2019). Additionally, Barton et al. (2008) suggested that
increasing soil pH by liming may decrease N2O emissions by restricting
the availability of NO3 for reduction to N2O. This hypothesis corrobo-
rates the data from the present study, in which the higher rate of

10

nitrification that occurs in L- and LPG-amended soils is compensated by
the greater uptake by plants (supported by 1°N recovery data), pre-
venting NO3 from being converted back into NO> and/or leached.

Finally, our multifaceted approach combining different sets of vari-
ables indicated that soil pH and SOC were the main soil properties
responsible for increasing the abundances of total bacteria and archaea,
as well as the genes of nitrifying microorganisms, while reducing the
abundance of denitrifiers. Numerous studies have shown that AmoA-
AOB are favored in nutrient-rich environments with high SOM content
(Kunhikrishnan et al., 2016). By changing the soil pH, liming triggers
soil buffering processes that increase soil nutrient availability (Holland
et al., 2018), as reflected in the increased yield capacity of crops (Costa
et al., 2018). The high return of plant residues in fertile soils leads to
increased plant growth (roots and shoots), which usually results in
higher SOC content in the long term (Inagaki et al., 2017).

In summary, the final N balance in the tropical system managed with
lime and phosphogypsum indicates that soils with higher pH and rich in
nutrients tend to increase the abundance of genes linked to nitrification.
Our results suggest that plants established in fertile environments are
more able to absorb the NO3 from N fertilizer nitrification, preventing its
loss to the environment (regulatory mechanism of N loss). On the other
hand, in low fertile soils (control and PG), despite the lower abundance
of nitrifying genes, it suggests that a good part of the NO3 generated in
nitrification (even if potentially lower than in corrected soils) is not fully
absorbed by plants. This leads to greater potential for N losses in the soil-
plant-atmosphere system. In conclusion, liming resulted in the largest
changes in soil nutrient availability (fertility) and crop yields, but
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phosphogypsum further potentiated these effects. Therefore, soil
amendments such as LPG are an essential tool to trigger synergistic ef-
fects among high soil quality, crop yield, N fertilizer use efficiency and
potential N2O mitigation and increase agricultural system sustainability.
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