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Different pig slurry application methods modify the soil quality and increase
the productivity of winter wheat (Triticum aestivum L.) Crop (Cérdoba,
Argentina)

Diferentes métodos de aplicacdo de dejectos liquidos de suinos modificam a
qualidade do solo e aumentam a produtividade da cultura de trigo de inverno
(Triticum aestivum L.) (Cordoba, Argentina)
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ABSTRACT

In Argentina, slurry surface application is the technique most used, although with high risk of
ammonia losses. These emissions can be reduced by using different application methods, but their
impacts on the soil-plant system have been little explored. Thus, this study aimed to evaluate the
effects of different pig slurry application methods: acidified slurry (AS), incorporated slurry (1S),
and surface slurry (SS) on the soil quality and productivity of a wheat crop, as compared with
mineral fertilization (MF) and control (C). IS caused an increase in acid phosphatase values, whereas
SS presented the lowest metabolic quotient values of all methods and high values of fluorescein
diacetate hydrolysis. Treatments with pig slurry and MF showed significantly lower pH values than
C. SS led to a rapid increase in NOs™ concentration, whereas AS and IS showed slower nitrification
values than SS. Depending on the availability of NOs", N uptake and aerial biomass showed a similar
behavior. Wheat yield increased up to 57% with pig slurry application, without significant
differences between the different application methods used. However, MF reached the highest yield
value. We conclude that pig slurry application, mainly surface application, improves soil quality
and increases wheat production.

Keywords: manure, chemical soil, microbiological soil, nitrogen dynamics.

RESUMEN

Na Argentina, a aplicagdo superficial de dejecto liquido € a técnica mais utilizada, embora com alto
risco de perdas de amonia. Essas emissdes podem ser reduzidas por meio de diferentes métodos de
aplicagdo, mas seus impactos no sistema solo-planta tém sido pouco explorados. Assim, este
trabalho teve como objetivo avaliar os efeitos de diferentes métodos de aplicacdo de dejetos liquidos
de suinos: dejetos acidificados (AS), dejetos incorporados (IS) e dejetos superficiais (SS) na
qualidade do solo e a produtividade de uma cultura de trigo, em comparacdo com a fertilizagédo
mineral (MF) e controle (C). IS causou aumento nos valores de fosfatase acida, enquanto SS
apresentou 0s menores valores de quociente metabolico de todos os métodos e altos valores de
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hidrolise de diacetato de fluoresceina. Os tratamentos com dejecto liquido de suino e MF mostraram
valores de pH significativamente mais baixos do que C. SS levou a um rapido aumento na
concentracdo de NO3-, enquanto AS e IS mostraram valores de nitrificagdo mais lentos do que SS.
Dependendo da disponibilidade de NO3-, a absor¢do de N e a biomassa aérea mostraram um
comportamento semelhante. O rendimento do trigo aumentou até 57% com a aplicacdo de dejetos
liquido de suinos, sem diferencas significativas entre os diferentes métodos de aplicacdo usados. No
entanto, MF atingiu o valor de rendimento mais alto. Concluimos que a aplicacdo de dejetos liquido
de suinos, principalmente na superficie, melhora a qualidade do solo e aumenta a producdo de trigo.

Palabras claves: esterco, solo quimico, solo microbiol6gico, dindmica do nitrogénio.

1 INTRODUCTION

Argentina has a stock of more than 5 million pigs distributed mainly in the Humid Pampas,
with 61% of the national production being concentrated in the provinces of Buenos Aires, Cordoba
and Santa Fe (SENASA 2017). Extensive pig farming, which is characterized by low levels of
environmental impact, is the prevailing production system in the country. However, in the last years,
the use of partial or total pig confinement systems has increased significantly (lglesias and Ghezan
2013). The intensification of the activity is generating high amounts of residues which, depending
on their management, may be either an important source of fertilizers or a potential environmental
hazard (Boitt et al. 2018).

An option for the management of pig slurry is its use as a nutrient source for crops (Wilson
et al. 2020), since the soil can take up and process residues, thereby contributing to their cycling. In
Argentina, where no-till is the most widely used system, surface application is the most frequently
used technique for pig slurry application (Pegoraro et al. 2020a; Pegoraro et al. 2020b). However,
the main problem associated with the use of pig slurry as a nitrogen (N) fertilization strategy is the
loss of N as ammonia (NH3) due to volatilization (Erdmann et al. 2020). Therefore, to control these
losses, it is essential to investigate other techniques that improve the efficiency of application and
reduce its environmental impact. Application options include incorporation to the soil (Lourenzi et
al. 2014; Schroder et al. 2015) and acidification with sulfuric acid, both of which aim to prevent
loss through volatilization (Fangueiro et al. 2015; Park et al. 2018).

The benefits of pig slurry application on soil physical chemical and biological properties
have been frequently reported (Biau et al. 2012; Liu et al. 2010; Yagle et al. 2012). These benefits
include an increase in the ecosystem services provided by the soil, such as nutrient cycling and
availability, soil structure maintenance, prevention of damage by erosion, and food resource
provision. However, the use of pig slurry as fertilizer requires cautious management, since it has
been demonstrated that its application alters mineralization, immobilization and soil N

denitrification (Burger and Venterea 2008). These effects are closely related to the climatic and
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edaphic conditions of each site. Hence, this study aimed to evaluate the effects of different pig slurry
application methods on soil quality and their potential benefits for wheat production. The study was
conducted on Mollisols of the Pampas of Argentina, a region for which there is little information

about the effects of pig slurry application.

2 MATERIALS AND METHODS
Pig slurry composition, soil and field experiment

The composition of the pig slurry used in the present study and the amount of nutrients
supplied to the soil are shown in Table 1. Only slurry from fattening pigs was used. Pig slurry was
collected directly from the pig houses, and the same batch was used for all the treatments.

Table 1. Composition of the pig slurry used in the present study (mean + standard deviation, n=3) and amount of
nutrients supplied to the soil.

Characteristic Unit Values Quantities supplied (kg ha*)
Dry matter (DM) % 2.05+0.01 515
Organic matter % DM 57.62+1.03 297
Ashes % DM 42.38+1.03 218
Total N gl? 5.08+0.07 127
NH.*-N gl? 4.1+0.22 103
pH 7.47+0.08 -
Electrical conductivity ds m? 31.73+0.29 -
Phosphorus mg I 43.33+1.53 1
N:P ratio 95 -
Doses m? ha't 25

The field experiment was conducted on a wheat crop in an experimental field of the National
Institute of Agricultural Technology (INTA), in the southeast of Cérdoba province, Argentina
(32°42°44.65°’S, 62°05746.07""W) in 2016. Other climatic parameters of the study period are

presented in Figure 1.

Brazilian Journal of Animal and Environmental Research, Curitiba, v.4, n.4, p. 6419-6440 out./dez.. 2021.



Brazilian Journal of Animal and Environmental Research
ISSN: 2595-573X

6423

Figure 1. Monthly precipitation and air temperature recorded in the experimental site during the wheat crop growth
cycle and historical monthly averages. Data from the weather station of the Experimental Station Marcos Juarez of the
National Institute of Agricultural Technology (C6rdoba, Argentina).
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Five pig slurry application methods (treatments) were evaluated: acidified slurry (AS),
incorporated slurry (1S), surface slurry (SS), mineral N fertilization (MF) and control (C). The
experimental design was arranged in a randomized block with three replicates. The experimental
unit consisted of a 40-m? plot (5 m wide x 8 m long, located at 4-m intervals to minimize interactions
between plots). The pig slurry was applied by spreading, from a tank, nine days before wheat
sowing.

For the AS treatment, before its application, the pig slurry was acidified with sulfuric acid
until a pH of 5.5-6 was achieved (Fangueiro et al. 2015a), whereas for the IS treatment, the pig
slurry was immediately incorporated by disking at 0-10 cm soil depth. For the MF treatment, the
mineral fertilizer was applied at an N dose equivalent to that applied with pig slurry, with granular
solid urea at 46%, at sowing. The C soil consisted of non-amended plots.

Wheat was sown at a density of 280 plants m? and 17 cm between rows, in June 2016, and

harvested in late December 2016. The variety Algarrobo Don Mario, intermediate cycle, was used.

Analysis of chemical and microbiological indicators of soil quality

For the analysis of chemical indicators of soil quality, five soil samples (core diameter 2.5
cm) from a depth of 0-20 cm were randomly collected from each plot and a composite sample was
performed. Soil samples were air-dried, passed through 2-mm and 0.5-mm pore sieves, and the
following parameters were determined: SOC, SON, Pe, pH, and EC. SOC was determined by the
wet oxidation method for organic matter (Walkley and Black) (IRAM-SAGPyA 29571-2 2011),
SON by the micro-Kjeldahl digestion method (IRAM-SAGPYA 29572 -1 2011) and Pe by the Bray
and Kurtz N° 1 method (IRAM-SAGyYP 29570-1 2010). pH and EC were measured on a 1:2.5
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soil:water suspension using a glass electrode InoLab pH 720 and multi-range HANNA, respectively
(IRAM 29410 1999; Rhoades 1996). These chemical parameters were determined at anthesis.

Particulate organic matter (POM) and microbiological quality indicators (fluorescein
diacetate hydrolysis (FDA), acid phosphatase activity (AP), basal respiration (BR), anaerobic N
(AN) and microbial biomass carbon (MBC)) were analyzed using three soil composite samples.
These samples were composed of 10 soil samples (core diameter 2.5 cm) randomly collected at a
depth of 0-10 cm from each plot at crop physiological maturity. Before the analysis of AP activity
and BR, fresh soils (field moisture) were sieved using a 2-mm mesh and stored at 4 °C. Soil moisture
content was also gravimetrically analyzed in oven-dried soil samples taken from each sampling
point, at 105 °C. AN and MBC were analyzed in dry soil.

Soil fractionation (POM) by particle size (106 pm) was conducted by the wet-sieving method
proposed by Cambardella and Eliott (1993) using a vibratory sieve shaker (FRITSCH, Analysette 3
Pro, Germany). AN was determined by anaerobic incubation at 40 °C for 7 days (Echeverria et al.
2000), whereas MBC content was determined by the fumigation—extraction method (Vance et al.
1987). Before analysis, samples were incubated at 28 °C for 16 h. BR was determined by measuring
the CO. produced in a 7-day incubation experiment at 25 °C. Briefly, 30 g of each soil sample was
placed in a hermetically sealed polyethylene flask with a vial containing 20 ml 0.1 M NaOH, treated
with 0.1 M HCI (Jenkinson and Powlson 1976), and the metabolic quotient (qCO2) was inferred
directly by dividing the CO2 by the MBC. The AP activity and FDA were determined according to
the method proposed by Alef and Nannipieri (1995).

Soil NOs™ levels were determined at three crop growth stages: tillering, anthesis, and
physiological maturity, i.e. growth states 29, 65 and 91, according to (Zadoks, Chang, and Konzak
1974). At tillering, samples were taken at three depths (0-20, 20-40 and 40-60 cm), whereas at
anthesis and physiological maturity, samples were taken at five depths (0-20, 20-40, 40-60, 60-100
and 100-150 cm). Five soil samples from a depth of 0-20 cm and three soil samples from a depth of
20-150 cm were randomly collected from each plot and then mixed to make a composite sample.
Soil NO3™ was extracted using phenoldisulfonic acid (Bremmer 1965) and determined by the
colorimetric method using a spectrophotometer SPECTRUM SP-1105.

Determination of crop biomass, N content in stem and grain, and grain yield

During soil sampling, crop aerial biomass samples were also collected. At the first two stages
(tillering and anthesis), aerial biomass was obtained by manual harvesting plants from 0.50 m of
each of three contiguous rows (0.255 m?). At physiological maturity, 2 m of two rows (0.680 m?)

were sampled to determine dry matter (DM), N uptake and yield. To determine DM, the aerial
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biomass was dried in an oven at 60 °C until constant weight. Finally, the samples were crushed to
0.5 mm for analysis. To determine N concentration in aerial biomass, the modified semi-micro
kjeldahl method was used (Bremmer 1996). The results are expressed as kg ha™.

The aerial biomass samples collected at physiological maturity were threshed in a static
thresher to separate the straw and chaff from the grain. Then, the grains obtained were weighed and
humidity was determined by near infrared spectrometry for the determination of yield (FOSS
Infratec 1241 Grain Analyzer). Grains were affected by a commercial humidity of 13.5. The N
percentage in grain was calculated from the relationship between % crude protein and the conversion

factor from protein to N (5.7). The results are expressed as kg ha™.

Statistical analysis

The effects of each pig slurry application method were determined by analysis of variance
using the Mixed Model in the Infostat Professional software (Di Rienzo et al. 2017). The pig slurry
application methods were set as fixed factors and the replications as a random effect. Means were
separated by LSD Fisher test (p<0.05). Since soil attributes are known to differ with depth, depth
was not included in the statistical model for the analysis of NO3™ data, and individual statistical

analyses were performed for each depth.

3 RESULTS AND DISCUSSION
Soil chemical properties

The results regarding the soil chemical properties (SOC, NOS, Pe, pH and EC) are shown in
Table 2.

SOC and SON:

SON and SON showed changes according to the pig slurry application method used, with
lower values in SS than in IS, AS and MF (p<0.05), being significant only SON, but with no
differences from C (Table 2). These responses may be due to a delay in the nitrification process of
the N applied due to the application of AS and IS, causing a temporary increase in SON compared
to SS (Damian et al. 2018; Fangueiro et al. 2016).

Pe concentration:
Regarding Pe, the lack of effects on the surface horizon (p>0.05) may be due to the high N:P
ratio of the slurry applied. Therefore, the P supplied at the rate used was low (Table 2). Similar

results have been previously reported in (Pegoraro et al. 2020a) in a corn-soybean cropping system,
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where no changes were detected in Pe concentration in the first crop (corn). Other works have
reported increases in soil P content after application of pig slurry at higher rates or in long periods
of time (Balota et al. 2010; Lourenzi et al. 2013).

Soil pH and EC:

The most sensitive soil chemical indicator of the effects of pig slurry application and MF
was pH, which was lower than in C (p<0.05) (Table 2). This reduction is attributed to the production
of H* ions as a result of hydrolysis and oxidation of the NH4* present in the slurry and in urea (Divito
etal. 2011). Similar results have been previously reported by Da Veiga et al. (2012) after continuous
application of pig slurry for 9 years. Therefore, continuous application of pig slurry or nitrogen
fertilizers at high rates may result in soil acidification, which may require remediation strategies,
such as liming, in the long term. Regarding EC, no changes were detected at the time of sampling,

which may respond to a washing of salts to sub-surface horizons, due to rainfall (Figure 1).
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Table 2. Effects of three pig slurry application methods and mineral fertilization on chemical soil quality indicators (0-20 cm) in wheat crop (anthesis stage) (mean + standard

error, n=3).
SOC SON Pe EC
Treatments pH

(9 ka) (9 ka) (mg kg) (dSm)
IS 14.25 042 a 113 +0.04 a 23.67 +3.76 a 6.22 014 b 0.08 +0.003 a
AS 14.58 +1.05 a 116 +0.06 a 21.67 +5.24 a 6.30 1012 b 0.08 +0.010 a
SS 13.11 015 a  1.09 +0.05 b 24.33 +1.33 a 6.18 1012 b 0.07 +0.000 a
MF 13.23 061 a 1.14 +0.04 a 20.00 +0.58 a 6.36 010 b 0.08 +0.010 a
C 14.14 115 a 112 +0.04 ab 17.67 +2.96 a 6.44 1011 a 0.08 +0.003 a

IS: Incorporated slurry, AS: acidified slurry, SS: surface slurry, MF: mineral fertilization, C: control. SOC: Soil organic carbon, SON: soil organic nitrogen, Pe: extractable
phosphorus, pH: soil reaction, CE: electrical conductivity EC. Different letters indicate significant differences (p<0.05).
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POM and microbiological indicators
The effects of the different treatments on POM and microbiological soil quality
(AN, BR, AP, FDA, MBC and qCO3) are summarized in Table 3.

POM and AN:

No statistical differences in POM and AN were observed among treatments.
However, absolute values tended to increase slightly with pig slurry applications with
respect to MF and C (p>0.05) (Table 3). Our results are consistent with previous works
reporting that pig slurry applications either maintained or increased POM and potentially
mineralizable N (Pegoraro et al. 2020a; Yague et al. 2012).

Enzyme activity:

Regarding general enzyme activity (FDA), the only pig slurry application method
with higher activity than that of C was SS (p<0.05), with no statistical differences from
IS or MF (p>0.05). In turn, FDA was lower in AS than in IS and SS, but did not differ
from C or MF (p<0.05) (Table 3). This result may be attributed to the activity of several
enzymes, which may be affected by differences in nutrient availability and inhibition of
microbial activity caused by pig slurry acidification (Roboredo et al. 2012; Sgrensen and
Eriksen 2009). On the other hand, AP showed a slight increase with slurry applications,
with no differences among methods, and with IS being the only treatment differing from
MF and C (p<0.05) (Table 3). Regarding this enzyme, a previous study by (Biau et al.
2012) showed that the application of slurry on maize (Zea mays) crop caused a 40%
increase in its activity. This response may be due to the slurry supply of labile nutrients
to the soil, which can increase the synthesis of this enzyme (Da Silva et al. 2015). A
significant and positive correlation between the activity of this enzyme and Pe was
observed (R=0.54; p<0.05). Regarding this issue, Olander and Vitousek (2000) indicated
that under low nutrient supply, enzymes are induced and nutrients are mineralized,

whereas under high nutrient supply, enzymes are suppressed and mineralization ceases.

MBC, BR and qCO:z:

No significant changes in MBC or BR were detected among treatments (Table 3).
Since these indicators alone are not good predictors of good environmental practices, in
these situations, qCO2 is used. gCO: indicates the efficiency of soil microbial populations

in using organic carbon compounds. Soil stress and alterations may reduce microbial

Brazilian Journal of Animal and Environmental Research, Curitiba, v.4, n.4, p. 6419-6440 out./dez.. 2021.



Brazilian Journal of Animal and Environmental Research | 6429
ISSN: 2595-573X

efficiency and increase qCO2 because the microbial population needs to spend more
energy in maintenance (Da Silva et al. 2015; Plaza et al. 2004). In the present study, the
lowest energy expenditure was recorded in SS (p<0.05) (Table 3). Our results agree with
findings of Liu et al. (2010), who applied pig manure combined with a mineral fertilizer
and obtained a lower qCO> than in the control treatment. In addition, the lack of
differences between IS or AS and C is due to the changes generated by these slurry
application methods (AS or IS) in soil microbial composition and in the processes of
mineralization-immobilization of the organic compounds supplied with the slurry
(Fangueiro et al. 2016; Sgrensen and Eriksen 2009). The lack of differences between MF
and C may be attributed to the fact that the addition of fertilizers that only contribute N is

not enough to meet the nutritional needs of soil microorganisms.
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Table 3. Effects of three different pig slurry application methods and mineral fertilization on particulate organic matter and microbiological soil quality indicators (0-10 cm) in wheat
crop at physiological maturity (mean + standard error, n=3).

POM AN FDA AP BR MBC
Treatments ot . qCoO,
(mg kg) (mg kg) (Mg fluor g*h™) (mg ko) (mg kg™) (mg kg)
IS 1694 +157 a 814 +1.12 a 13404 639 ab 97099 #5332 a 30826 +9.81 a 20468 +4255 a 228 +0.26 a
AS 16.49 +1.38 a 7963 +054 a 9823 #1161 ¢ 960.75  +43.82 ab 28574 +11.36 a 19299 +63.91 a 226 +044 a
SS 17.26 +0.31 a 8144 +1.40 a 14249 +12.07 a 969.85  +2464 ab 22556 +88.64 a 216.38 +49.77 a 098 +0.17 b
MF 1572 +167 a 78.34 +162 a 12060 962 abc 93554  +53.87 b 290.82 +66.30 a 17251 +13.95 a 243 +0.67 a
C 1525 +221 a 77.02 +2.95 a 111.09 +258 bc 94096 #5267 b 252.82 +1454 a 22076 +28.80 a 2.07 +0.62 a

IS: Incorporated slurry, AS: acidified slurry, SS: surface slurry, MF: mineral fertilization, C: control. POM: Particulate organic matter, AN: anaerobic nitrogen, FDA: fluorescein
diacetate hydrolysis, AP: acid phosphatase, BR: basal respiration, MCR: microbial biomass carbon, gCO»: metabolic quotient. Different letters indicate significant differences
between treatments (p<0.05).
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NOs" concentrations

The responses of NOs™ concentrations to pig slurry application depended on the application
methods timing of evaluation, and depth studied (Figure 2). At tillering, NO3™ concentration was
highest under MF, followed by SS, with MF differing significantly from the remaining treatments
up to 40 cm in depth. At 40-60 cm in depth, NO3™ concentrations were highest under MF, but the
existence of a wide variation in the data did not allow us to detect statistical differences (p>0.05).
In turn, no differences were detected among the pig slurry application methods (Figure 2A) or
between the different methods and C. At anthesis, pig slurry and MF treatments did not show
increases at the surface level (0-20 cm) as compared to C. At the remaining depths, SS had the
highest NO3™ concentrations, with statistical differences at 20-40, 60-100, and 100-150 cm from the
remaining treatments at the upper depth, and from C and MF at the last two depths analyzed. In the
two lower strata, the different slurry application methods had similar NO3™ concentration (Figure
2B).

Finally, at physiological maturity, treatments tended to have similar results at most of the
depths evaluated. However, AS had lower concentrations at 0-20 and 100-150 cm than IS and SS,
and similar to those of C and MF, whereas IS exhibited a higher NO3™ content at 100-150 cm than
C, MF and AS, with no differences from SS (Figure 2C).

N uptake

N uptake by aerial biomass at different phonological stages depended on the pig slurry
application methods and on the time of evaluation. At tillering, N uptake was higher under SS and
MF than in C (p<0.05). The remaining pig slurry application methods did not differ among them or
from MF (p>0.05). At anthesis, MF and SS showed the same trend, with higher N uptake, whereas
IS and AS had similar N uptake to that of C. Finally, at physiological maturity, the highest values
of N uptake were recorded under MF, whereas the pig slurry application methods did not differ
between them, but did differ from C (p<0.05) (Figure 3).
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Figure 2. Distribution of nitrate (NO3) in the soil profile for the different treatments applied to wheat crop at A) tillering
stage, B) anthesis stage and C) physiological maturity. IS: Incorporated slurry, AS: acidified slurry, SS: surface slurry,
MF: mineral fertilization, C: control. Bars denote mean standard errors.
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Figure 3. Nitrogen uptake (kg ha'*) by wheat crop at tillering, anthesis and physiological maturity stages under different
treatments. 1S: Incorporated slurry, AS: acidification slurry, SS: surface slurry, MF: mineral fertilization, C: control
(Bars denote mean standard errors).
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Relationship between NOs  and N uptake

The crop response of N uptake to changes in NO3z™ concentration in the soil varied with the
moment of evaluation and the application methods (Figures 2 and 3). A positive and significant
correlation was observed between total N uptake and NOsz™ concentrations at tillering (R=0.51,;
p=<0.05) and anthesis (R=0.64; p< 0.01).

SS caused a rapid increase in N uptake at the earliest crop stages with respect to C. In
contrast, in 1S and AS, N uptake increased significantly towards the end of the crop cycle with
respect to C. Although N uptake at physiological maturity did not differ among pig slurry application
methods, it increased more slowly under IS and AS. On the other hand, IS and AS did not show
variations in soil NO3™ concentration among the stages evaluated, whereas SS had the highest NOs
concentrations up to anthesis, subsequently decreasing towards physiological maturity. This result
might be due to the slurry application technique, which modifies the N immobilization-
mineralization process in the soil and, therefore, the crop capacity for N production and uptake. The
more gradual variation in soil NO3™ content and N uptake by the crop found in IS and AS is due to
a slower nitrification process associated with these two management practices. Regarding IS, when
the slurry is mixed with the soil, a high proportion of microorganisms associated with slurry
decomposition is protected in the soil matrix; consequently, a high amount of N is retained in the
microbial biomass, being released during the crop cycle and in subsequent years (2-3 years)
(Hernandez et al. 2013).

Slurry acidification has also been found to cause a delay in nitrification (Fangueiro et al.
2016). Thus, a proportion of the immobilized N under IS and AS may have been remineralized,

generating a higher N uptake after anthesis than under the other treatments, whereas under SS, the
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N immobilization process was slower, probably because of a reduced contact with the soil and,
therefore, a faster nitrification process.

Differences between slurry application methods and MF were also observed. MF reached
the highest NO3™ concentrations in the soil and the highest increase in N uptake in most of the wheat
crop stages evaluated. This result may be due to differences in N availability, which varies with the
use of mineral fertilizers or organic amendments. When mineral fertilizers are applied, N is
immediately available to crops (Salazar Martinez Lagos et al. 2015). By contrast, when slurries are
applied, different processes, such as temporal immobilization of NH4* in the clay mineral interlayers
(Daudén and Quilez 2004) or the presence of microorganisms (Terrero et al. 2018), interfere with
N availability. Sgrensen and Amato (2002) showed that net immobilization of N after slurry
application is significantly higher than after MF. These immobilization-mineralization processes
hinder prediction of the fertilizing value of the slurry, since it can release N some years after
application (Sieling et al. 2014). On the other hand, the higher NOs™ concentration at tillering
obtained with MF shows a potential for N-NOz3™ losses by leaching similar to or higher than that
with slurry due to the high precipitations recorded, mainly in June (Figure 1). This result shows that,
when the slurry is used correctly, the amounts of leached NO3™ are lower than or similar to those

leached with mineral fertilizers.

Yield

Wheat yield responded similarly to N uptake, with both variables showing a significant and
positive correlation (R=0.97; p<0.01). Yield increase was 86% under MF, and 57, 56 and 50% under
IS, AS and SS, respectively, with respect to C (p<0.05). No statistical differences were observed
between MF and IS or AS (p>0.05), or among pig slurry applications (p>0.05) (Table 4). Regarding
N percentage in wheat grain, MF showed the highest values, with an increase of 0.41%, followed
by pig slurry applications, with increases of 0.26, 0.18 and 0.25% for IS, AS and SS, respectively,
with respect to C (p<0.05), but without statistical differences among them (Table 4).
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Table 4. Effects of three pig slurry application methods and mineral fertilization on grain yield, biomass at maturity and
N uptake in wheat crops (mean + standard error, n=3).

Yield N in grain Aerial biomass N in biomass
Treatments

(kg ha) (%) (kg ha) (%)
IS 6662 +866 ab 1.59 +0.10 b 13902 2132 ab 0.3 +0.02 b
AS 6614 +323 ab 151 +0.07 b 13874 +387 ab 0.24 +0.01
SS 6385 +528 b 1.58 +0.02 b 13357 £1146 b 0.25 +0.01 bc
MF 7908 +104 a 1.74 +0.02 a 16469 +356 a 0.43 +0.04 a
C 4243 +288 ¢ 1.33 +0.02 ¢ 8551 687 ¢ 0.25 +0.01 bc

IS: Incorporated slurry, AS: acidified slurry, SS: surface slurry, MF: mineral fertilization, C: control. Different letters
indicate significant differences between treatments (p<0.05)

Our results are not consistent with those of Kai et al. (2008), who reported significant
increases in wheat yield with application of acidified slurry compared to a non-acidified slurry. On
the other hand, Damian et al. (2018) obtained higher dry matter production and grain yield with
injected pig slurry than when using surface application or MF. These authors attributed the results
to a higher synchronization between N release from slurry and N uptake by crops, due to a reduction
of N losses by volatilization and a slower nitrification process. Regarding the differences found
between pig slurry application methods and MF, wheat responded to higher NO3™ concentrations in
soils treated with MF. This treatment showed the highest increase in N uptake at all the stages
evaluated (tillering, anthesis and physiological maturity). Biau et al. (2012) suggested the use of
slurry induces nutrient immobilization and further release, improving soil quality. By contrast,
studies conducted by Sartor et al., (2012) showed a linear increase in wheat yield at high pig slurry
rates, with 30 m® ha'* being, in general, the rate that produced higher yield than MF for all the years
evaluated. Likewise, Sieling et al. (2014) found higher grain yield with pig slurry applications than
with MF. This response may be due to a residual effect of the continuous slurry applications, which
cause the mineralization of the organic fraction of the slurry (Cela et al. 2011).

In a previous study evaluating the same treatments on a maize-soybean sequence, we
reported that, in maize, IS and AS were the most efficient treatments in retaining N within the plant-
soil system, whereas SS increased soybean yield (Pegoraro et al. 2020a). This response of the
soybean crop may be attributed to the fact that N losses by volatilization are offset by N biological
fixation and a response to P maintenance in the soil by the contribution of pig slurry. These previous
results are not consistent with our present findings, since the different methods of pig slurry
application in wheat resulted in similar N retention. These findings show that winter climatic
conditions favor the reduction of N losses by volatilization.

In a study involving oat (Avena strigosa) crop, Fangueiro et al. (2015b) reported increases
in biomass production and N uptake with the application of cattle slurry with respect to the control,

with no differences among application methods (acidified, surface and incorporated slurry). In
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contrast, in aryegrass (Lolium perenne) crop treated with acidified slurry, Park et al. (2018) obtained
lower N uptake and attributed this result to inhibition of the NH4" supplied by the pig slurry.
Differences in results among research works may be associated with the heterogeneity of the
slurries. In addition, other factors, such as agronomic management practices, type of crop, rates
used, timing and depth of sampling, and soil type, influence the response of indicators of soil and
crop quality. Furthermore, local edaphic and climatic conditions as well as biotic factors are

determinant factors operating on nutrient mineralization and humification and SOM.

4 CONCLUSIONS

The application of pig slurry, especially surface application, improves soil quality, mainly
microbiological indicators. Surface slurry application improved soil enzyme activity while reducing
the metabolic quotient. In turn, the different pig slurry application methods induced changes in soil
N dynamics and, consequently, in N uptake by the crop. The incorporated and acidified applications
resulted in slower N release, whereas the surface application resulted in the highest N uptake and
availability during the earliest crop stages. Therefore, improvements in soil quality increased the
soil capacity for crop production, regardless of the application technique used. However, further

studies should evaluate the residual effects of the agronomic use of pig slurry.
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