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Abstract

Poultry waste recycling is now a globally practice consolidated in agriculture. However, the proper disposal of
poultry waste should enable to reduce N losses and to decrease pollution potential from the high concentrations
of poultry litter applied to soil. In this context, the aim of the present study was to evaluate poultry litter doses
and the effect of an urease inhibitor on the chemical attributes of a dystrophic Red Latosol. Two experiments
were carried out, one in a greenhouse and another in a eucalyptus forest area, both applying completely
randomized design with a 2 x 6 + 1 factorial arrangement, applying two types and six doses of poultry litter (5,
10, 20, 40, 80 and 160 t ha™") plus the controls, with four replicates, total of 52 pots. The application of poultry
litter doses altered soil chemical attributes, except for potential acidity. Soil pH, cation exchange capacity (CEC),
sum of bases (SB) and electric conductivity (EC) values and Ca, Mg, K, P, S, organic matter (OM), Mn, Zn and
Cu levels increased with increasing poultry litter doses, while Fe and B contents decreased. The 40, 80 and 160 t
ha™' poultry litter doses led to contamination potential of the soil due to salinity and alkalinity, and also raised the
EC of the percolate at levels limiting to plants. The NBPT (N-butyl thiophosphoric triamide) urease inhibitor
exhibited no influence on soil chemical attributes.

Keywords: additive, chemical conditioner, appropriate destination, organic residues
1. Introduction

The use of urban, agricultural and industrial wastes as complements to chemical fertilizers in agriculture is a
well-established practice (Lupton, 2017). The composition, organic matter, macro and micronutrient contents in
organic residues, such as vinasse, poultry litter, liquid pig slurry, animal wastes, when properly handled, can
constitute excellent soil chemical conditioners (Melo et al., 1994).

Poultry production is of note in this context, as it is one of the largest and quickest growing sectors of the
agri-food industry worldwide. Considerable amounts of waste are generated in this process, and their correct
destination is a problem (Inal et al., 2015, Hersztek & Bara, 2016). Poultry litter recycling as a chemical soil
conditioner has been practiced in many countries (Mello & Vitti, 2002; Menezes et al., 2004), but the effects of
these residues on soil chemical atributes, mainly at high doses, should be evaluated. However, a lack of studies
in the central-western region of Brazil, in the wide area characterized as the Cerrado and in soils classified as
Latosols, is observed (Gomes et al., 1994; Fontes et al., 2001). These soils present a high degree of weathering,
are usually acidic, display low cation exchange capacity (CEC) that depends on soil pH and soil organic matter
content, since they exhibit reduced natural fertility (Mendonga et al., 2006).

The application of poultry litter to these soils may be a solution to several frequently discussed issues, such as
managing this type of material, improving physical, chemical and biological soil attributes and increasing
organic matter and nutrient contents (Fontes et al., 2001; Arthur et al., 2015). However, high poultry litter
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availability at low costs can induce its application in excessive amounts, extrapolating plant nutritional
requirements, whereas chemical fertilizers are cost-rationed (Ritter & Chirnside, 1987). Some studies report the
contaminating action of poultry residues in soil when applied in high amounts, leading to alkalinization,
increases in electrical conductivity as a function of salinization (Schindler, 1978; Kingery et al., 1993; Bissani et
al., 2004) and nutritional disturbance in crops due to excess N (Buijsman et al., 1987). In addition, the presence
of excess chemical elements, such as copper and zinc, can lead to toxic effects in plants. Thus, the impacts of
organic residue application on soil attributes depend on the initial residue constituents, and should be better
investigated before residue application (Gaind & Nain, 2010; Omari et al., 2016), obtaining maximum
supplementation benefits to soil and plant attributes. Pearson’s correlation coefficients and pedotransfer
functions can be used to estimate soil attributes harder to obtain from simpler ones, have been used in studies on
residue-fertilized soils (McBratney et al., 2002).

Poultry litter disposal and stocking have become an environmental problem, since they are associated to air,
water and soil pollution. High ammonia concentrations cause adverse effects on poultry health and productivity,
as well as on the health of workers that work in poultry houses (Cavallari et al., 2015). In order to take advantage
of nitrogen (N) and other nutrients contained in poultry litter, this residue has been used as a substitute for
mineral fertilization (Zahan et al., 2018). However, much of the N available in the litter may be lost by
volatilization, and compounds that inhibit this process are required (Termeer & Warman, 1993).

The high N levels that might be released by organic residues should be emphasized (Cavalaglio et al., 2017).
Nitrogen losses by volatilization and leaching might lead to eutrophication of water bodies, groundwater
contamination and air pollution, also contributing to global warming by forming greenhouse gases (Heij &
Schneider, 1995; Cameron et al., 2013). The N source and type of fertilizer can significantly influence N losses
and gaseous emissions. A variety of products have been developed to minimize N loss due to ammonia (NH;)
volatilization, such as urease inhibitors (Engel et al., 2011; Soares et al., 2012). These compounds temporarily
inhibit urease activity and control N release in the soil-water matrix, allowing for better synchronization between
N supplies and crop demands, minimizing gaseous losses of applied N (Soares et al., 2012; Turner et al., 2010).

The lack of information on soil chemical attribute alteration potential by poultry litter soil applications in
different doses, with or without urea inhibitors, is of paramount importance for the viability and proper
destination of poultry residues, minimizing N losses and pollution potential. In this context, the aims of the
present study were to: (i) evaluate effects of the urease inhibitor NBPT on chemical soil attributes and percolate
electric conductivity when added to the poultry litter, (ii) evaluate the behavior of soil chemical attributes and
conductivity (P < 0.05), and (iii) evaluate Pearson's correlations and pedotransfer functions for soil pH, organic
matter and CEC as a function of soil attributes.

2. Material and Methods
2.1 Experimental Conditions, Soil

This study was carried out at Rio Verde University (UniRV), Fazenda Fontes do Saber, in the municipality of Rio
Verde, Goias, Brazil, Longitude 50°57'55” W and Latitude 17°47'03" S at an average elevation of 787 m. The
collected soil was classified as a dystrophic Red Latossol, with a typical caulinitic-gibbsitic mineralogy
(EMBRAPA, 2013), collected from a eucalyptus forest area from a depth of 0-20 cm. Soil fertility was
characterized before the beginning of the experiment, following the methodologies proposed by Silva (2009).

Soil pH was determined using a potentiometer (Digimed, model DM 22, Brazil) with a combined electrode in a
0.01 mol L' CaCl, solution at a 1:2.5 soil: solution ratio, in a 100 mL vial stirred with a glass rod and allowed to
stand for one hour. Subsequently, 5 mL of the SMP solution was added to the flask, which was shaken, followed
by a new reading using the same potentiometer with a combined electrode to determine potential acidity (H+Al),
according to Silva (2009).

Exchangeable Ca, Mg and Al contents were quantified using 10 cm® air dry fine earth (ADFE) in 180 mL plastic
cups, with the addition of 50 mL of 1 mol L NH,CI, stirring for 10 minutes folowed by 16 hours at rest.
Aliquots of the supernatants were then analyzed by inductively coupled plasma emission spectrometry (Perkin
Elmer Optima 8300 ICP-OES). To determine sulfur contents, 10 cm® ADFE and 25 mL of 1 mol L' ammonium
acetate solution in 0.5 mol L™ glacial acetic acid were shaken for 30 minutes at 180 rpm, filtered through a JP 42
blue filter adding 25 mL of the 1 mol L™ ammonium acetate solution in 0.5 mol L™ glacial acetic acid.

The sum of bases (SB) was calculated by the sum of Ca*", Mg, and K*, whereas the cation exchange capacity
(CEC) was calculated from the result of the SB plus the potential acidity (AI’* and H"). Subsequently, base
saturation values (V %) were obtained, by multiplying the sum of the bases by 100 and dividing the CEC.
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Available P, K, Fe, Mn, Zn and Cu contents were extracted using the Mehlich-1 solution containing 10 cm’
ADFE and 100 mL of the extractor in a 180 mL plastic cup and determined after shaking for 20 minutes at 180
rpm and 16 hours at rest (Silva, 2009). Boron (B) content was quantified using 10cm® ADFE and 20 mL of a
0.125% barium chloride solution, placed in a polypropylene bag and microwaved for 5 minutes at 700 W, left to
reach room temperature, followed by supernatant filtering. The S, P, K, Fe, Mn, Zn, Cu and B contents were
determined by inductively coupled plasma emission (ICP-OES) spectrometry.

Organic matter content was determined using 1 cm® ADFE and 10 mL of a 4 mol L' sodium dichromate solution
and 20 mol L™ sulfuric acid, followed by shaking at 180 rpm for 10 minutes. After, it was left standing for one
hour, 50 mL of distilled water was added to each sample and the solutions were allowed to stand for another 16
hours. Aliquots of the supernatants were then used to assay transmittance on a molecular absorption
spectrophotometer, at 650 nm (U2900 model, Hitachi, Japan). Particle size analysis determined the percentage of
silt and clay fractions by the densimeter method (EMBRAPA, 1997).

2.2 Experimental Conditions, Poultry Litter

The poultry litter (PL) came from a rearing system with eight poultry lots. The material used for filling the
aviary floor was composed of rice husks. After bird removal from each batch, the poultry litter was treated with
calcium oxide (0.75 kg m™), moistened and covered with black tarpaulin for a 15-day fermentation. The raw
material was air dried, sieved (2 mm diameter sieve) and the main consituents were determined according to
Malavolta et al. (1997) (Table 1).

Table 1. Chemical attributes and particle size distribution of soil sampled at 0-20 cm depth at Fazenda Florestal 11
Rio Verde-GO compared to reference values

pH Ca* Mg AP H+AP" K P S
cmol.dm? LT o —
Soil 6.5 4.09 1.28 0.06 1.08 0.062 28.23 6.8
Ref. 4.9-5.5 2.5-3.5 0.8-1.2 0.2-0.5 n.d. 0.13-0.20 18-25 15-30
B Fe Mn Zn Na Cu MO
mg dm? - gdm?--
Soil 0.15 50.92 39.28 1.14 3.28 0.04 21.88
Ref. 0.2-0.5 15-30 2.0-5.0 1.1-1.6 n.d. 0.4-0.8 20-40
SB CEC v Sand Clay Silt
—————————————————————— cmoldm™ ——-eeeeeeeeee e % g dm?
Soil 5.43 6.51 83 818.8 126.8 54.4
Ref. n.d. 4.3-8.6 36-60

Note. pH (1: 2.5 CaCl, 0.01 mol L™"); Ca, Mg and Al extracted with NH4C1 1 mol L!: H+Al determined by the
SMP method; P, K, Fe, Mn, Zn, Na and Cu extracted with Mehlichl solution, S extracted with a C,H;0,NH, 1
mol L' solution in CH;COOH 0.5 mol L™, B extracted with BaCl, a 0,125%, MO extracted with Na,Cr,0,4 mol
L and H,SO4 20 mol L™, SB = Ca®" + Mg*' + K, CEC = SB + AI’" + H', V% = ((SB x 100)/CEC), Sand, clay,
silt (densimeter), reference (Ref) according to Sousa and Lobato (2004).

Total nitrogen content was determined by digestion of 0.02 g of poultry litter in a mixture of sulfuric acid, copper
sulfate, sodium sulfate and selenium followed by distillation in a Kjeldahl distillation equipment and titration
with NaOH. The extract used to quantify B was obtained by dry digestion (0.2 g of poultry litter) in a mortar
maintained at 550°C for three hours and the addition of 10 mL of a 0.1 mol L™ HCI solution, followed by
filtering and determination by inductively coupled plasma emission spectrometry (ICP-OES).

Extracts used for P, Ca, Mg, K, Fe, Cu, Zn and Mn determinations were obtained after nitroperchloric digestion
(Malavolta et al., 1997), and determined by inductively coupled plasma emission spectrometry (ICP-OES). The
electrical conductivity of the soil solution was determined using an automatic temperature compensation
conductivity meter (model Tec.4MP, Tecnal). Humidity was determined by the standard oven method for 24
hours at 110 °C, according to Abreu et al. (2009).

Organic carbon content was determined according to the methodology described by Raij et al. (2001), by
oxidizing 0.015 g poultry litter (Walkley - Black) with potassium dichromate and sulfuric acid. The digestion
supernatants were titrated with a ferrous sulfate solution using diphenylalanine as indicator.
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Available macro and micronutrient contents were determined following the methodologies proposed by Silva
(2009). The mineralogical composition of the poultry litter was determined by the powder method after grinding
on an X-ray diffractometer (Shimadzu, model XRD-6000, Japan), using Ko-Co radiation, in step mode, from 3
to 55926, 0.02°26; 0.6 s.

2.3 First Assay: Soil Chemical Attributes Evaluation

The experiment was conducted in a greenhouse, using 10 dm® capacity pots, filled with 9 kg of soil collected
from a eucalyptus plantation. Eucalyptus seedlings (AEC 1528 clones originated from the hybrid Urograndis,
100 days old) were transplanted to each pot.

The experiment began on March 19", 2015, with poultry litter application carried out on the surface of each pot,
followed by the application of the NBPT (N-butyl thiophosphoric triamide) inhibitor via irrigation, at 0.063 g per
pot, the equivalent to 14 kg ha™. Transplanting was carried out on the same day. When necessary, replanting was
performed twenty days after the first transplant, replacing dead plants. The experiment was irrigated by
automated spraying and divided into two irrigation treatments, at 7 and 17 hours, totaling 10 mm daily during the
233 experiment days.

After 233 days, the soil was collected and the chemical attributes in response to the treatments were analyzed.
Sampling was carried out using a Dutch soil auger, removing the soil samples by drilling a hole in each pot and
exploring the entire pot profile. Soil samples were then conditioned in plastic bags, identified, transported to the
laboratory, and analyzed according to previously described methodology (Silva, 2009).

The experimental design was a completely randomized design (CRD) in a factorial scheme with an additional
treatment (2 x 6 + 1), two types of poultry litter, with and without NBPT, and six poultry litter doses (22.5, 45,
90, 180, 360 and 720 g) on a dry basis, corresponding to 5, 10, 20, 40, 80 and 160 t ha’!, plus the controls
(without poultry litter), in four replications, totaling 52 pots.

2.4 Second Assay: Soil Solution and Percolate Electrical Conductivity Evaluations

A second assay with the same treatments began on 03/31/2016, but it was conducted inside a 5-year-old
eucalyptus forest. The treatments were mounted in 2 dm® PET (polyethylene terephthalate) bottles, on a support
platform, 1 meter height, 5 cm in width and 6 meters in length (Figure 1). The pots were assembled by cutting
the PET bottle in half and using only the top parts with the lids, inverted, fixed to the platform and filled with
1,000 g of soil and the poultry litter doses, with or without NBPT. To store the percolate, 0.5 dm’ plastic bottles
were attached to the lower portion of the pots (Figure 1).

Soil - ~ N - ~ - -

NBPT

Figure 1. Illustration of 2 dm® PET pots filled with 1,000 g of soil plus poultry litter dose with or without NBPT
and 0.5 dm” bottles for percolate collection

This experiment was conducted for four weeks. Irrigations were carried out every two days with a volume
similar to that used in the greenhouse assay. The surplus water was percolated in 0.5 L plastic bottles and
collected every seven days. After each collection, the percolates were filtered with filter paper #42 and
transferred to acrylic pots, stored in a refrigerator at 5 °C. Electrical conductivity was determined in both the
percolate and the soil, with a Tecnal Tec. 4MP automatic temperature compensation conductivity meter.
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2.5 Soil Chemical Attributes Assessed in the Tests

The soil chemical attributes evaluated in the first test were pH, macronutrient and micronutrient contents, sum of
bases, base saturation (V%), CEC and organic matter content. The soil chemical attributes evaluated in the
second test was percolate electrical conductivity.

2.6 Statistical Analysis

The data obtained from the different attributes analyzed in both assays were submitted to an analysis of variance
with regression application by orthogonal polynomials for poultry litter doses and types using Tukey’s average
comparison test at a 5% probability, using the Assistat 7.7 program (Silva, 2015). Pearson’s correlations
coefficients and pedotransfer functions (PTF) were obtained using the Proc Cor and Proc Reg routines available
in the SAS statistical program (SAS, 2001).

3. Results and Discussion

The analysis of the chemical attributes of the soil collected from the 0-20 cm layer (Table 1) before treatment
exhibited values outside the range reported in the study carried out by Sousa and Lobato (2004). Soil pH and V%
values, Ca, Mg, P, Fe and Mn contents were higher than the reference values, while K, S, B and Cu contents
were lower.

Poultry litter chemical attributes (Table 2) were different from values reported in the literature. This difference
depends on the number of housed batches, permanence of the animals on the litter, handling and absorbent
material used at the beginning (Richart et al., 2014). Thus, poultry litter chemical attributes are very variable.

Table 1. Total chemical analysis, electrical conductivity and humidity of the poultry litter used as soil conditioner

N P K Ca Mg S B Cu Fe Mn Zn C EC Hum
g kg mg kg’ gdm® dSm’' %
Tt 264 9.18 48 1539 186 3.8 133 8909 3814 559 745 1625 0.21 12

Note. N: Nitrogen (digestion with H,SO,4, CuSO,4, Na,SO4 and Se in Kjeldahl), B: Boron (dry digestion at
550 °C), P: Phosphorous, K: Potassium, Ca: Calcium, Mg: Magnesium, S: Sulphur, B: Boron, Cu: Copper, Fe:
Iron, Mn: Manganese, Zn: Zinc (nitroperchloric digestion), EC: electrical conductivity (conductivity meter), C:
Carbon (muffle furnace at 500 °C), Hu: Humidity (stove at 110 °C for 24 hours).

Nutrients contained in the poultry litter based on dry matter were 29.6 g N kg™, 26.6 g Pkg”, 38.0 g K kg, 47 g
Cakg™' and 6.6 g Mg kg™

The X-rays diffraction analysis of the poultry litter indicated the presence of poorly crystalline organic matter
and the following crystalline minerals: calcium carbonate, quartz, calcium oxide and struvite (Figure 2). Struvite
(NH4sMgPO,6H,0) is a magnesium ammonium and phosphate hexahydrate containing approximately 12% P
(27.5% P,0s), 5.7% NH4-N and 9.5% Mg (Forrest et al., 2008). This mineral has been detected in wastewater,
landfill slurry, cattle feces and even in human urine (Schuiling & Anrade, 1999; Adnan et al., 2003). The
mineralogical composition of the litter reflects the addition of calcium compounds (limestone and virgin lime)
after chicken removal, to decrease the formation of smelly volatile compounds (Dai-Pra et al., 2009). The

presence of struvite is the result of the continuous addition of feces and urine to semi-solid animal waste (Cassol
etal., 2001).
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Figure 1. X-rays diffraction of the poultry litter indicating mineralogical variation; Caca: Calcium Carbonate,
Qtz: Quartz, Oxca: Calcium Oxide and Est: Struvite

3.1 Evaluation of Soil Chemical Attributes

No statistically significant effect (p > 0.05) was observed regarding the urease inhibitor when comparing soil
chemical attributes. The applied poultry litter dose, however, led to differences between treatments for all
analyzed attributes except potential acidity, which did not respond to fertilization with poultry litter. Soil pH
values were directly influenced by the poultry litter doses, where the highest value was 7.45 at 136 t PL ha’
(Figure 3), with pH increase over 13 % comparing the control and the highest tested poultry litter dose. Santos et
al. (2004) and Andrade et al. (2015) observed a rise in soil pH with poultry litter applications, justified by the
presence of calcium carbonate and calcium oxide (Table 2) from the poultry litter disinfection treatments carried
out between bird lots. Doses higher than 20 t PL ha™ altered pH values to above the reference values for
agriculture, which ranges from 5.5 to 6.3 t PL ha" (Table 1). Values higher than 6.5 t PL ha" can lead to
decreases in micronutrient availability, like Fe, Mn, Cu and Zn (Souza et al., 2007), and limit plant root growth
by limiting nutrient water absorption.

Exchangeable Ca contents (Figure 3) were adjusted to a quadratic regression model, with the highest estimated
dose higher than the dose tested herein. Several authors have also observed increases in the Ca content of poultry
litter-fertilized soils (Blum et al., 2003; Santos et al., 2004). An 81% increase of soil Ca contents was observed at
the 160 t PL ha™' dose compared to the controls. Poultry litter dose above 20 t ha™ led to Ca levels above the
reference values (Table 1). Ca accumulation is justified by Ca poultry litter content, of 15.4 g kg surpassing the
2 tha of Ca applied to the soil at the 160 t ha™ dose (Table 3).

(@) (b)

7.6 - .
y =-5E-05x2 +0.0136x + 6.5251, R* = 0.97** 8.0 |y =-0.0001x2 +0.0391x + 3.8166, R* = 0.94**

? 30 ——t+——+——

6.4 — f ‘ f —t ‘ ‘ f {
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Poultry litter doses (t ha!) Poultry litter doses (t ha!)

Figure 3. Polinomial regression equations for soil pH (a) and calcium (b) depending on the poultry litter dose. **,
significant at 1% probability by the F test (p <0.01)
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Mg (Figure 4a), K (Figure 4b), P (Figure 4c) and S (Figure 4d) values were adjusted to a positive linear model.
Increasing soil content of these elements was observed with increasing poultry litter dose. Similar results were
observed by Santos et al. (2004) for Mg, Santos et al. (2004), Carvalho et al. (2011) and Silva et al. (2012) for K
and P and Carvalho et al. (2011) for S. The applied poultry litter increased Mg, K, P and S contents by 257, 77,
1,795 and 341%, respectively. Doses above 20 t ha™ of poultry litter increased Mg and P contents to above
reference levels (Sousa & Lobato, 2004), while the same was not observed for K and S (Table 1).

(a) (b)
5.0 - 60
4'5 y =0.0217x + 0.9299, R? = 0.96** 5 55 y=0.1216x +23.299, R>=0.65**
T 40 - 50
'§ 3.5 A %45 4
S 3.0
en40
525 . E .
2 20 . 5
2 15 330 i
= i w2
v 1.0 150 25
H o
0.5 - 20 -
0.0 — ‘ ‘ ‘ ! 15 : ‘ ‘ ‘ ‘ s
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Poultry litter doses (t ha™) Poultry litter doses (t ha!)
(c) (d)
600 359, 2_ ok
y = -0.0019x2 + 3.6058x + 11.778, R? = 0.99%* % y=0.1469x +5.87, R*=0.99
— jm]
o &°25 4
g g 20 -
en
g S :
= 15 -
3 310 -
m
5 i
: : 0 +—
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Poultry litter doses (t ha'!) Poultry litter doses (t ha'!)

Figure 4. Linear regression equations for magnesium (a); potassium (b); phosphorus (c) and sulfur (d) soil
contents as a function of poultry litter doses. ** significant at 1% probability by the F test (p <0.01)

Poultry litter added K > Mg > P > S to the soil, in decreasing order (Table 3). K displayed the lowest soil
availability, even with the highest content percentage in the poultry litter. The opposite was observed for P, which,
although comprising a lower percentage of the poultry litter, showed a 23-fold increased availability compared to
K. Potassium displays high leaching capacity, mainly in sandy soils (Neves et al., 2009). Therefore, the use of
poultry litter at higher than 20 t ha” doses can lead to environmental contamination, either by K leaching or by
raising soil P and Mg. Beavers et al. (2010), reported that P levels increased significantly after 3 years of poultry
litter application in soils.
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Table 3. Total chemical contents of nutrients applied to the soil by poultry litter at 5, 10, 20, 40, 80 and 160 t ha™

doses
Doses N P K Ca Mg S Fe B Cu Mn Zn Na
—tha' - kg ha™!
5 132.0 459 242.4 77.0 92.8 19.0  19.1  0.07 45 2.8 37 7.0
10 264.0 91.8 484.8 153.9 185.6 380 381 0.13 8.9 56 715 14.1
20 528.0 183.6 969.6 307.8 371.2 76.0 763 027 178 112 149 28.1
40 1,056.0 367.2 1,939.2  615.6 742.4 1520 152.6 0.53 356 224 298 562
80 2,112.0 7344 3,8784 1,231.2 1,484.8 304.0 3051 1.06 713 447 596 1125
160 42240 1,468.8 7,756.8 24624 2969.6 608.0 6103 2.13 1425 894 1192 2250

Note. Values were calculated from the chemical composition of the poultry litter (Table 2), as total content,
except for sodium, calculated as available content.

Soil organic matter content increased linearly and positively with increasing poultry litter doses (Figure 5). A
47% increase in OM content was observed at the 160 t ha™ dose compared to the controls, albeit within the
reference range (Table 1). Similar results were reported by Lima et al. (2007), Silva et al. (2012) and Andrade et
al. (2015) when using poultry litter as an organic fertilizer. This indicates improvement of soil quality, since loam
texture soils such as the one evaluated herein display increased water retention, due to organic matter increases,
in addition to increasing nutrient availability to plant root systems (Kiehl, 1997). B displayed a distinct behavior
compared to the other nutrients, since this element was adjusted to a quadratic model, with minimum efficiency
calculated as 58 t PL ha™' (Figure 5b).

(a) (b
35 - 0.19 +
33 1¥=0.0746x+ 18.618, R? = 0.75%* o1 |Y = OF-06x2-0.0007x +0.142, R* = 0.74*
5 D '
E 314 017
'25\29 r'ﬁEO.IG
£ E27 =
5 00.15
5225 £
z 21 = 0.14
2 9] Z0.13
wn
19 0.12
17 45 0.11
15 et Pt 0.10 —t D\ : t : t t : f : f i
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Poultry litter doses (t ha'!) Poultry litter doses (t ha!)

Figure 5. Linear and polynomial regression equations for soil organic matter (a) and B (b) contens, respectively,
as a function of poultry litter doses. **, * significant at 1% and 5% probabilities, respectively, by the F test. p <
0.01 and p < 0.05, respectively.

The available B soil content at 40 t ha™ poultry litter dose was lower than the values reported by Sousa and
Lobato (2004). It is important to note that B deficiency may compromise meristematic plant tissues by inhibiting
growth and affecting normal plant development (Marschner, 1995).

The main B deficiency symptom in eucalyptus culture is apical death, first documented by Vail et al. (1957) and
Savory (1962). The explanation for the behavior of the available B soil content with increasing poultry litter
doses is mainly related to soil pH, since soils with neutral or close to neutral pH promote greater B adsorption on
colloid surfaces, leading to low availability in the soil solution, while the opposite is observed when the soil pH
is altered to lower or higher values, reducing adsorption and increasing availability (Silveira et al., 2007; Soares
et al., 2008).

Fe contents were adjusted to a negative linear regression model (Figure 6). Increasing doses of poultry litter led
to decreasing Fe availability, to 48% at the 160 t PL ha™' dose compared to the controls, even when applying 0.61
t ha! of the residue. The control soil displayed available Fe content above the reference values indicated by
Sousa and Lobato (2004).
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y =-0.2307x + 70.863, R> = 0.59%*
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0 20 40 60 80 100 120 140 160
Poultry litter doses (t ha-!)

Figure 6. Linear regression equation for soil iron, as a function of poultry litter doses. *, significant at 5%

probability by the F test (p < 0.05)

Soil Fe (mg dm)
3

The 160 t ha™ poultry litter dose led to soil Fe content close to the reference values. The decrease in available Fe
content is linked to pH increases. Malavolta (1979) states that, Fe availability is reduced as soil pH increases,
due to the complexation of the available Fe by organic matter (Zando-Jnior et al., 2007; Cunha et al., 2011) and
iron oxidation (Fe*"), forming low solubility iron oxides (Gongalves et al., 2011) (Costa & Bigham, 2009).

Mn (Figure 7a), Zn (Figure 7b), Na (Figure 7c) and Cu (Figure 7d) values were adjusted to a positive linear
regression model, increasing their availability with increasing amounts of poultry litter. Comparing the available
content of these elements in the control treatment to the soil that received 160 t ha™ of poultry litter, an increase
in availability was observed, of 98; 6,537; 639; 45,726% for Mn, Zn, Na and Cu, respectively (Figure 7).
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Figure 7. Linear regression equations for manganese (a); zinc (b); sodium (c¢) and copper (d) as a function of
poultry litter doses. **, significant at 1% probability by the F test. (p < 0.01)
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Santos et al. (2004) and Nachtigall et al. (2009) reported similar results, while Malavolta (1979) proposed the
opposite, that pH increases in fact decrease Mn, Zn and Cu availability. The rationale for the results observed
herein is that the poultry litter contained 559, 745 and 890 mg kg of Mn, Zn and Cu, respectively (Table 1);
thus increases in pH reduced the availability of these elements, while application of high doses suppressed pH
effects and increased Mn, Zn and Cu availability.

The available Mn, Zn, Na and Cu levels in poultry litter treated soils were higher than the reference values
indicated by Sousa and Lobato (2004). High levels of these elements can promote phytotoxicity through
competition, especially in places presenting iron deficiency (Soares et al., 2000). Soil contamination can, thus,
occur by the use of agricultural residues such as poultry litter, which is usually not applied > 40 t PL ha™', but is
applied succesively, over time, raising elemental levels to toxic intensities.

Cu levels in the soil were adjusted to a positive linear regression model, increasing with increasing poultry litter
doses, reaching 45.726%, at the highest dose of 160 t PL ha™ compared to the control treatment (Figure 7d),
displaying soil contamination ability. Soil cation exchange capacity (CEC) (Figure 8a), base saturation (BS)
(Figure 8b), V% and electrical conductivity - EC (Figure 8c) were adjusted to a positive linear regression model.
When comparing the control treatment with the 160 t PL ha™ dose, 97, 14 and 1.309% increases were observed
for CTC, BS and CE, respectively.

CEC is defined by Ronquim (2010) as the total amount of cations retained on the surface of these materials in
exchangeable condition (Ca® + Mg”" + K" + H" + AI’"). Values considered adequate by Sousa and Lobato (2004)
range between 4 and 8.5 cmol, dm™, thus indicating that 80 and 160 t ha™ poultry litter doses raise CEC values
above the reference values (Table 1). This increase is in agreement with Silva and Mendonga (2007) as a
function of soil pH and OM content increase, provided by the poultry litter.

The results demonstrate the active participation of pH and OM in soil CEC, since pH, CEC and OM values
increase with increasing poultry litter levels. The opposite was observed for Fe content, where availability
decreased with increasing poultry litter applications. Base saturation (V%) is considered a soil quality indicator,
and, according to Ronquim (2010), soils are considered fertile when V% values are higher than 50%. Sousa and
Lobato (2004) apply values ranging from 36 to 60%. Thus, V% values determined herein are higher than those
adopted by Sousa and Lobato (2004) as ideal.
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Figure 8. Linear regression equations for soil CEC (a), soil base saturation (b) and electrical conductivity (c), as
a function of poultry litter doses. **, significant at 1% probability by the F test (p <0.01)

V% values above 70% may inhibit plant development. Bernadino et al. (2007) and Possamai et al. (2014)
demonstrated increases plant quality with increasing base saturation (V%) up to 70%, and inhibition above this
percentage. Most of the time, to raise V%, soil conditioners containing high Ca and Mg levels in high doses are
usually applied, which can inhibit K uptake by plants (Andreotti et al., 2000).

Soil electrical conductivity, despite having increased more than 1,300% at the 160 t PL ha dose in relation to
the control treatment (Figure 8c), did not reach the value considered limiting by Dias and Blanco (2010), of 4.0
dS m™', when analysing over 60 different cultures. Ghini et al. (2002) also observed an increase in soil EC with
poultry litter applications, due to the composition of this residue (Table 2), which contains considerable amounts
of salts that increase soil EC values.

3.2 Soil and Percolate Electrical Conductivity Evaluation

The electric conductivity of the percolate was influenced by the poultry litter doses and the sampling time,
increasing with increasing residue doses and decreasing with increasing sample time (Figure 9). The 160 t PL
ha™' dose increased percolate EC by more than 2,000% when compared to the control treatment, reaching over
7.04 dS m™ at 7 days, exceeding the upper limit critical value of 4.0 dS m™ for the survival of most agricultural
crops (Freire and Freire, 2007; Silva et al., 2008).
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Figure 9. Linear regression equations for the electric conductivity of the soil percolate at 7, 14, 21 and 28 days as
a function of poultry litter doses. ** significant at 1% probability by the F test (p <0.01)

Percolate EC values declined approximately 50% after 28 days when compared to EC values at 7 days.
Calculations using the EC percolate values observed in the 160 t ha” treatment indicate that, for each ton of
poultry litter added to the soil, EC increases in 0.046, 0.044, 0.025 and 0.015 dS m' at 7, 14, 21 and 28 days,

respectively.

These results confirm that the 80 and 160 t ha™ doses of poultry litter under the evaluated conditions increased
salt levels in the soil solution, damaging plant metabolism. Magalhdes (2016) observed eucalyptus seedling
deaths when irrigating the plants with wastewater at an EC of 3.7 dS m™. The decrease observed in the percolate
EC values is related to leaching losses (Neves et al., 2009; Pessoa et al., 2010), causing soil alterations due to
poultry litter application, mainly at 80 and 160 t PL ha™, leading to possible compromises in soil and ground
water quality.

3.3 Pearson’s Correlations Coefficients and Pedotransfer Functions for PH, Organic Matter and CEC as a
Function of Soil Chemical Attributes

The pH, BS, EC, CEC and potential acidity values, as well as Fe, Ca and Mg contents observed in the present
study are at the same order of magnitude as those reported by Silva et al. (2006), Netto et al. (2007), Bebé et al.
(2009), and Serrano et al. (2010), respectively. In contrast to what was proposed by Malavolta (1979), Zn, Cu
and S contents were positively correlated to pH values, due to the influence of pH on solubility processes,
precipitation reactions and complexation, increasing the availability of these elements in the soil solution (Table
4). Soil pH values presented positive correlations to Ca, Mg, S, Zn, Cu, CEC, sum of bases and EC levels over
60% and negative correlations to potential acidity and available Fe soil content (Table 4).
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Table 4. Pearson’s correlation coefficients (r) between soil chemical attributes , organic matter (OM) content and
cation exchange capacity (CEC) levels

Chemical attributes pH oM CEC
pH 1.00 0.36%* 0.62%*
Ca 0.63** 0.58** 0.92%*
Mg 0.60%* 0.73%* 0.86%*
AcPT -0.67** - -

K - 0.60** 0.41%*
P 0.59** 0.61%* 0.86%*
S 0.68%* 0.66** 0.89%**
oM 0.36%* 1.00 0.71%**
B - - -

Fe -0.40%* -0.72%* -0.71%*
Mn 0.45%* 0.88%** 0.62%*
Zn 0.61** 0.72%* 0.73%*
Cu 0.67** 0.42%* 0.63**
CEC 0.62%* 0.71%* 1.00
SB 0.84%** 0.49%** 0.63%*
CE 0.71%* 0.54%** 0.78%*

Note. pH: hydrogenation potential; Ca: Calcium; Mg: Magnesium; AcPT: potential acidity; K: Potassium, P:
Phosphorus; S: Sulfur; OM: organic matter; B: Boron; Fe: Iron; Mn: Manganese; Zn: Zinc; Cu: Copper; CEC:
cation exchange capacity; SB: sum of bases; EC: soil electrical conductivity; -: non-significant; *: significant at a
5% probability level and **: significant at a 1% probability level.

The correlation analysis indicate that only Cu contributed positively (+) in the selection of significant attributes
(p <0.05) for the pedotransfer function models (PTF), (Table 5) with a linear effect for pH (r = 0.85, p < 0.01).

Table 5. Pedotransfer functions (PTF) for hydrogenation potential (pH), organic matter (OM) and cation exchange
capacity (CEC) using soil chemical attributes

Variable PTF R?

pH = 6.57339 + 0.04802 x Cu 0.85%*
MO = 10.021 + 0.554x S — 0.070 x Fe + 0.1443 x Mn + 1.124 x CEC — 0.004 x CE21 0.99%*
CEC =8.016 — 0.027 x Fe + 0.076 x Zn 0.98%*

Note. Cu: Copper; S: Sulfur; Fe: Iron; Mn: Manganes; CEC: cation exchange capacity; CE21: percolate
electrical conductivity at 21 days; Zn: Zinc; R2 coefficient of determination; ** significant at 1% probability.

Organic matter (OM) content correlated to 14 of the 16 evaluated soil attributes. Of these 14 attributes, 7
displayed a Pearson’s linear correlation coefficient r > 0.6 (p < 0.01), with positive (+) for Mg, K, P, S, Mn, Na
and CEC values and negative (-) for Fe (Table 1.4). These results are similar to those published by Garay et al.
(2003) for Mg, K, P and CEC and Teixeira et al. (2003) for Mn and Fe.

The high correlation indexes between OM and other soil attributes confirms the importance of this parameter
regarding soil quality, also confirming the quality of the poultry litter as a soil conditioner. When submitted to
the Stepwise procedure, the significant attributes for the PTF were S, Mn and CEC, contributing positively (+),
while Fe content and percolate EC at 21 days contributed negatively (-) (Table 5), with a linear effect for OM (R?
=0.99, p <0.01).

Pearson’s correlation coefficients for CEC indicate positive (+) and significant correlations (r > 0; p < 0.05) to
the following chemical attributes: pH, Ca, Mg, P, S, OM, Mn, Zn, Na, Cu, SB and EC, and negative (-)
correlations to Fe content values, with r > 0.6 (Table 1.4). These results are similar to those reported by Garay et
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al. (2003) and Oliveira et al. (2002) for r > 0 correlations and Gongalves et al. (2011) and Cunha et al. (2011) for
r <0 correlations.

4. Conclusions

Poultry litter doses altered soil chemical attributes, except for potential acidity. Soil pH, CEC, SB and EC
chemical attributes and Ca, Mg, K, P, S, OM, Mn, Zn and Cu contents increased with increasing poultry litter
doses, while soil Fe and B had an opposite trend. Over 40 t ha™ dose, poultry litter negatively influenced soil
sustainability, mainly due to the increasing salinity and alkalinity associated to salt content and to pH increases,
respectively. It is important to emphasize that the poultry litter should be applied in doses smaller than 40 t ha™'
with chemical fertilizer complementation, and that soil monitoring should be carried out, in order to avoid
saturation by the continuous application of this residues. The NBPT urease inhibitor showed no influence on soil
chemical attributes.
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