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Abstract

Application of poultry litter may lead to major changes in the structural and functional properties of soil.
Understanding these alterations is crucial for assessing the effect of organic wastes on the soil quality and
attributes. The purpose of this study was to assess the influence of use of poultry litter on increased organic
matter, microbiological activity and physicochemical properties of soils in the Brazilian Cerrado and identify a
group of expressive indicators of changes for the assessed attributes. The research was conducted in Fazenda
Alvorada, a farm located in Portelandia/GO (Brazil), consisting of the following accumulated doses of turkey
litter: TO (without application); T1 (26.32 Mg ha™); T2 (43.15 Mg ha™"); T3 (57.6 Mg ha™). The experimental
design consisted of randomized blocks and four replications. Sequential applications of poultry litter provide
increases in the variables related to organic matter, mainly in particulate nitrogen and total nitrogen stocks.
Applications of lower doses resulted in increases of microbial biomass carbon and microbial quotient.
Concerning soil physicochemical properties, available phosphorus, the sum of bases and base saturation were the
variables that exhibited the most significant changes with increased doses of poultry litter. The metabolic
quotient was the most expressive indicator to represent soil alterations resulting from application of poultry litter.

Keywords: soils, organic fertilization, microbial biomass, organic matter and quality assessment
1. Introduction

The poultry industry has grown significantly over the world and the large amounts of wastes produced by this
activity have become an environmental concern since their improper disposal may contaminate soils and waters
(Kominko et al., 2017). Thus, the use of these organic compounds in farming has been a prospective option
because it is not just a sustainable model for utilization of wastes but it also favors optimal nutrients cycling
(Komiyama, Kobayashi, & Yahagi, 2012), thus reducing the amounts of chemical fertilizers and corresponding
costs (Tewolde & Sistani, 2014).

Production systems that promote the incorporation of organic residues, either from plants or animals into the soil,
contribute to increase the stocks of organic matter (OM) in the soil (Endale et al., 2010), enhance microbial
activity (Ashworth et al., 2017), reduce soil losses caused by erosion, thus contributing to an improvement of soil
physicochemical attributes (Mosaddeghi et al., 2009). In this regard, studies report the effective application of
poultry litter to increase macronutrient contents in soil (Daronch et al., 2017) and stocks of organic matter (Adeli
et al., 2009), enhance the microbiological activity and the pH of the solution in the soil (Pinto et al., 2012), as
well as to improve water retention and infiltration in soil (Veum et al., 2014).

In this context, it is necessary to identify parameters to efficiently indicate the soil quality and demonstrate
effective alterations that occur in the soil due to the use of organic wastes from animal sources and definition of
technical criteria for correct dosage of this fertilizer in cropping (Pulido et al., 2017). However, it is very difficult
to estimate an indicator of soil quality, because it can vary according to the type of soil and soil management, the
climate and other specificities of each region.
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An indicator of soil quality, as far as possible, must be of easy determination or execution (Oberholzer et al.,
2012), integrate biological, physical and chemical soil attributes and respective processes (Doran & Parkin,
1994), and be cost-effective and easy to obtain. Thus, to achieve satisfactory results, it is necessary an evaluation
of a set of indicators and their interrelations, i.e., to analyze the influence of indicators over others and their
effects on alterations of different soil attributes.

So, the multivariate analysis appears as a tool capable of identifying how much an indicator of soil quality can
influence another one, allowing the identification of a group of indicators that could contribute most to the
changes occurred in soil (Nosrati et al., 2013). In addition, multivariate statistics makes it possible to study a
great number of variables, grouping them according to their similarity, and selecting from pre-selected groups
the ones with the highest discriminating power (Zuber et al., 2017).

In this context, it is believed that application of larger doses of litter of poultry, will contribute to the increase of
organic matter and microbial biomass by the incorporation of nutrients, especially of N, influencing directly in
the physicochemical properties, mainly pH and base saturation.

In this regard, the aim of this study was to evaluate the influence of use of poultry litter on (i) organic matter
increase, (ii) the microbiological activity and (iii) physicochemical properties of the Brazilian Cerrado soil.
Based on these results, to identify (iv) which would be the best regulators of change of the assessed attributes,
and (v) the best indicators of soil quality.

2. Material and Methods
2.1 Study Areas

The study was conducted in the Fazenda Alvorada, a farm located in the municipality of Portelandia/GO (Brazil)
in a dystrophic Red Latosol (739 g kg of clay, 125 g kg™ of silt and 136 g kg™ of sand, in layer 0-20 cm depth)
(Embrapa, 2006). Typical climate in the region is Aw (predominantly warm and semi-wet, with rainy summer
and dry winter), according to Kdppen classification, with mean rainfall of 1700 mm and mean temperature of
24.2 °C.

The area where the experience was conducted is made up of 16 parcels of 0.5 ha each, totaling 8 ha of
experimental area, grown with Urochloa decumbens in rotational grazing (two days of grazing and 30 days of
rest). The stocking rate in the rainy seasons (October to May) is 20-25 female cattle (Girolando breed) with
average live weight of 590 kg. In the dry season (June to September) in addition to overnight grazing, the
animals are fed corn silage during the day.

The pasture was introduced in 1995. The experiment was implemented in October 2008 with the application of
the firsts doses of poultry litter. There was no kind of correction of acidity and chemical fertilization of the soil
prior to and during the experiment. The waste used as organic fertilizer came from excreta of turkey farming on
wood-based bedding, with the following composition (seven years of application on average: C-organic = 308 g
Kg'l; N = 3.3%; P,O5 = 3.6%; K,0 = 2.4%; Ca =4.2%; Mg = 1.0%; C/N ratio = 10/1; dry matter = 73.8%; pH in
water = 7.8.

2.2 Experimental Design

The experiment consisted of the following doses of accumulated turkey litter applied from 2008 to 2014: TO
(without application); T1 (26.32 Mg ha™); T2 (43.15 Mg ha"); T3 (57.6 Mg ha™).

The experimental design consisted of randomized blocks with four replications, each parcel represented by a
paddock. Application of the waste was parceled out annually through broadcast applications at the beginning of
each rainy season, using a lime spreader. After applications, the pasture land rested for 45 days and, afterwards,
the animals entered for grazing.

2.3 Soil Collection and Assessments

Soil samples were collected in October 2015, in the layer 0.0-0.10 m deep, with the aid of a soil auger. Five
simple samples were collected at random points of each parcel. Afterwards, the samples were put into plastic
bags, identified and taken for laboratory analysis. The samples that were used for determination of biochemical
attributes were kept under refrigeration until completion of the assessments, and the samples for analyses of
chemical attributes were air dried, sieved in 2 mm mesh and stored in a dry place.

The total organic carbon (TOC) contents were determined by oxidation in dichromate solution, while total
nitrogen (TN) contents were obtained by micro-Kjeldahl distillation, following the method proposed by Tedesco
et al. (1995). Physical fractionation of the organic matter was carried out according to Cambardella & Elliot
(1992), where 20 g of soil and 80 Ml of a sodium hexametaphosphate solution (7.0 g L") were stirred during 16
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hours in a horizontal stirrer, and then the suspension passed through a 53 pm sieve with the aid of water jets. The
material trapped in the sieve, consisting of particulate organic matter (POM), was oven dried at 65 °C to constant
weight, had its mass quantified, was crushed in porcelain-grade crusher and had the C and N contents determined
(Tedesco et al., 1995).

The stocks of TOC (S-TOC), particulate organic carbon (S-POC), total nitrogen (S-NT) and nitrogen in the
particulate organic matter (S-NPOM) were calculated by the equivalent soil mass method so that the soil mass in
the treatments was defined based on the lower soil mass value taken as reference (Ellert & Bettany, 1995); thus,
the stocks calculation was based on bulk densities of 0.87 kg dm™ for the 0-10 cm layer.

For analysis of the soil microbial activity, microbial biomass carbon (MBC) (Vance et al., 1987) and microbial
biomass nitrogen (MBN) (Brookes, 1995) were determined. The soil basal respiration was assessed by
quantifying the CO, released during soil incubation, where CO, was captured in a NaOH 0.05 mol L™ solution
and then titrated with HCI (Alef & Nanninpieri, 1995). The metabolic quotient (¢CO,) was obtained by the basal
respiration-to-MBC ratio (Anderson & Domsh, 1993) and the microbial quotient (¢MIC) by the MBC-to-TOC
ratio (Sparling & West, 1988).

Chemical analyses of soil that were carried out were: pH, available phosphorus and exchangeable bases (Ca, Mg
and K) following the method proposed by Embrapa (1997). Based on the results of the chemical analyses, sum
of bases (SB), cation exchange capacity (CEC) and base saturations (V%) were calculated.

To assess soil aggregation, samples of undeformed soil blocks measuring 0.15 m x 0.10 m X 0.10 m were
collected. Subsequently, the samples were wrapped in PVC film (Polyvinyl chloride) to maintain the stability of
the structure and placed in plastic bags, identified and packed in carton boxes for transportation. In the laboratory,
after removing the PVC film, the samples were moistened and declodded at their weakness points and arranged
for air drying. For the study of wet aggregates, the methodology was adapted from Silva & Mielniczuk (1997)
and, subsequently, the weighted average diameter of the aggregates was calculated.

2.4 Statistical Analysis of Data

For the statistical analyses, data were grouped into three main groups: organic matter (OM) microbiological
activity (MA) and physicochemical attributes (PC) of the soil. In the OM group, were included S-TOC, S-TN,
S-POC, S-NPOM and total C/N ratio. In the MA group, were included MBC, MBN, BR, ¢CO, and gMIC. In the
PC group, were included SB, phosphorus, CEC, V%, pH and the weighted average diameter of the aggregates.

For each dataset, principal components analysis (PCA) was carried out aiming to reduce/eliminate overlapping
and choose the most representative form of data based on linear combinations of the original variables (Pare et
al., 2005). Next, an analysis of similarity (ANOSIM) was conducted to evaluate the difference between the
poultry litter doses applied to the soil. Afterwards, multivariate analyses in distance-based linear models
(DistLM) were conducted aiming to identify which variables in each studied group best explained the changes of
the other correlated groups. Based on these results, in each group, the variables that best explained the change of
the correlated groups (eliminating overlaps) were selected, and then the same test (DistLM) was applied in order
to verify which variables would be considered the best indicators of soil quality.

These analyses were carried out with the aid of Primer v6 and Permanova + software (Anderson, 2005). As
pre-treatment of data, standardization was performed to standardize the units of variables. The tests were carried
out using Bray-Curtis similarity index, suitable for environmental variable matrices.

3. Results
3.1 Increase of Soil Organic Matter

In the principal components analysis for the set of variables relating to soil organic matter, it can be seen that the
Principal Component 1 (PC1), which explains 76.8% of the total data variation, is positively correlated with the
increased doses of poultry litter and an increase of S-TOC, S-TN, S-POC and S-NPOM and negatively
correlated with total C/N ratio (Figure 1). These results show a well-defined graphical distribution of three
groups, TO, T1 (26.32 Mg ha™) and T2+T3 (43.15 and 57.6 Mg ha™, respectively (Figure 1).

When comparing the treatments by the analysis of similarity (ANOSIM), it can be seen that only T2 and T3 were
similar to each other (P = 5.7%; Table 1) as shown in the PCA itself (Figure 1). It can also be seen that the
greatest dissimilarities occurred when the soils that did not receive doses of poultry litter (T0) were compared
with the other treatments (highest statistic R values; Table 1).
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Figure 1. Principal components analysis (PCA) for the variables related to organic matter of a dystrophic Red
Latosol subjected to different doses of poultry litter. S-TOC = Stock of total organic carbon; S-TN = Stock of
total nitrogen; S-POC = Stock of particulate organic carbon: S-NPOM = Stock of nitrogen in particulate organic
matter and C/N ratio. * PC1 explains 76.8% and PC2 explains 18.4% of total variation

Table 1. Paired comparison by Analysis of Similarity (ANOSIM) for a Red Latosol subjected to different doses

of poultry litter

ORGANIC MATTER

Doses (ton/ha) Statistical R Significance level (%)*
0vs. 26 0.969 29

0vs. 43 1.000 2.9

0vs. 58 1.000 2.9

26 vs. 43 0.490 29

26 vs. 58 0.740 29

43 vs. 58 0.417 5.7

MICROBIAL ACTIVITY

Groups (Doses) Statistical R Significance level (%)*
0vs. 26 1.00 29

0vs. 43 1.00 29

0vs. 58 1.00 2.9

26 vs. 43 0.135 17.1

26 vs. 58 0.854 29

43 vs. 58 0.917 29
PHYSICOCHEMICAL PROPERTIES

Groups (Doses) Statistical R Significance level (%)*
0vs. 26 0.958 29

0vs. 43 1.000 29

0vs. 58 1.000 29

26 vs. 43 0.719 29

26 vs. 58 0.938 29

43 vs. 58 0.677 29

Note. *The higher the R value the higher the dissimilarity.

The increased doses of poultry litter applied to soil promotes increases in the OM-related variables (Table 2),
especially in S-NPOM and S-TN. On the other hand, the soil that did not receive poultry litter applications
exhibits a 61.32% increase in the C/N ratio when compared to the treatment that received the highest dose.
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Table 2. Mean and standard deviation of organic matter-related attributes of a Red Latosol subjected to doses of
poultry litter

ORGANIC MATTER
S-TOC S-TN Total C/N Ratio S-POC S-NPOM
Doses Mean SD Mean SD Mean SD Mean SD Mean SD
mg ha™! mg ha™!
0 14.26 0.86 1.24 0.20 11.68 1.46 2.69 0.16 0.17 0.03
26.32 22.02 243 1.85 0.31 12.24 2.83 4.12 0.20 0.36 0.08
43.15 23.26 231 2.49 0.26 9.40 0.99 4.19 0.39 0.50 0.07
57.6 22.82 1.66 3.18 0.39 7.24 0.96 4.10 0.35 0.42 0.07
MICROBIAL ACTIVITY
MBC MBN BR qCO, gMIC
Doses
Mean SD Mean SD Mean SD Mean SD Mean SD
————— mgha” —- - ug C gsoil’ -~ mg CO, Kg™ of soil day' mg C-CO, kg™ soil hour! ug C-BA mg C-COy ---mmwremm Y =meemmmmv
0 42598  20.54 38.63 11.83 18.98 2.29 44.61 5.64 2.61 0.12
26.32 1328.64 212.02 86.84 9.20 18.93 2.26 14.63 3.53 5.32 1.14
43.15 1526.98 24296 113.06 2.05 16.88 2.04 11.20 1.84 5.77 1.21
57.6 776.25  192.00 137.84 23.88 17.03 2.09 22.99 6.39 2.92 0.58
PHYSICOCHEMICAL PROPERTIES
SB P CEC \% pH Aggregation
Doses Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
----- mg T —— cmol, dm?® - mg dm? - - cmol, Tt Y /S — B ol 11111 JEEEE
0 1.75 0.58 5.80 0.14 10.90 0.08 16.05 5.41 510 0.14 2.39 0,02
26.32 4.98 1.38 12.23 3.33 13.13 1.31 37.43 6.56 578  0.17 5.78 0,02
43.15 5.50 0.70 30.20 9.30 14.37 0.45 38.24 435 6.00 0.14 2.75 0,03
57.6 7.72 0.87 39.33 8.40 14.54 0.38 53.02 4.82 6.18  0.10 2.59 0,02

Note. S-TOC = Stock of total organic carbon; S-NT = Stock of total nitrogen; S-POC = Stock of particulate
organic carbon; S-NPOM = Stock of nitrogen in particulate organic matter and C/N ratio. MBC = Microbial
biomass carbon; MBN = Microbial biomass nitrogen; BR = Basal respiration; gCO, = Metabolic quotient; Qmic
= Microbial quotient; SB = Sum of bases; P= Phosphorus; CEC = Cation exchange capacity; V= Bases
saturation; pH = Potential of Hydrogen. SD: Standard Deviation.

According to the multivariate analysis using distance-based linear models (DistLM), it can be seen that among
the microbial activity-related variables, MBN and gCO, explained best the changes in soil organic matter (Table
3). Regarding the variables relating to physicochemical attributes, all of them explained the organic matter
changes (Table 3). However, pH and bases saturation (V) indicated the highest explanation rates. The variable
that explained less the organic matter changes was the weighted average diameter of aggregates.
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Table 3. Distance-based multivariate analysis for linear models (DistLM) for organic matter relating to microbial
activity and physicochemical attributes variables of a Red Latosol subjected to poultry litter doses.

ORGANIC MATTER/MICROBIAL ACTIVITY

Variables Pseudo-F P Proportion (%)*
MBC 5.420 0.022 2791

MBN 62.015 0.001 81.58

BR 1.1234 0.332 7.42

qCO, 13.820 0.004 49.67

gMIC 1.7823 0.196 11.29

ORGANIC MATTER/PYSICOCHEMICAL PROPERTIES

Variables Pseudo-F P Proportion (%)*
SB 27.638 0.001 66.38
P 22.363 0.001 61.50
CEC 25.735 0.001 64.77
v 28.035 0.001 66.69
pH 34.673 0.001 71.24
Aggregation 9.7302 0.003 41.00

Note. * Percentage of how much it explains the microbial activity alterations in soil. MBC = Microbial biomass
carbon; MBN = Microbial biomass nitrogen, BR = Basal respiration; gCO, = Metabolic quotient; qMIC =
Microbial quotient; SB = Sum of bases; P = Phosphorus; CEC = Cation exchange capacity; V = Base saturation;
pH = Potential of Hydrogen.

3.2 Soil Microbial Activity

With respect to the soil microbial activity group, it can be seen three distinct groups formed by the dispersion in
the PCA eigenvalues (Figure 2). The first group, with negative PC1 values (79.4% explanatory power),
corresponds to the treatment without application of poultry litter (T0) (Figure 2), being strongly related to the
increased soil metabolic quotient (¢CO,) and basal respiration (BR), which exhibited a rise of 94.0% and 11.4%,
respectively, when compared to the treatment with the maximum dose (Table 2). Regarding the organic matter
group, the main discrepancies between the pairs assessed by ANOSIM were observed when comparing the
absence of application of poultry litter to all doses assessed (higher R values, Table 1).
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Figure 2. Principal components analysis (PCA) for five variables related to the microbiological activity of a Red
Latosol subjected to different doses of poultry litter. MBC = Microbial biomass carbon; MBN = Microbial
biomass nitrogen; BR = Basal respiration; gCO, = Metabolic quotient; Qmic = Microbial quotient. * PC1

explains 79.4% and PC2 16.4% of total variation
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The second group, with predominant positive values in PC1 (Figure 2), is represented by the highest dose of
poultry litter (T3 = 57.6 Mg ha™"), which provided an increase of 256.8% in MBN compared to the treatment
without application of poultry litter (Table 2). The treatments with two intermediate dosages (T1 = 26.32 Mg ha™'
and T2 = 43.15 Mg ha™") are in the same group with totally positive values in PC1, promoting an increase in the
microbial biomass carbon (MBC) and microbial quotient (gMIC) (Table 2). The similarity of these two doses is
exhibited again via ANOSIM, indicating a significance level of 17.1% (Table 1).

In the DistLM analysis for microbial activity, S-POC and S-NPOM were the variables that exhibited the best
explanatory power over the variables related to soil organic matter (Table 4), whereas for the physicochemical
attributes, the cation exchange capacity and pH exhibited a better explanatory power over microbial activity
changes (Table 4).

Table 4. Distance-based multivariate analysis for a linear model (DistLM) for the microbial activity in soil
relating to the organic matter and physicochemical variables of a Red Latosol subjected to different doses of
poultry litter

MICROBIAL ACTIVITY/ORGANIC MATTER

Variables Pseudo-F P Proportion (%)*
S-TOC 12.9430 0.002 48.04

S-TN 5.6323 0.029 28.69

C/N ratio 1.7877 0.198 11.32

S-POC 14.756 0.001 51.31

S-NPOM 13.1720 0.002 48.48
MICROBIAL ACTIVITY/PHYSICOCHEMICAL PROPERTIES

Variables Pseudo-F P Proportion (%)*
SB 6.5057 0.014 31.73

P 4.4224 0.039 24.00

CEC 13.3360 0.006 48.78

A% 6.1971 0.008 30.68

pH 12.020 0.003 46.19
Aggregation 6.4129 0.018 31.41

Note. * Percentage of how much it explains the changes in soil microbial activity. S-TOC = Stock of total
organic carbon; S-TN = Stock of total nitrogen; S-POC = Stock of particulate organic carbon; S-NPOM = Stock
of nitrogen in particulate organic matter; SB = Sum of bases; P = Phosphorus; CEC = Cation exchange capacity;
V = Base saturation; pH = Potential of Hydrogen. S-TOC = Stock of total organic carbon; S-TN = Stock of total
nitrogen; S-POC = Stock of particulate organic carbon; S-NPOM = Stock of nitrogen in particulate organic
matter and C/N ratio.

3.3 Soil Physicochemical Attributes

In the PCA of the physicochemical properties group, it can be seen that four distinct groups of eigenvalues are
formed, and the treatment with no application of poultry litter (TO) appears on the upper right side of PC1
(Figure 3). On the other hand, it is very clear an evolution of the groups to the left of PC1 with increased doses
of poultry litter, and the treatment with the maximum dose exhibits the highest increase of soil physicochemical
attributes (Figure 3).
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Figure 3. Principal components analysis (PCA) for six variables related to the physicochemical attributes of a
Red Latosol subjected to different doses of poultry litter. SB = Sum of bases; P = Phosphorus; CEC = Cation
exchange capacity; V = Bases saturation; pH = Potential of Hydrogen and Aggregation = Soil aggregates
stability. * PC1 explains 89.9% and PC2 explains 9.3% of total variation

In the analysis of similarity (ANOSIM), it can be seen that the treatments differ from one another (Table 1), as
also indicated by the PCA (Figure 3), exhibiting a significance level of 2.9% for all pairs assessed. In addition, it
can be seen a higher discrepancy for the pairs that have no application of poultry litter as reference, whereas for
the higher doses (T2 = 43.15Mg ha™'; T3 = 57.6 Mg ha™) they are the most similar. It can also be seen that the
variables with increased poultry litter exhibited more levels of phosphorus (P), sum of bases (SB) and soil bases
saturation (V), of 578.1%, 341.1% and 230.3%, respectively, for the highest dose, compared to the treatment
with no application (Table 2).

As for DistLM, in the attributes related to the storage of soil organic matter, S-TN and S-POC were the variables
that best explained the changes in soil physicochemical attributes (Table 5). For the microbial activity, MBN
exhibited the greatest changes in physicochemical attributes followed by gCO..

3.4 Indicators of Change in the Overall Set of Soil Attributes

The most expressive indicators regarding the explanatory rate, for the three groups of variables under analysis
(OM, MA and PC), were pH, CEC, V, MBN, S-TN, S-NPOM, ¢gCO, and S-POC (Table 6).

In the multivariate analysis of the most significant indicators, using distance-based linear models (DistLM), it
can be seen that gCO, and S-POC are the attributes that best explain the changes in the overall set of variables
studied.
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Table 5. Distance-based multivariate analysis for a linear model (DistLM) for physicochemical attributes related
to microbial activity and organic material in a Red Latosol subjected to different doses of poultry litter

PHYSICOCHEMICAL PROPERTIES /MICROBIAL ACTIVITY

Variables Pseudo-F P Proportion (%)*
MBC 3.4483 0.075 19.76

MBN 61.525 0.001 81.46

BR 2.6491 0.133 15.91

qCO, 10.913 0.001 43.03

Qnmic 1.1128 0.298 7.36
PHYSICOCHEMICAL PROPERTIES/ORGANIC MATTER

Variables Pseudo-F P Proportion (%)*
S-TOC 20.196 0.002 59.06

S-TN 42919 0.001 75.40

C/N ratio 8.4866 0.005 37.74

S-POC 23.335 0.001 62.50

S-NPOM 18.753 0.002 57.25

Note.* Percentage of how much it explains the changes in the soil physicochemical properties. MBC = Microbial
biomass carbon; MBN = Microbial biomass nitrogen; BR = Basal respiration; gCO, = metabolic quotient; Qmic
= microbial quotient; S-TOC = Stock of total organic carbon; S-TN = Stock of total nitrogen; S-POC = Stock of
particulate organic carbon; S-NPOM = Stock of nitrogen in particulate organic matter and C/N ratio.

Table 6. Distance-based multivariate analysis for a linear model (DistLM) for the most expressive group of
indicators of a Red Latosol subjected to doses of poultry litter

Expressive Indicators

Variables Pseudo-F P Proportion (%)*
pH 4.09 0.05 22.61
CEC 3.85 0.05 21.56
\Y% 3.88 0.04 21.69
S-POC 4.77 0.03 25.40
S-TN 4.04 0.03 22.38
S-NPOM 4.14 0.03 22.83
MBN 4.31 0.03 23.53
qCO, 13.68 0.00 49.43

Note. * Percentage of how much it explains the soil quality alterations. pH = Potential of Hydrogen; CEC =
Cation exchange capacity; V = Bases saturation; S-POC = Stock of particulate organic carbon; S-NPOM = Stock
of nitrogen in the particulate organic matter; S-TN = Stock of total nitrogen; MBN = Microbial biomass nitrogen;
and ¢CO, = Metabolic quotient.

4. Discussion
4.1 Increase of Soil Organic Matter

The PCA indicated that increased poultry litter doses applied to soil provided an increase of the soil organic
matter (SOM), which can be seen in the formation of three distinct groups, showing a direct relation of the
organic residue added to the soil with increased SOM. This is due to the mineralization of essential soil nutrients,
which is controlled mainly by the organic matter and changes related to microbial activity, as described by
Biinemann and Condron (2007), and by the amount, quality and frequency of organic residues added to soil and
associated with the management system (Sa et al., 2013).

The group with the largest doses (T2 and T3) caused an increase in S-NPOM and S-TN, a result confirmed by
ANOSIM, which favored microbial activity with consequent increase in the residues decomposition, since
S-NPOM refers to more labile materials and S-TN refers to the total concentration of this nutrient in soil. Poultry
litter incorporated to the soil two of the main components of SOM, carbon and nitrogen, and, as already
mentioned, these essential nutrients are controlled by SOM and, consequently, by biomass microbial activity
stimulation, making it more active (Dijkstra et al., 2013) and leading to increased stocks of SOM, as already
reported by Franchini et al. (2007), and Boddey et al. (2010).
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On the other hand, the treatment without application of poultry litter resulted in a higher C/N ratio compared to
the other doses. This result is confirmed by ANOSIM, in which the greatest dissimilarities found when
comparing TO with the other applications of turkey litter reflected in soil N and C storage, resulting in large
stocks of SOM. Thus, the high nitrogen contents found in the poultry litter, around 3.3%, led to significant
increases of total soil nitrogen, also found by Ge et al. (2010).

In the distance-based analysis for linear models (DistLM), with respect to the microbial activity variables, MBN
and ¢gCO, were the attributes that contributed most to the changes in the stocks of SOM, for being related with an
efficient use of C. This is because higher C and N contents, added through poultry litter, tend to normalize the
metabolic quotient as carbon is regulated by SOM and supplied as carbon dioxide (Howarth, 2007) by microbial
respiration. Thus, additions of organic fertilizer, with high nitrogen contents, lead to a reduction of CO, emission
(Zang et al., 2017; Ge et al., 2010). Therefore, it was observed that the microbial biomass became more efficient,
i.e. less CO, is lost to the atmosphere and a higher rate of carbon is incorporated to the microbial biomass,
resulting in lower gCO; values (Cunha et al., 2011) and, consequently, storing more C amounts in soil.

The addition of organic fertilizer in the form of poultry litter led to increased SOM, directly influencing all
physicochemical attributes, especially pH and bases saturation. SOM, when in decay, is the main source of
negative charge (Pavinato & Rosolem, 2008) in most soils, so it determines the soil’s retention and
bioavailability of cations and nutrients such as calcium, potassium, magnesium and ammonium. Therefore, a
sequential addition of poultry litter increased pH and bases saturation, which are highly related, because as the
pH value increases, the soil negative charges are free and may be filled by bases, rising the bases saturation of
charges, due to the reduction of ions H in the solid phase of soil.

4.2 Soil Microbial Activity

The formation of three distinct groups in the PCA of the microbial activity group clearly confirms that the
application of poultry litter provides variations in this group (Figure 2). No application of poultry litter favored
¢gCO, and BR increases (Table 2), indicating that the environment was under a condition of stress or disturbance,
which resulted in greater C losses through the respiration process. Thus, the amount of C that could be stored in
the OM was reduced; on the other hand, the addition of poultry litter resulted in higher gMIC levels, indicating a
better conversion of poultry litter into SOM in the form of MBC (Aderson & Domsch, 1978), which confirms
the efficacy of C utilization by microbial biomass.

The addition of a larger dose of poultry litter (T3=57.6 Mg ha™) provided MBN increases. This was due to the
large amount of nitrogen contained in the composition of organic fertilizers from animal excreta (Daronch et al.,
2017), which not only increased the soil storage but also benefitted the temporary immobilization by microbial
biomass (Table 2), and a contributing immobilization to the reduction of losses by volatilization and leaching,
since the nitrogen will later be released gradually through mineralization. In turn, with respect to MBC and
gMIC, there was a higher increase with the intermediate doses. In swine manure, higher dosages caused a
decrease in the oxygen availability to the soil microbiota, resulting in a MBC reduction, as observed by Quadros
etal. (2011).

However, in this study, it might have occurred stabilization of MBC due to the application of a high dose of
poultry litter, causing a higher microbial activity. As a result, there is an increase of the mineralization rate and
the nutrients cycling velocity without a corresponding immobilization of the nutrients by the microbial biomass,
as reported by Andrade et al. (2016).

In the ANOSIM paired analysis, the largest dissimilarities found when comparing TO with the other treatments
confirm again that poultry litter applications may cause major changes in the structural and functional microbial
populations. This is due to the potential of microorganisms to react rapidly to the introduction of substances with
different physicochemical properties into their environment (Mierzwa-Hersztek et al., 2017). The analysis also
showed that the intermediate doses (T1 and T2) did not indicatet significant differences, as shown in the PCA,
and this is due to the stabilization of attributes such as MBC and ¢gMIC, which did not exhibit expressive
alterations with doses over 26.32 Mg ha™.

S-POC and S-NPOM are the attributes that best explained the variations in the microbial biomass group (Table
4), because they represent the labile fraction of SOM, i.e., the light fraction comprised of undecomposed plant
residues and their products in partial decomposition (Cates & Ruark, 2017) which consequently forms a storage
of readily-available materials to microbial attack. Thus, these fractions of SOM are vitally important to
maintaining the biochemical processes responsible for the microbial activity and also by interfering directly with
the nutrients cycling, because the rapid mineralization of this labile material satisfies most of the plants’
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nutritional needs (Tomlinson et al., 2015). Thus, the rapid cycling of a small nutrients reserve may lead to a high
level of fertility when compared to slow cycling of a large nutrients reserve.

Among the physicochemical attributes, CEC had the greatest influence on the microbial activity group. However,
it must be emphasized that SOM, due to the great presence of electrical charges, will interfere directly on CEC,
thus improving the availability of soil nutrients, moisture retention and structuring. As a result, all these factors
will contribute to keeping microorganisms in soil. So, it can then be seen that a real interference with microbial
activity occurs as a function of SOM. The pH also has a high relationship with the microbial activity, because
changes in pH may favor or not soil microorganism communities. Novak et al. (2017) reported that increased pH
values interfere with the availability of nutrients to the soil microorganisms as well as they also have an effect on
selecting more efficient microbial populations for degradation of organic substrates.

4.3 Soil Physicochemical Attributes

Based on the PCA (Figure 3), it can be seen the formation of four distinct groups, which confirms the
physicochemical attributes changes resulting from the application of different doses of poultry litter. For this
reason, the paired comparison analysis showed a statistical difference between all doses (Table 1). It is still
possible to observe that the group with the highest dose (T3 = 57.6 Mg ha™) contributed to rise, especially, the
available phosphorus, sum of bases and bases saturation in soil.

The P increase in the group that received the largest doses of poultry litter (T3 = 57.6 Mg ha™) is linked to the
constitution of such organic fertilizer, which has significant phosphorus concentrations. In addition, the increased
pH value associated with SOM increases resulting from the greatest doses of poultry litter allows a greater
availability of this nutrient (Li et al., 2015). This effect is important from the point of view of P availability for
grazing, since in this soil P fixation tends to be very high, making it difficult to increase the available contents of
this element.

The increased base saturation is explained by the fact that the sum of bases consists of potassium, calcium and
magnesium, and all these elements are present in the poultry litter, providing increased levels of these nutrients
and, consequently, in the sum of bases and base saturation. Furthermore, decomposition of organic residues
results in water-soluble compounds that form complexes with acid reactant cations in the soil solution, causing
the release of anions that precipitate aluminum and, therefore, rise the base saturation (Petrere & Anghinoni,
2001). Such increase not only contributes to the soil fertility but also influences the grass-growing potential,
since the ideal level of base saturation, considering the upper layers, for the maximum production of
nitrogen-fertilized Urochloa decumbens, is around 54% (Oliveira et al., 2003).

The S-MB and S-TN considerably contributed to explain the physicochemical changes and this is due to the
great amount of nitrogen inserted into the soil through the poultry litter. Such addition stimulates soil
microorganisms, thus enhancing the transformation of organic residues into SOM. SOM is directly linked to
improved physicochemical attributes (Sepat et al., 2014), mainly because it causes an increase of the CEC in soil
(Silva & Mendonga, 2007), rising the soil fertility. S-POC and ¢gCO, were also regulators of these properties.
This fact may also be associated with the increase of SOM, since in more stable production systems, there may
be microbial communities more efficient in incorporating the C available in the its biomass (Bhaduri et al., 2017),
so it may exhibit a lower gCO,, resulting in larger amounts of C stored in soil.

4.4 Indicators of Change of the Overall Soil Attributes

Among the eight indicators assessed, gCO, was the most expressive, while the others had similar contribution to
represent soil alterations. This shows the importance of using biological indicators to assess soil quality, because
the microbiota reveals a dynamic nature and high sensitivity to detect short-term changes in ecosystems in
general (Brookes et al., 2013).

Therefore, the use of gCO, is recommended for future studies on soil quality. However, it must be emphasized
that the other indicators were equally important when compared with each other, thus demonstrating the need for
studies addressing the multiplicity of physical, chemical and biological attributes, as in the present work, thus
expressing the soil functioning as a whole and not just one attribute, taking into account that the term “soil
quality” refers to the soil ability to perform all functions of nature (Doran, 1997).

5. Conclusions

(1) The increased organic matter in soil that resulted from the addition of poultry litter caused an increase of
carbon and nitrogen stocks, especially when applied with intermediate doses, making MBN, ¢CO,, BS and pH
good SOM regulators.
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(2) The maximum doses of poultry litter produced an increase of MBN, whereas the intermediate doses
increased MBC and ¢gMIC. The treatments without application of poultry litter exhibited microbiota stress with
increased BR and gCO,. The attributes that explained most the variations of the microbial biomass group were
S-POC and S-NPOM of the organic matter group and the CEC of the physicochemical properties group.

(3) All physicochemical attributes were enhanced by the maximum doses of application of poultry litter. The
MBN and S-TN were the attributes that exhibited the highest explanation power for the physicochemical
properties alterations.

(4) Among the group of indicators assessed, gCO, exhibited a great potential for use in soil quality appraisals,
showing the importance of biological indicators, which provide much faster responses to environmental changes.

(5) Multivariate analysis was effective in the analysis of the soil quality indicators by selecting the ones with the
best explanations for the alterations occurred in soil.
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