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Abstract

We evaluated the effects of biannual surface applications of swine wastewater (SWW) for 11 years, on chemical
and microbiological attributes of a clay-textured soil under no-tillage (NT) or conventional tillage (CT) in
Palotina, Parand, Brazil. The treatments consisted of SWW doses (split into autumn-winter/spring-summer
seasons) totaling 30, 60, 90 or 120 m’ ha™ year”, and a control without application, under CT or NT soil
managements (SM). The experimental design was in randomized blocks with a split-plot arrangement and four
replications, with SM in the plots and the doses of SWW in the subplots. After 11 years of applications of SWW,
soil samples were taken at 0-10, 10-20, 20-40, and 40-60 cm of depth by the end of the winter cover crop, 44
days after the second biannual application. The treatments had only minor effects on the assessed chemical and
microbiological soil properties. Available P and NO;™-N increased with the doses of SWW at the two upper soil
layers, whereas NT decreased NO5™-N at 10-20 cm and increased P at 0-10 cm. Zn?" also increased with the
doses of SWW, irrespectively the SM. NT increased the microbial biomass C (MBC) at 0-10 cm and 10-20 ¢cm of
soil depth, and the microbial quotient (¢Mic) at 0-10 cm. SM and SWW did not change the densities of
heterotrophic bacteria, fungi, nitrite-oxidizers or ammonifiers at any soil depth. SM had single effects on organic
C, MBC and gMic, whereas SWW had single effect only on Zn*". Only available P and NO5-N were affected by
both SM and SWW. The principal component analysis for chemical and microbiological attributes showed
distinct groupings between CT and NT, and SWW rates at 0-10 cm and 10-20 cm of soil depths, the most
influenced soil layers.

Keywords: microbiological indicators, no-tillage, soil fertility, swine residues
1. Introduction

The intense swine husbandry activity in southern Brazil generates large amounts of swine wastewater (SWW),
which can be used in agricultural soils as a source of nutrients. SWW contains high concentrations of macro and
micronutrients and can be used in annual crops and pastures, contributing to the improvement of chemical,
physical, and biological soil properties and reducing the costs of agricultural production (Ceretta et al., 2005;
Balota et al., 2010; Scherer et al., 2010; Lourenzi et al., 2011).

Organic wastes rich in easily degradable carbon and containing high concentrations of nutrients can influence the
soil microbial community and interfere in the cycling processes via biogeochemical cycles of C, N, and other
elements. Most of the N transformations in the soil are mediated by ammonifying, nitrifying and denitrifying
microorganisms. These processes are regulators of N dynamics in soil and may not only increase N availability
to plants but also favor losses by leaching and denitrification (Paul, 2007).

The soil microbial biomass influences the dynamics of nutrients, increasing nutrient availability via
mineralization or decreasing availability via immobilization, affecting the system productivity. The
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immobilization of nutrients in microbial biomass has important implications for the soil-plant system since
immobilization protects nutrients from losses and represents an important nutrient reservoir that is easily
available (Van Der Heijden et al., 2008).

Microbial biomass carbon (MBC) and other microbiological indicators are important for assessing the effects of
the application of residues and soil management (SM). Balota et al. (2012) observed increases in the soil organic
C and MBC with the application of SWW on a clayey soil under conventional tillage (CT) or no tillage (NT).
Increases in MBC with the application of pig slurry up to 150 m® ha" year” in a Typic Haploxeralf were also
observed by Plaza et al. (2004). The application of SWW to a clayey-sandy soil increased the number of aerobic
heterotrophic bacteria by 1.3 (Suresh et al., 2009). Soil conservation managements also favors the MBC, as
indicated by increases in MBC under NT compared with CT (Mercante et al., 2008; Balota et al., 2012).

Soil applications of SWW brings not only organic C but also several macro and micronutrients, such as Cu®” and
Zn**, which excess may impair the microbial community and their processes in soil. For example, the
accumulation of trace elements because of successive applications of SWW to agricultural soil was associated to
negative effects on soil microbial biomass and activity (Dias-Junior et al., 1998; Renella et al., 2007; Balota et al.,
2011). The addition of Cd and Zn also reduced the number of rhizobia in native clover but did not influence the
soil microbial biomass (Renella et al., 2007). Furthermore, ammonifying microorganisms decreased by 67% and
19% with the addition of SWW at rates of 90 and 120 m’® ha™' year”, respectively (Lalande et al., 2000).
Research on the effects of SWW application on microbiological attributes under different SM strategies is
relevant to advice practices to protect and improve the quality of agricultural soils.

The objective of this work was to evaluate the effects of application of SWW for 11 consecutive years on
chemical and microbiological attributes of a clayey soil managed under CT and NT in southern Brazil.

2. Material and Methods
2.1 Description of the Area and Experimental Design

The experiment was installed in 1996 in the municipality of Palotina, Parana, Brazil (24°18'50.47"S and
53°54'13.35"W, 308 m above sea level and slope between 0.5% and 3%). The local climate is humid subtropical
(Cfa) according to Koeppen’s classification. The soil is classified as Typic Hapludox (Soil Survey Staff, 2015),
equivalent to “Latossolo Vermelho distroférrico” based on the Brazilian classification (Santos et al., 2013), with
clayey texture (60% clay, 24% sand and 16% silt). The treatments consisted of biannual surface applications of
SWW totaling 30, 60, 90 and 120 m® ha” year”, and a control without application, under CT or NT soil
managements. The soil was cropped with rotations of soybean/wheat (Glycine max (L.) Merrill/Triticuma
estivum); corn/oats+vetch (Zea mays L./Avena sativa+Vicia sativa); and soybean/turnip (Raphanus sativus) in the
spring-summer/autumn-winter seasons, respectively.

The experimental design consisted of randomized blocks with split-plot arrangement in four replications
separated by 15 to 20 m corridors to avoid cross contaminations. Each plot had 500 m* (50 m x 10 m) split into
two SM systems, CT or NT, each with 50 m x 5 m. The SWW treatments were applied in the subplots (10 m x 5
m) at the corresponding rates, split two times a year, 50% at the beginning of the spring-summer crop and 50% at
the beginning of the autumn-winter crop.

The SWW was collected after 4 to 5 months of stabilization from waste aerobic or maturation pools of swine
husbandry farms close to the experimental site and analyzed for physicochemical properties (Table 1). Based on
the concentrations, the total annual inputs to the soil was estimated. On November 7 of the eleventh year of the
experiment, after the cultivation of turnips, SWW was applied on the soil surface, and subsequently incorporated
in the plots under CT with a disc plow (0.2 m depth) followed by harrowing (0.1 m depth), or left on the soil
surface in the plots under NT. On November 13, all plots were sown with soybean.
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Table 1. Physicochemical characteristics of the SWW applied in the experimental site and annual inputs
provided by each dose

N P K* Ca®*  Mg” Cu¥  Zn®¥  Mn®**  Totalsolids pH
SWW composition' gL’

33 32 4.7 34 1.5 0.05 0.10 0.05 11.90 6.8
Dose, m® ha' yr”! Total inputs, kg ha yr!
30 99 96 141 102 45 1.5 3 1.5 357 -
60 198 192 282 204 90 3.0 6 3.0 714 -
90 297 288 423 306 135 4.5 9 4.5 1071 -
120 396 384 564 408 180 6.0 12 6.0 1428 -

Note. ! Total contents.

2.2 Soil Sampling, and Chemical and Microbiological Analyses

Soil samples were taken after 11 consecutive years of SWW application in both SM systems. Forty-four days
after the last application of SWW, samples formed by 3 subsamples were collected with a cutting blade at 0-10,
10-20 cm, 20-40 cm and 40-60 cm and sieved (2 mm). In air-dried samples, the soil chemical analyses were
performed according to Pavan et al. (1992); Cu*" and Zn*" were determined by inductively coupled plasma (ICP)
mass spectrometry (Silva et al., 2009). Soil organic matter (SOM) was determined by incineration in muffle
furnace at 600 °C for 6 h (Goldin, 1987), whereas total organic carbon (TOC) was determined by the
Walkley-Black method. Nitrate (NO5-N) and ammonium (NH,-N) were determined according to Miyazawa et
al. (1985), and Kempers and Zweers (1986), respectively.

For microbiological analyses, soil samples were stored at 5 °C at field moisture. The ammonifying and
nitrite-oxidizing microorganisms were estimated by the most probable number (MPN) method (Andrade et al.,
1994). Culturable bacteria and fungi were estimated by the MPN based on the droplet-plating method (Jahnel et
al., 1999) in nutrient agar for bacteria and Martin’s medium for fungi. Microbial Biomass Carbon (MBC) was
estimated by the fumigation-extraction method (Vance et al., 1987) using the correction factor K, = 0.33
(Sparling & West, 1988). The microbial quotient (¢Mic) was calculated as gMic = (MBC/TOC) x 100 (Sparling,
1992).

2.3 Statistical Analysis

The MPN estimated for total bacteria, fungi, ammonifiers and nitrite oxidizers were log-transformed before
analysis. Analysis of variance (F test, p < 0.05) followed comparison of means by Tukey’s test (p < 0.05) with
the software SISVAR (Ferreira, 2011). Principal component analysis was applied to the dataset to evaluate the
relationship of chemical and microbiological variables with the doses of SWW and SM for each soil depth, using
the software XLSTAT Base (Addinsoft, 2009).

3. Results

Soil management (SM) had significant influence on P concentration at 0-10 cm and 10-20 cm and on the
concentrations of TOC and NO;5™-N at 10-20 cm (Table 2). SM and SWW applications did not change the soil pH,
SOM, H+Al, Ca*", Mg*" and K* at any soil depth. The applications of SWW, in each SM, increased the
availability of P and NO5-N at 0-10 cm and 10-20 cm, and Zn*" at 10-20 cm, independently of the SM (not
shown). NT increased the concentration of P at 0-10 cm, whereas decreased NO;-N at 10-20 cm. The P
concentrations in the soil profile were higher at 0-10 cm and 10-20 cm and decreased by up to 93% in the
following depths (Table 2).

NT significantly increased MBC at 0-10 and 10-20 c¢cm of soil depth as well as gMic at 0-10 cm (Table 3). There
was no significant effect on culturable bacteria, fungi, nitrite oxidizers, and ammonifiers at any depth. No

interaction was detected between SM and rates of SWW application on the microbiological variables at any soil
depth (Table 3).

Based on chemical (12) and microbiological (6) attributes, PCA discriminated SWW doses and more clearly the
CT and NT soil managements at the two topsoil layers (Figure 1). At 0-10 cm, the principal components F1
(42.6%) and F2 (21.6%) explained 64.3% of the total variance, where NT was mainly associated to the positive
side of F1, whereas CT was restricted to the negative side. The doses of SWW were quite well organized in two
distinct groupings along F1 (Figure 1). Most of the variables were associated with NT, whereas only few
variables (e.g., Bac, Nit-ox, and Cu”") were associated with CT (Figure 1).
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At 10-20 cm, the components F1 (31.2%) and F2 (22.9%) explained 54.2% of the total variance. The soil
managements CT and NT grouped more distinctly and SWW followed an organization clearly defined by the
doses within each SM. CT predominated in the positive side of the F1 axis, and was associated with Fungi,
Nit-ox, C, Bac, NH,-N, NO;™-N, and Zn** (Figure 1). On the other hand, NT positioned on the negative side of
F1 axis, and was associated with MBC, gMic, and ammonifiers; SOM and Mg*" were associated to higher doses
of SWW under NT along F2 axis (Figure 1).

At 20-40 cm, the components F1 (32.7%) and F2 (19.4%) explained 52.4% of the total variance, but the
treatments were not clearly separated as before (Figure 1). Only few treatments were clearly associated to the
variables, like the dose 120 m™ ha™' yr'" at both CT and NT associated with NH, -N and P along the positive side
of axis F1. MBC, fungal density, and gMic were associated in the negative side with NT and CT without SWW.

At 40-60 cm, the components F1 (24.5%) and F2 (20.3%) explained 44.8% of variance (Figure 1). Similarly to
20-40 cm, there was no clear separation of the treatments. The control and 120 m™ ha” yr' of SWW posed
oppositely each other and grouped within the same SM. P, TOC, Zn**, NO;-N, Ammonifyiers, Nitrite oxidizers,
MBC, Ca*" and SOM were associated with 120 m™ ha™ yr' of SWW, irrespectively the SM.

Table 2. Physicochemical attributes at four depths of a clayey soil (Typic Hapludox) after applications of doses
of swine wastewater (SWW) for 11 years under conventional tillage (CT) or no-tillage (NT) in southern Brazil

SWW P TOC SOM pH? H+AL Ca®' Mg*' K' NOy NH,' Cu?' Zn*'
dose CT NT CT NT CT NT CT NT CT NT CT NT CT NT CT NT CT NT CT NT CT NT CT NT
m’ha'! yr! - mgdm?® - e [13 3 —— cmol,dm™ mg kg!

Depth 0-10 cm

0 10.4c  13.0c 15.0™ 15.8™ 40.0™ 43.8™ 4.9 4.9™ 5.1™ 5.1™ 4.5™ 4.6™ 1.5 1.7% 0.83™ 1.1™ 23.9b 223b 6.5™ 6.7 11.2™ 10.5™ 7.0  6.8™
30 22.1bc 44.1b 147 159 403 443 49 50 51 53 44 49 1.7 19 096 1.1 344ab 245ab 7.0 82 11.8 96 7.8 9.0
60 27.4abc 44.5b 157 152 412 426 48 47 53 57 46 41 1.7 1.7 1.01 10 31.9ab 29.2ab 6.7 82 10.7 109 9.2 9.5
90 40.9ab 65.6a 152 153 41.1 428 49 45 55 60 45 42 1.7 16 094 1.0 329ab 342a 72 79 106 124 82 9.8
120 0 783 1ol 168 22 456 48 47 57 60 47 45 17 19 097 11 384 39 73 85 119 103 93 14
Mean 28.7B  49.1A 153™ 158 41.0™ 43.8 4.9™ 48 53" 56 45" 44 1.7 1.7 094" 1.1 323" 290 69 79 112" 108 8329™ 93
CV, % 18.6 232 79 80 11.8 102 2.0 58 83 120 23.6 11.4 11.3 33.6 25.767 17.0 17.1 323 323 146 18.7 162 26.7 326
Depth 10-20 cm

0 10.1c  6.4c 133" 15.5™ 38.9™ 39.7" 5.1™ 57" 4.9™ 4.5 4.9™ 48" 1.6™ 1.5 0.9 0.9™ 252b 16.6b 6.8™ 5.6™ 11.9™ 12.1™ 48" 4.1™
30 19.8bc 11.5¢c 144 148 394 419 57 60 48 43 47 53 1.7 18 1.0 1.0 32.9ab 18.2ab 6.9 58 12.1 12.0 55 42
60 247b  12.6bc 13.1 148 39.8 400 52 58 54 52 44 43 16 15 09 1.0 31.6ab 21.8ab 6.9 6.6 123 11.1 56 4.1
90 27.1ab 22.7ab 12.1 143 385 386 5.0 53 55 55 46 45 16 1.7 09 0.9 32.1ab 259ab 6.6 6.8 104 114 6.7 5.1
120 369a 24.8a 13.7 161 429 438 56 55 56 54 52 50 1.7 18 1.1 1.0 39.0a 273a 7.0 6.7 121 119 7.1 5.7

Mean 23.7A  15.6B 13.3B 15.1A 39.9™ 40.8 5.3™ 5.7 52" 5.0 48" 48 1.6 1.7 1.0® 1.0 322A 22.0B 6.8™ 63 11.7% 11.7 59 4.6
CV, % 23.0 252 112 119 127 96 40 53 89 125 11.7 17.7 16.0 129 256 21.7 241 167 11.5 113 89 167 256 2I.1
Depth 20-40 cm

0 23" 2.0 7.3"  7.0™  27.2™ 30.8™ 5.4™ 54™ 3.6™ 3.5 55" 53" 1.6 1.6 0.6® 0.6™ 187b 13.7b 7.0 7.0™ 10.7* 10.1™ 2.2™  2.0™
30 2.4 2.7 75 77 280 323 51 56 37 34 53 52 1.7 1.6 06 0.6 24.6ab 16.5ab 7.5 7.1 10.5 122 23 2.0
60 22 2.3 72 66 275 299 54 54 34 33 48 50 1.7 1.6 06 0.6 23.8ab 18.5ab 7.2 7.0 11.8 106 23 1.7
90 2.8 2.8 70 68 287 290 54 50 3.6 39 51 46 18 1.7 06 0.6 28.6ab 23.9ab 6.5 7.1 104 11.3 2.0 2.5
120 35 3.6 73 73 311 315 54 53 37 36 50 50 1.7 1.6 06 0.6 30.6a 254a 7.5 7.6 11.0 99 24 2.6

Mean 2.6 2.7 73" 7.1 285™ 305 53™ 53 3.6™ 35 52" 50 17" 1.6 0.60™ 0.6 253™ 19.6 7.™ 72 109™ 108 23™ 22
CV, % 14.7 36.1 82 154 123 105 2.8 6.7 10.0 13.1 254 244 146 10.6 259 312 33.1 238 303 147 22.1 164 314 286
Depth 40-60 cm

0 2.6™ 22" 6.9™ 6.9™ 27.4™ 30.3™ 5.5™ 54™ 3.4™ 3.5 49™ 4.6™ 1.5™ 1.4™ 04™ 04™ 17.0™ 12.8b 6.8™ 6.7" 87" 9.3™ 1.6© 1.8™
30 2.5 2.6 70 71 283 305 54 56 34 31 47 48 1.7 16 04 0.5 198 164ab 7.1 65 81 9.8 1.7 1.7
60 2.6 2.5 63 60 252 281 54 56 34 3.1 45 49 16 15 04 04 199 16.2ab 65 68 9.1 101 1.8 2.0
90 3.0 23 7.1 59 271 273 55 52 35 34 44 43 17 16 04 04 219 17.8ab 7.0 6.6 9.0 93 2.0 1.9
120 32 2.8 72 171 298 296 54 55 34 33 49 49 16 15 04 04 255 236a 65 66 9.8 88 21 1.9

CV, % 16.1 187 74 173 187 128 3.7 6.5 10.0 10.2 17.8 21.1 149 10.7 11.2 347 219 257 30.1 11.5 22.1 182 209 36.4
Note. Means followed by the same letter, small in column, capital in line, do not differ each other by the Tukey’s
test at p < 0.05; ns = not significant by the F test (p < 0.05). P and K" extracted with Mehlich-1; pH in CaCl,,
0.01 mol L'; Ca®" and Mg?" extracted with KCI 1 mol L'; H+Al determined in SMP buffer; TOC = total organic
carbon determined by the Walkley-Black method; SOM = soil organic matter, determined by the muffle furnace
method; Cu® and Zn®>" extracted with HCI 0.1 mol L'"; NO;™ and NH," extracted with KCI 2 mol L!; CV=
coefficient of variation.
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Table 3. Microbiological attributes at four depths of a clayey soil (Typic Hapludox) after applications of doses of
swine wastewater (SWW) for 11 years under conventional tillage (CT) or no-tillage (NT) in southern Brazil

MBC' gMic? Bacteria Fungi Nitrite oxidizers® Ammonifiers®
SWW dose
CT NT CT NT CT NT CT NT CT NT CT NT
—mPhalyr' - e pg gl e e % ------ logio MPN g
Depth 0-10 cm
0 160.5™ 2479™ L™ 16" 62" 61" 51™ 49™ 58™ 55™ 73" 74™
30 185.6 266.4 1.3 1.7 6.2 6.1 5.0 5.5 6.1 4.7 7.7 7.6
60 185.2 280.9 1.2 1.8 6.1 6.4 5.6 5.3 5.8 5.7 7.4 7.7
90 190.9 262.7 1.3 1.7 5.9 5.8 4.7 5.3 5.5 5.5 8.0 7.7
120 184.9 273.6 1.1 1.6 6.1 5.9 5.2 54 5.1 5.7 7.3 7.3
‘Mean  1814B 2663A 12B 17A  61™ 61  s51™ 53 571%™ 54 75™ 75
CV, % 32.0 14.5 36.8  17.0 4.1 6.9 6.9 7.1 7.2 7.4 8.7 9.0
Depth 10-20 cm
0 107.0™ 1509 ™ 07™ 1.1™ 58™ 55™ 40™ 3.6™ 51" 5.6™ 65™ 71™
30 101.9 151.0 0.7 1.0 5.9 5.6 4.1 3.8 54 4.7 6.9 7.3
60 119.3 161.0 0.8 1.2 5.8 5.8 33 3.7 4.9 4.7 6.8 7.4
90 114.6 172.3 0.8 1.4 6.0 5.7 3.9 3.4 5.4 5.1 7.1 7.1
120 127.6 192.6 0.8 1.4 5.8 5.8 3.4 35 5.3 5.2 7.1 7.5
‘Mean  1141B 1656A 08" 11 s8™ 57 37" 36 52" sl 69™ 73
CV, % 6.8 18.5 195 143 6.5 5.0 8.3 11.7 2.8 53 3.8 6.8
Depth 20-40 cm
0 119.5™  1189™ L7 17" 6.1™ 557 34™ 36" 49™ 51" 6.6™ 63"
30 1133 124.9 1.6 1.6 5.5 5.0 2.6 3.4 5.5 4.7 6.8 6.8
60 117.2 125.2 1.6 1.9 5.5 5.1 3.1 32 5.1 43 6.7 6.8
90 126.5 118.6 1.9 1.7 5.3 5.7 3.0 34 5.5 49 6.5 6.3
120 117.1 111.0 1.6 1.5 4.9 5.2 2.9 24 5.8 4.8 6.3 6.2
Mean 1187 1197 17% 17 5549 53 30™ 32 53™ 47 66™ 65
CV, % 16.9 15.4 128 119 83 9.1 272 279 3.4 4.7 133 102
Depth 40-60 cm
0 106.7™ 97.8™ 6™ 1.5™ 50  53™ 3.1™ 3.6™ 52" 4.8™ 63™ 69™
30 96.0 99.6 1.3 1.5 5.6 5.5 3.1 3.9 5.1 5.2 7.0 7.8
60 102.63 110.8 1.7 1.9 5.7 5.5 32 3.8 4.5 4.6 7.0 6.0
90 106.7 94.8 1.5 1.6 6.0 5.3 2.9 3.6 4.7 49 7.1 7.1
120 100.5 115.5 1.4 1.7 5.8 5.6 3.6 32 5.3 4.6 7.1 6.9
‘Mean  1025™ 1037 15" 16  56™ 55  32™ 36 50" 48 69™ 69
CV, % 16.8 224 170 143 15.3 14.0 37.5 189 9.3 3.7 127 6.6

Note. Means followed by the same letter, capital in line, do not differ each other by the Tukey’s test at p < 0.05;
ns = not significant by the F test (p < 0.05). '"MBC, microbial biomass carbon; *gMic = (MBC/TOC) x 100;
*nitrifying and ammonifying microorganisms.
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Biplot 0-10 cm (F1 and F2: 64.28 %) Biplot 10-20 cm (F1 and F2: 54.19 %)
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Figure 1. Principal component analysis (PCA) based on physicochemical and microbiological attributes at four
depths of a clayey soil (Typic Hapludox) after applications of doses of swine wastewater (SWW) for 11 years
under conventional tillage (CT) or no-tillage (NT) in southern Brazil. MBC, microbial biomass carbon; gMic =
(MBC/TOC) x 100; Bac, total bacteria; Nit-ox, nitrifying microorganisms; Amf, ammonifying microorganisms

4. Discussion

SWW has a high-polluting potential and must be managed properly to avoid environmental risks. Because of its
high concentrations of nutrients, SWW application to the soil as source of nutrients for agricultural crops has
been a rational way for its destination. However, a careful monitoring of physical, chemical and biological
properties of soils receiving wastes must be done to avoid or reduce environmental risks, especially under
long-term applications (Lalande et al., 2000; Scherer et al., 2010; Balota et al., 2014).

The applications of SWW for 11 years in this trial caused only minor effects on soil chemical properties, which
were related to the more abundant nutrients in the residue, especially N and P. Effects on mineral N were
observed only for NO;-N because NH,4'-N runs fast nitrification in the soil (Aita et al., 2007). In addition to the
increase of NO;-N with the doses of SWW at 0-10 cm and 10-20 cm, higher concentrations were found at 10-20
cm layer, suggesting leaching of NO;™-N, especially under CT management. Conversely, despite the increase of P
with the doses of SWW at the two topsoil layers, higher concentrations were found at 0-10 cm, especially under
NT, because of the typical low P movement along the soil profile, especially in clayey soils. Thus, concerns on
nutrient losses to water streams from soils receiving residues should consider not only leaching of NO;-N but
also runoff carrying phosphates.

Despite some effect of soil management on MBC and gMic, there was no effect of the application of SWW on
the microbiological attributes. This non-effect on MBC may be consequence of a rapid depletion of labile
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organic substrates provided by the SWW, which would not be enough for a long-term maintenance of the
microbial development, as suggested Plaza et al. (2007). The application of 40 to 160 kg ha™ of SWW on a
clayey-sandy soil (Orthic Humo-Ferric Podzol) for 5 years did not change the MBC (Carter & Campbell, 2006),
corroborating the results presented here. SWW has low C/N ratio (Aita et al., 2007) that makes easy its
mineralization in the soil. According to Guerrero et al. (2007), approximately 45% of the C added via SWW was
mineralized within 16 days. In another study, with applications of 150 and 300 m’ ha™ year” of SWW, most of
the organic C was readily mineralized within 30 days (Plaza et al., 2007). Consequently, a long-term effect of
SWW applications on MBC would not be expected because the C sources in the residue are fast mineralized and
do not lead to the formation of SOM. Although MBC is a biological indicator sensitive to soil changes, its
response depends on the amounts and quality of C compounds applied via residue and the C dynamics over time
(Carter & Campbell, 2006).

Effect of SWW application on the MBC would be expected closer to the application time (Guerrero et al., 2007).
Increases in MBC were observed just after the application of SWW, reaching a maximum at 20 days, followed
by a decrease up to basal levels thereafter (Guerrero et al., 2007). In another study, the addition of waste to the
soil increased the MBC in the first 14-30 days after application, but the increase did not persist and gradually
decreased in the following 30-120 days (Plaza et al., 2007). As the residue has low C:N ratio, it is easily
degradable and has low residual effect, as can be seen by the no-effect on the TOC and SOM as well. This
transient effect may explain why SWW did not affect the soil MBC in the present study, since the soil sampling
was performed 44 days after the application, which is enough for mineralization of easily degradable C sources.

The application of SWW on a clay soil at the dose of 120 m® ha yr' for 2-3 years resulted in a microbial
biomass at 0-10 cm of soil depth averaging 255 and 488 pg g of MBC, under conventional tillage and no-tillage
system, respectively (Balota et al.,, 2012). In this work, which corresponds to the 11" year on the same
experimental site, there was no effect of SWW on MBC, which averaged 210 and 326 pg g for the same
respective soil management systems. The no-effect of SWW on MBC after 11 years of application can also be
explained by the fluctuation of the soil microbial biomass due to the seasonality during the samplings. Rochette
et al. (2000) reported annual fluctuation of MBC in a site receiving SWW for 19 years, being expected more
discrepancies among treatments when the samples were taken during the spring-summer because of more
favorable conditions of moisture and temperature for microbial growth.

The MBC decreased by 54% from 0-10 cm to 40-60 cm (Table 3), as it is associated with the levels of SOM
(Ferreira et al., 2007; Balota et al., 2012). However, the conservative soil management (NT) increased the MBC
at 0-10 cm and 10-20 cm, in agreement with increases in the concentrations of SOC at 10-20 cm, showing that
MBC is more responsive to soil management strategies than to applications of SWW. The PCA for 10-20 cm
depth also indicates a relationship of MBC, gMic, and ammonifying microorganisms with the soil management
under NT. The maintenance of straw on the soil surface under NT increases the MBC due to increases in TOC
and nutrients. Therefore, an increase of copiotrophic microorganisms rapidly mineralizes the readily available
substrates, leading to an increase in the MBC that decreases thereafter with the decline of easily mineralizable
organic compounds. At this stage, the microbial community is replaced by oligotrophic microorganisms, which
are characterized by slow growth but are more capable of degradation of complex substrates, such as lignin,
leading to the formation of OM via humification (Paul, 2007). These conditions are favored under NT mainly
because of more microbial biomass and more organic substrates than in the soil under CT, in addition to more
favorable conditions for microbial growth like less oscillation of temperature and moisture.

Despite the no-effect of treatments on bacterial counts, studies have shown that different soil managements
change the bacterial community, like stimulation under NT system, attributed to the maintenance of soil moisture
(Ferreira et al., 2017). In general, bacteria dominate the microbial community in soils under high availability of
nutrients, pH close to neutral, and (often) low levels of SOM (Van Der Heijden et al., 2008), as observed in this
trial, in which the bacterial density was 1.5 times higher than fungi. However, the fungal density decreased more
intensively from 0-10 cm to 40-60 cm of soil depth, whereas total bacteria, nitrite oxidizers, and ammonifiers
showed less intense decrease. In both cases, the decrease of SOM with depth decreases the occurrence mainly of
heterotrophic microorganisms (Paul, 2007).

The gMic index indicates the living part of the SOM, so that higher gMic indicates higher proportion of MBC
forming the SOM, suggesting favorable conditions for microbial growth. A low gMic indicates that the microbial
community is under environmental stress even when the levels of SOM remain unchanged (Sparling, 1992).
These results indicate that the conditions for soil microbial biomass were stressful in both SM systems, although
the NT system was less stressful. Previous researches have indicated higher gMic in soil under NT (2.2%) than
in soil under CT (1.1%) at a depth of 0-10 cm after 15 years of cultivation including the application of 90 m® ha™
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yr' of SWW (Balota et al., 2014). In another study, 14 days after the application of 300 m® ha™' of SWW in a
Typic Haploxeralf, the gMic reached 3.5%, whereas in the control group it was 1.5% (Plaza et al., 2007). This is
in agreement with a transient increase of MBC just after the application of SWW as discussed previously.

A clear grouping based on PCA for each SM at 0-10 cm and 10-20 c¢cm, and an ordering of SWW doses in each
SM at 10-20 cm (Figure 1) confirms that the topsoil layers are the most responsive to SM and input of residues.
This is in agreement with the decrease of the % of the explained variance from 64% at 0-10 cm to 45% at 40-60
cm. However, evaluation at deeper soil layers is important for the assessment of leached ions like NO;-N.
Multivariate analysis was a useful tool to find general trends when most of the analysis of individual variables
did not show statistically significant responses. For example, among the 18 variables (from which 6 biological)
only few were significantly affected by the treatments. However, the global analyses by PCA allowed drawing a
general trend based on the pool of variables, especially at the two topsoil layers, emphasizing the differences
caused by SM and inputs of SWW, and associate them with the most affected variables.

The soil management of a clayey Typic Hapludox under NT after 11 years increased the microbial biomass and
gMic in the topsoil layers, but the application of increasing doses of SWW either under NT or CT caused only
minor effects on chemical properties, limited to available P, NO5-N and Zn*". No further effects of SM or SWW
were observed on the density of bacteria, fungi, nitrite oxidizers and ammonifiers at soil depths down to 60 cm.
SM had single effects on TOC, MBC and gMic, whereas SWW had single effect only on Zn*". Only available P
and NO;-N were affected simultaneously by SM and SWW. The principal component analysis based on
chemical and microbiological attributes was useful to distinguish groupings between CT and NT, and SWW rates
at 0-10 cm and 10-20 cm, the soil layers most influenced/responsive to anthropogenic actions.
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