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Introduction

ABSTRACT: A four-year field trial (2016-2020) on a Rhodic Hapludox in Cascavel, in the
state of Parand, Brazil compared five broiler-chain organic fertilizers differing in stabilization
time: compost stabilized for 30 days (C30), compost stabilized for 60 days (C60), compost
stabilized until composting process reaches room temperature (CRT), approximately
100 days, commercial organic compost produced in a local composting plant (CCP) for
approximately 120 days, and chicken bedding without controlled stabilization (CB), with a
mineral-only control (CTL). Treatments were laid out in a randomized block design (6 x 3).
Compost doses were front-loaded at 8 Mg ha™" and tapered to 6, 5 and 4 Mg ha™ in years
2-4, while mineral NPK (10-15-15) was simultaneously reduced by 30, 40, 50 and 60 % (231
— 100 kg ha™ yr'); CTL received 330 kg ha™ every season. Relative to CTL, the organic
treatments increased surface-soil pH by up to +1.2 units, Mehlich-1 P by 66 % (14.4 —
23.9 mg kg™'), and exchangeable K by 19 % after the first application. The concentrations of
diethylene triamine pentaacetic acid-extractable zinc (DTPA-Zn) and copper (DTPA-Cu) rose
34 % and 28 %, respectively, after the second year. Grain yield was maintained (79.6 + 2.9
vs 78.4 +2.5 Mg ha™ in CTL), confirming that partial mineral fertiliser replacement did not
compromise productivity. The strategy allowed = 35 kg ha™ P,O, and 20 kg ha™ K,O to be
withheld each season, saving = US$ 28 ha™' and diverting poultry waste from landfills. Broiler
composts stabilised for < 60 days (C30, C60) delivered the most significant improvements.
We conclude that short-stabilisation broiler compost can replace up to 60 % of mineral NPK
in maize, enhance soil fertility, and foster regional circular-economy loops without yield loss.
Keywords: organic compost, waste from the broiler production chain, chicken bedding
material, stabilization

highest additional sequestration potential. The study
also shows that deeply weathered Ferralsols and

Animal protein and grain production are closely
intertwined,  shaping global food  security,
environmental footprints, and agricultural
sustainability. Brazil illustrates this nexus: in 2022, it
produced 14.5 million tons of poultry meat, ranking
second after the USA, while remaining among the
five largest grain producers. However, 84 % of the
41 million tons of fertilizers applied domestically
that year were imported, exposing producers to
price shocks and supply risks. Meanwhile, broiler
operations generate nutrient-rich residues that can
be converted into compost, thereby closing nutrient
loops, a pillar of the circular economy (Tomi¢ and
Schneider, 2018).

Modelling and mapping of soil-organic-carbon
(SOC) stocks across Brazil reveal that the country’'s
soils contain = 71.3 Pg C in the upper 1 m, with
almost half (= 35.9 Pg C) concentrated in the 0-30 cm
layer. At the same time, the Amazon biome holds the
largest absolute stock (= 36 Pg C), and high-altitude,
subtropical landscapes in the south and southeast
exhibit the highest SOC density and therefore the
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Acrisols account for ~ 57 % of the national SOC pool,
emphasizing the need to include sub-surface horizons
when assessing mitigation opportunities (Gomes et
al., 2019).

Composting is suitable for stabilizing organic
waste. However, most of the nutrients in compost
are in organic form, so mineralization must occur
in the soil, requiring a different strategy for using
compost to partially replace mineral fertilization. To
avoid productivity impacts due to the characteristics
of organic compost, one strategy is to progressively
reduce the amount of mineral fertilizer and gradually
add less organic compost each year. This strategy
should allow nutrient mineralization to occur
between one harvest and the next (residual effect)
without compromising productivity. In general, the
composting process can be divided into two main
phases: the bio-oxidative phase (stabilization) and the
maturation phase (Bernal et al., 2009), which generate
stabilized and matured compost, respectively.
Compost maturity is commonly assessed by the
carbon-to-nitrogen ratio (C/N) < 20, a germination
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index > 80 % and reduced microbial respiration,
which minimizes phytotoxicity and synchronises
nutrient release (Bernal et al., 2009; Chiarelotto et al.,
2019). Thus, a biologically stabilized but incompletely
mature produced at different composting times has
the potential to serve as an organic fertilizer for large
crops such as Zea mays L. (maize). This study aimed
to evaluate the gradual annual reduction in mineral
fertilizer by 30, 40, 50 and 60 % in combination with
doses of 8, 6, 5, and 4 tons of organic fertilizers on soil
fertility, nutritional status and maize yield.

Materials and Methods

The experiment was carried out at the Nucleo
Experimental de Engenharia Agricola of the
Universidade Estadual do Oeste do Parana
(UNIOESTE), Cascavel, in the state of Parang,
Brazil (24°57'21" S, 53°27'19" W, altitude 760 m).
The experimental area was a clay-textured Rhodic
Hapludox (USDA Soil Taxonomy), corresponding to
a Rhodic Ferralsol (Clayic, Endoeutric) in the FAO
World Reference Base (IUSS Working Group WRB,
2022).

The region's climate, according to the Képpen
classification, is Cfa, a super-humid subtropical
mesothermal type, with total annual rainfall between
1,550 and 1,650 mm. It has hot summers with
concentrated rainfall, winter with infrequent frosts
and no defined dry season. The average annual
temperature ranges from 19.3 to 20.1 °C (Aparecido
et al., 2016).

The experiment started in Sept 2016 and was
completed in Dec 2020, with successive crops of
off-season maize, winter crops and soybeans. The
crop chosen to evaluate the performance of the
fertilization strategy was maize. Four harvests were
carried out during the experimental period. The total
experimental area was 972 m?, with a slope of 13 %.
The area lay fallow until the experiment was set up.

A randomized block design (RBD) was used,
with six treatments and three replications, yielding
18 plots. Each plot was 4.5 m wide and had ten rows
of maize, spaced 0.45 m apart, with six central rows
forming the useful area of the plot and two side rows
as borders. Each plot was 12 m long, with 10 m in the
middle forming the functional area and 1 m on the
side as a border. Each plot had a total area of 54 m?
and a functional area of 27 m”.

The experiment had a total of six treatments,
characterized by the combination of mineral fertilizer
and organic fertilizers.

® Treatment C30: stabilized organic compost with 30
days of composting + mineral fertilizer;

® Treatment C60: stabilized organic compost with 60
days of composting + mineral fertilizer;
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*Treatment CRT: organic compost stabilized until the
composting process reaches room temperature +
mineral fertilizer;

e Treatment CCP: commercial organic compost
produced in a local composting plant + mineral
fertilizer;

¢ Treatment CB: chicken bedding without controlled
stabilization + mineral fertilizer;

¢ Treatment CTL: mineral fertilizer only.

A reduction in the amount of mineral fertilizer
and organic manure applied over the four maize
harvests was also proposed. For every harvest
we used the same 10-15-15 NPK formulation,
progressively reducing the mineral dose and
the amount of compost applied: harvest I (2017)
received 231 kg ha™' of fertilizer (30 % below the
recommended 330 kg ha™') plus 8 Mg ha™" of organic
manure (dry matter); harvest II (2018) received
198 kg ha™ (40 % reduction) plus 6 Mg ha™'; harvest
III (2019) received 125 kg ha™ (50 % reduction) plus
5 Mg ha'; and harvest IV (2020) received 100 kg ha™
(60 % reduction) plus 4 Mg ha™. In the CTL, 100 %
of the recommended mineral dose was applied at
each harvest.

The second harvest maize was sown using a
seeding machine set to apply the specified amount
of mineral fertilizer for the treatments (as described
above). After sowing, the organic matrices were
applied manually along the planting line, according
to the specified quantity and experimental design.
For the control plots, mineral fertilizer was also
applied manually until the recommended amount
was reached.

The organic composts used in the specified
treatments (C30, C60, CRT, CCP, and CB) had
different stabilization process characteristics. The
organic compost from treatments C30, C60, and
CRT was obtained from a composting process
conducted in a covered, waterproofed patio at the
Nicleo Experimental de Engenharia Agricola. The
stabilized waste was flotation plant sludge, sausage
cellulose casing, hatchery waste, boiler ash, feed
waste, and urban tree pruning. The waste was
composted between 2016 and 2019. Each year,
three composting beds with the same composition
were made. Each bed was allowed to stabilize
for approximately 30 days, 60 days, and until the
internal temperature of the bed was similar to
the environmental temperature (approximately
100 days). Details of this stabilization process can
be found in Chiarelotto et al. (2019). After the
stabilization process, the organic material was
dried at room temperature, sieved (1 cm sieve), and
stored in raffia bags until applied to the soil.
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For the CCP treatment, the organic material
used was collected from a commercial-scale
composting plant located in the western region of
the state of Parana. This composting plant stabilizes
organic waste generated during chicken slaughter, i.e.
the same waste that made up the C30, C60 and CRT
beds. The waste is disposed of in beds in a courtyard
with no soil cover or waterproofing. The unit has
an average composting time of 120 days. After the
process, the organic fertilizer is sieved and stored for
sale. The chicken bedding used in the CB treatment
was collected from broiler breeding units in the
western region of the state of Parana. The waste
consisted of wood shavings and poultry manure.
After a production cycle of 8 to 12 batches, the waste
was removed from the sheds and sent to uncovered
areas without soil sealing.

After applying organic fertilizers to the
soil, samples were collected for physicochemical
characterization. The variables analyzed were: pH,
electrical conductivity (EC), total organic carbon
(TOC), total Kjeldahl nitrogen (NTK), C/N ratio,
total phosphorus, total potassium, sodium, copper,
manganese, iron, zinc, cadmium, lead, aluminum,
Cation Exchange Capacity (CEC), and Cation
Exchange Capacity to Carbon ratio (CEC/C). Key
properties of the organic fertilizers are summarised in
Table 1. Compost maturity was monitored using C/N
ratio, EC and TOC (Table 1), parameters recognised
as reliable indicators when humification indices or
microbial activity cannot be measured (Bernal et al.,
20009.

Four samples were taken to determine soil
analytical parameters. The first sample was used to
initially characterize the experimental area and was
taken before sowing maize crop I in 2016. Samples II,
III, and IV were taken before sowing maize crops II,
IIT and IV, respectively.

For the chemical analysis, soil samples were
collected at three depths at each sampling spot:
0 to 10; 10 to 20; and 20 to 30 cm. Sampling was
conducted at two random spots within the useful
area of each plot, totaling 36 collection spots in the
experimental area. Samples were dried in an oven
at 40 °C, ground in a hammer mill, and sieved
through a 2-mesh sieve. The soil chemical variables
analyzed during the experiment were: pH in CaClZ2,
available phosphorus (P,.), potassium (K), zinc,
copper, manganese, and iron, according to EMBRAPA
(2009). Available phosphorus was determined using
a spectrophotometer. Potassium was determined
using a flame photometer. The elements zinc, copper,
manganese, and iron were determined using atomic
absorption spectroscopy.

To characterize the maize, four collections were
made throughout the experimental period. For each
harvest, one collection was made for leaf diagnosis
and one to determine productivity. Leaf diagnosis of
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Table 1 — Key physicochemical properties of the organic fertilizers
(2017-2020).

Harvest /
Year

Compost pH C/N EC TOC N P K

mS cm™ ——-- % -mmmmn g kg

C30 718 935 120 26.1 280 4.17 13.87

C60 758 1092 122 248 228 4.06 4.98

1(2017) CRT 731 889 187 246 277 512 5.02
CCP 791 794 025 132 1.67 19.35 4.81

CB 8.53 11.86 529 232 196 23.89 5.80

C30 774 982 125 300 3.05 6.68 18.16

C60 764 965 152 272 283 6.05 464

11(2018) CRT 762 825 123 268 325 6.33 514
CCP 7.28 1163 1.03 102 0.88 585 4.94

CB 746 1258 4.05 404 322 13.07 5.69

C30 7.32 1023 139 365 3.70 7.4417.42

C60 743 1199 176 340 284 848 956

11 (2019) CRT 785 1012 222 289 286 856 8.15
CCP 7.00 1046 186 139 133 6.23 9.14

CB 7.79 937 454 308 329 14.06 10.19

C30 653 963 264 356 3.69 6.84 21.37

C60 749 904 188 299 332 734 7.18

IV (2020) CRT 722 846 237 310 366 8.11 7.02
ccCP 715 1111 183 13.0 117 6.34 6.05

CB 8.55 13.53 571 417 3.09 1341 832

C30 = compost stabilized for 30 days; C60 = compost stabilized for 60
days; CRT = compost stabilized until composting process reaches room
temperature; CCP = commercial organic compost produced in a local
composting plant; CB = chicken bedding without controlled stabilization;
CTL = mineral-only control; C/N = carbon to nitrogen ratio; EC = electrical
conductiviy; TOC = total organic carbon.

the plant’s nutritional status was performed according
to EMBRAPA (2009) at the R1 stage (visible stigmas)
of the crop. The collected leaves were washed with
distilled water, packed in paper bags, dried in a forced-
air circulation oven at 60 °C and ground in a knife mill
(EMBRAPA, 2009). Nitrogen was determined using
Kjeldahl total distillates. Phosphorus and potassium
were determined using a spectrophotometer and
flame photometer, respectively. The elements calcium,
manganese, iron, zinc, copper and magnesium were
determined using atomic absorption spectroscopy.

To determine the maize yield, four central rows
were harvested from the functional area of each plot.
The ears were harvested manually. The grains were
separated using a mechanical thresher. After this
process, the mass of grains obtained in each plot was
checked using a digital scale. Samples of maize from
each plot were collected to determine the moisture
content of the grain at the time of collection. The
moisture content was then corrected to 13 %.

For the leaf diagnosis variables (Total Kjedahl
Nitrogen (TKN), P, K, Ca, Mg, Zn, Fe, Mn, and Cul),
soil chemical parameters and maize yield, analysis of
variance (ANOVA) was performed after checking data
normality using the Shapiro-Wilk test. The means
were compared using the Tukey test with a 5 %
significance level.
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Results

pH values in CaCl, can be related to soil acidity (Raij,
2017). According to the author, pH < 4.3 indicates
very high acidity; 4.4-5.0 high acidity; 5.1-5.5
medium; 5.6-6.0 low; and pH > 6.0 very low acidity.
The soil pH values at the initial collection were
statistically the same (p < 0.05) for all the plots (Table
2). Initially, the soil had pH values between 4.70 and
5.01, showing high acidity. Two main reactions drive
the increase in soil pH after compost addition. Early
decomposition releases base cations (Ca®*, Mg?*, K*)
that exchange with H* on clay and oxide surfaces,
neutralising acidity. In parallel, hydrolysis of amide
or urea groups produces NH,* and OH*, generating a
short-lived alkaline pulse. Although later nitrification
of NH,* produces some acidity, it is lower than that
produced by proton removal described above (Rayne
and Aula, 2020; Dhaliwal et al., 2019).

Variations in soil pH were observed after the
first application of organic composts (Table 2). In
the 0-10 cm soil layer, treatments C30, C60, CRT,
and CCP had higher pH values than the control
(p < 0.05). In this layer, the soils had medium acidity,
according to the classification by Raij (2017). In the
10-20 and 20-30 cm layers, no significant differences
were observed after the first application.

After the second application of the organic
composts (collection III - 2019), changes in soil pH
were observed in the three layers studied (Table
2). In the 0-10 cm layer, treatments C30, C60,
and CRT were not statistically different and were
higher when compared to the other treatments
(p < 0.05), including CTL. The pH values for the
treatments using organic composts ranged from 5.6
to 5.88, indicating low acidity. In this layer, the CTL

Table 2 — Soil pH in collection | (2017), Il (2018), Il (2019) and IV (2020).

Organic fertilizers improve soil and maize

treatment showed medium acidity, according to Raij
(2017). In the 10-20 cm layer, treatments C30, C60,
and CRT were higher than CTL. In the 20-30 cm
layer, only the C60 treatment had a higher pH than
CTL.

After three applications of organic composts
(collection IV), we observed the pH changes in
the three layers studied. In the 0-10 cm layer,
treatments C60 and CRT had the highest pH values,
followed by C30, CCP, and CB. All the treatments
with organic fertilizer were higher than CTL. In
the 0-10 cm soil layer, treatments C60 and CRT
showed very low acidity, C30, CCP, and CB low
acidity and CTL medium acidity (Raij, 2017). The
use of mineral fertilizers alone can reduce soil pH
due to the formation of acids from their application,
such as diammonium phosphate, ammonium nitrate
and urea (Bedada et al., 2014) . However, for the
CTL treatment (only mineral fertilization) a slight
increase in soil pH was observed in the 0-10 cm layer
(Table 2), which may be related to good management
practices with the return of crop residues.

The P, and exchangeable K in the initial
collection showed statistically equal concentrations
(p < 0.05) between all the plots (Tables 3 and 4).
Variations in P,,,; and K values were observed after
the first collection (II) for all treatments. In the 0-10
cm layer, treatment C60 had a higher concentration of
P,... compared to CTL. In the 0-10 cm layer, after the
second application of organic fertilizers (collection
III), treatments C60 and CRT were statistically equal
to and higher than CTL, as were C30 and CCP.

After three applications of organic composts
(collection IV), the C60 and CRT treatments had
statistically higher of P,.,; concentration in the 0-10
cm soil layer than CTL (Table 3). In the 10-20 cm

Depth (cm) C30 C60 CCP CB CTL
Collection |

0-10 498 +£0.14 493+0.16 5.01 £0.06 492 +0.01 5.01+0.01 498 +£0.17

10-20 4.84 £ 0.07 4.82+0.12 4.83+0.12 4.79 £0.07 4.83 +£0.04 484 +0.16

20-30 477 £0.15 472+0.15 4.80+0.05 472 +0.10 4.70 £ 0.015 4.72 £0.09
Collection Il

0-10 5.39+0.02a 541+0.08a 545+0.07a 5.36 + 0.08 ab 5.20 £ 0.06 bc 511+0.01¢c

10-20 5.03 + 0.06 512+0.11 5.06 + 0.06 5.09 + 0.05 5.04 +0.11 5.00 + 0.05

20-30 4.98 +0.09 5.02 +0.08 5.04 £ 0.11 5.00 £ 0.07 4.91+0.06 492 +0.08
Collection Il

0-10 5.60+0.08 b 5.84+0.09a 5.88+0.05a 5.63+0.04b 5.59+0.04b 521+0.08¢c

10-20 5.34 £0.03 a 5.31+0.11 ab 5.28 + 0.06 ab 5.03+0.09¢c 5.08 + 0.06 bc 490+0.13 ¢

20-30 5.01+0.04 ab 519+0.05a 5.08 £ 0.09 ab 492+0.09b 495+0.12b 493+0.09b
Collection IV

0-10 5.83+0.03b 6.10+0.05a 6.17£0.03 a 580+0.11b 5.63+0.14b 530+0.11¢c

10-20 5.29+0.24 ab 5.52 +0.07 a 548+0.02a 5.31+£0.07 ab 5.08 £ 0.04 bc 4.81+0.05¢c

20-30 5.02+0.11b 5.36+0.14a 5.19+0.03 ab 5.06 +0.14 ab 4.93+0.11 bc 471+0.09¢c

Mean + Standard Deviation (n=6) is used to indicate all values and different letters within a given line indicate significant differences (p < 0.05).
C30 = compost stabilized for 30 days; C60 = compost stabilized for 60 days; CRT = compost stabilized until composting process reaches room temperature;
CCP = commercial organic compost produced in a local composting plant; CB = chicken bedding without controlled stabilization; CTL = mineral-only control.
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Table 3 — Available phosphorus of the soil in collection | (2017), Il (2018), Il (2019) and IV (2020).

Depth (cm) C30 C60 CRT CCP CB CTL
Collection |

0-10 525+1.73 4.83+0.78 498 +0.36 5.73+0.55 442 +1.11 5.55+0.20

10-20 4.04 +1.44 3.34+£0.36 3.78 £ 0.04 3.91+1.43 3.60 +1.59 4.03+1.55

20-30 3.34 +£0.66 2.57+1.04 2.89+0.84 3.04 £1.03 2.71+1.04 3.04 +1.31
Collection Il

0-10 11.12+0.76 ab 1217 +1.28 a 11.06 £ 1.04 ab 10.38 £ 0.84 ab 8.77+0.19b 8.84+0.64b

10-20 4.26 + 0.45 abc 4.18 +0.30 bc 5.00+0.31 ab 5.16+0.58 a 3.98+0.17c 4.55 + 0.04 abc

20-30 3.47 +0.26 3.63+0.23 3.94+0.23 3.67+0.54 3.25+0.60 3.36 £ 0.54
Collection IlI

0-10 14.41 £ 0.91 bc 17.29+1.01a 16.35+£0.97 ab 14.01£0.78 cd 11.96 £ 0.31 de 11.24+0.63 ¢

10-20 5.74 £ 0.96 5.78 £ 0.96 6.05 + 0.64 6.16 + 0.32 5.67 £ 0.05 4.94 +0.32

20-30 3.60+0.16 ab 3.90+1.12ab 478+040a 3.93+0.74 ab 4.07+0.22 ab 3.14+0.07b
Collection IV

0-10 17.98 £ 1.26 bc 23.92+1.56 a 21.42+213 ab 16.73+1.74 cd 13.88+0.55d 14.37 £ 0.94 cd

10-20 752+0.32b 10.52+0.32a 9.27+0.82a 6.63 + 0.32 bc 5.70+1.15¢ 561+0.15¢

20-30 3.52+0.42ab 5.00+1.19 ab 554+1.11a 4.08 £0.23 ab 421+1.27 ab 2.84+045b

Mean + Standard Deviation (n =6) is used to indicate all values and different letters within a given line indicate significant differences (p <0.05).
C30 = compost stabilized for 30 days; C60 = compost stabilized for 60 days; CRT = compost stabilized until composting process reaches room temperature;
CCP = commercial organic compost produced in a local composting plant; CB = chicken bedding without controlled stabilization; CTL = mineral-only control.

Table 4 — Exchangeable potassium of the soil in collection | (2017), Il (2018), 11l (2019) and IV (2020).

Depht (cm) C30 C60 CRT CCP CB CTL
Collection |

0-10 195.0 £8.7 211.0+5.6 207.5+26 194.2+238 197.7+£95 203.2+11.8

10-20 108.7 £ 7.6 122.7+5.9 1235+7.9 109.8 £ 5.6 110.3+10.1 113.7 £ 10.3

20-30 68.8+8.3 73.7+9.9 715+6.5 68.7 £+ 6.1 67.8+4.8 64.8 +3.1
Collection Il

0-10 281.3+2.1a 266.0t4.6b 257.0+3.0b 268.3+3.1ab 236.0+80c 210.3+8.0d

10-20 162.7+4.6a 151.0+ 8.8 ab 141.3+7.0b 153.0 £ 7.5 ab 1343+49b 136.0+11.0b

20-30 1243+6.5a 107.0+5.6 ab 95.0+109b 110.0 £ 2.6 ab 99.7+58b 927+51b
Collection Il

0-10 264.3+2.1a 233.8+55b 2458+94b 2477+40b 232.2+84b 2045+20¢c

10-20 1442+20a 118.2+ 9.8 bc 117.0+1.5bc 123.2+6.2b 130.2 £5.3 ab 105.7+25¢c

20-30 105.5+23a 89.3+2.1ab 87.5+49b 96.3+9.6 ab 95.2+8.3ab 86.7+55b
Collection IV

0-10 251.0+64a 200.7t5¢ 2240+96b 215.0£9.6 bc 196.3+7.6¢ 172.2+2.4d

10-20 1475+69a 83.0+6.2d 107.7+59¢c 105.8+4.3¢c 127.7+75b 82.3+45d

20-30 102.2+6.6a 66.0 +5.3 cd 78.7 £4.3 bc 83.8+6.0b 87.3+3.6b 59.2+46d

Mean + Standard Deviation (n =6) is used to indicate all values and different letters within a given line indicate significant differences (p <0.05).
C30 = compost stabilized for 30 days; C60 = compost stabilized for 60 days; CRT = compost stabilized until composting process reaches room temperature;
CCP = commercial organic compost produced in a local composting plant; CB = chicken bedding without controlled stabilization; CTL = mineral-only control.

layer, the concentration of P, ,; in the soil was higher
for the C60 and CRT treatments. The C30 treatment
was also higher than CTL.

All the treatments showed an increase in the
concentration of P, in the soil profile over the
four years of the experiment, with the exception of
CTL in the deepest layer (20-30 cm). After the first
application of organic compost to the soil, the changes
in K concentration were more significant in relation
to P,... (Table 4). In the 0-10 cm layer, treatments C30,
C60, CRT, CCP, and CB showed statistically higher
values compared to CTL. In the 10-20 and 20-30
cm soil layers, only treatment C30 showed a higher
concentration than CTL. After two applications of
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organic fertilizers (collection III), treatment C30
continued to show a higher K concentration in all
layers compared to CTL. With the third application
of organic compost (collection IV), all the treatments
showed a higher concentration of K compared to
CTL, in the 0-10 cm soil layer (Table 4). C30 had the
highest soil K concentration of K among the three
layers studied. This behavior may be due to the K
concentrations found in compost C30 (Table 3).

The concentrations of Zn, Fe, Mn, and Cu were
not statistically different (p < 0.05) in collection I
(characterization), in all plots (Figure 1). After the
first application of organic fertilizers, there were no
statistically significant changes between treatments in
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Figure 1 — Concentration of micronutrients (Zn, Fe, Mn and Cu) in the different soil layers studied (0-10, 10-20 and 20-30 cm).

the concentrations of these micronutrients in any of
the treatments. For all the micronutrients evaluated,
the difference between the treatments occurred
during the second application of organic fertilizers
(collection III).

After the second application of the organic
fertilizers, we observed that most of the organic
fertilizers had statistically higher concentrations of
all the micronutrients than the CTL treatment, with
C30, C60 and CB having the highest concentrations.
The organic fertilizer CCP (commercially produced
organic compost) had a higher concentration of Zn
than CTL, only in the 20-30 cm layer. After the third
application (collection IV), all the organic fertilizers
in all layers showed higher Zn concentrations than
the CTL. For the micronutrient Fe, however, C30, C60
and CB stand out in the 0-10 layer and only C30 in
the other layers. All the organic fertilizers had higher
concentrations of Mn and Fe than the control in the
0-10 cm layer. In the 10-20 cm layer, treatments C30,
CRT, and CB had the highest Mn concentration, and
C60 had the highest Fe concentration. In the 20-30
cm layer, only C30 had more Mn than that found in
CTL. For Cu, the higher concentrations were found
in C30, C60, CRT, and CB.
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The harvests differed markedly in terms of
rainfall (Figure 2A-D), yet most foliar macronutrients
remained within sufficiency ranges (Table 5).
Potassium was the sole exception, dipping below
17 g kg™ in harvest II, the driest season. Limited soil
moisture restricts K* diffusion to the rhizosphere
(Seiffert et al., 1995). It accelerates the mobilization
of K and associated photoassimilates from vegetative
tissues toward developing grains under drought stress
(Cakmak and Rengel, 2024), explaining the ~ 26 %
decline recorded. Phosphorus and calcium likewise
dropped in harvest II but stayed above their critical
limits, consistent with reports that soil reserves buffer
P during moderate drought (Zhang et al., 2020; He
and Dijkstra, 2014) and with Ca’'s inherently low
phloem mobility (Maillard et al., 2015), explaining
why leaf-Ca remained above its critical limit. Foliar
diagnosis of plant nutritional status is an important
tool for assessing responses to fertilization strategies,
complementing soil analyses (Raij, 2017). In this
study, the nutritional status of maize was not
significantly affected by the different treatments
applied. The concentrations of N, Ca, Mg and Fe
showed no statistical differences between treatments
in the four crops grown (Table 5). P concentrations in
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Figure 2 — Climatic conditions between 2016 and 2020 for the study area. Bars represent the average monthly rainfall and lines the average
monthly temperature. Average monthly temperature and precipitation for the experimental period of (A) harvest |, (B) harvest Il, (C) harvest

Ill and (D) harvest IV.

harvest II were statistically higher (p < 0.05) for all
the treatments in which organic fertilizers were used,
compared to CTL (Table 5). In harvest IV, the CRT and
CB treatments showed higher P levels (p < 0.05) than
CTL. For K, C30, C60, and CB concentrations were
higher (p < 0.05) than CTL. The micronutrients Zn,
Mn and Cu revealed statistical differences (p < 0.05)
between the treatments only in harvest IV (Table 5).
Zn concentrations were higher in C30, C60, CRT and
CB compared to CTL. Mn values were higher across
all organic fertilizer treatments than in CTL. The C30
treatment had a higher Cu concentration than CTL.
Grain yield showed no moisture-related pattern,
indicating that the rainfall gradient was insufficient to
elicita consistent growth response under the prevailing
management. Future work should combine compost
with controlled irrigation and in-situ moisture sensing
to clarify moisture x nutrient dynamics. Maize grain
yield did not differ significantly (p > 0.05) between
treatments in harvests I, II, and III, despite the
gradual reductions in mineral fertiliser and the use of
organic composts with contrasting stabilisation times
(Table 6). In harvest IV (2020), however, yield was
affected by treatment (p < 0.05): C60 produced the
highest mean yield (81.6 Mg ha™!) and was statistically
similar to C30 and CRT, whereas CCP, CB, and CTL
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formed a lower-yield group (73.3-71.0 Mg ha).
These results indicate that composts cured for 30-60
days (C30, C60) or CRT were able to sustain yields
comparable to the best mineral-compost combination
(C60), while the CB and the control lagged behind
in the drier fourth season. Using the same treatment
means from harvest IV (n = 6), grain yield correlated
strongly with soil Mehlich-1 P (r = 0.97, p = 0.002)
and moderately with pH (r = 0.85, p = 0.033),
whereas the association with exchangeable K was not
significant (r = 0.50, p = 0.31).

Discussion

For the treatments with the addition of organic
composts (C30, C60, CRT, and CCP), the pH
increased in the 0-10 cm layer after the first year of
the experiment (collection II) when compared to the
addition of CB and mineral fertilizer (CTL) (Table 2).
There was a further increase in soil pH at depth for
these treatments in subsequent collections (III and
IV). In the last collection (IV), higher pH values were
observed for C60 and CRT (0-10 cm); C30, C60, CRT,
and CCP (10-20 cm), and C60, CRT, and CCP (20-30
cm). This increase can be attributed to the alkalinity
resulting from the mineralization of organic matter
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Table 5 — Macronutrients and micronutrients in the maize crop.

Parameters Harvest / Year C30 C60 CRT ccP CB CTL Reference values

SBCS (2017)
I-2017 30.85+1.12 30.41+0.75 30.59 +1.49 30.14+1.37  30.96+1.00 32.57 +0.36
N I1-2018 34.69+32.05 32.05+1.46 3323+165 31.34+1.03  33.76+263 33.21+1.01 27.5-35.0
(gkg™) Il -2019 33.08 +2.34 3326+1.82 32.58+3.38 31.93+125  3291+245 32.89+1.33 (9kg™
IV-2020  33.01+1.37 33.61+0.18  34.42+1.04 33.03+129  31.68+158 32.72+0.77
I-2017 3.32+0.15 3.02+0.10 3.23+0.14 3.04 +0.21 3.22+0.20 3.42+0.20
p I1-2018 319+0.02a 298+0.18ab 2.91+015ab  2.83+0.08b 3.11+0.07ab 242+0.09¢ 1.9-4.0
(9kg™) Il -2019 272+014a 271+016a 272+0.13a 221+0.15b 269+026a 247+0.16ab (9kg™
IV — 2020 353+024ab 3.41+023ab 3.67+0.23a 3.13+029ab 369+028a 289+0.20b
I-2017 18.83 + 0.60 18.28+0.59 18.32+0.55 18.00 + 0.80 18.59 + 0.80 17.84 +0.62
K I1-2018 16.13 £ 0.24 1596+0.75 15.65+0.76 14.74 + 0.65 15.34 + 1.06 14.60 + 0.09 17.0-35.0
(9kg™) Il - 2019 17.17 £ 0.39 17.98+0.95 18.11+0.43 17.59 £ 0.72 17.71+0.84 18.06 + 0.30 (9kg™
IV — 2020 18.21+0.80a 1867+0.78a 17.30+0.68abc 16.36+0.63bc 17.76+0.33ab 15.67 +0.56 ¢
1-2017 3.85+0.11 4.01+0.22 3.94 +0.04 3.82+0.11 3.97 £0.12 401+0.22
Ca I1-2018 3.72+0.13 3.75+0.07 3.81+0.11 3.74+0.07 3.74+0.05 3.73+0.05 2.3-8.0
(kg™ Il - 2019 3.91+0.24 3.79 +0.06 3.82+0.10 3.77 +£0.07 3.73+0.12 3.74 +0.08 (gkg™
IV — 2020 3.74+0.09 3.88 +0.04 3.75+0.13 3.69+0.08 3.79+0.12 3.72+0.08
1-2017 2.87 £0.14 279+006  2.96+0.01 2.90 + 0.06 2.89+0.12 2.95+0.06
Mg I1-2018 2.90 + 0.04 2.93+0.07 2.91+0.14 2.90 +0.05 2.92 +0.04 2.89+0.11 1.5-5.0
(9kg™) Il —2019 2.94+0.12 2.92 +0.04 2.82+0.15 2.85+0.09 2.87 +0.08 2.85+0.07 (9kg™
IV — 2020 2.99+0.08 3.11+0.05 3.07+£0.08 3.05+0.06 2.97 £0.09 2.99+0.15
I-2017 4307 +127  4493+168 42.91+1.10 4247+212  4160+243  40.35+0.96
Zn I1-2018 5247 +255  5479+050 51.20+264 5129+249 4927 +2.08 50.36 + 2.60 15-100
(mg kg™) Il - 2019 53.64 + 2.40 5552+259 52.01+2.09 5110+ 1.11 50.08 + 2.91 50.51 + 1.98 (mg kg™)
IV-2020 56.30+140a 5654+0.86a 5589+1.31a 5386+1.14ab 5445+177a 50.69+0.98b
I-2017 22614 +12.49 22396+6.90 220.62+11.10 222.92+590 21561+3.02 216.25+ 10.06
Fe 1-2018  216.89+8.41 21857 +13.35 229.60+14.15 217.32+8.83 216.71+6.29 221.51+15.12 30-250
(mg kg™) 1-2019 225.80+3.49 22235+256 221.12+562 219.13+4.04 22023+6.25 21508 +527 (mg kg™)
IV-2020 24419+5.05 23463+1241 240.38+11.46 236.26+7.52 238.71+4.98 229.51+7.93
I—2017 48.02+218  49.64+0.81 49.08 +1.63 4756 +1.38  48.49+236  47.81+244
Mn 1-2018  104.93+4.00 106.52+2.95 102.81+4.05 10259+4.45  98.96+4.54 98.50 + 4.58 20-200
(mg kg™) Il - 2019 70.57 + 1.50 7279+210 69.69 +2.08 70.08 + 0.92 69.98 + 3.21 69.86 + 1.76 (mg kg™)
IV-2020 5537+129a 5481+175a 5442+143a 5379+066a 5414+102a 4910+093b
I—2017 6.11+0.42 5.98 +0.21 6.14 +0.38 6.14 +0.23 6.03 +0.17 6.23+0.11
Cu I1-2018 6.55 + 0.24 6.54 + 0.31 6.48 +0.38 6.41+0.22 6.39+0.26 6.35+0.19 6-20
(mg kg™) Il - 2019 6.69 +0.23 6.83+0.19 6.52 +0.10 6.48 +0.07 6.42 +0.07 6.41+0.31 (mg kg™)

IV —2020 7.79+024a 766+0.07ab 7.69+0.19ab 754+0.05ab 7.67+0.10ab 7.39+0.13b

Lines without different letters showed no statistically significant difference (p < 0.05). C30 = compost stabilized for 30 days; C60 = compost stabilized for 60
days; CRT = compost stabilized until composting process reaches room temperature; CCP = commercial organic compost produced in a local composting
plant; CB = chicken bedding without controlled stabilization; CTL = mineral-only control.

Table 6 — Maize productivity over four harvests.

Tratamentos Harvest | (2016/2017) Harvest Il (2018) Harvest Ill (2019) Harvest IV (2020)
C30 155.09+5.77 a 82.66 +2.09 a 4191+1.14a 77.64 £1.81ab
C60 150.23+4.27 a 83.70+3.62a 4241+194a 81.56 + 1.56 a
CRT 151.73+6.16 a 84.75+3.77 a 43.78+1.83 a 78.50 +£2.90 ab
CCP 150.11£7.00 a 83.01+263a 41.71+150a 73.34+£1.65bc
CB 148.99+7.88 a 81.61+4.19a 40.77 £ 1.59 a 70.07 £ 1.67 c
CTL 160.39+6.07 a 80.91+242a 39.84+184a 71.01+192¢c

Mean + Standard Deviation (n=6) is used to indicate all values and different letters within a given line indicate significant differences (p < 0.05).
C30 = compost stabilized for 30 days; C60 = compost stabilized for 60 days; CRT = compost stabilized until composting process reaches room temperature;
CCP = commercial organic compost produced in a local composting plant; CB = chicken bedding without controlled stabilization; CTL = mineral-only control.

from the added organic fertilizers (Bedada et al., 2014 (Antonangelo et al., 2022) while aluminum toxicity
Sukitprapanon et al., 2020). pH values between 5 can seriously limit crop development and productivity
and 6.2 contribute to a drop in aluminum solubility (Shetty et al., 2021). Only CTL and CB showed pH
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values lower than 5.0 in the 10-20 (CTL) and 20-30 (CTL
and CB) layers after four years of experimentation.
The higher pH values observed in C60 and CRT (O-
10 cm) may be due to the greater mineralization of
organic matter (OM) in these treatments. These results
highlight the potential of organic composts to reduce
soil acidity. The net alkalinisation observed after
compost application results from a balance of several
microbially-mediated and purely chemical pathways.
During early mineralisation, decarboxylation of
organic acids releases CO, while base cations (Ca**,
Mg?*, K*) remain in the soil solution; their exchange
with adsorbed H* on clay/oxide surfaces consumes
protons and raises pH. Hydrolysis of amide and urea-
like groups generates NH,* and OH®, producing a
short-term alkalising pulse. Although subsequent
nitrification of NH,* to NO, is acidifying (2 H*
formed per mol NH,"), this effect is outweighed by
the larger proton consumption associated with base-
cation release and organic-acid degradation. Microbial
oxidation of low-molecular-weight organic anions
further removes H* from the soil solution. Carbonate
particles naturally present in poultry litter (CaCO,)
dissolve, neutralising acidity and supplying additional
Ca®*. Collectively, these reactions explain the +1.2
pH-unit shift recorded in the Rhodic Hapludox, in
agreement with the mechanisms described by Bernal
et al. (2009) and Dhaliwal et al. (2019). Low pH values
can limit nutrient availability and crop productivity in
tropical and subtropical soils (Fontoura et al., 2019). In
the 10-20 and 20-30 cm layers, treatments C30, C60,
CRT, and CCP had a higher pH than CTL. The effects
of successive applications of organic composts are
evident from time-series data, as reported by Steel et
al. (2012) and Willekens et al. (2014). It should be noted
that the combination of organic manure and mineral
fertilization may have increased soil P availability, as
has been observed by Weber et al. (2007) and Bedada et
al. (2016). However, the hig availability of P can cause
environmental impacts, mainly through eutrophication
of water bodies, driven by potential surface runoff. As
a strategy to minimize this impact, the application of
organic compost incorporated into the soil rather than
on the surface can prevent such losses. To this end, it
is necessary to develop agricultural machinery that can
incorporate organic compost into the soil.

Increases in soil K concentration over the
years with the application of organic fertilizers were
also reported by Weber et al. (2007) who applied
organic composts from municipal solid waste for
three years and by Bedada et al. (2016) who reported
inreases after six years of application of organic
composts. The combination of organic manures and
mineral fertilizers can enhance the availability of
micronutrients in the soil that are essential to crop
development. The exclusive use of mineral fertilizers
can lead to deficiencies of Zn, Fe, Mn and Cu in the
soil (Dhaliwal et al., 2019).
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Our findings indicate that the organic fertilizers
produced with the shortest stabilization times, C30
and CB, were more efficient at making micronutrients
available. It is important to control the solubility of
these elements, because at high concentrations they
can make crops toxic; in this case, OM plays an
essential role (Weber et al., 2007) in their adsorption
and availability. The availability of micronutrients
can also be affected by pH; higher pH values tend
to reduce their availability (Bedada et al., 2016; Raij,
2017). In this study, the entry of more stabilized OM
was observed in the C60 and CRT treatments, as
along with higher soil pH. A greater degradation of
OM in C30 and CB may have caused a reduction in
pH compared to the C60 and CRT treatments, and
consequently greater availability of micronutrients.

The maximum and minimum macro and
micronutrient concentrations for maize crops in the
state of Parana (Table 5) were defined by SBCS (2017). In
harvest II, all the treatments showed K concentrations
in the plants below the minimum values indicated.
External variables, beyond those considered in this
study, may have negatively effected K concentrations
in harvest II, as this effect was observed across all
treatments. It should be noted that when applied with
organic fertilizers, the mineral fertilizer was reduced
by 30, 40, 50, and 60 % for harvests I, II, III and IV,
respectively. The amount of organic fertilizer applied
was also gradually reduced by 8, 6, 5 and 4 Mg ha™' for
harvests I, II, III, and IV, respectively. These results
therefore demonstrate the ability of the combination
of mineral and organic fertilizers to maintain the
nutrition of maize plants. We found evidence of an
improved concentration of micronutrients in plants
in harvest IV, but without any significant impact on
productivity. This behavior may indicate the long-
term effects of applying organic fertilizers (Mota et
al., 2019). Several medium and long-term studies have
reportedpositive effects on nutrient concentration,
biomass yield, and maize development from the use
of organic fertilizers (Zhang et al., 2016; Asses et
al., 2019; Mota et al., 2019). Organic composts can
provide carbon, P, and soluble K, available in the short
term (Chiarelotto et al., 2019). However, the amount
supplied may be insufficient to meet crop demand
in the short term (Asses et al., 2018). The effects of
applying organic compost to agricultural production
tend to show results in the medium and long term
(Zhang et al., 2016). These effects can be longer-
lasting, with nutrients becoming available gradually
as the degradation of OM progresses (Adediran et al.,
2005). This continuous nutrient release may favor
the fertilization strategies described in this study.
Mineral fertilization can be reduced gradually, as can
the amount of organic fertilizers applied.

In a three-year experiment, replacing 30 %
of mineral fertilizer with 3 Mg ha’ of organic
compost maintained maize yields compared to the
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recommended mineral fertilization (Zhang et al.,
2016). In China, experiments comparing organic
compost combined with mineral fertilization, mineral
fertilization alone, or organic compost alone showed
that the most efficient cultivation strategy for maize
productivity was the combination of organic compost
and mineral fertilization, resulting in a 4 % increase
in productivity (Wei et al., 2016).

The decline in the C/N ratio from 26 + 2
to values < 18 and the stabilisation of electrical
conductivity below 3 dS m™ (Table 3) confirm that all
composts reached agronomically safe maturity levels.
Although humic fractions and microbial activity were
not assessed, future studies should include such
measurements to corroborate biological stability.

Grain-yield response mirrored seasonal water
supply. In the first three harvest years that received
1,661, 606, and 747 mm of rainfall, respectively, no
statistical differences in yield were detected, indicating
that all compost + fertiliser combinations maintained
productivity despite progressive reductions in mineral
NPK. In the drier harvest IV (624 mm), however,
yield differed among treatments: C60, C30, and
CRT outperformed CCP, CB, and the mineral-only
control. This pattern agrees with the strong positive
correlations observed in harvest IV between grain
yield and both Mehlich-1 P (r = 0.97, p = 0.002) and
soil pH (r = 0.85, p = 0.033). Under moisture-limited
conditions, phosphorus uptake is mainly diffusion-
controlled; therefore, larger labile-P pools and a
slightly higher pH enhance P diffusion to roots and
help sustain maize productivity (Fageria and Baligar,
2005). These findings highlight that composts cured for
30-60 days or aerobically matured (C30, C60, CRT) can
buffer yield losses when rainfall is sub-optimal.

The five broiler productive chain (BPC)-based
treatments (C30, C60, CRT, CCP and CB) received a
front-loaded compost dose of 8 Mg ha™ in the first
season, tapered to 6, 5and 4 Mg ha™' in years 2-4 (mean
5.8 Mg ha™' yr'!), plus progressively smaller mineral
complements (231 — 198 — 125 — 100 kg ha™' of 10-
15-15). Relative to the CTL, the organic treatments
lifted surface-soil pH by up to 1.2 units and raised
Mehlich-1 P by = 66 %. Foliar K and Ca likewise
remained within sufficiency ranges, and grain yield
was fully maintained. These nutrient gains allowed
growers to omit ~ 35 kg ha™ P,O; and 20 kg ha! K,O,
trimming synthetic NPK inputs by 60 % and saving ~
US$ 28 ha! at 2025 prices.

If only 5% of Brazil's 22 Mha maize area
adopted any of these BPC-compost strategies, annual
imports would fall by = 38,000 tons P,O; and 22,000
tons K,O, shaving about 2 % off the country's potash
demand. Because 5.8 Mg of compost supplied the
55 kg of withheld nutrients, the system recycles =
9.5 kg of plant-available P + K per tonne of compost.
Brazil's broiler sector is expected to generate = 5.3
Mt of solid waste in 2025; composting just a quarter
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of that stream (~ 1.3 Mt yr'!) would divert the same
mass from landfills while producing enough compost
to meet the 5 % adoption scenario. Together, these
figures show that valuing BPC waste sustains yields,
reduces fertiliser dependence and mitigates waste
disposal, tangible environmental and economic gains
that strengthen regional circular-economy loops.

The most workable option for farmers on
clayey Ferralsols of western Parana state is the 60-day
stabilised broiler compost (C60) applied at 8, 6, 5, and
4 Mg ha™ over four consecutive seasons. Combine
these doses with a step-down mineral schedule,
reducing the local 10-15-15 recommendation by 30 %,
40 %, 50 %, and 60 % in years 1-4, respectively, while
maintaining complete N for the target yield. Keep
crop residues on the surface to protect aggregates and
SOC, and irrigate (where available) to avoid severe
water stress during grain filling. Before field use,
ensure each compost batch meets Brazilian stability
and contaminant norms. The next step is to carry
out an economic-viability analysis (partial budget
or cost-benefit) to pinpoint the season in which
fertiliser savings and yield response offset hauling
and application costs, thereby identifying the break-
even point at which the strategy becomes financially
attractive to local growers.

For local adoption, we recommend the 60-day
compost (C60) and the step-down mineral schedule
described above, coupled with routine soil testing to
fine-tune P and K inputs. Future work should include
a formal cost-benefit analysis to identify the break-
even season for growers and extend monitoring
beyond eight years to verify sub-soil SOC gains,
greenhouse gas emissions and microbial indicators.
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