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Abstract: No-till farming and manure application are means of storing carbon in soil and increasing
soil quality. However, the organic fertilization of no-till soils may sustain subtropical agroecosystems
for only a limited period until the soil quality declines. The C, N, P, and other nutrient cycles are
perturbed due to the nutrient imbalance in manures and their application on the soil surface, which
poses a risk for nutrient dispersion into the environment. Long-term N-based manure application also
impacts the apparent nutrient recovery (ANR) by crops and, hence, the crop quality. Our objective
was to monitor changes in soil quality and to measure nutrient recovery from N-based organic
fertilization in a Brazilian agroecosystem. A long-term experiment was established in May 2004 on
Typic Hapludalf soil in Southern Brazil. The experiment comprised two periods: 2004-2009 and
2009-2020. The treatments were unfertilized (control), pig slurry, pig deep litter (swine manure
and rice husk), cattle slurry, and mineral fertilizer (urea, triple superphosphate, and K chloride).
Grain and cover crops were grown. The maize grain yield and oat biomass were used as indicators
of productivity. The application of cattle slurry, pig deep litter, and pig slurry increased the grain
production by 20% on average compared to mineral fertilization. Organic manuring increased the
soil pH by up to one unit, while urea acidified the soil. The highest crop yields were obtained with
pig deep litter, which increased the levels of P, K, Ca, Mg, and C in the soil test. Pig deep litter
showed the highest N-ANR for the aboveground part of the plants. The ANRs for P, K, Ca, and Mg
were also highest when pig slurry had been applied. The ANR values for the micronutrients varied
widely among the organic sources but indicated large marginal offtake gains compared to mineral
fertilization. The N-based fertilization with animal manures increased the rate of nutrient uptake by
plants but led to an accumulation of nutrients in the soil, threatening the sustainability of the system.
Manure applications must be monitored regularly to avoid the accumulation of nutrients that could
impair the soil quality and become an environmental problem in the future.
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1. Introduction

The recycling of organic waste is a potential solution to promote a circular economy [1].
In agriculture, the objective of the bioeconomy is to reduce inorganic fertilization by
using animal manures, slurries, or crop residues [2,3]. However, this poses a serious
long-term threat to soil quality due to the mismatch between the composition of organic
amendments, the nutrient recovery of crops, and their capacity to retain and recycle macro-
and micronutrients.

Carbon can be stored in soils using conservation tillage (no-till or minimum-tillage
systems) in combination with primary production (crop residues, intercropping, cover
crops, agroforestry, and crop rotations), irrigation, nitrogen fertilization, and organic amend-
ments [4]. Although appealing, carbon storage practices possess their own contradictions.
No-till practices leave manure on the soil surface, facilitating phosphorus dispersion
through runoff [5]. Manure has imbalanced C:N [6] and N:P ratios [7]. Hence, increasing C
storage with manure may cause excessive P accumulation in the soil, which is a serious
environmental risk [8]. The application of organic residues increases microbial activity; soil
pH; soil test levels of P, K, Ca, Mg, Zn, and Cu; C content; water retention; the aggregation
of soil; and carbon sequestration [9,10]. Animal manures impact the nutrient recovery of
crops due to their more variable compositions and differential reaction rates compared
to mineral fertilizers [11-14]. Nutrient recovery depends on a soil’s capacity to supply
nutrients and a plant’s ability to acquire, transport, and remobilize nutrients [15]. Where
soils show a multielemental deficiency, organic waste can increase crop yields more than
synthetic fertilizer [16]. Cropping systems, including crop residue management and cover
crops, contribute to enhanced nutrient recovery [17].

The Southern Brazilian states account for 12% of the national cattle breeding and 49%
of the swine production [18,19]. The phenomenal amounts of animal manure generated
by these activities require wise nutrient management to maintain soil productivity while
minimizing environmental impacts and loss of soil quality in the long run, especially in no-
till soils [20,21]. Animal manures are typically recycled near their production sites for crop
fertilization, potentially increasing soil nutrient levels [13,22-25] and reducing expenses
due to commercial fertilizers that small farmers may not be able to afford [12,14,26,27].
The N-based application of animal manures has led to the excessive soil accumulation
of P, Cu, and Zn [21,28] and has contributed to the eutrophication of surface waters [29].
Long-term experiments can assess a system'’s sustainability by monitoring the effects of
fertilizer treatments on yield stability, nutrient management, soil chemical quality [30-33],
and long-lasting carryover effects [34].

We hypothesized that (1) the soil test levels of nutrients and C are proportional to
the elemental budgets for the N-based fertilizer additions and (2) the apparent nutrient
recovery rates for the N-based organic fertilizers are equal but higher than for mineral
fertilization. Our objectives were to monitor changes in soil chemical quality and to measure
nutrient recovery from N-based organic fertilization in a Brazilian agroecosystem.

2. Materials and Methods
2.1. Experimental Setup

A long-term experiment was established in May 2004 on a Typic Hapludalf (red—yellow
podzolic) soil [35] at the Federal University of Santa Maria (UFSM) research farm in
the Central Depression of the Rio Grande do Sul, Brazil (29°41'25” S and 53°48'42" W;
altitude = 113 m). Surface soil (0-20 cm) contained 180 g clay kg1, 193 g silt kg~ !, and
627 g sand kg~ !. The climate of the region is humid subtropical and of the type Cfa accord-
ing to Koppen's classification. Average annual temperature is 19.3 °C, mean annual rainfall
is 1561 mm, and mean relative air humidity is 82%.
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The experiment comprised two periods: 2004-2009 (establishment period) and 2009-2020.
The crop sequences are presented in Table 1 for the entire experimental period. In the
first period, the treatments were applied once a year before sowing maize (Zea mays L.).
Maize was followed by black oat (Avena strigosa Schreb.) and radish (Raphanus sativus L.).
Treatments starting in 2009 were applied twice a year, one preceding the winter crop and
the other preceding the summer crop.

Table 1. Crop sequence throughout the long-term experiment.

Year Winter Crop Summer Crop
2004 Avena sativa Zea mays
2005 Raphanus sativus Zea mays
2006 Avena sativa Zea mays
2007 Raphanus sativus Zea mays
2008 Avena sativa Zea mays
2009 Raphanus sativus Zea mays
2010 Avena sativa Zea mays
2011 Avena sativa Zea mays
2012 Avena sativa Phaseolus vulgaris
2013 Avena sativa Zea mays
2014 Triticum aestivum Zea mays
2015 Avena sativa Zea mays
2016 Avena sativa Zea mays
2017 Avena sativa Phaseolus vulgaris
2018 Avena sativa Zea mays
2019 Avena sativa Zea mays

The tillage system was no-till [21]. The aboveground portion of oilseed radish and oat
were left on the ground as green manure. Plants were desiccated at flowering. For other
crops, grain was harvested and crop residues were left on the soil surface.

There were five fertilization treatments, as follows: unfertilized (control), pig slurry, pig
deep litter (swine manure and rice husk), cattle slurry, and mineral fertilization (urea, triple
superphosphate, and K chloride). The C:N ratios of organic materials varied widely among
sources, as follows: 9.01 & 6.75 for cattle slurry (median value = 7.28), 23.91 + 14.09 for pig deep
litter (median value = 20.81), and 3.21 % 1.078 for pig slurry (median value = 3.14). Total N was
applied before sowing at rates of 30 kg N ha~! for oat (expected yield = 2000 kg grain ha—1),
105 kg N ha~! for maize (expected yield = 5000 kg grain ha—!), and 60 kg N ha~! for bean
(expected yield = 1500 kg grain ha~!). Before sowing, oat received 13 kg P ha~! and
17 kg K ha~!, while maize received 26 kg P ha~! and 58 kg K ha~! and bean received
11kgP ha—! and 25 kg K ha—!. The amounts of C, N, P, K, Ca, Mg, Cu, and Zn applied
during the 2004-2009, 2009-2012, 2012-2016, and 2016-2020 periods are shown in Sup-
plementary Table S1. Treatments were arranged as a randomized block design with four
replications. Plot size was 5 m by 5 m.

The dosage of solid organic waste was computed as follows, CQFS RS/SC [36]
(Equation (1)):

Q

A= (B/100) x (C/100) x D )

where A is dosage of the organic waste in kg ha~!, Q is recommended amount of available
elements in kg ha—!, B is concentration of dry matter in the organic waste, C is elemental
concentration in % in the dry matter in the organic waste, and D is agronomic efficiency
of the element (fertilizer coefficient efficiency for providing nutrient to the first crop after
manure application). For solid swine manure, D was 0.6 for N, 0.8 for P, and 1.0 for K for
the first crop; and 0.2 for N and P for the following crop.
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The dosage of slurries was computed as follows (Equation (2)):
Q
= 2
CxD @

where A and Q are as above and C is elemental concentration in the slurry, expressed in
kg m~3. For cattle slurry, D was 0.5 for N, 0.8 for P, and 1.0 for K for the first crop; and 0.2
for N and P for the following crop. For swine slurry, D was 0.8 for N, 0.9 for P, and 1.0 for
K for the first crop; and 0.1 for P for the following crop.

2.2. Soil Analyses

Soils were sampled in the 0-10 and 10-20 cm layers in 2004, 2008, 2012, 2016, and 2020,
air dried, and sieved to less than 2 mm. Soil pH was tested in water (1:1). SMP buffer pH
and exchangeable Al, Ca, and Mg contents (extracted by KCI 1 mol L~!) were conducted
according to Tedesco et al. [37]. The Al was quantified by titration with 0.0125 mol L~!
NaOH, and the Ca and Mg contents by atomic absorption spectrometry (AAS, Varian
SpectrAA-600, Sydney, Australia). Soil tests for P, K, Cu, Zn, and Mn contents followed
the Mehlich-1 method [37]. The P was quantified according to the method of Murphy and
Riley [38], using a visible UV spectrometer (proanalise, UV-1600, Brasil, Porto Alegre), and
the K by a flame photometer (Digimed, DM-62, Brasil, Sao Paulo). The Cu, Zn, and Mn
were analyzed by atomic absorption spectrometry. Total organic carbon (TOC) content
was determined using an elemental autoanalyzer (FlashEA 1112, Thermo Finnigan, Italy).
Potential acidity (H + Al) was computed from the SMP index [39]. Soil aluminum and base
saturation levels were calculated on a molar basis as percentages of the cation exchange
capacity at pH 7.0 (CECp 7.0) [36].

Initial soil properties in 2004 were available only for the 0-10 cm layer [40]. Soil proper-
ties were as follows: pH 4.9, 11 g organic carbon kg !, 814.4 g total N kg 1, 20.3 mg P kg !,
60 mg K kg~!, 160 mg Ca kg !, and 36 mg Mg kg~ !. Soil test P was high, while soil tests K,
Ca, and Mg were low for grain crops [36].

2.3. Animal Manure Analyses

Total N was extracted by digesting 2 cm® of manure in natura in 2 cm® of H,SO, and
1 cm?® of H,O, and analyzed by the Kjeldahl method [37]. Manures were oven-dried at
65 °C to determine the dry-matter (DM) content, then finely ground to determine total C
using an elemental autoanalyzer. Compositions were analyzed as described above.

2.4. Tissue Analyses

The aboveground portions of the plants were collected at flowering, close to the
soil surface, then oven-dried at 65 °C for biomass determination. Ground tissue was
digested in a mixture of nitric and perchloric acids [41]. Total K, Ca, Mg, Cu, Zn, and
Mn were quantified according to Tedesco et al. [37]. Total N and P were extracted by
sulfuric digestion. Total N was quantified using the Kjeldahl method [37], and total P using
colorimetry [38]. We assumed that the dry matter of leftover crop residues contained 44%
C[42].

2.5. Grain and Biomass Production

Grain yield and the production of aboveground plant materials were reported on a
dry-weight basis (65 °C). Grain yield of maize was harvested in an area of 6.25 m? in each
plot and adjusted to 13% moisture content. Five maize plants were randomly collected per
plot at flowering for the determination of aboveground dry matter. Plants of black oat were
collected in an area of 2.00 m? per plot.
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2.6. Nutrient Budgets

Contributions of plant parts to nutrient budgets were computed as the product of dry-
matter production and elemental concentration. The contribution of fertilizers and leftover
crop residues to elemental budgets is presented in Supplementary Material Table S1.

2.7. Climatic Indices

Meteorological data were obtained from the Santa Maria (RS) meteorological station as
daily minimum and maximum temperatures and daily precipitation per season. Summer
and winter periods extended from October to April and from May through September,
respectively. Seasonal temperature data were synthesized as monthly minimum and
maximum temperatures as well as the number of degree-days (base 5 °C for winter crops
and base 10 °C for summer crops: Government of Canada, 2018). The distribution of
daily rainfall events was expressed as the Shannon diversity index (SDI), as follows [43]
(Equation (3)):

—Yita pi X In(pi)
In(n)

where p; is the fraction of daily rainfall relative to total rainfall during the selected period
and n is the length of the selected period; SDI = 1 indicates uniformly distributed rainfall
(equal daily amount of rainfall during the selected period); SDI = 0 indicates uneven
rainfall (total rainfall concentrated in one day). Synthetic climatic indices are presented in
Supplementary Material Figure S1 across 23 consecutive seasons starting in May (winter
season) or September (summer season).

SDI = @)

2.8. Statistical Analysis

Machine-learning models related features to target variables. Feature candidates were
growing periods (1 to 22), climatic indexes, crops, nutrient sources, and nutrient dosages.
Target variables were grain yield and aboveground dry matter.

We ran the gradient-boosting learner with cross-validation, since it outperformed the
Random Forests, which are prone to overfitting data. Data extraction was stratified by
treatment and accuracy was averaged by computing across ten runs (k = 10) using the
Orange 3.28 data-mining software. The R?, root mean square error (RMSE), and mean
absolute error (MAE) were used as measures of accuracy. The RMSE and MAE were
computed as follows:

n
RMSE = % Y (ei — mi)? )
i=1
1 n
AE = =Y |ei — mi
M " ) lei — mil (5)

i=1

Soil test was related to nutrient budget as follows [5]:
Asoiltest = f(Input — Of ftake) (6)

where inputs were fertilization treatments and offtake was total amount of nutrients
exported through grain harvest (nutrient concentrations times grain biomass). Nutrients
from leftover residues were considered as recycled by the system. Nutrient inputs and
offtakes, and the corresponding nutrient budgets, were recorded across the cropping
seasons (2009-2020).

Soil analyses were performed at four occasions every four years, starting in May 2009
(end of the 2008 summer season) before oilseed winter cultivation and ending in April 2020
after the summer maize crop (end of the 2019 summer season). The first period (1-6)
comprised six cropping seasons. The second period (7-14) and the last period (15-22)
comprised eight cropping seasons each. Inputs, offtakes, and soil tests included C, N, P, K,
Ca, Mg, Cu, Zn, and Mn; hence, nine elements.
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Apparent nutrient recovery efficiency (ANR) reflects a plant’s ability to acquire applied
nutrients [15]. In this paper, apparent nutrient recovery (ANR) from the organic fertilization
was computed against mineral fertilization as a control rather than a zero control [15], as
follows (Equation (7)):

ANR(%) — Nutrientuptakeyanure — Nutrientuptakenpg

= 100 7
Nutrientappliedyanure — Nutrientappliednpk % )

This new formulation of ANR measures the marginal gain in crop nutrient uptake
under N-based manure fertilization regimes compared to the mineral fertilization. If
ANR > 100%, the crop takes up more nutrients from N-based manure fertilization applied
in excess of mineral fertilization. Such a relative ANR index provides a measure of a plant’s
capacity to mop up nutrient excess and prevent environmental damage.

3. Results
3.1. Machine-Learning Models

The growing period alone could not predict grain yield and the production of above-
ground dry matter (Table 2). Growing periods can be viewed as synthetic, integrating
climatic indices and the length of the growing season. Adding crops did not improve
the accuracy. The source of the nutrient increased the model accuracy, but the nutrient
dosage increased it even more. The accuracy reached its highest value when growing
periods, fertilizer sources, and dosage were used as features to predict grain yield and
aboveground biomass.

Table 2. Relationships between target variables and features using gradient boosting.

Grain Yield Aboveground Dry Matter
Feature
*RMSE  ** MAE R? RMSE MAE R?
Period 1.849 1.375 0.569 1.687 1.239 0.630
Period + crop 1.847 1.370 0.570 1.689 1.228 0.637
Period + source 0.748 0.553 0.930 0.981 0.699 0.875
Period + source + 0.593 0.436 0.956 0.703 0.481 0.936

dosage

* Root mean square error (Mg ha™1). ** Mean absolute error (Mg ha™1).

3.2. Grain Yield and Aboveground Biomass

The average yields of maize and black oat were low in the control treatment (Table 3).
The yields were smaller under the mineral than the organic fertilization regimes. Pig slurry
produced the highest crop yields, providing 21% more maize grain yield and 23% more
aboveground oat biomass compared to the mineral fertilization.

3.3. Change in Soil pH

The treatments impacted the soil pH in both the 0-10 cm and 10-20 cm layers (Figure 1).
Compared to the initial pH of 4.9 in the 0-10 cm layer at the onset of the experiment in
2004, the pH decreased then stabilized in the control treatment, decreased systematically
under the mineral fertilization treatment, and fluctuated about the mean under the organic
fertilization treatment. The application of pig deep litter increased the soil pH by 0.7 units
compared to the control treatment in the 0-10 cm layer. In the treatments with the applica-
tion of pig slurry and cattle slurry, the soil pH increased by 0.35 and 0.20 units, respectively,
in the 0-10 cm layer compared to the control. The treatments had similar impacts on the
soil pH in the 10-20 cm layer, where pig deep litter showed the greatest capacity to increase
the soil pH. From 2012 onwards, mineral fertilization significantly reduced the soil pH to
values less than 4.7 in the 10-20 cm layer.
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Soil pH in water, 0 — 0.1 m.

6.5=

6.0~

5.5+

5.0

4.5=

Table 3. Mean and standard deviation (SD) of grain and aboveground crop residues as related to
fertilizer source during 11 years of experimentation (1 = 36).

4.0~

Maize Avena
Grain Aboveground Crop Residues Aboveground Crop Residues
Fertilizer tha-1 tha-1
Source
Mean SD Mean SD Mean SD
Control 2.92 1.17 4.03 1.29 1.66 0.55
Mineral = 0 7.13 2.10 3.24 0.74
fertilizer
Cattle (99 175 8.05 232 3.63 0.87
slurry
Pigdeep 750 518 7.65 2.84 3.73 0.85
litter
Pig 740 254 8.76 2.97 4.00 0.71
slurry
B 2009 B 2012 1 2016 1 2020
 65m
1S
N
S 6.0
|
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Figure 1. Change in soil pH in the 0-0.1 m and 0.1-0.2 m layers between soil sampling periods as
impacted by fertilizer sources. Horizontal line shows initial soil pH in 2004. The results shown in the
figure are the arithmetic mean and standard error based on pH values.

3.4. Change in Soil C and N Content

Changes in the soil C content depended on the amount of C input provided by the
organic fertilizers and crop residues (Figure 2a,b). The initial soil C content was 11 g C kg~!
in 2004. The C inputs with the sole contribution of crop residues were in the following order:
pig deep litter > cattle slurry > pig slurry > mineral fertilizer alone > control (Supplemental
Materials Table S1). In the 0-10 cm layer, soil test C showed linear increase with C additions.
In the control treatment, the C content in the soil tended to decrease with the C additions,
indicating a negative carbon budget. Where mineral fertilizer (NPK) was applied, the C
budget stabilized. Where organic fertilizers were applied, there was a sharp increase in
the C content of the soil in the 0-10 cm layer, where the cumulated C additions exceeded
50 Mg C ha~!. The application of pig deep litter increased the soil C content by 132% in
the 0-10 cm layer and by 14% in the 10-20 cm layer. While the organic inputs increased the
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Soil test C (gkg!)-0—0.1 m

Soil test N (gkg)-0—0.1 m

soil C content in the 10-20 cm layer compared to the control, the magnitude of the change
was much smaller and more variable than in the 0-10 cm layer.

Control Mineral fertilizer - NPK Pig deep-litter Cattle slurry
O 2009 O 2012 A 2016 VvV 2020
25+ £ 6.5+
a) e 6.5 b)
S Hi
HH | 6.0 i »—E_z{,:%_f_'
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e ~ Chiad -
- ¥ o @)
10 »—0—7% % 4.5
L
5 | | | | | | | 1 C'ISD 4.0 | | | | | | | 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Cumulated C additions during control period (t ha™!) Cumulated C additions during control period (t ha™!)
2.0 g 0.79
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- T E
1.5- = S 0.6
4 HE T £ T
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o % |_£_‘
e 8 +
05 1 1 1 1 % 0.4 1 1 1 1
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Cumulated N additions during control period (t ha'')

Cumulated N additions during control period (t ha!)

Figure 2. Change in soil C (a,b) and N (¢,d) content during the 2009-2020 period in the 0-0.1 and
0.1-0.2 m layers, respectively, as impacted by treatments. Error bars represent standard errors of

the means.

The soil N content changed little in the control treatment between periods but increased
with the N additions (Figure 2¢,d). The N source impacted the soil N differently in the 0-10
and 10-20 cm layers. In the 0-10 cm layer, pig deep litter was the most efficient N source,
followed by cattle slurry and pig slurry. Mineral fertilization accumulated the least N. Pig
slurry and pig deep litter increased the soil N by 1.95 and 1.40 times in the 0-10 cm layer,
with the additions of 2.5 and 3.2 Mg N ha~!, respectively, over 16 years. The pig deep-litter
treatment showed the largest N accumulation in the 10-20 cm layer, while the other N
sources produced similar results.

3.5. Change in Soil P, K, Ca, and Mg Content

During the experiment, the soil received 2.69, 3.23, 2.05, and 0.43 Mg P ha~! from
pig deep litter, pig slurry, cattle slurry, and mineral fertilizer, respectively (Supplemental
Materials Table S1). The soil P ranged from 6.6 to 108.5 mg P kg~! in the 0~10 cm layer
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and changed drastically where P additions exceeded 1.0-1.2 Mg P ha~! (Figure 3a). Pig
deep-litter and pig slurry increased the soil P by a factor of 2 in the 0-10 cm layer compared
to mineral fertilization. The soil P in the 10-20 cm layer was most impacted by pig deep
litter (Figure 3b), because the larger amounts of applied P favored the migration of P deeper
into the soil profile. The application of pig slurry increased the soil P in the 10-20 cm layer
by more than 7 times compared to mineral fertilization.

The contents of the other macronutrients in the soil increased by different amounts
between the soil layers depending on the nutrient source and dosage (Figure 3c-h). Pig
deep litter, pig slurry, cattle slurry, and mineral fertilizer increased the soil K compared to
the control (Figure 3c,d). There were sharp increases in the soil K in the 0-10 and 10-20 cm
layers, where the K additions exceeded 3.5 Mg K ha~!. The soil K in the 0~10 cm layer in
the control treatment averaged 30 mg K kg ~!. Pig deep litter, cattle slurry, and pig slurry
increased the K levels by 93, 52, and 5%, respectively, compared to mineral fertilization.
The soil K in the 10-20 cm layer was increased by pig deep litter, cattle slurry, pig slurry,
and mineral fertilization.

The soil Ca increased due to positive budgets in the 0-10 and 10-20 cm layers
(Figure 3e,f). Pig deep litter increased the soil Ca by 1.33, 1.53, and 2.42 times in the
0-10 cm layer compared to cattle slurry, pig slurry, and mineral fertilization, respectively.
There was a smaller increase in the soil Ca in the 10-20 cm layer. Depending on the fertilizer
source, the soil Mg showed increasing trends or no trend in the 0-10 cm and 10-20 cm
layers, where the Mg budgets were positive (Figure 3g,h). The treatments that provided
the greatest Mg increments in the 0-10 cm and the 10-20 cm layers were cattle slurry, pig
deep-litter, and pig slurry.

3.6. Change in Soil Micronutrient Content (Cu, Zn, Mn)

The soil received 22, 27, and 16 kg Cu ha—! and 107, 92, and 29 kg Zn ha=! through
the application of pig deep litter, pig slurry, and cattle slurry, respectively, during the
experimental period ( Supplemental Materials Table S1). The soil Cu and Zn increased
in the 0-10 and 10-20 cm layers at rates depending on the fertilizer source and dosage
(Figure 4a—d). Where the soil Cu values were small, the confidence intervals may have zero
overlap due to the small numbers and the statistical distortion where the concentrations
were not log-ratio-transformed (see Filzmoser et al. [44]). Pig deep litter increased the
soil Cu and Zn by 1.52 and 2.5 times, respectively, compared to the treatment with the
application of pig slurry. The magnitude of increase in the soil Cu and Zn was much
smaller in the 10-20 than in the 0-10 cm layers. Pig deep litter and pig slurry produced the
largest increments.

The soil Mn tended to be stable across the soil layers, fertilizer sources, and Mn doses
(Figure 4e,f). During the evaluation in 2020, the soil Mn increased significantly in the
0-10 cm layer with the application of pig deep litter, cattle slurry, and pig slurry. In the
10-20 cm layer, the soil Mn was similar among all treatments except for the control. The
soil Mn may have been affected indirectly by changes in the soil pH.

3.7. Nutrient-Use Efficiency

The ANR values computed using mineral fertilization as a benchmark were positive
across the macronutrients, indicating the additional uptake of the manure nutrients applied
in excess of mineral fertilization (Table 4). The ANR for N was much higher for pig deep
litter compared to cattle and pig slurries. For N, pig deep litter also returned the highest
ANR in the aboveground portions of the plants. Pig slurry showed the highest ANR for P,
K, Ca, and Mg.

The shoot ANR for the micronutrients varied according to the organic source (Table 4).
The ANR of the micronutrients was substantial, indicating the beneficial potential of organic
fertilizers for feed biofortification, as long as soil contamination is avoided. The high ANR
values for the micronutrients indicated the fertilizers” high potential for correcting the Cu,
Zn, and Mn deficiency in Typic Hapludalf soil.
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Figure 3. Change in soil P (a,b), K (¢,d), Ca (ef), and Mg (g,h) during the 2009-2020 period in the
0-0.1 and 0.1-0.2 m layers, respectively, as impacted by treatments. Error bars represent standard
errors of the means.
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and 0.1-0.2 m layers, respectively, as impacted by fertilizer regimes. Error bars represent standard
errors of the means.
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Table 4. Apparent nutrient recovery (ANR) of N-based manure fertilization compared to mineral

fertilization (NPK).
Manure N P K Ca Mg Cu Zn Mn
Source % (Mean =+ Standard Deviation)
2009-2012 period—Dry matter
Sitrtrl; 342 5+3 30 + 11 442 8+4 1862 + 862 2327 + 1256 3778 + 1274
Plﬁ tf:rep 50 + 16 743 2147 241 742 1651 + 535 1203 + 404 3056 -+ 1049
Pig slurry 15+ 4 40414 55412 28+6 52417 2351 +689 2620 + 906 4802 + 871
2012-2016 period—Dry matter
Sitrtrl; 441 2546 62 + 10 18+2 2444 1785 + 412 3722 + 917 7575 + 1500
Plﬁ tf:rep 179+13 1442 25+ 2 7402 15403 1993 4 331 1377 + 227 3530 =+ 682
Pig slurry 3045 2446 55+ 7 86 +10 127 +21 20344452 2648 + 681 6599 + 902
2016-2020 period—Dry matter
Sitrtrl; 541 26+5 7349 2042 2744 2160 + 414 4427 + 954 8685 + 1174
Plﬁ tf:rep 199 + 20 1542 30+ 3 7402 17 +1 2360 + 454 1603 + 313 4145 + 754

Pig slurry 36 +6 28 +7 73 +11 100 £ 14 147 £ 26 2592 + 557 3276 + 806 10000 £ 1446
2009-2012 period—Grains

Sitrtrl; 15+1 442 442 03+01 241 124 + 49 1243 + 495 199 + 79

Plﬁtf:rep 3443 741 5404 02401 3402 166 + 13 858 + 68 319 + 25

Pig slurry 341 1442 441 1402 741 79 + 14 654 + 115 149 + 26
2012-2016 period—Grains

Sitrtrl; 1401 942 6+2 1402 341 174 + 50 1194 + 307 510 + 142

Plﬁtf:rep 7243 8+ 0.4 5402 1402 3401 293 + 10 727 + 34 419 + 14

Pig slurry 541 741 441 341 1343 106 + 28 618 + 116 269 + 65
2016-2020 period—Grains

Sitrtrl; 1402 8+2 742 1403 4+1 187 + 54 1283 + 330 504 + 140

Plﬁtf:rep 75+ 3 8+04 5402 14002 4401 316 + 10 784 + 37 431+ 15

Pig slurry 541 741 441 341 1343 111 + 29 643 + 120 313 + 76

4. Discussion
4.1. Crop Performance

Crop performance was impacted by the fertilizer source and dosage. The acid Typic
Hapludalf under study appeared to be low in natural fertility, as shown by the low crop
yields in the control treatment. Hence, the zero-N fertilization control could not be used as
a benchmark treatment to compute the ANR, because it failed to meet the ceteris paribus
assumption that all the factors except N were equal or at optimum levels [45]. The manures
returned higher yields than the mineral fertilizers, through which only N, P, and K were
applied. The mineral (NPK) fertilization regime met the ceteris paribus assumption for N, P,
and K based on regional recommendations [36]; however, it showed an apparent shortage
in the other elements.
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Organic fertilization supplied macro- and micronutrients during the entire crop cycle.
The higher nutrient-use efficiency with organic manuring is attributable in part to the
increased activity of the soil microbial community that plays a critical role in the subsequent
cycling and transformation of nutrients [46]. The labile C present in the organic residues
promoted microbial activity and improved the soil’s physical properties [47-49]. While
organic matter addition through crop residues and manures increases the water-soluble
and -exchangeable forms of micronutrients in soil and the uptake of micronutrients, a high
organic matter content in soils results in more stable complexes of micronutrients [11]. The
bioavailability of micronutrients thus varies largely from the time of the application of fresh
manure to the time of organic matter stabilization in the soil.

The accumulation of phosphorus and the changing patterns of micronutrient bioavail-
ability require regular monitoring to avoid environmental damage and contamination
by heavy metals with potential adverse effects on soil health and food safety in the long
run [50,51]. Indeed, N-based fertilization with manures appeared to be unsustainable and
could be replaced by P-based fertilization [7]. Composting organic byproducts and mixing
and granulating composts with mineral matrices, where the concentration of phosphorus
and micronutrients can be adjusted industrially, has also been suggested [52-56].

4.2. Soil Carbon

Typic Hapludalf soils are subjected to erosion and yield loss in southern Brazil [57],
and this can be tackled by soil C. Soil C impacts soil quality, functionality, and health and
reduces soil erosion [58]. Leftover crop residues, green manures, and organic fertilizers
are the primary sources of soil C in agroecosystems [59]. An increase in soil C, in addition
to benefiting soil quality and crop yields, plays an important role in mitigating global
warming [60,61]. While the contribution of crop residues and green manures under the
mineral fertilization regime sufficed to maintain the soil carbon level, adding manure as a
fertilizer source increased the soil C levels above those of crop residues alone, especially
where pig deep litter was added as a high-C manure [13,62].

4.3. Soil Test Levels

The mineral fertilization regime acidified the soil through urea transformation [63].
In soils with pH values lower than 5.5, the release of toxic free aluminum (AI%*) inhibits
the growth and absorption of water and nutrients by the root system [64]. Under such
conditions, the bioavailability of essential nutrients is reduced, mainly that of N, P, Mg,
Ca, and Mo [65,66]. Organic sources increased or maintained the soil pH above the initial
level through the adsorption of H* ions by organic compounds [13]. The positive effect of
manures in neutralizing soil acidity has been reported for other organic materials [67] but
requires mineralization over several months to reach maximum effectiveness [68].

The buildup of soil nutrients to critical and maintenance levels is an objective of soil
testing [69]. However, building the soil P to excessive levels leads to the eutrophication of
surface waters [29]. The soil P tends to increase in upper soil layers depending on the P
budget [70-72], increasing the risk of P loss by runoff [21,73]. Messiga et al. [5] and Damar
et al. [31] revealed different facets of soil P changes over time in long-term experiments
involving no-till soils and mineral vs. organic fertilization regimes, especially in gleysolic
soils showing a low P-retention capacity. For the N-based fertilization of ley-farming
systems, there was a greater P accumulation under MIN (mineral) than LDM (liquid dairy
manure), and under CP (chisel plowing) than MP (moldboard plowing). The P legacy from
excessive manure application reaching well above agronomic targets over the years may
take several decades to meet environmental targets [74].

The tested soil P content was closely related to the P budgets in the Typic Hapludalf
under study. The P requirement was 300 kg P ha~! to maintain the soil P content close
to 20 mg P dm 3 over the experimental period; hence, approximately 27 kg P ha=! yr~1.
This type of soil is effective at P-fixing due to its elevated sesquioxide content [75], but the
soil’s P-fixing capacity may vary widely between soils [76]. In comparison, soil with an
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initial P content of 7 mg P dm 3 required 128 kg P ha~! to reach the maintenance level of
20 mg P dm~3inan Inceptisol of Santa Catarina, Southern Brazil [77].

The relationship between the tested soil K content and the K budget depends largely
on clay mineralogy, because illite-mica minerals can release forms of K that are not readily
extractable by the routine soil K test method [30]. In contrast, there was a close relationship
between the tested soil K and the K budget for the Typic Hapludalf that contained kaolinite
clay [75]. Hence, only exchangeable K was reflected by the tested soil K of the Typic
Hapludalf under study. The tested soil Ca and Mg were less related to the Ca and Mg
budgets, likely indicating Ca and Mg leaching.

At the end of the 11 years of experimentation, the soil Cu increased up to 30 mg Cu kg~
and the Zn levels reached up to 35 mg kg ! in the 0~10 cm layer, compared to 2 mg Cu kg~
and 3 mg Zn kg~! in the 10-20 cm layer. In a no-till Typic Hapludalf soil in South-
ern Brazil initially containing 4 mg Cu-EDTA kg ! and 4-10 mg Zn-EDTA kg~ ! in the
0-10 cm layer, repeated applications of 180 kg N ha~! yr~! of pig deep litter and pig
slurry to a crop sequence of Zea mays and Avena strigosa over eight consecutive years
increased the soil Cu and Zn in the surface soil layer and as deep as 15 cm at the high-
est dose [78]. The soil Cu in the upper 0-10 cm layer reached 11-29 mg Cu-EDTA kg !
with pig slurry and 50-122 mg Cu-EDTA kg~ ! with pig deep litter. The soil Zn reached
18-63 mg Zn-EDTA kg ! with pig slurry and 88-311 mg Zn-EDTA kg ! with pig deep
litter. Copper accumulated mainly in organic form, while zinc reacted preferentially with
clay minerals.

In the experimental Typic Hapludalf soil, the initial soil Cu and Zn were not measured,
but records of the 2009 analysis indicated values lower than 1 mg kg~ for both micronu-
trients in the zero-fertilizer and mineral fertilizer treatments wherein no Cu or Zn were
added. The soil Cu and Zn were thus much lower than in the study of Tiecher et al. [78]
and reached lower values at the end of the experimental period. The ageing of the added
Cu, the organic matter content, the soil pH, the soil texture, and the soil P impact soil Cu
availability in the long term [79-81]. Because Typic Hapludalf soil has a limited capacity to
fix Cu and Zn, the sustainability of N-based manure fertilization regimes is questionable.

4.4. Nutrient-Use Efficiency

The nutrient-use efficiency of pig deep litter was high for N, as indicated by the
ANR (Equation (7)). The high N recovery with pig deep litter is attributable to organic N
forms being gradually mineralized during the season [82-84]. The successive additions of
residues showing high C:N ratios and relatively low mineral N content, such as pig deep
litter, increased the N availability over time [85], contributed to organic N accumulation,
and likely improved the synchrony between the mineralization of organic N and the crop N
demand. Organic fertilizers with a high ammoniacal N content applied before implanting
the crops can result in the reduction of N losses, especially by leaching after absorption
by clay minerals [86]. Shah et al. [87] found higher rates of organic N mineralization and
nutrient-use efficiency in soils with 20% clay content.

The N-use efficiency was low with the application of pig slurry and cattle slurry. The
application of organic fertilizers with high levels of ammoniacal N (e.g., pig slurry and
cattle slurry) may lead to significant losses of NH3 by volatilization depending on the
environmental conditions, the physical and chemical characteristics of the fertilizer, and
the application mode [82,88]. Surface-applied organic fertilizers generally result in greater
N losses compared to soil incorporation [82].

The low ANR for P compared to N (Table 4) may be explained in part by the low
P requirements of the crop [89]. The low P recovery rates of 23, 21, and 18% at pig
slurry application rates of 20, 40, and 80 m® ha~!, respectively, is attributable to the high
binding energy required for the reaction between phosphate ions and the reactive soil
mineral fractions [90]. The carboxylic and phenolic functional groups in organic matter can
reduce P sorption by tackling positively charged sites on Fe and Al oxides [91,92]. As a
result, increasing the soil organic matter through the application of organic fertilizers is a
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viable option to make phosphate fertilization more efficient, especially for small farmers
who have difficulties acquiring costly mineral fertilizers. However, the imbalanced N:P
ratio of manures makes such an option feasible only as long as the soil P does not reach
environmentally critical values [92].

The high ANR for the cationic micronutrients raised the question of balancing crop
biofortification with critical soil micronutrient test levels and soil contamination. Excessive
Cu accumulation decreases soil biological quality by tackling soil respiration and catalytic
functions [93,94]. Parent and Quinche [95] suggested a maximum soil Cu level of 6-8 mg
CUpMehlich3 kg_1 and soil Zn level of 11-17 mg Znpfehlich3 kg_1 for potato (Solanum tuberosum)
and crucifers grown as vegetables. Although Zn can be supplied in large amounts without
apparent toxic effects [96,97], Zn toxicity may occur and could be mitigated by heavy liming.
Despite no Mn additions, Mn availability increased due to urea that acidified the soil [98]
and maintained a soil pH below 4.8 [99,100]. The organic fertilizers applied in this study
contained Mn, but maintained a soil pH at higher levels, impacting the Mn availability.

4.5. Setting Targets

The application of different organic sources significantly increased the levels of
macronutrients and micronutrients in the 0-10cm layer (Figures 3 and 4). These increases
in soil nutrient content due to the successive application of these animal residues bring
several benefits to crop development [101,102]. Therefore, according to the interpretation
tables proposed by the Soil Chemistry and Fertility Commission of the States of Rio Grande
do Sul and Santa Catarina (27), the levels of P, K, Cu, Zn, and Mn in the soil when pig deep
litter was applied at a depth of up to 10 cm are above the limits considered ideal for the
good development of annual crops.

This demonstrates that successive applications of manure—sometimes in quantities
greater than the needs of the crops—result in the accumulation of the nutrient on the
soil surface. The transfer of this P accumulated in the soil surface layers by runoff to
surrounding water bodies can cause the eutrophication and environmental deterioration
of aquatic systems worldwide [103,104]. Thus, the transfer of P by runoff has been the
object of study in traditional swine- and livestock-breeding countries around the world,
including Brazil.

Successive manure applications lead to increases in Cu and Zn forms in soils under
NTS, along with increases in their soluble and exchangeable forms [78,105]. This may
increase the potential toxicity of these elements to plants [24,106] and enhance the transfer of
Cu and Zn to surface water by surface runoff [24]. However, the increased concentrations of
these heavy metals in surface water pose a serious environmental threat to living organisms
and aquatic ecosystems, due to their nonbiodegradability, bioaccumulation, environmental
stability, persistence, and biotoxic characteristics [107-109].

4.6. Biofortification vs. Contamination

The biofortification of human food, especially with Zn and Fe, is becoming an impor-
tant issue in grain and vegetable production [110]. The objective of biofortification is to
find ways to produce edible plants fortified with micronutrients that are easily assimilable
by humans [111,112]. Research has shown that some crucifers [113], potato cultivars [114],
onion cultivars [115], maize [116], and vegetable greens [117,118] could be biofortified with
Zn or Fe. Manure applications could thus contribute to biofortification. However, plant
contamination through the inappropriate use of Cu- or Zn-based fertilizers and pesticides
represents a risk for human health [119-121].

5. Conclusions

In this paper, we investigated the long-term effects of N-based organic and mineral
fertilization on crop yield and nutrient budgets. For N-based fertilizer additions, all soil test
levels, except those for Mg and Mn, increased systematically with the elemental budgets.
The soil pH decreased with the mineral fertilization and increased as a result of organic
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fertilization. The apparent nutrient recovery rates were higher for N-based organic N
fertilization than for mineral fertilization due to the micronutrient supply, higher soil pH,
and/or improved synchrony between the soil N supply and the plant N demand.

As expected, the crop yields depended primarily on the fertilizer source and rate. Pig
deep litter supplied more nutrients than any other nutrient source and could sustain crop
production until the accumulation of phosphorus and micronutrients reached excessive
amounts. The grain yield and oat aboveground biomass were higher under the organic
than the mineral fertilization regimes, indicating a nutrient shortage with the mineral
fertilization. As a result, the nutrient-use efficiency was higher under the organic than the
mineral fertilization regime.

The soil micronutrient test levels generally increased when the nutrient additions
exceeded the nutrient offtakes, posing a potential threat to the system’s sustainability,
especially regarding the soil P and Cu content. Nevertheless, the biofortification of crops
via organic fertilizers could be a beneficial practice as long as environmental thresholds
are not exceeded and the soils and crops are not contaminated. This long-term experiment
conducted on a low-fertility Hapludalf soil showed that N-based manure additions could
be appropriate for a decade or so but are unsustainable in the long run and difficult to
recover from. The drawbacks of N-based applications could be overcome by the partial
or complete replacement of organic fertilization by mineral fertilization, P-based and/or
Cu-based manure fertilization, or mixing and diluting composted manures with suitable
mineral materials.
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fertilization regime.
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