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Abstract: Nitrogen (N) is the primary nutrient required for plant growth. During the last few decades,
there has been extensive use of synthetic N-containing fertilizers in agriculture, resulting in increased
environmental pollution. In this study, the feasibility of replacing synthetic N with biofertilizer in
maize cultivation was investigated. A liquid biofertilizer (digestate obtained from the anaerobic
digestion of swine wastewater) was obtained and applied to large plots as a total (100%) or partial
(50%) substitute for synthetic N fertilizer. Moreover, the most efficient fertilization mode, i.e., basal
versus foliar application, was studied. Physiological growth indices, leaf nutritional status, and
grain yield were assessed for each biofertilization treatment and compared with the conventional
treatment with synthetic minerals. Compared with the conventional treatment, the total substitution
of synthetic N by the biofertilizer (basal application) did not affect the growth parameters and grain
yield of maize; the other treatments usually resulted in lower growth rates and yields, although not
statistically significant (p > 0.05). No difference was observed among the treatments for the contents
of N, P, K, or Mg in the leaves. Generally, the highest means for Fe, Ca, Cu, Zn, and Mn contents
in leaves were observed after in-row broadcast of synthetic fertilizers or basal application of the
digestate as a total substitute for synthetic N, with a significant effect for Fe (p < 0.05). The mode
of the biofertilizer application did not have any significant effect on either growth parameters or
leaf nutrients. The data show that under the specific conditions of the study, the total substitution
of mineral N with basal application of biofertilizer is the best strategy for minimizing the use of
synthetic chemicals in maize cultivation without yield penalties.

Keywords: waste valorization; methane-rich biogas; bio-based fertilizers; soil amendments; organic
fertilizers; foliar application; anaerobic digestion; corn growth dynamic; nutrient availability; fertilizer
application rate/dose; drought stress mitigation

1. Introduction

Brazil is nowadays a major player in international agricultural production and ex-
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, _ port [1,2]. However, Brazil is heavily dependent on the import of NPK (nitrogen, phos-
Licensee MDPI, Basel, Switzerland.

phorus, and potassium) fertilizers. It is estimated that 85% of the fertilizers used in Brazil
are imported from the global market [1]. These data have prompted research on alterna-
tive local nutrient sources in agriculture, such as stabilized organic wastes, e.g., compost,
Attribution (CC BY) license (https:/ / vermicomposto, and biofertilizer. In 2020, manure production in Brazil was estimated at
creativecommons.org/licenses /by / 61.8 million tons, of which 14.9 million tons was from poultry litter and 46.9 million tons
140/). from swine and cattle manure [3].
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Before application to agricultural soils as a source of nutrients, organic waste needs
to be stabilized, i.e., active biological decomposition processes need to be stopped to
minimize disruption of the soil-plant-root interface as much as possible [4-7]. Stabiliza-
tion can be achieved through several processes such as composting, vermicomposting,
mechanical-biological treatments, or anaerobic digestion to produce bio-based products
called “biofertilizers” [6,8-11]. Anaerobic digestion involves the degradation of organic
matter in an oxygen-free environment to release a gas known as biogas and an organic
effluent + residue called digestate [12,13].

According to Koszel and Lorencowicz [14], the main factors determining the use
of digestates as biofertilizers are the physicochemical characteristics of the effluent and
residue, the edapho-climatic conditions, and local regulations. Locoli et al. [15] found that
digestates obtained from the anaerobic digestion of cattle manure, chicken litter, swine
manure, and onion wastes had chemical and spectroscopic characteristics (e.g., C/N ratio,
ammonium (NH;*) to nitrogen ratio (NH4*/N), and proportion of short-chain organic
acids) similar to those of untreated wastes. Soils amended with the digestates in the study
by Locoli et al. [15] emitted less CO, than soils amended with manure, and the fertil-
izing effect of the digestates on lettuce growth was related to the content of NHs* [15].
However, recent review papers have found that feedstock, processing technology, and
process operating conditions strongly influence the characteristics of digestates, and that
without comprehensive management strategies, digestates can contribute to nutrient pol-
lution [6,13]. Thus, each locally produced digestate should be assessed on its own merit
based on optimal parameters suitable for adequate microbial activity such as the C/N ratio
(15-30), the psychrophilic temperature (<20 °C), the mesophilic temperature (35-37 °C),
and the thermophilic temperature (55 °C) [13].

Using indicators such as N uptake, P recovery rate, soil microbial stimulation, or
yield, the biofertilizing effect of various digestates on different plants in different climates
and soils has been confirmed. Results from a trial in Belgium indicated that the liquid
fraction of a digestate obtained from swine manure could substitute synthetic N fertilizers
without maize yield losses [16]. Tsachidou et al. [17] reported that the partial substitution of
chemical fertilizers with a raw digestate from bovine manure as the sole source of N reduced
the concentration of NO3~ in the soil without impacting biomass yield and N content in a
pasture system. Zilio et al. [18] concluded that the maize grain yield obtained from plants
grown in a soil that received a sewage sludge-based digestate is equivalent to the yield
obtained from plants grown using urea. The abovementioned three examples show that a
stable digestate can be used as a bio-based fertilizer to replace mineral N fertilizers without
yield loss or without increasing the risk of environmental pollution. However, only a
few large-scale studies have been conducted on the effects of digestates on crop growth.
This highlights the need for more studies that contribute different variables to decision
making on the use of biofertilizers in agriculture. Further studies in different locations
are essential to gather the necessary information to formulate standardized international
protocols for researchers and operators, to develop best management practices for farmers,
and to promote digestate product commercialization as part of the organic waste circular
economy paradigm.

The study reported in this paper aimed to contribute to the topic by testing different
biofertilizer doses and application techniques. Specifically, the effects of a digestate from
swine wastewater were evaluated on maize physiology, considering four application sce-
narios: (i) soil application with a total (100%) replacement of the amount of recommended
mineral N; (ii) foliar application with a total (100%) replacement of the amount of recom-
mended mineral N; (iii) soil application with a partial (50%) replacement of the amount of
recommended mineral N; and (iv) foliar application with a partial (50%) replacement of
the amount of recommended mineral N. The impact of the digestate on maize production
was compared to that of the conventional fertilization practice using synthetic fertilizers.
The applied treatments were evaluated over six months, with a focus on leaf morphology,
physiological indices, dry matter (DM) content in maize, and grain yield.
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2. Materials and Methods
2.1. Study Area

The field experiment was conducted at the Experimental Station of the Agricultural
Engineering Department of the Western Parana State University (UNIOESTE) in Cascavel
municipality, PR, Brazil. Cascavel is located geographically between 24°57'21" S and
53°27'19” W. According to the Képpen—Geiger classification system, the predominant cli-
mate in Cascavel is Cfa. The Cfa climate is characterized by infrequent frosts, hot summers,
and a trend of rainfall concentration in the summer [19]. The average annual temperature,
atmospheric pressure, and rainfall at the experimental site were 20 °C, 936.34 hPa, and
1841 mm, respectively. Soil samples at the experimental site were collected from 0-20 cm
depths. The samples were bulked, air dried, gently crushed, and sieved through a 2 mm
sieve before analyses by Solanalise Central De Analises Ltd., an accredited laboratory
in Cascavel. The clay-textured soil at the site was classified as Dystroferric Red Latosol
(Oxisol), and its chemical characteristics are shown in Table 1.

Table 1. Main chemical characteristics of the soil in the experimental area before fertilization. Contents
were classified as low, medium, or high based on the ranges specified in the Parana State Handbook
for Fertilization and Liming [20].

Nutrient Unit Content Classification
Ca?* cmol. dm~3 4.59 High
Mg cmol. dm~3 1.61 High
PO,3~ mg dm—3 6.38 Medium
K* cmol. dm~3 0.36 High
Al cmole dm—3 0.31 Low

H + Al cmole dm—3 9.01 High
Sum of bases cmol. dm~3 6.56 High
Cation exchange capacity atpH7.0 ~ cmol. dm~3 15.57 High
Cation exchange capacity efective cmol. dm~3 6.87 High
Carbon gdm3 25.75 High
Organic matter gdm—3 44.29 High
Aluminum saturation Yo 451 Low
Base saturation % 42.13 Low

B mg dm~3 0.24 Low

S mg dm~3 459 Low
Fe*? mg dm~3 27.40 Medium
Mn*2 mg dm~3 43.40 High
Cu*? mg dm~3 5.20 High
Zn*? mg dm~—3 1.80 Medium
pH (CaCly) NA 4.60 NA

NA = not available or not applicable.

2.2. Materials
2.2.1. Test Crop

The maize cultivar used in this study was the hybrid P3380HR. The preceding crop
was soybean. Following soybean harvesting, atrazine 500 SC (Nortox, Arapongas, Minas
Gerais, Brazil) was applied at 1.0 kg ha™! to control the remaining crops and weeds before
maize planting. Maize was mechanically broadcast-seeded in March 2021 at a density of
2.8 seeds per m?. After seedling emergence 5 d after sowing (DAS), plants were thinned
to one plant per hole to homogenize the planting and avoid any influence of spacing
and shading on nutrient absorption by individual plants. Harvesting occurred manually
in August 2021. Insect control focused on the maize leafthopper, Dalbulus maidis, with
three applications of the insecticide acephate 750 (Ameribras, Cotia, Sao Paulo, Brazil) at
1.0kg ha~! and Galil 300 SC (Adama, Londrina, Parana, Brazil) at 250 mL ha—!. No other
standard agricultural practices, e.g., irrigation, were implemented.
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2.2.2. Mineral Fertilizers

The mineral fertilizers used in this study were urea (46% N), potassium chloride (60%
K,0), and single superphosphate (18% P,0s, 17.3% Ca, 3.3% Mg, and 5% S). Mineral
fertilizers were obtained from a local vendor. The nutritional recommendations for maize
were calculated based on the soil characteristics in Table 1, following the methodology
proposed by the Parana State Handbook for Fertilization and Liming [20]: 120 kg ha~! of
N, 110 kg ha! of P05, and 70 kg ha~! of K,O.

2.2.3. Biofertilizer

The biofertilizer was produced by the Laboratory of Agroindustrial Waste Analysis
of UNIOESTE using swine wastewater (1.78% of total solids). Anaerobic digestion of the
swine wastewater was performed in a horizontal tubular benchtop reactor tank operated
in a semi-continuous flow with a volume of 60 L, a hydraulic retention time of 30 d, and a
mesophilic-controlled temperature of 35 & 1 °C. The obtained liquid digestate was used as
biofertilizer without any post-processing treatment. The biofertilizer was stored in closed
plastic barrels at room temperature until further use.

The biofertilizer was sampled and analyzed to determine its physicochemical char-
acteristics and calculate the amount to be applied to the field. All chemicals used for the
analyses were obtained from Quimica Moderna (Barueri, Sao Paulo, Brazil). Total Kjeldahl
N was determined by digesting the samples with sulfuric acid, followed by distillation and
titration using 0.0025 mol of H,SOy [21]. The concentrations of P and K were determined
by digesting the samples in a nitric-perchloric acid solution (3:1) with an external heat
source, followed by dilution and filtration. Phosphorus was detected by measuring the
absorbance at a wavelength of 725 nm in a 700 Plus UV /Vis spectrophotometer (Femto
Industria e Comércio de Instrumentos, Sao Paulo, Sao Paulo, Brazil) using the ascorbic acid
method. Potassium was quantified using a DM-62 flame photometer (Digimed, Campo
Grande, Mato Grosso do Sul, Brazil) as described by Malavolta et al. [21]. The levels of
micronutrients (Fe, Zn, Cu, and Mn) and secondary macronutrients (Mg and Ca) were
determined by atomic absorption spectroscopy (Shimadzu AA6300, Tokyo, Japan) prior
to the digestion of samples with a nitric-perchloric solution (3:1) [22]. The results of the
analysis are presented in Table 2.

Table 2. Main chemical characteristics of the liquid biofertilizer (digestate of swine wastewater)

tested in the study.
Nutrient N P,05 K,O Ca Mg Cu Fe Mn n
Unit gL mgL-1
Content 2.50 +0.11 0.45 +0.15 0.154+0.0 7742 +58 0.08 +0.08 3.92 +0.02 745 +0.11 1.36 £ 0.08 2.08 £+ 0.01

2.3. Experimental Design and Treatments

The experiment was conducted in a completely randomized block design with five
treatments and four replications, totaling 20 plots spread across the field. Each of these
plots was 3.2 m wide and 10 m long. The total area occupied by the experiment was
520 m?2, 13 m wide and 40 m long. The treatments consisted of two doses of biofertilizer
(100 and 50%) established based on the recommended rate of N for maize cultivation in
Parana State [20], two forms of application (basal application on the soil surface and foliar
application on the whole plant), and one control treatment (synthetic urea, potassium
chloride, and single superphosphate as mineral fertilizers). A detailed description of these
treatments is provided in Table 3.

Based on the chemical characterization of the digestate and the composition of syn-
thetic chemicals, a combination of biofertilizers and mineral fertilizers was prepared. All
combinations were made ensuring no limiting nutrients and the same N content for all
treatments but with 100 and 50% reduced synthetic N amounts for T; and T, as well as T3
and Ty, respectively, as shown in Table 4.
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Table 3. Description of the five fertilization treatments used in the experiment.

Treatments Application Mode Description

Dose of biofertilizer corresponding to 100%
of the amount of recommended mineral

N + P and K supplementation with
synthetic fertilizers

Dose of biofertilizer corresponding to 100%
of the amount of recommended mineral

N + P and K supplementation with
synthetic fertilizers

Dose of biofertilizer corresponding to 50% of
the amount of recommended mineral N + N,
P, and K supplementation with

synthetic fertilizers

Dosage of biofertilizer corresponding to 50%
of the amount of recommended mineral

N + N, P, and K supplementation with
synthetic fertilizers

Mineral fertilization as recommended for the
maize crop in the Parana State of Brazil

Tq Basal

T, Foliar

T3 Basal

Ty Foliar

Ts In-row broadcasting

Table 4. Nutrient composition and application rates (L Plot ') for the different fertilization treatments.

. o Nutrient Composition of the Synthetic Nutrients Applied

Treatments  Biofertilizer 1) gy, corilizer (g) Directly to Soil (g)
N P,0s5 K,O N P,0s5 K,O

Tq 122.88 307.20 56.30 19.00 0 225.30 160.20
T 122.88 307.20 56.30 19.00 0 225.30 160.20
T3 61.44 153.60 28.10 9.50 153.60 253.50 169.70
Ty 61.44 153.60 28.10 9.50 153.60 253.50 169.70
Ts 0 0 0 0 307.20 281.60 179.20

The precise volume of biofertilizer for treatments T;—T4 was dispersed to the soil
around the plants or on the leaves and all over the plants using watering cans. To satisfy
crop nutrient requirements for treatments T1—T4, an adequate amount of mineral N-urea,
P,05, and KO powder was mixed and manually broadcast evenly over the soil surface.
In the case of treatments T3—T4, mineral fertilizers were watered into the soil with 61.44 L
Plot~! of tap water. As a reference treatment (Ts), mineral fertilizers were mixed, manually
broadcast evenly over the soil surface, and watered into the soil with 122.88 L Plot~! of
tap water, a volume equivalent to the volume of the digestate in treatments T; and T,. The
treatments were applied at two distinct phases of growth: at the beginning of the growing
period to boost the development of plants, and during the period of high demand for
nutrients and water for plants to enter reproductive growth. Specifically, 30% of fertilizer
was applied at vegetative stage V1 (7 DAS), when plants had one visible leaf collar, and 70%
at vegetative stage V10 (45 DAS), when plants began steady and rapid periods of growth
and DM accumulation.

2.4. Parameter Measurements
2.4.1. Morphological and Physiological Parameters

Data on growth traits were collected at 20, 40, 60, 80, and 100 days after seedling
emergence (DAE) at 20-day intervals to cover the main vegetative and reproductive stages
of maize. During each sampling period, two plants were selected randomly, cut off at
the base with a knife, and separated into leaves, stems, and ears, when present. Then,
the number of leaves was counted. The width and length of all leaves were measured in
centimeters using a ruler, averaged, and the leaf area was calculated and expressed using
the formula proposed by Guimaraes et al. [23] (Table 5). The leaves, stems, and ears were
oven-dried separately at 105 °C until they reached a constant weight, recorded as DM. Total
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DM and the ear DM: Total DM ratios were calculated. Based on leaf area and DM data,
physiological indices were estimated using the mathematical equations (Table 5) proposed
by Benincasa [24].

Table 5. Morphological and physiological parameters assessed in this study pertaining to maize growth
and the respective equations used for their determination as described in Guimaraes et al. [23] and in
Benicasa [24].

Physiological Indices Equation Description of Abbreviations
Wy, = leaf dry matter (g)
Total dry matter (W) W =W + Wg + Wg Ws = stem dry matter (g)

Wy = ear dry matter (g)
Lw = leaf width (cm)

Ly = leaf length (cm)
TLA = total leaf area (cm?)
S = soil surface area (cm?)
W = total dry matter (g)
t=time (d)

1,2 = two successive
sampling periods

Ln = Naperian logarithm
W = total dry matter (g)
RGR = (InW; — InWq)/(t, — t1) t = time (d)

1,2 = two successive
sampling periods

Ln = Naperian logarithm
TLA = total leaf area

W = total dry matter (g)
t=time (d)

1,2 = two successive
sampling periods

TLA = total leaf area

W = total dry matter (g)
t=time (d)

1,2 = two successive
sampling periods

TLA = total leaf area

W = total dry matter (g)
TLA = total leaf area

W = total dry matter (g)

Total leaf area (TLA) TLA =0.7458 x Lw x L

Leaf area index (LAI) LAI=TLA/S

Absolute growth rate (AGR) AGR = (W — W1)/(tp — t1)

Relative growth rate (RGR)

Leaf area relative growth RGRpp = (InNTLA; — InTLA)/
rate (RGRp») (t —t)

NAR = [(Wy — W1)/(t2 — t1)] ¥
[(INTLA, — InTLA,)/
(TLA, — TLA,)]

Net assimilation rate (NAR)

Leaf area ratio (LAR) LAR = (TLA/W)

Specific leaf area (SLA) SLA = (TLA/WEg)

2.4.2. Leaf Nutritional Status

Maize leaves were collected at silking stage R1 when female inflorescences were visible
on 50-75% of the plants (80 DAE). The R1 stage is characterized by complete K uptake
and rapid N and P uptake, making R1 the most critical stage in determining the yield
potential [25,26]. The third leaf, counted from the base and below the first (upper) ear, was
cut with a knife, and the midrib was removed and discarded. The remaining leaf portion
was washed with distilled water and oven-dried at 50 °C until a constant weight was
achieved. The nutrient composition of leaves was determined using the method proposed
by Martinez et al. [27]. Briefly, leaf samples were powdered in a home mixer and sieved.
Nin 1 g of powdered sample was estimated using the micro-Kjeldahl method, whereas
P and K were analyzed after digestion of the samples in a nitric-perchloric acid solution
using a UV /Vis spectrophotometer and a flame photometer, respectively (as described in
Section 2.2.3). Ca, Mg, Cu, Fe, Mn, and Zn were analyzed in the nitric-perchloric extract
using an atomic absorption spectrophotometer. The nutrient content of the leaves was
expressed on a dry-weight basis. The nutritional values obtained were compared with
the reference values in mg kg ! considered suitable for maize in the State of Paran4 in
Brazil [20], that is, N (27,000-35,000), P (1900-4000), K (17,000-35,000), Ca (2300-8000), Mg
(1500-5000), Cu (6-20), Fe (30-250), Mn (20-200), and Zn (15-100).
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2.4.3. Maize Grain Yield

All ears were harvested at the full-grain maturity stage (120 DAS), at approximately
25% moisture content; the ears were collected manually from the plants in each plot, exclud-
ing border rows. The ears were mechanically dehusked and threshed to collect grains using
a maize sheller coupled to a tractor. The grains were oven-dried at 105 °C until a moisture
content of 13% was attained, which is a safe level for storage and commercialization. The
mean weight of the samples was recorded using a scale and was expressed in kg ha=?.

2.5. Statistical Analyses

All data were subjected to an analysis of variance using the statistical program Sisvar
5.6-Build 86 [28]. All variables satisfied the requirements of normal distribution and
homoscedastic assumption of variance after examination using the Shapiro-Wilk test and
Levene’s test, respectively. Therefore, the mean value (n = 4) was calculated without
data transformation. Differences between means were evaluated using Tukey’s honest
significant difference (LSD) test at the 5% probability level. The coefficient of variation
(CV) was calculated as the ratio of the standard deviation to the mean to show the extent of
variability concerning the mean for all treatments.

3. Results and Discussion
3.1. Effects of the Biofertilizer on Maize Grain Yield

In comparison with Ts (mineral fertilizers), maize grain yield was not affected
(p < 0.05) by the use of biofertilizers, although T3 and T, (partial substitution of chemical
fertilizers by the digestate) tended to lead to lower yields (Figure 1). The average grain
yield of all treatments was 1274.52 kg ha~!, which was well below the 5370 kg ha~! average
in Brazil in the experimental year [29]. The low maize yield in the testing field could be
explained by the drought event in 2021, specifically acute in June, which coincided with
the flowering and pollination stages of maize [25].

The data in Figure 1 expressly indicated the beneficial fertilizing properties of the
biofertilizer. A major downside limiting the widespread adoption of biofertilizers by
farmers is the long time it takes for organic matter to be oxidized into easily available
nutrients [6,13]. However, bio-based fertilizers are known for their high variability in
nutrients, and the starting material and processing conditions strongly influence the char-
acteristics of the final product [4,12]. The yield data obtained in the present study could
be explained by (i) a high level of NH* in the swine wastewater-based digestate and/or
(i) a fast and efficient conversion of organic N in the digestate into NH,", an inorganic
form of N easily absorbed by the plant root system. Although NH,* levels were not de-
termined in the present study, a reasonable correlation was established between vegetal
growth and the level of NH,4* in a digestate obtained from cattle manure, poultry litter,
and pig slurry [15]. Moreover, Costa et al. [4] observed that more than 60% of the total N in
biofertilizers produced with beef cattle manure was NH4*. Results from trials in Argentina,
Italy, and Belgium have also indicated that digestates applied at adequate dosages to the
soil may substitute synthetic N fertilizers without crop yield losses [15-18]. In the former
example, digestate application to soil produced a fast and short microbial stimulation [15].
In the latter examples, the digestates contributed to a short-term renewal of soil organic
matter [16-18]. The results of the study presented in this paper further indicate that the N
mineralization rate of some biofertilizers can be very fast, resulting in noticeable effects
within months.

3.2. Effects of the Biofertilizer on the nutritional Value of Maize Leaves

There was a significant difference (p < 0.05) in the Fe content of maize leaves grown
with biofertilizers and mineral fertilizers (Table 6). The lowest Fe content was observed in
leaves from Tj at 217.66 mg kg™, statistically different from the content in leaves from Tj.
Overall, treatments T; and Ts resulted in the highest Fe contents of 540.68 and 326.55 mg kg~ !,
respectively. Although not significant (p > 0.05), higher Ca, Cu, Zn, and Mn contents were
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observed in leaves from T; and Ts than in leaves from the other treatments. A lack of treatment
effect on the contents of N, P, and K in maize leaves (Table 6) reinforces the grain yield results
(Figure 1) and underlines the suitability of biofertilizers as partial or total substitutes for chemical
fertilizers in the cultivation of maize. However, data from Figure 1 and Table 6 indicate better
results with the total replacement of mineral fertilizers than with partial replacement. In a
previous study [30], foliar application of a biofertilizer obtained from sewage sludge increased
the contents of macro- and micronutrients in maize leaves; when the biofertilizer was applied
directly to the soil, however, the contents of nutrients analyzed in both soil and leaves were
not affected.

1600.00

T
1400.00 -

1200.00 +

1000.00

800.00

Yield kg.ha™

600.00

400.00

200.00

0.00
T1 T2 T3 T4 T5

Treatments

Figure 1. Effect of fertilization treatments on maize grain yield. T; = basal application of the digestate
from swine wastewater as total substitute (100%) for synthetic N; T, = foliar application of the
digestate as total substitute (100%) for synthetic N; T3 = basal application of the digestate as partial
substitute (50%) for synthetic N; T4 = foliar application of the digestate as partial substitute (50%) for
synthetic N; T5 = in-row broadcast of mineral fertilizers. The treatments are fully described in Table 3.
Mean bars with no letter or same letters are not statistically different (Tukey’s HSD, p < 0.05, nn = 4).
Error bars indicate standard deviations.

Leaf nutrient analysis is an effective tool for diagnosing nutrient deficiency or excess
in plants and for visualizing the capacity of plants to absorb nutrients from different
fertilizers [21,27]. The Ca, Zn, and Mn contents in the leaves were within the reference
range for maize in Parana State; the N, Cu, and Fe contents in the leaves were above the
reference values, whereas the P, K, and Mg contents were much lower than the minimum
values reported in the literature [20] (Table 6). Cu [31], Fe ([32], Mn [33], and Zn [34] are
among the micronutrients that directly affect photosynthesis. The biofertilizer contained
a significant amount of Cu and Fe (Table 2), whereas mineral fertilizers were devoid of
these two nutrients. However, the soil Cu content was considered high (Table 1), and
the Dystroferric Red Latosol used in the experiment was characterized by the presence
of high levels of Fe and aluminum oxide [35]; these two observations probably explain,
respectively, the high contents of Cu and Fe in leaves following plant uptake. The P content
was approximately 20 times less than the reference value, indicating a deficiency [26].
The low P level was however inconsistent with that in the soil (Table 1) or the digestate
(Table 2), and the possible reason for this is that more Cu and Fe ions in the leaves affected
P absorption and utilization [36,37]. Moreover, the low soil moisture resulting from the
drought that occurred during maize growth could have damaged the root structure and
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reduced water and nutrient absorption, including P [37]. The same explanation holds for
the K and Mg contents.

Table 6. Effect of fertilization treatments on the contents of nutrients in maize leaves at the R1
silking stage. T1 = basal application of the digestate from swine wastewater as total substitute (100%)
for synthetic N; T, = foliar application of the digestate as total substitute (100%) for synthetic N;
Ts = basal application of the digestate as partial substitute (50%) for synthetic N; T4 = foliar application
of the digestate as partial substitute (50%) for synthetic N; T5 = in-row broadcast of mineral fertilizer.
The treatments are fully described in Table 3.

Treatments T: T, Ts T, Ts CV (%) Reference
N(gkg™ 40.60 38.60 42.00 40.50 37.80 12.40 27-35
P(gkg™ 0.11 0.08 0.09 0.08 0.09 32.83 1.9-4.0
K(gkg™) 11.40 12.10 8.40 10.30 9.80 18.88 17-35
Ca(gkg™) 6.80 5.80 8.50 6.30 8.50 50.53 2.3-8.0
Mg (gkg™") 0.035 0.029 0.041 0.034 0.037 30.11 1.5-5.0
Cu (mg kg™ 140.90 68.61 69.34 85.27 172.00 66.19 6-20
Zn (mg kg™) 67.54 54.43 54.73 50.25 71.24 30.99 15-100
Fe (mg kg™!) 540.68 4 313.03 AB 217.66 B 300.97 AB 326.55 AB 41.23 30-250
Mn (mg kg=") 36.94 31.38 26.44 29.31 37.61 56.07 20-200

Mean within a row followed with no letter or same letters are not statistically different (Tukey’s HSD, p < 0.05,
n =4). CV = coefficient of variation.

3.3. Effects of the Biofertilizer on the Growth Parameters of Maize

Data from samples collected at 100 DAE showed that the fertilization treatments influ-
enced (p < 0.05) both leaf and stem productivity, as shown in Table 7. Overall, the highest
values of total leaf area (TLA), leaf DM, stem DM, and total DM were observed in T; and
Ts. The treatments had no effect on the number of leaves (average of 14 leaves), ear DM
(average of 29.24 g), or ear DM: total DM ratio (average of 0.20). The key benefits of biofertil-
izers are their ability to increase the soil concentration of mineralized or partially available
macronutrients and micronutrients, make the soil biologically alive with the presence of a
wide diversity of beneficial microorganisms, build soil organic matter, and boost the amounts
of humic substances [12,18,38,39]. These attributes allow biofertilizers to improve soil health
and restore normal fertility through positive effects on the physical, chemical, and biological
qualities of the soil system, thereby stimulating plant growth [14-18,30]. The data in Figure 1
and Tables 6 and 7 show that applying synthetic N to soil together with biofertilizers adversely
affected the attributes of biofertilizers, as seen by the low performance of treatments T3 and
T4, in which synthetic N was only partially replaced.

Table 7. Effect of fertilization treatments on the leaf morphology and dry matter of maize at the R5
dent stage. T; = basal application of the digestate from swine wastewater as total substitute (100%)
for synthetic N; T, = foliar application of the digestate as total substitute (100%) for synthetic N;
T3 =basal application of the digestate as partial substitute (50%) for synthetic N; T4 = foliar application
of the digestate as partial substitute (50%) for synthetic N; T5 = in-row broadcast of mineral fertilizer.
The treatments are fully described in Table 3.

Treatments Total Leaf N° of Leaf DM Stem DM Ear DM Total DM Ear DM:
Area (cm?) Leaves (g (g (g) (g Total DM
Ty 5874 AB 14 42,54 AB 97.27 A 35.47 175.28 A 0.21
T, 5709 AB 14 39.11 AB 76.22 AB 29.08 144.41 AB 0.20
T; 5006 B 14 34.69 AB 72.71 AB 23.00 130.40 AB 0.18
Ty 5150 B 14 34.09 B 65.94 B 22.39 122428 0.18
Ts 6424 A 14 44154 86.63 AB 35.25 166.03 AB 0.22
CV (%) 13.43 7.22 16.05 22.7 36.68 21.61 NA

Mean within a column followed with no letter or same letters are not statistically different (Tukey’s HSD, p < 0.05,
n =4). CV = coefficient of variation. DM = dry matter. NA = not applicable.

The fertilization treatments did not show statistical differences (p > 0.05) concerning
phytometric parameters, except for a considerable decrease in relative growth rate (RGR) and
absolute growth rate (AGR) 100 DAE in plants exposed to treatments T5, T3, and T4 compared
to Ts (Table 8). The RGR represents the increase in DM of a plant or its organs relative to the
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existing DM when the observation period begins [24]. RGR is dependent on the leaf area ratio
(LAR) and the net assimilation rate (NAR, the gross photosynthetic rate discounting respiration),
and can also be expressed by the equation RGR = NAR x LAR [40,41]. RGR values decreased
with sampling time (Table 8) because of an increase in the plant DM. The AGR represents the
variation in DM with time, that is, the average growth rate over the observation period [24].
Maize growth behavior as a function of biomass accumulation was similar among the treatments
up to 60 DAE, as shown by the variation in total DM (Figure 2a). At 100 DAE when the crop
was close to physiological maturity, a treatment effect was observed, and the highest AGR
values (p < 0.05) were calculated for Ts and Ty, 4.53 and 4.05 g day !, respectively (Table 8).

Table 8. Effect of fertilization treatments on the phytometric parameters of maize. T; = basal application
of the digestate from swine wastewater as total substitute (100%) for synthetic N; T, = foliar application
of the digestate as total substitute (100%) for synthetic N; T3 = basal application of the digestate as partial
substitute (50%) for synthetic N; T4 = foliar application of the digestate as partial substitute (50%) for
synthetic N; Ts = in-row broadcast of mineral fertilizer. The treatments are fully described in Table 3.
CV = coefficient of variation. DAE = days after emergency; AGR = absolute growth rate; RGR = relative
growth rate; RGRLA = leaf area relative growth rate; NAR = net assimilation rate; LAR = leaf area ratio;
SLA = specific leaf area.

Treatments DAE! AGR RGR RGRpa NAR LAR SLA
Unit (d) (gd-1) (gg1d-1) (dm?dm-2d-1) (gm-2d-1) (m?g?) (m? g-1)

40 1.25 0.10 0.08 8.75 1.60 0.02

T 60 1.40 0.03 0.02 4.07 1.01 0.01

1 80 1.88 0.03 0.00 3.87 0.86 0.01

100 4.05AB 0.03 4B 0.01 7.37 0.56 0.01

40 1.05 0.09 0.07 7.37 1.68 0.02

T 60 211 0.05 0.04 5.48 1.05 0.01

2 80 1.84 0.02 0.00 3.27 0.83 0.01

100 2028 0.02B 0.00 3.64 0.53 0.01

40 0.90 0.09 0.07 7.59 1.58 0.02

T 60 1.92 0.05 0.04 5.61 1.07 0.01

3 80 1.03 0.01 0.00 2.20 0.82 0.01

100 2508 0.028 0.01 5.32 0.56 0.01

40 1.30 0.10 0.07 8.05 1.63 0.02

T 60 1.88 0.04 0.03 4.70 1.01 0.01

4 80 0.72 0.01 0.00 1.30 0.81 0.01

100 2.008 0.028 0.00 4.16 0.63 0.01

40 1.26 0.10 0.08 8.54 1.64 0.02

T 60 2.07 0.04 0.03 492 1.02 0.01

5 80 0.26 0.00 0.00 0.59 0.80 0.01

100 4534 0.044 0.01 8.05 0.67 0.01

! Differences between data values of two successive sampling periods were used for the calculations. Since no
data was collected at 0 DAE, data for 20 DAE are not applicable to the study. Mean within a column followed
with no letter or same letters are not statistically different (Tukey’s HSD, p < 0.05, n = 4).

Variations in leaf area index (LAI) according to the fertilization treatments (Figure 2b)
were very similar to variations in AGR and RGR, with a statistical effect (p < 0.05) observed
at 80 DAE and the highest values calculated for treatments Ts and T; at 100 DAE. The
LAI was calculated as the ratio of leaf area per plant to the soil area occupied by the plant.
Remarkably reasonable correlations were observed between LAI and total DM at all sam-
pling stages with the following equations: y = —0.0030x? + 0.8231x + 5.3175 (R? = 0.9704
for T1), y = —0.0044x% + 0.9918x + 3.8876 (R?> = 0.9715 for T,), y = —0.0047x% + 0.9609x
+ 34542 (R? = 0.9644 for T3), y = —0.0056x* + 1.0759x + 2.8235 (R* = 0.9808 for T,), and
y = —0.0035x% + 0.943x + 3.6523 (R* = 0.9849 for Ts).

RGR, AGR (Table 8), total DM (Figure 2a), and LAI (Figure 2b) results demonstrate
that treatments T; and Ts are highly comparable. The expectation was that, because of
their high solubility, synthetic fertilizers in T5 will promote higher growth rates and yields
than biofertilizers in Ty, Ty, T3, and T4 especially under water deficit conditions, i.e., at
100 DAE. Rainfall levels recorded during the sampling period were 45, 67, 95, 270, and
0 mm at 20, 40, 60, 80, and 100 DAE, respectively, for a total of 477 mm of accumulated
precipitation (data not shown). Soil application of biofertilizers with a total replacement
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of the amount of recommended synthetic N (treatment T1) might have been beneficial
to plants in coping with drought stress between 80 and 100 DAE when there was no
precipitation. The beneficial microorganisms in the biofertilizer competitively colonizing
the roots might have produced a more robust root system, which allowed the plant to seek
water and nutrients in deeper soil layers [42].
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Figure 2. Variations in total dry matter DM (a) and leaf area index LAI (b) with maize growth
development under different fertilization treatments. T; = basal application of the digestate from
swine wastewater as total substitute (100%) for synthetic N; T, = foliar application of the digestate as
total substitute (100%) for synthetic N; T3 = basal application of the digestate as partial substitute
(50%) for synthetic N; T4 = foliar application of the digestate as partial substitute (50%) for synthetic N;
Ts = in-row broadcast of mineral fertilizer. The treatments are fully described in Table 3. Statistically,

differences are not shown.

4. Conclusions

In this study, physiological growth and leaf nutrient parameters were measured
at five different periods during the vegetative and reproductive stages of maize plants
fertilized with biofertilizers (digestate from swine wastewater) or synthetic fertilizers. The
experiment was conducted during the off-season maize crop, which is characterized by
intermittent drought events. This is novel because previous studies have been conducted
during the main growing season under favorable environmental conditions. Moreover,
there are few previous studies on the effect of biofertilizers on phytometric parameters
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of crops. The results indicate that the biofertilizer applied at adequate dosages to the
soil around the plants may totally (100%) substitute synthetic N fertilizers without crop
yield losses. Partial replacement (50%) of synthetic N with the biofertilizer tended to
yield data inferior to those obtained with synthetic fertilizers. The mode of application of
the biofertilizer (basal versus foliar) did not have any significant effect on either growth
parameters or leaf nutrients. In future studies, more doses of biofertilizers, maize varieties,
and timing of applications should be evaluated before reaching a final conclusion. Organic
fertilizers often act as a long-term carbon sink and a slow-release pool for nutrients. Thus,
multi-year experiments are needed in order to gain a deeper understanding of the action of
the swine wastewater-based digestate used in the present study.
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