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Abstract: Introducing smart and sustainable tools for climate change adaptation and mitigation is
a major need to support agriculture’s productivity potential. We assessed the effects of the pro‐
cessed gypsum seed dressing SOP® COCUS MAIZE+ (SCM), combined with a gradient of N
fertilization rates (i.e. 0 %, 70 % equal to 160 kg N ha‐1, and 100 % equal to 230 kg N ha‐1) in maize
(Zea mays L.), on: (i) grain yield, (ii) root length density (RLD) and diameter class length (DCL),
(iii) biodiversity of soil bacteria and fungi, and (iv) Greenhouse Gases (GHGs, i.e. N2O, CO2, and
CH4) emission. Grain yield increased with SCM by 1 Mg ha‐1 (+8 %). The same occurred for
overall RLD (+12 %) and DCL of very fine, fine, and medium root classes. At anthesis, soil mi‐
crobial biodiversity was not affected by treatments, suggesting earlier plant‐rhizosphere interac‐
tions. Soil GHGs showed that (i) the main driver of N losses as N2O is the N‐fertilization level,
and (ii) decreasing N‐fertilization in maize from 100 % to 70 % decreased N2O emissions by 509
mg N‐N2O m‐2 y‐1. Since maize grain yield under SCM with 70 % N‐fertilization was similar to
that under Control with 100 % N‐fertilization, we concluded that under our experimental condi‐
tions SCM may be used for reducing N input (‐30 %) and N2O emissions (‐23 %), while contem‐
porarily maintaining maize yield. Hence, SCM can be considered an available tool to improve
agriculture’s alignment to the United Nation Sustainable Development Goals (UN SDGs) and to
comply with Europe’s Farm to Fork strategy for reducing N‐fertilizer inputs.
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1. Introduction
Conventional management of agroecosystems has often depleted soil quality and
altered soil processes involved in the provision of multiple ecosystem services [1]. The
combination of intensive tillage and high nitrogen (N) fertilization has increased soil
organic carbon (SOC) mineralization [2], thus mining yield potential and exacerbating
the contribution of agricultural soils to the increase of Greenhouse Gases (GHGs) con‐
centration in the atmosphere [3]. To further complicate matters is the high pressure
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mounted on agriculture in recent years to support world population growth with an
appropriate food supply [4]. Therefore, introducing smart and sustainable tools for
building resilience of agro‐ecosystems is a major need to ensure an efficient use of ag‐
ricultural inputs and support productivity, while facing the challenge of climate change
at the same time [5].
Gypsum is a relatively cheap [6] and common mineral amendment [7], with a
range of favorable effects on both soil physical and chemical properties [8]. Gypsum
also provides calcium (Ca) and sulfur (S) to plants [9]. The improvement of soil condi‐
tions and relative plant responses have the potential to increase crop yields [9], by in‐
creasing root system development and establishment, and enhancing water and nutri‐
ents uptake by plants [10]. This can be explained by the fact that calcium is a main
component of the root cell wall, and acts on cell elongation and proliferation [11]. In
addition, Kost et al. [9] previously reported that gypsum can also promote crop growth
and yield by enhancing positive plant‐soil‐microbes interactions. Nevertheless, the de‐
gree of plant response to gypsum application is far from being fully understood [8].
Soil microbial communities and their biodiversity play essential roles in the bio‐
geochemical cycles of soil nutrients [12]. The use of mineral fertilizers in agriculture has
an impact on soil microbial communities [13]. Increasing N fertilization, for instance,
had consistent impact on the richness, diversity and composition of soil bacterial
communities [14], while fungal communities remained relatively unaffected [13].
Gypsum can stimulate the denitrification process mediated by soil microbes and con‐
tribute to plant growth by mitigating N leaching and runoff from soils [15]. In combi‐
nation with different soil fertilization approaches, gypsum may also cause significant
alterations in soil microbial communities’ biodiversity due to changes in soil physico‐
chemical properties [16,17] Consequently, soil functions and nutrient cycling are im‐
pacted. The interaction of all changes in soil promoted by gypsum with soil microbiota
is an important open question, especially in intensive agricultural systems [18].
The crucial link between agricultural growth and the Sustainable Development
Goals (SDGs) set by the United Nations Development Program is established through
the efficient use of nitrogen in cereal production systems [19]. At the same time, the
European Commission (EU) recently set ambitious goals for reducing fertilizer use sig‐
nificantly (‐20 %) at the field level by 2030 [20]. The main leading reasons are the mas‐
sive and still inefficient fertilizer use in the agricultural system and the consequent un‐
acceptable risks for environmental and human health [2]. Above all, excess of N ferti‐
lization (especially if mismatched with plant needs) not always results in increased crop
yield, but often leads to high N losses in surface‐ and ground‐water bodies via N
leaching and runoff, as well as in the atmosphere via GHGs emission [21].
Greenhouse gases emission to the atmosphere and the impact on global climate are
among the greatest environmental concerns of current times [22]. Agriculture activities
contribute to around 10–14 % of GHGs emission globally [22]. Nitrous oxide (N2O)
emission is strictly related to N fertilization [23], being a main driver of the overall
GHGs emissions. Over the last 150 years, atmospheric N2O levels have risen by 18 %.
Measurements of N2O and its isotopic composition in air suggest that the increase, at
least since the early 1950s, is dominated by emissions from soil treated with synthetic
and organic N‐fertilizer [24–26]. Conversely, the role of fertilization in CO2 emissions is
not fully understood: suppression [27], increase [28], or no effect [29] were shown. The
same is true for methane (CH4), since increasing N fertilization was reported to increase
[30], inhibits [31], or to have no effects on CH4 oxidation in soil [32].
Although research on the effect of gypsum is reported in the scientific literature, no
comprehensive study connecting the concomitant responses of crop yield, root devel‐
opment, microbial diversity, and GHGs emission has been previously performed. In
this context, the objective of the present study was to evaluate the effect of the processed
gypsum seed dressing SQG377, commercial name SOP® COCUS MAIZE+ (SCM) com‐
bined with different N‐fertilization rates, on maize yield, root density and root classes
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distribution, biodiversity of soil bacteria and fungi, and GHGs (i.e., N2O, CO2, and CH4)
emission. Our hypothesis was that SCM would allow for a reduction of N‐fertilization
(and GHGs) without impact on maize yield by supporting functional soil biodiversity
and root development.
2. Materials and Methods
2.1. Site and Soil Characteristics
The field experiment was conducted between April 2019 and April 2020, at the
CERZOO experimental station in Piacenza (45°00′21.6″N, 9°42′27.1″E; altitude 68 m
a.s.l.), Po Valley, Northern Italy. The location is characterized by a temperate climate
(Cfa following Köppen classification), with an average annual temperature of 13.2 °C
and cumulative annual precipitation of 837 mm. Weather data during the experiment
were acquired with an automatic meteorological station (Figure 1).

Figure 1. Daily rainfall (columns) and air temperature (line) during the field experiment (April
2019 – April 2020).

The soil is a fine, mixed, mesic Udertic Haplustalf, based on the Keys to Soil Tax‐
onomy [33]. The physicochemical properties measured before the beginning of the ex‐
periment in the top 0 – 30 cm soil layer were: organic matter content 30 g kg‐1; pH H2O
7.8; bulk density 1.36 g cm‐3; sand 127 g kg‐1; silt 445 g kg‐1; clay 428 g kg‐1; soil total N 1.7
g kg‐1; available P (Olsen) 32 mg kg‐1; exchangeable K (NH4+ Ac) 294 mg kg‐1; and cation
exchange capacity 30 cmol+ kg‐1.
2.2. Experimental Design, Treatments and Crop Management
A split‐plot (SP) experimental design was set i[ to assess the effects of a commer‐
cially available product named SQG377 ‐ SOP® COCUS MAIZE+ (SOP Srl, Italy),
hereafter SCM, during the cultivation of maize (Zea mays L.). SCM is a seed dressing
product made of 100 % natural calcium sulfate (gypsum), processed with SOP propri‐
etary technology. The seed dressing was obtained by mixing the maize seeds (around
82,000 seeds ha‐1) with SCM at a dosage of 200 g ha‐1, according to the manufacturer’s
specifications provided on the Technical Data Sheet of the product. An automated
mixer was used to homogenize the seed dressing with the seeds immediately before
planting. The main factor in the SP experimental design was the presence/absence of
SCM, with two levels: (i) SCM treatment; and (ii) no seed treatment as the Control.
Then, the secondary factor was the chemical N‐fertilization rate (Urea 46 % N), with
three levels: (i) 230 kg N ha‐1 as the 100 % N‐fertilization; (ii) 160 kg N ha‐1 as the 70 %
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N‐fertilization; and (iii) 0 kg N ha‐1 as the no chemical fertilization control (0 %
N‐fertilization). The 100 % N‐fertilization rate was estimated according to the N bal‐
ance, considering crop and soil‐climate variables [34]. The N‐fertilizer was applied once
at the V5 – V6 phenological stage (6 June 2019), and was incorporated into the soil
during distribution. The number of replicates was four (4 blocks), giving a total of 24
plots. The single plot size was 200 m3 (each 25 m long and 8 m wide).
All plots were cultivated with continuous maize prior to starting the experiment.
Two weeks before starting tillage operations (i.e. 30 cm subsoiling plus 15‐cm rotary
harrowing), cattle slurry at a rate of 28 m3 ha‐1 (equal to 50 kg of efficient N, as com‐
puted according to the European Nitrates Directive; [35]) were homogeneously dis‐
tributed in all plots, according to the common practices of the area. The main cattle
slurry characteristics were total solids 3.83 %; volatile solids 2.34 %; total N 2.37 g kg‐1,
of which 50.5 % as ammonia N, P 0.37 g kg‐1; K 2.02 g kg‐1; pH 7.6; electrical conductivity
17.1 mS cm‐1).
Maize was planted on April 19th, 2019, with 75 cm spacing between rows. Maize
was sprinkler‐irrigated five times at doses of 40, 40, 45, 20 and 45 mm in order to pre‐
vent water stress. A detailed description of irrigation water doses estimation from the
maize crop evapotranspiration, crop coefficients (Kc) calculation, and crop irrigation
requirements (CIR) is reported in Fiorini et al. [36]. The field was treated with 3.3 L ha‐1
of the preemergence herbicide Trophy (Acetochlor 40 % + Dichlormid 6 %) and 1 L ha‐1
of post‐emergence herbicide Fluoxypyr 20 % (to control Abutilon theophrasti M.), plus 1.5
L ha‐1 of Nicosulfuron to control Sorghum halepense L. Maize was harvested on 4 October
2019, with a plot‐scale combine and the maize residues were partially incorporated into
the soil (c.a. 40 %) by chiselling.
2.3. Measurements of Maize Grain Yield and Root Density
Yield of maize was determined as follows: for each plot, plant ears from three
randomly selected areas of 6 m2 were manually harvested at the BBCH 89 and weighed.
After the separation from bracts and cob, grains were pooled and mixed. A total num‐
ber of 24 samples were obtained. About 100 g subsamples of each grain sample was
oven‐dried at 65 °C until constant weight to determine dry matter content.
Maize root sampling was carried out at anthesis, BBCH 69 [37], on 21 July 2019,
with a self‐constructed “Shelby” tube sampler of 7 cm diameter. The tube was pushed
into the soil through the hydraulic arm of a digger to collect an intact 0 – 30 cm soil core.
In each plot, two positions on the perpendicular of the crop row were identified: 0 cm
(on the row, i.e. close to the base of the sampled plant but not including the maize stalk)
and at 37.5 cm (mid‐row). Root biomass was isolated from the surrounding soil fol‐
lowing procedures reported in Fiorini et al. [38]. After extraction, roots were scanned at
600 dpi with the Epson Expression 10000xl scanner (Epson America, Los Alamitos, CA,
USA), equipped with a double light source to avoid roots overlapping. The determina‐
tion of Root Length Density (RLD, cm cm−3) and root diameter was performed by using
the winRHIZO Reg 2012 software (Regent Instruments, Québec, QC, Canada). The
Diameter Class Length (DCL, mm cm−3) was then calculated for very fine (0.0 – 0.075
mm), fine (0.075 – 0.2 mm), medium (0.2 – 1.0 mm), and coarse (> 1 mm) diameters for
the whole soil profile, as adapted from Reinhardt and Miller [39].
2.4. Soil DNA Extraction, Amplification and Bioinformatics Analyses
Soil sampling for DNA extraction and amplification also occurred on 21 July 2019,
following the same procedures reported above for maize root sampling. Soil samples
adhered to maize plants’ roots were manually separated from the surrounding bulk
soil, collected into separate sterile containers, and kept at −20 °C until analysis. Ac‐
cording to the manufacturer’s protocol, the whole soil DNA was extracted using the
DNeasy PowerSoil Kit (Ref 12888‐100, QIAGEN GmbH, Hilden, Germany). Samples
were amplified by primer pairs 343F/802R for bacterial 16S rRNA and ITS‐1 /ITS‐2 for
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ITS region of fungi. Two‐step PCR amplification protocols were adopted for both, as de‐
tailed in [40,41]. Sequence data preparation and concomitant statistical analyses were
carried out as previously detailed [42]. Briefly, paired‐reads were assembled with the
“pandaseq” script [43] and demultiplexed using the Fastx‐toolkit. Mothur v.1.32.1 [44]
was applied in order to remove sequences with large homopolymers (≥ 10), non‐aligning,
and chimeric sequences [45]. The resulting high‐quality sequences were analysed with
Mothur and R [46] following two main approaches: the operational taxonomic unit (OTU)
and the taxonomy‐based approach. Sequences were first aligned against the SILVA ref‐
erence aligned database for bacteria [47] using the NAST algorithm and a kmer approach
[48,49], and then clustered at 3 % distance using the average linkage algorithm for the
former approach. For the latter, sequences were classified into taxa using an amended
version of the Greengenes database [50].
2.5. Gas Sampling and Quantification
Nitrous oxide, CO2 and CH4 fluxes were measured using the static closed‐chamber
method [51] with sampling performed manually throughout a 1‐year period, from April
2019 to April 2020. Each cylindrical static chamber (40 cm diameter and 25 cm high) was
made of polyvinyl chloride (PVC), of white colour to reduce the impact of directly radi‐
ating heat during gas sampling. During the experimental period, the chambers were fit‐
ted inside stainless‐steel rings (39 cm diameter and 15 cm height) that were inserted 10 cm
into the soil (one steel ring per plot). Each ring was installed into the soil at the beginning
of the field experiment and kept in the original place throughout the whole experiment.
Rings were temporarily removed (for few hours) from the soil only when tillage, plant‐
ing, fertilizer distribution, and harvesting occurred. In each chamber, an internal bat‐
tery‐operated fan was installed to provide air mixing.
Fluxes were measured on 25 sampling events during the experimental period. In
detail: after slurry distribution and soil tillage, GHGs were measured five times during a
three‐week period; then twice between planting and top‐dress application of N‐fertilizer
(one week after planting maize and two days before N application). After N‐fertilizer
application, gas fluxes were evaluated three times per week for the following week, and
twice per week in the second and third weeks after fertilization. Subsequently, the fre‐
quency decreased to once per week until the harvest and then one sample every three
weeks in winter. Sampling was always performed between 9:00 and 12:00 a.m., following
the recommendation of Maris et al. [52]) to minimize diurnal variation in flux patterns. At
the time of gas sampling, the air temperatures outside and inside the chambers were
measured simultaneously.
On each sampling date, the standard procedure was to take six samples of ambient
air at chamber closure (i.e. 0 min after chamber closure), and then two samples of the
chamber headspace were withdrawn at 15 and 30 min after closure. A volume of 60 mL of
the air accumulated in the headspace of each chamber was sampled with 100 mL syring‐
es. Before transferring the gas into a proper vial, a volume of 30 mL was discarded for
purging the sampling syringe. The remaining gas was then transferred in 20 mL
pre‐evacuated LabcoExetainer® glass vials (Labco, Lampeter, Wales, UK) fitted with bu‐
tyl rubber stoppers and analysed in the laboratory by gas chromatography (Agilent
7890A with a Gerstel Maestro MPS2 autosampler, Agilent Technologies Inc., Wilmington,
DE, USA), equipped with electron capture and flame ionization detectors for the quanti‐
fication of N2O, CO2 and CH4, respectively. Details of the procedures used for gas analysis
and fluxes calculation are described in Peyron et al. [53].
The GHG emission fluxes were determined from the linear increase of the gas con‐
centration at each sampling time during the time of chamber closure. The applied equa‐
tion is:
𝑭

𝜹𝑪 𝒑 ∙ 𝑽
𝜹𝒕 𝑹 ∙ 𝑻 ∙ 𝑨

(1)
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where F is the flux (μg m−2 s−1) from top atmosphere, C is the gas concentration (μmol
mol−1), t is the time (s), p is the atmospheric pressure (Pa, constant), V is the headspace
volume (m3), R is the universal gas constant (8.3145 m3 Pa K−1 mol−1), T is the ambient air
temperature (°K), and A is the surface area enclosed by the chamber (m2). The linear re‐
gression approach uses the slope obtained from the least‐squares linear regression of C
versus t to estimate δC and δt to be used in the Equation.
The average GHGs flux for each treatment presented is the arithmetic mean of three
replications per treatment. The cumulative GHGs emission throughout the entire
one‐year measurement was calculated by integrating the emission flux curves over time.
2.6. Soil Properties Affecting GHGs
Soil samples (0 – 30 cm depth) were taken from each plot to evaluate the mineral N
content: once before the application of the N fertilizer treatments, and then every 2 weeks
for the first two months after N fertilizer addition and subsequently less frequently (Fig‐
ure S1a in the Supplementary Material). The soil samples were transported immediately
to the laboratory for nitrate (NO3‐) and water content analyses. The soil NO3‐ concentra‐
tions were analysed using 5 g of homogeneously mixed soil extracted with 50 mL of HCl
(1 M), and pipetted into 96‐well quartz microplates. Nitrate‐N was then analysed with
dual‐wavelength UV spectroscopy (275, 220 nm).
On each gas sampling, the gravimetric water content was determined (at 0 – 10 cm)
by drying soil samples at 105 °C until constant weight. Soil bulk density (at 0 – 30 cm) was
determined with the cylinder method. Soil porosity was estimated assuming a soil parti‐
cle density of 2.65 g cm‐3. The value of water‐filled pore space (WFPS) was then calculated
by using values of soil water content, bulk density, and particle densities, as described in
Maris et al. [54] (Figure S1b in the Supplementary Material).
2.7. Statistical Analyses
Data on (i) maize grain yield, (ii) root density and distribution (i.e. RLD and DCL),
and (iii) cumulated GHGs emission were analysed through an analysis of variance
(ANOVA) with a split plot design following procedures outlined by Gomez and Gomez
[55] and using the “agricolae” package of RStudio 3.3.3. The main factor was the pres‐
ence/absence of SCM, while the secondary factor was the N‐fertilization rate. The as‐
sumptions of ANOVA were verified through the Shapiro‐Wilk and the Levene’s tests.
Tukeyʹs honestly significant difference (HSD) as a post hoc was used to explore signifi‐
cant differences (p‐value 0.05; 0.01 and 0.001) between treatments.
Statistical analyses of OTU and taxonomy matrixes were performed in Mothur and
R and included hierarchical clustering with the average linkage algorithm at different
taxonomic levels, Principal Component Analysis (PCA) to assess the grouping of the
unconstrained samples, and Canonical Correspondence Analyses (CCA) to assess the
significance of different treatments on the analysed diversity.
3. Results
3.1. Grain Yield of Maize
Maize grain yield was significantly affected by the presence of SCM and
N‐fertilization rate (Table 1). Overall, maize grain yield was higher with the SCM treat‐
ment than with the Control (+ 8 %). On average, maize grain yield increased with in‐
creasing N fertilization rate. In detail, the 100 % fertilization treatment had higher maize
grain yield than with 70 % fertilization, which in turn had a higher yield than the 0 % fer‐
tilization treatment. The interaction P/A × N did not show any statistical difference.
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Table 1. Grain yield (Mg ha‐1) of maize as affected by the presence/absence of SCM (SCM vs
control) and N‐fertilization rate (0 %, 70 %, and 100 % N‐fertilization). Different letters within the
same source of variation indicate statistical significant differences between means.
Source of
Variation
presence/absence of SOP® COCUS
MAIZE (SCM)
(P/A)
N‐fertilization rate
(N)

Main Factor

Secondary Factor

SCM
Control
p (F)
‐
‐
‐
p (F)

‐
‐
0 % N‐fertilization
70 % N‐fertilization
100 % N‐fertilization
0 % N‐fertilization
70 % N‐fertilization
100 % N‐fertilization
0 % N‐fertilization
70 % N‐fertilization
100 % N‐fertilization

SCM
P/A × N
Control
p (F)

Grain Yield
(Mg ha‐1)
13.36 ± 2.14 a
12.35 ± 1.85 b
< 0.01
10.34 ± 0.59 c
13.49 ± 0.79 b
14.74 ± 0.83 a
< 0.001
10.63 ± 0.40
14.14 ± 0.32
15.32 ± 0.83
10.05 ± 0.65
12.85 ± 0.50
14.17 ± 0.22
n.s.

Mean values ± raw standard deviations are reported.

3.2. Root Length Density (RLD) and Diameter Class Length (DCL)
As for grain yield, SCM and the N‐fertilization rate had a significant effect on
maize RLD (Table 2). In detail, (i) the SCM treatment increased on average maize RLD
(+ 12 %) compared with the Control treatment, and (ii) maize RLD increased with in‐
creasing N fertilization rate in the order 0 % < 70 % < 100 % N‐fertilization. The interac‐
tion P/A × N did not show any difference in this case.
Table 2. Root Length Density (RLD; cm cm‐3) as affected by presence/absence of SCM (SCM vs
control) and N‐fertilization rate (0 %, 70 %, and 100 % N‐fertilization). Different letters within the
same source of variation indicate statistical significant differences between means.
Source of
Variation
presence/absence of SCM
(P/A)

Main Factor

Secondary Factor

RLD
(cm cm‐3)

SCM

‐

3.71 ± 1.45 a

Control

‐

3.32 ± 1.17 b

p (F)

< 0.05

‐

0 % N‐fertilization

2.70 ± 0.80 c

N‐fertilization rate

‐

70 % N‐fertilization

3.54 ± 1.19 b

(N)

‐

100 % N‐fertilization

4.30 ± 1.42 a

p (F)

SCM

P/A × N
Control

< 0.001
0 % N‐fertilization

2.80 ± 0.96

70 % N‐fertilization

3.85 ± 1.45

100 % N‐fertilization

4.47 ± 1.56

0 % N‐fertilization

2.59 ± 0.67

70 % N‐fertilization

3.23 ± 0.88

100 % N‐fertilization

4.13 ± 1.40

p (F)
Mean values ± raw standard deviations are reported.

n.s.
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Overall, the SCM treatment significantly affected DCL for very fine, fine, medium,
and coarse root diameters at various extents in 70 % and 100 % N‐fertilization, while not
in 0 % N‐fertilization (Table 3). In the 70 % N‐fertilization sub‐treatment, DCL for very
fine, fine, and medium root diameters increased under SCM compared with under
Control. Conversely, DCL for coarse root diameter was higher under Control than un‐
der the SCM treatment. A similar pattern was observed in the 100 % N‐fertilization
sub‐treatment, although a significant effect due to SMC treatment was found only for
very fine (increase) and coarse (decrease) root diameters.
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Table 3. Diameter class length (DCL) for very fine (ø = 0 – 0.075 mm), fine (ø = 0.075 – 0.2 mm), medium (ø = 0.2–1 mm) and coarse (ø > 1 mm) root diameters as affected by
the interaction between presence/absence of SCM (SCM vs Control) and N‐fertilization rate (0 %, 70 %, and 100 % N‐fertilization). Letters indicate differences SCM vs
Control as obtained by the Tukey’s test performed for each level of N‐fertilization rate (0 %, 70 %, and 100 % N‐fertilization) and distance from the row (0 cm, 35 cm); blank
is not significant.
0 % N‐fertilization
SCM
Root Diameter
Class
ø = 0 – 0.075 mm

ø = 0.075 – 0.2 mm

ø = 0.2 – 1 mm

ø > 1 mm

Distance
from the row

Control
DCL (cm cm‐3)

70 % N‐fertilization
SCM

100 % N‐fertilization

Control

SCM

DCL (cm cm‐3)

0 cm

0.54 ± 0.16

0.49 ± 0.05

1.20 ± 0.08

37.5 cm

0.30 ± 0.16

0.30 ± 0.10

0.43 ± 0.07

0 cm

1.39 ± 0.24

1.31 ± 0.21

2.25 ± 0.14

37.5 cm

0.68 ± 0.08

0.82 ± 0.06

1.02 ± 0.22

0 cm

1.55 ± 0.30

1.29 ± 0.26

1.93 ± 0.10

37.5 cm

1.02 ± 0.14

0.88 ± 0.09

1.06 ± 0.28

0 cm

0.10 ± 0.05

0.06 ± 0.01

0.08 ± 0.01

37.5 cm

0.01 ± 0.01

0.03 ± 0.02

0.02 ± 0.01

a

0.83 ± 0.10

DCL (cm cm‐3)
b

0.50 ± 0.16
a

1.48 ± 0.29

b

1.02 ± 0.10
a

1.46 ± 0.16

b

0.93 ± 0.32
b

0.20 ± 0.01
0.03 ± 0.03

Mean values ± raw standard deviations are reported.

Control

a

1.24 ± 0.17

a

0.89 ± 0.19

0.62 ± 0.10

0.56 ± 0.10

2.20 ± 0.11

2.05 ± 0.37

1.30 ± 0.26

1.07 ± 0.12

2.23 ± 0.57

2.00 ± 0.46

1.17 ± 0.24

1.41 ± 0.29

0.15 ± 0.03
0.03 ± 0.02

b

0.27 ± 0.12
0.02 ± 0.01

b

a
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3.3. Biodiversity of Soil Bacteria and Fungi
There were no significant differences between presence or absence of SCM and
N‐fertilization levels in species richness and diversity of soil bacteria and fungi ac‐
cording to Sobs (number of observed species), Chao and Simpson’s indexes (Figure 2).

Figure 2. Estimation of α‐diversity indexes and richness of each field separately for bacteria (a–c)
and fungi (d–f). Control_N0 = Control with 0 % N‐fertilization; Control_N70 = Control with 70 %
N‐fertilization; Control_N100 = Control with 100 % N‐fertilization; SCM_N0 = SCM with 0 %
N‐fertilization; SCM_N70 = SCM with 70 % N‐fertilization; SCM_ N100 = SCM with 100 %
N‐fertilization.

Taxonomically, samples had a quite heterogeneous distribution that did not sig‐
nificantly differ between relative abundances of any particular group of treatments and
controls. In soil bacterial community classes of Acidobacteria‐6, Chloracidobacteria,
Acidimicrobiia, Actinobacteria, Thermoleophilia, Anaerolineae, Bacilli, Nitrospira and,
in particular at order level, iii1‐15, RB41, envOPS12, PK29 were of high relative abun‐
dance. In the soil fungal community, Dothideomycetes, Sordariomycetes, Blastocladi‐
omycetes and Tremellomycete classes and their Pleosporales, Hypocreales, Sordariales,
Tremellales, Blastocladiales, Mortierellales orders were found in high relative abun‐
dances across all samples (Figure 3).
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Figure 3. Taxonomic comparison of all samples (a, bacteria; b, fungi) through hierarchical clustering of microbial communities at the order level across all samples used in
this study. Clusters were identified with the average linkage algorithm for taxa that contributed at least 5 % to a single sample. Taxa that contributed less than this
threshold were added to the sequence group denoted “other”. Control_N0 = Control with 0 % N‐fertilization; Control_N70 = Control with 70 % N‐fertilization; Con‐
trol_N100 = Control with 100 % N‐fertilization; SCM_N0 = SCM with 0 % N‐fertilization; SCM_N70 = SCM with 70 % N‐fertilization; SCM_ N100 = SCM with 100 %
N‐fertilization.
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Canonical correspondence analysis (CCA) plots, in which bacterial and fungal com‐
munity structures in samples were investigated, indicated trends in differences between N
fertilization levels and treatments in respect to control. However, these differences were not
significant in either bacterial or fungal communities (Figure 4).

(a)

(b)

(c)

(d)

(e)

(f)

igure 4. Canonical correspondence analyses (CCAs) on the impact of the treatments on the structure of bacterial (a, b, c)
and fungal (d, e, f) communities. Determined by the relative abundances of all the operational taxonomic units OTUs
obtained by Illumina sequencing of bacterial 16S and fungal ITS amplicons. Control_N0 = Control with 0 %
N‐fertilization; Control_N70 = Control with 70 % N‐fertilization; Control_N100 = Control with 100 % N‐fertilization;
SCM_N0 = SCM with 0 % N‐fertilization; SCM_N70 = SCM with 70 % N‐fertilization; SCM_ N100 = SCM with 100 %
N‐fertilization.

3.4. Greenhouse Gas Emissions: Nitrous Oxide, Carbon Dioxide and Methane
Nitrous oxide emissions were not significantly affected by the presence/absence of
SCM, but they were affected by the N‐fertilization rate (Table 4). In detail, the highest
values were recorded for 100 % N‐fertilization (1701 mg N2O‐N m‐2 y‐1), followed by 70 %
N‐fertilization (1192 mg N2O‐N m‐2 y‐1) and control (464 mg N2O‐N m‐2 y‐1). No significant
interaction between P/A × N was observed (Table 4).
Average CO2 emissions did not show statistically significant differences with the
presence/absence of SCM (Table 4). Conversely, they were significantly affected by the
N‐fertilization rate with a higher value for 0 % N‐fertilization (4135 g CO2‐C m‐2 y‐1) than
for 70 % N‐fertilization (2689 g CO2‐C m‐2 y‐1) and 100 % N‐fertilization (2850 g CO2‐C m‐2
y‐1). The interaction P/A × N did not show any difference in this case also (Table 4).
Average CH4 emissions were neither affected by the presence/absence of SCM nor by
the N‐fertilization rate (Table 4). All treatments acted as a sink, and the highest daily av‐
erage CH4 consumption was registered for SCM (‐110 mg CH4‐C m‐2 y‐1) and 100 %
N‐fertilization (‐120 mg CH4‐C m‐2 y‐1). No significant interaction P/A × N was found
(Table 4).
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Table 4. Cumulated greenhouse gas emissions as affected by presence/absence of SCM (SCM vs control) and N‐fertilization rate (0 %, 70 %, and 100 % N‐fertilization)
during the entire experimental year (April 2019‐April 2020). Different letters within the same source of variation indicate statistical significant differences between means.

Source of variation

presence/absence of SCM
(P/A)

N2O

CO2

CH4

(mg N‐N2O m‐2 y‐1)

(g C‐CO2 m‐2 y‐1)

(mg C‐CH4 m‐2 y‐1)

Main factor

Secondary factor

SCM

‐

1171

± 627

3230

± 925

‐110

± 47

Control

‐

1067

± 574

3220

± 1032

‐75

± 56

p (F)

n.s.

n.s.

n.s.

‐

0 % N‐fertilization

464

± 131

a

4135

± 652

a

‐78

± 57

N‐fertilization rate

‐

70 % N‐fertilization

1192

± 234

b

2689

± 855

b

‐80

± 53

(N)

‐

100 % N‐fertilization

1701

± 408

c

2850

± 641

b

‐120

± 47

0 % N‐fertilization

494

± 118

4219

± 584

‐93

± 40

70 % N‐fertilization

1253

± 318

2415

± 408

‐115

± 39

100 % N‐fertilization

1766

± 479

3057

± 639

‐122

± 70

0 % N‐fertilization

434

± 162

4051

± 838

‐62

± 76

70 % N‐fertilization

1132

± 158

2964

± 1197

‐45

± 44

100 % N‐fertilization

1635

± 417

2643

± 700

‐117

± 25

p (F)
SCM
P/A × N
Control
p (F)

< 0.001

n.s.
Mean values ± raw standard deviations are reported.

< 0.01

n.s.

n.s.

n.s.
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4. Discussion
4.1. Responses of maize grain yield, RLD, and DCL to SCM and N‐fertilization
Our results showed that grain yield and RLD of maize were both significantly af‐
fected by the application of SCM. On average, maize seeds treated with SCM developed
12 % higher RLD than those under Control condition. It is widely accepted that a
well‐established and developed root system is essential for efficient absorption of water
[56]. In addition, maize plants with high root density tend to accumulate more macro‐
and micro‐nutrients than plants with low RLD [57]. It follows that increasing root de‐
velopment of maize plants often results in increased yield performance [58], as sup‐
ported by our findings.
Maize grain yield in our study ranged between 10.05 and 15.32 Mg ha‐1, which is in
line with typical values of the area [59]. Regardless of N‐fertilization, here we corrobo‐
rated the hypothesis that applying SCM to maize seed during planting could be con‐
sidered as a mean to increase root development and grain yield (c.a. 1 Mg ha‐1), thus
probably promoting a more efficient use of inputs (i.e., water and N). Previous studies
suggested that crop yield and RLD might be increased (+ 2– 5 %) with gypsum applica‐
tion (e.g. da Costa and Crusciol [60]; Crusciol et al. [61]). However, these authors re‐
ferred to different crops and to an application rate of > 2 Mg ha‐1 of gypsum. Besides, the
yield gap in their results was lower than in ours (+8 %). Earlier findings reporting that
further increasing gypsum rates (up to 6 Mg ha‐1) reduces crop yield [62] complete the
picture of this matter in the literature.
Beyond the effect of SCM, our study also confirmed that the N‐fertilization rate
significantly affected RLD and in turn maize yield. The highest grain yield (14.74 Mg
ha‐1) was obtained in the 100 % N‐fertilization treatment, which also had the highest
RLD (4.30 cm cm‐3). These results are mainly due to the fact that 100 % N‐fertilization
treatment received the N rate estimated according to the N balance and computed on
maize needs (see Materials and Methods). However, the increase in N absorption by
plants may likely have also increased the absorption and metabolism of other nutrients
[63] and water [64] in 100 % N‐fertilized plants.
In the present study, the application of SCM had a significant impact on the diam‐
eter class distribution of roots. In detail, SCM increased (or tended to increase) DCL of
very fine, fine, and medium diameter classes, while decreased DCL of coarse roots.
These effects were evident in 70 % N‐fertilized and in 100 % N‐fertilized plots, and at 0
cm distance from the maize row. Beyond the enhancing effects of SCM on RLD, results
on DCL indicate that SCM, increasing the root hair surface can enhance the absorption
of nutrients and water by maize plants, which ultimately results in crop yield increase.
On the contrary, DCL of coarse diameter root class was higher under the Control
treatment. In this regard, it was reported that plants develop thick roots during mid‐late
phenological phases to support carbohydrate storage in grains and nutrients absorption
from the soil profile [65]. In this context, our results suggest that maize plants in Control
plots developed roots with higher diameter to ensure the optimal level of nutrients
uptake from the soil. Conversely, the presence of SCM may have enhanced early root
development of plants, thus resulting in greater uptake since the beginning and better
matching to nutrients needs than under Control.
Maize yield performance under SCM in our study, which showed values of grain
yield with 70 % N‐fertilization similar to those under Control with 100 % N‐fertilization,
highlights the potential of this seed dressing product, especially in light of the recent
claims from the EU about the reduction of N‐fertilizer use [20], without reducing crop
yield.
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4.2. Relationships between treatments and biodiversity of soil bacteria and fungi
At anthesis, results indicated that seed with SCM at a rate of 200 g ha‐1 had no sig‐
nificant impact on the diversity of soil bacteria and fungi in the proximity of the roots.
These findings can be explained by the minimal rate of material used in our study when
compared to the previously reported positive impact at 2 Mg∙ha‐1 and negative impact
at the rates exceeding 4 Mg ha‐1 [66] of gypsum. Observed trends, in which little
changes were occurring without causing significant alterations, could be attributed to
the ecological niches occupied by some bacteria in the soil without having a major im‐
pact on the general phylogenetic composition of the bacterial community [67]. Never‐
theless, an overall positive impact of SCM in the agronomic part of our study was rec‐
orded. This was probably due to the increased rhizosphere volume, which was the
consequence of the increased density of maize roots in plots with SCM, compared with
the Control. However, such an increased root development, which was a win‐win situ‐
ation for our experimental conditions, could not be attributed to a direct impact on the
soil bacterial and fungal community at anthesis. It can be attributed to the fact that, to‐
gether with microbial diversity, the plant‐rhizosphere interactions change at the dif‐
ferent growth levels [68] and specific microbial recruitment by the plants at the juvenile
stages are crucial for the overall success of the crops in terms of yield and growth [69].
Therefore, it is possible that SCM had an impact at the earlier stages of the plant growth
reflected at the later stages as the density of maize roots in plots with SCM.
It should also be kept in mind that the 100 % N‐fertilization treatment (both SCM
and Control) received a carefully computed N rate estimation according to the N need
of the maize. Therefore, the indifference of the microbial community to the N treatment
rate can be attributed to the fact that there was no excessive N for the microbial com‐
munity as the highest rate was the right amount needed for the plant itself. It is known
that changes in soil nutrients may influence microbial biodiversity. However, the lack
of significance of our experimental treatments on soil microbial diversity could be at‐
tributed to the minimal/very limited fluctuation in the availability of N that might affect
plant nutrient uptake [70] as evidenced by similar values of grain yield in SCM with 70
% N‐fertilization and in Control with 100 % N‐fertilization in our study. Significant
changes in soil microbial communities structure can be either positive or negative de‐
pending on the microbial guilds involved; in this study, the lack of changes indicated
that the tested product at the given dose certainly has no ecotoxicological relevance at
the microbial level.
4.3. Nitrous oxide, carbon dioxide, and methane emissions as affected by SCM and N‐fertilization
Nitrous oxide emissions in this study (ranging from 434 to 1766 mg N2O‐N m‐2 y‐1)
were higher than those measured in maize under similar environmental conditions [71].
This was mainly a consequence of: (i) the fine soil texture, which is known to increase
N2O emissions [72]; the relatively high soil organic matter concentration, stimulating
N2O producing processes [73]; the seasonal pattern of rainfall which often show WFPS
exceeding 60 % (Figure S1b in the Supplementary Material) and steers soil denitrifica‐
tion activity [54,74].
Our results confirmed that the main driver for GHG emissions is the N‐fertilizer
rate: the application of increasing rate of N fertilizer led to increased N2O emissions due
to enhanced availability of N in soil [75], thus stimulating nitrification and/or denitrifi‐
cation microbial activity [76]. In detail, decreasing N‐fertilization from 100 % to 70 %
decreased N2O emissions by 509 mg N‐N2O m‐2 y‐1. The results of this study are in sub‐
stantial agreement with those of Hansen et al. [77] and Shcherbak et al. [78], who
showed an exponential increase in N2O emissions in maize with increasing rates of N
fertilizer applied. This is mainly because applying high mineral fertilizer rates (i) in‐
creases the N2O produced as a by product during the microbial oxidation of ammonium
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(NH4+) to nitrate (NO3‐), and (ii) stimulates N2O production by other processes such as
dissimilatory NO3‐ reduction to NH4+ and co‐denitrification [79,80].
The N2O emissions during the postharvest period were very low in our study
(ranging from 13 to 30 mg N2O‐N m‐2 y‐1; data not shown), representing less than 1 % of
the total cumulative N2O‐N emissions during the entire experimental year. Main rea‐
sons were that the NO3‐ in the soil after harvest was very low for all treatments (Figure
S1a) and the WFPS was contemporarily relatively high (above 70 % ; Figure S1b), which
favored the reduction of N2O to N2 [81]. This demonstrated that whether N‐fertilization
rate is estimated according to the actual N needs (as N balance), when considering crop
and soil‐climate variables, N2O emissions during the off‐season may be kept under
control without reducing yield.
The yield performance of SCM with 70 % N‐fertilization, which was similar to that
of Control with 100 % N‐fertilization (as reported earlier), suggests an indirect potential
of this product for reducing N2O emissions (‐23 %) from intensively managed maize by
reducing N‐fertilization without losing yield.
Annual CO2 emissions, ranging from 2415 to 4135 g CO2‐C m‐2 y‐1, fall in the ranges
obtained by Abalos et al. [74], Plaza‐Bonilla et al. [82] (2014), and Maris et al. [52], in
intensive maize systems, under similar environmental conditions. Here we found that
SCM had no effects on CO2, while increasing N‐fertilization significantly reduced CO2
emissions (between ‐30 to ‐38 % in N‐fertilized plots). This could be related to the fact
that N‐fertilization was shown to inhibit microbial growth and soil respiration, hence
leading to reduced CO2 emissions [27]. Our findings are in agreement with those of
DeForest et al. [83], Burton et al. [84], and Maris et al. [54], who observed that
N‐fertilized plots had fewer CO2 emissions (between 15 to 41 %) than unfertilized ones.
Annual CH4 emissions obtained in our study, which ranged between ‐45 to ‐122
mg CH4‐C m‐2 y‐1, are in line with the values previously observed in intensive maize
systems (e.g. Abalos et al. [85]; Plaza‐Bonilla et al. [82]). Although no significant
difference was found, we observed that SCM and the highest N‐fertilization rate tended
to reduce emissions and/or increase CH4 oxidation rate. It was indeed reported that
gypsum‐based fertilizers or high N‐fertilization rates could increase the potential be‐
havior of soil as a sink for atmospheric CH4, by modifying the structure of microbial
populations responsible for CH4 oxidation [86].
5. Conclusions
The present field study demonstrated that SOP® COCUS MAIZE+ (SCM) is an ef‐
fective tool to reduce N‐fertilization input by 30 % without yield penalties. This was
possible in our condition because SCM enhanced maize root development, especially
that of very fine, fine, and medium roots classes.
At anthesis, no significant effect was found on biodiversity of soil bacteria and
fungi in the rhizosphere, which suggests that SCM has no ecotoxicological relevance at
the microbial level.
Our results highlight that decreasing N‐fertilization in maize from 230 to 160 kg N
ha‐1 results into the reduction of considerable N losses as N2O. Since maize grain yield
under SCM with 160 kg N ha‐1 was similar to that under Control with 230 kg N ha‐1, this
suggests an indirect potential of this product for reducing N2O emissions by stimulating
a more efficient N use and yield.
Hence, our results indicate that SCM seed dressing may be considered an available
tool for improving the alignment of intensive agro‐ecosystems to the SDG framework
and satisfying the requests from the European strategy Farm to Fork.
However, this study was conducted only in one year. Although weather condi‐
tions during this period could be considered as typical, further studies are needed to
verify that results remain consistent in wetter and/or drier years and in the middle‐ and
long‐term.

Agronomy 2021, 11, 407

17 of 21

Supplementary
Materials:
The
following
are
available
online
at
www.mdpi.com/2073‐4395/11/3/407/s1, Figure S1. Annual pattern (April 2019 – April 2020) of soil
NO3‐ concentrations (a) and WFPS (b) under all treatments. Control_0% = Control with 0 %
N‐fertilization; Control_70% = Control with 70 % N‐fertilization; Control_100% = Control with
100 % N‐fertilization; SCM_0% = SCM with 0 % N‐fertilization; SCM_70% = SCM with 70 %
N‐fertilization; SCM_100% = SCM with 100 % N‐fertilization.
Author Contributions: Conceptualization, A.F. and V.T.; methodology, S.C.M., M.E.C., R.B., E.P.,
and C.B.; formal analysis, S.C.M., E.T., and A.F.; investigation, F.C., F.A., R.B., and L.P.; resources,
S.A., E.P., and V.T.; data curation, S.C.M., F.C., F.A., R.B., and E.T.; writing—original draft prep‐
aration, S.C.M., R.B., and E.T.; writing—review and editing, E.P., C.B., S.A., V.T., and A.F.; su‐
pervision, A.F. and M.E.C.; funding acquisition, A.F. All authors have read and agreed to the
published version of the manuscript.
Funding: This research was funded by SOP sr—Via Parco Alto Milanese, 1, 21052 Busto Arsizio
VA, Italy.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The database is available upon request to the corresponding authors.
Acknowledgments: We would like to thank colleagues, technicians and students from the
Agronomy Group of the Department of Sustainable Crop Production (Università Cattolica del
Sacro Cuore of Piacenza) for their assistance throughout the duration of the experiment.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References
1.

Fiorini, A.; Boselli, R.; Maris, S.C.; Santelli, S.; Perego, A.; Acutis, M.; Brenna, S.; Tabaglio, V. Soil type and cropping sys‐
tem as drivers of soil quality indicators response to no‐till: A 7‐year field study. Appl. Soil Ecol. 2020, 155, 103646,
doi:10.1016/j.apsoil.2020.103646.
2. Buckwell, A.; Nadeu, E. Nutrient Recovery and Reuse (NRR) in European Agriculture. A Review issues, Opportunities and Ac‐
tions;
RISE
Foundundation:
Brussels,
Belgium,
2016,
available
at
https://www.organicseurope.bio/content/uploads/2020/06/2016_RISE_NRR_Full_EN_compressed.pdf?dd.
3. Jones, A.; Panagos, P.; Barcelo, S.; Bouraoui, F.; Bosco, C.; Dewitte, O.; Gardi, C.; Erhard, M.; Hervás, J.; Hiederer, R. et al.
The State of Soil in Europe: A Contribution of the JRC to the European Environment Agency’s Environment State and Outlook
Report— SOER 2010; European Commission: Luxemburg, 2012, doi:10.2788/77361.
4. Food and Agriculture Organization of the United Nations (FAO, Organization of Economic Co‐operation and Develop‐
ment (OECD). Food Security and Nutrition: Challenges for Agriculture and the Hidden Potential of Soil. A Report to the G20 Ag‐
riculture Deputies; FAO and OECD, Rome, Italy, 2018, available at http://www.fao.org/3/CA0917EN/ca0917en.pdf
5. Lipper, L.; McCarthy, N.; Zilberman, D.; Asfaw, S.; Branca, G. Climate Smart Agriculture: Building Resilience to Climate
Change; Springer Nature: London, UK, 2018, ISBN:978‐3‐319‐61193‐8.
6. Chen, L.; Dick, W.A.; Smith, K.L. Gypsum as an Agricultural Amendment: General Use Guidelines; Bulletin 945, OSU: Ohio
State
University
Extension,
Columbus
OH,
USA,
2011,
available
at
https://fabe.osu.edu/sites/fabe/files/imce/files/Soybean/Gypsum%20Bulletin.pdf.
7. Shainberg, I.; Sumner, M.E.; Miller, W.P.; Farina, M.P.W.; Pavan, M.A.; Fey, M. V Use of Gypsum on Soils: A Review. In
Advances in Soil Science; vol 9, pp. 1–111, Springer: Berlin/Heidelberg, Germany, 1989; ISBN:978‐1‐4612‐8144‐3,
doi.org/10.1007/978‐1‐4612‐3532‐3_1.
8. Zoca, S.M.; Penn, C. An important tool with no instruction manual: A review of gypsum use in agriculture. In Advances in
Agronomy; Elsevier: Amsterdam, The Netherlands, 2017; vol. 144, pp. 1–44, ISBN:9780128124192, doi:
10.1016/bs.agron.2017.03.001.
9. Kost, D.; Ladwig, K.J.; Chen, L.; DeSutter, T.M.; Espinoza, L.; Norton, L.D.; Smeal, D.; Torbert, H.A.; Watts, D.B.; Wol‐
kowski, R.P.; et al. Meta‐Analysis of Gypsum Effects on Crop Yields and Chemistry of Soils, Plant Tissues, and Vadose
Water at Various Research Sites in the USA. J. Environ. Qual. 2018, 47, 1284–1292, doi:10.2134/jeq2018.04.0163.
10. Ritchey, K.D.; Feldhake, C.M.; Clark, R.B.; De Sousa, D.M.G.; Karlen, D.; Wright, R.; Kemper, W. Improved Water and
Nutrient Uptake from Subsurface Layers of Gypsum‐Amended Soils. Soil Eros. Conserv. Trop. 2015, 58, 157–181,
doi:10.2134/asaspecpub58.c8.

Agronomy 2021, 11, 407

18 of 21

11. Da Silva, E.A.; de Oliveira, G.C.; Carducci, C.E.; Silva, B.M.; de Oliveira, L.M.; Costa, J.C. Increasing doses of agricultural
gypsum, aggregate stability and organic carbon in Cerrado Oxisol under coffee crop. Rev. Ciências Agrárias/Amazon. J.
Agric. Environ. Sci. 2013, 56, 25–32.
12. Basu, S.; Kumar, G.; Chhabra, S.; Prasad, R. Role of soil microbes in biogeochemical cycle for enhancing soil fertility. In
New and Future Developments in Microbial Biotechnology and Bioengineering; Elsevier BV: Amsterdam, The Netherlands,
2021; pp. 149–157, ISBN:9780444635075.
13. Kurzemann, F.R.; Plieger, U.; Probst, M.; Spiegel, H.; Sandén, T.; Ros, M.; Insam, H. Long‐Term Fertilization Affects Soil
Microbiota, Improves Yield and Benefits Soil. Agronomy 2020, 10, 1664, doi:10.3390/agronomy10111664.
14. Zhou, J.; Jiang, X.; Wei, D.; Zhao, B.; Ma, M.; Chen, S.; Cao, F.; Shen, D.; Guan, D.; Li, J. Consistent effects of nitrogen fer‐
tilization on soil bacterial communities in black soils for two crop seasons in China. Sci. Rep. 2017, 7, 1–10,
doi:10.1038/s41598‐017‐03539‐6.
15. Nifong, R.L.; Taylor, J.M.; Moore, M.T. Mulch‐Derived Organic Carbon Stimulates High Denitrification Fluxes from Ag‐
ricultural Ditch Sediments. J. Environ. Qual. 2019, 48, 476–484, doi:10.2134/jeq2018.09.0341.
16. Li, M.; Ma, F.; Xiao, G. Effect of varying fertilization patterns on bacteria and archaea communities in saline‐alkali soil
under rice cultivation. J. Agro‐Environ. Sci. 2018, 37(3): 495‐504.
17. Holland, J.; Bennett, A.; Newton, A.; White, P.; McKenzie, B.; George, T.; Pakeman, R.; Bailey, J.; Fornara, D.; Hayes, R.; et
al. Liming impacts on soils, crops and biodiversity in the UK: A review. Sci. Total. Environ. 2018, 316–332,
doi:10.1016/j.scitotenv.2017.08.020.
18. Pariz, C.M.; Costa, C.; Crusciol, C.A.; Castilhos, A.M.; Meirelles, P.R.; Roça, R.O.; Pinheiro, R.S.; Kuwahara, F.A.; Martello,
J.M.; Cavasano, F.A.; et al. Lamb production responses to grass grazing in a companion crop system with corn silage and
oversowing of yellow oat in a tropical region. Agric. Syst. 2017, 151, 1–11, doi:10.1016/j.agsy.2016.11.004.
19. Ladha, J.K.; Jat, M.L.; Stirling, C.M.; Chakraborty, D.; Pradhan, P.; Krupnik, T.J.; Sapkota, T.B.; Pathak, H.; Rana, D.S.;
Tesfaye, K.; et al. Chapter Two – Achieving the sustainable development goals in agriculture: The crucial role of nitrogen
in cereal‐based systems. In Advances in Agronomy; Sparks, D.L., Ed; Academic Press: Cambridge, MA, USA, 2020; Volume
163, pp. 39–116.
20. European Commission Communication from the Commission to the European Parliament, the Council, the European
Economic and Social Committee and the Committee of the Regions. A Farm to Fork Strategy for a fair, healthy and en‐
vironmentally‐friendly food system, Brussels, 20.5.2020 COM(2020) 381 final (2020), available at
https://eur‐lex.europa.eu/legal‐content/EN/ALL/?uri=COM:2020:0381:FIN.
21. Good, A.G.; Beatty, P.H. Fertilizing Nature: A Tragedy of Excess in the Commons. PLoS Biol. 2011, 9, e1001124,
doi:10.1371/journal.pbio.1001124.
22. Buendia, E.C.; Guendehou, S.; Limmeechokchai, B.; Pipatti, R.; Rojas, Y.; Sturgiss, R.; Tanabe, K.; Wirth, T.; Romano, D.;
Witi, J.; Garg, A.; Weitz, M.M.; Cai, B.; Ottinger, D.A.; Dong, H.; MacDonald, J.D.; Ogle, S.M.; Rocha, M.T.; Sanz Sanchez,
M.J.; Bartram, D.M.; Towprayoon, S. 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inven‐
tories — IPCC, available https://www.ipcc.ch/site/assets/uploads/2019/12/19R_V0_01_Overview.pdf.
23. Chantigny, M.H.; Rochette, P.; Angers, D.A.; Bittman, S.; Buckley, K.; Massé, D.; Bélanger, G.; Eriksen‐Hamel, N.; Gasser,
M.‐O. Soil Nitrous Oxide Emissions Following Band‐Incorporation of Fertilizer Nitrogen and Swine Manure. J. Environ.
Qual. 2010, 39, 1545–1553, doi:10.2134/jeq2009.0482.
24. Venterea, R.T.; Strock, J.; Rosen, C. Agricultural management effects on nitrous oxide gas emissions. Proc. Lambert Out‐
reach Cent. Soil Water Manag. Field Day, Lamberton, MN (USA), August 13, 2008, pp. 8, available at
https://naldc.nal.usda.gov/download/29362/PDF.
25. Davidson, E.A. The contribution of manure and fertilizer nitrogen to atmospheric nitrous oxide since 1860. Nat. Geosci.
2009, 2, 659–662, doi:10.1038/ngeo608.
26. Syakila, A.; Kroeze, C. The global nitrous oxide budget revisited. Greenh. Gas Meas. Manag. 2011, 1, 17–26,
doi:10.3763/ghgmm.2010.0007.
27. Niu, S.; Wu, M.; Han, Y.; Xia, J.; Zhang, Z.; Yang, H.; Wan, S. Nitrogen effects on net ecosystem carbon exchange in a
temperate steppe. Glob. Chang. Biol. 2010, 16, 144–155, doi:10.1111/j.1365‐2486.2009.01894.x.
28. Morell, F.; Álvaro‐Fuentes, J.; Lampurlanés, J.; Cantero‐Martínez, C. Soil CO2 fluxes following tillage and rainfall events
in a semiarid Mediterranean agroecosystem: Effects of tillage systems and nitrogen fertilization. Agric. Ecosyst. Environ.
2010, 139, 167–173, doi:10.1016/j.agee.2010.07.015.
29. Snyder, C.; Bruulsema, T.; Jensen, T.; Fixen, P. Review of greenhouse gas emissions from crop production systems and
fertilizer management effects. Agric. Ecosyst. Environ. 2009, 133, 247–266, doi:10.1016/j.agee.2009.04.021.
30. Barton, L.; Murphy, D.V.; Butterbach‐Bahl, K. Influence of crop rotation and liming on greenhouse gas emissions from a
semi‐arid soil. Agric. Ecosyst. Environ. 2013, 167, 23–32, doi:10.1016/j.agee.2013.01.003.
31. Jassal, R.S.; Black, T.A.; Roy, R.; Ethier, G. Effect of nitrogen fertilization on soil CH4 and N2O fluxes, and soil and bole
respiration. Geoderma 2011, 162, 182–186, doi:10.1016/j.geoderma.2011.02.002.
32. Le Mer, J.; Roger, P. Production, oxidation, emission and consumption of methane by soils: A review. Eur. J. Soil Biol. 2001,
37, 25–50, doi:10.1016/s1164‐5563(01)01067‐6.
33. Soil Survey Staff Keys to Soil Taxonomy, 12th ed. USDA‐Natural Resources Conservation Service, Washington, DC (USA),
available to https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/download?cid=stelprdb1252094&ext=pdf

Agronomy 2021, 11, 407

19 of 21

34. Sainju, U.M. Determination of nitrogen balance in agroecosystems. MethodsX 2017, 4, 199–208,
doi:10.1016/j.mex.2017.06.001.
35. Commission, EU. Directive 91/676/EEC. Council Directive of 12 December 1991 concerning the protection of waters
against pollution caused by nitrates from agricultural sources. Off. J. Eur. Community 1991, 375, 1–8.
36. Fiorini, A.; Boselli, R.; Maris, S.C.; Santelli, S.; Ardenti, F.; Capra, F.; Tabaglio, V. May conservation tillage enhance soil C
and N accumulation without decreasing yield in intensive irrigated croplands? Results from an eight‐year maize mono‐
culture. Agric. Ecosyst. Environ. 2020, 296, 106926, doi:10.1016/j.agee.2020.106926.
37. Qin, R.; Stamp, P.; Richner, W. Impact of tillage on maize rooting in a Cambisol and Luvisol in Switzerland. Soil Tillage
Res. 2006, 85, 50–61, doi:10.1016/j.still.2004.12.003.
38. Fiorini, A.; Boselli, R.; Amaducci, S.; Tabaglio, V. Effects of no‐till on root architecture and root‐soil interactions in a
three‐year crop rotation. Eur. J. Agron. 2018, 99, 156–166, doi:10.1016/j.eja.2018.07.009.
39. Reinhardt, D.R.; Miller, R.M. Size classes of root diameter and mycorrhizal fungal colonization in two temperate grass‐
land communities. New Phytol. 1990, 116, 129–136, doi:10.1111/j.1469‐8137.1990.tb00518.x.
40. Vasileiadis, S.; Puglisi, E.; Arena, M.; Cappa, F.; Cocconcelli, P.S.; Trevisan, M. Soil bacterial diversity screening using
single 16S rRNA gene V regions coupled with multi‐million read generating sequencing technologies. PLoS ONE 2012, 7,
e42671.
41. Vasileiadis, S.; Puglisi, E.; Trevisan, M.; Scheckel, K.G.; Langdon, K.A.; McLaughlin, M.J.; Lombi, E.; Donner, E. Changes
in soil bacterial communities and diversity in response to long‐term silver exposure. FEMS Microbiol. Ecol. 2015, 91, fiv114,
doi:10.1093/femsec/fiv114.
42. Vasileiadis, S.; Puglisi, E.; Arena, M.; Cappa, F.; Van Veen, J.A.; Cocconcelli, P.S.; Trevisan, M. Soil microbial diversity
patterns of a lowland spring environment. FEMS Microbiol. Ecol. 2013, 86, 172–184, doi:10.1111/1574‐6941.12150.
43. Masella, A.P.; Bartram, A.K.; Truszkowski, J.M.; Brown, D.G.; Neufeld, J.D. PANDAseq: Paired‐end assembler for illu‐
mina sequences. BMC Bioinform. 2012, 13(1): 31, doi:10.1186/1471‐2105‐13‐31.
44. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks,
D.H.; Robinson, C.J.; et al. Introducing mothur: Open‐Source, Platform‐Independent, Community‐Supported Software
for Describing and Comparing Microbial Communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541,
doi:10.1128/aem.01541‐09.
45. Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME Improves Sensitivity and Speed of Chimera De‐
tection. Bioinformatics 2011, 27, 2194–2200, doi:10.1093/bioinformatics/btr381.
46. R Core Team R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Wien,
Austria, 2013; ISBN:3‐900051‐07‐01.
47. Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B.M.; Ludwig, W.; Peplies, J.; Glöckner, F.O. SILVA: A comprehensive online
resource for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 2007, 35,
7188–7196, doi:10.1093/nar/gkm864.
48. Jr., T.Z.D.; Hugenholtz, P.; Keller, K.; Brodie, E.L.; Larsen, N.; Piceno, Y.M.; Phan, R.; Andersen, G.L. NAST: A multiple se‐
quence alignment server for comparative analysis of 16S rRNA genes. Nucleic Acids Res. 2006, 34, W394–W399,
doi:10.1093/nar/gkl244.
49. Schloss, P.D. The Effects of Alignment Quality, Distance Calculation Method, Sequence Filtering, and Region on the Analysis of
16S rRNA Gene‐Based Studies. PLoS Comput. Biol. 2010, 6, e1000844, doi:10.1371/journal.pcbi.1000844.
50. McDonald, D.; Price, M.N.; Goodrich, J.K.; Nawrocki, E.P.; DeSantis, T.Z.; Probst, A.J.; Andersen, G.L.; Knight, R.; Hugenholtz,
P. An improved Greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea.
ISME J. 2011, 6, 610–618, doi:10.1038/ismej.2011.139.
51. Rolston, D.E. Gas Flux. In Methods of Soil Analysis: Part 1 Physical and Mineralogical Methods, 5.1, 2nd ed., pp. 1103–1119; American
Society of Agronomy and Soil Science Society of America: 1986; ISBN:9780891180883, doi.org/10.2136/sssabookser5.1.2ed.c47.
52. Maris, S.C.; Lloveras, J.; Vallejo, A.; Teira‐Esmatges, M.R. Effect of Stover Management and Nitrogen Fertilization on N2O and
CO2 Emissions from Irrigated Maize in a High Nitrate Mediterranean Soil. Water, Air, Soil Pollut. 2018, 229, 11,
doi:10.1007/s11270‐017‐3660‐6.
53. Peyron, M.; Bertora, C.; Pelissetti, S.; Said‐Pullicino, D.; Celi, L.; Miniotti, E.; Romani, M.; Sacco, D. Greenhouse gas emissions as
affected by different water management practices in temperate rice paddies. Agric. Ecosyst. Environ. 2016, 232, 17–28,
doi:10.1016/j.agee.2016.07.021.
54. Maris, S.; Teira‐Esmatges, M.; Arbones, A.; Rufat, J. Effect of irrigation, nitrogen application, and a nitrification inhibitor on ni‐
trous oxide, carbon dioxide and methane emissions from an olive (Olea europaea L.) orchard. Sci. Total. Environ. 2015, 538, 966–
978, doi:10.1016/j.scitotenv.2015.08.040.
55. Gomez, K.A.; Gomez, A.A. Statistical Procedures for Agricultural Research, 2nd ed.; John Wiley & Sons: New York, NY, USA, 1984,
ISBN:978‐0‐471‐87092‐0.
56. Doussan, C.; Pierret, A.; Garrigues, E.; Pagès, L. Water Uptake by Plant Roots: II‐Modelling of Water Transfer in the Soil
Root‐system with Explicit Account of Flow within the Root System‐Comparison with Experiments. Plant Soil 2006, 283, 99–117,
doi:10.1007/s11104‐004‐7904‐z.
57. Ma, Q.; Tang, H.; Rengel, Z.; Shen, J. Banding phosphorus and ammonium enhances nutrient uptake by maize via modifying
root spatial distribution. Crop. Pasture Sci. 2013, 64, 965–975, doi:10.1071/cp13266.

Agronomy 2021, 11, 407

20 of 21

58. Wen, Z.; Shen, J.; Blackwell, M.; Li, H.; Zhao, B.; Yuan, H. Combined Applications of Nitrogen and Phosphorus Fertilizers with
Manure Increase Maize Yield and Nutrient Uptake via Stimulating Root Growth in a Long‐Term Experiment. Pedosphere 2016,
26, 62–73, doi:10.1016/s1002‐0160(15)60023‐6.
59. Maris, S.C.; Fiorini, A.; Boselli, R.; Santelli, S.; Tabaglio, V. Cover crops, compost, and conversion to grassland to increase soil C
and N stock in intensive agrosystems. Nutr. Cycl. Agroecosystems 2021, 119, 83–101, doi:10.1007/s10705‐020‐10110‐9.
60. Da Costa, C.H.M.; Crusciol, C.A.C. Long‐term effects of lime and phosphogypsum application on tropical no‐till soybean–oat–
sorghum rotation and soil chemical properties. Eur. J. Agron. 2016, 74, 119–132, doi:10.1016/j.eja.2015.12.001.
61. Crusciol, C.A.; Artigiani, A.C.; Arf, O.; Filho, A.C.C.; Soratto, R.P.; Nascente, A.S.; Alvarez, R.C. Soil fertility, plant nutrition,
and grain yield of upland rice affected by surface application of lime, silicate, and phosphogypsum in a tropical no‐till system.
Catena 2016, 137, 87–99, doi:10.1016/j.catena.2015.09.009.
62. Caires, E.; Garbuio, F.; Churka, S.; Barth, G.; Corrêa, J. Effects of soil acidity amelioration by surface liming on no‐till corn, soy‐
bean, and wheat root growth and yield. Eur. J. Agron. 2008, 28, 57–64, doi:10.1016/j.eja.2007.05.002.
63. Marschner, H. Mineral nutrition of higher plants, 3rd ed.; Academic Press, Elsevier, London UK, 2011; ISBN:9780123849052.
64. Hammad, H.M.; Ahmad, A.; Abbas, F.; Farhad, W.; Cordoba, B.C.; Hoogenboom, G. Water and Nitrogen Productivity of Maize
under Semiarid Environments. Crop. Sci. 2015, 55, 877–888, doi:10.2135/cropsci2013.05.0291.
65. Paez‐Garcia, A.; Motes, C.M.; Scheible, W.‐R.; Chen, R.; Blancaflor, E.B.; Monteros, M.J. Root Traits and Phenotyping Strategies
for Plant Improvement. Plants 2015, 4, 334–355, doi:10.3390/plants4020334.
66. Hu, X.‐Y.; Xiang, Q.‐J.; Mu, Z.‐J. [Effects of Gypsum on CH4 Emission and Functional Microbial Communities in Paddy Soil].
Huan jing ke xue= Huanjing kexue 2018, 39, 3894–3900.
67. Wörner, S.; Zecchin, S.; Dan, J.; Todorova, N.H.; Loy, A.; Conrad, R.; Pester, M. Gypsum amendment to rice paddy soil stimu‐
lated bacteria involved in sulfur cycling but largely preserved the phylogenetic composition of the total bacterial community.
Environ. Microbiol. Rep. 2016, 8, 413–423, doi:10.1111/1758‐2229.12413.
68. Cavaglieri, L.; Orlando, J.; Etcheverry, M. Rhizosphere microbial community structure at different maize plant growth stages
and root locations. Microbiol. Res. 2009, 164, 391–399, doi:10.1016/j.micres.2007.03.006.
69. A., P.D.T.; Sahoo, D.; Setti, A.; Sharma, C.; Kalita, M.C.; S., I.D. Bacterial rhizosphere community profile at different growth
stages of Umorok (Capsicum chinense) and its response to the root exudates. Int. Microbiol. 2019, 23, 241–251,
doi:10.1007/s10123‐019‐00097‐x.
70. Leite, M.F.A.; Pan, Y.; Bloem, J.; Berge, H.T.; Kuramae, E.E. Organic nitrogen rearranges both structure and activity of the
soil‐borne microbial seedbank. Sci. Rep. 2017, 7, srep42634, doi:10.1038/srep42634.
71. Fiorini, A.; Maris, S.C.; Abalos, D.; Amaducci, S.; Tabaglio, V. Combining no‐till with rye (Secale cereale L.) cover crop mitigates
nitrous oxide emissions without decreasing yield. Soil Tillage Res. 2020, 196, 104442, doi:10.1016/j.still.2019.104442.
72. Skiba, U.; Ball, B. The effect of soil texture and soil drainage on emissions of nitric oxide and nitrous oxide. Soil Use Manag. 2006,
18, 56–60, doi:10.1111/j.1475‐2743.2002.tb00050.x.
73. Yao, Z.; Zhou, Z.; Zheng, X.; Xie, B.; Mei, B.; Wang, R.; Butterbach‐Bahl, K.; Zhu, J. Effects of organic matter incorporation on
nitrous oxide emissions from rice‐wheat rotation ecosystems in China. Plant Soil 2009, 327, 315–330,
doi:10.1007/s11104‐009‐0056‐4.
74. Abalos, D.; Sanchez‐Martin, L.; Garcia‐Torres, L.; Van Groenigen, J.W.; Vallejo, A. Management of irrigation frequency and ni‐
trogen fertilization to mitigate GHG and NO emissions from drip‐fertigated crops. Sci. Total. Environ. 2014, 490, 880–888,
doi:10.1016/j.scitotenv.2014.05.065.
75. Han, Z.; Walter, M.T.; Drinkwater, L.E. N2O emissions from grain cropping systems: A meta‐analysis of the impacts of fertiliz‐
er‐based and ecologically‐based nutrient management strategies. Nutr. Cycl. Agroecosystems 2017, 107, 335–355,
doi:10.1007/s10705‐017‐9836‐z.
76. Bouwman, A.F.; Boumans, L.J.M.; Batjes, N.H. Emissions of N2O and NO from fertilized fields: Summary of available meas‐
urement data. Glob. Biogeochem. Cycles 2002, 16(4), 1058, doi:10.1029/2001gb001811.
77. Hansen, S.; Frøseth, R.B.; Stenberg, M.; Stalenga, J.; Olesen, J.E.; Krauss, M.; Radzikowski, P.; Doltra, J.; Nadeem, S.; Torp, T.; et
al. Reviews and syntheses: Review of causes and sources of N2O emissions and NO3 leaching from organic arable crop rota‐
tions. Biogeosciences 2019, 16, 2795–2819, doi:10.5194/bg‐16‐2795‐2019.
78. Shcherbak, I.; Millar, N.; Robertson, G.P. Global metaanalysis of the nonlinear response of soil nitrous oxide (N2O) emissions to
fertilizer nitrogen. Proc. Natl. Acad. Sci. USA 2014, 111, 9199–9204, doi:10.1073/pnas.1322434111.
79. Firestone, M.K.; Davidson, E.A. Microbiological basis of NO and N2O production and consumption in soil. In: Andreae, M.O.
and Schimel, D.S., Eds., Exchange of Trace Gases between Terrestrial Ecosystems and the Atmosphere, John Willey and Sons, New
York, 1989, 7‐21.
80. Mosier, A.R.; Halvorson, A.D.; Reule, C.A.; Liu, X.J. Net Global Warming Potential and Greenhouse Gas Intensity in Irrigated
Cropping Systems in Northeastern Colorado. J. Environ. Qual. 2006, 35, 1584–1598, doi:10.2134/jeq2005.0232.
81. Chapuis‐Lardy, L.; Wrage, N.; Metay, A.; Chotte, J.‐L.; Bernoux, M. Soils, a sink for N2O? A review. Glob. Chang. Biol. 2007, 13,
1–17, doi:10.1111/j.1365‐2486.2006.01280.x.
82. Plaza‐Bonilla, D.; Cantero‐Martínez, C.; Bareche, J.; Arrúe, J.L.; Álvaro‐Fuentes, J. Soil carbon dioxide and methane fluxes as
affected by tillage and N fertilization in dryland conditions. Plant Soil 2014, 381, 111–130, doi:10.1007/s11104‐014‐2115‐8.
83. Deforest, J.L.; Zak, D.R.; Pregitzer, K.S.; Burton, A.J. Atmospheric Nitrate Deposition, Microbial Community Composition, and
Enzyme Activity in Northern Hardwood Forests. Soil Sci. Soc. Am. J. 2004, 68, 132–138, doi:10.2136/sssaj2004.1320.

Agronomy 2021, 11, 407

21 of 21

84. Burton, A.J.; Pregitzer, K.S.; Crawford, J.N.; Zogg, G.P.; Zak, D.R. Simulated chronic NO3 ‐ deposition reduces soil respiration in
northern hardwood forests. Glob. Chang. Biol. 2004, 10, 1080–1091, doi:10.1111/j.1365‐2486.2004.00737.x.
85. Abalos, D.; Sanz‐Cobena, A.; Garcia, A.V.; Van Groenigen, J.W.; Vallejo, A. Role of maize stover incorporation on nitrogen ox‐
ide emissions in a non‐irrigated Mediterranean barley field. Plant Soil 2013, 364, 357–371, doi:10.1007/s11104‐012‐1367‐4.
86. Gulledge, J.; Hrywna, Y.; Cavanaugh, C.; Steudler, P.A. Effects of long‐term nitrogen fertilization on the uptake kinetics of at‐
mospheric methane in temperate forest soils. FEMS Microbiol. Ecol. 2004, 49, 389–400, doi:10.1016/j.femsec.2004.04.013.

