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Abstract

Background: Soil fertility is substantially influenced by soil organic matter quality and quantity. Much attention has
also been given to glomalin content as one of the qualitative parameters of soil fertility. Glomalin content is consid-
ered an indicator of soil fertility due to its positive correlation with soil organic carbon.

Aim: This study aim to (i) determine the influence of different fertilization systems on maize yield and soil organic
matter quality parameters, (i) ensure that changes in total glomalin content (TG) and easily extractable glomalin (EEG)
content are sensitive enough to reflect changes in the SOM quality resulting from long-term fertilization, and (iii)
determine whether both forms of glomalin must be determined or if the easily extractable glomalin (EEG) content is
sufficient, even for a fertile chernozem.

Materials and methods: Long-term field experiments with silage maize monocultures were used to study relation-
ships under different rates of mineral nitrogen and sewage sludge fertilization. The trials comprised 5 treatments: (i)
no fertilization control (Con), (i) and (iii) two different calcium ammonium nitrate rates (N120 and N240 at doses of
120and 240 kg N ha™! year”, respectively), and iv) and v) two different sewage sludge rates (5120 and 5240 cor-
responding to mineral N doses). Topsoil (0-30 cm) analysis was performed 28 years after the onset of the experiment
to determine soil organic carbon, the fractions of humic substances, potentially mineralizable carbon and dissolved
organic carbon, the potential wettability index, soil aggregate stability, EEG, and total glomalin (TG).

Results: The control treatment, which did not include fertilization, showed significantly lower average yields (9.76 t
DM ha~"year™') than the fertilization treatments (on average 12.3 DM ha~' year™"). Significant differences in yields
were not found between the fertilization treatments. A positive correlation between glomalin (EEG, TG) content and
soil organic matter carbon content was observed. A periodic application of sewage sludge increased the content of
glomalin. However, the highest quality of SOM was found in the control treatment (nonfertilized). This treatment had
the highest values for the humic/fulvic acid ratio and the highest contents of humic acids and potentially mineraliz-
able carbon. Furthermore, the Con treatment showed the highest soil aggregate stability and potential wettability
index. Mineral N fertilization significantly reduced soil aggregate stability values.

Conclusions: The unfertilized control showed the highest SOM quality but the lowest yields. The data on glomalin
content can be used to study soil organic matter quality. Because the EEG extraction method is easy to apply, uses
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Graphical Abstract
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SOIL ORGANIC MATTER QUALITY
OVER THE COURSE OF 28 YEARS EXPERIMENT WITH MAIZE MONOCULTURE

lower quantities of chemicals and consumes less time, it presents a better option than TG extraction. The sensitivity of
the methods for SOM quality determination decreases with increasing SOM content.

Keywords: Maize monoculture, Potential wettability index, Aggregate stability, Glomalin
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No fertilizing led to highest SOM quality, but to the lowest yields

Data about glomalin can be used to study soil organic matter quality, where EEG method is more suitable

Introduction

Soil organic matter (SOM) can be divided into stable
and labile fractions. The stable fraction is represented
by humic acids (Cyy,), fulvic acids (Cpy) and humins
(Cyg) [1]. The labile forms are represented by poten-
tially mineralizable carbon (Cyyg) or dissolved organic
carbon (Cpc). The fractionation of SOM into individ-
ual forms is important for SOM quality degradability
assessment [2-5].

Currently, there are a number of different methods
for determining SOM quality parameters. The current
aim for agricultural and even scientific practices is to
find a “user friendly” method that is characterized by
reliable results, a simple procedure, ease of data evalu-
ation, low cost, rapid evaluation time and low chemi-
cal consumption. Because of this, much attention has
been given to glomalin content as one of the qualitative
parameters of soil fertility [6].

Glomalin is produced by arbuscular mycorrhizae and
is one of the most important soil proteins. The exact
molecular composition of glomalin has not yet been
defined, because fractions of glomalin extracted from
soils are not sufficiently clean [7, 8]. This is also a rea-
son why the term “glomalin-related soil protein’, abbre-
viated GRSP, is often used in the literature [9]. Wright
and Upadhyaya [10] divided the forms of glomalin
into easily extractable (EEG) and total glomalin (TG).
Glomalin is hydrophobic and temperature stable. Sub-
stantial resistance to degradation in the soil has been
described in many studies [9, 11, 12]. The slow change
cycle for glomalin in the soil results from its high sta-
bility. Rillig [9] claimed that the average time for glo-
malin degradation in the soil is between 6 and 42 years.
Harner et al. [13] estimated a similar time for a change
cycle (40 years). Glomalin contains up to 85% polysac-
charides that are resistant to microbiological degrada-
tion and, therefore, participate in bonding minerals
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and organic particles into aggregates for long periods
of time [14]. Glomalin also improves C sequestration
in the soil [15]. Its influence on the formation of soil
aggregates is greater than that on direct plant nutrition
[16]. Glomalin acts as a sticky and insoluble biofilm
that glues minerals, clays, organic matter and microor-
ganisms together [17]. Organic inputs increase the por-
tion of macroaggregates and the mean weight diameter
of aggregates as well as the GRSP fractions [18—20].

Glomalin content can be considered a good indicator
of soil fertility [10, 20] due to its positive correlation with
the Cgy; content [21, 22]. This finding supports the fact
that the contribution of glomalin to the total C content in
soils is greater than the contribution of microbial biomass
[23]. Furthermore, the long-term application of compost
and manure increased the glomalin content in a soil [19,
20]. An increase in glomalin content was also found after
the application of sewage sludge [22, 24]. There are only a
few scientific publications that have focused on glomalin
content in soils under long-term maize monoculture, i.e.,
Galazka et al. [25], and some studies contained in master
theses, e.g., Sekgota [26]. However, these studies evalu-
ated other parameters or only short-term monocultures
and cannot be directly compared with our results. In
our previous study [27], we found a positive correlation
between glomalin content and humic acid content (Cy;,)
as well as glomalin content and the humic acid and ful-
vic acid ratio (Cy,,ps) under long-term silage maize pro-
duction on a luvisol. We also found a positive correlation
with the potential wettability index (PWTI).

“Diffuse reflectance infrared Fourier transform spec-
trometry” (DRIFTS) can also be used for SOM quality
assessment. Usually, it is used to study hydrophobic and
hydrophilic functional groups of SOM at wavelengths
3000-2800 cm™! and 1740, 1640-1600 cm™!, respec-
tively [20, 26, 28]. SOM is also characterized by the ratio
of aliphatic (C—H) and carboxylic (C-—O) bonds, called
the potential wettability index (PWTI) [29]. Demyan et al.
[30] used the DRIFTS method to monitor SOM quality in
long-term trials in Bad Lauchstddt (Germany). All of the
observations obtained with DRIFTS showed an influence
of fertilization.

The abovementioned facts prompted the following
objectives: i) determine the influence of different fertili-
zation systems on soil organic matter quality parameters
(degradable and stable C fractions including glomalin
content), ii) ensure that changes in total glomalin content
(TG) and easily extractable glomalin (EEG) content are
sensitive enough to reflect changes in the SOM quality
resulting from long-term fertilization, and iii) determine
whether both forms of glomalin have to be determined
or if the easily extractable glomalin content (EEG) is suf-
ficient. even for a fertile chernozem.
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Materials and methods

Site description

The study was carried out based on long-term fertili-
zation experiments that were initiated in 1993 at the
experimental stations located in Suchdol in the Czech
Republic. The basic soil-climatic characteristics are given
in Table 1.

Experimental design

This long-term field experiment was initiated in a ran-
domized complete block design (4 replications) with
a plot area of 46 m? in 1993. In general, the experiment
was designed to have five treatments: i) unfertilized
control (Con), ii) mineral fertilization in the form of
calcium ammonium nitrate (N120), iii) mineral fertiliza-
tion in the form of calcium ammonium nitrate (N240),
iv) sewage sludge (S120) and iv) sewage sludge (5240).
A detailed description of the individual treatments is
as follows: treatments N120 and N240 received 120
and 240 kg N ha™! year™}, respectively, in the form cal-
cium ammonium nitrate, and treatments $S120 and S140
received the same dose of N in the form of sewage sludge
(calculated based on the sewage sludge analysis). Maize
hybrids were planted in each plot at a density of 80 thou-
sand plants ha~! (=8 plants m™!). The maize was sown at
the end of April/beginning of May with 70 cm between
plant rows. Mineral N fertilizers were applied prior to
sowing every year in spring with no additional liming or
application of other nutrients. Sewage sludge (5120, S240
corresponding to mineral N doses) was applied every 3
years in autumn (October); therefore, the doses of nitro-
gen were 360 kg N ha™! 3 years™! and 720 kg N ha™!

Table 1 Basic description of the Suchdol experimental site at
the onset of the experiment

GPS coordinates 50°7°40"'N 14°22°33"'E

Altitude (m above sea level) 289
Mean annual temperature ( °C) 9.1

Mean annual precipitation (mm) 495

Soil type Haplic Chernozem?
Soil texture Silt loam?®
Clay (%) (<0.002 mm) 22

Silt (%) (0.002-0.05 mm) 718
Sand (%) (0.05-2 mm) 26.0

Bulk density (g cm™3) 142
Coom (%) 1.88°

pH (0.01 mol/L CaCl,) 7.5

CEC (mmol, kg‘w) 262

2 Natural resource conservation service—United States Department of
Agriculture [31]

b CNS analyser (see Chapter 2.3,, soil analysis)
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3 years ™! for S120 and S240, respectively. After applica-
tion, the fertilizer was immediately incorporated into the
soil with ploughing (25 cm depth). The sewage sludge
was supplied by the same producer and was produced
using the same method over the course of the entire
experiment. The average dose of the sewage sludge was
10.17 t of DM ha™' 3 years™! and 20.34 t of DM ha™!
3 years™! for S120 and S240, respectively. During the
experiment, the change in sewage sludge quality was
insignificant. The average doses of key nutrients and the
C/N ratio are presented in Table 2. The dose of sewage
sludge was calculated according to the total nitrogen con-
tent determined with Kjeldahl analysis, which includes
both organic and inorganic (N-NH,") forms. However,
N-NO;™ and N-NO,~ forms are not determined using
this method, because in an anaerobic material, such as
sewage sludge, only trace levels of nitrates and nitrites are
present.

Plants were protected only against weeds. Two rows of
maize aboveground biomass (18 m? per plot) were har-
vested at silage maturity (roughly 65% biomass moisture
content, R4 vegetation stage) and weighed to obtain the
aboveground biomass yield (BY). Dry BY was calculated
based on the dry mass ratio in the subsamples.

Soil analysis

Topsoil (0-30 cm) analyses were performed with air-
dried soil samples (<2 mm), except Cpc, collected in
September 2020, after the maize harvest. For aggregate
stability (WSA) assessment, the soil aggregates of diam-
eter 2-5 mm were sieved and further analysed.

The soil organic carbon (Cgp,,) and total nitrogen (N,)
contents of the soils and sewage sludge were determined
using oxidation with a CNS analyser Elementar Vario
Macro (Elementar Analysensysteme, Germany) after car-
bonate digestion with HCl and subsequent drying.

Fractionation of humic substances (Cpg) was per-
formed according to Kononova [1] to obtain the
pyrophosphate extractable fraction, which represents
the sum of the carbon in humic acids (Cyy,) and fulvic
acids (Cg,). Briefly, Cy;, and Cp, were extracted from
a 5 g soil sample with a mixed solution of 0.10 mol
L' NaOH and 0.10 mol L™ Na,P,0, (1:20 w/v). The
following fractions of carbon were isolated: Cp, was
obtained from a solution that was acidified by dilute

Table 2 Doses of applied C, N, P, and K (in kg ha™' year™') and
the C/N ratio of sewage sludge

Fertilizer C N P K C/N
S120 879 120 820 15.6 7.32:1
5240 1758 240 164.0 31.2

5120 sewage sludge (120 kg N ha™"); 5240 sewage sludge (240 kg N ha™")
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H,SO, to a pH of 1.0-1.5 and left undisturbed for 24 h,
and C;;, was obtained by the dissolution of the previ-
ously formed precipitate in a hot 0.05 mol L™ NaOH
solution. Before iodometric titration, the dry matter
formed by the vaporisation of each sample was dis-
solved in a mixture of 0.067 mol L™! K,Cr,O, and con-
centrated H,SO, under an elevated temperature.

For the dissolved organic carbon (Cpc), the extrac-
tion agent 0.01 mol L™! CaCl, was used (1:10, w/v) [32].
Analysis was performed on fresh soil samples (<5 mm).

Hot water extraction was used to assess mineraliza-
ble soil organic carbon (Cyy). Air dried (<2 mm) soil
samples were extracted with water (1:5, w/v). The sus-
pension was boiled for 1 h [33]. The contents of Cyyg
and Cp were determined by segmental flow analysis
using infrared detection on a SKALAR SANP" SYS-
TEM (Skalar, Netherlands).

The potential wettability index (PW1I) was determined
directly in the soil samples using diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS).
DRIFTS spectra were recorded by an infrared spec-
trometer (Nicolet IS10, Waltham, USA). The bands
of the alkyl C-H groups—A (2948-2920 cm™' and
2864-2849 cm™!) were assumed to indicate the hydro-
phobicity, and bands of the C=0O groups—B (1710 and
1640-1600 cm™?) indicated hydrophilicity [28].

PWI = A/B )

Aggregate stability (WSA) was evaluated using the
WSA index and was measured using the procedure
reported by Nimmo and Perkins [34]. Four grams of
air-dried soil aggregates (diameter of 2-5 mm) were
sieved for 3 min in distilled water (0.25-mm sieve)
with a frequency of 35 cycles per minute and a vertical
amplitude of 1.3 cm. The aggregates that remained on
the sieve were then sieved (same frequency and ampli-
tude) in a sodium hexametaphosphate solution (2 g
L™') until only the sand particles that remained on the
sieve. The aggregates that dissolved by wetting in water
or hexametaphosphate solution were subsequently
dried at 105 °C and weighed. The WSA index was cal-
culated as follows:

WSA = Wds/(Wds + Wdw) )

where Wds is the weight of aggregates dispersed in a
sodium hexametaphosphate solution, and Wdw is the
weight of aggregates dispersed in distilled water. An
increase in the WSA value indicates an increase in soil
aggregate stability.

Easily extractable glomalin (EEG) and total glo-
malin (TG) analysis were performed according to
Wright and Upadhyaya [10]. Briefly, to the 1.00 g
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of air dried soil (<2 mm) was added 8 mL of sodium
citrate (20 mmol. L™! of pH 7.0—EEG, 50 mmol L™}
pf pH 8.0—TG), followed by autoclaving at 121 °C
(30 min—EEG, 60 min—TQ@), cooling and centrifuga-
tion at 5000 rpm (10 min—EEG, 15 min—TG). For
TG, the centrifugation of the supernatant of the same
sample was repeated 5 times until the supernatant no
longer showed the red—brown colour that is typical of
glomalin. Both forms of glomalin were determined col-
orimetrically using bovine albumin (BSA) as a standard
for quantification and the Bradford protein assay (both
from Bio-Rad, California, USA) to achieve the colour
change.

Carbon sequestration efficiency (CSE) was calculated
according to the following formula:

CSE (%) = ((Css—Cs)/Csa) * 100 (3)

where Cg, is the amount of C in the topsoil of the sewage
sludge treatments, Cg is the amount of C in the topsoil of
the control and Cg, is the total amount (for 28 years) of C
applied with sewage sludge (all in kg ha™!).

Statistical analysis

The results were evaluated using ANOVA statistical
analysis with Tukey’s test using the Statistica program
(TIBCO, Paolo Alto, California, USA). Principal compo-
nent analysis (PCA) was performed to evaluate the rela-
tionships between the content of glomalin (EEG, TG) and
the qualitative parameters of SOM using XLSTAT (Add-
insoft, New York, USA). The variables were subjected to
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PCA, and eigenvalues> 1, variance (%) and cumulative
(%) criteria were used to define the association among
variables.

Results

Yield of maize biomass

The silage maize biomass yields for the period 1997-2020
are presented in Fig. 1. The experiments were initiated in
1993, and the fields have been fertilized regularly since.
Biomass yields have been monitored accurately since
1997. The average yield in the Con treatment was 9.76 t
DM ha~’. The nutrients in the soil at this site could not
be fully utilized due to a lack of precipitation. The efficacy
of nitrogen fertilization (N120 and N240) was higher
than the efficacy of sewage sludge fertilization. The key
reason for this difference is that the sewage sludge was
applied only once every 3 years, which reduced total
nitrogen utilization from sludge.

The dry matter silage maize yields are presented in
Fig. 2. Only the average values from 3-year intervals are
presented to make orientation easier. The year-to-year
variation in the yields at this site was consistently linked
mainly to the lack of rainfall during the growing season.
Nevertheless, there was a certain decreasing tendency in
the yields, especially since 2015.

Approximate C balance

The nitrogen dose and organic matter content in sew-
age sludge were reflected in the soil organic carbon
content (Cgpyy) (Table 3). The Cqny, content was 1.88%

135 Dry matter: Con = 100% = 9.76 t ha!
b
130 b 131 b
128
125
120 ab
X
119

115

110

105

a
100
Con N120 N240 S120 $240

Fig. 1 Relative average silage DM yields (1997-2020). Different letters describe statistically significant differences between treatments. Tukey’s HSD
test (p<0.05). Con Unfertilized control; N720 Mineral fertilization (120 kg N ha™"); N240 Mineral fertilization (240 kg N ha™"); $720 Sewage sludge
(120 kg N ha™"); S240 Sewage sludge (240 kg N ha.™")
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Fig. 2 Trends in maize monoculture silage dry mass yields during the experiment. The red trend line is an average of all treatments. The horizontal
axis represents 3-year periods starting with 1997-1999 (1) and ending with 2018-2020 (8). Con Unfertilized control; N120 Mineral fertilization
(120 kg N ha™"); N240 Mineral fertilization (240 kg N ha™"); $720 Sewage sludge (120 kg N ha™"); 5240 Sewage sludge (240 kg N ha™") *only the
unfertilized control treatment showed significantly low yields (Tukey HSD test; p <0.05) during all periods, and differences among the fertilization
treatments were not significant

Table 3 Qualitative and quantitative soil organic matter (SOM)

Pa rameters

Parameter Con N120 N240 S120 S240
Comen 162° 161° 161° 175° 184
Cape (Mg kg™ 1969 165% 148° 1726¢ 189°
Cooc (Mg kg™ 26.4° 21.1° 154° 224P 29.7¢
Ciyp (%) 0244 0162° 0185 0182 0222
Cen (%) 0182° 0173 0195 0165  0.189°
Cyys (%) 0487°  0486°  0529°  0450°  0544°
Canra 13525 0950°  0948° 11022 1.215%
N, (%) 0144 0138 0148 0155  0.162°
CoomNy 11.2° 116° 109° 11.3? 114
PWI 0029°  0021%  0020° 0021  0023%
WSA 0509°  0397°  0387°  0426®  0418%
EEG (mgkg™)  983%® 9522 999°° 971°b 1052°
TG (mg kg™ 2091°  2027° 2013° 2126° 21452

Different superscript letters describe statistically significant differences between
treatments. Tukey HSD test; p < 0.05

Con Unfertilized control; N720 Mineral fertilization (120 kg N ha~"); N240 Mineral
fertilization (240 kg N ha™"); $720 Sewage sludge (120 kg N ha™"); 5240 Sewage
sludge (240 kg N ha™"). Csqy, Soil organic matter carbon; Cye Mineralizable soil
organic carbon; Cp¢ Dissolved organic carbon; Cy,, Carbon of humic acids; Cg,
Carbon of fulvic acids; C,;s Carbon of humic substances; Cy;,/r4 Carbon in humic
and fulvic acid ratio; N, Total nitrogen content; Cs,,/N, Soil organic matter
carbon/total nitrogen ratio; PWI Potential wettability index; WSA Aggregate
stability index; EEG Easily extractable glomalin; TG Total glomalin

at the beginning of the trial in 1993, and after 28 years,
the content changed to 1.62% in the Con treatment—a

reduction of 0.26%. Relatively speaking, the decrease was
13.8%. This means that there was a loss of carbon from
the soil. The loss of carbon amounted to 11310 kg C ha™*
in the topsoil (0-30 cm). On average, the carbon loss in
the Con treatment was 404 kg C ha™! year . A similar
decrease was observed in the N120 and N240 treatments.
The Cgny; content in the S120 treatment was 1.75% in
2020. This is a decrease of 0.13% in comparison with
1993. The difference between the organic carbon content
(2020 minus 1993) for the S120 treatment represented
losses of 5655 kg C ha™'. To the total balance, we added
the carbon applied with sewage sludge, i.e., 24612 kg C
ha™! 28 years™. The carbon losses from soil combined
with sewage sludge were, therefore, 30267 kg C ha™!
28 years ™', Using the same calculation principle for the
S240 treatment, the total carbon loss was 50964 kg C
ha=! 28 years™.

Soil organic matter quality parameters

Although there were no significant differences, the S120
and S240 treatments showed an increasing tendency in
the Cgyn) content related to Con. This trend was more
evident in S240. The total nitrogen (N,) content was
not significantly influenced by fertilization, despite the
increasing tendency for S240 (Table 3).

Intensive mineral nitrogen fertilization (N240)
increased the mineralization rate of stable organic mat-
ter, which in turn caused a substantial decreasing ten-
dency in the C¢q)/N; ratio (Table 3). Soil organic matter
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quality was also monitored by hot water extraction and
0.01 mol L™! CaCl, extraction (Table 3). The lowest val-
ues were consistently present in the N240 treatments.
In the previous time period, easily degradable carbon
fractions were mineralized in the N240 treatment. The
lowest content of extractable carbon was observed dur-
ing the most recent soil analysis (from 2020). Significant
increases in the Cyyr and Cp contents were recorded
in the S240 treatment, although the last sludge applica-
tion occurred in the autumn of 2017, 3 years prior to this
analysis. The Cyy and Cp contents in the S240 treat-
ment were comparable to those in the Con treatment,
which demonstrated the relative stability of SOM in the
Con treatment. The highest humic and fulvic acid ratios
were found in the Con treatment, which was even higher
than that in S240 (Table 3). None of the observed treat-
ments produced significant differences in either humic
substances content (Cy) or fulvic acid content (Cp,).

The SOM quality was further monitored using the
DRIFTS method. The potential wettability index (PWTI)
determines the hydrophobic and hydrophilic group
ratio (Table 3). Significant differences were discovered
between the Con (highest value) and N240 (lowest value)
treatments. To express soil aggregate stability, the WSA
index was used. The N120 and N240 treatments showed
the lowest stability, with values significantly lower than
those of the other treatments. This WSA method con-
firmed the results from the Cyyp and Cpoe extraction
methods—intensive nitrogen fertilization degrades stable
organic matter and, in turn, degrades soil structure. In
contrast, the Con treatment had the highest soil aggre-
gate stability, with values surpassing that of sludge appli-
cation in the S240 treatment.

One of the goals of our experiment was to evaluate
how all the changes influenced the glomalin (EEG and
TG) content (Table 3). A significant increase in EEG
content was observed only in the 5240 treatment. The
treatments produced no significant differences in terms
of TG content. The relationships between glomalin

Table 4 Relationship between glomalin  and other soil
parameters

cSOM Nt cFA
EEG 0.791° 0773° 0458
TG 0818° 0.732° 0357
Csom - 0.909° 0.391

Pearson'’s correlation coefficient. Correlations with other parameters (Cso/Ny;
PWI; Cwes Cooci Cras Chasras WSA) were not significant

Csom Soil organic matter carbon, N, Total nitrogen content, Cy, Carbon of fulvic
acids, EEG Easily extractable glomalin, TG Total glomalin

p<0.05;
p<0.001
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content and other parameters related to SOM quality
are presented in Table 4. Glomalin content was signifi-
cantly related only to C¢ny,; and N, content. The corre-
lations between Cyn); and other parameters (Cgnp/Nys
PWIL Ciwe Coocs Chas Chaeas WSA) were not signifi-
cant (Table 4).

Principal component analysis (PCA) was applied to
the variables mentioned in Table 5. The variable associ-
ations and number of significant components were sys-
tematically selected based on three basic criteria, i.e.,
eigenvalues > 1.1, loading factors > 0.59 and percentage
of variability > 8%.

The biplot position of the components in Fig. 3
explained 78% of the cumulative variance, where the
first factor described 52% and the second described
26%. PC1, which explained 52% of the total cumula-
tive variance, and 6.7 of the eigenvalue were highly
dominated by positively and strongly associated vari-
ables, such as TG, Csony PWI, Chwr Cpoc, Crasras
WSA and Cy;,. Approximately 30-32% of the variable
associations in PC1 was contributed by the $240 and
N120 treatments. The second PC2 explained approxi-
mately 26% of the total cumulative variance and 3.4
of the eigenvalue and was dominated by the positively
and strongly associated variables EE, Cy;g and Cp,, and
these variables were positively influenced by the S,,,
treatment, whereas the third PC accounted for 14% of
the total cumulative variance and 1.8 of the eigenvalue
and was dominated by the weakly associated variables
Csom/N; and N,. PC4 also explained 8% of the total
cumulative variance and 1.1 of the eigenvalue, and no
variables dominated this component.

Table 5 Principal components (PCs) or factors and their loading
factor values, eigenvalues, and variabilities (%)

Parameters PC1 PC2 PC3 PC4
EE 0.55 0.82 0.17 0.00
TG 0.82 —0.29 048 —0.06
Csom 0.86 0.07 040 — 031
Coomnt —0.03 —059 0.60 0.54
N, 0.59 0.34 0.59 —043
PWI 0.90 —031 —0.25 0.17
Chwe 0.90 —0.31 —025 0.17
Cooc 0.94 —0.18 0.18 0.22
Cis 0.36 0.83 0.14 041
Cea 0.04 097 —0.09 0.23
Ciia 0.78 042 — 045 0.08
Chnsin 0.90 —0.31 —025 0.17
WSA 0.78 —-0.19 — 045 — 040
Eigenvalue 6.7 34 1.8 1.1
Variability (%) 52 26 14 8




Balik et al. Chem. Biol. Technol. Agric. (2022) 9:86 Page 8 of 11
s PC1 vs PC2: (78%)
4 I Cra
3 .
N240
_ 2
N
)
Q1
~
@)
~ 0
-1
-2 N120 CsomN¢
-3
-4 -3 -2 -1 0 1 2 3 4

* Active variables o Active observations

and observations, respectively

PC1 (52%)

Fig. 3 Biplot position of variables determined by the first two principal components (PC1 vs. PC2). The red and blue dots represent active variables

Discussion

The benefits of silage maize monoculture experiments
belong to a small set of variable factors that could influ-
ence changes in the quality and quantity of soil organic
matter. It is generally accepted that maize belongs to a
group of crops that is substantially dependent on arbus-
cular mycorrhizae and, at the same time, promotes their
development [35]. Another variable was the difference in
the quality of the applied fertilizers (mineral N/organic).
Sewage sludge was included as a treatment, because its
production is consistently increasing with the increasing
world population, and 37% is currently being utilized on
farming lands in EU countries [36].

Aboveground biomass vyields are closely correlated
with the quantity of roots and stubble, which influ-
ences the soil organic matter content. The number of
roots in the topsoil was not monitored in the current
experiment. However, in our previous study on a luvi-
sol [37], the yearly production of root biomass carbon
was 394 kg ha~!, while the fertilized treatments had
1.9 x more, approximately 749 kg ha~!. The carbon con-
tent in stubble was 208 kg C ha™! year™! in the control
treatment and 1.5 x higher in the fertilized treatment
(312 kg C ha™! year™!). The content in stubble+ root
biomass was 1061 kg C ha™! (312+749). If we base
the following calculation on results from this study,
we can assume the chernozem reached approximately
10% higher values. In the fertilized treatments, stub-
ble + root biomass (topsoil only) supplied 1100-1200 kg

C ha! year . The quantity of organic matter supplied
to the soil by sewage sludge in the S120 and S240 treat-
ments was 879 and 1758 kg C ha™! year™?, respectively
(Table 2). The annual addition of C was lower than that
with stubble 4+ root biomass in the S120 treatment. This
may be the reason for the lack of a significant increase in
Csom content in the S treatments in comparison with the
Con treatments. The other reason is the fact that organic
matter quality in sewage sludge is not high in comparison
with farmyard manure, and it does not contribute much
to the SOM content. The relatively low C/N ratio (7.32:1)
could also promote fast mineralization of the organic
matter in sewage sludge. The carbon sequestration effi-
ciency from both sewage sludge treatments was calcu-
lated to estimate their effect on carbon accumulation.
The S240 treatment showed lower CSE (19.0%) than S120
(22.5%). The mentioned balances and data on CSE clearly
show that the organic matter present in sewage sludge is
not stable. Intensive nitrogen fertilization (N240) caused
an increase in aboveground biomass, which caused an
increase in root biomass. Root biomass has a lower C/N
ratio than Con and is mineralized faster [37]. In addition,
the mineralization rate of soil organic matter is greater
due to the “priming effect”.

The fulvic acid content was influenced by neither the
intensity nor the dose of fertilizer. The humic acid con-
tent was highest in the Con treatment. The humic/fulvic
acid ratio is an important parameter for the determina-
tion of soil organic matter quality [1]. The highest quality
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in terms of the Cy; g5 ratio was present in the Con treat-
ment. The changes in soil organic matter quality (in
terms of Cyy,, Cpp, Chygy and Cyyp pa) Were determined to
be relatively small.

In our previous work, in which we used the same lev-
els of fertilization on a luvisol, much larger differences in
the Cgop; qualitative parameters were observed among
treatments [27], which was caused by significantly lower
organic matter content and quality (for example, in the
control treatment: Cgqyy—0.98%; Cy,—0.078%; Cyyy,
ea—0.565; Coo\i/Ni—10.2). For comparison, the follow-
ing values were measured for the current work on the
chernozem: Cgqp—1.62%; Cyy—0.244%; Cyyppa—1.352;
Csom/Ni—11.2. This is the most likely reason for their
nonsignificant relationships with glomalin (both EEG and
TG) content in this experiment. Another factor could be
the stability of glomalin in soils; it can persist for up to
several decades [9], and therefore, the influence of even
long-term fertilization can appear very slowly.

A significant increase in EEG content was observed in
the S240 treatment after the application of an extremely
high dose of sewage sludge. Sandeep et al. [24] and Balik
et al. [22] published similar results resulting from sewage
sludge application.

The significant increase in EEG content in the S240
treatment was probably caused by increased root bio-
mass and, therefore, increased glomalin production. Sew-
age sludge could not be confirmed to be a direct source of
glomalin. The method used by Wright and Uppadhyaya
[10] was designed to extract glomalin from soil and not
from organic fertilizers. The presence of arbuscular myc-
orrhizae and glomalin was not expected in the sewage
sludge, because it was obtained directly from the pro-
ducer without intermediate storage.

Cross-reactivity of the Bradford assay with humic acids,
polyphenolic compounds, sugars, and lipids can inter-
fere with GRSP determination [39]. The aforementioned
organic compounds can lead to misestimations of GRSP
contents [21]. In particular, the treatments fertilized
with sewage sludge probably increased the production of
organic molecules in the soil (lipids, carbohydrates and
others), which may have led to interferences during glo-
malin analysis.

In our experiments, mineral nitrogen fertilization did
not influence glomalin content, contrary to the conclu-
sions of other studies that reported a positive influence of
N fertilization on glomalin content [22, 39]. A probable
reason is that intensive mineral N fertilization leads to
the degradation of stable organic matter and lowers the
stability of soil aggregates. This results in soil structure
deterioration, which could later decrease the abundance
of arbuscular mycorrhizae and subsequently glomalin
production.
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Increased degradation of SOM was present during
the experiment due to intensive mineral nitrogen ferti-
lization (N120, S120). This is why the N240 treatments
produced the lowest contents of Cyyr and Cpne. This
fact was not reflected in the EEG and TG contents and
their correlation with Cpyywe and Cpne. These results
indirectly confirmed that glomalin is relatively stable
during mineralization. Glomalin persists for longer
periods of time than the original organic matter present
in bulk soil [40].

In this study, only a significantly positive correlation
of glomalin with the C¢); and N, parameters was con-
firmed. Relationships between glomalin content and
other soil organic matter quality parameters (Cy,, Cyy,
ra PWI) were not found, in contrast to our previous
study with a luvisol [27]. A difference between the sen-
sitivity of both the EEG and TG methods in relation to
Csom content and other qualitative parameters of SOM
was not found. Therefore, the higher usability of the EEG
method was supported by its ease of implementation, as
mentioned in the introduction section.

The presented results seem to suggest that soil glomalin
content determination can be used to estimate the quality
of soil organic matter, but with limited indicative value,
especially for soils with naturally high fertility within a
relatively short time horizon (for example, 10 years). This
method is sensitive for estimating site characteristics.
The influence of soil type can be demonstrated by com-
paring the glomalin content of the chernozem and luvi-
sol: the EEG content in the Con treatment in this work
(chernozem) was 983 mg kg~!, while the content of EEG
in the Con treatment of the luvisol was 578 mg kg~'. Fur-
thermore, the EEG/TG ratio was 0.47 in the chernozem,
while in our previous study with a luvisol, it was only 0.29
[27].

The potential wettability index (PWI), which includes
the ratio of aliphatic (C—H) and carboxyl (C-O) bonds,
can be used to describe soil organic matter quality [29].
The Con treatment showed the highest PWT values; this
was in accordance with the fact that this treatment also
showed the highest Cy;, 5 ratio, which represented the
highest SOM quality. The higher PWI values in the Con
treatment also indicated higher stability of the soil aggre-
gates. Statistically, the lowest values of PWI were present
in N240, which also corresponded with the lowest soil
aggregate stability (WSA). The S240 treatment showed
a slight increase in the PWI value. Adani and Tambone
[41] also reported a higher content of the aliphatic car-
bon fractions in humic acids, even with a lower sewage
sludge dose of 1 t ha™! year™* over a duration of 10 years.
The correlations between EEG and PWI as well as the
correlations between Cgn,; and PWI presented in our
earlier study [27] were not confirmed in this study.
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The Con treatment showed the highest soil aggre-
gate stability. The sewage sludge treatments led to an
increasing trend in stability as well, which was also
confirmed in several other studies [42]. The values of
PWI and WSA in our experiment showed a nonsig-
nificant correlation with the Cgg,, content. This might
be caused by the aforementioned fact that the current
experiment was conducted on a fertile chernozem.

Conclusions

In general, the highest quality of SOM was found in the
unfertilized control treatment. However, this treatment
showed significantly lower yields. Because of this, other
fertilizing strategies should be tested to obtain higher
yields together with higher SOM sustainability.

The data on glomalin content can be used to study
soil organic matter quality. EEG extraction is more
advantageous than TG extraction, because the pro-
cedure and data evaluation are easier and it has lower
costs, requires less time and consumes fewer chemicals
relative to TG analysis.

The results suggest that with increasing SOM quan-
tity, there was a decrease in sensitivity for all the meth-
ods used for SOM quality determination. Nonetheless,
further studies focused on different crops, soil and cli-
mate conditions are necessary to prove this.
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