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Abstract

In comparison to mineral commercial phosphorus fertilizers, struvite is considered to be a promising P fertilizer,
which — in the face of dwindling phosphate resources — may replace phosphate fertilisers in the future.
The fertilising value of struvite arises from its significant phosphorus content as well as magnesium and nitro-
gen content, enhanced by the slow release of the components. The purpose of this study was to explore the
response of the soybean cultivar Abaca to struvite fertilization in terms of the plant’s yield and chlorophyll
content as well as changes in the soil’s microbiological life. A pot experiment was set up at the Pawlowice
Research and Education Station, on soil low in phosphorus, and with two variable factors: different application
methods of phosphorus fertilizer (band and broadcast), and two phosphorus fertilisers (superphosphate and
struvite). The method of phosphorus application had a significant effect on the plant’s biometric traits, chloro-
phyll a content and the microbial activity of soil. Struvite fertilization caused significant changes in the chlorophyll
and carotenoid content. Significantly higher content of chlorophyll a and carotenoids as well as a higher total
chlorophyll content were noted under struvite fertilization. Fertilizer application techniques caused a significant
effect on the chlorophyll a content. Both the application methods and the type of phosphorus fertilizer had
a significant effect on microbiological activity at the two measurement dates. Total glomalins content was sig-
nificantly higher only in the case of band application of phosphate fertilizers at the end of the experiment, and
the dehydrogenase activity was significantly increased at the flowering time of soybean following the use of this
fertilizer application method. Despite the lack of significant differences in the studied elements of yield struc-
ture, their values in many cases were comparable and even slightly higher; hence, a fertilizer that aligns with
the assumptions of the circular economy is worth attention and further studies under field conditions. However,
long-term studies are needed to test the cultivation of plants under field conditions and their reaction to struvite
as well as the effect on the content of phosphatases, which stimulate the conversion of organic phosphorus com-
pounds into inorganic phosphates, directly available to plants and soil organisms.
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INTRODUCTION

Adequate phosphorus fertilization is essential for efficient crop produc-
tion in order to achieve optimal yields, and for the initiation of nodulation
in legumes. Phosphorus deficiency will have a key impact on agricultural
productivity in the coming years (Cordell, White 2011). Commercial mineral
phosphate fertilizers are produced from limited resources of phosphate rock,
which are being depleted by intensive exploitation stimulated by demographic
and economic factors (Cordell et al. 2009, Antonkiewicz, Labetowicz 2016,
Withers et al. 2020). It is predicted that the natural source of phosphorus
will be depleted by 2033 due to, among other things, the population growth
causing an increase in food demand (Cordell et al. 2009, Withers et al. 2020).
The predicted phosphorus supply constraints and the human population
growth implicate the need to explore sustainable sources of phosphorus
S0 as to maintain agricultural productivity (Desmidt et al. 2015). Additional-
ly, phosphorus resources are mined in only a few locations across the world:
Morocco, Iraq, China, Algeria, and Syria (Roy 2017). Taking into account
environmental, social and economic factors, attention should be drawn
to finding alternative sources of phosphorus in a circular reuse system
(Kasprzyk, Gajewska 2019).

Produced from sewage sludge, struvite is an example of a source of phos-
phorus in agriculture whose use will close the phosphorus cycle. Struvite
is regarded as an alternative source of phosphorus, nitrogen, and magnesium
in the agricultural sector (Gilbert 2009). Struvite effectiveness has been
studied in the cultivation of many plants, i.e. barley (Muys et al. 2021),
perennial ryegrass (Cabeza et al. 2011), maize, Lolium multiflorum, and
lettuce (Plaza et al. 2007, Talboys et al. 2016). Due to its high phosphorus
content (similar to conventional phosphorus fertilizers), it can be an effective
fertilizer, especially when applied to acidic soils (Szymanska et al. 2019,
2020, Muys et al. 2021,). Based on previous studies, struvite from sewage
sludge seems to be as effective as superphosphate in promoting dry matter
production and P uptake by plants (Stark et al. 2006; Uysal et al. 2010).
The value of struvite as a fertilizer has recently been recognized, and it is
now receiving increasing attention among scholars, but still needs further
research (Huygens, Saveyn 2018, Muys et al. 2021, O’'Donnell et al. 2022).

Soybean (Glycine max (L) Merr.) is one of the most important legumes
grown worldwide. The area under soybean cultivation in Poland in 2023
amounted to 44 621 ha (ARiIMR 2023). It is an economically important
legume that can be used in the feed industry, for livestock production, and
in human nutrition. Its high nutritional value results from its unique amino
acid composition, high digestibility due to its low fiber content, and high pro-
tein and fat content (an average of 40% protein and ca 20% fat in the dry
weight of the seeds). The level of available phosphorus (P) critical for soy-
bean production is 10-15 mg kg soil (Aune, Lal 1997). Low soil phosphorus
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content is a major limiting factor for soybean growth and yield, which are
also dependent on atmospheric nitrogen (Xue et al. 2014). Phosphorus defi-
ciency in plants, including soybean, disrupts chlorophyll production, causing
leaf chlorosis (Khan et al. 2023). Prolonged P deficiency can additionally
cause anthocyanin accumulation, consequently leading to purple discolora-
tion on the leaf surface (Rech et al. 2019).

The method of phosphorus application also has a significant impact on
the yield, quality, and economic viability of a crop. P banding mainly results
in phosphorus availability for plants (via early root growth) in a limited
zone. Additionally, P diffusion to the root when fertilized with a band tech-
nique is high because of the large concentration gradient of phosphorus,
which is low in broadcast (traditional) fertilization (Ticconi, Abel 2004).
In soils with optimal or high phosphorus content, band fertilization is less
favorable, and surface fertilization is usually better (Ticconi and Abel 2004).

Hu et al. (2019) suggested that proper application of mineral and organic
nutrients, especially those containing phosphorus, has a positive effect on
different soil parameters, including enzyme activity. The level of enzymatic
activity in soil is a sensitive indicator of their fertility and fecundity, and
provides information on ecological changes in the soil environment (Viégas
et al. 2018). One of the bioindicator is the activity of dehydrogenase (DHA),
the most relevant and sensitive soil enzyme relating to soil fertility and qual-
ity (Natywa, Ambrozy 2010). The second one is glomalin, an extracellular
protein produced by arbuscular mycorrhizal fungi (AMF), playing an import-
ant role in the formation and stabilization of soil aggregates. It was discov-
ered in the 1990s by Wright and Upadhaya (1996). In recent years, studies
involving determinations of the concentration of gomalins in soil activity
have become increasingly common. The evaluation of the glomalin content as
an indicator of changes in soil fertility quality is substantiated by its positive
correlation with changes in the carbon content of soil organic matter (CSOM)
— Wolinska (2008). It is also one of the possible indicators of soil condition
and AMF activity (Ksiezak et al. 2018). However, the method of their
extraction by autoclaving in sodium citrate buffer means they are glomalin-
-related soil proteins (GRSP) rather than pure proteins produced by mycor-
rhizal fungi. This is why the term “glomalin” is used for the purified protein
gene product.

Research into P fertilization in plant production and its effect on the
growth, development, photosynthesis, nitrogen fixation, and yield of soybean
has been widely conducted. However, there have been few studies into the
effect of struvite from sewage sludge on soybean. The working hypothesis
was that the application of struvite would increase soybean seed yield
and influence a change in the leaf chlorophyll content. The purpose of a pot and
laboratory study was to determine the response of soybean (Abaca variety)
to phosphorus fertilization and its effects on biometric traits, yield, microbial
changes and chlorophyll content, and to assess the possibility of replacing
superphosphate with struvite.
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MATERIALS AND METHODS

Plant material

Seeds of Abaca soybean were sown into each pot on 14 May 2022. Abaca
belongs to the “000” earliness group with resilient early vigor. It is characteri-
zed by high yield potential with high stability in subsequent crop years.
Seeds were inoculated according to the Fix Fertig technology, which involves
factory-coating seeds with dormant bacteria. The seeds were coated with
Bradyrhizobium japonicum bacteria.

Soil

The soil used in the experiment was alluvial soil, very light, on loose
sand and sandy gravel (V grade) (soil classification used in Poland) (Kabata
et al. 2019). The soil originated from the Experimental Station of Wroclaw
University of Environmental and Life Sciences (Pawlowice) (geographical
location 17°7" E and 51°08 N) in the Lower Silesian Voivodship, Wroctaw,
Poland), and the following chemical parameters were determined by the
Egner-Riehm method: P — 7.3 mg kg! of d.m., K — 22 mg kg! of d.m.,
Mg — 3.8 mg kg! of d.m. (K — high, P — low , Mg — low content), pH — 5.65-5.92
(slightly acidic), low conductivity — 33.18-136.01. Soil pH was measured with
a glass pH electrode (1:5 soil:deionized water, measurements after 30 min),
and conductivity was assessed using a conductivity meter (the conductivity

method).

Experimental design

In 2022, a pot experiment was established at the Experimental Station
(Pawlowice) of the Wroclaw University of Life Sciences, Wroclaw, Poland,
using soybean (Glycine max (L.) Merr.) as an experimental plant. It was
a two-factor experiment. The first factor was the different ways of applying
phosphorus fertilizer: band Al, and broadcast A2. Broadcast fertilization
consisted of random placement of fertilizers on the surface of the soil
in a pot, while band application was carried out by placing fertilizer granules
at a depth of about 5 cm below the sown soybean seed. The second factor was
the type of fertilizer. Two phosphorus fertilizers were used: traditional triple
superphosphate (SUP, B2), commonly used in soybean cultivation, and stru-
vite (STR, B3), Crystal Green (Ostara, Canada) produced from sewage
sludge. The experiment examined the effect of the fertilizer produced from
sewage sludge, Crystal Green (produced by Ostara Nutrient Technologies),
in comparison to a traditional fertilizer, such as triple superphosphate
(Ostara, 2022). Struvite also contains N (2%), P (24%), and Mg (10%), and
is characterized by a low content of heavy metals compared to triple super-
phosphate, which contains 40% P,O,. This fertilizer was in the form of gran-
ules with a ca 1-2 mm diameter. The experiment was conducted in six repli-
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cations. The total number of pots was 36 (six combinations). The pots, with
a diameter of 20 cm, were filled with soil and fertilizers. Fertilizer doses
in the experiment were based on the optimum amounts for growing soybeans
under field conditions, i.e. 70 kg ha' P,O,, 120 kg ha' K,O, and a starting
nitrogen dose of 30 kg ha! N. Only nitrogen and potassium were applied

at that time. The following fertilizer doses per pot (converted) were applied:

struvite — 0.76 g, superphosphate — 0.54 g, ammonium nitrate — 0.27 g, potas-
sium salt — 1.25 g.

The control samples (B1) contained only ammonium nitrate (N) and
potassium salt (P) without STR and SUP. Four Abaca soybean seeds were
sown into each pot on 14 May 2022. During the growing season, observations
were made for the presence of pests, diseases or weeds, and for the determi-
nation of developmental stages. The soybean was regularly watered.

Biometric measurements of soybean

Harvesting was carried out at full maturity (BBCH 99) on 15 September
2022. At full maturity, four plants were taken from each pot for biometric
measurements and determination of yield. Each variant was repeated six
times (one pot = one repetition), and four plants were taken for biometric
measurements.

Seed yield was converted per hectare at 15% moisture content. The fol-
lowing traits were determined: the height of plant (cm), height of the 1% pod
(cm), number of branches (pcs), stem weight after harvest (g), root weight
after harvest (g), number of pods per plant (pcs), the weight of pods per plant
(pcs), and number of seeds per plant (pcs). Leaves were sampled after soy-
bean flowering to determine their chlorophyll content.

Chlorophyll content

A 0.4 g leaf sample was crushed using a clean pestle and mortar. 20 ml
of 80% acetone and 0.5 g of powdered MgCO, were added to the homogenized
leaf material. The contents were mixed, then shaken for three minutes,
and automatically extracted with a pump. The supernatant was transferred
to a 100 mL volumetric flask, and the volume was replenished by adding
80% acetone. The color absorbance of the solution was evaluated with a spec-
trophotometer at 645 and 663 nm.

Formula:
Chla=11.75 x A662.6 — 2.35 X A645.6

Chl b =18.61 x A645.6 — 3.96 x A662.6
carotenoids = (1000 x A470) — (3.27 x Chl a) — (104 x Chl b)/229
(Lichtenthaler 1987), where: Chl a and Chl b — chlorophyll a and chlorophyll b,
A — absorbance. Chlorophyll content was given as mg of chlorophyll 100 g!

fresh weight, and total chlorophyll was calculated as the sum of chlorophyll
a and chlorophyll b, while carotenoids were given in pg 100 g*fm.
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Dehydrogenase activity and total glomalin-related soil protein
content

Soil samples for analysis were taken from randomly selected places from
a pot at the time of soybean flowering (BBCH 60-69). 5 g of soil was weighed
for dehydrogenase determination. Soil samples for microbiological analyses
were taken on 26 July 2022. Soil dry matter content was also determined.
Dehydrogenase activity (DHA) was analyzed according to PN-ISO 23753-1
(2008) — determination of dehydrogenase activity in soil using 2,3,5-triphenyl-
tetrazolium hydrochloride (TTC). The TTC solution was added to the soil
sample, and the mixture was incubated at 25°C for 16 h. The released triph-
enylformazane (TPF) was then extracted with acetone and determined pho-
tometrically at 485 nm.

Total glomalin-related soil proteins (total GRSP) from soil samples were
extracted according to the method described by Wright and Upadhyaya
(1999) with some modifications. The soil samples (10 g) were covered with
0.05M, pH 8.0 citrate buffers and autoclaved at 121°C for 60 min. Extraction
was repeated several times until the total washing out of the organic fraction
from the soil. After each autoclaving, the supernatant containing total GRSP
was poured off and centrifuged at 10,000 rpm for 10 min. The pellet of soil
sample was covered with a sterile buffer and autoclaved again. The extracts
collected after each heating and centrifugation were combined and stored at
4°C until analysis. Total GRSP content in supernatants was quantified with
the Bradford method using bovine serum albumin (Sigma-Aldrich, Inc., Saint
Louis, USA) as a standard. The analysis was carried out twice: during the
flowering of soybean (1) and at the end of the experiment (2).

Statistical analysis

The normality of the distribution of characteristics was tested using the
Shapiro-Wilk normality test. All results were subjected to one-way and two-
way statistical analyses (Anova/Manova) in Statistica software (Tibco 2017)
and later the Tukey’s test, with a significance level of ¢ = 0.05. The homoge-
neity of the groups was confirmed using a post hoc test (the Tukey’s test at
level ¢ = 0.05). Names of homogeneous groups were determined from the
smallest to the largest value. Standard error (SE) was also added to all mea-
sured values.

RESULTS AND DISCUSSION

Effect of fertilization and struvite placement on biometric traits
of soybeans

Phosphorus fertilizer placement significantly affected two biometric
parameters of soybean, i.e. 1st pod set height and stem weight after harvest
(Figure 1). Significantly higher pod height as well as stem weight were noted
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Fig 1. The effect of different phosphorus placement on height of the 1% pod and steam weight.
Red dots — average, error bars — standard errors

when phosphorus fertilizer was placed according to the band method.
The applied phosphorus fertilizers did not significantly affect any of the bio-
metric traits studied or the interactions between factors (Figures 2 and 3).
Soybean yield was not dependent on the examined traits (Figure 4). Among
the many factors that can contribute to soybean success, phosphorus has
a significant impact on growth and yield attributes.

Among the many factors that can contribute to the success of soybeans,
phosphorus has an important influence on growth and yield attributes. Phos-
phate fertilization caused an increase in seed yield of common beans (Zucareli
et al. 2006). Zabala et al. (2020) obtained not only an increased yield of soy-
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Fig 2. The effect of different phosphorus placement on plant height and root weight of soybean
after harvest. Red dots — average, error bars — standard errors

bean seeds but also improved biometric traits and soybean yield components
under phosphorus fertilization. Darwesh et al. (2013) also reported an increa-
sed yield of soybean seeds and a higher weight of 100 seeds under phospho-
rus fertilization. The average soybean seed yield obtained in an experiment
ranged from 87 kg ha' to 217 kg ha'!, as reported by Kamara et al. (2008).
However, there was no consistent response to P by the number of pods per
plant and seeds per pod. This was also observed in our study. In our research,
phosphorus fertilization had no significant impact on the mass of seed
or the number of pods per plant; however, a higher value was observed
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under struvite fertilization. The effect of phosphorus fertilization on yield
and biometric traits was also presented by Tarekegn (2017). A dose of phos-
phorus fertilizer at 46 kg ha! contributed not only to an increase in soybean
seed yield but also to a higher number of seeds per plant, number of pods
per plant, and weight of 100 seeds. These results contradicted those of our
study. Chiezey (2001) found that low soil phosphorus levels reduced soybean
yields, and the content of phosphorus in the soils in that experiment was
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from low to average (10,3 mg kg'd.m). The critical available phosphorus (P)
in soil for soybean production has been estimated at 10 to 15 mg kg? soil
(Aune and Lal 1997).

Hussain and Faridullah (2003) indicated that P is essential for healthy
plant growth. An optimal phosphorus level has an impact on root growth and
increases flowering and fruit preparation, which is reflected in increased
seed productivity, an effect, however, that was not seen in our study. In our
study, there was no significant impact of struvite fertilization on root system
mass; however, the values under fertilization with Crystal Green are higher
compared to control and superphosphate fertilization variants.

Effect of fertilization and struvite placement on chlorophyll content

The method of phosphorus fertilizer placement had a significant effect
only on chlorophyll a content. Significantly more chlorophyll a was found
when seeds were band placed. The source of phosphorus had a significant
effect on the content of chlorophyll a, total chlorophyll, and carotenoids.
The highest levels of these pigments were found when STR was applied.
The interaction between factors had no significant effect on the content
of chlorophylls and carotenoids (Table 1).

Table 1

Effect of fertilization and struvite placement on chlorophyll and carotenoid content

Chlorophyll and carotenoid content
Experiment
factor chlorophyll a chlorophyll b chlorophyll a+b carotenoids
(mg 100 g' fm) | (mg 100 g'fm) | (mg 100 g'f.m) (ug 100 g'fm)
Phosphorus placement (A)
Band 213.57b+11.86 76.69+4.03 290.27+15.02 593.11+26.33
Broadcast 176. 93a+11.86 67.86+4.03 244.79+15.02 565.28+26.33
P value *0.05 ns ns ns
Phosphorus fertilization (B)

Control 163.52a+13.07 64.62+4.68 228.15a+16.51 514.76a+25.31
SUP 198.55ab+13.07 72.16+4.68 270.71ab+16.51 | 585.12ab+25.31
STR 223.64b+13.07 80.06+4.68 303.74b+16.51 637.716+25.31

Pvalue **0.01 ns *0.05 **0.01

AxB ns ns ns ns

C — control, SUP — superphosphate, STR — struvite, ns — not significant. Means for factors
within a column marked with the same letter do not differ significantly at the level ¢ = 0.05.

Numerous studies have shown that the chlorophyll content in plants in-
creases owing to fertilization with macroelements, particularly nitrogen
(Fritshi, Ray 2007, Zhang et al. 2013, 2021). Based on Siedliska et al. (2021),
the results demonstrated that in sugar beet and strawberry plants, excee-
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ding the recommended dose of phosphorus in the nutrient solution resulted
in a decrease in the chlorophyll content for all measured chlorophyll types
(chlorophyll a, chlorophyll b, and total chlorophyll). A similar trend, but
a weaker one, was observed in celery plants. These differences are related
to different effects of phosphorus on chlorophyll activity in different species,
but this was confirmed by our results.

Deficient or excessive application of phosphorus can cause a decrease
in chlorophyll and carotenoid concentrations, which may be related to leaf
chlorosis. In our research, struvite caused an increase in chlorophyll a,
chlorophyll a+b, and carotenoid content, which could be related to the addi-
tional content of nitrogen and magnesium in STR. Chlorophyll content
depends on the amount of nitrogen fertilizer. Depending on the growth stage,
the chlorophyll content in leaves increases in those variants with nitrogen
fertilizer. The plant growth stage and feeding strategy have a significant
(p<0.05) effect on the chlorophyll content in plant leaves (Li et al. 2018).
Peyvast et al. (2008) show that chlorophyll levels in plants increase after
organic fertilizer application.

Correlations between examined traits

There is a positive correlation between the mass of the stem, the number
of branches, and vice versa, as well as the mass of the roots and the mass of
the stem (Figure 5).

A positive and statistically significant correlation was noted between the
mass of seeds and seed yields, the number of seeds, and the number of pods
per pot.
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Fig 5. Correlations between biometric traits
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In the case of the chlorophyll content, a positive correlation was noted
between chlorophyll a and other chlorophylls and carotenoids, chlorophyll b
and other chlorophylls and carotenoids, chlorophyll a+b and other chloro-
phylls and carotenoids, while carotenoids demonstrated a positive correlation
with all chlorophylls (Table 2). Magnesium uptake (with average value
10.66 kg ha') was not significantly positively correlated with chlorophyll
or carotenoid content (Table 3).

Table 2
Correlations between chlorophyll and carotenoid content
Trait Average Stzgc(l;rd Chlorophyll a | Chlorophyll b Chl(:‘_:—)ghyll Carotenoids
Chlorophyll a 195.3 39.3 1.00 0.76 0.97 0.76
Chlorophyll b 72.3 12.6 0.76 1.00 0.86 0.94
Chlorophyll a+b | 267.5 49.6 0.99 0.86 1.00 0.84
Carotenoids 579.2 78.0 0.76 0.95 0.84 1.00
Table 3
Dehydrogenase activity (DHA) and glomalin-related soil proteins (GRSP) content
Fertilizer application Groups (ug T]I)JIF_Lz'l h) Totilg(;_lR)SP
Control 4.75+0.1 a 1321.6+228.9 b
Band 1 SUP 8.41+0.3 b 1292.2+211.5 b
STR 7.96£0.1 b 1200.1£7.8 b
Control 10.3940.2 ¢ 1260.8+88.3 b
Broadcast 1 SUP 8.06+0.3 b 1284.4+126.7 b
STR 10.33£0.4 ¢ 1266.7+162.4 b
Control 5.79+0.1 a 1112.0+62.2 a
Band 2 SUP 5.57+0.1 a 1380.3+236.9 b
STR 5.61+0.1 a 1351.6+£7.8 b
Control 5.81+0.2 a 1262.84110.3 b
Broadcast 2 SUP 4.9910.0 @ 1414.3+306.7 b
STR 5.41+0.1 a 1325.5+445.2 b

Band — root fertilization, Broadcast — surface fertilization, control — soil with NK alone,
SUP — triple superphosphate, STR — struvite, Crystal Green®, DHA — dehydrogenase activity
expressed as the amount of pg triphenylformazan (TPF) released per hour per gram of soil,
GRSP — glomalin-related soil protein content per gram of air-dried soil; + — standard deviation;
1) — during the flowering of soybean; 2) — at the end of the experiment. Values are the means
of four replicates of each sample. Values followed by different letters in columns indicate signif-
icant differences according to Tukey’s test (p<0.05).

Effect of fertilization and struvite placement on dehydrogenase activity
and glomalin-related protein content
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The results for DHA and total GRSP content in fertilized samples are
presented in Table 3. Based on the data presented, it can be concluded that
the DHA values decreased depending on the date of soil sampling. Higher
values for these indicators were found during the flowering period (1). Triple
superphosphate and Struvite fertilizers significantly increased the activity
of DHA, by 77% and 68% compared to control, respectively, on the first sam-
pling date with band fertilization. In the case of broadcast fertilization, phos-
phorus fertilizers contributed to a decrease in DHA. On the second measure-
ment date (2), after the soybean harvest, DHA values decreased compared
to those obtained on the first date. Phosphorus fertilization lowered the con-
tent of this indicator compared to the control.

In the case of total GRSP, in the first analysis, carried out during
the flowering of soybean (Band 1 and Broadcast 1), their content was not
significantly (p>0.05) different from the corresponding controls. At the end
of the experiment (2), total GRSP content was significantly higher (p<0.05),
24% and 21% compared to control, in soils fertilized with triple superphos-
phate and struvite, respectively, applied in the band method (Band 2). In the
case of samples with surface (Broadcast 2) application, these values were
9.4% and 2.5% higher, respectively. However, the type of phosphate fertilizer
did not affect the total GRSP content.

According to Natywa et al. (2010), dehydrogenase activity is strictly depen-
dent on the season. High dehydrogenase activity during the summer may
be related to more intense root secretion by plants, and at this time, phos-
phorous band fertilization is an essential factor for production of more root
secretions. They are an excellent food source of nutrients for microorganisms,
especially those that live in the rhizosphere. These authors reported that
high doses of nitrogen fertilizer caused a decrease in dehydrogenase activity.
A similar effect was observed in a study on field wheat and corn soil per-
formed by Hu et al. (2014), when inorganic N fertilizer showed weaker ef-
fects on dehydrogenase activity than NP or organic manure treatment.

In our study, the type of phosphorous fertilizer had no significant effect
on dehydrogenase activity. Organic fertilization is believed to have a more
favorable effect on overall biological activity than mineral fertilization,
which, while improving the physical and chemical properties of soil, can
harm its enzymatic activity (Peywast et al. 2008). According to Sawicki et al.
(2020), dehydrogenase activity changes with increasing nitrogen doses, and
in sites with a 50 kg ha! dose of N, a significant increase in its activity has
been observed. According to Pettersson and Baath (2003), temperature is one
of the most crucial environmental factors affecting the community of soil
bacteria. Scherer et al. (2011) showed positive effects of manure on the abun-
dance of microorganisms, which is also observed under struvite fertilization.
In addition, the positive effect of mineral fertilizers and organic waste mate-
rials on the stimulation of enzymatic activity has been noted (Pettersson,
Baath 2003, Scherer et al. 2011). According to Sawicki et al. (2020), the acti-
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vity of dehydrogenases changed with increasing nitrogen dose; a significant
increase in their activity was observed in sites with a dose of 50 kg ha! N.

The usefulness of total or easily extractable GRSP content as another
possible indicator of soil organic matter quality thus seems rather promising,
and it has been increasingly taken into account in soil activity studies
in recent years. At the end of our experiment, we observed a significantly
higher content of total GRSP in soils with band fertilization, which was not
recorded for the broadcast technique of fertilizer application. In this study,
the type of fertilizer (struvite or superphosphate) did not lead to significant
differences in the content of these proteins, while other authors recorded
a more favorable effect of struvite compared to mono-ammonium phosphate,
e.g. Tomassi et al. (2011). In their research into wild-type mycorrhizal tomato
(Solanum lycopersicum L.), these authors observed increased N and P uptake
by mycorrhizal tomatoes fertilized with struvite, suggesting that AM-asso-
ciated plants could enhance the dissolution of this fertilizer and improve crop
utilization of struvite-P. It should also be recalled that long-term experi-
ments have a greater potential for positive results than smaller scale exper-
imental studies. Changes in GRSP content caused by different fertilization
treatments can be expected after a long time (min. 10 years). Wu et. al
(2011) reported, after a multi-year experiment established in 1979 in China,
that long-term fertilization had beneficial effects on GRSP content, fungal
spore density, and AMF diversity, but a better effect was observed when
mineral fertilizer was supplemented with manure and straw. The addition
of manure and straw to soil under wheat cultivation also affected easily
extractable glomalin content, as reported by Hu et al. (2014), significantly
increasing it, whereas mineral fertilization caused no significant difference
compared to the control. Glomalin content in the soil is the result of several
factors. In addition to fertilization, for example, it is dependent on the crops
grown (Wojewddzki, Ciesinska 2012). As reported by Wright and Anderson
(2000) and Curaqueo et al. (2011), changes in the glomalin content are more
dynamic due to improper soil cultivation or under drought conditions.

CONCLUSIONS

Summarizing our results and the literature review, it should be conclud-
ed that struvite can be a promising substitute for commercial phosphorus
fertilizer. Although no significant statistical differences were determined
in the elements of yield structure, seed yield as well as other morphological
traits, in most traits the values of these elements under the influence
of struvite fertilization are comparable or higher. Struvite application caused
an increase in chlorophyll and carotenoid content due to the additive content
of nitrogen and magnesium. Band phosphate fertilization improved soil con-
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dition as expressed by GRSP content growth over time. The higher DHA
observed during the flowering time reflected the activity of different soil
microbes, which seemed to be promoted by root phosphate fertilizer applied
using the band method at this stage of plant development. The results indi-
cate that struvite can be a substitute for superphosphate, as it does not con-
tribute to lower yields, biometric traits, while capturing microbiological
changes in such a short time is also promising and requires further research
especially under field conditions. Therefore, long-term field experiments are
needed as a way to measure sustainable phosphorus fertilization in agricul-
ture, as they contribute to a better understanding of the effects of struvite
on the availability of macro- and micronutrients, yields and their content
in plant material.
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