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Abstract. The present study aimed to evaluate the effectiveness of organomineral fertilizers, which have
become widespread in recent years. For this purpose, a pot experiment under greenhouse conditions was
carried out to show the effect of nitrogen (N), phosphorus (P), and potassium (K) applied together or
separately with an organic fertilizer (OF) originating from the biogas plant on the growth and the nutrient
uptake of the model plant wheat (Triticum aestivum L. cv. Adana-99). Two different fertilizer application
methods (incorporating and placement) were mimicked, and the efficacy of biogas plant-derived organic
fertilizers was determined. The results of the study show that the OF applied with the plant nutrients
positively affected plant growth and nutrient uptake. According to the correlation analysis, significant
correlations were found between the OF application and the shoot dry weights of the plants and their P
uptake. The fertilizer application 5 cm below the seedbed caused the most effective results. The correlative
relationships detected in plants where the OF and N, P, and K were applied together disappeared when plant
nutrients were mixed to the entire pot, and OF was used 5-10 cm or 5 cm below the seedbed. The results
showed that biogas facility-based OF applications, together with the plant nutrients in the form of an
organomineral fertilizer, can increase the nutrient use efficiency of plants by improving their uptake,
especially that of P.

Keywords: humic substances, phosphorus, organomineral, uptake, use efficiency

Introduction

The increasing total population, the declining rural population, increases in income
levels, and changes in the rate of poverty in the population over time constitute the main
socio-economic factors that lead to increased food demand at present and in the future
(FAO, 2009; Msangi and Rosegrant, 2009). Moreover, this increase must be achieved on
already limited agricultural production lands which cannot be increased further. In
addition, agricultural areas are also faced with losing fertility/productivity due to water
constraints, mismanagement activities, and the improper and imbalanced use of
agricultural chemicals. The global population growth increases the demand for
agricultural production leading to a rising dependence on fertilizer inputs (Kominko et
al., 2017) which require energy for their production. For this reason, both increasing plant
yield and minimizing possible environmental risks due to plant nutrients are among the
primary goals of today's plant nutrition activities.

Although mineral nutrient sources have been used in plant production since the last
century, organic sources, including animal manure, have been widely applied to serve as
essential nutrients in crop production. Organic fertilizers can provide organic matter when
applied to the soil. When used effectively, they can provide conditions for crop production
that exceed those ensured by mineral fertilizers (MFs) alone (Steiner et al., 2007; Ayinla
et al., 2018). Moreover, since organic wastes contain various nutrients, their use can
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reduce the need for mineral fertilizers; this is particularly important in regard to declining
mineral fertilizer raw materials e.g., of phosphorus (Adewopo et al., 2014; Amundson et
al., 2015). Although manure is extensively used in agriculture, there are several known
handicaps to its use. For example, to meet crop nutritional needs, MFs must often be used
to balance the nutrients in manure, which has low nitrogen (N) to phosphorus (P) ratio
(Smith et al., 2020). Application of manure to meet crops’ N needs will, in most cases,
result in an over-application of P, leading to environmental issues over time. Combining
MFs with manure or other waste products such as sewage sludge and biogas digestates
through industrial processes to produce a new product, organomineral fertilizers (OMFs),
is one promising alternative (Smith et al., 2020).

In recent years, biogas digestates have been used as organic fertilizing materials in
plant production. Power and heat generation from biogas significantly contribute to
bioenergy production (Ehmann et al., 2018). Moreover, biogas digestates as OF or
organic raw materials for OMFs seem to be an effective method of closing nutrient cycles
in agriculture and reducing external inputs of MF.

In general, soil organic matter has many positive effects on the physical, chemical, and
biological properties of the soil because of complex relationships, as well as a triggering
effect on the growth and development of plants (Baldotto et al., 2012; Zandonadi and
Busato, 2012; Zandonadi et al., 2013; Canellas and Olivares, 2014). Organic matter
application to the soil promotes the decomposition of substances and establishes
microbial equilibrium (Kominko et al., 2017). In addition to its positive effects on soil
properties, it directly affects plant physiology and growth, especially in improving root
development (Canellas and Olivares, 2014).

Humic substances constitute 80% of the soil organic matter (Brady and Weil, 2017).
The most common elements in humic substances are carbon (C), oxygen (O), hydrogen
(H), N, and sulfur (S) (Stelink, 2002). There are three classifications of humic substances
based on their solubility: fulvic acid, humic acid, and humin (Lag et al., 2008). From a
biological perspective, humic substances increase soil fertility by affecting the
composition of microbial populations (Calvo et al., 2014). In parallel with this, a study
conducted in the calcareous soils of the Mediterranean Region showed that the application
of humic-fulvic acid plays a significant role in the recovery of P in the soil (Delgado et
al., 2002). Likewise, Tahir et al. (2011) stated that humic acid application increased the
P content of wheat grown in calcareous soils.

The positive effects of humic substances in the structure of organic materials on the
development of many plants have been reported frequently (Visser, 1986; Chen and
Aviad, 1990). In many studies, it has been found that humic substances increase nutrient
uptake due to the increase in the permeability of cell membranes; it has been shown that
they have an auxin hormone-like effect with chelation and transport of nutrients and
reduce the impact of damage caused by abiotic stresses (Garcia et al., 2012a, b). Many
researchers have demonstrated that adding humic substances at certain levels can improve
both root and stem growth and promote the uptake of nutrients as well. It has been shown
in a recent study that the application of one ton of vermicompost per hectare in addition
to adequate NPK rates in sweet corn, increased the biomass, grain yield, and the total N,
P, and K uptakes (Canatoy and Daquiado, 2021). However, in another study under
greenhouse conditions conducted using wheat such a good relationship between OF
application, biomass development, and N, P, and K uptakes could not be shown
(Mumbach et al., 2018).
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There are still points to be explored about the contribution of organic resources to plant
production and the mechanisms that play a role in this process. Up to recent years, OFs
and MFs were applied separately under field conditions, however, the production and use
of granulated OMFs which are a good mixture of OFs and MFs are increasing worldwide.
Most likely, the effects of OFs and MFs when applied together will differ from their
effects when applied separately, as spatial availability will be affected. With these
considerations, the current research project was planned to contribute to the knowledge
about the possible effects and tools. With this aim, two pot experiments were designed
using wheat as a model plant in greenhouse conditions. In the first part of the study, to
test the effect on the growth and nutrient uptake of the model plant wheat, increasing rates
of OF with fixed rates of N, P, and K containing MFs were applied to specific sites of
pots (whole pot, 5-10 cm below seedbed, and 5 cm below seedbed). In the second part, to
reveal the possible role of the OF implementation independent of MF sources, the same
rates of OF were applied to 5-10 cm below seedbed and 5 cm below seedbed. In contrast,
the mineral nutrient sources were applied to the whole pot in the same fixed quantities as
in the first part.

Materials and Methods
Materials

The study was conducted in the experimental greenhouses of Soil Science and Plant
Nutrition Department at Cukurova University in Adana, Turkiye. A spring bread wheat
(Triticum aestivum L.) variety, Adana-99, extensively cultivated in the region, was
evaluated in the pot experiment conducted under greenhouse conditions. The pots used in
the experiment were cylindric and obtained from PVC pipes with a diameter (&) of
12.5 cm. The pipes were cut in 24 cm depths, and their bottoms were covered with a PVC
material with holes. The Arik Series soil with low organic matter content (1.17%), high
pH (7.63), calcium carbonate (27.2%), and clay content (54.8%) was used to represent
most soils of the Cukurova Region and Turkey. The soil taken from the field was air-
dried and sieved (4 mm) before being used in the experiment.

The organic fertilizer source used in the study was a composted granular material
obtained from biogas facility, containing 53% organic matter, 20% humic + fulvic acid,
1.98% nitrogen (N), 3.02% phosphorus (P20Os), and 0.91% potassium (K20), with a C/N
ratio of 15.6 and used after grinding.

Effect of Organic Fertilizer Applied to the Same Place with Mineral Fertilizers on
Wheat - Experiment |

The experiment was conducted using four different OF rates (0, 100, 200, and 400 mg
OF-kg? soil or 0, 0.25, 0.50, and 1 ton OF-ha) and three different fertilizer placements
(Figure 1; Table 1). The organic fertilizer rates were determined to include the
0.50-0.75ton OF-hal of the fertilizer recommended by the producer for wheat
cultivation. Nitrogen, P, and K fertilizers were urea, triple superphosphate (TSP), and
potassium sulfate (KS). The MF sources were used after grinding as with OF. Nitrogen,
P, and K rates were 200 mg N-kg? soil, 100 mg P-kg? soil, and 100 mg K-kg* soil
(Table 1). The organic fertilizer, together with inorganic nutrient sources, was placed in
three distinct positions of 24 cm-high pots (the soil height was 20 cm) as whole pot, 5-10
cm below seedbed, and 5 cm below seedbed (Table 1). For each treatment, three pots
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(replicates) were used and each pot was filled with 2.5 kg of soil. After the placement of
organic and mineral fertilizer sources, twelve seeds were sown, and the seedlings were
thinned to six plants per pot discarding the excess ones. After planting, the pots were
regularly weighed and watered at 50% of the field capacity for the first week and 75%

for the ongoing weeks.

MFs and OF to whole pot

0mg OF kg ' soil 100 mg OF kg' soil = 200 mg OF kg soil = 400 mg OF kg ' soil

Figure 1. A view from Experiment | in which wheat plants grown with increasing OF rates

placed at different sites (whole pot, 5-10 cm below the seedbed and 5 cm below the seedbed)
together with N, P, and K in pots for 45 days under greenhouse conditions

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(6):5343-5360.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2006_53435360
© 2022, ALOKI Kft., Budapest, Hungary



Erenoglu - Haciriistemoglu: Biogas facility-based organic fertilizer enhances nutrient uptake and growth of wheat
(Triticum aestivum)
- 5347 -

Table 1. Experimental variables and nutrient rates used in Experiment | and Experiment |1

. i Amounts of Nutrient / Sail
NA':':nr;rétn/];?t' Source Am.endment Placement
mg-kg? soil mg-pot?
Experiment |
0 0 e organic and chemical fertilizers
to the whole pot
Organic Biogas Facility- 100 250 e organic and chemical fertilizers
Fertilizer* Based to 5-10 cm below seedbed
200 500 |e organic and chemical fertilizers
to 5 cm below seedbed
400 1000 Experiment 11
e chemical fertilizer to the whole
N Urea 200 500 pot (0 mg OF kg soil)
e organic fertilizer to 5-10 cm
P TSP 100 250 below seedbed, chemical
fertilizers to the whole pot
e organic fertilizer to 5 cm below
K K2S04 100 250 seedbed, chemical fertilizers to
the whole pot

* The organic fertilizer rates (0, 0.25, 0.50, and 1.00 ton OF-ha-1) were determined to include the rates,
0.50-0.75 ton OF-ha-1, of the fertilizer recommended by the producer for wheat

At the end of the 45-day experimental period, the shoots were harvested, dried at
65 °C, weighed, and dry ashed; then K, Ca, and Mg contents were determined using
Atomic Absorption Spectroscopy. Total N content in shoots was measured using the
Kjeldahl method. Phosphorus concentration in shoots was measured using UV visible
spectrophotometry.

Effect of Organic Fertilizer Applied Separately with Mineral Fertilizers on Wheat -
Experiment 11

In this experiment, the OF rates, mineral fertilizer sources and rates, and all
experimental procedures from sowing to mineral element analyses were as given for
Experiment I; however, fertilizer application places differed (Table 1). In such a way,
while all chemical sources were mixed in a whole pot, organic fertilizer was placed in
distinct positions, as i) organic fertilizer to 5-10 cm below seedbed, chemical fertilizers
to the whole pot, and ii) organic fertilizer to 5 cm below seedbed, chemical fertilizers to
the whole pot. Moreover, the MF sources of plants grown without OF (0 mg OF-kg* soil)
were mixed in the whole pot.

Statistics

For the first experiment, where organic and inorganic fertilizers were placed together
but at different points of the pot, a two-way analysis of variance was performed using
SPPS, considering four different OF rates and three different application sites. In addition,
each placement was regarded as a separate group and subjected to the one-way ANOVA.
For the second experiment, where chemical fertilizers are applied to the whole pot, and
increasing rates of the OF were applied to 5-10 cm or 5 cm below the seedbed, OF was
subjected to a one-way analysis of variance with SPSS. In both experiments, the Duncan
test (p < .05) was used to measure specific differences between pairs of means.
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Results
Experiment |

In this experiment, the bread wheat cv. Adana-99 was grown in pots where OF was
placed at increasing rates and with mineral fertilizer sources containing N, P, and K, in
different sites of pots. The application 5 cm below the seedbed caused the lowest shoot
growth (Figure 2A). There was no difference between mixing the whole pot and mixing
5-10 cm below the surface. Although increasing rates of the OF applied as mixing
5-10 cm below the seedbed had a positive effect on the shoot growth of wheat, this effect
was statistically insignificant (Figure 2A, B). On the contrary, mixing the whole pot and
5 cm below the seedbed applications caused statistically significant expansions in the
growth of the shoot as a response to increasing rates of OF (Figure 2A, B). However, the
most significant rise in the shoot growth was obtained when the OF and MFs were applied
5 cm below the surface (Figure 2B). Although the highest shoot growths were achieved
at 400 mg OF-kg* soil in both fertilizer placements, it did not cause statistically apparent
differences compared to 100 and 200 mg OF-kg™ soil. While there was a statistically
significant increase in 200 mg OF-kg* soil compared to 0 mg OF-kg™* soil in pots where
the OF was mixed the whole pot together with MFs, 100 mg OF-kg soil has come to
fore as the sufficient rate in applications 5 cm below the seedbed.
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Figure 2. Shoot dry weights (A) and relative dry weight increases (B) relative to 0 mg OF kg-1
soil of wheat plants grown with increasing OF rates placed at different sites (whole pot, 5-10
cm below the seedbed and 5 cm below the seedbed) together with N, P, and K in pots for 45
days under greenhouse conditions. The dry weight columns are the mean of three independent
replications + SE. According to ANOVA and Duncan, the lower cases represent the differences
at each application site’s p < .05 level. Capital letters indicate differences at the p < .05 level
between application sites according to the two-way ANOVA and Duncan, where application
sites and organic fertilizer rates are variable. The columns for relative dry weight increases are
calculated from dry weight averages
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Figure 3. Nitrogen (A), P (B), and K (C) concentrations in shoots of wheat plants grown with
increasing OF rates placed at different sites (whole pot, 5-10 cm below the seedbed and 5 cm
below the seedbed) together with N, P, and K in pots for 45 days under greenhouse conditions.
Concentration columns are the mean of three independent replications £ SE. According to
ANOVA and Duncan, the lower cases on columns represent the differences at each application
site’s p < .05 level. Capital letters indicate differences at the p < .05 level between application
sites according to the two-way ANOVA and Duncan, where application sites and organic

fertilizer rates are variable

As seen in Figures 3A and C, increasing rates of the OF applied together with mineral
N, P, and K sources to various places did not have a statistically significant effect on the
shoot N and K concentrations. However, when the application sites were considered, it
was observed that the highest average N concentration values were obtained when the OF
and MFs were applied 5-10 cm below the seedbed. As given in Figure 3B, increasing OF
rates had statistically meaningful effects on the P concentrations of the shoot. In the
treatments where the OF and MF sources were applied to the whole pot and 5 cm below
the seedbed, the OF significantly increased the P concentration in the shoot compared to
0 mg OF-kg-used plants. When the OF and MFs were mixed 5-10 cm below the seedbed,
increasing amounts of OF did not affect the P concentration of the shoot. As in the case
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of N, the highest average of P concentration values were obtained when the OF and MFs
were applied 5-10 cm below the seedbed. As can be seen in the results presented in Figure
3C, increasing OF rates did not have any effect on the shoot K concentrations of the wheat
plant. There was no difference between the mean values of the K concentrations at
different OF rates measured in the whole pot, 5-10 cm below the seedbed, and 5 cm below
the seedbed.

Figures 4A, B, and C demonstrate the N, P, and K uptake values per pot obtained by
multiplying the concentrations of each nutrient in the shoot tissues of the wheat plant
grown with the increasing rates of OF applied together with the mineral N, P, and K
sources, in different sites of the pots, respectively. Considering the application sites, the
highest N uptake values per pot were obtained in the case of all fertilizers applied 5-10 cm
below the seedbed (Figure 4A). Compared to pots without OF application, N uptake per
pot increased at all three OF rates, but there was no statistically significant difference
among them. As for N, the highest P uptake values per pot were obtained with
applications 5-10 cm below the seedbed (Figure 4B). Mixing to the whole pot and
increasing the OF boosted P uptake per pot in all three application sites (Figure 4B). Still,
the results were statistically more significant when the OF and MF sources were placed
in the entire pot, particularly 5 cm below the seedbed (Figure 4B). When application sites
are considered, the highest K uptake per pot was calculated in plants grown with the OF
and MFs applied 5-10 cm below the seedbed; this was followed by the application mixed
to the whole pot (Figure 4C). However, increasing the OF enhanced K uptake in all three
application sites.

The results of the correlation analysis showing the relationship between the applied
OF rates, shoot dry weights, and the N, P, and K concentrations in the shoot are given in
Table 2. As can be seen, no statistically significant relationship was observed between
shoot dry weights, N, P, and K concentrations obtained due to the applications the OF
and N, P, and K-containing fertilizers in the form of mixing to 5-10 cm below the seedbed.
Only N and P concentrations were correlated at the .01 level. A significant correlation
(.01) was found between the OF rates and shoot dry weights, P concentrations in whole
pot mixing, and 5 cm below the seedbed applications. There was no positive correlation
between the OF rate and shoot N and K concentrations in those treatments.

Experiment 11

In the second part of the study, the wheat cv. Adana-99 was grown for 45 days in pots
where the OF was applied to 5-10 cm and 5 cm below the seedbed, but MFs were placed
separately from the OF and mixed with the entire soil. The results showed that the OF set
5-10 cm below the seedbed generally caused better shoot growth than the one applied
5 cm below the seedbed (Figure 5A). While in the case of the OF mixed 5-10 cm below
the seedbed, 200 mg OF-kg* soil rate produced better shoot growth than that of the
control (0 mg OF-kg™ soil), the shoot growth was better in the 400 mg OF-kg soil for
5 cm below the seedbed applications. Figure 5B shows the relative increases in shoot dry
weights obtained with OF applications, expressing the ratio of the average shoot dry
weight of the control application in which no OF was added and MFs were mixed with
the whole pot to the shoot dry weights of other treatments. The highest increase was
achieved in the OF mixed 5-10 cm below the seedbed. Consistent with their dry weights,
no difference was observed between 200 and 400 mg OF-kg* soil rates. Among the OFs
applied 5 cm below the seedbed, the highest increase was obtained at the rate of 400 mg
OF-kg? soil.
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Figure 4. Nitrogen (A), P (B), and K (C) uptakes of wheat plants grown with increasing OF
rates placed at different sites (whole pot, 5-10 cm below the seedbed and 5 cm below the
seedbed) together with N, P, and K in pots for 45 days under greenhouse conditions. Uptake
columns are the mean of three independent replications = SE. According to ANOVA and
Duncan, the lower cases on columns represent the differences at each application site’s p < .05
level. Capital letters indicate differences at the p < .05 level between application sites
according to the two-way ANOVA and Duncan, where application sites and organic fertilizer
rates are variable

Figures 6A, B, and C show N, P, and K concentrations in the shoot of wheat grown
for 45 days in pots where MFs were applied to the whole pot and where varying rates of
the OF were positioned to different sites, respectively. As can be seen, in general, no
correlation was observed between the N concentrations in the shoot and the OF
application rates or sites (Figure 6A). Like N concentrations, the P and K concentrations
in the shoot and the OF rates or locations did not demonstrate any correlation (Figures 6B
and C, respectively). In contrast to Experiment I, there was no difference between the P
concentrations in shoots of wheat plants grown without the OF and those of plants grown
with the highest OF rate.
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Table 2. Correlation between organic fertilizer rates (OFR) and shoot dry weight (SDW) and
N, P, and K concentrations in the wheat supplied with increasing rates of OF placed at
different sites (whole pot, 5-10 cm below the seedbed and 5 cm below the seedbed) together
with N, P and K in pots for 45 days under greenhouse conditions

Placement Factor OFR SDW N P K
OFR -
SDW 0,813** -
whole pot N 0,107 0,114 -
P 0,721** 0,156 0,164 -
K 0,426 0,645* 0,225 0,396 -
OFR -
SDW 0,502 -
5-10 cm N 0,411 0,281 -
P 0,388 0,331 0,724** -
K 0,497 0,019 0,108 0,481 -
OFR -
SDW 0,854** -
5cm N -0,110 -0,239 -
P 0,781** 0,643* 0,005 -
K 0,435 0,490 0,578* 0,482 -

** Correlation is significant at a 0.01 level, *. Correlation is significant at a 0.05 level
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Figure 5. Shoot dry weights (A) and relative dry weight increases (B) relative to 0 mg OF kg-1
soil of wheat plants grown with increasing OF rates placed at different sites (5-10 cm below the
seedbed and 5 cm below the seedbed) separately from N, P, and K (whole pot) in pots for 45
days under greenhouse conditions. The dry weight columns are the mean of three independent
replications £ SE. According to ANOVA and Duncan, the lower cases represent the differences
at each application site’s p < .05 level. Capital letters indicate differences at the p < .05 level
between application sites according to the two-way ANOVA and Duncan, where application
sites and organic fertilizer rates are variable. The columns for relative dry weight increases are
calculated from dry weight averages
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Figure 6. Nitrogen (A), P (B), and K (C) concentrations in shoots of wheat plants grown with
increasing OF rates placed at different sites (whole pot, 5-10 cm below the seedbed and 5 cm
below the seedbed) separately from N, P, and K (whole pot) in pots for 45 days under
greenhouse conditions. Concentration columns are the mean of three independent replications
SE. According to ANOVA and Duncan, the lower cases on columns represent the differences at
each application site’s p < .05 level. Capital letters indicate differences at the p < .05 level
between application sites according to the two-way ANOVA and Duncan, where application
sites and organic fertilizer rates are variable

Figures 7A, B, and C represent the effects of the increasing rates of OF, which is mixed
5-10 cm below the surface or applied to the tape 5 cm below the surface, on the N, P, and
K uptakes per pot, respectively. Organic fertilizer application either did not increase the
N uptake of plants compared to the control pot or caused changes unrelated to the applied
rates (Figure 7A). The N uptake values in the pots where the organic fertilizer was mixed
5-10 cm below the seedbed were slightly higher than those applied to the 5 cm below the
seedbed. Considering the application sites, the highest P uptake values per pot were
calculated when the OF was applied 5-10 cm below the seedbed (Figure 7B). There was
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no statistically significant difference between the P uptake values of the plants in the pots
where the OF was applied 5 cm below the surface and the P uptake values of the control
plants. When the application sites are taken into consideration, the K uptake values of the
plants did not differ (Figure 7C). In addition, there was no relationship between the OF
rates and the K uptake of wheat.
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Figure 7. Nitrogen (A), P (B), and K (C) uptakes of wheat plants grown with increasing OF
rates placed at different sites (whole pot, 5-10 cm below the seedbed and 5 cm below the
seedbed) separately from N, P, and K (whole pot) in pots for 45 days under greenhouse
conditions. Uptake columns are the mean of three independent replications + SE. According to
ANOVA and Duncan, the lower cases on columns represent the differences at each application
site’s p < .05 level. Capital letters indicate differences at the p < .05 level between application

sites according to the two-way ANOVA and Duncan, where application sites and organic
fertilizer rates are variable
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Discussion

An effective system for recycling agricultural, urban, and industrial organic wastes
under field conditions can offer a more sustainable solution to organic waste problems
while maintaining soil fertility. Bringing the leftover of products from urban wastewater
sludge, agricultural industry activities, and biogas plants to agricultural production areas
can also be part of such activities. In recent years, many studies have foregrounded the
significance of organic matter for climate change (Amundson et al., 2015; Baveye, 2015;
Eden et al., 2017). Moreover, Baveye (2015) emphasized the need for modified
agricultural practices to improve water and nutrient retention in the cropped soil layer
among the grand challenges in research on soil-plant systems. Thus, it is essential to
scientifically evaluate the application of wastes originating from biogas plants, the use of
which has increased significantly in recent years in agricultural areas.

As mentioned earlier, humic substances constitute 80% of soil organic matter (Brady
and Weil, 2017) and can be operationally classified into three separate fractions defined
in terms of their solubility properties (Lag et al., 2008). From a biological perspective,
humic substances increase soil fertility by affecting the composition of microbial
populations (Calvo et al., 2014). Organic fertilizers and humic substances, which are the
main components of soil organic matter and are beneficial in maintaining the
sustainability and productivity of soils besides disposing of waste, also indirectly affect
the growth/yield and nutrition of plants (Eden et al., 2017).

Plant Growth

According to the results of the present research, the biogas plant residue-based OF
application in the range used by farmers in practice significantly affect the shoot growth
and nutrient uptake of wheat. The results obtained align with the review article by Smith
et al. (2020) and the research article published by Shafi et al. (2020). In this respect, the
results of the present research work show the positive effect of the OF application on
plant growth when it is applied together with nutrients (Figure 2) and, to some extent,
separately from them (Figure 5). The applications of single superphosphate and the
organic amendment in the form of HA at increasing rates improve the agronomic
responses of wheat under field conditions (Shafi et al., 2020). However, in a study
conducted in England using wastewater treatment sludge, OMFs obtained using
wastewater treatment sludge resulted in higher grain yields than the direct use of the OF
and lower grain yields than urea (Antille et al., 2017). In parallel, Ehmann et al. (2018)
stated that the best results are obtained from mineral fertilizers compared to biogas plant
digestate, considering the yield parameters of silage maize. However, the OM content of
the soils in the two fields where those studies were conducted varied between 4.6% and
7.9%, and the OF rate was 17 tons-ha™. The organic matter of the soil used in the current
study was 1.17%, and the highest application rate was one-ton-ha’. In another study
under greenhouse conditions, Mumbach et al. (2019) also did not observe any effect of
fertilizer application in the organomineral form (mineral fertilizer + broiler litter) on plant
growth and nutrient uptake. The reason for this condition might be the low OF rate used
in the experiment compared to usual practice. These conflicting results show that the
benefit obtained from the biogas facility-based OF (or any other organic material) may
be closely related to the application rate of the OF, the humic substances in the OF, the
application methods of the OF (together with nutrients or separately from them), and the
OM content of the soil. While the application of the OF together with N, P, and K to the

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(6):5343-5360.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2006_53435360
© 2022, ALOKI Kft., Budapest, Hungary



Erenoglu - Haciriistemoglu: Biogas facility-based organic fertilizer enhances nutrient uptake and growth of wheat
(Triticum aestivum)
- 5356 -

whole pot (broadcasting) and 5 cm below the seedbed (banding) increases the shoot
growth of plants, this increment is more evident in the application to 5 cm below the
seedbed (Figure 2A, B). Implementations to the 5-10 cm below the seedbed were not
effective. This result also shows the correlation between the OF and shoot growth. In
other words, the correlations between OF rates and dry weight vary as 5 cm below the
seedbed > whole pot > 5-10 cm below the seedbed depending on the application site
(Table 2). It was observed that the combined applications of the OF and N, P, and K
sources as mixing to the 5-10 cm below the seedbed and whole pot mixing, regardless of
the OF rate, caused the highest average shoot dry weight value (Figure 2A). This indicates
that the plants are better fed in applications 5-10 cm below the seedbed. This situation is
also demonstrated by the plants’ higher N and P concentrations compared to other
treatments (Figure 3A, B) and the N, P, and K uptake per pot (Figure 4A, B, C) of the
application in question. This is a good indicator of the response of plants to the nutritional
elements applied through fertilizers (Herencia and Maqgueda, 2016). However, it is not
the case in field treatments where granular fertilizers are not mixed to a specific soil layer;
they are incorporated into the soil after broadcasting (whole pot mixing) or banded below
the seedbed (5 cm below the seedbed placement).

Nutrient Uptake

In line with the results obtained in sweet corn by Canatoy and Daquiado (2021), the
results obtained from the study show that N, P and K uptakes are all increased relative to
the control with the OF addition, especially when OF and MFs are applied together
(Figure 4). Between the OF that is applied together with N, P, and K, placement and the
nutrient concentrations in the shoot, the most meaningful relation exists for P. In other
words, in contrast to the 5-10 cm below seedbed placements and N (Figure 3A) and K
(Figure 3C), linear relations are observable between P concentrations and OF rates in the
whole pot mixing and the 5 cm below seedbed placement (Figure 3B). Irrespective of
placement, the OF application increases the P uptake of wheat (Figure 4B). The effect in
question is similar to the results of Shafi et al. (2020) in wheat under field conditions. In
such a way, the organic amendment applied as HA at a rate of 5 kg ha* increases the leaf
P concentration and total P uptake. However, the present study’s minimum HA + FA rate
is almost 50 kg hat. These findings are in good accordance with the results of a previous
study in which the total N and P removed from the unit area were evaluated (Sharif et al.,
2013), and with the results of the current study, which determined that N (Figure 4A), P
(Figure 4B), and K (Figure 4C) uptakes per pot increased irrespective of the OF rates. In
addition, a correlation exists between the OF rates and P concentration of shoots when
the OF is mixed with mineral fertilizer sources in the whole pot and placed 5 cm below
the seedbed (Table 2). A recent study showed that compost enriched with phosphate rock
used before planting increased nodulation, yield, and P uptake (both in concentration and
per unit area) in chickpeas (Ditta et al., 2018).

These results show that OFs and especially HA + FA in its content form P soluble
complexes, promoting plant growth (Nardi et al., 2000), and providing plants with an
excellent physicochemical and biological environment in the soil (Brannon and Summers,
1985) may have increased P availability. In addition, the close relationship between shoot
growth (Figure 2), P uptake (Figure 4B), and the OF is shown in Table 2, revealing that
the application of organic amendment rich in humin substances with P can lead to
increases in yield. The increase in growth may be related to the assimilation of macro and
micronutrients, enzyme activation and inhibition, changes in membrane permeability,
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protein synthesis that increases the biomass, or the stimulatory effect of P and HA on
plant growth or biological production (Datta et al., 2017a, b). The high P concentration
measured in plant leaves because of the application of the OF, and indirectly the HA + FA
contained in it with P is consistent with the previous results of researchers (Cooper et al.,
1998; Atiyeh et al., 2002). They stated that adding HA to the soil increased root growth,
proliferation, branching, and initiation of root hairs, thus enabling the roots to capture
more nutrients, and increasing nutrient concentrations in plants. Many studies have shown
an increase in root length, root number, and root branching with HA application.
However, the increase in root growth is usually more pronounced than shoot growth
(Erdal et al., 2000).

There was no correlation between the OF rates and N concentrations of the shoots
(Figure 3A, Table 2). This might be explained by the dilution of N taken up by the roots
in plant tissues whose growth is enhanced with increasing rates of the OF (dilution effect;
Jarrell and Beverly, 1981) because, in contrast, the concentration of OF application at
increasing doses increased the uptake values per pot calculated with the formula
concentration x dry weight in all placement methods (Figure 4A). A comparable situation
was observed in a study conducted by Ayeni et al. (2012) on maize. In this study, the
application of organomineral fertilizers, that is, the application of mineral nutrients
together with the OF, increased the total N uptake but did not affect the N concentration.

In recent research, a study conducted by Shawer (2019) with the broad bean plant in
sandy soil revealed that the uptake of K by plants increased per unit area when applied
with organic materials. This is also consistent with the present study results (Figure 4C).
However, the lack of a clear relationship between the OF application and K concentration
(Figure 4C) raises questions about how the OF increases K availability. The improvement
in K uptake per pot may also occur due to the development of shoots, which can be
explained by the dilution effect (Jarrell and Beverly, 1981) as described before.

Conclusions

In summary, the conclusions drawn from the results of the present study are presented

as follows:

e The biogas facility-based OF positively affects wheat growth and nutrient uptake.

e Organic fertilizer application at 0.5-1.0 ton-ha™* with mineral nutrients increases the
wheat’s shoot growth by up to 15% when placed 5 cm below the surface (mimic of
banding). The results of the correlation tests showed that there was a linear
relationship between the shoot dry weight and OF rates.

e When the nutrient concentration in plant tissues, which is one of the indicators of
plants’ nutrient uptake, was evaluated, it was observed that only the P concentration
could increase with the OF application.

e When mineral nutrients were applied 5 cm below the surface with the OF, the OF
application increased the P concentration in plant tissues, unlike N and K. Like the
shoot dry weight values, which were positively correlated with rising OF rates, P
concentrations in the shoot tissues positively correlated with the OF rates. This
situation can be explained in a way that P, which moves by diffusion in the soil, has
limited mobility and binds quickly in the soil and may have increased its availability
to the OF-applied plants. However, this issue needs to be scientifically
demonstrated with additional laboratory, greenhouse, and field studies.
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¢ When the effect of the OF on the nutrient contents in the shoot (uptake) is examined,

it is seen that the contents of N and K, in addition to P, increase in parallel with the
increasing plant growth, unlike the concentration. This indicates that the OF has a
rising effect on the utilization efficiency of applied nutrients. And this effect is
significant for the nutrients that cause environmental problems, such as N and P.
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