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Abstract: The increasing quantities of organic residues are becoming one of the most important
problems for climate change mitigation. Sustainable utilization technologies are required to minimize
the effect of recycling on the environment. Nevertheless, treated residues should be part of the circular
bioeconomy. One of the most promising processes is the biogas system, with the final products biogas
and digestate, which contain valuable nutrients and are therefore suitable as agricultural fertilizers.
However, there is lack of research data on the effectiveness of digestate on environmental factors
including soil quality as well as crop productivity and quality. In this study, we compare the roles
of different digestates (chicken manure digestate, cow manure digestate, and pig manure digestate)
on spring wheat productivity, soil microbial activities, and greenhouse gas emissions in loam and
sandy loam soil under controlled climate conditions. The liquid digestate applied was equivalent
to 170 kg N ha~! of total N presented. Overall, results showed that the two soil types responded
differently to the addition of the digestates, and the benefits depended on soil characteristics as
well as on the type of the digestate applied. There was a higher effect on soil microbial activity in
sandy loam soil compared to that of loam soil. Chicken manure digestate had the highest value of
dehydrogenase activity and soil microbial biomass C of 9.23 g TPFg~! h~! and 175.6 ug g~ ! across
the two soil types. CO, and N,O emissions were moderately higher in loam soil when compared
to that of sandy loam soil. The highest CO, peak emission at 0.0107 ug ha=—! h=! occurred in pig
manure digestate in the sandy loam soil, and regular peak patterns observed in loam soil fertilized
with pig digestate manure. Chicken manure digestate had the highest peak emissions across both soil
types at 0.007950 mg ha~! h~! and 0.5667 mg ha~! h~! in the loam and sandy loam soil, respectively.
The biomass yield varied across the soil types irrespective of the digestate applied. The agricultural
benefits of digestates in different receiving soil ecosystems supplying essential nutrients for crop
productivity, coupled with its environmental benefits, makes it an encouraging prospect in temperate
climate zones.

Keywords: carbon dioxide; nitrous oxide; soil microbial activity; spring wheat; plant productivity

1. Introduction

The sustainable utilization of agricultural wastes continues to receive global attention
as it aims to reduce the negative environmental impact of wastes and can contribute to
proper waste handling processes [1]. These organic wastes are processed through various
methods, but the anaerobic digestion (AD) appears to be one of the most promising [2].

The recycling of animal wastes (manure) holds more benefits when treated anaero-
bically in biogas plants when compared to that of direct application of untreated animal
wastes in agricultural fields [3,4]. The animal waste digestate were known to show better
microbial stability and a higher amount of nitrogen in the form of ammonium compared
to that of undigested agricultural, animal, or other biological wastes [5]. In addition, the
amendment of digestate to agricultural soils facilitates soil mineralization due to their
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relatively low amount of organic matter and highly stable organic substances [5]. They are
compounds with a relatively lower molecular weight and low C:N ratio. The content of
nutrients in digestate depends on the composition of the processed feedstock. There are
essential features that enable the animal waste digestate to be qualified as fertilizer, and
this includes but is not limited to nutrient composition and availability, pH, dry matter
and organic dry matter content, homogeneity, and absence of biological and chemical
contaminants [6]. However, the use of fertilizers was linked to the environmental issues,
presenting more benefits and no damage to the environment. This study was planned to
analyze the effect of different types of digestate used for crop fertilization on environmental
issues—change of microbial activity, soil quality, and greenhouse gas (GHG) emissions.

Aside from the roles played by the nutrients present in organic fertilizers, soil mi-
crobial components play significant roles in nutrient recycling and carbon sequestration.
Soil microbial communities are composed of a wide variety of groups that adapt their
abundance and activity to environmental factors. The macro and micronutrient content
of digestate is not only important for the crops, but also for soil microorganisms, since
it contains growth promoters and hormones. Therefore, it could be used for stubble re-
mains to facilitate their decomposition. Jastrow et. al. [7] noted that for reducing soil
organic carbon (SOC) turnover and enhancing sequestration, there is a need to modify
the soil physicochemical environment to benefit the activities of microbes. The controlled
amendment of soil with quality assured digestates would help to provide a conducive
environment for the microbes to thrive, and in the long-term, help to attain the desired accu-
mulation of SOC through the harmonization of inputs and outputs from soil organic matter.
The biological activity of these communities plays an essential role in the geochemical
transformations of organic matter, and consequently, on soil fertility [8]. The use of animal
waste digestate to complement the use of mineral fertilizers and the effect of agricultural
practices on the different soil types is not deeply consistent [9,10]. However, based on
the different soil types and digestate properties, the influence of digestate treatments on
soil microbiota can vary depending on the pedoclimate conditions and the agricultural
plan employed. Hence, under a well-managed system, digestates can be applied safely
to soil [11-14]; however, some negative effects of digestate application were reported on
soil microbial activities [15,16]. The high content of potassium in pig digestate is a good
example of this negative effect, since at a higher concentration it is toxic to the microbial cell
wall. Digestates may be toxic because they possess inhibitory substances to soil microbes,
resulting in lower rates of ammonia oxidation and denitrification. [17-19]. Therefore, each
type of digestate must be examined due to its effect on soil microbial activity.

The provision of readily available nutrients to plants is encouraging the application
of digestate to agricultural soils for crop growth, therefore reducing the use of inorganic
fertilizers and GHG emissions during its production [20]. The use of inorganic fertilizers
is a major contributor to GHG emissions in agriculture due to very high GHG emissions
in synthetic fertilizer production and use of nonrenewable sources; therefore, the use of
digestates helps to change this trend by minimizing the use of mineral fertilizers. However,
the direct GHG emissions from cropland where organic fertilizers are used are usually
higher. The application of digestate in particular, and organic fertilization in general, comes
with its own negative consequences on the environment because of its potential to cause
higher direct N,O [6] and CO; emissions compared to that of mineral fertilizers [21,22].
The enhanced release of GHGs due to organic fertilization can be attributed to the fact
that the combined supply of easily degradable organic carbon and nitrogen (N) stimulate
microbial growth, C-decomposition, and C-mineralization, as well as nitrification and
denitrification [23]. Besides, N,O emissions are enhanced by high organic matter content
as the availability of carbon and N usually increases denitrification rates. N>O can be
produced both during nitrification and denitrification, although increased denitrification
rates do not necessarily lead to higher N,O emissions. There is still a knowledge gap in
how the relatively high organic matter content contained in the digestates with volatile,
high NH4* and low NO3~ affects emissions as it relates to different soil types. Methane
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emissions would be expected to be low when digestates are applied to aerobic soils, but
as they contain methanogenic bacteria, they may still induce emissions. Therefore, more
attention must be given to GHG emission factors after application of different types of
digestate on different soil types.

Due to the readily available rich nutrient content, digestate application resulted in
significantly higher aboveground biomass yields in the case of winter wheat and spring
wheat than that of the farmyard manure and undigested slurry treatment [24]. Similarly,
regarding the effect of liquid digestate and the equal quantity of water to the yield of
sweet corn and silage maize, significantly higher yields were found in the digestate treat-
ment [25,26]. However, usually only long-term use of digestate has a significant effect on
productivity. Nevertheless, there is limited information about the possibilities of using
digestate for crop fertilization and its influence on crop quality in different soil environ-
ments. The insufficient information is mainly observed in northern part of temperate
climate zone, where biogas production technologies came later than in the southern part.
Some researchers studied the influence of digestates in specific soil types, where positive
effects of digestates were reported, ranging from GHG mitigation to improved soil health
parameters [23,25]. However, there is a need to bridge the knowledge gap on how the
nitrogen sources from the digestates can influence GHG and microbial activities in loam
and sandy loam soil types.

We hypothesized that the use of digestate for the fertilization of crops grown in loam
and sandy loam will increase soil microbial activity and improve soil quality, resulting in
increased crop productivity and no significant differences between digestate type.

The aim of the present research was to understand the underlying mechanisms that
distinguish the nitrogen source contained in the digestate by: (i) evaluating the effect of
the digestates on microbiological activity in the two different soil types, (ii) determining
the influence of the digestates on GHG emissions in the two different soil types, and (iii)
understanding the effects of the digestates on selective soil chemical composition, spring
wheat growth, and biomass yield.

The results of this study are linked to better understanding of the environmental
and economic sustainability of biogas production (sustainable residue treatment) in line
with effective digestate utilization. The results could be used for the preparation of rec-
ommendations for agricultural as well as environmental specialists. There is also basic
information for further research, i.e., analyzing the microbial activity by identifying the
microbial communities in the soil and determining their effect on soil and crop quality and
the environment.

2. Materials and Methods
2.1. Experimental Design and Treatments

The experiment was conducted in 2020 (January to April) at the Agrobiology labora-
tory of Lithuanian Research Centre for Agriculture and Forestry. The two soil samples used
for the pot trials were collected from the top layer (0-20 cm) of two different fields: one in
the experimental site of Vytautas Magnus University, Agricultural Academy (54°53'03.5” N
23°50'13.5" E), and the second from a fallow domestic farmyard with no agricultural ac-
tivities (54°59'09.1” N 23°29'46.9" E). The visible plant debris and stones were manually
removed from the field moist soil samples. Then, the remaining soil was thoroughly mixed,
air-dried at room temperature, passed through a 2-mm sieve, and adjusted to 40% water
holding capacity (WHC) by adding deionized water. The experiment was carried out at
controlled conditions. Each experimental ten-liter pot was filled with 12 kg of sandy loam
textured (SLT) and loam textured (LT) soils, and spring wheat (Triticum aestivum) variety
Collada (Einbeck, Germany) was sown using 40 seeds per pot. Pots were randomized, with
three replications of each digestate treatment in the two soil types. Additionally, three pots
without any fertilizer material were used as control.
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The experimental treatments were as follows: nontreated, pig manure digestate,
chicken manure digestate, and cow manure digestate applied to the sandy loam and
loam soil. The additional control with synthetic nitrogen fertilizer treatment for the loam
soil was selected to identify the differences between different types of fertilizers and the
nontreated pot (as soils were rich in P and K, no additional synthetic mineral PK fertilizers
were added). The digestate application dose for each treatment was 0.16 1 for pig manure
digestate, 0.16 1 for chicken manure digestate, and 0.25 I for cow manure digestate, which
corresponded with the total surface area per pot (0.049 m?). For each digestate application,
the rate of digestate was calculated according to the respective content of total nitrogen.
The experimental pots were stored under controlled climate conditions in laboratory test
chambers (CLIMACELL 707, MMM Medcenter Einrichtungen GmbH, Munich, Germany).
Chamber parameters were set as appropriate for wheat growth—for a day (12 h) and night
(12 h) mode as follows: temperature 23 & 0.5 °C during the day and 18 & 0.5 °C during the
night, RH 68 + 2%, fan mode on 100%, light on during the day and light off during the
night. Water was regularly added to the pots to maintain the water content at 50% water
holding capacity.

2.2. Determination of Soil Physicochemical Properties

The chemical composition of the soil sampled from the field at the beginning of
the field trial was determined (as illustrated in Table 1). The content of mobile K,O,
mobile P,O5, Ca, and Mg in the soil was determined using ammonium lactate-acetic acid
extraction by the Egner, Riehm, and Domingo (A-L) method. The determination of soil
acidity (pH) was made in 1:5 (vol 1) soil suspension in the 1 M KCl solution [27]. The same
analyses were made after the experiment, and changes in soil chemical composition after
the experiment are presented in the results section. To characterize the soil, the analysis
of soil texture was made before the experiment using the pipette method (Eijkelkamp
equipment) and results are presented in Table 2.

Table 1. Chemical composition of soil (0-20 cm layer) before fertilization.

H P,0s5 K,O Organic Ca Mg N

P (mg kg—1) (mg kg—1) C (%) (mg kg—1) (mg kg~1) (%)
Loam 7.15 431 217 1.70 4792 858 0.164
Sandy ;03 g5 387 3.36 5636 912 0.262

loam

Table 2. Soil texture.

Particle Size Distribution

Sand Silt la

(2.0-0.063) (0.063-0.002) y

Loam 36.06 47.43 16.51
Sandy loam 735 20 6.5

2.3. Digestate Analysis

The digestates were obtained from agro-industrial biogas plants at three locations in
Lithuania, with the treatments used serving as their primary feedstocks. The digestates
were spread on the soil surface without injection on the treatment pots. The chemical
composition of the digestates applied were analyzed, and results presented in Table 3.
A chemical analysis of the digestates used in the pot experiments was carried out. A flame
photometer (FP) (Sherwood, Cambridge, UK) for mobile potassium K; a UV-VIS spec-
trophotometer (Shimadzu, Duisburg, Germany) for mobile phosphorus P; total nitrogen
(Ntot) was determined using the Kjeldahl nitrogen distiller method, while organic carbon
(Corg) was determined using a dry combustion method with total carbon analyzer Liquid
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TOC 1II. Electrical conductivity was determined using a thermo Orion stara2150 star A215
Benchtop conductivity meter.

Table 3. Digestate physicochemical parameters.

Indicators Pig Manure Digestate Chchl;egI;stNiigure C(E)v;’glzlsi:tl:! re
pH 9.00 9.80 8.30
Dry matter (%) 4.95 5.14 6.18
Organic matter (%) 342 3.13 5.04
Total Nitrogen, (%) 0.51 0.51 0.34
Water Soluble Ammonia, (%) 0.17 0.21 0.09
Mobile P,O5, mg kg ™! 0.12 0.15 0.11
Mobile KO, mg kg ! 0.58 0.23 0.33
Electrical Conductivity (mS m1) 454 428 287

2.4. Soil Microbial Activity Analysis
2.4.1. Soil Dehydrogenase Enzyme Activity Measurements

Dehydrogenase activity was determined according to the method [28]. 20 g of air-
dried soil and 0.2 g of CaCO3 were thoroughly mixed. Six g each of this mixture was
dispensed into the three test tubes (three replicates of each sample). To each tube, 1 mL
of 3% 2,3,5-triphenyl tetrazolium chloride (TTC) aqueous solution and 2.5 mL distilled
water were added. The contents of each tube were mixed with a glass stirring rod, then
the tube was stoppered and incubated at 37 °C for 24 h. After 24 h, the stopper was
removed, 10 mL methanol was added, and the tube was shaken for 1 min using a stirrer
(IKA, Germany). The filtrate was transferred into a glass funnel and filtered into a 50 mL
volumetric flask. The filtrate was diluted through the funnel to a 50 mL volume into the
volumetric flask using methanol. The intensity of the red color was measured using a
UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan) using a wavelength of 485 nm in
a 1 cm cuvette with methanol as a blank reference. The amount of triphenyl formazan
(TPF) produced by soil samples was estimated using the calibration curve prepared by
5-50 ug mL~! of TPF.

2.4.2. Soil Microbial Biomass Carbon (SMB-C) Determination Using Fumigation
Extraction Method

Soil Microbial Biomass Carbon was determined using the fumigation-extraction
method [29]. 20 g of soil was fumigated via exposing the soil to the alcohol-free CHCl3
vapor in a sealed vacuum desiccator for 24 h. The fumigated soil was evacuated repeat-
edly in a clean empty desiccator until the odor of CHCl3 was no more detected and then
extracted with 80 mL of 0.5 M K,SOy (soil: K»SO4 = 1:4) for 30 min by oscillating shaking
at 200 rpm, and then filtered through a Whatman No. 42 filter paper. Organic carbon
content in the extracts was measured using the dichromate digestion method. Two mL of
KyCrpO7 (66.7 mM) and 15 mL of the digestion mixture (2:1 conc. HySO4:H3POy4 (v/v))
were added to 8 mL of extract in a 250 mL conical flask. The mixture was gently refluxed
for 30 min, allowed to cool, and was then diluted with 20 mL distilled water. The excess
K,Cr,O; was measured by titration with ferrous ammonium sulfate (40.0 mM) using a
1.10-phenanthroline-ferrous sulfate complex (25 mM) solution as an indicator. The ex-
traction of nonfumigated soil was the same as that of the fumigated soil. SMB-C was
calculated from the differences in extractable organic carbon (OC) between the fumigated
and nonfumigated soil sample with a conversion factor (Kgc) of 0.38 [29].

SMB-C was calculated as

SMB-C = EC/KEc,

where Ec = (OC extracted from fumigated soil) — (OC extracted from nonfumigated soil)
and Kgc = 0.38.
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2.5. Measurement of CO; and N,O

The GHG fluxes from the soil were measured by the static chamber gas chromatog-
raphy technique with slight modifications [30]. The chamber was a cylindrical-shaped
groove with a 19.5 cm diameter that was permanently fixed to the pots. There was rubber
top with in-built fan for proper mixture of the air chamber and a small hole for installing a
pierceable rubber septum. The gas samples were taken using a well-sealed 20 cc syringe
through this pierceable rubber septum. The fluxes of CO, and N,O were measured at
one-week intervals from the start of the cultivating season. For sampling, gas samples
were taken through the rubber septum placed on the top of the frame. There was a time
interval of 10 min to allow for the proper mixture of the air chamber before expelling the
air samples into the vials using a polypropylene 20 mL volume syringe. The samples were
analyzed with a gas chromatograph (HP 6890 Series, GC System, Hwelett, Packard, Palo
Alto, CA, USA) equipped with flame ionization (FID) and electron capture detectors (ECD),
and nickel catalyst was used for converting CO, to CHy. The temperatures of the GC oven,
FID, and ECD were 70 °C, 300 °C, and 350 °C, respectively. The gas chromatography proce-
dures were as described by [30]. Standard temperature and pressure (STP) conditions were
assumed, as the temperature had a similar trend in the chamber, and the molar volume
of air was assumed as 22.4 L. The flux rate of each GHG was calculated based on the rate
of change in GHG concentration within the chamber, estimated as the slope of the linear
regression between the GHG concentration and gas sampling time. The CO; and N,O
fluxes were determined from each plot by the following closed-chamber equation [31-33]:

F=AC/At VC/A Mmol/vmol

where F is the CO, flux (ug ha=! h™1), or N,O flux (mg ha—'h~!), AC/At is the rate
of change of CO, or N,O concentration inside the chamber, A is the surface area of the
chamber, V¢ is the total volume of the chamber corrected for temperature, My, is molar
mass of CO; or N,O gas accumulation, and V] is the molar volume of N,O inside the
chamber corrected for the air temperature using the ideal gas law.

2.6. Plant Test

Physiological parameters of plants—chlorophyll index and fluorescence—were mea-
sured together every two weeks with five SPAD and fluorescence measurements taken
per leaf and averaged. The chlorophyll index was measured with a MINOLTA SPAD
502 instrument based on the ability of chlorophyll to absorb blue (400-500 nm) and red
(600-700 nm) waves. The level of absorption is converted to a numerical index of chloro-
phyll content in the leaves. Fluorescence is measured with a chlorophyll fluorimeter OS
-30p. Fluorescence shows the photoactivity of chlorophyll—the transfer of electrons in the
second photosystem—and shows how efficiently the energy of photosynthesis is used [34].
All the nondestructive measurements were made by placing the equipment on plant leaves
(five measures per each pot).

At the end of the experiment (100 days), plants were harvested for the determination
of total biomass yield of the crop. The collected samples were weighed. Samples were oven
dried at 105 °C until constant weight to determine the dry mass of biomass.

2.7. Statistical Analysis

One way analysis and Two-way analysis of variance (ANOVA) with Duncan’s multiple
range tests were calculated using the SAS software package, version 9.3 (SAS Institute
Inc., Cary, NC, USA) (p < 0.05) to identify the significance and possible interactions of
the soil types and factor treatments. Mean & SE (standard error of the mean) was used to
describe the variability of measurements. The normality of the distribution of gas emissions
was tested, and to verify the normality of the data, we used the Shapiro-Wilk test with
significance level o« = 0.05
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3. Results

3.1. The Changes of Soil Selected Chemical Properties after Application of Different Types
of Digestate

3.1.1. The Soil Chemical Composition in Loam Soil after the Experiment

In comparing the organic carbon content in all the treatments after harvesting, carbon
content decreased from 1.70% before the experiment to 0.93-1.10% after experiment. The
highest concentration of organic carbon was observed in treatments with pig manure diges-
tate, while the lowest was in pots applied with synthetic nitrogen fertilizers (as illustrated
in Table 4). The nitrogen content in the loam soil before the experiment was 0.164%. As
shown in Table 4, the concentration of this element decreased during the experiment in
all treatments. The lowest values were observed in control treatment and the one applied
with chicken manure digestate. The highest nitrogen content was in the treatment applied
with pig manure digestate. For the P,Os, the control treatment was significantly different
from the other treatments with the highest P,O5 changes. There was a higher K;O content
in treatments applied with all types of manure digestate in the loam soil compared to that
of the control (as illustrated in Table 4).

Table 4. Soil (loam) chemical composition after experiment.

Corg., % Niot., % P,05, mg kg1 K;0, mg kg1
Control 0.994 0.0842 2674 1372
Mineral nitrogen 0.932 0.093° 316 1422
Cow manure 1.002 0.096 © 3734 227 °¢
digestate
Pig manure 1.10° 0.1044 369 4 230°¢
digestate
Chicken manure 0972 0.086 349 ¢ 185b
digestate

Note: Treatments with different letters are significantly different at p < 0.05.

3.1.2. The Influence of Different Types of Digestate on Changes in Loam and Sandy Loam
Soil Chemical Composition during the Experimental Period

The pH in the two soil types were generally slightly alkaline and depended on the
digesting process during crop cultivation, mainly by the degradation of volatile fatty acids
and the production of ammonia (NH3) during the process (as illustrated in Table 1). The al-
kaline pH of digestate is an effective tool for the problem of soil acidification. The digestate
application did not cause any significant changes in the soil pH (data not presented).

Organic carbon content in the loam soil decreased in all the digestate treatments, with
the lowest decrease in pig manure digestate. In the sandy loam soil, organic carbon content
decreased in cow manure digestate, while there were increases in the pig manure digestate
and chicken digestate (as illustrated in Figure 1a).

During the cultivation period, nitrogen content decreased across the loam soil type
irrespective of the digestates applied while in the sandy loam soil; N content increased,
except for cow manure digestate treatment which decreased (as illustrated in Figure 1a).

Phosphorus content decreased across all the digestates in the loam soil, while there
were significant increased changes in phosphorus in sandy loam fertilized soil, with an
exception for chicken manure digestate treatment (as illustrated in Figure 1b). Distribution
of potassium slightly increased in the cow manure digestate and pig manure digestate
treatment in the loam soil with a decrease in treatment applied with chicken manure
digestate. In the sandy loam soil, potassium decreased in pots applied with cow manure
digestate, with significant increase after the application of pig manure digestate with the
supposedly higher content of potassium, which comes from digestate available for plants
(as illustrated in Figure 1b).
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Figure 1. (a) Changes in soil organic carbon (%) and total nitrogen (%). (b) Changes in soil phosphorus (P05, mg kgfl)
and potassium K,O, mg kg~!) during experiment. For all variables, significant differences at p < 0.05 were detected when
comparing soil types (Factor A), fertilizers (Factor B), and A x B interaction.

3.2. Soil Microbial Activities

Comparing the soil microbial activity between different types of fertilizer in the
loam soil, lower SMB-C and DHA values in the nonfertilized control were observed
compared to that of other treatments with the highest DHA value observed in chicken
manure digestate and highest SMB-C value found in cow manure digestate treatments
(as illustrated in Table 5).

Table 5. Effect of fertilization treatment on soil microbial activities in loam soil: dehydrogenase
activity and soil microbial biomass-carbon.

Soil Type Fertilizers DHA SMB-C
Loam soil Control 3.142 39.82
Synthetic Nitrogen 3.19% 71.0°

Cow manure digestate 547b 108.4 4
Pig manure digestate 6.42°¢ 86.0 ¢
Chicken manure digestate 6.70 € 70.0b

Note: treatments with same letters are not significantly different at p < 0.05.

Soil DHA in the synthetic nitrogen treatment was comparable to that of non-fertilized
control, while the SMB-C value in the synthetic nitrogen fertilizer was equal to that of the
chicken manure digestate treatment, but less than in cow and pig manure
digestate treatments.

In comparing the digestate application in the two soil types, SMB-C and DHA values
were observed to be higher in the sandy loam soil fertilized with digestates compared to
that of loam soil (as illustrated in Table 6). The least soil DHA value was observed in cow
manure digestate in the loam soil and highest in chicken manure digestate application in
sandy loam soil. The lowest SMB-C values were observed in chicken manure digestate
fertilization in loam soil, while the highest was observed in sandy loam soil fertilized with
chicken manure digestate (as illustrated in Table 6). There was significant interaction at
p < 0.05 between the soil type and the digestate.
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Table 6. Effect of digestate fertilization on soil microbial activities in two soil types: dehydrogenase activity and soil
microbial biomass-carbon.

Soil Types Digestate DHA (ug TPFg=1h-1) SMB-C (ug g1

Loam Cow manure digestate 2.33 68.6

Pig manure digestate 3.28 46.2

Chicken manure digestate 3.56 30.2

Cow Manure digestate 3.51 93.7

Sandy- loam Pig manure digestate 5.97 73.1

Chicken manure digestate 9.23 175.6
A (soil type) ** *
B (digestate) > >
A X B *% ok

** Denotes significant differences at p < 0.01.

3.3. Soil GHG Emission
3.3.1. Carbon Dioxide Emission

The control soil performed low CO; instantaneous emissions throughout the incuba-
tion period in the loam soil, attaining about 0.00766 pg ha~! h~! emissions on average. In
this frame, the pig manure digestate showed the highest emission rate immediately after
fertilization at day 7. Pig manure digestate showed higher CO; emissions at the different
observed measuring days. Pig manure digestate was significantly different at p < 0.05 from
other treatments at days 7, 27, 34, 41, 63, and 76. There were also significant differences
(p < 0.05) in CO, emissions between the synthetic nitrogen and the other treatments in
the loam soil at days 7, 56, and 90 over the course of the measuring period (as illustrated

in Figure 2).
—&— Control- Loam soil
0.0175 |- —@—  Svnthetic Nitrogen- Loam soil
—&— Cow manure digestate manure- Loam soil
—&— Pig manure digestate- Loamy soil
@ Chicken manure digestate- Loam soil
0.015
£ 0.0125}
on E
=
B
=
o 0.01F
O
o
0.0075 |-
0.005 -
I I I I T L
20 40 60 80 100
Days

Figure 2. CO; emission flux of treatments in loam soil.
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In comparing the digestates applied to loam and sandy loam soil, the highest rate of
CO; emissions was observed in the sandy loam soil fertilized with pig manure digestate
with irregular peaks observed. In particular, emissions were higher on day 20 in the sandy
loam soil fertilized with pig digestate manure at >0.01296 ug ha=! h~! (as illustrated
in Figure 3). Emissions trends show a similar behavior for the cow digestate treatment in
both soil types (as illustrated in Figure 3). The lowest emissions were observed in the loam
soil fertilized with pig manure digestate and chicken manure digestate between days 50
and 65 when compared to that of sandy loam soil.

+ Cow manure digestate- Loam soil
0.0175 - —&—  Pig manure digestate - Loam soil
—#%— Chicken manure digestate- Loam soil
—&— Cow manure digestate- Sandy loam soil
—8— Pig manure digestate- Sandy loam soil
I —#— Chicken manure digestate -Sandy loam soil
0.015 |
-—f_‘\ I
s
on 0.0125 |
=t
-
=]
=
S ool j
Q T
0.0075
0.005 -——Ab— | e
20 40 60 80 100
Days

Figure 3. CO, emission flux for digestate treatments in loam and sandy loam soil.

3.3.2. N,O Emission

The emission rates of NyO in loam fertilized soil were generally < 0.00589 mgha~1h~!,
except in the chicken manure digestate which had an emission rate of 0.00813 mg ha=! h~!
(as illustrated in Figure 4). The N,O emission rates peaked between days 5 and 20 in all
the treatments. At day 40, N,O emission rates flattened out till the end of the cultivation
period, with emission rates generally < 0.32739 mg ha~! h~!. Chicken manure digestate
was significantly different (p < 0.05) from other treatments at days 20, 27, 34 and 41.

In comparing N,O emissions of the digestates treatments in the soil types, there were
peaks in all the digestates treatments in both soil types at day 20, with the highest peak
observed in the loam soil fertilized with chicken manure digestate treatment which had an
emission rate of 0.008135 mg ha—! h~! (as illustrated in Figure 5). N,O emissions in all the
treatments in sandy loam soil were lower at day 34 when compared to that of emissions in
loam soil. N,O emission rates in all the digestates treatment in the loam soil and sandy
loam soil flattened out at day 40 to the end of the cultivation period.
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9x10~
—&— Control- Loam soil
- —&—  Synthetic Nitrogen- Loam soil
8x10 " | @ —&— Cow mamure digestate - Loam soil
—&— Pig manure digestate- Loam soil
@ Chicken manure digestate- Loam soil
~ _ \
—:_: 7%10 3L
- Q
ZL 3 |
g 6x107 |
W [
=
o _
2 5x107 |-
4x10”
3x1 0_3 . 1 L L L 1 L ' . I . I . L L
20 40 60 80 100
Days

Figure 4. N,O emissions in loam soil.

9x107
—&— Cow manure digestate- Loam soil
—f— Pig manure digestate- Loam soil
3 —3¥—  Chicken manure digestate- Loam soil
81077 |- —&— Cow manure digestate- Sandy loam soil
—f— Pig manure digestate- Sandy loam soil
—#—  Chicken manure digestate- Sandy loam soil
o X107
=
=
E 6x107°
5
=
.
7 5107 -
-3 '/
4x10 "
3x10° n | . n I I 1
20 40 60 80 100
Days

Figure 5. N,O emissions in digestate treatments in loam and sandy loam soil.

3.4. Results for Plant Measurement
Physiological Parameters in Plant Foliage

In evaluating the chlorophyll index of wheat fertilized with digestates and synthetic
nitrogen fertilizer in the loam soil, the obtained results showed a higher chlorophyll index
in synthetic nitrogen fertilized treatment and a consistently higher chlorophyll index
measurement in the synthetic nitrogen treatment all through the cultivation period than
that of the digestate treatments (as illustrated in Figure 6).
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Control -Loam soil

Synthetic Nitrogen-Loam soil

Cow manure digestate-Loam soil
Pig manure digestate- Loam soil
Chicken manure digestate-Loam soil

o000 e

ast

40t

351

Chlororphyll Index

2000
L 2

30r L]

25 I i i
40 50 60 70 80 90

Days
Figure 6. Chlorophyll Index measurement in loam soil fertilized treatments.

In comparing digestates treatment in the two soil types, chlorophyll index was higher
in the loam soil across all the digestates than that of the sandy loam soil. Cow manure
digestate and chicken manure digestate in sandy loamy soil had the lowest chlorophyll
index throughout the measurement period (as illustrated in Figure 7).

50
—&— Cow manure digestate- Loam soil
—&@— Pig manure digestate- Loam soil
—¥— Chicken manure digestate- Loam soil
—&— Cow manure digestate-Sandy loam soil
—4@—  Pig manure digestate- Sandy loam soil
45+ ——  Chicken manure digestate- Sandy loam soil
b
ﬁ 40
— b
=
=
2,
2
2 35)
O
30
25 1 N 1 N 1 1 R L R
40 50 60 70 80 90
Days

Figure 7. Chlorophyll Index measurement in digestate treatments in soil types.

The chlorophyll fluorescence in the loam soil was observed to be lower in synthetic
nitrogen fertilizer at the early stage of cultivation with a sustained decrease towards
the end of the cultivation period (as illustrated in Figure 8). All the digestates showed
a consistently higher chlorophyll fluorescence in the cultivation period, with the pig
manure digestate fertilized treatment maintaining the high level with control while other
treatments decreased towards the harvesting period. Pig manure digestate fertilized loam
soil was significantly different (p < 0.05) to that of the control and the other treatments.
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The unfertilized pot had a higher fluorescence towards the harvest period from day 70 to

day 85.
0.8
. °
§ ) B
0.7
]
]
> [¢]
2 06
=~
L
®
0.5+
0.4 L 1 1 Il I
30 40 50 60 70 80 90
Days
° Control- Loam soil ® Pig manure digestate- Loam soil
L 2 Synthetic Nitrogen- Loam soil ® Chicken manure digestate-Loam soil

Cow manure digestate- Loam soil
Figure 8. Florescence measurement for all treatments in loam soil.

In comparing florescence measurements in the digestate-fertilized treatments in the
two soil types, the loam soil had higher chlorophyll fluorescence compared with that of the
sandy loam soil (as illustrated in Figure 9).

0.8
0.7 ]
2 L |
=
05F —&— Cow manure digestate-Loam soil .
- —@—  Pig manure digestate- Loam soil
——  Chicken manure digestate- Loam soil
—&— Cow Manure digestate- Sandy loam soil
—@— Pig manure digestate- Sandy loam soil
| ——  Chicken manure digestate- Sandy loam soil
0 4 1 Il L 1 I 1
30 40 50 60 70 80 90

Days
Figure 9. Florescence measurement in digestate treatments between soil types.

3.5. Biomass Yield

3.5.1. The Comparison of Cultivated Wheat Biomass Yield in Control, Synthetic Nitrogen,
and Digestates Treatment

The yield results showed that the highest biomass productivity was observed in the
cow manure digestate fertilized treatment in the loam soil, while the lowest rate of biomass
productivity was in control. There were significant differences (p < 0.05) between the
control and other treatments, while the biomass yield in synthetic nitrogen treatment
was significantly different from that of the cow manure digestates (p < 0.05), as shown
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in Figure 10. All digestate fertilized treatments had higher biomass yield compared to that
of the control in the loam soil.

Biomass yield ( t ha')

Control Synthetic N Cow M. digestate Pig M. digestate  Chicken M. digestate
Treatments

Figure 10. Biomass yield measurement in all treatments in loam soil. Note: treatments with different
letters are significantly different at p < 0.05.

3.5.2. Comparison of Biomass Yield of Digestates between Soils

The yield results showed that the biomass productivity in the cow manure digestate
fertilized treatment in the loam soil was the highest, while it was the lowest in sandy loam
soil (as illustrated in Figure 11), with chicken manure digestate fertilized treatment having
the highest biomass yield in the sandy loam soil. Under statistical consideration, there were
significant differences (p < 0.05) in the interaction between the soil type and the digestates,
indicating that yield increase is soil type- and digestate-dependent.

Biomass yield ( tha")

Cow M. digestate Pig M. digestate Chicken M. & Cow M. & PigM. & Chicken M. &

i S ! il
Loam soil Treatments andy loam so

Figure 11. Biomass yield measurement in digestate treatments between soil types. Factor A (soil type)
=*; Factor B (fertilizer) = n.s. A x B =*; * denotes significant differences at p < 0.05.
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4. Discussion
4.1. Soil Chemical Properties

The composition of the primary feedstock strongly influences the chemical properties
of the digestate. The carbon and nitrogen contents are important elements for plants, and
both decreased in the loam soil after the experiment compared to that of sandy loam soil.
This is probably due to their consumption by soil microbes, although this did not lead
to a higher soil microbial activity when compared to that of the sandy loam. The total N
concentration was significant in the loam soil, but it reduced across soil types, except in
pig manure digestate and chicken manure digestate in sandy loam soil. The NH4-N were
quickly nitrified in soils [5], making both the nitrate and NHy-N to be taken up quickly
by plants. These results give credence to earlier reports that composition of soil mineral
fraction and soil organic carbon C can impact ammonium absorption [25,35]. Hence, the
decreased N content in all the digestate treatments in the loam soil and in the sandy loam
soil, except for pig manure digestate and chicken manure digestate, may be impacted by
the reduction in nitrifying bacteria activity due to ammonium fixation by soil colloids. The
quick mineralization of the nitrogen source is an important factor in the higher microbial
activities in the sandy loam soil. This resulted in the utilization and decrease in the carbon
source present in the soil. Phosphorus, an important element for plants, decreased in sandy
loam digestate fertilized soils. The increased changes in available phosphorus content
in the sandy loam digestate applied soil provide further evidence of their utility in the
microbial process arising from increasing biological activity. This result correlates with the
report by Alburquerque et al. [5], where the addition of digestate is an adequate strategy
for alleviating P deficiencies in soils.

4.2. Soil Microbial Activities

Soil microbial biomass is often used as an early indicator of soil quality changes and
is susceptible to changes in the soil environment and soil environmental practices [36,37].
Previous studies reported that changes in microbial richness, diversity, N mineralization,
and nitrification rates of digestates in soil are more closely related to the organic matter
content and microbiological composition of the receiving soil than to its textural properties,
which supports our findings in the higher microbial biomass observed in the sandy loam
partly attributed to the higher organic matter content [38-40]. In essence, the higher
availability of organic C and N influenced the microbial activity in the sandy loam soil due
to the higher supply of easily degradable organic carbon and nitrogen compared to that of
the loam soil. The addition of digestates has varying effects on the soil types driven by the
distinct characteristics of the soil types. The higher content of available major nutrients
in phosphorus, potassium, and calcium in the sandy loam soil contributed to the higher
microbial activities. The amendment with the digestate to the sandy loam soil did not in
any way negatively influence the microbial activity.

Dehydrogenase activity (DHA) is often used as a measure of soil microbial activity
and serves as an indicator of microbiological redox systems. DHA is closely correlated
with respiratory (aerobic) activity in the soil [41]. The increased DHA values in sandy
loam soil as compared to that of loam soil is indicative of better aerobic activities. Pre-
vious research reported that an increase in the activity of certain soil enzymes, such as
B-glucosidase, indicates energy release for microorganisms as an attribute of the type of
organic matter added to the soil [42]. This agrees with other studies demonstrating that
digestates stimulate microbial activity in soils and increase organic matter mineralization,
thus supporting dehydrogenase activity and microorganism growth and activation [1,40].
Contrary to other studies where the microbial activities were found to be higher in loam
soil [1], our study showed a lower microbial activity in the loam soil, which might be
connected to a moderately higher moisture content in the loam soil (data not reported),
creating an environment that made the initial solubility of the digestates slower. Besides
the pH that created a suitable environment for the microbes to thrive, the organic carbon
present provided an available substrate to be utilized. The higher microbiological activity
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in the sandy loam soil is an indication of an improved microbial biomass and enzymatic
activities, resulting in an improved growth rate of the soil microorganisms.

4.3. GHG Emission
4.3.1. CO, Emission

The rate of CO, emissions from control soil was moderate throughout the study,
and this demonstrated that a suitable preincubation stage occurred, resulting in a very
low background emission throughout the cultivation period. In this context, the CO,
emissions from the soil treated with the digestates showed marked differences, as their
application provides a balanced supply of mineral nutrients as well as organic carbon. The
activity of soil microorganisms strongly depends on the presence of available organic C
and N [24,43,44]. This can be compared with that of the higher microbial activity observed
in the digestate amendments and the control, which can be attributed to the quality as
well as the complex interaction of the digestate with the soil, accountingfor the higher
CO, emissions observed in the first few weeks of cultivation. The CO, emissions from
treatments with the digestates were moderately higher in the sandy loam soil than that of
the loam soil. This can be explained by the higher levels of microbial biomass and plant root
respiration in digestate-treated soil, resulting from greater amounts of biogenic materials
like mineralizable nitrogen, water soluble carbon, and carbohydrates, although this is in
contrast to previous studies of higher emission rates observed in loam soil compared to
that of other soil types due to higher pH and soil texture [25]. Another contributing factor
is the differences in the biochemical and microbial activity between both soils driven by
differences in the soil physical and chemical properties. The difference contributed to the
balance in degrading digested material, and therefore, it contains much more available
carbon, causing irregular CO, peak emissions

4.3.2. N,O Emission

Previous studies of soil texture effects on N,O emissions across soil types have yielded
mixed conclusions [43-46]. The loam soil of our study exhibited more moderate emissions
of NO compared to that of the sandy loam soil. This could be explained by several
texture-related factors, such as aeration, N availability, and enhanced anaerobic conditions.
Factors relating to soil conditions such as soil organic carbon content, soil pH, and texture
significantly contributed to N, O emissions [25,47]. The water contents of our experimental
units were adjusted to field capacity at weekly intervals, which might have contributed
to the higher N,O emissions in the heavy textured loam soils arising from enhanced
anaerobic conditions compared to that of the lighter textured sandy loam soils. There were
also substantial differences in texture between the two soils, especially a clay content of
16.5% vs. 6.5% (loam vs. sandy soil) (as illustrated in Table 2). The differing texture and
structure of the soils could have promoted N,O emissions in the loam soil by creating more
microsites with partially anoxic conditions at higher water holding capacity than in the
sandy loam soil. NH#** can be immobilized by microbes (bacteria and fungi) in the soil, and
it can be adsorbed to soil particles to a certain extent. Wang and Alva [48] found loam and
clay soil to be more capable to sorb NH** than sandy soils. Adsorbed NH** is immobilized
and therefore could mitigate N,O emissions [49].

The differing texture and structure of the soils possibly promoted N,O emissions
in the loam soil by creating more microsites with partially anoxic conditions at higher
water holding capacity than in that of the sandy loam soil. The higher emissions of N,O
in the early stage of the growing season is due to the composition of organic material in
the digestates. N»O emissions are stimulated by availability of N sources, which were
higher and readily available at the early growth stage. Although denitrification rates were
higher, there was sufficient supply of N contributing to keeping plant-available N in the
top layer of the soil at the beginning of the growing season while the root system is not yet
well developed. The salient effect of sandy loam soil on N;O emission compared to that
of loam soil can be attributed to its differing characteristics, arbon and nitrogen contents.
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It contained 1.5-times more total nitrogen, 2.0-times more organic carbon, and 2.0-times
P,O5 than that of the loam soil. Microbial activities observed in the loam soil also possibly
contributed to the higher N, O emission rates going by the anoxic conditions, resulting in
lower DHA and SMB-C values.

4.4. Physiological Parameters in Plant Foliage

The chlorophyll index shows the amount of chlorophyll in the leaves, and this in-
dex can be used to predict plant yields, determine fertilizer demand, and assess plant
viability [50]. The treatments improved the physiological parameters in the plants, with
no physiological stress arising from the use of the digestates across the two soil types.
However, chlorophyll index was higher across all the digestate treatments in the loam soil,
which is evidence of a better interaction between the loam soil and the digestates in terms
of nutrient availability and soil chemical characteristics. Chlorophyll fluorescence helps
to measure plant stress due to environmental stress predicated on the addition of organic
amendments [34]. The higher chlorophyll fluorescence observed in the digestate fertilized
loam soil provided an indication of the inability of the plants to metabolize properly.

4.5. Plant Biomass Yield

Digestates in general had a similar effect on total biomass yield based on the experi-
ment conducted. The similarity in biomass yield differences between the chicken manure
digestate and the pig manure digestate was expected considering there was no difference in
the mineral nitrogen content. However, higher biomass yield was observed in the digestate
treatments when compared to that of the untreated (control). The better performance
from the digestate was due to the availability of mineral nitrogen present in the form of
ammonium. The reliance on total mineral nitrogen content available in the digestate on
the biomass yields was recognized, and better yields were reported in the application of
biogas residues in barley crop and biomass yield [17,51]. Previous studies reported a higher
biomass yield in spring wheat and winter wheat fertilized with anaerobic digestate [52-54].
Some studies found that biomass yield was not only dependent on digestate fertilization,
but also with their management in both short and long-term [55,56]; improved yields were
reported when digestate was applied over a period of three years or longer [57]. Other
studies found that fertilization increased yield [53,58], especially in cow digestate manure
under the application of field conditions. The digestates applied increased the levels of
selected minerals in P, K, N, and C, which positively induced the soil chemical nature, and
in essence, these changes contributed to the plant productivity and yield. In this study,
the digestates were not the sole contributory factor to improved biomass yield, but also
the soil types. In comparing the yields in the digestate fertilized treatments in the two soil
types, the treatments provided the needed nutrients for plant growth in strong relationship
with the conditions provided by the soil types, providing better soil aeration and other soil
factors that aided the nutrient uptake and utilization by the plants.

5. Conclusions

The present study provides an overview of how a wide variety of animal waste based
digestates affects plant productivity, soil microbial activities, and GHG emissions in two
different soil types. Additional N supply from mineralization of the organic material by
soil microorganisms stands to benefit plant productivity, particularly in loam and sandy
loam soil. The high emissions of N,O in the two soil types provides an insight into finding
mitigation routes for digestate application in soil, especially in open agricultural field
conditions with variable environmental conditions.

The digestates had a positive effect on the biomass yields and complemented the
needed carbon and nitrogen source needed for plant growth, especially in the sandy loam
soil due to the retentive potential to maintain the required nutrients needed by the plants
at the early stage of plant growth.
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Overall, our study showed that digestates from biogas production based on funda-
mentally different animal feedstocks are promising in fertilizing different soil ecosystems
with lower environmental risks and a higher biomass productivity.
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