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Abstract: Digestate is commonly used as a liquid organic fertilizer, as it contains nutrients that are
important for plant growth and thus help reduce usage of mineral fertilizers. Since the digestate
application leads to the release of greenhouse gases (GHGs) into the atmosphere, it is necessary to
find a suitable application method and fertilizer rate with minimal gas emissions while providing
sufficient nutrients to crops. The aim of this study was to investigate the relationship between selected
GHGs and ammonia (NH3) release into the atmosphere and different rates of digestate applied, i.e.,
0, 10, 20, 30, and 40 m3 ha−1. Two digestate incorporation methods were used, i.e., a disc application
unit (D) and strip-till (S). The fluxes, i.e., methane (CH4), ammonia, and carbon dioxide (CO2), were
monitored using the wind tunnel method. Crop growth and potential nutrient utilization by silage
maize were assessed through stand condition monitoring by the Normalized Difference Vegetation
Index (NDVI) and the Normalized Difference Water Index (NDWI) using remote sensing. Under the
given conditions, the digestate rates and the compared application methods had significant effects on
the level of fluxes. The rate of digestate was confirmed to affect the yield of silage maize. The yield
increased by more than 8% when using the disc applicator. Based on our results, it is advisable to
apply digestate by strip-till technology at rates of approximately 20 m3 ha−1.

Keywords: flux; remote sensing; yield; disc application unit; strip-till

1. Introduction

One of the causes of climate change and global warming is greenhouse gas (GHG)
emissions, especially of carbon dioxide and methane. Climate change has occurred in the
past, but the present changes are more marked and rapid than before. These changes can
have an adverse effect on our environment [1,2]. This especially increases the pressure on
industries that obtain energy from fossil fuels, such as for instance oil or gas, which are often
located in politically unstable regions. With respect to sustainability, the European Commis-
sion has established a plan to increase the required proportion of energy from renewable
sources. This aim is described by the revised Directive EU/2023/2413, which entered into
force on 20th November 2023 [3]. Biogas produced in agriculture can contribute to this
effort, although using land for non-food purposes is often considered controversial [4].
However, the number of biogas plants in the Czech Republic has increased significantly in
the last decade, as this method of electricity production has been promoted [5].

Anaerobic digestion involves the transformation of organic materials without access
to air and produces biogas and digestate [6]. Digestate is mostly used in agriculture as a
liquid organic fertilizer, because it contains nutrients that are easily accessible by plants.
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Although the quality of digestate is influenced by many factors, it is primarily af-
fected by the feedstock that is used for biogas production [7]. Digestate contains a large
amount of macronutrients (N, P, K) and trace elements [8,9]. Digestate constitutes nutri-
ents/substances that have been stabilized by prior treatments and are easily degradable or
mineralized by microbes, making nutrients easily available for plant uptake [10].

The application of digestate instead of slurry has several advantages; for example, it
reduces smell, increases veterinary safety, reduces the presence of harmful microorganisms
and weed seeds, and results in reduced CO2 and CH4 fluxes [11,12]. It was also reported
that the lower fluxes of these gases are due to the anaerobic digestion (AD) process,
where labile carbon is transformed into biogas, and the resulting product in the form of
digestate contains less substrate and therefore has less potential for the production of these
emissions [13]. In addition, digestate has lower CO2 and CH4 emissions compared to other
organic fertilizers. However, NH3 emissions are typically greater for digestate than for
manure or slurry [14].

Nutrients from digestate can leach into surface- and groundwater and escape as
gaseous emissions into the air. The amount of nutrient losses can be significantly influenced
by the method of application to the soil [15]. Broadcast spreading of slurry using splash
plates (SPs) is being replaced by precision spreading equipment that enables accurate
application by a band spreader (e.g., trailing hose and trailing shoe) or by direct injection
into the soil, thus reducing ammonia emissions via volatilization from field-applied slurry
or digestate. The most effective approaches in terms of the abatement of ammonia emissions
compared to broadcasting are the closed-slot shallow or deep injections. Compared to SPs,
closed-slot injection reduces ammonia emissions by 23 to 94% [16,17], while deep injection
reduces these by 95 to 99% [18].

The digestate rates focused on in this analysis showed an increase in the oilseed rape
yield depending on the dose applied [19]. Another study [20] verified that digestate can be
used as a fertilizer on grasslands with no significant effect on the nutritive value, and that
fodder safety will not be compromised by digestate fertilization in repetitive higher doses
of 40 m3 ha−1. Digestate can partially replace the use of mineral fertilizers. The nitrogen
contained in digestate is largely in the form of ammonium. Not only ammonium nitrogen,
but other elements contained in the fertilizer are subject to losses to the atmosphere [21].
The gases monitored in this experiment are greenhouse gases. Methane is the second most
important greenhouse gas after carbon dioxide [22,23].

Methods for measuring greenhouse gas emissions from livestock production are well
established, but methods for measuring them after fertilizer application to fields are not
uniform. There are several different methods for measuring emissions in the field. One
of the oldest techniques is the use of static passive chambers. These chambers capture the
gases that are released from the soil, which can then be sampled and subsequently analyzed.
A more advanced method is the employment of dynamic chambers, where the monitored
gas is drawn into an analyzer and then returned to the chamber. Other approaches include
using wind tunnels to measure emissions, where the difference in composition of the
incoming and outgoing air is monitored [24]. Compared to the chambers described above,
the results from wind tunnels are not affected by the possible emerging microclimate of
the monitored area [25]. The wind tunnel method is especially appropriate for monitoring
ammonia flux [26].

The concentrations of gases that are released after digestate application, which are
measured above the surface, decrease with time [27]. In addition, these concentrations are
also affected by the soil moisture and temperature, porosity, and bulk density. The origin
as well as the state (raw, solid, liquid, composted) of the digestate also has an impact on
emissions. The greatest emissions can be observed with the raw digestates, while lower
emissions are emitted with the liquid ones [28]. The timing of digestate application does
not affect the overall annual emissions, but it does shift emissions to the non-growing
season for fall applications and to the growing season for spring applications [29]. Hence,
it is advisable to start measurements immediately following fertilizer application. In the
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search for the optimum dose, the smallest release of GHGs into the air should be balanced
with sufficient plant nutrition.

In this experiment, two methods of digestate application, carried out prior to silage
maize sowing, were compared. The aim of this study was to evaluate (i) the conventional
closed-slot injection by disc application and (ii) a unit with deep injection performed by
soil conservation strip-till application. Different rates of digestate were applied by both
methods, with the aim of choosing the method and rate resulting in low gas emissions from
the applied fertilizer. Crop status assessment during the growing season was included
to ensure that the recommended rate provides sufficient nutrition to the plants, thus
avoiding any potential yield loss. The hypotheses to be verified are as follows: (a) GHG
and NH3 emissions increase with rising digestate rates, (b) strip-till application leads to
lower emissions compared to the shallower incorporation method; and (c) higher digestate
rates lead to better vegetation conditions and improved yields.

2. Materials and Methods

In two consecutive years, 2021 and 2022, field trials were established, focusing on
different rates and application methods of digestate prior to maize sowing near the village
of Čechtice in the Central Bohemia Region, Czech Republic. In 2021, the measurements
were carried out on a slightly sloping plot of Locality A (49.6051642 N, 15.0814217 E), with
an average altitude of 540 m above sea level. In 2022, the experiment was repeated on a
flat plot, Locality B (49.6359539 N, 15.0302989 E), at 525 m above sea level. According to
the United States Department of Agriculture assessment, the soil texture of both fields was
sandy loam [30]. Table 1 presents selected chemical parameters that attained similar values
for both localities.

Table 1. Chemical characteristics (mean ± st. dev.) of experimental fields.

Soil Property Locality A—2021 Locality B—2022

Total carbon (%) 4.24 ± 0.68 4.17 ± 0.65
Total nitrogen (%) 0.40 ± 0.06 0.41 ± 0.06

C/N ratio (-) 10.36 ± 0.59 10.09 ± 0.55
K (mg·kg−1) 349 ± 99.33 357 ± 98.54
Ca (mg·kg−1) 2708.5 ± 502.38 2626.05 ± 542.85
Mg (mg·kg−1) 315.29 ± 45.55 312.37 ± 47.36
P (mg·kg−1) 35.90 ± 9.99 34.16 ± 9.5

pH (-) 6.64 ± 0.18 6.78 ± 0.21

Digestate was made at a farm’s biogas plant that processes mainly maize silage
and cow slurry. Before the filling of the application tanker, a mixed sample was taken
for laboratory analysis each year from the storage facility where the digestate had been
homogenized. Table 2 shows the chemical composition of the applied digestate and the
resulting calculated amounts of key nutrients that were supplied, with respective digestate
rates that were set by the application tanker. Dry matter (DM) in digestate attained 6%,
and digestate density reached 980 to 990 kg m−3. The lowest digestate rate of 10 m3 ha−1

supplied total nitrogen (Ntot) at 18 kg ha−1, the highest rate of 40 m3 ha−1 at over 92 kg ha−1.
The composition of the digestate applied on the experimental localities differed. This was
the case particularly for organic carbon, whose content was more than 50% higher in 2022
in Locality B, and for total nitrogen content, which was higher by 24.4% again in 2022
compared to 2021. Nitrogen that was accessible to plants amounted to around 50% of the
total nitrogen. Concerning laboratory chemical analysis of digestate, pH was determined
by potentiometry, Corganic by gravimetric method, and Ntot, P, and K were determined by
Atomic Absorption Spectrometry.
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Table 2. Composition of digestate and nutrient doses for respective digestate application rates on the
experimental localities.

Year
pH

Corganic Ntot P K Ninorganic N/NO3 N/NH4

(g kg−1 DM)

2021 8.34 79.52 31.52 8.34 68.63 8.33 1.80 6.53
2022 9.07 122.70 39.20 8.69 65.21 8.37 6.03 2.34

Digestate rate (kg ha−1)

2021 0 m3 ha−1 0 0 0 0 0 0 0
10 m3 ha−1 46.76 18.53 4.90 40.35 4.90 1.06 3.84
20 m3 ha−1 93.52 37.07 9.81 80.71 9.80 2.12 7.68
30 m3 ha−1 140.27 55.60 14.71 121.06 14.70 3.18 11.52
40 m3 ha−1 187.03 74.14 19.62 161.42 19.60 4.24 15.36

2022 0 m3 ha−1 0 0 0 0 0 0 0
10 m3 ha−1 72.15 23.05 5.11 38.34 4.92 3.55 1.38
20 m3 ha−1 144.30 46.10 10.22 76.69 9.84 7.09 2.75
30 m3 ha−1 216.44 69.15 15.33 115.03 14.76 10.64 4.13
40 m3 ha−1 288.59 92.20 20.44 153.37 19.69 14.18 5.50

Two digestate application and incorporation techniques were used separately in
each locality, i.e., one using disc application and the other using a strip-till application
unit. Figure 1 shows the application units used. In both cases, they linked to the self-
propelled tanker VREDO VT4556 (Vredo, Dodewaard, The Netherlands). The farm where
the experiment took place grows rye for silage as a pre-crop for maize. Strip-till application
was chosen as a soil conservation technology that is suitable for reducing soil erosion,
especially on sloping land. The depth of digestate incorporation of the strip-till unit was set
by the coulter behind which the application was carried out and by positioning relative to
the crumbling rollers and to the pairs of support wheels. The disc application unit had tools
that were spaced at 25 cm. The depth of digestate incorporation was determined by the
depth of soil processing by the disc working tools. This depth was adjusted relative to the
crumbling roller that moved over the soil surface. The disc application unit incorporated
digestate to approximately 12 cm of depth while cultivating the soil surface area evenly.
The strip-till unit incorporated digestate to 16 to up to 30 cm of depth, while cultivating
only 30 cm wide soil strips, with their centers spaced 75 cm apart. In the year 2021, in
Locality A, the width of the variants for the disc applicator was 24 m, with a length of
100 m. For the variants with strip-till employed, the width was 12 m, and the length was
200 m. The application of the digestate took place on 25 May 2021, approximately one
week after the harvesting of rye for silage. Four days after the application, maize for silage
(MARCAMO, FAO 190, 120,000 plats per hectare) was sown. In the year 2022, in Locality
B, the dimensions of the variants for the disc, as well as for the strip applicator, were the
same, i.e., a width of 12 m and a length of 200 m. The application of the digestate took place
on 23 May 2022, approximately two weeks after the harvest of rye for silage. In the day
following the digestate application, maize for silage (MARCAMO, FAO 190, 120,000 plats
per hectare) was sown. Each year, the application was carried out by both methods in four
variants differing in rates, i.e., 10, 20, 30, and 40 m3 ha−1. The fifth variant was considered
a control, where only the soil was cultivated by the unit, without any fertilizer applied.



Agronomy 2024, 14, 336 5 of 17Agronomy 2024, 14, x FOR PEER REVIEW 5 of 18 
 

 

 

Figure 1. Digestate application units used: (A) strip-till application unit, (B) disc application unit. 

As mentioned in the introduction, the wind tunnel method was used, as it was the 
most suitable, in particular for measuring the flux of ammonia. Emissions were measured 
immediately after the application of the digestate, since concentrations are reported to 
decrease with the time interval from application. The monitored gases were NH3, CO2, 
and CH4. The INOVA 1412 (INNOVA Air Tech Instruments, Ballerup, Denmark) was used 
to monitor gases, supplemented by a multiplexer INOVA 1309 (INNOVA Air Tech Instru-
ments, Denmark) to allow for simultaneous measurements on all the variants. Wind tun-
nels were placed on each variant of the experimental plot to capture the fluxes. Special 
tubes led from them, which conducted the analyzed air to the gas analyzer. The concen-
trations in the air entering the wind tunnel and in the air leaving the wind tunnel were 
measured. The fluxes of the monitored gases were determined from the differences be-
tween the measured values at the outlet and the inlet. The wind tunnel dimensions were 
50 × 35 cm. Apart from gas analyzer intake tubes, the inlet opening was fitted with an 
anemometer, an outlet with an adjustable fan providing the required constant airflow rate. 
The air flow speed through the tunnel inlet opening reached approximately 0.7 m s−1. A 
thermometer was placed inside to record the temperature during the measurement. The 
wind tunnels were moved to a different position of the respective variants after one hour, 
and three repetitions, i.e., three positions of a wind tunnel per variant, were performed in 
total. At each wind tunnel position, the fluxes of monitored gases were measured repeat-
edly at least 5 times per hour, thus providing 15 flux measurements per variant as a min-
imum. All measured data were continuously stored on a PC. Flux, “J”, was calculated 
based on mass per unit area per unit time (µg m−2 min−1) using Equation (1) [31]: 𝐽 , (1)

where “v” is the average air velocity in the wind tunnel (m min−1), “At” is the cross-sec-
tional area of the ventilation openings (m2), “Cout” is the concentration of the monitored 
gases in the outcoming air (µg m−3), “Cin” is the concentration of the monitored gases in 
the incoming air (µg m−3), and “AS” is the area of the wind tunnel footprint (m2). The cal-
culated concentrations were then converted to fluxes released per minute. In the case of 
the strip-till, the flux values had to be recalculated to account for the fact that the digestate 
was not applied evenly, but in strips. Dixon’s Q test was used for identification and rejec-
tion of outliers at a probability level of 0.05. 

Satellite data of Sentinel-2 (European Space Agency; ESA) were used for crop status eval-
uation. The use of Sentinel-2 mission data is well suited to agricultural practice, as it provides 
free high spatial and temporal resolution data from most regions of the world [32]. Therefore, 
five cloud-less images were selected with spatial resolutions of 10 m·px−1. Crop status was de-
rived from (a) the Normalized Difference Vegetation Index (NDVI), as one of the most com-
mon vegetation indexes that are used for local-scale management purposes as an direct indi-
cator of plant health and growth [33,34] and (b) the Normalized Difference Water Index 

(A) (B) 

Figure 1. Digestate application units used: (A) strip-till application unit, (B) disc application unit.

As mentioned in the introduction, the wind tunnel method was used, as it was
the most suitable, in particular for measuring the flux of ammonia. Emissions were
measured immediately after the application of the digestate, since concentrations are
reported to decrease with the time interval from application. The monitored gases were
NH3, CO2, and CH4. The INOVA 1412 (INNOVA Air Tech Instruments, Ballerup, Denmark)
was used to monitor gases, supplemented by a multiplexer INOVA 1309 (INNOVA Air
Tech Instruments, Denmark) to allow for simultaneous measurements on all the variants.
Wind tunnels were placed on each variant of the experimental plot to capture the fluxes.
Special tubes led from them, which conducted the analyzed air to the gas analyzer. The
concentrations in the air entering the wind tunnel and in the air leaving the wind tunnel
were measured. The fluxes of the monitored gases were determined from the differences
between the measured values at the outlet and the inlet. The wind tunnel dimensions were
50 × 35 cm. Apart from gas analyzer intake tubes, the inlet opening was fitted with an
anemometer, an outlet with an adjustable fan providing the required constant airflow rate.
The air flow speed through the tunnel inlet opening reached approximately 0.7 m s−1. A
thermometer was placed inside to record the temperature during the measurement. The
wind tunnels were moved to a different position of the respective variants after one hour,
and three repetitions, i.e., three positions of a wind tunnel per variant, were performed
in total. At each wind tunnel position, the fluxes of monitored gases were measured
repeatedly at least 5 times per hour, thus providing 15 flux measurements per variant as a
minimum. All measured data were continuously stored on a PC. Flux, “J”, was calculated
based on mass per unit area per unit time (µg m−2 min−1) using Equation (1) [31]:

J =
v·At·(Cout − Cin)

As
, (1)

where “v” is the average air velocity in the wind tunnel (m min−1), “At” is the cross-
sectional area of the ventilation openings (m2), “Cout” is the concentration of the monitored
gases in the outcoming air (µg m−3), “Cin” is the concentration of the monitored gases in
the incoming air (µg m−3), and “AS” is the area of the wind tunnel footprint (m2). The
calculated concentrations were then converted to fluxes released per minute. In the case of
the strip-till, the flux values had to be recalculated to account for the fact that the digestate
was not applied evenly, but in strips. Dixon’s Q test was used for identification and rejection
of outliers at a probability level of 0.05.

Satellite data of Sentinel-2 (European Space Agency; ESA) were used for crop status
evaluation. The use of Sentinel-2 mission data is well suited to agricultural practice, as it
provides free high spatial and temporal resolution data from most regions of the world [32].
Therefore, five cloud-less images were selected with spatial resolutions of 10 m·px−1. Crop
status was derived from (a) the Normalized Difference Vegetation Index (NDVI), as one of
the most common vegetation indexes that are used for local-scale management purposes as
an direct indicator of plant health and growth [33,34] and (b) the Normalized Difference
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Water Index (NDWI), which is sensitive to the water content of the plants [35], as is shown
in Table 3. The data were processed using Google Earth Engine (Google LLC, San Francisco,
CA, USA) qGIS (Open Source Geospatial Foundation), and STATISTICA (TIBCO, Palo Alto,
CA, USA). Yields can be predicted by long-term monitoring of crop stands using remote
sensing [36].

Table 3. Vegetation indices used for crop stand assessment.

Normalized Difference Vegetation Index NDVI NIR−RED
NIR+RED [37]

Normalized Difference Water Index NDWI NIR−SWIR
NIR+SWIR [38]

Yield measurements were carried out by randomly selecting ten 1 m2 plots in each
experimental variant where maize plants were hand-harvested and weighed; then, the
dry weight of each sample was determined. The maize was harvested on 20th October in
Dough stage—BBCH 85. The plant was cut 25 cm above the ground, as it would have been
when harvested using a forage harvester. Plant heights were measured from the ground
surface to the plant apex in two terms. Statistical analysis of data was performed using
Statistica 12 software. Significant differences in fluxes, NDVI, NDWI, maize dry matter
(DM) yields, and crude protein (CP) in DM among investigated variants were determined
through factorial (factors: locality; digestate rate; application method) analyses of variance
(ANOVA) and Tukey’s HSD post-hoc tests with a 95% confidence interval. Simple linear
regression for gas fluxes, maize dry matter (DM) yields, and crude protein (CP) in DM was
performed in order to analyze their dependance on the digestate application rate.

3. Results

Figure 2 shows monthly the precipitation rates and average monthly temperatures in
2021 and 2022, as well as long-term average temperatures and monthly average precipi-
tation rates from 1961 to 1999. With regard to precipitation in the year of 2021, February
through April were below average, while May and June were above average, followed
by two average precipitation months. The end of the corn growing season was markedly
below average. Concerning temperatures, June and July were above average, while the rest
of the maize growing season was average in this respect. In terms of precipitation, the 2022
season was below average compared to the long-term normal. Noteworthy precipitation
was observed in August, when the rainfall was two times higher. However, that month
was preceded by an extremely droughty July. The monthly average temperature in 2022
was 1.2 ◦C higher than in 2021 and 1.9 ◦C above the long-term average. The total annual
rainfall was 610 mm in 2021 and 681 mm in 2022, while the long-term average is 715 mm.
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3.1. GHG Fluxes

In Figure 3, three monitored fluxes of selected GHGs and ammonia are presented
according to the locality, application method, and digestate rate. The factorial (locality;
digestate rate; application method) ANOVA was employed to analyze the data. With
only locality taken as a factor, the fluxes of all three gases in question, i.e., ammonia, car-
bon dioxide, and methane, demonstrated significant differences. In Locality A in 2021,
the average fluxes of NH3 (124.05 µg m−2 min−1), of CO2 (10,119.64 µg m−2 min−1),
and of CH4 (390.47 µg m−2 min−1) attained significantly lower values compared to Local-
ity B in 2022, with respective values of 1265.13 µg m−2 min−1, 73,800.03 µg m−2 min−1,
and 2601.08 µg m−2 min−1. These differences, in the case of NH3 flux amounting to
more than ten times, were to a certain extent caused by the above-mentioned signifi-
cant differences in temperatures. Generally, there is a reported relationship between flux
and temperature. Interannual differences in digestate composition, particularly with re-
gard to organic carbon and total nitrogen, might have been another important aspect
(see Table 3). Considering solely the factor of application method, all three gas fluxes
proved, again, significantly different. With the strip-till application unit used, the av-
erage fluxes of NH3 (469.21 µg m−2 min−1), of CO2 (22,113.60 µg m−2 min−1), and of
CH4 (908.18 µg m−2 min−1) attained significantly lower values compared to those at-
tained by the disc application unit, with respective values of 618.03 µg m−2 min−1,
45,070.31 µg m−2 min−1, and 1500.81 µg m−2 min−1. These differences, in the case of
NH3 flux amounting to more than 1.3 times to 2 times of CO2 and in the case of CH4 to
more than 1.6 times, were most likely caused by better digestate incorporation into the soil,
particularly by its greater depth. With only the digestate rate taken into consideration, the
exact same patterns of significant differences were observed for the means of NH3 and
CH4 fluxes. The highest digestate rates of 30 and 40 m3 ha−1 produced significantly higher
average fluxes (for NH3, 894.71 and 1277.79 µg m−2 min−1

, respectively; for CH4, 3245.29
and 1316.62 µg m−2 min−1, respectively) than the control and lower digestate rates of 10
and 20 m3 ha−1 (for NH3, 161.38, 221.05, and 188.47µg m−2 min−1, respectively; for CH4,
309.58, 603.07, and 567.83 µg m−2 min−1, respectively). For CO2, the flux of the control
variant without digestate application (11,719.84 µg m−2 min−1) differed significantly from
all the variants with digestate applied, i.e., with the rates of 10, 20, 30, and 40 m3 ha−1

(29,801.96, 39,289.57, 37,743.43, and 49,775.34 µg m−2 min−1, respectively). The only other
significant difference was verified between the lowest rate of 10 m3 ha−1 and the highest
one of 40 m3 ha−1.

Figure 3A presents ammonia fluxes with regard to the locality, digestate rate, and
application method. Significant differences were found among the higher digestate rates
of 30 and 40 m3 ha−1, applied both using a disc and strip-till unit in Locality B in 2022,
and all the other variants. Moreover, within the higher rates of the year 2022, the NH3
flux, measured after a rate of 30 m3 ha−1 applied using a disc unit, significantly exceeded
the one measured after a rate of 40 m3 ha−1 applied using a strip-till unit; the NH3 flux
measured after a rate of 40 m3 ha−1, applied again using a disc unit, significantly exceeded
those that were measured after rates of 30 and 40 m3 ha−1 applied using a strip-till unit.
Therefore, in Location B in 2022, NH3 fluxes that were higher on average by up to 80%
could be observed when the disc applicator was employed.

Figure 3B demonstrates carbon dioxide fluxes. In 2022, significantly higher fluxes
could be observed for all the rates, i.e., 10, 20, 30, and 40 m3 ha−1, when digestate was
applied using the disc unit. With regards to the strip-till unit, significant differences, i.e.,
higher average values, were verified for rates of 10 and 40 m3 ha−1 in 2022 compared to
the variants with lower digestate rates in the year of 2021, specifically to 0, 10, 20, and
30 m3 ha−1 treated using the strip-till unit and to 0 and 10 m3 ha−1 treated using the disc
unit. Overall, CO2 fluxes attained on average 48% higher values in 2021, and 182% higher
values in 2022 when the disc applicator was employed compared to the strip-till unit.
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Figure 3C, which describes methane fluxes, presents relationships that are mostly
similar to the ammonia fluxes described above. Significant differences were found among
a higher digestate rate of 30 m3 ha−1, applied using a disc unit in Locality B in 2022 and all
the other variants. The other higher digestate rate variants of 2022, i.e., 30 m3 ha−1 applied
by a strip-till unit and 40 m3 ha−1 applied both by strip-till and disc units, demonstrated
significantly higher methane fluxes than all the variants of Location A in 2021 and than
some of the lower-rate variants of Location B in 2022. Overall, CH4 fluxes attained on
average 23% higher values in 2021 and 126% higher values in 2022 when the disc applicator
was employed compared to the strip-till unit.

In the case of ammonia and methane, fluxes increased with an increasing digestate
rate, although significant differences were found solely among the highest rates of 30 and
40 m3 ha−1 in Locality B in 2022, when a higher temperature and digestate composition
favored emissions, compared to the variants from 2021 and also compared to the control 0
and lower rates from 2022. With carbon dioxide, any dose that was applied using the disc
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unit in 2022 produced a significantly higher flux. The difference between the application
methods proved significant for all three fluxes in question. The results suggested lower
flux values of the strip-till method compared to the disc one.

Figure 4 presents the simple linear regression for the relationships between the moni-
tored fluxes and the digestate application rates. Since the result of ANOVA of all the three
fluxes suggested significant differences regarding the factor of locality, as well as that of
application method, the linear regression was completed for both factors separately. In all
the cases, the flux values increased with an increasing digestate rate, but in Locality A in
2021, the increase was more gradual for both application methods. In 2022, the flux values
of all the monitored gases demonstrated a steeper increase, particularly concerning the
disc application method. R-squared surpassed 0.5 solely in the case of ammonia flux after
digestate having been applied using a disc unit in 2022 (see Figure 4A).
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3.2. Remote Sensing

Figure 5 provides the vegetation indexes of individual variants (digestate rate and
application method) during the years of 2021 and 2022. In the 2021 season, Figure 5A
indicates that maize reached the mature stage after 24 July 2021, when NDVI (see Figure 5A)
values became considerably higher than on previous dates. The NDWI (see Figure 5B)
represents the potential water stress during the monitored period. Differences in vegetation
index values among application treatments at the beginning of the tillering phase for the
control treatments may indicate plot inhomogeneity. In the early growth phase, the variants
with strip-till application of digestate showed higher index values. This difference evened
out on 24 July 2021. On the other hand, on the subsequent date, the variants with the
fertilizer being applied by disc applicator attained significantly higher vegetation index
values. At the end of the season, the index values of all the variants leveled off relative
to the previous terms. With the factorial (digestate rate; application method) ANOVA,
however, the last term of 5 September 2021 demonstrated significant differences in both
factors separate as well as combined. The strip-till method demonstrated a higher NDVI,
whereas the disc method demonstrated significantly higher values of the NDWI. The latter
was the case for all the digestate rates, i.e., 0, 10, 20, and 30, except for the highest rate of 40.
There were no apparent indications of higher indexes with increased digestate rates. This
may be due to the nutrient stock in the soil after the pre-crop. In the 2022 season, although
no statistically significant differences in the NDVI were observed between strip-till and
disc (see Figure 5A), statistically significant differences were noted between a rate of 0
and all other rates. Despite maize being sown on 24 May 2022, the first cloud-free image
from the Sentinel-2 satellite was acquired on 17 July 2022. The crop growth appeared to be
relatively inconsistent during this period. On the subsequent two dates, 8 and 16 August
2022, vegetation was nearly consistent, except for variant 0S. The most recent available
satellite image before harvest indicated a decrease in the NDVI index. Regarding the NDWI
index in 2022 (see Figure 5B), no statistically significant differences were observed among
application units or rates. High NDWI index values indicate sufficient water availability
for plants, especially in August when the extreme rainfall occurred.

Overall, there was no evidence of a statistically significant difference between applica-
tion methods on vegetation indices (NDVI and NDWI) over the study period. However,
statistically significant differences were observed for the NDVI between doses of 0 and 10;
10 and 20; 10 and 40; and 30 and 40. For the NDWI, a statistically significant difference was
observed between a dose of 40, demonstrating the lowest value, and all the other doses.

3.3. Maize Yield

Figure 6A presents the results for silage maize yields during the monitored periods.
Generally, higher yields were observed when the disc applicator was used. Although
there were no statistically significant differences between the application methods within
each season, the overall difference for both years was statistically significant. Yields
increased with the digestate rate in both years. However, a statistically significant difference
was observed only between the 0 and 20–40 m3 ha−1, as well as between the 10 and
30–40 m3 ha−1.

In terms of crude protein (see Figure 6B), no statistically significant differences could
be observed apart from differences with respect to localities, i.e., to years.

Figure 7 presents the simple linear regression for the relationships between the yields,
the crude protein contents, and the digestate application rates. Since the result of the
ANOVA of silage maize yields suggested significant differences regarding the factor of
locality, as well as that of application method, the linear regression was completed for both
factors separately. Concerning yields, their values increased with increasing digestate rate,
although R-squared varied only from 0.2252 (for strip-till in 2022) to up to 0.5854 (for strip-
till in 2021). The crude protein content only changed gradually, and in Locality B in 2022, it
even slightly decreased with higher digestate rates. R-squared did not exceed 0.0740.
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4. Discussion

While static or dynamic chambers are commonly used for long-term field gas measure-
ments, a wind tunnel method was exploited in this experiment. One potential disadvantage
of this approach was the requirement for an electrical power supply [39]. Ammonia fluxes
are the most temperature-dependent of the gases [40]. Thus, when compared with other
studies where digestate was applied to soil, the measured NH3 concentrations were lower
than [41] and also lower than [31], who measured fluxes in a laboratory experiment.
This difference may be caused partly by the different temperature at which the experi-
ment was conducted. Specifically, in Locality A in 2021 during the digestate application
and flux measurements, the weather was partly cloudy, and the air temperature reached
10.72 ◦C ± 0.77 ◦C (mean ± st. dev.), with a relative humidity of 79.83% ± 12.01%. In 2022
in Locality B, the weather during the application and measurements was sunny, and the air
temperature reached 22.38 ◦C ± 2.53 ◦C, with a relative humidity of 55.02% ± 15.16%. The
second year of the experiment, the temperature was significantly higher and the humidity
significantly lower compared to the year of 2021 at a probability level of 0.05. Further-
more, the slightly different chemical composition of the digestate may have affected the
results [42]. In addition, the results may be partly influenced by the measurement method.

When comparing the average carbon dioxide fluxes at the digestate rate of 30 m3 ha−1,
Czubaszek and Wysocka-Czubaszek [43] measured approximately two and a half times
higher methane flux and more than six times higher carbon dioxide flux values than in
our experiment. This substantial difference is due to the fact that they used a broadcast
application without incorporation into the soil. On the contrary, Rosace et al. [44] measured,
in their experiment, approximately more than six times lower carbon dioxide fluxes in a
comparable measurement period straight after the digestate application. This difference
in values may have been caused by a different measurement method (laboratory analysis)
and by the different physical properties of soils, especially their texture, which influences
the rate of escape of emissions into the atmosphere [45,46].

There was also no apparent trend for fluxes to increase with the dose in 2021 as
opposed to the year of 2022. The lower temperature may have been one of the causes,
since overall lower releases from the soil to the air occurred [47]. When compared with
Czubaszek and Wysocka-Czubaszek [43] and their 30 m3 ha−1 rate, approximately 5.5 times
higher average carbon dioxide fluxes were measured in our study at the same digestate
application rate. Their digestate application method on the soil surface was the key reason
for the considerable flux increase. This was also confirmed by Pezzolla et al. [48], who
applied a rate of 10 m3 ha−1 on the soil surface and measured approximately 40% higher
fluxes compared to our experiment’s respective values.

Since optimal field management and application techniques may lead to reduced
emissions, both investigated methods of digestate application are more appropriate in
terms of gas emissions than the surface application when digestate is incorporated into the
soil only after several days, as was reported by Birkmose [49].

Although remote sensing is a valuable tool for vegetation assessment, no significant
overall differences in vegetation indices were observed based on the application methods.
Nevertheless, statistically significant differences were observed in vegetation indices based
on application methods in 2021, but these were not confirmed in 2022. These results
are partially in line with the findings of another study, suggesting that maize is capable
of nitrogen uptake regardless of the application method [50]. While Shaver et al. [51]
reported a high correlation between the leaf nitrogen content of maize and the NDVI index,
our results confirm significant differences in plant conditions with increasing digestate
application rates—between rates of 0 and 10, 10 and 20, 10 and 40, 30 and 40. Water
and nitrogen deficiencies can increase plant growth stress and reduce yield [52]. The
NDWI was used as an indicator of water stress, since it reflects the water content of the
plant [53]. However, in our study, the effect of the digestate dosage on the NDWI, was
not observed except for the dose of 40. The spatial resolution of 10 m·px−1 is useful
for the fundamental establishment of vegetation status for precision farming methods,
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especially for large plots [54]. The ambiguous results of this study could be explained by
the insufficient satellite resolution regarding the size of the experimental plots, where UAVs
or other more accurate methods, i.e., hand-held optical sensors, would have been more
appropriate [55,56].

The yield results indicate that higher values are achieved with an increasing digestate
rate, which was confirmed by the results of the study by Przygocka-Cyna and Grzebisz [50].
Results from other authors have shown that digestate provides satisfactory agronomic
performances that are comparable to mineral fertilizers in maize cultivation [57,58]. Con-
cerning the rational use of the landscape in maize production, apart from conventional
tillage (including autumn ploughing), minimal- or no-tillage systems have been used in
research and agricultural practice in recent years. Thus, using minimum- or no-till is mainly
for the sake of soil conservation and fuel savings, while these systems may not lead to any
statistically significant differences in yields [59]. Although the overall difference in yield
was statistically significant between the different application methods, individual years
did not indicate this difference. If this difference was not demonstrated in the long-term
experiments, the authors of this study would suggest using strip-till methods in agricultural
practice. The strip-till technology in maize cultivation was also recommended by Battisti
et al.; additionally, the authors also recommend the application of digestate as a starter
fertilizer [60]. Moreover, this method is environmentally friendlier in terms of carbon stor-
age than a tillage of the entire surface [61]. However, strip-till needs to be complemented
by other sustainable practices such as rational crop rotation [62]. The digestate dose and
application method did not have any statistically significant effect on the crude protein.
Nevertheless, Silva et al. found that it was advisable to apply nitrogen fertilization at later
stages of maize growth to increase crude protein [63]. Nevertheless, this difference could
be due to different maize growth periods.

In addition, the authors recommend that further research should be carried out, ideally
on the same plot over several years to provide more accurate results.

5. Conclusions

This field experiment was carried out to investigate the differences in selected GHG
and ammonia emissions based on the rate and method of digestate application. For
all gases studied, i.e., ammonia, carbon dioxide, and methane, there were statistically
significant differences in terms of locality, year, the digestate application method, and,
to some extent, the rate with which digestate was applied. In Locality B in 2022, with
significantly higher temperatures, fluxes proved to be higher as well. The disc application
method demonstrated significantly higher fluxes compared to the strip-till method. The
highest digestate rates of 30 and 40 m3 ha−1 produced significantly higher average NH3 and
CH4 fluxes than the control and lower digestate rates of 10 and 20 m3 ha−1. For CO2, the
flux of the control variant without digestate application differed significantly from all the
variants with digestate applied to them. Generally, the maize yield grew when the digestate
rate increased. However, the crop status, evaluated by remote sensing methods, did not
consistently demonstrate a positive crop reaction to rising rates, especially at 40 m3 ha−1.

Based on the results of this study, the authors suggest the application of digestate
based on strip-till technology at rates of around 20 m3 ha−1 for agricultural practice. At
this rate, ammonia and methane fluxes did not increase significantly, whereas the average
maize yield did not differ from those reached at higher digestate rates.

Author Contributions: Conceptualization, J.K. and P.Š.; methodology, P.Š.; data analysis, P.Š. and
V.N.; field measurements, J.K., P.Š., V.N., P.B. and A.D.; writing—original draft preparation, J.K.,
M.D., P.Š. and V.N.; supervision, J.K. All authors have read and agreed to the published version of
the manuscript.
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