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Abstract: The cultivation or ‘tillage” system is one of the most important elements of agrotechnology.
It affects the condition of the soil, significantly modifying its physical, chemical, and biological prop-
erties, and the condition of plants, starting from ensuring appropriate conditions for sowing and
plant growth, through influencing the efficiency of photosynthesis and ultimately, the yield. It also
affects air transmission and the natural environment by influencing greenhouse gas (GHG) emis-
sions potentially. Ultimately, the cultivation system also has an impact on the farmer, providing the
opportunity to reduce production costs. The described experiment was established in 1998 at the
Brody Agricultural Experimental Station belonging to the University of Life Sciences in Poznan (Po-
land) on a soil classified as an Albic Luvisol, while the described measurements were carried out in
the 2022/2023 season, i.e., 24 years after the establishment of the experiment. Two cultivation meth-
ods were compared: Conventional Tillage (CT) and No Tillage (NT). Additionally, the influence of
two factors was examined: nitrogen (N) fertilization (0 N —no fertilization, and 130 N-130 kg N-ha™)
and the growth phase of the winter wheat plants (BBCH: 32, 65 and 75). The growth phase of the
plants was assessed according to the method of the Bundesanstalt, Bundessortenamt and CHem-
ische Industrie (BBCH). We present the results of soil properties, soil respiration, wheat plants chlo-
rophyll fluorescence, and grain yield. In our experiment, due to low rainfall, NT cultivation turned
out to be beneficial, as it was a key factor influencing the soil properties, including soil organic car-
bon (SOC) content and soil moisture, and, consequently, creating favorable conditions for plant nu-
trition and efficiency of photosynthesis. We found a positive effect of NT cultivation on chlorophyll
fluorescence, but this did not translate into a greater yield in NT cultivation. However, the decrease
in yield due to NT compared to CT was only 5% in fertilized plots, while the average decrease in
grain yield resulting from the lack of fertilization was 46%. We demonstrated the influence of soil
moisture as well as the growth phase and fertilization on carbon dioxide (COz) emissions from the
soil. We can clearly confirm that the tillage system affected all the parameters discussed in the work.
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1. Introduction

In Europe, wheat cultivation has been dominated by the conventional tillage (CT)
system for years, but in recent years the reduced tillage (RT) and no tillage (NT) systems
have been gaining momentum in the cultivation of many crop species. This is mainly due
to economic and environmental reasons, especially in the case of new varietal genotypes
that are a response to climate change and environmental stresses [1].

Tillage is one of the most important elements of growing crops. Firstly, it serves to
provide appropriate conditions for sowing and plant growth, and it also significantly
modifies the properties of the soil [2]. Intensive tillage may lead to soil degradation, which
is associated with the deterioration of all physical, chemical and biological properties [3].
The basic effect of degradation is the loss of soil organic matter (SOM), which at the same
time negatively affects other physical, chemical and biological properties of the soil [4,5].

Direct degradation of agricultural land is also accompanied by human-induced soil
erosion, which is the cause of further degradation and even devastation of land [6].

Anthropogenic increases in carbon dioxide (COz) emissions have contributed signif-
icantly to drastic climate changes [7]. Agriculture is one of the main sources of anthropo-
genic greenhouse gas (GHG) emissions, starting from the deforestation of land for agri-
culture [8].

Anthropogenic climate warming leads to increasing extreme weather phenomena,
with extreme heat occurring for increasingly longer periods being particularly frequent
[9,10]. In many regions of the world, the increase in temperature is accompanied by an
increase in water shortages for crops, as a result of increased evaporation, even if there is
no reduction in the precipitation [11,12]. In Poland, in the last 10 years, only one year was
classified as average. The remaining years were warmer, including five years that were
classified as abnormally or extremely warm [10]. Agricultural drought is becoming an in-
creasing problem in Poland, as in many other regions of Europe and the world.

The magnitude of depletion is great in cropland soils prone to erosion and inappro-
priate farming practices. Thus, degraded soil has a large soil organic carbon (SOC) sink
capacity. It is well documented that soils are the largest terrestrial storehouse of C [13,14].

Soil microorganisms play a key role in the C cycle in the soil [15]. The basic source of
SOC is plant biomass, generated as a result of photosynthesis and then subjected to mi-
crobiological humification and mineralization, leading to losses of SOC and CO: emis-
sions [16,17]. Soil temperature and soil water content are considered the main factors that
drive soil respiration via their direct effects on soil microbes and plant roots [18].

Agricultural practices, including N fertilization and tillage, have a significant impact
on the process of humification and mineralization, and hence changes in SOC content [16].
NT modifies soil temperature and moisture, which indirectly affects microbial activity and
soil respiration [19]. Also, N fertilization indirectly affects microbiological activity and soil
respiration by influencing plant development. Crops modify soil temperature and mois-
ture and change the amount of plant biomass supplied to the soil [20].

Soil temperature and moisture as well as N availability not only affect the microbial
activity of the soil but also the health and development of crop plants. Plant reactions to
stress, including water and nutrient deficiencies, are manifested by changes in physiolog-
ical processes, including fluorescence, which can be used to assess the current state of
vegetation.

The direct impact of tillage on soil properties is superimposed on their long-term
changes. In the first years after switching to RT or NT, negative phenomena may predom-
inate, such as an increase in soil compaction, limited plant development and reduced
yields; the adaptation of other elements of agrotechnics to new conditions in the field also
plays an important role [21-23]. Long-term use of NT can restructure the soil and improve
its parameters, especially the SOM content, which is crucial for other soil properties [24].
For this reason, long-term static experiments are a valuable source of knowledge about
the impact of NT on the soil environment [25,26].
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The aim of the study was to assess the impact of long-term (24 years) no tillage on
CO: emissions and soil respiration in the context of the global need to reduce greenhouse
gas emissions (GHG) by adapting agricultural practices in the era of climate change.

In addition, the aim of the study was to assess the impact of long-term no tillage on
the physiological state as well as the efficiency of photosynthesis and the grain yield.

Although there are many reports in the literature on several-year reduced tillage,
long-term experience is still lacking.

It was assumed that long-term use of no tillage significantly modifies the physical
properties of the soil, such as moisture and temperature, which consequently affects soil
respiration. It was also assumed that favorable changes in soil properties provide better
conditions for plant growth and development, which in turn reduces the effects of the
negative impact of abiotic and biotic stresses resulting from climate variability and en-
sures better physiological condition of plants and higher photosynthesis efficiency.

2. Materials and Methods
2.1. Growth Conditions

The experiment has been conducted since 1998, at the static long-term field experi-
ment at the Agricultural Experimental Station Brody (52.43, 16.30) belonging to Poznan
University of Life Sciences [27,28]. The measurements reported here were carried out in
the 2022/2023 growing season. Two tillage methods: CT and NT cultivation were com-
pared. CT applied annually: skimming + harrowing, plowing to a depth of 25 cm, cultiva-
tor unit (cultivator with a string roller). The crop rotation was: winter triticale (x Triti-
cosecale Wittmack) spring barley (Hordeum vulgare L.), winter wheat (Triticum aestivum L.),
common pea (Pisum sativum L.), with the measurements performed on the winter wheat
crop (variety ‘Opal’).

The experiment was established in a soil classified as an Albic Luvisol [29] of texture
loamy sands overlying loamy material (12% clay, 19% silt, and 69% sand). The experiment
was set up in two blocks: CT and NT, consisting of four replicates within which plots were
divided into two parts, one of which received N in a single dose of 130 kg N-ha™ at the
beginning of vegetation (March), while the other part did not receive N. The area of each
plot was 55 m2.

The fungicidal, herbicidal, and insecticidal protection of plantations was conducted
according to common recommendations on the Polish Institute of Plant Protection in Poz-
nan [30].

Meteorological data: min air temperature (°C), max air temperature (°C), rainfall
(mm), air relative humidity (%) were determined using a meteorological station belonging
to Agricultural Experimental Station Brody (52.43, 16.30). The whole of Poland has a tem-
perate climate, transitional between maritime and continental. Wheat growing conditions
in spring 2023 were initially favorable. Precipitation in April exceeded the long-term av-
erage by 17.7 mm. Also, in the first 10 days of May, there was significant rainfall (18.3 mm)
four days before the first measurements, which had a positive effect on the water supply
in the soil. Then there was a period of rainfall deficiency, lasting until the end of the grow-
ing season. Precipitation for May, June and July was 15.1, 28.2 and 24.9 mm lower than
the average, respectively. Water shortages in the soil were aggravated by high air temper-
atures, which were above average by 1.8 °C in June and 1.3 °C in July (Figure 1).
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Figure 1. Weather conditions in the months of conducting experimental measurements in 2023 at
the meteorological station belonging to Agricultural Experimental Station Brody (52.43, 16.30).

Measurements were carried out in three different growth stages of wheat: BBCH 32
(shooting), BBCH 65 (flowering) and BBCH 75 (medium milk stage). All measurements
were performed on the same day, in the same order, in the same number of replicates,
analogously in three subsequent development phases. The experimental design is shown
in Table 1.

Table 1. Experimental scheme.

Plots Factor I Factor II
Tillage System Fertilization Time of Measurements
(kg-ha™) BBCH Growth Phase Date
CT—Conventional Tillage 130 N 32 shooting 10.05.2023
CT—Conventional Tillage ON 65 flowering 01.06.2023
NT —No Tillage ON 75 medium milk 06.07.2023
NT—No Tillage 130 N

2.2. Soil Conditions
2.2.1. Soil Properties

Soil sampling and analysis were carried out immediately after harvesting the fore-
crop (common pea) but before cultivation treatments. Soil samples were collected from
the 0-20 cm depth at three locations in each plot using Edelman auger (4 cm in diameter)
(Royal Eijkelkamp, Giesbeek, The Netherlands). Soil analysis in the experiment included:
the content of P05, K20, and Mg, and was determined by the spectrophotometric method
according to PN-R-04023:1996 (P:0s); FEAS PB-1 = 20.02.2013 (K20) [31]; FAAS PN-R-
04020:1994 + Az1:2004 (Mg) [32]; potentiometric method PN-EN ISO 10390:2022-09 (pH)
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[28]. SOC was determined by the Tiurin method, involving wet oxidation of organic mat-
ter [33].

2.2.2. Soil Moisture and Temperature

During each measurement of soil respiration, soil moisture (%) and temperature (°C)
were measured at three locations next to the measurement chamber at the 10 cm depth
using a Delta-T WET sensor (Delta-T Devices Ltd., Burwell, UK).

2.2.3. Soil Respiration

Soil respiration measurements were assessed based on NCER-Netto CO2 Exchange
Rate- CO: flux (umol m=2 s), Water flux- Netto H2O Exchange Rate (m mol m=2 s) and
Ce- Soil Respiration (pmol s) using the LCpro-SD (ADC BioScientific Ltd., Hoddesdon,
UK) device.

The device has a metal cylinder that is placed in the soil, and after 30 min a one-liter
acrylic chamber is placed on it to enclose air and measure gas exchange between the soil
and the atmosphere. The chamber has a built-in fan for mixing the air and a bleed-off
valve preventing the formation of an excessive pressure gradient inside the chamber. The
concentration of COzsupplied to the measuring soil chamber (reference COz) was set to
ambient and kept at average 400 +/- 10 vpm. The air flow to the measuring chamber (u)
was maintained at 200 pumol/s. The concentration of H>O (reference H20) was set to ambi-
ent (the actual concentration in the environment). One half-hour measurement was per-
formed in each plot, 4 replicates for Conventional Tillage and 4 for No Tillage during
every development phase.

The following parameters were analyzed [34].

Soil Respiration (Net Molar Flow of CO:zin/out of the Soil)

Symbol: Ce (umol s7),

Ce = u (—AC)

where
u = molar air flow in mol s
AC—difference in CO2 concentration through soil pot, dilution corrected, pmol mol-.

Netto CO2 Exchange Rate (Ce per unit area)
Symbol: NCER (pumol m2 s1)
NCER = us (—AC)

where

us = molar flow of air per square meter of soil, mol m=s.

AC—difference in CO2 concentration through soil pot, dilution corrected, pmol mol-.
Net H20 Exchange Rate (Soil Flux)
Symbol: Wflux (m mol m2s)

Ae us

Wflux =

where

us—molar flow of air per square meter of soil, mol m=2 s
Ae—differential water vapor concentration, mbar, dilution corrected
p—atmospheric pressure, mBar

2.3. Plant Conditions
2.3.1. Chlorophyll Fluorescence

Chlorophyll fluorescence of wheat plants was measured using a Fluorometer OS5p
(Optisciences Inc., Hudson, NH, USA) based on the parameters: minimum fluorescence
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(F0), variable fluorescence (Fv), maximum fluorescence (Fm), and maximum photochem-
ical efficiency of PSII (Fv/m). The Fv/m protocol was selected and measurements were
made on plants after 20 min dark adaptation. Fluorescence measurements were per-
formed each time in the same order of measurements, on the youngest, fully developed
leaf (shooting phase) and on the flag leaf (flowering and medium milk phase). In total, 10
measurements were carried out in each plot in each development phase. The device set-
tings were selected in accordance with the manufacturer’s instructions so that the Ft index
was in the range of 150-250 units during the measurement [35]. The Modulation Source
was set to red with an intensity of 5, with Det Gain on 4. The Saturation Flash was set to
an intensity of 29 in the range of 1 to 32, with 32 being 8550 pmols.

2.3.2. Normalized Difference Vegetation Index-NDVI

NDVI was measured using the GreenSeeker Handheld Crop Sensor, Trimble. The
measurement was carried out similarly to the other measurements, on the same day, in
the same order, in each plot.

2.4. Statistical Analysis

Basic summary statistics were computed for the residuals, along with a histogram
and plot of the quartiles against the corresponding values for a standard normal distribu-
tion. This was done to check the assumption that the residuals can be treated as a normal
random variable. In addition, a plot of the residuals against the fitted values was examined
to check for homogeneity in the variance. The analysis of variance (AnOVa) table for the
model was then examined. The AnOVa for yield was straightforward, based on the plot
yields and with N fertilization the factor of interest. The corresponding linear model was
fitted using the Im function for the R platform [36]. Because the tillage factor was not rep-
licated between the main plots to which it was applied, it was treated as a blocking factor.
As a result, the p-values should not be interpreted as they were not based on comparing
the mean square to that of an appropriate residual.

For other variables, repeated measurements were made on the plots at three growth
stages. A linear mixed model (LMM) was used to analyze these data, with a within-plot
residual and between-plot random effect. The fit of a simple model with uniform correla-
tion among the within-plot random effects was compared with a fit in which the correla-
tion decays exponentially with the difference in time between the observations. The fit
was compared using Akaike’s information criterion (AIC), and the model for which this
was smallest was chosen. In all cases the simpler model was favored. The LMM was fitted
using residual maximum likelihood (REML) with the Ime function for the nlme library for
R [37]. The fixed effects were N fertilizer treatment and growth stage as main effects, and
their interaction. Treatment means for the full model were estimated with the emmeans
function for the R platform [38], and 95% confidence intervals obtained for plotting.

The selected model was then refitted with maximum likelihood to generate a “null
model”, and a second model was fitted with the same structure but soil water content at
the time of measurement as an additional covariate. The second model was also fitted by
maximum likelihood. The strength of evidence for an effect of soil water was tested by
comparing the models on the natural logarithm of the ratio of their likelihoods, which
would be distributed as chi-square with one degree of freedom under the null hypothesis
that there is no additional information about the dependent variable in the water content
measurements. On this basis, the soil water effect was either retained or dropped and the
selected model augmented by adding soil temperature at the time of measurement. As
before, the evidence for an effect of soil temperature was assessed by the log-likelihood
ratio test.
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3. Results
3.1. Soil
3.1.1. Chemical Properties of the Soil

Long-term application of NT resulted in differences in soil chemical properties in the
0-20 cm surface layer. The NT system resulted in greater content of available forms of K
and Mg. The amount of SOC was also greater in the NT system (Table 2).

Table 2. Chemical properties of the soil (Albic Luvisol) in the 0-20 cm layer: pH, SOC, content of
available forms of p, K and Mg.

Tillage SystemPFertilization

P20s (mg/100 g) KO (mg/100 g) Mg (mg/100g) pH in 1M KCISOC%

CT
CT
NT
NT

ON
130 N
ON
130 N

>35 10.7 6.0 6.6 0.90
>35 11.2 5.6 6.6 0.86
>35 15.1 8.3 6.8 0.99
>35 15.9 7.8 6.6 1.03

CT—Conventional Tillage; NT—No Tillage.

3.1.2. Soil Moisture and Temperature

In all three dates (growth stages) of measurements, greater average soil moisture was
found in the NT than in the CT system. Additionally, during measurements in the flow-
ering and medium milk stages (BBCH 65 and 75), there was a tendency to higher soil
moisture in plots without nitrogen application. The tillage system did not affect the soil
average temperature; however, it was noted that a greater average temperature character-
ized the soil not fertilized with N in all three dates of measurements (Figure 2). There was
evidence for an effect of soil moisture on AC and CO: flux parameters, but not tempera-
ture. This showed that the effect of soil water is positive for those two soil respiration
parameters. There is also evidence for an effect of soil moisture on chlorophyll fluores-
cence, but only on FQ parameter. The effect of soil temperature was positive for two chlo-
rophyll fluorescence parameters: Fm and Fv (Table 3).

Table 3. Impact of Soil Moisture and Temperature on Soil Respiration and Chlorophyll Fluorescence
parameters for winter wheat plants: p-value Analysis.

Parameter p Values

Average Soil Moisture (%) Soil Temperature (°C)

W flux (mmol m=s1) 0.7700 0.3170

CO2 flux (umol m=2s™) <0.0001 0.3560

AC (umol mol1) <0.0001 0.4520

FO 0.0047 0.2788

Fm 0.9177 0.0231

Fv 0.6599 0.0320

Fv/m 0.0679 0.0595

Soil Respiration measurements: W flux—Water flux —Netto H20 exchange rate; CO:z flux—NCER-
Netto CO:z Exchange Rate; AC. Chlorophyll fluorescence measurements: minimum fluorescence (F0),
variable fluorescence (Fv), maximum fluorescence (Fm) and maximum photochemical efficiency of
PSII (Fv/m)—unnominated units.
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Figure 2. Average Soil Moisture (%) and Soil Temperature (°C) in a soil classified as an Albic Luvisol
under winter wheat in subsequent Growth Stages (GS): Shooting (BBCH 32), Flowering (BBCH 65);
Medium Milk (BBCH 75) in 2023. 0 N—No fertilization; 130 N-130 kg N-ha. Letters (a,b,c) indicate
homogeneous groups within a given graph.

3.1.3. Soil Respiration

N fertilization had a significant impact (p = 0.03) on the water flux level. Regardless
of the plant growth phase and tillage system, the W flux was always greater in unfertilized
objects. The greatest reading was obtained in the medium milk phase of the wheat plants
in unfertilized treatments and this result was obtained in both the CT and NT systems. No
differences were noted between the CT and NT blocks, which may suggest that tillage had
no impact on the water flux parameter.

There is evidence that N fertilization had an impact on CO: flux (p = 0.002). The CO:
flux parameter values were also influenced (p = 0.001) by the growth phase. However,
there was no interaction between fertilization and the growth phase (p = 0.395). Measure-
ments in subsequent growth phases resulted in an increase in the CO:z flux parameter. The
greatest reading was recorded in the NT 0 N, in the milk stage, and the lowest one was
noted on a CT plot 130 N in the shooting stage. Regardless of the growth phase and tillage
system, readings on unfertilized crops were always greater than on fertilized ones.

Results of AC were similar to COz and water flux. Objects not fertilized showed
greater AC level compared to those fertilized (p = 0.003). The growth phase of the plants
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had a significant impact (p = 0.001) on AC, but no correlation was found between fertiliza-
tion and the growth stage.

The AC parameter in both the CT and NT blocks showed an increase with the time of
subsequent growth phases. The lack of fertilization contributed to a significant increase in
AC. The greatest value of the AC parameter was obtained for the NT 0 N in the medium
milk phase, and the lowest for CT 130 N in the shooting phase (Figure 3).

There is evidence for an effect of soil moisture on CO: flux and AC. However, the
influence of soil moisture on Water flux and the influence of soil temperature on all three
soil respiration parameters has not been proven (Table 3).
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Figure 3. Soil Respiration measurements under winter wheat in 2023: Water flux—Netto H20 ex-
change rate (mmol m?2 s7'); CO2 flux—NCER-Netto CO2 Exchange Rate (umol m= s™), AC (umol
mol™) in a soil classified as an Albic Luvisol. (a). CT—Conventional Tillage, (b). NT—No Tillage.
Nitrogen rate: 0 N, 130 N (130 kg N-ha™). Growth Stages (GS): Shooting (BBCH 32), Flowering
(BBCH 65); Medium Milk (BBCH 75). The error bars for each mean value are the 95% confidence
interval. p-value: W flux (Tillage 0.5198; Fertilization 0.0296; GS < 0.0001; Fertilization x GS 0.8154);
CO2 flux (Tillage 0.0266; Fertilization 0.0026; GS < 0.001; Fertilization x GS 0.3945); AC (Tillage 0.0270;
Fertilization 0.0028; GS < 0.000; Fertilization x GS 0.4601).

3.2. Plants
3.2.1. Chlorophyll Fluorescence

Chlorophyll fluorescence measurements were made to determine and compare the
efficiency of the photosynthetic apparatus as a determinant of photosynthetic activity. The
influence of both factors—N fertilization and growth stage—on chlorophyll fluorescence
measurements was demonstrated. N fertilization influenced the selected chlorophyll flu-
orescence parameters. A significant increase in the values was observed for Fv (p = 0.002),
Fm (p =0.001) and Fv/m (p =0.006) under N application. Fertilization did not significantly
affect the value of the FO (p = 0.220). The levels of all four fluorescence parameters were
significantly different in each individual plant growth stage. The FO parameter was the
greatest in the shooting phase, regardless of whether on the CT or NT block. It was also
found that the FO parameter depends on soil moisture (p = 0.02). Also, Fm and Fv param-
eters had the greatest levels in the shooting phase. For these two parameters there was
some positive coefficient of soil temperature effect on them, respectively (p = 0.06 and p =
0.07). In the case of the Fv/m parameter, an interaction of two factors was demonstrated:
fertilization and growth stage (p = 0.02). This type of interaction was not present for the
remaining three parameters (FO, Fm, and Fv) (Figure 4).
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Figure 4. Chlorophyll fluorescence measurements of winter wheat plants in 2023: minimum fluo-
rescence (F0), variable fluorescence (Fv), maximum fluorescence (Fm), and maximum photochemi-
cal efficiency of PSII (Fv/m), unnominated units. (a). CT—Conventional Tillage, (b). NT—No Till-
age. Nitrogen rate: 0 N, 130 N (130 kg N-ha™). Growth Stages (GS): Shooting (BBCH 32), Flowering
(BBCH 65); Medium Milk (BBCH 75). The error bars for each mean value are the 95% confidence
interval. p-value: FO (Tillage 0.5467; Fertilization 0.2202; GS < 0.0001; Fertilization x GS 0.1278); Fv
(Tillage 0.0304; Fertilization 0.0024; GS 0.0025; Fertilization x GS 0.1777); Fm (Tillage 0.0152; Fertili-
zation 0.0014; GS < 0.0004; Fertilization x GS 0.4188); Fv/m (Tillage 0.0146; Fertilization 0.0060; GS <
0.0001; Fertilization x GS 0.0193).

3.2.2. Normalized Difference Vegetation Index-NDVI

The Normalized Difference Vegetation Index was measured, similarly to the other
parameters, at three dates corresponding to the plant’s growth phases: shooting, flower-
ing, and medium milk. This parameter differed significantly in individual phases (p <
0.000), increased in the flowering phase when the plants reached the greatest green bio-
mass, and then decreased in the medium milk phase as a result of the natural senescence
of the plants. N fertilization also had a significant influence on the NDVI parameter (p =
0.001), but the increase caused by N was regardless of the development phase. The inter-
action of factors: fertilization and growth stage showed a strong tendency, although with-
out statistical significance (p = 0.06) (Figure 5).
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Figure 5. Normalized Difference Vegetation Index- NDVI for winter wheat in 2023. (a). CT—Con-
ventional Tillage, (b). NT—No Tillage. Nitrogen rate: 0 N, 130 N (130 kg N-ha™'). Growth Stages
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(GS): Shooting (BBCH 32), Flowering (BBCH 65), Medium Milk (BBCH 75). The error bars for each
mean value are the 95% confidence interval. p-value: Tillage 0.4824; Fertilization 0.0005; GS <
<0.0001; Fertilization x GS 0.0603).

3.2.3. Grain Yield

N fertilization had a significant impact on the yield of winter wheat (p= 0.003). The
greatest yield was achieved in the experimental plots with CT and 130 kg N-ha™! fertiliza-
tion—8.73 t-hal. The yield in the NT treatment (under N fertilization) was slightly less
and amounted to 8.32 t-ha™l. The yields in the unfertilized plots were, respectively, 5.15
(CT) and 4.05 t-ha™ (NT) (Figure 6).
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Figure 6. Grain Yield of winter wheat in 2023. CT —Conventional Tillage, NT—No Tillage. Nitrogen
ate: 0N, 130 N (130 kg N-ha™). The error bars for each mean value are the 95% confidence interval.
p-value: Tillage 0.6546; Fertilization 0.0028).

4. Discussion
4.1. Growth Conditions

Tillage reduction may have both negative and positive effects on soil properties, as
well as on the physiological processes and productivity of plants [39]. Short-term effects
of tillage result from the physical soil disturbance and the incorporation of crop residues,
while long-term effects include changes in physical, chemical, and biological soil proper-
ties. In both cases, tillage is a key factor influencing the physical properties of the soil, as
well as its moisture and temperature, and, consequently, the nutritional conditions for
plants [40,41]. Optimal plant nutrition is one of the necessary factors for effective photo-
synthesis, which in turn determines the proper growth and development of plants. In our
experiment, we recorded greater soil moisture in NT in all three growth phases. Also, in
an experiment conducted by Franzluebbers et al. [42], on a silty clay soil, the water content
was greater under NT than under CT. Similarly, in the study by Hou et al. [41], the average
water retention in the soil was significantly greater in the case of NT treatments compared
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to CT over a period of 3 years. According to Buczek et al. [1], reduction in tillage improves
the capacity of water storage and use in soil, which provides a good soil environment for
plant development and photosynthesis. The presence of crop residues on the soil surface
has a dampening effect, making the soil slower to dry and to warm, especially after cold
winters. The soil on which the experiment was carried out has a small SOM content. NT
farming often results in an increase in SOC. SOC accumulation depends on many factors,
including soil texture, moisture, and temperature [43]. The rate of C mineralization is of-
ten less in clayey soils than in coarse-grained soils because sorption of organic molecules
onto surface minerals appears to be the primary mechanism for the preservation of or-
ganic matter in soils [44].

In reduced tillage, a large return of crop residues can improve the structure and fer-
tility of the soil and, consequently, increase crop productivity [45]. In our experience,
greater soil moisture was recorded in the NT system, which is crucial in the current situ-
ation of recurrent droughts, especially in periods of sensitivity of wheat to water shortage.
As is known, greater soil moisture in a temperate climate with recurrent droughts will
result in greater soil microbiological activity. This, in turn, lessens the potential for soil
degradation, so it supports the restoration of the soil’s biological properties in the long
term and therefore helps plants, especially under climate change. Additionally, improving
the microbial biodiversity of the soil generally has a positive effect on the content and
availability of nutrients. We recorded greater available K and Mg content in the NT system
compared to CT by 42 and 39%, respectively.

Tillage can increase root development and penetration, thereby increasing the accu-
mulation of nutrients and uptake of water, while RT limits the development of the root
system [46,47]. Soil compaction as a result of RT has a negative impact on the root growth
and thereby nutrient uptake, as well as physiological indicators of plants, such as chloro-
phyll content and chlorophyll fluorescence [48,49], which clearly means that it can sup-
press the efficiency of photosynthesis. However, in the case of our experiment with its
location and rainfall limitation, NT turned out to be beneficial due to the greater content
of SOM and water in the soil, which improved the availability of water and nutrients.
Since restrictions on tillage can improve the ability to store and use water in the soil, they
lead to better plant development and photosynthesis. According to Buczek et al. [1], tillage
reduction leads to a greater photosystem efficiency (PSII) and photosynthetic electron
transport capacity and improved leaf photosynthetic capacity. However, a large share of
crop residues on the soil surface in the case of NT may cause a decrease in plant produc-
tivity due to the occurrence of allelopathic dependencies as well as a greater occurrence
of pests and a reduction in the effectiveness of fertilizers and herbicides [39]. In our exper-
iment, we did not note such effects of harvest residues, despite observing a greater share
of SOC under NT compared to CT.

4.2. Plants Chlorophyll Fluorescence

We used chlorophyll fluorescence measurement to determine the photosynthetic ef-
ficiency of wheat plants. Chlorophyll fluorescence indices are mostly used to ascertain the
efficiency of photosynthetic apparatus [50,51]. The measured chlorophyll fluorescence pa-
rameters indicate the effectiveness of photosystem II at individual stages of photosynthe-
sis. The values of the FO parameter of a dark-adapted leaf allow for the assessment of
excitation energy losses during energy transfer from the energy antennas to the PSII center
[52]. The Fm parameter determines the potential yield of PSII and can be used as a proxy
to the photochemical activity of the photosynthetic apparatus [53], while the Fv/m param-
eter of a dark-adapted leaf determines the potential PSII yield and can be used as another
indicator of the photochemical activity of the photosynthetic apparatus of the tested plants
[54,55]. In our experiment, we observed a positive effect of NT on chlorophyll fluorescence
parameters. This was especially visible in the Fv/m parameter, although in the remaining
parameters (apart from minimum fluorescence) it was also visible that the values were
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more favorable for NT compared to CT (Figure 4). Hou et al. [41] showed that under con-
ditions of low water level caused by drought, wheat plants grown in RT systems synthe-
sized chlorophyll better, which contributed to the improvement of photosynthesis com-
pared to CT. We also assumed that this positive effect was due to greater humidity in NT
cultivation, but such a relationship was not proven. However, positive coefficients of the
parameters Fm, Fv and Fv/m with soil temperature were proven. According to Yibo et al.
[56], who investigated the effects of different warming levels and tillage managements on
winter wheat growth, chlorophyll fluorescence parameters indicated that warming inhib-
ited photosynthetic capacity substantially under CT, as opposed to NT.

Most literature reports analyze chlorophyll fluorescence only on the basis of the max-
imum photochemical efficiency of PSII (Fv/m). In their opinion, it is an effective tool to
indicate changes in functions of photosynthetic apparatus, especially those caused by en-
vironmental stress such as soil compaction or/and nutrient supply [47,52]. However, the
impact of the cultivation method on the efficiency of photosystem II varies and is usually
related to the weather as a result of years of research [57]. In the study by Buczek et al. [1]
in a year with optimal rainfall, chlorophyll fluorescence (Fv/m) in the CT system achieved
a greater value compared to NT and RT, but in conditions of insufficient moisture content
greater values of Fv/m were achieved in the RT system compared to CT. Liu et al. [58],
who tested two wheat genotypes, found no significant differences in Fv/m between CT
and NT. Similar results were obtained by Janusauskaite et al. [39], who showed that the
differences between tillage treatments were insignificant, but simplification of soil tillage
tended to reduce Fv/m in most cases. However, the values differed depending on the de-
velopment phase. In winter wheat, the values decreased with the aging of the plants and
the plants grown in the NT system aged faster. In our experiment, we also noted that the
values of all fluorescence parameters differed significantly in the individual phases of
plant growth. The FO, Fm and Fv parameters were greatest in the shooting stage, while
the Fv/m parameter reached the greatest value in the flowering stage. However, in the
case of the Fv/m parameter, there was an interaction between the growth phase and ferti-
lization (p = 0.02). In our opinion, the decrease in the values of chlorophyll fluorescence
parameters along with the growth phases occurred as a result of the senescence process
of wheat plants. Senescence is a natural consequence of various physiological processes
such as degradation of chlorophyll, fragmentation of chloroplasts, and reduction of pho-
tochemical efficiency [59]. According to Janusauskaite et al. [39], the acceleration of plant
senescence was the reason for the lesser value of the Fv/m parameter in simplified culti-
vation due to reduced efficiency of photosynthesis and soil compaction. However, in an-
other publication [40] he indicates that the senescence process of plants is influenced by
soil moisture and the nutritional status of plants. Many other authors have also stated that
the aging process is accelerated by lack of soil moisture and insufficient nutrient absorp-
tion [41,60-62]. And again, probably due to greater soil moisture and, consequently, better
availability of water for plants, we obtained greater values of fluorescence parameters in
NT cultivation than in CT cultivation. A better uptake of water and nutrients determines
alonger period of photosynthesis, which determines a greater accumulation of assimilates
to fill the grain, which leads to an increase in grain yield [40,63]. Also, Hou et al. [41] found
that, compared to CT, the break with NT and ST (Subsoil Tillage) improved the ability to
save water, and alleviated drought stress. In their studies, apart from improving the chlo-
rophyll fluorescence value, an increase in the relative chlorophyll content, the rate of pho-
tosynthesis and transpiration, as well as an improvement in the WUE of leaves, especially
at the filling stage, were also noted.

In the case of the Fv/m parameter, an increase in its value was noted from the shoot-
ing to the flowering phase and then a decrease to medium milk. A large impact of fertili-
zation was noted here; the smallest differences between the parameter values depending
on fertilization were observed in the flowering phase, where the values were generally the
greatest, while the largest differences occurred in the medium milk phase. In studies, Ja-
nusauskaite [39] noted that although a greater decrease in Fv/m values during subsequent
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growth phases was proven in NT compared to CT, an advantage was noted for NT in the
BBCH 71-73 phase. In this research, as in our own, fertilization had a positive effect on
Fv/m. Additionally, the increase in the parameter value due to fertilization was greater in
NT cultivation.

Similar to Janusauskaite [39], we suspect that fertilization slowed down leaf senes-
cence, especially that at the grain-filling stage. Sufficient nutrient uptake delays the remo-
bilization of N from leaves and stems, thus delaying the onset of senescence [61,62]. A
significant increase under N application was observed in the values of Fv (p=0.002), Fm
(p = 0.001) and Fv/m (p = 0.006), but fertilization did not significantly affect the value of
the FO (p = 0.220). Very similar results to ours were obtained by Lin et al. [64], in which a
significant increase in the values of the Fm, Fv and Fv/m parameters was noted as a result
of increasing the N dose, but no differences were found in the value of the FO parameter.
Also, other researchers documented an increase in the value of the Fv/Fm parameter with
an increase in the level of N application [5,62,65,66].

4.3. Plants Grain Yield

We can clearly confirm that the process of photosynthesis is influenced by key factors
such as nutritional, tillage, and meteorological conditions [39]. However, in our experi-
ment, greater photosynthetic efficiency did not affect the wheat grain yield. There are
many studies that demonstrate the positive impact of RT on grain yield and yield compo-
nents, as well as grain quality parameters [41,62,67,68]. There are also many reports indi-
cating that the restrictions in tillage has a negative impact on plant productivity
[1,26,27,69,70]. Similarly, to our results from fertilized plots, Hofmeijer et al. [71] showed
slight differences in wheat grain yield in both tillage systems. In the study by Sip et al.
[68], wheat grain yield depended to a greater extent on soil moisture and variety genotype,
and the difference between the systems was 3.0% in favor of CT.

In many experiments, the impact of the tillage method on the hydrothermal condi-
tions of the soil and, consequently, the yield, was clearly emphasized. In the Buczek et al.
[1] experiment, in the season with favorable rainfall, the greatest grain yield was obtained
under CT, while in the season in which the rainfall values were low, the greatest grain
yield was obtained under NT. Also, in the studies of Cociu and Alionte [72] and Wozniak
and Rachon [73], the lowest grain yield of winter wheat grown in the CT system was ob-
tained in the season characterized by rainfall deficiency. Reductions of tillage may have a
positive impact on grain yield in seasons with low water availability thanks to better phys-
icochemical properties of the soil resulting from: accumulation of SOM, the formation of
soil aggregates, a larger number of macropores and a larger volume of medium-sized
pores retaining water, as well as limited water evaporation from the soil surface [27,74].
On moderately moist soils, CT creates such conditions, while on dry and semi-arid soils,
NT provides better conditions.

However, in our research, apart from the influence of weather, and the method of
cultivation, fertilization had a much greater impact on the yield. The decrease in yield as
a result of NT was only 5% in the 130 N plots, and 21% in the 0 N plots. However, the
average decrease in grain yield regardless of the tillage method, resulting only from the
lack of fertilization, was 46%. Studies of Malhi et al. [75] show a greater requirement for
N application under NT than CT due to changes in yield potential and the soil N supply
caused by changes in N cycling and losses under a NT system. Tillage reduction may re-
sult in a greater potential for N mineralization, which does not necessarily lead to an in-
crease in the actual supply of N in the soil due to greater soil moisture in NT conditions
than in CT. The increase in soil N supply under NT conditions may be offset by increased
N losses through denitrification and NOs leaching, again due to wetter soil conditions and
potentially greater hydraulic conductivity in NT than CT [75].

NT is an extreme reduction of tillage to zero. A global meta-analysis of over 6000
observations and 670 studies shows that in most cases it leads to reduced plant yields [25].
Wheat is a species in which the yield reduction in NT is relatively small. The size of the
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differences depends primarily on aridity, irrigation, N rate, and residue management. N
fertilization and residue retention reduce the difference. In our study, the yield difference
is also smaller in N-fertilized treatments. The introduction of residues would probably
lead to a further reduction in yield differences.

4.4. Soil Respiration

The factors discussed in the paper that had the greatest impact on the physical, chem-
ical and biological properties of the soil, as well as on the photosynthetic activity of wheat
plants, also influenced soil respiration. Differences in CO2 emissions in the different tillage
systems have been reported to be largely a result of the soil climatic conditions, air tem-
perature, and rainfall events, as well as the amounts and location of crop residues and
SOM in CT and NT [76]. The level of CO:z emissions may be determined by the processes
of mineralization of SOM, and thus indirectly by the activity of soil microorganisms. NT
increased pore connectivity, but decreased porosity interaggregate, which is a potential
mechanism for SOC protection. Resistance is particularly common in soils that have not
been cultivated for at least 15 years [77]. The structure and porosity of the soil translate
into the availability of oxygen and, consequently, the ability to store SOC [78].

Similarly, in the analysis of parameters related to photosynthesis, we observed the
influence of soil moisture on the CO: flux and AC, respectively p = 0.003 and p = 0.002.
However, the influence of soil moisture on H20 flux and the influence of soil temperature
on all three parameters of soil respiration have not been proven. Nevertheless, we believe
that the greater soil water content as well as greater SOC under NT than under CT are the
direct causes of greater COz emissions under NT. This is consistent with the assumptions
of modeling the influence of soil moisture on emissions [79].

Temperature is also considered a factor influencing soil respiration. However, re-
search by Flanagan and Johnson [80] showed that the influence of this factor may be in-
hibited due to a decrease in soil moisture and then soil moisture is the dominant environ-
mental factor controlling soil respiration. The integrated impact of other factors can inten-
sively buffer the direct impact of temperature on soil [81]. In addition to temperature and
water content in the soil, rain also plays a role in determining C released from the soil [82].
In temperate ecosystems where rainfall is distributed evenly throughout the year, there
may be a sensitive response to the amount and distribution of rainfall during drought,
concretely a post-rainfall increased in the soil CO2 flux [83]. Intense rain in the third week
of June (29 mm), after 20 days with virtually no or very little rainfall, could have been the
direct cause of an increase in the values of all respiration parameters during the last meas-
urement in early July. Research by Al-Kaisi and Yin [81] indicates that rewetting dry soil
resulted in a large increase in CO: efflux at high temperatures. Even light rainfall (ranging
from 0.0 to 13.5 mm) substantially increased the CO: flux. Similarly, little rainfall in the
period between the shooting and flowering phases could have caused a decrease in the
respiration value measured at the flowering phase. Additionally, according to Al-Kaisi
and Yin [81], soil NCER, under both dry and wet environmental conditions, responded to
changes in weather and soil conditions more sensitively in NT than in RT and CT. This
may explain why CO2 emissions in the medium milk phase in the NT 130 N system were
51% greater than in the flowering phase, and in the CT 130 N system 35% greater. In turn,
the first measurement in the shooting phase, preceded by the fluctuation of rain events,
alternating with periods without rain, when soil moisture was the greatest of all measure-
ment dates, showed greater CO2 emissions in the NT 130 N system compared to CT 130
N by as much as 74%. The influence of the growth phase on all soil respiration parameters
was identical and at the same level (p=0.001). While the AC and CO: flux values increased
in subsequent development phases, the H20 flux value shows a decline in the flowering
phase. This relationship is visible in both the CT and NT systems. During the measure-
ments carried out in the flowering phase the soil moisture was much lower than in the
other two measurements (development phases), but still greater in NT compared to CT.
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We showed a significant effect of N fertilization on the results of AC, CO2 and H20
flux, respectively p =0.003; p =0.002 and p = 0.03. What surprised us was that all respiration
parameters at 0 N had greater values, regardless of the plant growth phase and cultivation
method. Most reports indicate greater COz emissions in fertilized plots [84-86]. However,
in the study by Wilson and Al-Kaisi [87], plots that received no N showed 31% greater
CO: emissions compared to plots fertilized with 270 kg N ha.

In general, the greatest values of all parameters were obtained in the NT 0 N system
in medium milk phase, and the smallest for parameters: AC, COz flux in CT 130 N in the
shooting phase, and for parameter H2O flux in the flowering phase.

Many data indicate that CO: emissions for NT were much lower than for CT
[19,81,88-91]. There are also studies showing that CO: emissions did not differ signifi-
cantly between CT and NT [92,93], as well as studies in which CO:z emissions were greater
in NT cultivation [76,94-96]. According to the experiments of Regina and Alakukku [97]
conducted in various locations in Finland on spring cereals crops, the CO: flux was statis-
tically significantly greater from NT plots compared to CT in 36% of the sampling occa-
sions and lower in 11%.

Such differences in results only prove how many factors influence GHG emissions
from soil and how complex the process is. However, although short-term studies are avail-
able, there is a lack of data to assess the impact of long-term farming practice on CO2
emissions [62]. Therefore, there is still a need to investigate as many locations and factors
influencing GHG emissions in different cropping systems as possible.

5. Conclusions

We can clearly confirm that the tillage system affects all the parameters discussed in
the work: soil properties (Albic Luvisol), including SOC content, photosynthetic efficiency
assessed on the basis of chlorophyll fluorescence, soil respiration, and grain yield. In our
opinion, soil moisture had a key influence on the parameters in our experiment. The NT
system, regardless of the development phase and fertilization level, was characterized by
greater soil moisture, which is invaluable in the current situation of recurrent droughts.

We observed a positive effect of NT on chlorophyll fluorescence parameters. This is
especially apparent in the case of the Fv/m parameter. We assumed that better water and
nutrient uptake at greater soil moisture slowed down the senescence of leaves, ensuring
a longer period of photosynthesis. Additionally, the increase in the parameter value as a
result of fertilization was greater in NT cultivation. We also demonstrated the influence of
the development phase and fertilization on chlorophyll fluorescence parameters. How-
ever, in our experiment, greater photosynthetic efficiency did not lead to greater wheat
grain yield. However, the yield decrease as a result of NT was only 5% in fertilized plots,
while the average decrease in grain yield regardless of the tillage method, resulting solely
from the lack of fertilization, was 46%.

It was also found that differences in COz emissions in different tillage systems result
largely from climatic conditions, mainly rainfall and, consequently, soil moisture, as well
as SOC content. We demonstrated the influence of soil moisture on CO2 emissions from
soil, as well as the influence of the growth phase and fertilization. The greatest values of
respiration parameters were obtained in the NT system in the absence of fertilization, in
the medium milk phase.

In the case of the long duration, as well as the climatic conditions of our experiment,
we believe that no tillage has an overall positive effect on the soil and the plants’ condition.

In our opinion, the use of no-tillage, by changing the physical properties of the soil,
(moisture and temperature) affected soil respiration and significantly improved the con-
ditions for plant growth and development, which in turn provided plants with better
physiological condition and higher photosynthetic efficiency, which is extremely im-
portant in view of the increasingly frequent abiotic and biotic stresses resulting from cli-
mate variability.
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