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A B S T R A C T

Understanding how different tillage practices affect crop productivity and soil fertility is essential for developing 
sustainable agriculture systems. Here we investigated how no-till affected winter wheat yield and soil fertility 
after 13 years since its introduction in a clay and a loam soil compared to conventional ploughing, shallow tillage 
and minimum tillage. During the study period 2007–2020 the annual yield of winter wheat did not differ 
significantly among the four tillage treatments. However, the no-till showed the lowest relative annual yield and 
the largest yield variability. The quality of winter wheat grains was affected primarily by the soil texture than by 
the tillage treatment. A significant effect of tillage on the stocks of soil organic carbon, total nitrogen and 
exchangeable potassium and magnesium was observed only in the topmost 10-cm, where larger values were 
found for the three non-inversion tillage treatments. However, when the entire 50-cm deep soil profiles were 
evaluated, only non-significant differences in nutrient stocks were detected between tillage treatments. We 
observed a clear stratification of microbial biomass carbon along the soil profile with larger values in the topmost 
soil layers in the no-till and the non-inversion minimum tillage. Overall, our data indicate that even if the no-till 
may still be in a transition phase in terms of crop yield, its positive effects on soil organic carbon and microbial 
biomass are observable after 13 years. In addition, we underline as the minimum tillage appears, at least under 
the local conditions, as a very suitable practice providing multiple agronomic and environmental advantages.

1. Introduction

In agriculture, soil tillage is a traditional component of most field 
cropping systems due to the multiple advantages that it can provide such 
as, for example, the mineralization of soil organic matter, the creation of 
optimal soil conditions for planting or for seed germination, the incor-
poration of amendments and/or crop residues into the soil, and the 
mechanical control of weeds (Thapa and Dura, 2024). However, inten-
sive soil tillage, such as the conventional ploughing (also called 
“inversion tillage”), can be associated to severe environmental and 
agronomical problems, for example to a loss of soil organic matter and 
soil biodiversity as well as an increase of soil erosion (Fontana et al., 
2015; Lal et al., 2007; Rickson et al., 2015; Sanaullah et al., 2020). In 

order to overcome some of these problems, alternative soil tillage 
practices have been proposed under the name of “conservation tillage”, 
i.e., a set of different tillage practices, often in association with a per-
manent soil cover, ranging from no-till to non-inversion tillage down to 
depths that are commonly used for the conventional ploughing (Morris 
et al., 2010; Prairie et al., 2023; Reicosky, 2015). No-till, as the name 
indicates, is based on the direct-seeding of crops without ploughing, a 
technique that was initially adopted to effectively reduce soil erosion 
(Lee et al., 2021; Prashun, 2012). Since no-till leaves the soil structure 
intact, it is believed to provide better physical protection for soil organic 
carbon (SOC) from mineralization. Consequently, no-till has been pro-
moted as a way to mitigate green-house gas emissions (Paustian et al., 
1997). However, the effectiveness of no-till for increasing SOC stock in 
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soil has been debated (Bregaglio et al., 2022; Brown et al., 2021; Mondal 
et al., 2023; Ogle et al., 2019). An alternative soil tillage practice with 
intermediate soil disturbance is the non-inversion tillage that refers to 
the possibility to loosen the soil to different depths without any inver-
sion, a technique frequently referred to as shallow or minimum tillage 
(Morris et al., 2010). Non-inversion tillage can potentially promote SOC 
accumulation as much as the no-till due to the lesser soil disturbance and 
higher crop yield (Haddaway et al., 2017; Krauss et al., 2022).

The adoption rate of conservation tillage by farmers in Europe de-
pends on the recognized advantages, e.g., less labour and fuel needed, or 
recognized constraints, e.g., more weed pressure (Bijttebier et al., 2018). 
For crop productivity, conservation tillage, in particular no-till, is often 
associated with a decrease of crop yield compared to conventional 
ploughing (Pittelkow et al., 2015) due, for example, to poor stand 
establishment (ten Damme et al., 2025). However, the yield from the 
different conservation tillage practices is highly dependent on crop 
species, soil tillage depth, soil type, climatic conditions (Achankeng and 
Cornelis, 2023) as well as the time period since the conversion from 
conventional tillage to conservation tillage (Cusser et al., 2020; Krauss 
et al., 2020). This variability underscores the importance of controlled 
experiments that account for these variables when comparing yields 
across tillage methods.

The development of a sustainable agriculture requires a better un-
derstanding of which tillage practice is more suited to the local agri-
culture, in particular in relation to climatic conditions, soil type and crop 
rotation (Pittelkow et al., 2015). The impact of individual soil tillage 
practices should be appraised not only based on crop productivity, but 
also on properties related to other soil functions like, for example, car-
bon and nutrient stocks, microbial abundance as well as soil aeration 
and water holding capacities. To properly assess the agricultural and 
environmental outcomes of a cropping system, it is then essential to 
consider a suitable temporal perspective. This approach involves 
observing the responses of a newly implemented system over a suffi-
ciently long period, enabling the capture of any emerging beneficial 
effects of the adopted system (Cusser et al., 2020).

With the goal to assess the effect of soil tillage on soil functions and 
crop productivity, a long-term trial was set up at Agroscope in Nyon 
(Switzerland). This trial compares four different tillage practices 
including both inversion and non-inversion tillage as well as no-till 
across two soil types differing in their texture (Büchi et al., 2017). The 
main objective of the present study is to investigate the impact of 13 
years of no-till management on a set of agronomic and environmental 
parameters in comparison to conventional ploughing and two other 
non-inversion tillage practices. More specifically, here we focused on: 1) 
crop yield and grain quality of winter wheat; 2) organic carbon and 
macronutrient stocks along the 50-cm deep soil profile; 3) soil microbial 
abundance; and 4) soil structural quality.

2. Materials and methods

2.1. Study area, experimental design, and agronomic practices

The field trial is located in Switzerland at Agroscope-Nyon (46◦24′ N, 
06◦14′ E; altitude 430 m asl) and it was established in 1969 (Fig. S1). The 
study area is characterized by an average total annual precipitation of 
942 mm and a mean annual temperature of 11.2 ◦C (data based on the 
2000–2020 annual averages). The soil of the trial can be described as a 
Cambisol and the experimental area comprises two different and well 
separated soil textures, i.e., a clay soil (48 % clay, 37 % silt, and 15 % 
sand) and a loam soil (25 % clay, 45 % silt, and 30 % sand).

The experiment has a randomized block design with four main 
treatments of soil tillage for both the clay soil and the loam soil (Fig. S1): 
(1) a deep inversion tillage up to 20–25 cm hereafter named “conven-
tional ploughing” (PL), (2) a shallow non-inversion tillage up to 
12–15 cm hereafter named “shallow tillage” (ST), (3) a minimum non- 
inversion tillage up to 5–8 cm hereafter named “minimum tillage” 

(MT), and (4) a no-till treatment (= direct seeding, NT). The no-till 
treatment was established in 2007 resulting from the conversion of a 
deep (20 cm) non-inversion tillage (the last non-inversion tillage took 
place in autumn 2006), whereas the other three tillage treatments are in 
place since 1969. Each treatment is replicated three times on the clay 
soil and four times on the loam soil over plots with a surface of 304 m2 

each (38 m x 8 m).
During the study period, a complete crop rotation was composed by 

winter wheat (Triticum aestivum), winter rapeseed (Brassica napus), 
winter wheat, and grain maize (Zea mays) (Table S1). However, during 
the period 2014–2016, the standard rotation was interrupted to allow 
the setup of an additional sub-treatment where winter wheat was grown 
four years in a row (see Büchi et al., 2018). Because winter wheat was 
cultivated eight times since the start of the no-till, whereas maize three 
times (2008, 2012, and 2017) and rapeseed two times (2010 and 2019), 
we decided to focus on annual yield of winter wheat only (Table S1). The 
crop variety, the sowing date, the fertilization (according to the Swiss 
fertilization guidelines), as well as the crop protection products (herbi-
cides and fungicides applications) were identical for all treatments 
(Table S1). The same variety of winter wheat, Arina, was used over the 
entire study period, whereas the varieties LG 31.211, Ricardinio, and LG 
22.22 were used for maize and the varieties Trezzor and Visby were used 
for the rapeseed (Table S1). Until 2007, wheat straw used to be exported 
from all the treatments, while maize and rapeseed residues were chop-
ped and left on the field. Since 2007, the residues of all crops were left on 
the field after harvesting in all the treatments. Cover crops were sown in 
all the treatments before grain maize in 2000 (white mustard, Sinapsis 
alba L., sowing density 20 kg ha− 1), 2008 (Indian mustard, Brassica 
juncea (L.) Czern, sowing density 8 kg ha− 1), 2011 (clover-mustard 
mixture with a sowing density of 60 kg ha− 1), and in 2017 (a mixture of 
leguminous species with a sowing density of 180 kg ha− 1). Currently, the 
main tillage implements used for the different treatments are a mould-
board plough for conventional ploughing, a rigid tine cultivator (chisel 
plough) machine for shallow tillage, a rototiller for minimum tillage, 
and a direct seeder for no-till.

2.2. Plant and soil sampling and laboratory analyses

We measured the annual crop yield in each treatment by machine 
harvesting along a 38-m long and 2.25-m wide strip located at the center 
of each plot, except during the period 2014–2016 when machine har-
vesting was done on a surface of 3-m x 8-m. Grain humidity is measured 
at harvest so to calculate the oven dry (105 ◦C) grain yield in t ha− 1. 
Winter wheat grains harvested in 2020 were analyzed for their macro- 
and micro-nutrient content. To this goal, a subsample of air-dried 
biomass was ground using a Retsch rotor mill (Retsch, GmbH, Haan, 
West Germany). Total N was measured by flash combustion (Thermo, 
Flash 2000) (NF ISO 13878), whereas total P, K, Ca, Mg, Fe, Mn, Cu and 
Zn were measured using a radial inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) (Varian Vista RL Simultaneous or 
Varian 725 ES Simultaneous) after being calcinated (550 ◦C for 5 h) and 
solubilized in hydrofluoric acid. All concentrations are referred to oven 
dry weight (105 ◦C for 24 hours). We calculated the bioaccumulation 
factor (enrichment factor, EF) as the ratio of the element concentration 
in the grain to that in the soil (Bhatti et al., 2018). The EF factor was used 
to determine the degree of accumulation of the element from the soil 
into the winter wheat grains.

In July 2020, immediately after the winter wheat harvesting and 
about nine months after the last tillage, we performed a campaign of soil 
sampling in all the four tillage treatments. In each plot, five soil cores 
were collected along the central axis of each plot down to a depth of 
50 cm using a 3-cm diameter gauge. Each soil core was immediately 
separated into the following depth intervals: 0–5 cm, 5–10 cm, 
10–20 cm, and 20–50 cm. Then, we mixed all soil samples from the same 
depth interval creating one composite soil sample per plot. Soil samples 
were kept in closed plastic bags to maintain the water content. Once in 
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the laboratory, a small amount of fresh soil samples was immediately 
retrieved to be stored at 4 ◦C for subsequent microbial biomass carbon 
(MBC) analysis, whereas the residual amount was sieved at 2 mm and 
then air-dried for subsequent chemical analyses.

The soil bulk density used for the calculation of SOC and major 
nutrient stocks was determined by collecting samples using a Humax® 
impact coring system (5-cm diameter) down to a depth of 50 cm 
(GreenGround AG, Burgdorf, Switzerland). This method enables the 
extraction of consecutive soil cores of know volume at fixed depth in-
tervals (0–10 cm, 10–20 cm and 20–50 cm) from the same hole 
(Guillaume et al., 2022). The samples were sieved at 2 mm and soil 
moisture was determined (24 h at 105◦ C) before calculating SOC and 
major nutrient stocks.

Soil organic carbon was measured with the sulfochromic oxidation 
method (NF ISO 14235), while total soil nitrogen (Ntot) was determined 
using an elemental analyzer (Thermo Scientific, FLASH 2000, USA) by 
dry combustion (NF ISO 13878). Exchangeable K and Mg concentrations 
were analyzed after ammonium acetate extraction (AAE) (NFX 31–108) 
combined with a Thermo Radial ICAP 6000 Series ICP-OES (Thermo 
Fisher Scientific, Freemont, CA, USA). Sodium bicarbonate (NaHCO3) 
extraction was used to determine the soil available P (Olsen-P) (Olsen, 
1954) according to Murphy and Riley (1962) (NF ISO 11263). Soil mi-
crobial biomass carbon (Cmic) was estimated through the chloroform 
fumigation extraction. Total C of fumigated and non-fumigated samples 
was determined using a TOC/TN auto analyzer (Shimadzu analyzer 
TOC-V CPH + TNM-1) after (1:10) 0.5 M K2SO4 extraction. Values of 
Cmic were corrected with the coefficient factor Kc = 0.45 so to account 
for the MBC extractable by fumigation (Joergensen, 1996). The micro-
bial quotient (MicQ) was expressed as the ratio of microbial biomass C 
(Cmic) to SOC and it was used as an index of carbon availability to soil 
microorganisms (Anderson and Domsch, 1989) as well as a parameter to 
monitor organic matter dynamics and quality (McGonigle and Turner, 
2017; Sparling, 1992). The soil SOC:clay ratio is here used as indicator of 
the structure vulnerability (Fell et al., 2018; Johannes et al., 2017).

In addition, in July 2020, two undisturbed 150 cm3 soil samples were 
collected for soil physical characterization at, respectively, 2–6 cm and 
8–12 cm depths at the center of each of the 28 plots. These undisturbed 
samples were collected with a custom-made sampler, allowing retrieval 
of the soil cores for matric potential equilibration (sandbox). Before 
analysis, the samples were kept at 4◦C. After discarding the samples 
showing defects such as large coarse fraction or damaged structure due 
to the presence of earthworms, 50 samples (from a total of 56) were left 
for water retention measurements. These 50 undisturbed soil samples 
were initially put on a sandbox at − 10 hPa matric potential until they 
had equilibrated. Then, the samples were drained at − 60 hPa matric 
potential in another sandbox before determining their weight. There-
after, we measured their bulk volume V60 (cm3) using the plastic bag 
method (Boivin et al., 1990). Finally, the samples were oven-dried at 
105 ◦C for one day and weighed and sieved to 2 mm to determine the dry 
mass of the < 2 mm fraction ms (g). The weight and volume of the coarse 
fraction (> 2 mm) were measured and subtracted from the soil sample 
volume V60 and weight ms to obtain bulk soil volume V60 and dry mass 
ms of the fine soil fraction. The bulk density ρb (g cm− 3) was yielded 
from ms/V60.

We calculated the air capacity θAC (cm3 cm-3) of the fine soil using 
θAC = 1 - θFCρb/ρs where ρs (g cm− 3) is the density of the soil solid phase, 
estimated to be 2.65 g cm-3 and θFC is the gravimetric field capacity 
calculated as θFC = mFC / (ρw ×V60) with mFC (g) being the mass of water 
in the soil at field capacity, here defined at a matrix potential of -60 hPa. 
Following Jurin-Laplace’s law, θAC corresponds approximately to the 
fraction of pores with a radius > 25 μm, while θFC expresses the fraction 
of pores with radius < 25 μm. Therefore, we also refer to θAC as the 
macroporosity in the following. The field capacity θFC is the fraction of 
the sum of meso and micropores. The permanent wilting point θPWP (cm3 

cm-3) expresses the fraction micropores, i.e., pores with radii of less than 
approximately 0.1 μm. It is known that it is predominantly determined 

by soil texture, with only minor influences of soil organic carbon. We 
therefore estimated θPWP from the average clay, silt and organic carbon 
concentrations for all treatments using the pedotransfer function pub-
lished in Tóth et al. (2015). We found θPWP of 0.25 and 0.17 cm3 cm− 3 

for the clay and loam soil, respectively. We then derived the estimated 
plant available water content θPAW (cm3 cm− 3) from the difference of θFC 
and θPWP (see also the Supplementary material).

2.3. Data treatment

The relative winter wheat yield during the period 2007–2020 was 
calculated as relative percentage difference of the mean annual yield of 
the no-till (NT), minimum tillage (MT) and shallow tillage (ST) treat-
ments to the correspondent mean annual yield of the ploughed treat-
ment (PL). Each relative percentage difference corresponds to the mean 
of three replicates for the clay soil and or four replicates for the loam 
soil. The effect of tillage treatment on crop yield and grain quality was 
tested separately for each soil texture by an analysis of variance. Only for 
the overall effect of soil texture on grain macro- and micro-nutrient 
concentrations we pooled together all the tillage treatments and we 
used soil texture as factor in an analysis of variance. For each soil texture 
separately, a principal component analysis (PCA) was performed using 
the enrichment factor values for macro- and micro-nutrients in relation 
to the tillage treatment (factor). The stocks of SOC, Ntot, P-Olsen, as well 
as the exchangeable K and Mg along the entire 50-cm long soil profile 
were calculated on equivalent soil mass basis using the average bulk 
density measured across all treatments for the respective depth and soil 
texture because treatments had no effect on bulk density (see Result 
section). As element concentrations were determined for the depth in-
tervals 0–5 cm and 5–10 cm, SOC and nutrient stocks for the 0–10 cm 
layer were calculated using the arithmetic mean of the two concentra-
tions. The effect of tillage treatment on SOC concentration, SOC and 
nutrient stocks, as well as on microbial biomass was tested separately for 
each soil texture based on an analysis of variance. These analyses were 
performed using the software TIBCO Statistica (version 13.5) and R 
(version 4.3.2) (R Core Team, 2022).

The differences in soil physical properties between the different 
tillage treatments and depths were tested separately for each soil texture 
(clay and loam) with the non-parametrical Kruskall-Wallis test and a 
non-parametrical pair-wise comparison with the “dunn.test” function of 
the “dunn.test” package (version 1.3.6) in the R software.

3. Results

3.1. Winter wheat yield

During the period 2007–2020, the mean annual yield of winter 
wheat under conventional ploughing (PL) was 3.9 and 3.5 t ha− 1 for the 
clay and the loam soil, respectively. For the shallow tillage (ST), it was 
3.9 and 3.2 t ha− 1, for the minimum tillage (MT) 4.2 and 3.4 ha− 1, and 
for the no-till (NT) 3.1 and 2.5 ha− 1 (Fig. S2). The one-way ANOVA did 
not detect any significant difference in the mean annual yields between 
the tillage treatments in neither of the two soil textures (p > 0.35). 
Similarly, no significant differences in mean annual yield were detected 
(p > 0.18) between the two soil textures for the same tillage treatment. 
However, the coefficient of variability (CV) of annual yields was larger 
in the no-till (CV = 46.4 and 49.0 for clay and the loam soil, respec-
tively), and smaller in the minimum tillage (CV = 31.0 and 34.3 for the 
clay and the loam soil, respectively).

Comparing the mean annual yield under shallow tillage, minimum 
tillage and no-till to that under conventional ploughing, we observed 
that no-till was overall characterized by smaller relative annual yields 
along the entire study period, the only exception being the year 2014 for 
the loam soil (Fig. 1). It is interesting to note that the strongest decline 
(up to − 80 %) of the relative yield in the no-till treatment took place in 
2015 and, in particular, in 2016 after four consecutive years of winter 
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wheat (Fig. 1). In general, for both soil textures, the mean annual yield 
in the no-till was c. 23 % smaller than in the conventionally ploughed 
treatment, but it was approximately 12 % smaller if the yields of the 
years 2015 and 2016 were not included. In contrast, the relative yields 
under shallow tillage and the minimum tillage were, respectively, + 2 % 
and + 9 % in the clay soil, and − 6 % and − 0.5 % in the loam soil 

compared to the conventional ploughing (Fig. 1).

3.2. Grain quality

Higher concentrations of P, K, Mg, Fe and Zn were observed in wheat 
grains from the loam soil compared to the clay soil, the latter being 
characterized by grains with slightly larger, albeit not significant, Mn 
concentration (Table S2). In the clay soil, the grains from the minimum 
tillage were characterized by larger concentration of N and smaller 
concentration of Zn if compared to the no-till as well as by smaller Mn 
concentration if compared to the other tillage treatments (Table 1). In 
contrast, in the loam soil, the effect of tillage treatment on grain nutrient 
concentrations was overall less evident than for the clay soil, with the 
exception of the shallow tillage and the minimum tillage where wheat 
grains had smaller Mn concentration compared to the no-till and the 
ploughed treatment (Table 1).

The values of the enrichment factor (EF) in response to the tillage 
treatments for the macro- and micro-nutrients were rather similar for 
the two soil textures, with the ploughed treatment being overall more 
effective in increasing the EF, particularly for N, P and Cu in the clay soil 
and for N, P, and Zn in the loam soil compared to the other three tillage 
treatments (Fig. 2).

3.3. SOC concentrations and nutrient stocks

By considering the entire 50-cm deep soil profile, the mean con-
centration of SOC depth was, overall, significantly larger (p < 0.001) in 
the clay soil (2.75 % ± 8.17) than in the loam soil (1.39 % ± 4.63). In 
both soil textures, a decreasing trend of SOC concentration with soil 
depth was detected in all the tillage treatments (r2 > 0.35, p < 0.015) 
with the only exception of the ploughed treatment in the clay soil (r2 

=0.11, p = 0.29). The most significant SOC differences between tillage 
treatments can be observed in the first 10 cm for the clay soil and in the 
first 5 cm for the loam soil (Fig. 3). Indeed, in the clay soil the minimum 
tillage and the no-till treatments were both characterized by similar SOC 
concentrations which were also significantly larger compared to the 
shallow tillage and the ploughed treatment (Fig. 3). A similar trend can 
be observed for the loam soil where the minimum tillage and the no-till 
showed larger SOC values compared to shallow tillage and, in particular, 
to conventional ploughing in the upper 5 cm (Fig. 3).

In each of the two soil texture types, the soil bulk density (BD) was 
affected by depth (p < 0.001) but not by tillage treatment (p > 0.63) 
(Table S3). Because of the absence of a significant tillage effect on BD 
and the large variability between plots, SOC and nutrient stocks were 

Fig. 1. Temporal trend of the relative difference (%) of the mean winter wheat 
yield in the no-till (NT), shallow tillage (ST), and minimum tillage (MT) 
treatment to the mean yield in the conventional ploughing (PL) for the clay 
(panel A) and the loam (panel B) texture. As reference, the mean yield (t ha− 1) 
in the ploughed treatment is also reported for both soil textures (PL yield).

Table 1 
Mean ( ± standard error) concentration of macro- and micro-nutrients in winter wheat grains from the 2020 harvest in the different soil tillage treatments in the clay 
(n = 3) and the loam soil (n = 4). Within each soil texture, significant differences between tillage treatments for the same nutrient are indicated by different su-
perscripts based on post-hoc Fisher-LSD test (p < 0.05). Concentrations refer to oven-dry weight.

Clay soil N (%) P (%) K (%) Ca (%) Mg (%) Cu (ppm) Fe (ppm) Mn (ppm) Zn (ppm)
Ploughing (PL) 2.08ab 

(0.09)
0.43b 

(0.012)
0.47a 

(0.011)
0.054a 

(0.002)
0.13b 

(0.005)
5.1a 

(0.19)
35.0b 

(2.9)
49.8a 

(2.4)
31.5ab 

(1.8)
No-till (NT) 1.98b 

(0.12)
0.43b 

(0.005)
0.46a 

(0.007)
0.051b 

(0.001)
0.13ab 

(0.003)
5.4a 

(0.25)
33.1b 

(1.9)
46.1a 

(2.1)
37.2a 

(5.3)
Shallow tillage (ST) 2.06ab 

(0.04)
0.45a 

(0.005)
0.47a 

(0.013)
0.051ab 

(0.002)
0.14a 

(0.002)
5.2a 

(0.53)
46.2a 

(6.1)
46.0a 

(2.2)
35.1ab 

(6.0)
Minimum tillage (MT) 2.14a 

(0.04)
0.43b 

(0.003)
0.46a 

(0.002)
0.053ab 

(0.001)
0.13b 

(0.003)
4.9a 

(0.30)
32.1b 

(2.7)
41.7b 

(2.2)
29.6b 

(1.1)
 
Loam soil N (%) P (%) K (%) Ca (%) Mg (%) Cu (ppm) Fe (ppm) Mn (ppm) Zn (ppm)
Ploughing (PL) 2.0a 

(0.07)
0.44a 

(0.024)
0.48a 

(0.011)
0.053a 

(0.001)
0.13a 

(0.011)
5.0a 

(1.3)
39.6a 

(8.3)
48.8a 

(3.0)
39.6a 

(1.9)
No-till (NT) 2.1a 

(0.05)
0.44a 

(0.009)
0.47b 

(0.002)
0.055a 

(0.004)
0.14a 

(0.005)
5.4a 

(0.11)
45.7a 

(1.8)
47.2a 

(1.8)
35.5b 

(1.9)
Shallow tillage (ST) 2.0a 

(0.09)
0.44a 

(0.005)
0.47ab 

(0.007)
0.052a 

(0.001)
0.14a 

(0.004)
5.3a 

(0.44)
46.4a 

(7.1)
36.8b 

(5.3)
34.2b 

(2.9)
Minimum tillage (MT) 2.1a 

(0.17)
0.45a 

(0.011)
0.48ab 

(0.005)
0.053a 

(0.002)
0.14a 

(0.004)
5.8a 

(0.69)
45.6a 

(3.0)
38.2b 

(4.4)
37.5ab 

(2.7)
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calculated using a BD that was averaged for each depth and for each soil 
type across all the four tillage treatments (Table S3).

In both soil textures, a strong effect of tillage treatment on SOC stocks 
was observed primarily in the topmost 10 cm (p < 0.001) where, in line 
with SOC concentration trends (Fig. 3), significantly larger C stocks were 
found for the three non-inversion tillage treatments as compared to the 
ploughed treatment (Table 2). When the SOC stocks of the 10–20 cm soil 
layer were included in the comparisons, significant differences between 
tillage treatments disappeared (Table 2). Although the SOC stock under 
ploughing treatment was 10–12 % smaller than under non-inversion 
tillage treatments in the clay soil, and 1–8 % smaller in the loam soil, 
no significant differences in SOC stocks were detected among tillage 
treatments across the entire 50-cm soil profile.

The soil N stocks followed the same pattern of the SOC stocks, so that 
significant differences between the ploughed treatment and the other 
non-inversion treatments can be observed only in the upper 10-cm of the 
soil (Table 2). Along the entire 50-cm soil profile, no significant differ-
ences in N stocks were detected among tillage treatments, although in 
the clay soil the N stock in the ploughed treatment was between 4 % and 
15 % smaller than the non-inversion tillage treatments whereas, in the 
loam soil, the N stock was between 2 % and 9 % smaller (Table 2).

The soil texture had an effect on the stocks of exchangeable K 
(p < 0.05) and Mg (p < 0.001) down to a depth of 50 cm, but not for the 
Olsen-P stock (p = 0.43). Tillage type had an effect on exchangeable K 
(p < 0.05) and Mg (p < 0.01) in the topmost 10 cm with smaller 
exchangeable cations in the ploughed treatment compared to the other 
three non-inversion tillage treatments. In both soil textures, the stock of 
exchangeable K was significantly larger in the ploughed treatment, 
whereas the exchangeable Mg stock did not differ between tillage teat-
ments (Table 2). Nonetheless, differences in the stock of exchangable K 
and Mg disappered when stocks were summed up down to 50 cm depth 
(Table 2). The stock of Olsen-P in the top 20 cm layers was not affected 

by soil texture (p = 0.88), although tillage treatment had a significant 
effect for each soil depth (Table 2). In the top 10 cm layer, the Olsen-P 
stocks were the smallest in the ploughed treatment and the largest under 
minimum tillage (p < 0.001). In contrast, in the 10–20 cm layer, the 
ploughed treatment showed the largest Olsen-P stock, whereas mini-
mum tillage had the smallest (p < 0.05). Summing Olsen-P stocks down 
to 50 cm depth revealed larger values in the ploughed treatment, 
particularly in the clay soil (Table 2).

3.4. Soil microbial biomass carbon

A positive correlation (Pearson’s R2 > 0.54, p < 0.001) was found 
between the amount of SOC and the correspondent amount of microbial 
biomass C for each soil type (Fig. 4). On average, we observed larger 
microbial biomass C in the clay soil (c. 139 mgC kg− 1) than in the loam 
soil (average c. 80 mgC kg− 1) with a clear stratification along the soil 
profile (Fig. 5). Larger values of microbial biomass C were found in the 
upper 5 cm of soil depth (c. 223 mgC kg− 1 for the clay soil and 132 mgC 
kg− 1 for the loam soil) compared to the 20–50 cm depth (c. 45 mgC kg− 1 

for the clay soil and 57 mgC kg− 1 for the loam soil). Within each soil 
texture, the tillage treatment had different effects on microbial biomass 
C (Fig. 5). In the clay soil, the minimum tillage treatment was charac-
terized by the largest microbial biomass C in the topmost 0–5 cm, 
whereas the ploughed treatment showed the smallest microbial biomass 
C in the upper 0–5 cm layer. Between 5 cm to 20 cm depth, microbial 
biomass C did not differ significantly among the four tillage treatments, 
but at 20–50 cm depth, the minimum tillage showed again the largest 
amount of microbial biomass C (Fig. 5). In the loam soil, the minimum 
tillage exhibited the largest microbial biomass C across most the soil 

Fig. 2. PCA ordination of the enrichment factors (EF) for macro- and micro- 
nutrients in winter wheat grains for the clay and the loam soil in relation to 
the tillage treatments. PL: ploughing (20–25 cm); ST: shallow tillage 
(12–15 cm); MT: minimum tillage (5–8 cm); and NT: no-till.

Fig. 3. Mean values ( ± standard error) of soil organic carbon (SOC) concen-
tration in the clay (n = 3) and in the loam (n = 4) soil in response to the four 
tillage treatments along the soil profile. Within each soil depth interval, sig-
nificant differences among tillage treatments are identified by different super-
script letters (p < 0.05, Fisher LSD post-hoc test). PL: ploughing (20–25 cm); 
ST: shallow tillage (12–15 cm); MT: minimum tillage (5–8 cm); and NT: no-till.
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depth intervals, except at 10–20 cm. In contrast, microbial biomass C in 
the no-tillage did not differ either from the conventional ploughing or 
the shallow-tillage along most of the soil depth profile (Fig. 5).

The microbial quotient (MicQ), i.e., the ratio between the microbial 
biomass carbon (MBC) and the concentration of SOC, was significantly 
affected, in both soil textures, by tillage treatment (p < 0.001) and by 
soil depth (p < 0.001) with a significant interaction between tillage type 
and depth (p < 0.001) only in the loam soil. The microbial quotient in 
the minimum tillage was generally larger at the surface and at the bot-
tom of the soil profile in the clay soil compared to the other three tillage 
treatments (Fig. 6). Similarly, in the loam soil, the microbial quotient 
was significantly larger at the surface in the ploughed and the minimum 
tillage treatments, whereas at the bottom of the soil profile it was 
significantly larger for the minimum tillage (Fig. 6). Overall, the no-till 
did not show any significant spatial pattern but it was, particularly in the 
upper soil layers, generally lower if compared to the other two non- 
inverison tillage treatments (Fig. 6).

3.5. Soil structure vulnerability and soil porosity

On the basis of the ratio of SOC to clay content, it is possible to 
distinguish two major clusters of plots corresponding to the loam and the 
clay soil (Fig. 7). By using a SOC:clay ratio of 1:10 as a threshold for an 
acceptable soil structure vulnerability, we can observe as all the plots 
from the clay soil were below this threshold, whereas only few plots 
from the loam soil were close or above the threshold (Fig. 7). Among the 
tillage treatments, the no-till (NT) and the minimum tillage (MT) were 
characterized by the largest SOC:clay ratios, particularly for the upper 
soil depth of 0–5 cm (Fig. 7).

The mean values of soil physical properties for all the treatments and 
soil types at 2–6 cm and 8–12 cm are reported in Table S4. Overall, we 
can observe that bulk density was higher in the loam soil (Fig. 9a) than 
in the clay soil (Fig. 8a) at both sampled depths with a range from 1.29 
to 1.62 g cm− 3 and from 1.09 to 1.41 g cm− 3, respectively. In the plough 
and the shallow tillage treatment, the bulk density at the two depths 
showed similar values in both soils (Figs. 8a, 9a). Differently, in the 
minimum tillage and the no-till treatments, there was an increase of bulk 
density with increasing depth in both soils (Figs. 8a, 9a). In the clay soil, 
the highest bulk density is found in the ploughing for both depths and in 
the 8–12 cm depth of both the no-till and the minimum tillage, whereas 
the lowest values are found in the shallow tillage treatment and in the Ta
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Fig. 4. Linear regression and Pearson’s correlation coefficient between the 
concentration of soil organic carbon (%) and the corresponding amount of 
microbial biomass carbon (mgC kg− 1 of dry soil) across the four soil tillage 
treatments at each of the four soil depths. Each value is the mean of three 
replicates for the clay soil and four replicates for the loam soil.
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2–6 cm depth of the minimum tillage. A similar trend is observed in the 
loam soil, except that the ploughing here was less dense than the 
8–12 cm depth of both the no-till and the minimum tillage treatment. 
The plant available water was in a similar range for both soils with no 
differences among treatments (Figs. 8b, 9b), with the only exception of 
the loam soil where the plant available water at 2–6 cm depth of the 
minimum tillage was significantly higher (Table S5). Both soils followed 
similar trends across the treatments for the air content values, with 
minimum tillage at 8–12 cm depth in the clay soil being characterized 
by the lower air content (Fig. 8c, Table S5) and with the shallow tillage 
in the loam soil displaying significantly higher air content at both depths 
(Fig. 9c, Table S5). For what concerns the water content, it was overall 
higher in the clay soil than the loam soil with a pattern of variation that 
was similar between treatments in both soils (Figs. 8d, 9d) with the only 
exception of the high value observed in minimum tillage at 2–6 cm 
depth in the loam soil.

4. Discussion

4.1. Winter wheat yield

During the study period 2007–2020, the annual yield of winter 

wheat did not differ significantly among the four tillage systems. How-
ever, the no-till showed the lowest relative annual yield and the highest 
yield variability if compared to the relative annual yield of the minimum 
tillage and the shallow tillage. Such a result is in accordance with 

Fig. 5. Mean values of microbial biomass carbon (C) in the clay (n = 3) and in 
the loam (n = 4) soil in response to the four tillage treatments along the soil 
profile. Within each soil depth interval, significant differences among tillage 
treatments are identified by different superscript letters (p < 0.05, Fisher LSD 
post-hoc test). PL: ploughing (20–25 cm); ST: shallow tillage (12–15 cm); MT: 
minimum tillage (5–8 cm); and NT: no-till.

Fig. 6. Mean values ( ± standard error) of microbial quotient (MicQ), i.e., the 
ratio between the microbial biomass carbon (MBC) and the soil organic carbon 
(OC), in the clay (n = 3) and in the loam (n = 4) soil in response to the four 
tillage treatments along the soil profile. Within each soil depth interval, sig-
nificant differences among tillage treatments are identified by different super-
script letters (p < 0.05, Fisher LSD post-hoc test). PL: ploughing (20–25 cm); 
ST: shallow tillage (12–15 cm); MT: minimum tillage (5–8 cm); and NT: no-till.

Fig. 7. Clay content and soil organic carbon (SOC) concentration of all the 
experimental plots (n = 3 for the clay soil and n = 4 for the loam soil) for the 
four soil tillage treatments (PL = ploughing, NT = no-till, ST = shallow tillage, 
MT = minimum tillage) and for two soil depth intervals, i.e., the 0–5 cm and 
5–20 cm. The values of the 5–20 cm depth interval are the mean of the 5–10 cm 
and 10–20 cm depth intervals.
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Fig. 8. Boxplots of bulk density (a), plant available water (b), gravimetric air content (c), and gravimetric water content at − 60 hPa in the clay soil for the four tillage 
treatments (PL: ploughing, ST: shallow tillage, MT: minimum tillage, NT: no-till) at two soil depths (2–6 cm and 8–12 cm). Boxplots show mean values (cross), 
median values (solid horizontal line), 50th percentile values (box outline), minimum and maximum values (whiskers).

Fig. 9. Boxplots of bulk density (a), plant available water (b), gravimetric air ccontent (c), and gravimetric water content at − 60 hPa in the loam soil for the four 
tillage treatments (PL: ploughing, ST: shallow tillage, MT: minimum tillage, NT: no-till) at two soil depths (2–6 cm and 8–12 cm). Boxplots show mean values (cross), 
median values (solid horizontal line), 50th percentile values (box outline), minimum and maximum values (whiskers).
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previous studies reporting lower yields in the no-till compared to other 
tillage systems, particular for cereals (Achankeng and Cornelis, 2023; 
Cui et al., 2022; Pittelkow et al., 2015; Van den Putte et al., 2010). The 
average decrease of winter wheat yield of about 12 % compared to the 
ploughed treatment in our no-till treatment is in line with previous 
findings from other long-term trials in Switzerland (Rieger et al., 2008; 
Spiess et al., 2020). On the other hand, the observed + 9 % increase of 
mean yield in the minimum tillage compared to the ploughed treatment, 
particularly for the clay soil, is also in accordance with a recent 
meta-analysis of Achankeng and Cornelis (2023). Higher yield from the 
(non-inversion) minimum tillage may be explained by the more 
favourable conditions for seed emergence, particularly if compared to 
the no-till as suggested by other studies (e.g., Arvidsson et al., 2014; 
Cárceles Rodríguez et al., 2022; Licht and Al-Kaisi, 2005; Soane et al., 
2012; ten Damme et al., 2025). It is challenging to determine whether 
the observed lower yield in the no-till is due to the fact that this treat-
ment is still in a transition phase (see Cusser et al., 2020), considering 
that this treatment is in place for 13 years compared to the ploughing, 
the shallow tillage and the minimum tillage which are established since 
1969. Additionally, agricultural advisors (pers. comm.) are more 
insisting that good initial soil conditions, especially the SOC level, may 
be important for the success of the transition to no-till, so that soils 
already rich in SOC are likely to show more immediate benefits. 
Considering the very low SOC:clay values at the beginning of our trial 
(Büchi et al., 2017), the optimal conditions for transitioning to no-till 
may not have been met.

The strong reduction of winter wheat yield in the no-till treatment 
during four consecutive years of monoculture, i.e., up to − 80 % 
compared to the conventional plough during 2013–2016, confirms as 
the yield of a cereal monoculture is particularly sensitive in a no-till 
system, probably due to increased incidence of pests and weeds (Van 
den Putte et al., 2010; Woźniak and Soroka, 2014). This finding em-
phasizes that most of the benefits in no-till systems can be obtained only 
with a diversified rotation (Büchi et al., 2018; Shahzad et al., 2016; 
Woźniak, 2020). We argue that the low frequency of cover crops within 
our rotation may have exacerbated the negative effect of no-till practice 
on crop yield, for example through compaction or delayed seed emer-
gence, considering the multiple positive effects that cover crops have on 
soil quality particularly in no-till systems (Büchi et al., 2018; Dai et al., 
2024; Lieskamp et al., 2024).

4.2. Winter wheat grain quality in response to tillage treatment

Throughout the scientific literature, the relationships between soil 
tillage intensity and crop grain quality are not consistent. Indeed, a 
primary role in controlling grain quality seem to play climate variability, 
rotation diversity (including cover crops), crop variety and soil type, i.e., 
a pool of factors creating complex interactions with soil tillage intensity 
(e.g., Gaweda and Haliniarz, 2021; Kwiatkowski et al., 2022; Man-
zeke-Kangara et al., 2023; Minhas et al., 2023; Mitura et al., 2023; 
Shiwakoti et al., 2019; Yousefian et al., 2021; Zargar et al., 2018). In our 
study, we used the winter wheat plants of the year 2020 as a phytometer 
(see Dietrich et al., 2013) to assess the relative effects of tillage treat-
ments on grain quality in each soil texture. Overall, we observed that in 
2020 the quality of winter wheat grains was more affected by soil 
texture than by tillage treatment. It is interesting to underline that in the 
clay soil the grain N concentration from the no-till was significantly 
lower than the grain N concentration from the minimum tillage, a 
response already observed in other studies (e.g., Amato et al., 2013; 
Kwiatkowski et al., 2022; Waibel et al., 2025). This may be related to a 
reduction in plant-available soil N under no-till (López-Bellido et al., 
1998). The observed positive role of ploughing in increasing the 
enrichment factor (EF) of macro- and micro-nutrients in winter wheat 
grains is in accordance with previous findings (Dolijanovic et al., 2022) 
and can be explained by the increase of nutrient availability and 
accessibility due to enhanced mineralization (Awale et al., 2022; Ishaq 

et al., 2001; Yousefian et al., 2021; Waibel et al., 2025).

4.3. SOC concentration and nutrient stocks

For each soil texture, the differences in SOC concentrations between 
the four tillage treatments in the upper layers clearly highlight the role 
of tillage intensity in affecting the amount of organic matter in agri-
cultural soils (Bohoussou et al., 2022; Lv et al., 2023). If we compare the 
SOC concentration measured within the topmost 20 cm depth in 2013 in 
the no-till treatment (see Büchi et al., 2017), i.e., six years after the start 
of the treatment, and the SOC concentration measured in 2020, i.e., after 
13 years of no-till, we can then observe a relative increase of SOC of 
about 24 % in the clay soil (from 2.52 % to 3.13 %, respectively) and 
about 22 % in the loam soil (from 1.28 % to 1.49 %, respectively). 
Similarly, under minimum tillage the SOC concentration increased, from 
2013 to 2020, of about 20 % and 13 % in the clay and loam soil, 
respectively, whereas for the ploughed treatment the corresponding SOC 
increase was of about 9 % and 14 %. Overall, we can hypothesize that 
the systematic wheat straw return since 2007 in all the treatments has 
indeed a positive effect in increasing SOC concentration in the upper 
layers, particularly in the no-till (Wang et al., 2021; Yang et al., 2024). 
Interestingly, we can also observe that the minimum tillage has SOC 
concentrations comparable to the no-till along the entire soil profile. In a 
previous study, Büchi et al. (2017) already reported that the minimum 
tillage was the only treatment that did not show a significant decreasing 
trend of SOC concentration over time. Here we can further confirm that 
the minimum tillage is a practice promoting SOC concentration as 
effectively as the no-till (Li et al., 2020; Wuest et al., 2023). However, 
the additional main advantage of the minimum tillage is that, under the 
specific climatic conditions of the studied area, it also provides a larger 
and more stable crop yields compared to the no-till.

Major differences between treatments can be observed primarily in 
the upper 10 cm of soil depth, as previously reported by other studies 
(Mondal et al., 2023; Priori et al., 2024; West and Post, 2002). In the 
case of no-till, the SOC stratification can be explained by the absence of 
soil mixing and by surface residue deposition (Souza et al., 2023), but 
the same pattern can be observed for the minimum tillage even if the soil 
is disturbed only in the upper 5–8 cm.

Similar to the SOC concentration, the observed stratification patterns 
of the stocks of organic C, Ntot, exchangeable K and Mg in the upper 
20 cm of the soil profile may be explained by the degree of tillage 
disturbance (Table 2). Indeed, we found approximately constant 
nutrient concentrations with depth in the topmost 20 cm of the 
ploughed treatment, whereas significantly larger nutrient stock values 
were measured in the topmost 10 cm in the three non-inversion tillage 
treatments than in the soil layer at 10–20 cm depth (Table 2). Such 
stratification of organic C, Ntot, exchangeable K and Mg stocks has been 
already reported by other studies, in particular for the SOC (Krauss et al., 
2022; Luo et al., 2010; Meurer et al., 2018; Ogle et al., 2019). However, 
when we consider the entire 50-cm long profile, we did not detect any 
statistically significant difference in nutrient stocks among the different 
tillage treatments, even if there was a clear tendency of larger SOC, Ntot, 
exchangeable K and Mg stocks in the three non-inversion tillage treat-
ments. In the case of SOC stock, for example, the range of increment in 
the non-inversion tillage treatments was between 10 % and 14 % in the 
clay soil and between 1 % and 8 % in the loam soil compared to the 
ploughed treatment (Table 2). From a methodological point of view, we 
argue that a large spatial variability of relevant parameters, such as the 
bulk density, can make it difficult to detect differences in stocks that are 
also statistically significant (Poeplau et al., 2022; Peng et al., 2024; 
Raffeld et al., 2024). In contrast, the Olsen-P stock along the entire 
50-cm long soil profile was characterised by larger values in the 
ploughed treatment, a pattern that can be explained by the deeper 
incorporation of P as fertilizer or plant residues with ploughing so 
limiting its loss by surface run-off or access by crop roots (Xomphoutheb 
et al., 2020).
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4.4. Microbial biomass carbon

In our study, larger values of soil microbial biomass C can be 
observed in all the three non-inversion tillage treatments, i.e., the no-till, 
the minimum tillage and the shallow tillage, with the largest microbial 
biomass C in the minimum tillage for both soil textures (Fig. 5). Such a 
result is in accordance with previous studies reporting an increase of 
microbial biomass in response to reduced tillage or in response to non- 
inversion tillage (Chen et al., 2020; D’Hose et al., 2018; Engell et al., 
2022; Fontana et al., 2015; Li et al., 2018; Zuber and Villamil, 2016). 
The strongest differences in microbial biomass C between the tillage 
treatments are primarily observable in the topsoil, i.e., in the upper 5 cm 
for the clay soil and in the upper 10 cm for the loam soil (Fig. 5). Such 
strong stratification of microbial abundance was already observed in 
other studies (e.g., Chen et al., 2020; Mondal et al., 2023; Sun et al., 
2021) and can be explained by the larger SOC concentration in the 
topsoil, thus promoting more favorable environmental conditions for 
microbes. Indeed, the positive correlation between microbial biomass C 
and SOC (Fig. 4) for both soil textures is consistent with the role of 
organic matter as the primary driver of microbial spatial distribution 
(Liu et al., 2014; Schmidt et al., 2018; Zhou et al., 2023).

The microbial quotient (MicQ), i.e., the Cmic-to-organic C (SOC) 
ratio, represents an index of the activity of microbial communities 
(Anderson and Domsch, 1978) that has been reported to respond posi-
tively to reduced soil tillage (Li et al., 2018). In our study, there are 
generally larger MicQ values in the upper layer of both the minimum 
tillage and the shallow tillage, whereas smaller MicQ values can be 
observed in the no-till (Fig. 6). Such a result may indicate a reduction of 
microbial activity in the no-till compared to the other treatments, 
probably due to the accumulation of more recalcitrant organic matter 
(McGonigle and Turner, 2017) or to a reduction of the microbial 
metabolic efficiency (Hao et al., 2019; Mbuthia et al., 2015). Another 
possibility is that that the organic matter is less accessible in the no-till 
due to a reduction of aggregate porosity, i.e., due to an increase of 
micro-aggregates (Cooper et al., 2021). This hypothesis seems to be 
supported by the generally lower MicQ in the clay soil compared to the 
loam soil (Fig. 6) and to the relatively high proportion of water filled 
porosity (< 25 µm radius) in the no-till (Table S4).

4.5. Soil structure vulnerability and soil porosity

A soil SOC:clay ratio of 1:10 has been proposed as a threshold of 
structure vulnerability (Fell et al., 2018) and so as a target for soil 
quality management evaluation (Johannes et al., 2017) in soils with a 
soil clay content up to c. 50 % (Johannes et al., 2023; Prout et al., 2022). 
Some major outcomes based on the observed SOC:clay ratios of our trial 
can be highlighted. Firstly, in the clay soil all the tillage treatments were 
characterized by a threshold smaller than 0.1, indicating a deficiency in 
organic matter and a strong structural vulnerability. This result suggests 
the necessity to adopt agronomic practices promoting organic matter 
accumulation, for example by increasing the frequency of cover crops in 
the rotation (Büchi et al., 2018). In a structurally vulnerable situation, 
the soil system relies mainly on mechanical loosening to avoid a com-
pacted state, whereas a no-till system necessarily must rely on biological 
loosening for creating a functional porosity, but this can be possible only 
when a sufficient amount of organic matter is already available. This 
would mean that for a successful implementation of a no-till system the 
soil may require, before changing from inversion tillage to no-till, a 
sufficiently high SOC:clay ratio. Secondly, the no-till and the minimum 
tillage appears as the two more effective practices in promoting a higher 
SOC:clay ratio (Gubler et al., 2019), even if only in the uppermost soil 
layer (0–5 cm deep). Albeit the SOC:clay ratio has been criticized due to 
the effect of clay, particularly at large clay contents (Rabot et al., 2024), 
we can observe that, for the same amount of clay, the type of tillage 
practice can actually promote a larger ratio so suggesting that there is 
still the possibility to increase this ratio also in high clay content soil by 

adopting a set of suitable agronomic practices.
In general, the soil structure within this trial was rather poor, espe-

cially in the loam soil, but it exhibited patterns that were specific to the 
tillage type for both investigated soil types (Figs. 8 and 9). Bulk density 
was especially high in the loam soil reaching up to 1.53 g cm− 3 for the 
plough treatment. Overall, shallow tillage and the upper layer of the 
minimum tillage had the lowest density. This can be explained by the 
mechanical loosening through shallow tillage increasing the coarse 
porosity and therefore the air content. The effect is clearer in the loam 
soil. For the upper layer of minimum tillage, the smaller bulk density is 
mainly explained by a larger microporosity filled with water. The in-
crease in SOC may explain these results because SOC binds aggregates 
(e.g., Six et al., 2000; Tisdall and Oades, 1982) and could therefore 
stabilize a loosened structure created by minimum or shallow tillage. 
SOC also plays a role in creating microporosity and therefore might 
explain the increased water content (Rawls et al., 2003) in the minimum 
tillage treatment. This would also explain that in the plough treatment, 
characterized by the lowest SOC amount, the loosened structure due to 
the tillage may have not been stabilized through SOC, thus reducing the 
porosity and therefore promoting higher densities. Larger bulk densities 
in the no-till and at 8–12 cm depth in the minimum tillage treatments 
can be explained by the absence of the loosening effect of tillage and the 
concomitant compacting effect of trafficking, leading to “shallow” plow 
pans (Schlüter et al., 2018).

Different threshold values for soil air capacity have been reported in 
the literature, under which plant growth is thought to be restricted. 
These values vary between 0.05 and 0.1 cm3 cm− 3 (Johannes et al., 
2019). In the clay soil, most volumetric air capacities were larger than 
0.1 cm3 cm-3. The gravimetric air content at field capacity was larger 
than 0.068 cm3 g− 1, a threshold proposed by Johannes et al. (2017) to 
classify the soil structure as “degraded”. In the clay soil, the only 
potentially insufficient values were found for the minimum tillage 
treatment at 8–12 cm depth. In the loam soil, only the gravimetric air 
content at field capacity for the shallow tillage was predominantly larger 
than 0.068 cm3 g− 1 while mean gravimetric air content at field capacity 
for minimum tillage and no-till were lowest with 0.041 and 0.049 cm3 

g− 1. Again, the smaller values under minimum tillage and no-till are 
most likely related to machine trafficking and the lack of soil loosening 
during tillage. The air gravimetric air content at field capacity in these 
treatments was small enough to classify the respective soil structure as 
‘degraded’. A deficit in soil aeration did obviously not hinder crop 
growth under minimum tillage. However, it nevertheless may have 
contributed to the decreased crop yields under no-till, because not only 
the macropore volume alone secures oxygen supply in the soil, but also 
the macropore connectivity and distribution within the soil (ten Damme 
et al., 2025). It is known that tilled soil exhibits artificially created 
inter-aggregate pore networks that pervade the soil volume at regular 
distances. In contrast, no-till soil contains larger soil volumes that are 
by-passed by connected macropores, which are more susceptible for 
temporary anaerobic conditions (Schlüter et al., 2020). Therefore, we 
expect that oxygen supply to the wheat seedlings’ roots was better under 
minimum tillage than under no-till.

The potentially plant available water content was comparable for 
both soils, despite the clay soil having much larger overall water con-
tents because in clay soils a large portion of this water is in micropores, 
where the capillary pressures are too large for plant water uptake. Most 
values were comparable among the different tillage treatments and 
depths, with the exception of minimum tillage in the loam soil at 2–6 cm 
depth, which harbored potentially plant available water contents that 
were larger than in the rest (Fig. 8b). However, the yields from the 
ploughed and shallow tillage treatments are very similar to the ones 
under minimum tillage and the larger observed potentially plant avail-
able water appeared to be rather non-decisive for crop yield.
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5. Conclusions

Our data showed that, after 13 years since its introduction, the no-till 
treatment was characterized by SOC concentrations in the upper layers 
that were comparable to those under minimum tillage and higher than 
the ones under shallow tillage and conventional ploughing, being the 
last three tillage treatments on place for about 50 years. In terms of 
nutrient stocks, the study clearly shows that the three non-inversion 
tillage practices, including no-till, promoted a significant increase of 
C, N, and K stock in the upper 10-cm deep soil layers. The no-till 
treatment was also characterized, similarly to the minimum tillage 
treatment, by larger microbial biomass C in the topmost soil layers. 
However, the no-till treatment exhibited a smaller, although statistically 
non-significant, winter wheat yield of about 12 % compared to the 
ploughed and the other two non-inversion tillage treatments. By 
comparing the three non-inversion tillage treatments, the non-inversion 
minimum tillage appears, at least for the studied parameters and under 
the local pedological and climatic conditions, a suitable tillage practices 
providing environmental and agronomical advantages similar or higher 
than the no-till treatment.
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