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Abstract
The combination of conservation tillage (non-inversion and no-till) with organic farming is rare due to weed problems. How-
ever, both practices have the potential to improve soil quality and increase soil organic C (SOC). This study investigated the 
changes in SOC, microbial biomass, and microbial composition during the transition from conventional to organic farming 
(from 2014 to 2020) in a long-term tillage trial established in 1999. Non-inversion minimum tillage to a depth of 10 cm 
(MT) resulted in SOC stratification, whilst conventional soil tillage with 25-cm-deep mouldboard ploughing (CT) maintained 
an even SOC distribution in the plough layer. After 12 years of contrasting tillage in 2011, the uppermost soil layer under 
MT had a 10% higher SOC content (1.6% w/w) than CT (1.45% w/w). This difference became even more pronounced after 
introducing organic farming in 2014. By the fall of 2020, the SOC content under MT increased to 1.94%, whilst it decreased 
slightly to 1.36% under CT, resulting in a 43% difference between the two systems. Conversion to organic farming increased 
microbial biomass under both tillage systems, whilst SOC remained unchanged in CT. Abundances of total bacterial and 
Crenarchaeal 16S rRNA and fungal ITS genes indicated shifts in the microbial community in response to tillage and depth. 
Fungal communities under MT were more responsive to organic farming than bacterial communities. The improved soil 
quality observed under MT supports its adoption in both organic and conventional systems, but potentially large yield losses 
due to increased weed cover discourage farmers from combining MT and organic farming.
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Introduction

Conventional agricultural practices, including intensive till-
age, fertilisation, monocropping, and the use of pesticides, 
have raised significant environmental concerns, including 
nutrient losses, greenhouse gas emissions, and biodiver-
sity decline. To address these challenges, there is a need 
for agricultural practices that enhance environmental sus-
tainability and resource use efficiency, thereby reducing the 
negative impact on the environment. Conventional tillage, 
which involves ploughing and subsequent soil preparation 
for sowing or planting, plays a significant role in seed emer-
gence, early crop development, and weed control (Hobbs 

et al. 2008). However, long term, it can lead to soil erosion 
and a decline in soil organic matter due to accelerated soil 
organic matter (SOC) mineralisation (Montgomery 2007; 
Six et al. 1999). Moreover, tillage indirectly affects SOC 
transformations by disrupting soil aggregates and altering 
the activity and composition of soil microbiota, which in 
turn affects vital ecosystem functions such as mineralisation 
and nutrient retention (Bowles et al. 2014).

Non-inversion tillage methods, such as reduced or mini-
mum tillage (MT) and no-tillage (NT), have emerged as 
alternatives to traditional ploughing practices (Hobbs et al. 
2008; Mäder and Berner 2012). MT and NT have been 
shown to positively affect soil properties by increasing SOC 
in the topsoil layer (Haddaway et al. 2017). Additionally, 
higher microbial biomass and activity in the upper soil layer 
were reported (Heinze et al. 2010; Kaurin et al. 2015; Sau-
vadet et al. 2018). However, non-inversion tillage and NT 
are predominantly utilised in conventional crop production, 
rarely in organic farming systems (Krauss et al. 2020).
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Various soil management practices, such as residue 
return, cover cropping, crop rotation, and organic fertili-
sation, have been discussed within the context of organic 
farming system to improve soil quality (Watson et al. 2002; 
Fließbach et al. 2007; Tuomisto et al. 2012) and increase of 
SOC stocks (Gattinger et al. 2012). Assuming that reduced 
tillage intensity already offers many environmental bene-
fits, integrating it into organic farming may enhance these 
benefits, albeit with some adjustments to the system com-
ponents (Mäder and Berner 2012). However, the adoption 
of reduced tillage methods in organic systems often leads 
to increased weed problems since synthetic herbicides are 
not allowed (Casagrande et al. 2016). Conventional tillage, 
trough soil inversion, decreases the weed seed concentra-
tion on the topsoil and creates less favourable conditions 
for weed succession (Sans et al. 2011; Krauss et al. 2020). 
Consequently, limited knowledge exists about the interaction 
between reduced tillage intensity and organic farming, and 
many questions remain unanswered regarding the successful 
implementation of reduced tillage in organic farming (Pei-
gné et al. 2007; Krauss et al. 2020).

Only a few long-term studies in Europe have investigated 
the effects of non-inversion, reduced tillage in organic farm-
ing (Sun et al. 2016; Krauss et al. 2017, 2020; Loaiza Puerta 
et al. 2019). Therefore, further research is needed to cover 
different pedo-climatic environments that significantly 
moderate the outcomes. Moreover, the performance of non-
inversion minimum tillage relative to ploughing during the 
transition from conventional to organic crop production sys-
tem has been rarely studied. Only one relevant reference 
was found, suggesting that using reduced tillage during the 
organic transition can increase soil quality without compro-
mising yield and profitability (Lewis et al. 2011). Studying 
the transition period is critical for understanding the impacts 
on yields and soil quality, considering more extensive weed 
cover and its effects on yields as well as soil C inputs and 
dynamics.

The objective of this study was to compare two tillage 
methods: non-inversion minimum tillage (MT) and. con-
ventional ploughing (CT), during the 5-year transition from 
conventional to organic farming. It is important to underline 
that the two tillage practices have been conducted side-by-
side, employing the same agro-technical measures, for a con-
tinuous 20-year duration within long-term field experiment. 
We started a comparison of MT and CT under conventional 
management in 1999, and subsequently, both tillage systems 
were converted to organic farming in 2014, rendering our 
experiment distinctly unique. Soil quality parameters, yields, 
and weed dynamics have been monitored since the start of 
the experiment in 1999, with more regular measurements 
during the crucial 5-year transition period to the organic 
farming system (2015–2020). We hypothesised that mini-
mum tillage in organic farming would further enhance soil C 

sequestration, microbial biomass, and abundance of the total 
microbial community (bacteria, archaea, fungi) compared to 
conventional ploughing.

Materials and methods

Field site, experiment design, and historical 
management

Long-term tillage experiment (LTE) Moškanjci was estab-
lished in 1999 and transitioned from conventional to organic 
agriculture in 2014. The field experiment is located in the 
Subalpine south geo-region (Metzger 2018), Slovenia (46°3′, 
15°4′; 225 m a.s.l.) and compares two tillage systems (con-
ventional plough tillage (CT) vs. non-inversion minimum 
tillage (MT)), based on a plot trial with ten replicated plots 
for each tillage treatment. The climate is continental with an 
average annual temperature of 10.9 °C and precipitation of 
926 mm for the period 1999–2021 (ARSO 2022). The soils 
are classified as Eutric Cambisols, with a loamy texture. At 
the beginning of the experiment in 1999, the SOC content 
was 1.40% and pH 6.7.

Prior to conversion to organic agriculture, conventional 
practices were employed, including fertilisation and pesti-
cide usage. In general, summer crops such as maize, sugar 
beet, and sunflower were fertilised either with pig or cattle 
slurry (20–30 t/ha, approximately 120 to 170 kg N/ha) in the 
spring, and supplemented with starter NPK at sowing/plant-
ing. Winter cereals and w. oil rape were fertilised exclusively 
with mineral fertilisers. Crops were side dressed once in a 
crop vegetative development phase with mineral N (CAN 
or urea). After harvests, straw remained in the field. Herbi-
cides, fungicides, and insecticides were used in accordance 
with best management practice at the time, following the 
principles of integrated pest management. After conversion 
to organic management, fertilisation shifted exclusively to 
organic fertilisers, primarily cattle slurry, and occasionally 
cattle manure. The organic fertilisation is now applied once 
per year in the spring at a rate of approximately 30 t/ha (with 
approximately 7% DM in slurry), providing 100–140 kg N/
ha, 20–25 kg P/ha, and 90–120 kg K/ha. Due to previous 
conventional fertilisation, the soil still retains high levels 
of plant available phosphorus and potassium. Prior to con-
version to organic agriculture, the management of broad-
leaved weeds and grasses in crops like maize, sunflower, 
and sugar beet involved the application of herbicides, includ-
ing dimethenamid, pendimethalin, and bentazone as active 
ingredients, whilst in winter cereals weeds were controlled 
using post-emergence herbicide iodosulfuron-methyl-
sodium (Table S8). Additionally, systemic fungicides thi-
ophanate methyl and epoxiconazole were used to combat 
foliar diseases in sugar beet, whilst broad spectrum contact 
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and systemic fungicides were used in winter cereals (e.g. 
iodosulfuron-methyl-sodium). Insecticides were never used, 
even during conventional farming on experimental site. No 
pesticides have been used since the conversion to organic 
system. The weed control is achieved through tine combing 
and harrowing by inter-row cultivators later in the growing 
season, as well as introduction of cover crops. After conver-
sion to organic farming, a strong emphasis has been placed 
on year-round soil cover with crops.

Soil sampling

Soil samples were collected regularly in late autumn to 
minimise seasonal influences. Only the years in which all 
relevant analyses were conducted for the scope of this study 
were included (2011, 2015, 2016, 2017, 2019, 2020). Sam-
ples were taken from four replicated plots per treatment; 
each sample in one plot was composed of 5 cores. Soil sam-
ples were collected from three soil layers: 0–10 cm, 10–20 
cm, and 30–60 cm. The layer between 20 and 30 cm was 
not sampled, because it is a transitional layer between the 
ploughing depth and the subsoil (typically ploughed to a 
depth of approximately 25 cm). The collected soil samples 
were thoroughly mixed to ensure homogeneity and passed 
through a 2-mm mesh sieve to remove roots and stones. 
Once samples were homogenised, they were divided into 
three parts for different analyses. One part of the homog-
enised soil sample was air-dried in a fan chamber at 40 °C 
for 24 h and used for chemical analysis. The second part 
was immediately placed on dry ice and stored at −20 °C for 
subsequent molecular analyses. The third part was used for 
soil dry matter determination.

Soil analysis

Soil properties

For soil chemical analyses, samples were air-dried and 
sieved to 2 mm (ISO11464, 2006). Soil organic C (SOC) 
and total N (TN) were determined by dry combustion (ISO 
10694, 1996; ISO 13878, 1987) using an elemental analyser 
(Elementar vario MAX instrument, Germany). Dissolved 
organic C (DOC), dissolved organic N (DON), nitrate N 
(NO3

−-N), and ammonium N (NH4
+-N) were extracted with 

0.01 M CaCl2 solution (ISO 14055, 1999) and determined 
using vario TOC cube (Elementar, Germany) for DOC 
and DON, and Gallery Automated Photometric Analyzer 
(Thermo Scientific) for NO3

−-N and NH4
+-N detection. 

Plant-available phosphorus (P) and potassium (K) were 
determined after ammonium lactate extraction according to 
Egner-Riehm-Domingo (Egner et al. 1960). Carbonates were 
determined after soil reaction with HCl (ISO 10693, 1995) 
and soil texture by the pipette method (ISO 11277, 2009). 

Soil pH was measured in a 1/2.5 (w/v) ratio of soil and 0.01 
M CaCl2 suspension (ISO 10390, 2005). Soil water content 
was determined by oven drying at 105 °C to constant weight 
(ISO 11465, 1993).

Soil organic C stocks

For the estimation of SOC stocks, soil bulk density (ρb) was 
determined in two depths (0–10, 10–20 cm) using soil cyl-
inders (ISO 11272, 1993). SOC stocks were calculated from 
SOC concentrations in the period 2011–2020 and measured 
bulk densities (2019) per soil layer as

with SOC stock in t ha−1, SOC contents in kg t−1, ρb in g 
dry matter soil cm−3, and h is the layer thickness (m).

SOC stocks per layer were then summed up to total SOC 
stocks in 0–20 cm.

Yields, crop biomass, and weed abundance

Crop total above-ground biomass and yield were determined 
by harvesting a selected area at a technological ripeness of 
crops in 4 to 6 replicates per treatment. The size of the plots 
was adapted to the crop species. For cereals, canola, and 
bean, a 1.5 × 1.5-m area was used for biomass sampling, 
whereas we sampled two rows 2 m long for maize. In 2019 
and 2020, the weed biomass was sampled in parallel on the 
same sampling plots as the crop after the crop plants were 
first removed. Crop and weed biomass were then oven dried 
to air dryness (45 °C, 5 days). The grain yield was extracted 
from crop biomass using threshing or manual grain separa-
tion from the corn cob. Air-dried biomass and grain/seed 
yield were weighed and expressed in kg ha−1. The subsample 
of each biomass component (straw, grain, weeds) was cut 
and grinded to a final fineness of 0.25–10 mm using Retsch 
cutting mill and subjected to chemical analyses (N, P, K, C). 
Weed cover was additionally estimated by ocular estima-
tion at different stages of plant growth. Weed community 
composition was also determined using a vegetation sam-
pling approach according to Braun-Blanquet (1964) (data 
not shown here). Weed cover data are from 2017 on, 2 years 
after the introduction of the organic farming system.

Soil microbial biomass

Microbial biomass C (Cmic) was determined by the chlo-
roform fumigation extraction method, adapted from Joer-
gensen and Brookes (2005). In brief, 8 g moist soil samples 
were fumigated with 20 mL of ethanol-free-chloroform 
(CHCl3) for 24 h, and then 8 g fumigated, and a separate 
8 g non-fumigated sample was extracted with 40 mL 0.01 

(1)SOC stock = SOC content × �
b
× h × 10
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M CaCl2 solution. Organic C in the extracts was measured 
using Vario TOC cube (Elementar, Germany). Cmic was cal-
culated using a kEC value of 0.45 (Joergensen 1996).

DNA extraction and quantitative real‑time PCR

DNA was extracted from 0.25 g of fresh soil using the Power 
Soil DNA Isolation Kit (MoBIO Laboratories, Carlsbad, 
CA, USA) after a 10-min homogenisation on Mini-Bead-
beater-8 (BipSpec, USA). Extracted DNA was quantified 
by NanoDrop 2000 UV-Vis spectrophotometer (NanoDrop 
2000, Thermo Scientific, Waltham, MA, USA) and stored 
at −20 °C until use.

Quantitative real-time PCR (qPCR) was used to quantify 
bacterial and Crenarchaeal 16S rRNA genes (Muyzer et al. 
1993; Ochsenreiter et al. 2003) and fungal ITS genes (White 
et al. 1990). Reactions were carried out in a 15 μL reac-
tion volume containing 7.5 μL Absolute Blue QPCR SYBR 
Green Rox mix (Thermo Scientific), 1.5 μL of each primer 
(10 μM), 0.5 μL of T4gp32 (500 ng/μL) (MP Biomedicals, 
ZDA), and 2 μL of DNA template (1 ng/μL) using 7500 
Fast Real-Time PCR System v2.0.4 (Applied Biosystems, 
Carlsbad, CA, USA). All primers and PCR conditions are 
described in the supplementary material (Table S1). Stand-
ard curves were obtained using serial dilutions of plasmid 
standards of respective functional genes ranging from 107 
to 102 copies per reaction. Plasmid standards obtained from 
transformed Escherichia coli cells (strain JM109) with 
inserted plasmid PGEM-T (Promega, Madison, WI, USA) 
were used. The presence of PCR inhibitors in DNA sam-
ples was performed by diluting and spiking soil DNA with a 
known amount of an exogenous external control (the pGEM-
T vector, Promega). In all cases, inhibition was not detected. 
Melting curves were analysed for all runs to ensure PCR 
specificity.

Statistical analysis

The effect of tillage treatments, soil depth, and time of sam-
pling on measured soil properties (SOC, Cmic, abundance of 
microbial groups) were analysed using linear mixed-effect 
models with plots within each tillage treatment used as ran-
dom effects. Tillage, soil depth, time, and their interactions 
were considered as fixed effects. For deeper insight, subsets 
of data were analysed again using linear mixed models either 
to compare tillage, soil depth, and their interaction effects 
for each sampling date or to compare temporal dynamics of 
a selected variable between tillage treatments for each soil 
depth layer.

For weed cover data, a mixed model was used with 
treatment and time as fixed-effect factors and replicated 
plot within each tillage as a random factor. For each weed 
cover assessment date, tillage treatments were additionally 

compared using planned contrasts. For yield data, the yield 
of each crop was compared between tillage treatments using 
t-test.

For all models, the assumptions of normality and homo-
scedasticity were assessed graphically (Q-Q plot and box-
plots of intercepts and slopes, respectively). In all tests, a 
0.05 significance level was used. Data analysis and graph-
ing were performed using R environment (packages nlme 
and emmeans for models and ggplot2 for graphing) (R Core 
Team 2021).

Results

Crop yields and weed cover during the transition 
to organic farming in dependence of tillage

On average over 20 years, the relative yields observed under 
MT were 94.9% of those under CT. However, individual 
crop yield differences between the tillage treatments were 
generally not significant (Table 1), even after the conversion 
to organic farming. The only instances of significantly lower 
yields in MT compared to CT occurred in the earliest years 
of the experiment. Notably, maize yields in 2021 indicated 
an advantage for CT (marginally significant). Comparing 
yields before and after conversion to organic farming is dif-
ficult due to the relatively small dataset and substantial yield 
variability of the same crop species across different years, 
influenced by weather effects combined with pest occur-
rences. Nevertheless, it is worth mentioning that the yields 
of winter rye in 2020 and maize in 2021 were the lowest 
on record for these respective crop species, excluding the 
extremely dry year of 2003.

It should be noted that after the conversion to organic 
farming we encountered difficulties in measuring cer-
tain yields, and in some cases, we had to assess the whole 
aboveground biomass prior to crop maturity, as indicated in 
Table 1. This was due to rapid and extensive weed infesta-
tions, primarily in summer crops, which dictated the early 
crop termination before its maturity, to prevent a substantial 
increase in the weed seed bank. Unfortunately, neither weed 
cover nor weed biomass were measured before the conver-
sion to organic farming, which precludes to numerically 
compare weed problematics before and after the conversion. 
But we can state that the herbicide usage during the con-
ventional period successfully controlled weeds, preventing 
them from being a significant factor affecting crop growth 
and yield. Consequently, no crop termination due to weeds 
was necessary in that period.

During the period of implementing organic farming, sig-
nificantly larger weed cover was observed in the MT plots 
compared to CT plots (Fig. 1). The differences in weed cover 
between CT and MT were most pronounced during the early 
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Table 1   Crop yields (dry grain 
or biomass yields) in LTE 
Moškanjci under minimum 
(MT) and conventional tillage 
(CT) from the beginning of the 
experiment until 2021

Averages and standard deviations are shown. Significant differences at 0.05 significance level are marked 
with asterisk

Year Crop MT (t ha−1) CT (t ha−1) Significance 
of difference

Average SD Average SD

2000 Winter wheat 6.5 ± 0.6 7.8 ± 0.3 n.s.
2001 Winter barley 5.0 ± 0.5 6.3 ± 0.1 *
2002 Maize 7.9 ± 0.4 10.1 ± 0.5 *
2003 Maize 2.9 ± 0.1 2.2 ± 0.3 n.s.
2004 Sugar beet (biological sugar) 15.6 ± 1.8 15.2 ± 1.4 n.s.
2005 Winter wheat 5.0 ± 0.3 5.3 ± 0.1 n.s.
2006 Maize 8.0 ± 0.2 8.2 ± 0.2 n.s.
2010 Canola (oil rape) 4.4 ± 0.0 3.6 ± 0.1 n.s.
2011 Maize 7.4 ± 0.4 7.6 ± 0.5 n.s.
2012 Sunflower 1.6 ± 0.0 1.6 ± 0.0 n.s.
2013 Winter rye 4.7 ± 0.2 5.4 ± 0.3 n.s.
2014 Legume-grass mixture Yield not measured
2015 Winter barley 3.9 ± 0.5 3.5 ± 0.2 n.s.
2016 Soy bean Yield not measured
2017 Winter rye 2.9 ± 0.1 3.1 ± 0.5 n.s.
2018 Cover crop mixture Yield not measured
2019 Winter rye (whole biomass) 9.4 ± 2.4 9.5 ± 1.5 n.s.

Faba bean (whole biomass) 2.2 ± 0.2 2.4 ± 0.2 n.s.
2020 Winter ye 1.7 ± 0.2 2.1 ± 0.5 n.s.
2021 Maize 2.8 ± 0.7 4.4 ± 0.5 n.s.

Mean relative share (%) (MT/CT × 100) 94.9 100

Fig. 1   Weed cover estimates for two tillage treatments in different 
crops after the adoption of organic principles in LTE Moškanjci. Box-
plots are shown for each sampling and each tillage treatment (n = 6). 

For clarity, boxplots of the same sampling time are shifted slightly. 
Asterisks (*) denote significant differences between treatments for 
each sampling time at 0.05 level
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growth stages of crops and cover crops, with a substantial 
increase in weed cover observed in MT, but not in CT. This 
indicates that ploughing had a more significant effect on 
weed mortality and the concentration of weed seeds in the 
topsoil. An exception was observed in 2019 with beans, 
which were planted after the roller-crimping of pre-crop 
rye at the anthesis stage (beginning of June). The roller-
crimped rye was retained as a soil cover in MT or mulched 
and ploughed into the soil in CT. In this particular case, 
weed cover in late June, early July was significantly larger 
in CT than in MT, possibly due physical and the allelopathic 
effects of surface mat of rye straw at MT, which inhibited 
weed germination. However, the final weed biomass meas-
urements in 2019 and 2020 did not significantly differ 
between MT and CT. It was 2.6 t/ha for both MT and CT in 
2019, and 2.9 t/ha and 3.2 t/ha in 2020, respectively.

Effect of soil management on soil properties

Plant-available phosphorus (P) was affected by the tillage 
system (p < 0.0001), soil depth (p = 0.0083), and sampling 
time (p < 0.0001), whilst the content of plant-available 
potassium (K) was affected by tillage system only in the 
interaction with soil depth and sampling time (p < 0.0001) 
(Table S3). The contents of P and K were significantly 

higher in the upper soil layer 0–10 cm in MT than in CT 
(Table 2). Average P content did not differ significantly in 
CT between the depths of 0–10 and 10–20 cm during the 
entire period of measurements, whilst in MT we observed a 
significant difference between the upper depths. Similarly, K 
content in CT between the depths of 0–10 and 10–20 cm did 
not differ significantly throughout the measurement period, 
except for December 2019, when the average K content was 
significantly higher in the 10–20-cm soil layer than in the 
0–10 cm. In MT, K content was significantly higher in the 
upper soil layer 0–10 cm than 10–20 cm during the entire 
period (Table 2).

The NO3
−-N content was significantly affected by the till-

age system only in interaction with soil depth and sampling 
time (p < 0.0001), whilst NH4

+-N content was significantly 
influenced only by depth (p < 0.0001) and sampling time 
(p < 0.0001) (Table S4). Both the NO3

−-N content and the 
NH4

+-N content varied over the years (Table 3). In general, 
NO3

−-N content was the highest in the topsoil layer 0–10 
cm under MT relative to CT. In some years, the average 
NO3

−-N contents were even higher at a 30–60-cm depth than 
at a depth of 0–10 cm, which applies above all to the CT 
treatment.

No statistically significant differences in soil pH between 
the tillage systems were observed (Table 2; Table S3).

Table 2   Plant available 
phosphorus (P), potassium 
(K), and pH in three soil layers 
(0–10, 10–20, and 30–60 cm), 
under minimum (MT) and 
conventional tillage (CT)

Data are shown as mean ± standard error (n = 4). Different letters indicate significant differences across 
treatments (tillage × depth) according to Duncan’s test. Means followed by the same letter are not signifi-
cantly different at p < 0.05

24.11.2011 22.10.2012 19.2.2019 17.12.2019 18.2.2020

P (mg/100 g)
  CT 0–10 15.4±0.6 a 17.9±0.4 b 13.4±0.5 b 14.0±0.4 c 13.9±0.3 c
  CT 10–20 15.8±0.7 a 19.0±0.5 ab 13.2±0.5 b 14.8±0.2 bc 14.1±0.2 c
  CT 30–60 3.9±0.2 b 5.2±0.4 c 2.6±0.3 c 3.1±0.3 d
  MT 0–10 16.2±0.4 a 19.9±0.6 a 19.4±0.4 a 18.3±0.2 a 18.1±0.1 a
  MT 10–20 14.9±0.7 a 17.4±0.3 b 15.2±1.1 b 17.0±1.5 ab 15.3±0.4 b
  MT 30–60 3.2±0.8 b 6.9±0.8 c 4.3±1.1 c 4.0±0.6 d
K (mg/100 g)
  CT 0–10 31.5±2.0 b 29.7±2.1 bc 32.9±1.0 b 38.8±2.2 b 28.1±1.5 b
  CT 10–20 26.8±1.1 b 38.5±4.0 b 30.2±1.5 b 48.9±2.4 a 32.3±1.5 b
  CT 30–60 19.0±1.8 cd 21.4±1.9 c 17.0±1.3 c 21.4±0.9 c
  MT 0–10 39.5±2.6 a 59.2±2.5 a 49.2±2.8 a 41.3±2.7 ab 53.4±5.7 a
  MT 10–20 25.1±1.9 bc 29.5±2.3 bc 28.5±2.2 b 34.9±3.0 b 35.0±3.1 b
  MT 30–60 15.1±1.4 d 25.9±2.3 c 17.3±1.9 c 22.6±2.1 c
pH
  CT 0–10 6.10±0.2 a 6.20±0.1 a 6.40±0.0 a 6.70±0.1 a
  CT 10–20 6.20±0.2 a 6.30±0.1 a 6.40±0.0 a 6.70±0.1 a
  CT 30–60 6.30±0.1 a 6.30±0.1 a 6.30±0.1 a
  MT 0–10 6.10±0.1 a 6.40±0.2 a 6.70±0.1 a 6.50±0.0 a
  MT 10–20 6.20±0.1 a 6.30±0.2 a 6.70±0.2 a 6.50±0.0 a
  MT 30–60 6.50±0.1 a 6.60±0.2 a 6.60±0.2 a
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Effect of soil management on soil organic C

Soil organic C (SOC) content was affected by tillage system 
(p < 0.0001), soil depth (p = 0.0562), and sampling time (p 
= 0.0029) (Table S3). The SOC content in the upper 0–10 
cm has been afterwards increasing under MT (e.g. 1.60% in 
2011; 1.94% in 2020), whilst it remained at the same level 
under CT (1.45% in 2011, 1.36% in 2020). Significant dif-
ferences were also not observed in the lower 10–20-cm soil 
layer at any of the time points (p < 0.05) (e.g. SOC at a 
depth of 10–20 cm was 1.40% and 1.45% in 2020 under CT 
and MT, respectively). The C/N ratio was affected by soil 
depth (p = 0.0002) and sampling time (p < 0.0001), whereas 
no difference was found between the tillage systems (Table 
S3).

It is important to emphasise that the accumulation of SOC 
was slow and reached significant differences between MT 
and CT in the upper 0–10-cm layer only after 12 years of 
contrasting tillage. The transition to organic farming resulted 
in a more significant increase in SOC in the upper 0–10 cm 
under MT, e.g. from 1.63% in 2015 to 1.94% in 2020. In 
contrast, no differences were found in SOC in the deeper soil 
layers (10–20 cm and 30–60 cm). Interestingly, the transi-
tion to organic farming had no significant effect on SOC 
concentrations under CT (Fig. 2). In terms of C stocks, MT 
increased C stocks in the upper 20-cm soil layer averaging 
from 40.6 to 46.6 t/ha in 5 years after the transition, whilst 
under CT SOC stocks decreased from 43.4 t/ha (year 2015) 
to 41.4 t/ha (year 2020) (Table 4).

Fig. 2   Development of soil organic C (SOC) in % in three soil layers 
(0–10, 10–20, and 30–60 cm) under minimum and conventional till-
age from 2011 to 2020. The vertical line illustrates the year (2014) of 

the transition from conventional to organic farming. Data are shown 
as means ± standard errors (n = 4)

Table 4   SOC stocks (t/ha) in 
the top 20-cm soil layer under 
minimum tillage (MT) and 
conventional tillage (CT) from 
2011 to 2020

Averages and standard deviations (n = 4) are shown

24.11.2011 25.11.2015 14.03.2017 19.02.2019 17.12.2019 18.02.2020 18.11.2020

MT 0–10 20.7 ± 0.19 21.1 ± 0.16 23.7 ± 0.15 23.6 ± 0.20 24.3 ± 0.20 24.9 ± 0.21 25.2 ± 0.19
MT 10–20 18.9 ± 0.11 19.4 ± 0.08 20.0 ± 0.12 17.5 ± 0.11 19.2 ± 0.18 18.9 ± 0.11 20.7 ± 0.16
Sum
MT 0–20

39.6 40.6 43.7 41.1 43.5 43.8 45.9

CT 0–10 19.2 ± 0.14 19.0 ± 0.14 18.5 ± 0.14 18.6 ± 0.12 18.9 ± 0.13 17.6 ± 0.13 18.0 ± 0.15
CT 10–20 18.8 ± 0.20 19.1 ± 0.20 19.4 ± 0.20 18.5 ± 0.21 19.5 ± 0.23 17.9 ± 0.19 18.7 ± 0.22
Sum
CT 0–20

38.0 38.1 38.0 37.0 38.3 35.5 36.8
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Effect of soil management on soil microbial biomass

Soil microbial biomass C (Cmic) was affected by the tillage 
system (p = 0.0044), soil depth (p < 0.001), and sampling 
time (p < 0.001) (Table S5). Transition to organic farming 
resulted in a significant increase in Cmic in the upper soil 
layer (0–10 cm) under both tillage treatments (p < 0.001) 
(Fig. 3). The increase was higher under MT, where Cmic in 
the upper 0–10 cm increased from 173 to 494 mg/kg of soil 
after 5 years of organic farming. In contrast, CT showed 
lower Cmic levels, which increased from 96 to 254 mg/kg in 
the upper 10 cm during the same 5-year transition period. 
Under both tillage treatments, the significant increase in Cmic 
levels was observed in the 10–20-cm layer as well (from 93.6 
to 292.9 mg/kg and 85.9 to 311.2 mg/kg, respectively, for 
MT and CT) 5 years after the transition, whilst in the deepest 
soil layer of 30–60 cm, the slight increase was observed only 
for MT (from 22 to 90 mg/kg), but not under CT (Fig. 3); 
however, both were statistically insignificant (p = 0.1214) 
(Table S6).

Changes in Cmic, influenced by tillage, were also reflected 
in the ratio of microbial biomass-C to soil organic C 
(Cmic:SOC), which was significantly affected by the tillage 
system (p < 0.0001), soil depth (p < 0.0001), and sampling 
time (p < 0.0001) (Tables S5, S7). The interactions between 
soil depth and tillage (p < 0.0001) and soil depth and sam-
pling time (p < 0.01) were also significant. The ratio was 
significantly higher in the upper 10 cm of the MT compared 
to CT throughout the entire period after the transition to the 
organic farming (2015–2020). In the 10–20-cm soil layer, 

no significant differences were found in the ratio between 
MT (2.0%) and CT (2.2%). Five years after the transition 
(year 2020), the significantly higher Cmic:SOC ratio was 
observed at both depths (0–10 cm and 10–20 cm) for both 
tillage systems (CT and MT), compared to the first year of 
the transition (year 2015).

Effect of soil management on the abundance 
of the total bacterial, archaeal, and fungal 
communities

Abundances of bacterial and archaeal 16S rRNA genes 
and fungal ITS genes were affected by the tillage system 
(p < 0.05), soil depth (p < 0.05), and sampling time (p 
< 0.01) (Table S5) and have been significantly higher 
under MT than under CT in the upper 0–10 cm at all 
time points from the first molecular analyses in 2011 to 
2020 (Fig. 4). After the transition to organic farming, 
there was a visible trend towards an increase in the 
abundance of all genes over the 5 years, but only in 
the upper 0–10 cm under MT, where the abundance of 
bacteria, archaea, and fungi increased from 2.17 × 109 to 
5.26 × 109, 4.39 × 107 to 1.45 × 108, and 2.16 × 108 to 
6.08 × 108, respectively. In contrast, there was no change 
under CT in this transition period. The bacteria-to-fungi 
ratio was significantly affected by the interaction of 
tillage and depth (p = 0.0029), and by the interaction of 
tillage, depth, and sampling time (p = 0.0608), with a 
lower ratio observed in the top 10 cm of MT compared 
to CT (Tables S2, S5).

Fig. 3   Soil microbial biomass C (Cmic) in three soil layers (0–10, 10–20, and 30–60 cm), under minimum (MT) and conventional tillage (CT) 
from 2015 to 2020. Data are shown as means ± standard errors (n = 4)
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Fig. 4   Bacterial, crenarchaeal 16S rRNA, and fungal ITS gene cop-
ies in three soil layers (0–10, 10–20, and 30–60 cm) under minimum 
(MT) and conventional (CT) tillage from 2011 to 2020. The vertical 

line illustrates the year (2014) of the transition from conventional to 
organic farming. Data are shown as means ± standard errors (n = 4)
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Discussion

Soil organic C contents affected by organic farming 
under non‑inversion minimum tillage

In organic farming, adopting diverse crop rotations, 
mulching, and higher C inputs in the form of manure or 
slurry have been shown to increase in SOC in the topsoil, 
as demonstrated in a meta-analysis conducted by Gattinger 
et al. (2012). Their findings revealed higher SOC stocks in 
organic systems compared to conventional systems over a 
period of approximately 14 years. In our experiment, the 
SOC content under CT varied with time but, on average, 
remained relatively stable also during the 5-year period 
after the conversion to organic farming (Fig. 2). Similarly, 
the C stocks exhibited no significant changes during this 
period (Table 4). On the other hand, after only 5 years of 
conversion to organic farming, we observed significantly 
higher concentrations and stocks of SOC in the topsoil 
of MT, with an average increase of 12% in the top 20 
cm (Fig. 2; Table 4). This increase in SOC stocks under 
MT can be attributed to both slower decomposition due to 
reduced tillage intensity and higher weed-derived C inputs 
in MT (Fig. 1; Table 1) (Krauss et al. 2017), as the organic 
fertilisation inputs were the same in both tillage systems 
(CT and MT).

Recent research indicates that labile DOC compounds 
from root exudates are efficiently anabolised into the 
microbially associated SOC pool (Kallenbach et al. 2016; 
Sokol et al. 2019). Moreover, the inputs of living roots 
can be up to 13 times more effective than litter inputs in 
increasing both the microbially associated SOC pool and 
the particulate organic C (POC) pool over several years 
(Sokol et al. 2019). However, it should be noted that the 
higher weed cover of MT, observed after the transition 
to organic farming, affected yields moderately (approxi-
mately 5% lower, on average) compared to CT over a 
20-year period (Table 1).

Estimating how much C can be sequestered in the soil 
by agricultural measures, such as organic farming and 
non-inversion tillage practices, is essential for several 
European policies. Long-term organic reduced tillage trial 
conducted in Frick has shown a 25% increase in SOC in 
the top 10 cm after 15 years compared to conventional 
ploughing (Gadermaier et al. 2012; Krauss et al. 2020, 
2022). In our study, SOC content in the top 10 cm of MT 
was 43% higher than in CT after 21 years, including 5 
years of organic farming (Fig. 2); however, no differences 
were observed between tillage systems in deeper soil lay-
ers. Given that plant residues are incorporated into the 
topsoil layer (under CT in the top 25 cm and under MT in 
the top 10 soil layer), most changes in SOC are expected 

to occur in 0–20-cm soil depth as previously reported 
(Krauss et al. 2020, 2022). Over the entire 21-year period, 
MT accumulated 9.1 t/ha more SOC compared to CT in 
the 0–20-cm soil depth. This corresponds to an average 
annual accumulation rate of 0.43 t/ha, which is above the 
targets of the international “4 per 1000” initiative (https://​
4p1000.​org/). In our soil, a 0.4% increase would corre-
spond to 0.162 t SOC /ha per year. Notably, more than 
half of this significant difference in SOC accumulation 
occurred within only 5 years of adopting organic farm-
ing. During this period, MT accumulated 6.6 t SOC /ha 
more than CT, resulting in an annual 1.32-t/ha higher SOC 
accumulation rate. This rate is 3 times faster than the rate 
observed before the conversion to organic farming.

Whilst reduced tillage has been shown to have numerous 
positive effects on soil quality, as evidenced in our long-
term experiment (Kaurin et al. 2015, 2018; Cania et al. 
2020), ploughing still plays a crucial role in weed control, 
particularly in organic farming systems where herbicides 
are not used (Fig. 1). Combining no-till or minimum till-
age with organic farming often leads to weed-related chal-
lenges, highlighting the need for alternative weed manage-
ment strategies that do not rely on herbicides. It appears that 
weeds are important for soil quality indices, including the 
accumulation of SOC, so careful management and seeking 
for trade-offs between weed population and crop establish-
ment need more attention in organic systems where reduced 
tillage is used. It is worth noting that weeds are not the sole 
solution; cover crops can offer similar C inputs whilst pro-
viding important environmental and agricultural services, 
including weed suppression.

Soil microbial biomass and composition of total 
microbial community during the transition 
to organic farming in dependence on the tillage 
system

It is well established in the literature that tillage affects soil 
physicochemical properties (e.g. aggregate stability, WHC, 
SOC, available C, nutrients, moisture, and temperature) 
(Haddaway et al. 2017; Bai et al. 2018; Torabian et al. 2019), 
which in turn significantly impact the living conditions for 
soil microbes (Young and Ritz 2000; Kuntz et al. 2013; Chen 
et al. 2020). Research conducted at our experimental site 
(e.g. Fig. 3; Kaurin et al. 2018; Cania et al. 2020) as well 
as studies by other authors (Li et al. 2018; Sauvadet et al. 
2018; Krauss et al. 2020) consistently demonstrate a higher 
microbial biomass in the top layer of MT soils compared to 
conventional ploughing, regardless of whether the farming 
system is conventional or organic. This increase in microbial 
biomass can be attributed to a more favourable environment 
for microbes characterised by an increased availability of 

https://4p1000.org/
https://4p1000.org/
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C, nutrients, and water in the top layer of MT compared to 
CT. Furthermore, it is noteworthy that in our study, micro-
bial biomass has shown an overall increase following the 
conversion to organic farming practices under both tillage 
systems (Fig. 3). This enhancement of Cmic can be ascribed 
to greater C inputs in the form of manure, such as cattle 
slurry and compost, and the implementation of more diverse 
crop rotations, which provide higher quality organic inputs 
that support microbial growth (Bending et al. 2004; Six et al. 
2006; Birkhofer et al. 2008). Our results are consistent with 
previous long-term studies, confirming that organic farm-
ing systems enhance soil microbial biomass (Mäder et al. 
2002; Hartmann et al. 2006; Esperschütz et al. 2007). Sig-
nificantly, our study reveals a more pronounced increase 
in microbial biomass in the topsoil under MT compared to 
CT, a trend visually illustrated in Fig. 3. This difference is 
further reflected by the significantly higher Cmic:SOC ratio 
observed throughout the entire transition period to organic 
farming (2015–2020) (Tables S5, S7). In the topsoil of MT, 
the Cmic:SOC ratio increased from 1.1% in 2015 to 2.5% in 
2020, whereas in the topsoil of CT from 0.7% in 2015 to 
1.9% in 2020. Importantly, the Cmic:SOC ratio in MT had 
already surpassed the proposed threshold value of 2.2% for 
soil in equilibrium between C mineralisation (respiration) 
and sequestration (Jenkinson and Ladd 1981; Anderson and 
Domsch 1989; Anderson 2003), which is consistent with the 
increased SOC stocks under MT (Fig. 2; Table 4). The rising 
Cmic:SOC ratio in the topsoil of CT following the adoption 
of organic farming practices suggests that even under CT 
conditions, SOC levels may begin to increase through the 
formation of microbial biomass and subsequent stabilisation 
of its necromass (Liang et al. 2019). A higher Cmic:SOC ratio 
indicates a better efficiency of microorganism in converting 
C sources into microbial biomass. Such efficiency is often 
associated with management practices promoting higher 
above-ground diversity (Araújo et al. 2008; Anderson and 
Domsch 2010; Li et al. 2020).

However, when examining microbial biomass below the 
top 10 cm, there were no significant differences between 
the two tillage systems in the 10–20-cm layer, whilst in the 
30–60-cm soil layer, microbial biomass was higher under 
MT than under CT. The latter is a new finding for the subsoil 
that had not been previously reported by other authors. We 
hypothesise that this discrepancy may be attributed to the 
leaching of dissolved organic C (DOC) into deeper layers 
or the potential production of DOC by more abundant weed 
root exudates in MT at this soil depth (Fig. S1), leading to 
an increased microbial growth (Bradford et al. 2013; Sokol 
et al. 2019).

In addition to microbial biomass, higher SOC contents 
in the top 10 cm under MT increased the abundances of 
bacteria, archaea, and fungi (Fig. 4; Table S2), which is 
consistent with previous long-term studies conducted under 

various environmental conditions (Heinze et al. 2010; Li 
et al. 2018; Sauvadet et al. 2018). In our study, we observed 
that in the 5 years following the conversion to organic farm-
ing, the abundances of all three groups (bacteria, fungi, 
and archaea) increased in the top 10 cm under MT, whilst 
they remained relatively constant under CT. Similar results 
were reported by Krauss et al. (2020), who found increased 
concentrations of bacterial and fungal phospholipid fatty 
acids (PLFA) in the top 10 cm of soil under reduced tillage 
after 15 years of organic farming. Krauss et al. (2020) also 
observed the promotion of fungal community under MT, as 
indicated by a lower bacterial-to-fungi ratio. Although the 
bacterial-to-fungal ratio shift was less pronounced in our 
study, it was still lower under MT than CT, specifically in 
the top 10 cm of soil (Table S2). This shift towards a fungal 
community under MT was observed following the transition 
to the organic farming system (Table S2), suggesting that 
the increased C concentrations in the topsoil due to reduced 
tillage disturbance, coupled with organic farming practices, 
are driving the transition towards decomposition driven by 
fungi. Fungal hyphae are not disrupted by tillage, so they 
remain more intact at MT; this would also provide a greater 
opportunity for association with plant root rhizospheres 
(both crops and weeds). In particular, species that rely pri-
marily on the presence of host plants are sensitive to the 
destruction of extraradical mycelia by frequent tillage (Orrù 
et al. 2021). A lower bacteria-to-fungi ratio may indicate a 
greater C sequestration in the soil, as fungi produce more 
biomass C per unit of metabolised C than bacteria, result-
ing in higher C immobilisation (Strickland and Rousk 2010; 
Yang et al. 2022). However, it is important to highlight that 
the method employed to assess bacterial and fungal commu-
nities differs between our and the studies mentioned above. 
We used the DNA-based qPCR approach to determine the 
abundance of 16S rRNA bacterial, crenarchaeal, and ITS 
fungal markers. In contrast, the results of the above stud-
ies were based on phospholipid fatty acid (PLFA) analysis. 
Despite the methodological differences, we can still draw 
comparable conclusions between studies.

Conclusions

Our long-term tillage experiment’s transition from conven-
tional to organic management resulted in an increase in soil 
C stocks and microbial biomass, accompanied by a shift in 
microbial community composition in the top 10 cm of soil 
under the non-inversion minimum tillage (MT). Notably, 
SOC levels remained constant under conventional plough-
ing (CT) even during the 5 years following the conversion 
to organic farming, emphasizing the importance of imple-
menting non-inversion reduced tillage practices for SOC 
accumulation. Whilst MT demonstrated benefits for soil 
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quality compared to conventional ploughing, it is essential 
to acknowledge that weed cover and weed biomass were 
greater under MT. This factor potentially influenced the 
observed increase in SOC; however, our study did not fully 
elucidate this relationship, necessitating further investiga-
tion. Additionally, there is a pressing need for improving 
weed management strategies to encourage the adoption of 
reduced tillage practices in organic farming. Our findings 
highlight the synergistic effects of minimum tillage and 
organic farming on microbial communities. Over a 5-year 
period under organic management, we observed a notable 
increase in microbial biomass C under both tillage systems, 
which was further reflected in an increased Cmic:SOC ratio; 
however, these changes were particularly pronounced under 
the non-inversion minimum tillage. This suggests that the 
combination of minimum tillage and organic farming prac-
tices has a more significant positive impact on soil micro-
bial communities than conventional ploughing in an organic 
farming context.
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