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A B S T R A C T

A reduction in tillage intensity, organic farming, and introduction of ley-grass periods into the crop rotation are 
means to improve the sustainable use of arable soils. The current study uses an on-farm approach to investigate 
soils from different practical farms in Northern France, Central Sweden, and Romania in comparison with pre
viously published results from randomized field-experiments nearby. No-tillage generally increased the mean 
SOC and total N contents of arable fields in comparison with ploughing. However, this increase was only sig
nificant for the 70 % increase at 0–10 cm depth in France. No-tillage had no general effects on MBC or MBN and 
increased the ergosterol content at 0–10 cm depth in France and Sweden but not in Romania. Averaging depths 
and tillage systems, median MBC significantly increased in the order France (220 μg g− 1 soil), Romania (324 μg 
g− 1 soil), and Sweden (384 μg g− 1 soil), whereas the median MB-C/N ratios followed the order France (5.6), 
Sweden (8.3), and Romania (10.4). The study region-specific changes in soil pH significantly affected covariate 
MBC and MBN in the regression equations for equal slopes ANCOVA models. In Northern France, organic farming 
and ley-grass implementation into the crop rotation increased SOC and total N contents to the level of the no- 
tillage fields. On-farm research gives similar results to long-term field experiments in France, Romania, and 
Sweden. For this reason, on-farm research on practical fields is an important, less expensive alternative to 
randomized field experiments, with a high potential for investigating actual and relevant research objectives. 
This will intensify exchange in knowledge between scientists and farmers.

1. Introduction

Climate change, loss of biodiversity, and the demand for human 
nutrition exert considerable pressure on current conventional arable 
land use systems, mainly based on mouldboard ploughing and mineral 
fertilisation in Europe. In this context, soil organic carbon (SOC) is an 
important indicator of soil quality and agronomic sustainability, due to 
its positive effects on physical, chemical, and biological soil properties 
(Lal, 2015; Paul, 2016). While SOC contents change slowly, the soil 
microbial biomass responds more rapidly to disturbances (Powlson 
et al., 1987; Giray et al., 2024) and is, thus, an even more important 
indicator for soil fertility. Soil microbial biomass C (MBC) and nitrogen 
(MBN) as well as fungal ergosterol give information on the relationships 
between the plant residue input, carbon storage, and nutrient fluxes in 

soil (Joergensen and Wichern, 2008; Khan et al., 2016).
However, as most soil microorganisms are dormant (Joergensen and 

Wichern, 2018), changes in MBC and MBN are slow and take many years 
to detect, e.g., in long-term field experiments (Engell et al., 2022). An 
alternative is the on-farm approach, investigating several practical farms 
in a defined study region conducting the specific management systems 
of interest (Koch et al., 2009; Jacobs et al., 2015; Wentzel et al., 2015; 
Cooper et al., 2020). Such on-farm approaches have several advantages, 
e.g., saving time to get results, increasing the scope of research issues, 
and intensifying the knowledge exchange between university research, 
extension services, and farmers.

Organic farming has usually positive effects on SOC and MBC, due to 
farmyard manure application and an extended crop rotation, including a 
period of grass/clover cropping without soil disturbance (Birkhofer 
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et al., 2008; Gattinger et al., 2012; Seitz et al., 2018). Ley-grass systems 
have similar positive effects on SOC and soil organisms, due to extended 
grassland periods without soil disturbance (Hoeffner et al., 2021; Guest 
et al., 2022; Prendergast-Miller et al., 2021). No-tillage and minimum 
tillage systems have usually positive effects on MBC (Jacobs et al., 2009; 
Murugan et al., 2014) as well as soil animal abundance, particularly 
earthworms, and their biodiversity (van Capelle et al., 2012). In 
contrast, the effects on SOC are often small (Heinze et al., 2010a; Mur
ugan et al., 2014; Haddaway et al., 2017) if not negligible (Kaiser et al., 
2014; Skadell et al., 2023). Effects on SOC seem to depend on climate 
and soil texture as shown by Gocke et al. (2023), i.e., conservation 
tillage had smaller effects on clay soils, especially under continental 
climatic conditions (Engell et al., 2022).

The current study is based on investigating different arable study 
regions, being part of a European field-network in Northern France, 
Romania, and Sweden. The different fields were close to the long-term 
observatory SOERE-ACBB (Agro-écoystème, Cycle Biogéochimique et 
Biodiversité) in Lusignan, France (Hoeffner et al., 2021), and in the vi
cinity of long-term tillage experiments at Cluj, Romania, and Säby, 
Sweden (Engell et al., 2022). The three study regions differ in texture, 
climate, tillage, and management systems. The soils in France are silt 
loams, whereas those in Romania and Sweden are clay loams. Northern 
France has an oceanic climate, Romania and Central Sweden a summer 
warm humid continental climate. Conventional mouldboard ploughing 
was compared with chisel grubber tillage in Romania but with no-tillage 
in France and Sweden. In France, the tillage effects were additionally 
compared with organic farming and ley-grass management as alterna
tive approaches for improving sustainability of land use management, 
despite using the mouldboard plough (Hoeffner et al., 2021).

The current study investigates the following four hypotheses: (I) A 
reduction in tillage intensity increases SOC and total N contents at 0–10 
cm depth but does not affect their mean contents. (II) A reduction in 
tillage intensity increases the mean contents of MBC, MBN, and ergos
terol. (III) In France, organic farming and ley-grass management has 
stronger positive effects than no-tillage, despite ploughing. (IV) On-farm 
research gives similar results to long-term field experiments in France, 
Romania, and Sweden published previously (Hoeffner et al., 2021; 
Engell et al., 2022).

2. Material and methods

2.1. Study sites

Within the framework of the BioDiversa project “SoilMan”, soils of 
practical farms in the European countries France, Romania, and Sweden 
were investigated with different conservational tillage systems, where a 
plough had not been used for at least five years. Soil samples were al
ways taken under winter wheat (Triticum aestivum L.) at 0–10, 10–20, 
and 20–30 cm depth with a soil corer. Samples for bulk density were 
taken but a large number were sadly lost. This prevented statistical 
evaluation of this important soil property and also the calculation of 
SOC, total N, and microbial biomass stocks. Average data on mean 
annual precipitation, mean annual temperature, and mean sand, silt, 
and clay contents are presented in Table 1 for the three study regions. 
Data on fertilizer and pesticide application as well as on yields were not 
obtained from the farmers. The different practical fields were chosen 

according to the use of identical tillage systems and the strong similarity 
in soil properties in comparison with the nearby long-term field 
experiments.

In Northern France, the practical fields were located near Lusignan 
(46◦ 26′ 09” N, 0◦ 07′ 22″ E), Brittany (Supplementary-Table S1), 
comparing organic farming, ley-grass management, conventional 
mouldboard ploughing (0–25 cm depth), and no-tillage with direct 
seeding on six replicate practical fields for each treatment. On the ley- 
grass fields, grassland had been integrated into the crop rotation for at 
least three years. During the arable period, the ley-grass fields were 
mouldboard ploughed (0–25 cm depth). In contrast to ley-grass man
agement, conventional ploughing, and no-tillage, organic farming fields 
did not use readily soluble mineral fertilisers but farmyard manure. The 
organic farming fields were mouldboard ploughed after harvest, except 
for the grass/clover period in the extended crop rotation. Further in
formation on management details and yield level of crops in the study 
region are provided by Kunrath et al. (2015), Hoeffner et al. (2021), and 
Hu and Chabbi (2021). The predominant soil types are loamy Luvisols 
(IUSS Working Group WRB, 2022). The average bulk density at the 
neighbouring long-term observatory on environmental research (SOERE 
ACBB), managed by the French National Institute of Agricultural 
Research and Environment (INRAE) was approximately 1.51 kg dm− 1 

(Hoeffner et al., 2021). The climate is classified as oceanic (Cfb) ac
cording to Köppen-Geiger (Beck et al., 2018). Soil samples were taken in 
spring 2018.

In Romania, the practical fields were located near Cluj-Napoca (46◦

46′ 16” N, 23◦ 37′ 25″ E), Transylvania (Supplementary-Table S2), 
comparing mouldboard ploughing (25–30 cm depth) and chisel grubber 
tillage (25–30 cm depth) on seven replicate practical fields for each 
treatment. Crop rotation of both tillage systems was soybean (Glycine 
max L.), winter wheat, and maize (Zea mays L.). Winter wheat and maize 
were fertilised with approximately 40 kg N ha− 1 and 40 kg P ha− 1 as 
complex fertilizer in autumn, while 30 kg N ha− 1 was added as NH4NO3 
in spring (Engell et al., 2022). Further information on management 
details and yield level of crops in the study region are provided by 
Chetan et al. (2023) and Rusu et al. (2024). The predominant soil types 
are clayey Phaeozems (IUSS Working Group WRB, 2022). The average 
bulk density at the neighbouring SCDA Turda long-term field experi
ment was approximately 0.93 kg dm− 1 (Engell et al., 2022). The climate 
is classified as summer-warm humid continental (Dfb) according to 
Köppen-Geiger (Beck et al., 2018). Soil samples were taken in spring 
2018.

In Sweden, the practical fields were located near Uppsala (59◦ 51′ 
31” N, 17◦ 38′ 20″ E), Uppland (Supplementary-Table S3), comparing 
mouldboard ploughing (0–23 cm depth) and no-tillage with direct 
seeding on eight replicate practical fields. The crop rotation consisted of 
winter wheat, oilseed rape (Brassica napus L.), and peas (Pisum sativum 
L.). Winter wheat and oilseed rape received approximately 120 kg N 
ha− 1 as mineral fertilizer (Engell et al., 2022). Further information on 
management details and yield level of crops in the study region are 
provided by Persson et al. (2008) and Etana et al. (2020). The pre
dominant soil types are clayey Cambisols (IUSS Working Group WRB, 
2022). The average bulk density at neighbouring Säby long-term field 
experiment was approximately 1.23 kg dm− 1 (Engell et al., 2022). The 
climate is classified as summer-warm humid continental (Dfb) according 
to Köppen-Geiger (Beck et al., 2018). Soil samples were taken in summer 
2018.

2.2. Soil chemical analysis

Soil pH was determined with a soil to water ratio of 1 to 2.5 (Blume 
et al., 2010). The total amount of C and N was determined on dried 
(105 ◦C, 24 h) and ground samples using a high-temperature combustion 
elemental analyser (Vario MAX, Elementar, Hanau, Germany). Car
bonate, if present, was gas volumetrically analysed with a Scheibler 
device (Blume et al., 2010). Soil organic C (SOC) was then calculated as 

Table 1 
Mean annual temperature (MAT), mean annual precipitation (MAP), and texture 
of the fields in the three study regions.

Study region MAT MAP Sand Silt Clay
(◦C) (mm) (%)

France 11.0 737 29 54 17
Romania 9.2 597 28 26 46
Sweden 5.9 561 13 47 35
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total C minus carbonate C.

2.3. Soil microbial analysis

Microbial biomass C (MBC) and N (MBN) were determined by 
fumigation extraction (Brookes et al., 1985; Vance et al., 1987), 
including pre-extraction (Mueller et al., 1992). For the pre-extraction, 
30 g of a soil sample were weighed and mixed with 70 ml 0.05 M 
K2SO4. This soil suspension was extracted for 30 min on the horizontal 
shaker at 200 rev min− 1. Samples were centrifuged for 10 min at 3000 g 
and then divided into two 12 g subsamples. One was fumigated for 24 h 
at 25 ◦C with ethanol-free chloroform. Fumigated and non-fumigated 
subsamples were extracted with 40 ml of 0.5 M K2SO4, at 200 rev. 
min− 1 for 30 min on a horizontal shaker and filtered. Organic C and total 
N were determined by infrared and electrochemical detection, respec
tively, using a multi N/C 2100S analyser (Analytik Jena, Germany). 
MBC was calculated as EC/kEC, where EC = (organic C extracted from 
fumigated soils) - (organic C extracted from non-fumigated soils) and 
kEC = 0.45 (Wu et al., 1990). MBN was calculated as EN/kEN, where EN =

(total N extracted from fumigated soils) - (total N extracted from unfu
migated soils) and kEN = 0.54 (Brookes et al., 1985).

The determination of fungal ergosterol was carried out according to 
Djajakirana et al. (1996). For each sample, 2 g of moist soil were 
extracted with 100 ml ethanol on a horizontal shaker for 30 min at 250 
rev. min− 1 and determined by high performance liquid chromatography 
and UV detection at 282 nm.

2.4. Statistical analysis

The results presented in tables and figures are expressed on an oven- 
dry basis (about 24 h at 105 ◦C). Normality was tested by the Shapir
o–Wilk test and equal variance by the Levene test. Data were ln- 
transformed to match these two requirements if required. The signifi
cance of tillage and depth effects were tested by a study region-specific 
two-way repeated measures (RM) analysis of variance (ANOVA), using 
tillage as factor and depth as RM, followed by the Holm-Sidak post-hoc 
test. The significance of differences between the three study regions 
were tested by a two-way ANOVA, using study region as factor and 
depth as RM in a general linear model, followed by the Holm-Sidak post- 
hoc test. The effects of soil pH in the three study regions on the different 
soil properties analysed were tested by one-way analysis of covariance 
(ANCOVA), using region as factor and soil pH as covariate. The ANCOVA 
was performed on the mean of the three depths. French organic farming 
and ley-grass fields were compared separately with no-tillage and con
ventional land use management by a two-way RM ANOVA, using land- 
use management as factor and depth as RM. All statistical analyses were 
performed using SigmaPlot 14.0 (Systat, San José, USA).

3. Results

3.1. Tillage

No-tillage had no general effect on MBC and MBN in comparison 
with ploughing (Table 3). MBC and MBN were always lowest at 20–30 
cm depth, but this decline was only significant in the no-tillage fields in 
France and particularly Sweden. No-tillage significantly increased the 
ergosterol content at 0–10 cm depth in France and Sweden but not in 
Romania. Also, the ergosterol content and the ergosterol/MBC ratio 
were always lowest at 20–30 cm depth, except at the ploughed con
ventional fields in France. The decline in ergosterol content and the 
ergosterol/MBC ratio with depth was strongest in Sweden, particularly 
in the no-tillage fields.

3.2. Study region

Median SOC contents (Fig. 1a), averaged over all depths and tillage 

treatments, significantly increased in the order France (13.5 mg g− 1 

soil), Romania (20.8 mg g− 1 soil), and Sweden (24.5 mg g− 1 soil). Me
dian total N contents increased in the same order, whereas the SOC/total 
N ratio (Fig. 1c) increased in the order France (9.4) < Sweden < (10.2), 
and Romania (10.6). Median MBC (Fig. 2a) significantly increased in the 
order France (220 μg g− 1 soil), Romania (324 μg g− 1 soil), and Sweden 
(384 μg g− 1 soil). Median MBN followed MBC with median MB-C/N 
ratios (Fig. 2b), significantly increasing in the order France (5.6), Swe
den (8.3), and Romania (10.4). Median fungal ergosterol contents varied 
around 0.65 μg g− 1 soil in France and were at significantly higher me
dian levels around 1.20 μg g− 1 soil in Romania and Sweden (Fig. 2c).

Soil pH varied around a median of 6.45 without significant tillage 
effects (Table 2), but with study region-specific differences. In Romania, 
soil pH was significantly lowest at 0–10 cm depth compared with the 
two bottom layers at 10–30 cm depth. In Sweden, the soil pH showed a 
significant increase with depth to maximum values at 20–30 cm depth 
(Table 2). The study region-specific changes in soil pH significantly 
affected as covariate the intercepts of the dependent variables MBC and 
MBN in the regression equations for the equal slopes ANCOVA model 
(Table 4). All intercepts of the parallel regression lines to soil pH showed 
highly significant differences for MBC, whereas those for MBN were on a 
lower level and did not differ comparing Sweden and France.

3.3. Land use management in France

In Northern France, organic farming and ley-grass implementation 
into the crop rotation increased SOC (Fig. 3a) and total N (Fig. 3b) 
contents to the level of the no-tillage fields. They exhibited significantly 
lower MBC/SOC ratios, with a median of 1.2 %, than the ploughed 
conventional fields, with a median of 1.6 % (Fig. 3c). This ratio was the 
only microbial index that was significantly affected throughout the 
whole 0–30 cm depth. The MBC/SOC ratios of the organic and ley-grass 
land fields, where similar to the ploughed conventional French fields.

4. Discussion

4.1. Tillage-induced depth gradients

No-tillage intensified the depth gradients for SOC, total N, MBC, 
MBN, and ergosterol in France and Sweden, but not in Romania. 

Table 3 
Depth-specific microbial biomass C (MBC), MBN, and ergosterol contents of the 
fields in the three study regions.

Depth France Romania Sweden CV
(cm) Plough No- 

tillage
Plough Grubber Plough No- 

tillage
(±
%)

MBC (μg g− 1 soil)
0–10 226 a 284 a 303 a 323 a 428 a 539 a 30
10–20 269 a 225 a 310 a 342 a 464 a 362 b 29
20–30 214 a 170 b 272 a 320 a 343 a 226 c 34
MBN
0–10 42 a 56 a 31 a 33 a 50 a 68 a 37
10–20 49 a 45 a 31 a 34 a 54 a 46 b 36
20–30 36 b 32 b 26 a 32 a 41 a 28 c 36
Ergosterol (μg g− 1 soil)
0–10 0.54 a 1.43 a* 1.56 a 1.33 a 1.62 a 2.62 a* 39
10–20 0.76 a 0.59 b 1.05 b 1.14 b 1.64 a 1.13 b 41
20–30 0.50 a 0.37 b 0.91 b 1.04 b 0.81 b 0.53 c 54
Ergosterol/MBC (%)
0–10 0.25 a 0.54 a 0.49 a 0.42 a 0.40 a 0.53 a 31
10–20 0.29 

ab
0.28 
ab

0.35 b 0.32 b 0.37 b 0.32 b 32

20–30 0.23 b 0.24 b 0.34 b 0.30 b 0.24 c 0.22 c 45

CV = mean coefficient of variation between treatment- and study region-specific 
replicates (France: n = 6, Romania: n = 7; Sweden: n = 8); different letters 
within a study region-specific column indicate a significant difference (P < 0.05; 
Holm-Sidak test).
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However, the differences between no-tillage and ploughing were only 
significant at 0–10 cm depth for SOC and total N in France and for 
ergosterol in France and Sweden. In the other cases, the differences to 
the ploughed fields were too small for statistical validation, which was 
partly hampered by the fact that the ploughed fields were not always 
tilled down to 30 cm. This is obvious to some extent at the French fields, 
but is particularly evident at the Swedish fields, which exhibited sig
nificant depth gradients for SOC, total N, MBC, MBN, and particularly 
ergosterol in the no-tillage but also in the ploughed fields. In contrast to 

the other soil properties analysed, the ergosterol content declined even 
in the Romanian no-tillage and ploughed fields.

The fungal cell-membrane component ergosterol generally revealed 
an even stronger response than SOC and total N at 0–10 cm depth. In the 
no-tillage systems, harvest residues, left as surface mulch layer on the 
fields, are incorporated into the soil by anecic earthworms (van Capelle 
et al., 2012; Bentley et al., 2024). In the soil, harvest residues are 
decomposed by saprotrophic fungi, which contain large amounts of 
ergosterol (Djajakirana et al., 1996). In the absence of ectomycorrhizal 
fungi, ergosterol is the most important biomass indicator for 

Fig. 1. Boxplots of the study region-specific medians of (a) SOC, (b) total N, 
and (c) the SOC/total N ratios; different letters on top of a bar or an outlier 
indicate a significant difference (P < 0.05; Holm-Sidak test).

Fig. 2. Boxplots of the study region-specific medians of (a) MBC, (b) the MB-C/ 
N ratio, and (c) the ergosterol contents; different letters on top of a bar or an 
outlier indicate a significant difference (P < 0.05; Holm-Sidak test).
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saprotrophic fungi in arable and grassland soils (Joergensen and 
Wichern, 2008). The ergosterol content specifically responds to straw 
incorporation (Heinze et al., 2010b), leading to increased fungal 
biomass in field experiments (Faust et al., 2017; Hydbom et al., 2017).

4.2. Region-specific response to tillage and management

The stronger response of SOC and total N than MBC and MBN in 
France contradicts the view that the microbial biomass responds faster 
to changes in land-use management than soil organic matter (Powlson 
et al., 1987; Giray et al., 2024). The current results are also in strong 
contrast to those from German Luvisol fields, comparing no-tillage and 
conventional ploughing on practical farms (Murugan et al., 2014).

The positive effect of no-tillage on SOC is combined with lower MBC/ 
SOC ratios, which is an indicator of SOC availability to soil microor
ganisms (Anderson and Domsch, 1989, 2010). An important reason 
might be soil compaction (Kaiser and Heinemeyer, 1993), combined 

with lower O2 supply, due to high soil moisture of the Luvisols at oceanic 
French Britanny with a relatively high mean annual precipitation. This 
leads to reduction in microbial carbon turnover and ultimately to 
increased SOC contents (Keiluweit et al., 2016). In comparison with the 
French no-tillage fields, similar MBC/SOC ratios were measured in the 
ploughed fields of all three study regions as well as in the Romanian 
grubber fields and Swedish no-tillage fields. However, the MBC/SOC 

Table 2 
Depth-specific soil pH, contents of soil organic C (SOC) and total N as well as the 
SOC/total N ratios of the fields in the three study regions.

Depth France Romania Sweden CV
(cm) Plough No- 

tillage
Plough Grubber Plough No- 

tillage
(±
%)

Soil pH (H2O)
0–10 6.28 a 6.50 a 6.36 b 6.56 b 6.30 a 6.13 a 12
10–20 6.78 a 6.36 a 6.47 a 6.80 a 6.56 b 6.40 b 12
20–30 6.61 a 6.35 a 6.47 a 6.80 a 6.78 c 6.67 c 11
SOC (mg g− 1 soil)
0–10 12.7 a 21.9 

a*
21.8 a 24.2 a 27.9 a 33.6 a 37

10–20 13.8 a 15.5 b 21.8 a 24.2 a 27.7 a 28.8 a 40
20–30 12.6 a 13.5 c 21.3 b 23.5 b 21.9 b 20.9 b 41
Total N (mg g− 1 soil)
0–10 1.35 a 2.24 

a*
1.99 a 2.21 a 2.86 a 3.16 a 34

10–20 1.42 a 1.70 b 1.96 a 2.20 b 2.81 a 2.72 a 35
20–30 1.33 a 1.53 c 1.90 b 2.12 b 2.30 b 2.01 b 37
Soil C/ 

N
0–10 9.2 b 9.8 a 10.8 a 10.7 a 9.8 a 10.6 a 6
10–20 9.7 a 9.1 b 10.9 a 10.8 a 9.9 a 10.5 a 8
20–30 9.3 b 8.9 b 11.0 a 10.8 a 9.6 a 10.4 a 7

CV = mean coefficient of variation between treatment- and study region-specific 
replicates (France: n = 6, Romania: n = 7; Sweden: n = 8); different letters within 
a study region-specific column indicate a significant difference (P < 0.05; Holm- 
Sidak test).

Table 4 
Pairwise multiple comparison procedures (Holm-Sidak method) and regression 
equations for the equal slopes model for MBC (region: F = 12.42 and P < 0.001; 
soil pH: F = 6.13 and P = 0.018) and MBN (region: F = 6.92 and P = 0.003; soil 
pH: F = 8.09 and P = 0.007), using region and soil pH as sources of variation; the 
interaction models were not significant.

Difference Probability Regression
Comparison of means T value Region equation

MBC
Sweden / 

France
162.7 4.95 <0.001 France 49.95 × pH – 

92.1
Sweden / 

Romania
87.4 2.76 0.017 Romania 49.95 × pH – 

16.8
Romania / 

France
75.4 2.22 0.033 Sweden 49.95 × pH +

70.6
MBN
Sweden / 

France
4.3 0.87 0.390 France 8.64 × pH – 

12.5
Sweden / 

Romania
17.3 3.63 0.003 Romania 8.64 × pH – 

25.4
Romania / 

France
12.9 2.53 0.031 Sweden 8.64 × pH +

8.2

Fig. 3. Boxplots of the land use-specific medians of (a) the SOC contents, (b) 
the total N contents, and (c) the MBC/SOC ratios in France; different letters on 
top of a bar or an outlier indicate a significant difference (P < 0.05; Holm-Sidak 
test), obtained by comparing no-tillage and ploughing of the conven
tional fields.
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ratios were generally at the lower end of the range observed in arable 
soils (Anderson and Domsch, 1989; Insam et al., 1989; Khan et al., 
2016). Substrate availability to soil microorganisms might be reduced 
by high soil moisture in France (Faust et al., 2019), by low mean tem
perature in Sweden (Jenkinson et al., 1987, 2008), and by summer 
drought in Romania (Jenkinson et al., 1999; Goenster et al., 2017).

Low MBC/SOC ratios were often explained by low soil pH (Domsch 
et al., 1993, 2010), but this is not the case in the current study. However, 
the implementing of soil pH as a covariate into an ANCOVA showed that 
the proton concentration of the soil solution has a significant impact on 
MBC and MBN but not on SOC or total N. It is well documented that the 
soil pH is the most dominating factor controlling biomass, activity, di
versity, and necromass of soil microorganisms (Anderson and Domsch, 
1993; Fierer et al., 2009; Strickland and Rousk, 2010; Khan et al., 2016). 
Although the soil pH of the three study regions varied in a rather small 
range, the equal slope models of the current data reveal that the negative 
pH effects on soil microorganisms do not depend on study region, clay 
content, or microbial biomass level.

The differences in soil chemical and soil biological properties be
tween the loamy French fields and the clayey Romanian and Swedish 
fields are obvious and certainly can be explained to a large degree by the 
high clay content (van Veen et al., 1986; Müller and Höper, 2004; 
Wentzel et al., 2015; Islam et al., 2022). The Romanian but also the 
Swedish fields indicate that soils with a good natural fertility, i.e., high 
clay and SOC contents, are generally less affected by differences in 
tillage and land-use management than sandy soils (Gocke et al., 2023). 
The significantly higher mean SOC/total N ratio in the Romanian fields 
indicate an increased presence of less decomposed plant residues 
(Jenkinson et al., 2008; Rumpel and Kögel-Knabner, 2011; Khan et al., 
2016) in comparison with those in France and Sweden. The combination 
of high SOC/total N ratios with relatively high MB-C/N ratios, suggests 
that microbial decomposition might be not only retarded by summer 
drought in Romania but also by P deficiency to soil microorganisms 
(Hartmann and Richardson, 2013; Khan et al., 2016).

Ley-grass and particularly organic farming increased SOC contents to 
the same level as no-tillage, but resulted in a high MBC/SOC ratio 
similar to that of the ploughed conventional fields. This indicates that 
these two farming systems have positive effects on C sequestration, 
combined with the increased C input by grass and clover roots 
(Gattinger et al., 2012; Seitz et al., 2018; Le Guillou et al., 2019; Jacobs 
et al., 2020; Hu and Chabbi, 2022). Also, the regular application of 
farmyard manure usually increases the SOC concentration (Ludwig 
et al., 2007). However, no-tillage and minimum tillage systems without 
soil turning have the advantage of improving the habitat quality of the 
soil fauna, especially earthworms, carabids, and wild bees (van Capelle 
et al., 2012; Rowen et al., 2020; Müller et al., 2022; Tschanz et al., 
2023).

4.3. On-farm approach advantages

The general contents of soil chemical and biological characteristics 
were similar to the data presented for Lusignan in Northern France 
(Hoeffner et al., 2021), for Turda in Romania (Engell et al. (2022), for 
Lönnstorp in South Sweden (Hydbom et al., 2017), and Säby in Central 
Sweden (Engell et al., 2022). The data showed strong regional effects on 
all chemical and biological soil characteristic analysed in the three Eu
ropean study regions, caused by soil type and climate. However, just 
three study regions are not sufficient to separate climatic and soil type 
effects.

On-farm approaches, using practical fields, would help to increase 
the number of study regions, thus mitigating this problem. In addition, 
on-farm approaches of using practical fields with a management system 
of interest have a high potential for investigating actual and relevant 
research objectives. Practical farms have usually optimised their tillage 
system for the whole farm, whereas in field experiments a single tech
nician usually performs all tillage treatments on small plots. This creates 

a bias if this person is more familiar with plough than with no-tillage or 
reduced tillage systems. An on-farm approach supplies data much earlier 
and requires fewer financial expenses and organisational efforts than 
long-term field experiments. They need many years if not decades to 
provide effects on soil chemical and soil biological properties, with the 
risk that the initial research questions will lose their relevance. How
ever, long-term field experiments are still highly valuable if research 
requires equilibrium of stocks and, particularly, exact knowledge on the 
history of land-use management, soil properties and climate data, e.g., 
for modelling purposes (Jenkinson et al., 1987, 2008).

Long-term treatments may lead to unintentional side effects, such as 
acidification (Birkhofer et al., 2008), often the soils are overly inho
mogeneous, particularly in floodplains (Heinze et al., 2010b), and the 
initial conditions are usually insufficiently known on a plot basis. This is 
also true for the current approach. Particularly the information on fer
tilizer and pesticide application rates and crop yield levels is restricted 
and needs much more attention in future studies (Hydbom et al., 2020). 
However, important advantages are the higher number of large-scale 
replicates and the lower spatial autocorrelation (Wardle and Parkin
son, 1991; Kim et al., 2016). Often results of long-term experiments are 
only valid for the direct surroundings, without the possibility of 
extrapolation (Heinze et al., 2010a). This generalization might be 
possible by integrating more study regions into the current approach 
using funds saved from maintaining long-term field experiments.

5. Conclusions

A reduction in tillage intensity increased the contents of soil organic 
C (SOC), total N, microbial biomass C (MBC), MBN, and fungal ergos
terol at 0–10 cm depth but did not affect their mean contents at 0–30 cm 
depth. This increase at 0–10 cm depth was most pronounced for SOC, 
total N, and ergosterol in no-tillage fields on the Luvisols in Northern 
France, and for ergosterol also on clayey Cambisols in Central Sweden. 
No-tillage specifically promoted particularly saprotrophic fungi in the 
top layer of arable fields. The increase in MBC in the French no-tillage 
fields at 0–10 cm depth was combined with a reduced MBC/SOC ratio, 
indicating a decrease in C availability to soil microorganisms. In 
Northern France, organic farming and ley-grass management had 
similar positive effects on the contents of SOC and total N to no-tillage, 
despite ploughing. On-farm research gave similar results to long-term 
field experiments in France, Romania, and Sweden published previ
ously. However, greater effort will be required to obtain information on 
land use management and crop yield levels in the future. On-farm 
research on practical fields is an important, less expensive alternative 
to randomized field experiments, with a high potential for investigating 
actual and relevant research objectives. This will intensify exchange in 
knowledge between scientists and farmers.
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