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ABSTRACT

Transitioning towards soil health-oriented farming systems is fundamental to mitigate future challenges such as cli-
mate change, soil degradation, and increasing global food demands. In this study, we evaluated soil health, crop yields, and
greenhouse gas (GHG) emissions at a long-term experimental site in Central Europe that comprised two cropping systems:
a conventional system with regular tillage, low-diversity crop rotation, and minimal cover cropping, and a conservation
system with shallow tillage, diverse crop rotation, and extensive cover cropping. We assessed soil health using 13 physico-
chemical and biological parameters, calculated field-scale GHG emissions, and analysed yield dynamics over an eight-year
period to evaluate potential crop yield penalties under conservation farming. We observed significant soil health advances
(+7%) and reductions in GHG emissions (—43%) with conservation farming, while crop yields for all cultivated crops re-
mained stable. Improvements in soil health were particularly pronounced for nitrogen cycling and microbial-driven pro-
cesses. For several measured soil health parameters, we found a larger effect of crop species compared to farming system.
Further, positive management effects on soil were apparent particularly for winter wheat and to a lesser extent for maize
and sugar beet, strongly emphasizing the need for standardized soil health assessments that take crop species into account.
Our study demonstrates that easily implementable conservation farming measures such as reduced tillage, increased crop
diversity, and enhanced cover cropping can substantially improve soil health and long-term agricultural sustainability with-
out compromising crop yields. Conservation farming thus emerges as a viable strategy to support resilient crop production
in temperate regions.
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Summary

« Comparison of a conservation and conventional crop-
ping system during eight years.

« Evaluation of soil health, crop yields and field-scale
carbon footprint.

« Conservation farming increased soil health by 7%
without compromising crop yields.

+ Conservation farming significantly reduced the over-
all carbon footprint by 43%.

1 | Introduction

The global population is projected to reach nearly 10 billion
by 2050, necessitating a significant increase in food produc-
tion to meet rising global demands (FAO 2017). This surge
in demand poses a challenge for agricultural systems world-
wide, which must not only produce more food but also do so
sustainably, aligning with climate neutrality targets for ag-
ricultural production. Adverse effects of climate change fur-
ther threaten to decrease agricultural productivity through
increased frequency and severity of extreme weather events
such as flooding, droughts, and heatwaves (Lobell et al. 2008;
Hari et al. 2020).

Soil degradation is another critical issue that undermines the
capacity of agricultural systems to meet future food demands.
Conventional farming practices including frequent tillage at
20-30cm soil depth, low crop diversity, or crop residue removal
have led to soil organic matter depletion, erosion, and loss of
soil fertility (Guo and Gifford 2002; Sanderman et al. 2017).
Consequently, these soils exhibit lower water and nutrient re-
tention (Man et al. 2021), making crops more vulnerable to en-
vironmental stressors. Moreover, current agricultural systems
contribute significantly to greenhouse gas (GHG) emissions, ac-
counting for approximately 25% of global anthropogenic emis-
sions (IPCC 2015). These emissions arise from various sources
including land-use change, soil management practices, live-
stock production, and the use of synthetic fertilizers. Evidently,
the high GHG emissions associated with conventional farming
practices further exacerbate climate change, creating a negative
feedback loop that further threatens resilience, resistance, and
hence long-term productivity of agricultural systems (Lobell
and Gourdji 2012).

Healthy soils are fundamental for agricultural sustainabil-
ity, directly influencing crop productivity and environmental
quality. They are characterized by high levels of soil organic
carbon (SOC), stable soil aggregates, and a vital microbial
community (Bodner et al. 2023; Rosinger, Bodner, et al. 2023),
all of which contribute to improved soil structure, nutrient cy-
cling, and water retention (Lehmann et al. 2020). These proper-
ties enable soils to support high crop yields while maintaining
resistance and resilience to environmental stressors such as
drought, heavy rainfalls, or extreme temperatures. Improving
soil health is therefore essential for enhancing agricultural
productivity and sustainability. Practices that increase SOC
levels, improve soil structure, and promote microbial diversity

and activity can enhance soil fertility, water retention, and re-
silience to environmental stressors (Amelung et al. 2020).

Conservation farming, which particularly emphasizes min-
imal soil disturbance, increased soil cover, and diversified
crop rotations, has emerged as a promising approach to im-
prove soil health and crop yields (Hobbs et al. 2008; Sae-Tun
et al. 2023). Reduced tillage minimizes soil erosion and distur-
bance (Bogunovic et al. 2018), thus preserving soil structure
and reducing soil organic matter decomposition. Increased soil
cover through cover cropping and residue retention protects the
soil surface from erosion, enhances water infiltration, and re-
duces evaporation, thereby improving soil moisture retention
(Blanco-Canqui and Ruis 2020). Diversified crop rotations—
including the use of cover and inter crops—can significantly
enhance soil fertility and reduce pest and disease pressures.
Leguminous crops—either used as main or cover crop—con-
tribute to soil nitrogen (N) enrichment through atmospheric
N fixation, thereby reducing the need for mineral fertilizers
(Preissel et al. 2015). Additionally, diverse crop rotations can
break pest and disease cycles, which reduces the reliance on
chemical pesticides. Numerous (meta-)studies have demon-
strated the benefits of conservation farming for soil health
(Ghaley et al. 2018; Li et al. 2018; Crystal-Ornelas et al. 2021).
These improvements in soil health may lead to higher and
more stable crop yields (Knapp and van der Heijden 2018; Sun
et al. 2024), particularly under conditions of environmental
stress such as drought (Teng et al. 2024).

However, the effects of conservation farming on crop yields are
not always consistent. Some studies have reported yield reduc-
tions, particularly in the initial years of adoption, as soils tran-
sition from conventional to conservation practices (Pittelkow
et al. 2015; Ponisio et al. 2015). These yield reductions can be
attributed to factors such as changes in soil nutrient availability
(e.g., the immobilization of available N into stable soil organic
matter) and the time required for soil health improvements to
manifest. Despite these challenges, the long-term benefits of
conservation farming for soil health and crop yield are evident
and make it a valuable strategy to pursue.

While improving soil health and crop yields is crucial for sus-
tainable agriculture, it is equally important to consider the
broader environmental impacts of farming practices, particu-
larly on GHG emissions. A farming system that achieves good
soil health and high crop yields but relies on carbon (C)-intensive
inputs, such as synthetic fertilizers and fossil fuel-based energy,
may not be sustainable in the long term. Therefore, evaluating
GHG emissions at larger scales in addition to soil health is essen-
tial to ensure that efforts to improve soil and crop performance
align with climate change mitigation goals.

Conservation farming has the potential to reduce GHG emis-
sions by enhancing C sequestration in soils while simultaneously
reducing the reliance on mineral fertilizers and fossil fuel-based
energy inputs (Lal et al. 2018). For example, reduced tillage can
decrease soil C losses and lower fuel consumption for field oper-
ations. The use of leguminous cover crops can reduce the need
for mineral N fertilization, potentially reducing nitrous oxide
(N,0) emissions from farming systems (Basche et al. 2014). In
contrast, no-tillage practices have been associated with elevated
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N,O emissions relative to conventional tillage systems (Mei
et al. 2018). Thus, the overall impact of conservation farming on
GHG emissions can vary greatly depending on specific manage-
ment practices and local pedo-climatic conditions, necessitating
a comprehensive assessment of GHG emissions at larger scales
to identify potential trade-offs and optimize conservation farm-
ing practices for both soil health and climate benefits.

To this end, we compare conventional and conservation farming
effects on soil health, crop yields and GHG emissions at a long-
term experimental site in a temperate (Peel et al. 2007) environ-
ment in Central Europe (North-Eastern Austria). Established
in 2015, the experimental site accommodates two farming sys-
tems: (i) a conventional system, characterized by conventional
tillage to 25cm soil depth, a simple crop rotation and very little
use of cover crops and (ii) a conservation system, characterized
by shallow tillage at 5cm soil depth, a diversified crop rotation
and the extensive use of cover and inter crops. Eight years after
implementation, we evaluated soil health based on thirteen
soil physico-chemical and biological parameters, from which
we derive a soil health index (Andrews et al. 2002; Askari and
Holden 2015). The CoolFarm (CF)-Tool was used to calculate
field-scale GHG emissions (Hillier et al. 2011). These indices
were complemented by eight-year (2015-2022) data on crop
yield and aboveground biomass to assess conservation farm-
ing sustainability advances and potential soil health—crop yield
trade-offs. The concurrent cultivation of all crops of a respective
crop rotation in each year enables a detailed analysis of yield
dynamics over an eight-year period, as well as the assessment
of potential crop-type specific effects on soil health. We hypoth-
esize that a shift towards conservation farming has increased
soil health, with improvements being independent of the crop
species currently cultivated on the field. Further, we hypothe-
size soil health advances with conservation farming to occur
at the expense of crop yields. Finally, we expect conservation
farming practices to decrease field-scale GHG emissions. This
comprehensive evaluation aims to provide a better estimate of
attainable soil health improvements and GHG reduction poten-
tials with conservation farming measures for this important
production region in Central Europe.

2 | Materials and Methods
2.1 | Experimental Setup

The study was conducted at a long-term experimental site of
BOKU University in Tulln, North-Eastern Austria (48.3117° N,
16.0442° E, 177 ma.s.l.; Figure 1a—c). The site is characterized by
a dry-temperate climate with warm summers without a dry sea-
son (Peel et al. 2007), with a mean annual temperature of 10.4°C
and a mean annual precipitation of 759 mm (Figure 1d). The soil
is a Chernozem with a loamy clay texture, a neutral pH (6.3-6.8
in H,0) and SOC concentrations of about 2.5%.

Established in 2015, the experiment features a conventional
and a conservation farming system. The conservation farming
system differs from the conventional farming system in three
main aspects: (i) shallow tillage at 5cm soil depth as compared
to conventional tillage at 20-25cm soil depth using a field cul-
tivator (Horsch Terrano FX with spring roller; wing shares

for conservation farming system, tines for conventional farm-
ing system), (ii) a wider and more diverse crop rotation (sugar
beet-winter wheat-maize-soybean-winter wheat-sunflower-faba
bean-winter wheat with a total of five cover crop mixtures) as
compared to a conventional crop rotation common for this re-
gion (sugar beet-winter wheat-maize-winter wheat), and (iii) a
greater share of cover and inter crops (five cover crops and one
inter crop) as compared to one cover crop in the conventional
farming system. Fertilization (mainly CAN and urea) was con-
ducted according to national recommendations (BMLRT 2022),
and conventional plant protection was applied as needed; fer-
tilization and plant protection were however always the same
in both farming systems. For stubble cultivation and seedbed
preparation, an S-tine seedbed cultivator was used (Kongskilde
Vibromaster, Type SGC) and—if needed—combined with a
prism roller (Lely Power Harrow). Seeding of maize and sun-
flower was conducted using a six-row pneumatic precision seed
drill (Kverneland Optima); all other crops were sown with a disc
seed drill (Hirsch Pronto 3-4DC). For more details on the crop
rotation, crop yields, cover crop composition, plant protection
and fertilization regime, we refer the reader to Table S1. The ex-
periment is set up in a Complete Randomized Block Design with
two real and two pseudo-replicates within each of the individual
blocks (see Figure 1). Each block is 20X 160m, and every crop of
the entire crop rotation (4 and 8 crops in the conventional and
conservation farming system, respectively) is cultivated each
year on two large plots, resulting in a total of 24 plots.

2.2 | Soil Sampling

Soil samples were taken in June 2024 at two soil depths (0-15
and 15-30cm) using a steel soil corer (z 3cm) from those con-
ventional and conservation farming plots where the same main
crops were cultivated (i.e., Sbeet, sugar beet; Ww1, winter wheat
1; Maize; Ww2, winter wheat2). Ww2 differs in the pre-crop,
with soybean in the conservation farming crop rotation and
maize in the conventional crop rotation. Five soil cores taken
along a Z-shaped transect were pooled to form a composite sam-
ple for each plot and pseudo-replicate. Soil samples were sieved
to pass through 2mm and subsequently air-dried or stored at
4°C until further analysis. Laboratory analyses on fresh soil
samples were conducted within 10days of soil sampling. This
resulted in a total of 64 soil samples (two systems X four crops
X two depths X [two blocks X two pseudo-replicates per block])
taken. In addition, undisturbed soil cores using steel cylinders
with 100cm? were taken from each plot for bulk density deter-
mination to calculate SOC and total N (TN) pools.

2.3 | Aboveground Biomass Sampling and Yield
Evaluation

Manual harvest of winter wheat and maize was done at physio-
logical maturity by sampling the whole above ground-biomass,
and for sugar beet when the beet root had reached the harvest-
able size. Winter wheat was harvested in July on an area of 1
m?2, maize and sugar beet in autumn on an area of 7.5m?. Seeds
of winter wheat and maize were dried at 105°C for 24 h before
weighing. For sugar beet, fresh weight was recorded after cut-
ting off leaves.
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FIGURE 1 | (a) Location, (b) aerial photo and (c) setup of the farming management experiment in North-Eastern Austria as well as (d) daily
temperatures and mean annual precipitation from 2015 to 2024. For each management system (yellow, conventional farming; green, conservation
farming), the crop rotations (CR1 and CR2) are established in duplicate. As such, every crop of the respective crop rotations (conventional rotation:
Sbeet-Ww1-Maize-W2; conservation rotation: Sbeet-Wwl-Maize-Soybean-Ww2-Sunflower-Faba bean-Ww?3) is cultivated twice each year, resulting

in a total of 24 plots (Sbeet, sugar beet; Ww, winter wheat).

2.4 | Laboratory Analyses

Soil pH was measured according to ONORM L 1083 in a 10:1
(w/w) suspension of MilliQ-H,O on air-dried soil using an ino-
Lab Multi 9620 IDS electrode.

Total C and N concentrations were determined using a C/N
elemental analyser (Thermo Fisher Scientific, MA, USA) via
total combustion of air-dried, ball-milled soil samples and nor-
malized to oven-dry mass. Inorganic C concentrations (calcium
carbonate-equivalents) were quantified using the Scheibler
method (ONORM L 1084). The SOC concentration was subse-
quently calculated as the difference between total C and inor-
ganic C. SOC and TN pools were calculated using the equivalent
soil mass approach (Fowler et al. 2023), and results are given in
Mg ha™L

The relative number of stable aggregates (AS) was assessed using
the wet sieving method (ONORM L 1082). In this procedure, soil
aggregates with diameters ranging from 1 to 2mm were placed
on a 250 um sieve. A sample of 4 g (EW) of soil was analysed. The
mass of stable aggregates remaining after wet sieving (m,) and
the mass of sand following chemical dispersion of the residual
aggregates (m,) were measured, and aggregate stability (in %)
was calculated as follows:

K —-mA

Soil microbial biomass C and N (MB-C and MB-N, respectively)
were determined using the chloroform-fumigation-extraction
method (Vance et al. 1987). Briefly, 2g of fresh soil was in-
cubated for 22h in a chloroform-saturated atmosphere, then
extracted with 1 M KCI (1:10 w/v) by overhead shaking for 1 h.
The extracts were filtered and stored at —20°C before analysis
with a TOC/TN analyser (TOC-V CPHE200V, equipped with
a TN-unit TNM -1, Shimadzu Corporation, Kyoto, Japan).
Non-fumigated samples were treated identically to determine
the background concentration of KCl-extractable organic C
(EOC) and total dissolved N (TDN). MB-C and MB-N concen-
trations were calculated as the difference between fumigated
and non-fumigated sample concentrations, with extraction ef-
ficiency factors of 0.45 (Vance et al. 1987) and 0.54 (Brookes
et al. 1985) used for MB-C and MB-N, respectively. Results are
expressed in ug g~! dry soil.

The potential activities of six hydrolytic enzymes were deter-
mined using a microplate fluorometric assay following the pro-
tocol of Mayer et al. (2022). The enzymes evaluated included
B-glucosidase (BG), B-xylosidase (XYL) and cellobiohydrolase
(CEL) as proxies for C-acquisition, leucine-aminopeptidase (LAP)
and N-acetyl-B-D-glucosaminidase (NAG) as proxies for N-
acquisition, and acid phosphatase (AP) as a proxy for phosphorus

(P)-acquisition. For the assay, 0.5g of fresh soil was suspended in
50mL of 100mM TRIS buffer (adjusted to pH6.8) and homoge-
nized in a sonication bath for 1 min. While stirring, 200 1L al-
iquots were transferred to black 96-well microplates, with four
technical replicates per sample. Substrate solutions (50uL, con-
centrations of 2mM for AP and 1 mM for all other enzymes) were
added to each well, horizontally shaken for 30s, and the plates
were sealed with a cohesive plastic film. The plates were subse-
quently incubated in the dark at 20°C for 2h. Fluorescence was
measured using an EnSpire multiplate reader (PerkinElmer,
Waltham, MA, USA) at an excitation wavelength of 365nm and
an emission wavelength of 450nm. Methyl-umbelliferon (MU)-
based substrates (BG, XYL, CEL, NAG, AP) were calibrated with
standard solutions ranging from 10 to 250 uM, while the amino-
methyl-coumarin (AMC)-based substrate (LAP) was used at
two standard concentrations (20 and 50uM). Quenching was
accounted for by calculating the slope ratio of standard curves
(50uM) in buffer and soil suspension for both AMC- and MU-
based substrates for each sample separately. Potential enzyme
activities are expressed as nmol g~! dry soil h™.

Potassium permanganate (KMnO )-oxidizable C (from here
on referred to as ‘Oxidizable C') was determined with a ti-
tration of the 0.02M KMnO, solution with sodium oxalate
(Na,C,0,), according to Tatzber et al. (2015). The method was
based on Weil et al. (2003) with minor modifications (Culman
et al. 2012). Briefly, 2.5g air-dried soil sample was used and
20mL of a 0.02M KMnO, solution was added. Titration,
needed because KMnO, is not a primary standard, was per-
formed with Na,C,0, according to McBride (1912). Results
are expressed in pg gL

The anaerobic incubation method according to DeLuca
et al. (1992), adapted by Schinner et al. (2012), was used to
determine the N mineralization potential (from here on re-
ferred to as ‘Mineralizable N’) on air-dried soils. Briefly,
fresh soil samples (5g) were incubated at 40°C for 7days in
a waterlogged environment in a closed tube with little head-
space. The released NH,* was measured using the salicylate-
nitroprusside method (Hood-Nowotny et al. 2010). Results are
expressed in ug g7 d-1.

2.5 | Calculation of the Soil Health Index (SHI)

As a representative measure of soil health, the Soil Health Index
(SHI) provides a numerical assessment of various soil proper-
ties (Andrews et al. 2002; Zhou et al. 2020). The calculation of
the SHI involves identifying a Minimum Data Set (MDS), com-
prising selected soil physicochemical and biological soil prop-
erties. These indicators are individually scored and summed to
produce a final dimensionless value that reflects the overall soil
health status (Andrews et al. 2002).
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To calculate the SHI, we employed the Principal Component
Analysis (PCA) method, as outlined in previous studies (Askari
and Holden 2015; Martin-Sanz et al. 2022; Ferretti et al. 2024).
PCA reduces dataset complexity while preserving essential in-
formation by generating uncorrelated principal components
(PCs) that combine contributions from all original variables.
These PCs are ranked in descending order of the variance they
explain (Armenise et al. 2013). The analysis was conducted
using thirteen standardized physicochemical and biological
soil parameters (Table S2) to mitigate the influence of differing
measurement units among indicators (Yao et al. 2014). The most
important PCs were selected based on eigenvalues >1 and an
explained variance >5% criterion (Armenise et al. 2013; Yao
et al. 2014). Varimax rotation was applied to maximize correla-
tions between PCs and measured attributes before extracting
factor loadings (Shukla et al. 2006; Ferretti et al. 2024).

To construct the MDS, variables with factor loadings within 10% of
the highest loading in each PC were selected. When multiple vari-
ables met this criterion, Pearson correlation coefficients were used
to avoid redundancy. Specifically, if highly weighted variables
were uncorrelated, all were retained; otherwise, only the variable
with the highest loading was selected (Andrews et al. 2002; Singh
et al. 2014). The finalized MDS was then scored using a linear
method, assigning values between 0 and 1 based on a ‘the more is
better’ approach (Equation 2) (Martin-Sanz et al. 2022):
X — Xmin

Ls= —————
s Xmax — Xmin @

where Ls represents the linear score, X is the measured variable
value, and Xmin/Xmax are the minimum and maximum values
of the variable, respectively. The SHI was then calculated fol-
lowing Equation (3) (Martin-Sanz et al. 2022):

SHI= )’ WiLs 3)

i=1

where 7 is the number of variables selected in the MDS, Ls is the
score derived from the linear scoring method, and Wi represents
the weight of each indicator, calculated using Equation (4):

(% VarPCi) i % VarPCi
@
& % VarTotal

( (% VarTotal) VarTotal) VarTotal

Here, %VarPCi is the variance explained by the PC for the indi-
cator i, %VarTotal is the cumulative variance explained by all
the selected PCs, and n is the total number of selected PCs.

2.6 | Calculation of the Carbon Footprint

GHG emissions (in kg CO,-eqha™) were calculated using the
CoolFarm Tool v2.11.0 (Hillier et al. 2011). This tool combines
several empirical models for the estimation of GHG emissions
of individual farming management practices such as crop man-
agement, livestock management, and direct energy use from on-
farm operations or primary processing while taking into account
pedo-climatic conditions. In particular, site-specific data about
crop yields and crop residue management, cover crop and inter-
crop cultivation, fertilizer application, plant protection, energy

consumption from field operations, and transport of harvested
crops from the field were used to drive the model, allowing us to
compare the performance (i.e., land-use efficiency and efficiency
per unit of product) of the farming systems from a GHG emissions
perspective. A detailed description of the input variables can be
found in Table S1. As management data are available for all crops
and the entire experiment (2015-2022), GHG emissions were cal-
culated for each crop within the respective farming system using
the average management practices across the eight-year period.

2.7 | Statistical Analysis

Data were tested for variance homogeneity as well as normal
distribution and—in the case of any violation—log-transformed
before further analysis. Differences in aboveground biomass
and crop yields of maize, sugar beet, winter wheat 1 and winter
wheat 2 for each individual year as well as across the whole crop
rotation were evaluated using one-way analysis of variance.

For the tested soil parameters, we first used multivariate anal-
ysis of variance (MANOVA) to test for a potential block effect.
Therefore, we tested the factors management system, crop type,
soil depth and block as main effects and interactions between
block and all other factors (using a SS type III model) on the fol-
lowing soil health-related parameters: (i) SOC and TN (ii) EOC
and oxidizable C, (iii) TDN and mineralizable N, (iv) MB-C and
MB-N, (v) potential C-, N- and P-acquiring enzyme activities,
and (vi) aggregate stability. Our analysis revealed a significant
block effect across the whole dataset (Table S3), yet no signifi-
cant interactions between block and all the other factors were ob-
served. Subsequently, we used MANOVA to evaluate the effects
of management system (with was as such nested within block),
crop type and soil depth on our tested soil health-related param-
eters. To evaluate the statistical significance of the overall model,
the Wilks' lambda distributions (1) and derived F- and p-values
for main and interaction effects are stated. Post hoc Tukey tests
using a Sidak correction for multiple pairwise comparisons were
used to evaluate significant differences between crops. The same
MANOVA approach was followed for the evaluation of the SHI.
Significant interactions were detected between management
and crop type. In this case, we used one-way ANOVA to evalu-
ate management differences within each crop type (i.e., Maize,
Sbeet, Wwl and Ww2). A Mann-Whitney U test was used to
test for significant differences in GHG emissions between con-
ventional and conservation farming. All statistical analyses were
conducted in SPSS 26. We refer to significant differences at the
p<0.05 level and marginal differences at the p <0.1 level.

3 | Results and Discussion

3.1 | Conservation Farming Effects on Crop Yield
and Aboveground Biomass

A key challenge of our time is to feed a growing and increas-
ingly demanding global population while minimizing external
inputs and environmental impacts, with the additional pres-
sure of current future climate predictions (Lobell et al. 2008;
Godfray and Garnett 2014). Guided by the three main princi-
ples of minimizing soil disturbance, increasing soil cover, and
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diversifying crop rotations (Hobbs et al. 2008), conservation
agriculture has received strong support as a potential solution
to this challenge.

As for our study, we did not observe such yield losses with
conservation farming over the entire experimental period
(i.e., 2015-2022; Figure 2), thus contrasting earlier reports of
yield penalties ranging from 5% to 20%, which have been cited
as a significant barrier to the broader adoption of conservation
farming practices (Pittelkow et al. 2015; Ponisio et al. 2015;
Knapp and van der Heijden 2018). Significant differences in
crop yield between conservation and conventional farming
were however evident for specific years. For example, Sbeet
yields were significantly higher under conservation farming
as compared to conventional farming (Figure 2a,d) in 2017
and 2018, when Central Europe experienced a severe drought
period (Hari et al. 2020; Moravec et al. 2021). This suggests
that conservation farming practices may have positively af-
fected soil hydraulic properties (i.e., pore size distribution)
and the overall soil water balance in our experiment, as com-
monly reported for conservation farming systems (Parihar
et al. 2019; Patra et al. 2019; Bodner et al. 2023). A better resis-
tance of the conservation farming system alongside increased
yield levels during years of excessive drought (Knapp and van
der Heijden 2018) may therefore particularly benefit shallow-
rooting crops with high water demand.

Interestingly, we observed a significantly larger aboveground
biomass for Ww2 with conservation farming (11.9 +0.5Mgha™)
as compared to conventional farming (11.4+0.5Mgha™') over
the entire experimental period (Figure S1). The conservation
and conventional farming systems differ in one main aspect re-
garding Ww2: while maize is the pre-crop in the conventional
farming system, soybean is the pre-crop in the conservation
farming system. While the cultivation of grain legumes usu-
ally entails smaller economic revenues for farmers (Zander
et al. 2016), they are important constituents of sustainable and
diverse crop rotations. Aside from soil health benefits such as
improved soil structure, P mobilization or N provision, crops
yield 0.5-1.6Mgha™' more after a grain legume pre-crop
(Kaul 2004; Preissel et al. 2015). This grain legume pre-crop
benefit may thus explain the elevated Ww2 aboveground bio-
mass (+0.52Mgha') in the conservation farming system,
which did however not translate into significant crop yield in-
creases. We therefore conclude that—contrasting to our first
hypothesis—conservation farming did not compromise crop
yields; in fact, we evidenced a greater aboveground biomass of
a Ww2, likely due to a positive grain legume pre-crop effect.

3.2 | Conservation Farming Effects on Soil
Health-Related Indicators

We further evaluated several soil health indicators related
to soil structure, soil organic matter, and microbially-driven
C-, N-, and P-cycling (de Vries and Caruso 2016; Lehmann
etal. 2020). Our results generally reflect the notion of increased
soil health in conservation farming systems (Li et al. 2018),
albeit not for all indicators. Using a MANOVA, we found no
significant change in SOC as a key soil health indicator with
conservation farming (Table 1, Figure 3e). This is similar to

several studies that report inconsistent trends in SOC with
the adoption of conservation farming practices (Govaerts
et al. 2009; Crystal-Ornelas et al. 2021), highlighting the im-
portance of specific pedoclimatic conditions and management
measures that seem particularly beneficial for SOC accrual
(Crystal-Ornelas et al. 2021; Rosinger, Keiblinger, et al. 2023).
For example, Page et al. (2020) state that SOC gains with
conservation farming mainly occur under favourable pedo-
climatic conditions, while a cold and wet climate as well as
poorly drained soils negatively affect SOC levels. Moreover,
eight years of conversion may still be considered too short
to detect management-induced SOC changes on these fine-
textured soils (Rosinger, Bodner, et al. 2023).

More sensitive indicators of soil health such as oxidizable C or
MB-C on the other hand were affected by a change in manage-
ment towards conservation farming (Table 1, Figure 3): while
oxidizable C decreased with conservation farming from 574+ 8
to 577 + 8 ugg! (Figure 3b), MB-C concentrations increased with
conservation farming from 205+7 to 208 +8pggt (Figure 3c).
While these advances in soil health indicators seem minor com-
pared to literature (Li et al. 2018; Crystal-Ornelas et al. 2021), a
shift towards conservation farming on fine-textured soils such as
ours can encompass SOC and crop yield declines (Rusinamhodzi
et al. 2011; Das et al. 2022)—something we did not observe.
Overall, these results support that management-induced changes
in C-related soil health indicators are primarily observed in labile
C fractions for fine-textured soils (Wieser et al. 2024).

Soil health parameters related to N cycling were for the most
part positively affected under conservation farming (Table 1,
Figure 3). In particular, TN stocks (+0.9%) as well as labile
N fractions such as TDN (+9.1%) or MB-N (+6.0%) were sig-
nificantly increased with conservation farming (Table 1,
Figure 3f,h,j). Higher N contents in the conservation farming
system might be related to reduced N losses as a result of re-
duced topsoil disturbance from soil tillage (Zhang et al. 2020)
and/or to the greater share of legume grains and legume-
containing cover crops in the crop rotation (Bohoussou
et al. 2022). These management measures have a great poten-
tial to enhance soil N cycling and accumulation, ultimately
facilitating N supply to crops.

While enzymatic indicators of microbial C- and N-acquisition
did not differ between farming systems, potential activities
of P-acquiring enzymes were significantly lower with con-
servation farming (100+5nmolg—'h™!) as compared to con-
ventional farming (111+5nmolg=th~!). This contrasts with
recent studies (Hallama et al. 2021; Campdelacreu Rocabruna
et al. 2024), where increased P-acquisition has been reported
with a high share of cover crops and reduced tillage. In conser-
vation farming systems, the greater share of leguminous plants
cultivated may have exacerbated rhizosphere acidification,
possibly facilitating P mobilization from inorganic (adsorbed,
precipitated) pools and reducing the production of P-acquiring
enzymes in turn (Haynes 1983; Shen et al. 2011; Muindi 2019).
If such shifts indicate management-induced changes in soil
(inorganic) P availability or microbial nutrient limitation
(Rosinger et al. 2019) remains to be resolved in more targeted
research that could include measurements of soil P pools and
gross fluxes (Negassa and Leinweber 2009; Wanek et al. 2019).
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FIGURE2 | Cropyield (in Mg ha™!) of (a) winter wheat 1 (Ww1), (b) winter wheat 2 (Ww2), (c) Maize and (d) sugar beet (Sbeet) in a conventional
(yellow dots and bars) and conservation (green dots and bars) farming system from 2015 to 2022. Standard errors show =+ SD, and significant differ-
ences between farming systems within each year are indicated (*p <0.05; ¥p <0.1). Bars on the right-hand side display the average crop yield for all
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TABLE 1 | Results of a MANOVA on the effect of management, soil depth and crop type (as well as interactions thereof) on soil health-related

parameters.
Management
Management Management X Crop type
Management Soil depth Crop type X Crop type X Soil depth X Soil depth

Wilk's A 0.117 0.068 0.010 0.131 0.609 0.126
F-value 5.601 39.711 10.673 2.860 1.872 1.265
p-value <0.001 <0.001 <0.001 <0.001 0.074 0.105
SOC n.s. n.s. n.s n.s. n.s. n.s.
TN ok n.s. * n.s. n.s. n.s.
MB-C * ok ok * * n.s.
MB-N stk . oo * n.s. o
Mineralizable N n.s. kk ok n.s n.s n.s
Oxidizable C * ok ok n.s n.s n.s
Aggregate stability ok n.s ok *E n.s. n.s
N-acquisition n.s n.s ok n.s n.s n.s
C-acquisition n.s. n.s n.s n.s n.s n.s
P-acquisition ek * n.s. * n.s. n.s
EOC n.s. n.s. ok n.s. n.s. n.s.
TDN * ok ok * n.s. n.s.

Note: Wilk's A, F- as well as p-values refer to the overall model performance, and significant effects on single parameters are indicated below (***p <0.001; **p <0.01;

*p <0.05; n.s., not significant).

Abbreviations: EOC, extractable organic carbon; MB-C, microbial biomass carbon; MB-N, microbial biomass nitrogen; SOC, soil organic carbon; TDN, total dissolved

nitrogen; TN, total nitrogen.

3.3 | Soil Depth and Crop Type Effects on Soil
Health Indicators

Beside the commonly observed decreases in soil health indicators
with soil depth (Peigné et al. 2018; Rosinger et al. 2025) as evi-
denced in this study for oxidizable C, MB-C, TDN, mineralizable
N as well as MB-N (Table 1, Figure S3), we show here that crop
type has a highly significant effect on all evaluated soil health
parameters except for C- and P-acquisition as well as SOC stocks
(Table 1, Figure S4). The most striking differences appeared be-
tween Wwl+Ww2 on the one hand and Maize + Sbeet on the
other hand. For example, MB-C and MB-N contents, N-acquisition
and aggregate stability were significantly higher on Wwl +Ww?2
plots as compared to Maize + Sbeet plots, with differences ap-
proximating up to 60%-70%, while the opposite trend was found
for EOC concentrations (Figure S4a). In addition, we observed
significant differences between Ww1 and Ww2 for oxidizable C,
MB-C, TDN and mineralizable N, which could be attributed to the
different pre-crop (Sbeet vs. soybean) these two crops have experi-
enced. Beside these strong main effects of crop type on soil prop-
erties, we also evidenced significant interactions between crop
type and management system (Table 1). MB-C concentrations
were significantly increased in Ww2 and Maize plots of the con-
servation farming system, yet significantly decreased in the Sbeet
plot (Figure 4a). MB-N concentrations were significantly higher
in Wwl and Ww2 under conservation farming as compared to
conventional farming, while no management effect was observed
for Maize and Sbeet (Figure 4c). TDN concentrations were higher

in Maize plots under conservation farming as compared to con-
ventional farming (Figure 4b). Conversely, P-acquisition tended to
be greater in conventional farming systems under winter wheat
(Wwl and Ww2), while the opposite trend was found for Maize
and Sbeet (Figure 4d). While such crop-specific effects of conserva-
tion farming have been observed for crop yields (Zheng et al. 2014;
Sun et al. 2024) as well as soil health parameters (Thierfelder
et al. 2013; Larney et al. 2016; Sadiq et al. 2021), this is to our
knowledge the first study that allows for a management compar-
ison of different crops within the same vegetation period. While
these interactions must be related to crop-specific traits such as
root morphology or nutrient demand (Li et al. 2014), they remain
after all challenging to interpret. Further studies are required to
decipher the specific mechanisms of these crop-specific manage-
ment effects on particular soil biochemical properties. In addition,
these interactions evidently constitute an important finding with
major implications for soil health assessment and the evaluation of
soil health-oriented farming systems. Given this strong crop effect
even on less dynamic soil parameters such as TN (Table 1), we pro-
pose that future on-site comparisons of different farming systems
must ensure identical crops on the respective fields or plots.

3.4 | Conservation Farming Effects on the Soil
Health Index

In the next step, we evaluated conservation farming advances
by deriving a soil health index from the measured soil health
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ity. Given is the mean = SD, and asterisks above bars indicate significant differences between management systems (*p <0.05; **p <0.01; ***p <0.001)
as revealed by multivariate analysis of variance.

1.78 and 1.31) and together explained 69.77% (27.36%, 18.62%,
13.68% and 10.11% for PCs 1-4, respectively) of the total
variation within the dataset (Table S2). The most important

indicators (Ferretti et al. 2024). The most important PCs were
selected based on eigenvalues > 1. As for our dataset, the first
four dimensions of the PCA had eigenvalues >1 (3.56, 2.42,
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variable in each PC by means of loading was MB-N, miner-
alizable N, SOC and P-acquisition for PCs 1-4, respectively
(Table S2), implying that parameters particularly related to
soil N-cycling seem to be important indicators for manage-
ment change (Teng et al. 2024).

For these variables, weights 0of 0.392, 0.267, 0.196, and 0.145 (for
MB-N, mineralizable N, SOC and P-acquisition, respectively;
Figure 5b) were used in order to calculate a final SHI for each
sample. The ensuing MANOVA revealed significant soil health
gains with a shift towards conservation farming (Figure 5a,c).
The soil health index increased significantly by 6.84% (from
0.26+0.02 to 0.28 +0.02), which is on the lower end of previ-
ously reported soil health gains through conservation farming
(Das et al. 2021; Roy et al. 2022; Yang et al. 2024). Evidently,
more dramatic changes in management, for example, a shift
from conventional to no tillage or from monocropping towards
highly diverse crop rotations, induce stronger responses in
soil health. For example, several studies reported soil health
improvements of 30%-50% with no-till (Hussain et al. 1999;
Raiesi and Kabiri 2016; Roy et al. 2022) or a diversified crop
rotation (Yang et al. 2024). Contrary to previous approaches,
our study specifically aimed at testing a viable alternative to

conventional farming that can be easily implemented in terms
of soil cultivation, cover cropping, and marketing of the culti-
vated crops (as opposed to more severe management changes
such as no-till or organic farming). As such, it is not surpris-
ing that the obtained advances in soil health are rather low.
Moreover, fine-textured soils are less sensitive to changes in
management as compared to coarse-textured soils (Rosinger,
Bodner, et al. 2023), thus often exhibiting a lagged response.

Like trends observed for individual soil health-related param-
eters, the SHI was strongly affected by crop type (Figure 5a,c).
Both Ww1 and Ww2 (0.33+£0.03 on average) exhibited a sig-
nificantly higher SHI as compared to Maize (0.20+0.02) and
Sbeet (0.23+£0.02). While we recognized overall declines
in SHI from topsoil to deeper soil layers, these reductions
were—upon closer inspection—only observed for Wwl and
Ww2 (Figure 5a) probably owed to differences in root distribu-
tion and architecture. This reinforces the importance of crop
type as a superior modifier of soil health-related parameters
such as MB-C and MB-N, N-acquisition, or aggregate stability
(Figure S4) over farming management, an aspect that requires
particular consideration for future soil health assessments of
farming systems.
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3.5 | Conservation Farming Effects on GHG
Emissions

While soil health and crop yields are key indicators of pro-
ductivity, assessing GHG emissions at the field scale provides
a broader view of environmental impact, assuring that ef-
forts to improve soil and crop performance through conser-
vation farming align with climate change mitigation goals
(IPCC 2015). Here, we used the CF Tool to evaluate whether
a shift towards conservation farming induced reductions in
GHG emissions (Hillier et al. 2011). Along with the realized
soil health advances, conservation farming also led to a signifi-
cant reduction in GHG emissions: while the conventional farm-
ing system emitted 1681+ 72kg CO,-eqha™, the conservation
farming system could reduce GHG emissions to 959 +256kg
CO,-eqha™ (p=0.003; Figure 6b); this constitutes a GHG re-
duction potential of 43.4%, which is well in line with poten-
tial indicated in corresponding literature (Huang et al. 2018;
Shakoor et al. 2022; Yang et al. 2024). The largest savings in
GHG emissions could be achieved with reduced soil tillage
(-222kg CO,-eqha™! or 33.3%) and reduced expenses for fertil-
izer production (-121kg CO,-eqha™ or 30%) as a consequence
of the diversified crop rotation (Figure 5a). Here, the cultivation

of soybean and faba bean in particular reduced the overall use
of mineral fertilizer, either directly or indirectly, via the posi-
tive pre-crop N effect suggested for leguminous crops (Guinet
et al. 2020). On the other hand, the overall greater share of
cover and inter crops weighed negatively on GHG emissions of
the conservation farming system (Figure 5a); here, emissions
increased by 204kg CO,-eqha™ or 84% in the conservation
farming system. This increase can be explained by modelled
N,O emissions of legume-based cover crops inherent to the
CF Tool (Schipanski et al. 2024). Although the cultivation of
cover crops in arable systems has been associated with in-
creased N,O emissions (Matthews et al. 2025), the assumption
that legume-based cover crops invariably increase N,O emis-
sions has recently been questioned. Several field studies have
instead reported negligible or even positive effects of legume
cover crops on overall N,O balances (Basche et al. 2014; Sanz-
Cobena et al. 2014; Muhammad et al. 2019). Apparently, min-
eral N fertilization results in sudden N,0 peaks and was found
to outweigh legume-based cover cropping in its N,O emission
potential (Peyrard et al. 2016); thus, substituting N supply from
mineral fertilization by legume-based cover cropping may
contribute favourably to overall GHG emissions (Tribouillois
et al. 2015). Legume-based cover cropping in combination with
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FIGURE6 | GHG emissions (in kg CO,-eqha™) of a conservation and a conventional farming system for a whole crop rotation period (8 years) for

(@) each individual sector, (b) for the whole management system and (c) for each individual crop in the respective farming system (Sbeet, sugar beet;

Ww, winter wheat). Given is the mean + SD, and different letters above bars in (b) indicate significant differences (p <0.05) between management

systems as revealed by the Mann-Whitney U test.

other sustainable farming management practices such as crop
residue retention or reduced tillage results in N immobiliza-
tion over autumn and better remobilization in spring for the
subsequent crop and may thus further ensure sustainability
advances within conservation farming systems (Frimpong and
Baggs 2010).

In line with this notion, the incorporation of faba bean and soy-
bean into the crop rotation had a strong positive effect on the
conservation farming systems overall GHG emissions, since
these legume crops showed a negative net balance on GHG
emissions (-163.7 and —190.7kg CO,-eqha™! for faba bean and
soybean, respectively; Figure 6¢). This renders legume crops not
only an important measure for N supply, but also for the overall
environmental impact of farming systems as such (Matthews
et al. 2025).

When using the CF Tool, certain potential shortcomings and
inaccuracies need to be recognized. Model-based plot-scale es-
timates of GHG emissions may not accurately depict real-world
GHG emissions from the field. For example, given our current
understanding, the proposed effect of cover cropping on GHG
emissions, particularly N,O emissions, requires reassessment
and should be fine-tuned to site- and management-specific char-
acteristics which mainly determine whether cover crops facili-
tate or mitigate N,O emissions. According to the methodology
outlined by the IPCC's Guidelines for National Greenhouse Gas
Inventories in 2006, C dynamics in the applied model are lim-
ited to a 20-year timeframe, which results in a sharp increase
in calculated GHG emissions after the 20-year period. Although
not relevant in our case study, soil texture differences and or-
ganic fertilization are inherently important metrics strongly
shaping the projected GHG emissions with the CF Tool. To
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comprehensively evaluate long-term advances in soil health
and crop production with conservation farming, future studies
should integrate not only the global warming potential via field-
level measurements of GHG fluxes but also additional environ-
mental impacts, for example through comprehensive life cycle
assessment approaches (Goglio et al. 2015).

In addition, the financial sustainability of conservation systems
deserves attention, particularly with respect to the marketability
of specific crops within diversified rotations. The cultivation of
less commonly grown crops not only faces limited market op-
portunities but may also involve additional management chal-
lenges and—subsequently—an inherent risk of yield reductions.
These agronomic and economic factors together represent po-
tential barriers to the long-term adoption of conservation farm-
ing (Scopel et al. 2013).

4 | Conclusion

Our comprehensive analysis revealed significant soil health ad-
vances and reduced GHG emissions with the adoption of conser-
vation farming measures without compromising crop yields. Yield
levels remained virtually unchanged over the initial 8-year exper-
imental period, with higher Sbeet yields in the drought years of
2017 and 2018 indicating a more resilient crop production with
conservation farming under drought. The observed soil health im-
provements with conservation farming were particularly evident
for parameters related to soil N rather than C cycling and to dy-
namic, microbial-related properties such as MB-C or -N as well as
P-acquisition. For several commonly measured soil health param-
eters, we found a larger effect of crop species compared to farm-
ing system. This, together with the observed crop type-dependent
management effects, implies that soil health assessments must
guarantee similar crops on the plots/field to be compared.

Easily implementable measures such as reduced tillage, greater
crop diversity and an increased share of cover crops inherit a
great potential to advance farming systems in temperate crop-
ping regions, with inherent soil health improvements through
conservation farming representing a key adaptation and miti-
gation strategy against the negative effects of climate change to
warrant future crop production.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Aboveground biomass (in
Mg ha™!) of (a) winter wheat 1 (Ww1), (b) winter wheat 2 (Ww2), (c)
maize and (d) sugar beet (Sbeet) in a conventional (yellow dots and bars)
and conservation (green dots and bars) farming system from 2015 to
2022. Standard errors show + SD, and significant differences between
farming systems within each year are indicated (*p<0.05; ¥p<0.1).
Bars on the right-hand side display the average aboveground biomass
across all eight years, and different letters above bars indicate signifi-
cant differences (p<0.05) between management systems. Figure S2:
Aboveground biomass (green dots) and crop yield (red dots) of (a) sun-
flower (b) soy bean and (c) faba bean (in Mg ha™') in the conservation
farming system from 2015 to 2022. Shown is the mean £ SD. Figure S3:
Soil health parameters related to (a-e) C cycling, (f-j) N cycling, (k) P cy-
cling and (1) aggregate stability at two soil depths (0-15 and 15-30cm).

Given is the mean=+SD, and asterisks above bars indicate significant
differences between soil depths (*p <0.05; **p<0.01; ***p<0.001) as
revealed by multivariate analysis of variance. Figure S4: Soil health
parameters related to (a-e) C cycling, (f-j) N cycling, (k) P cycling and
(1) aggregate stability for four different crops (Maize; Sbeet, sugar beet;
Wwl, winter wheat 1; Ww2, winter wheat 2) across both management
systems and soil depths. Given is the mean+SD, and different letters
above bars indicate significant differences between crop types (p <0.05)
as revealed by post hoc Tukey tests within the multivariate analysis of
variance. Table S2: Variable loadings on the first four rotated prin-
cipal components (RC) and communalities (h2) extracted from the
PCA of the conservation and conventional farming system. Variables
selected for the minimum dataset after checking for autocorrelations
and redundancy are highlighted in bold. Table S3: Test statistics of the
MANCOVA analysis to evaluate the effect of management (conserva-
tion vs. conventional), crop type (Ww1, Ww2, Maize, Sbeet), soil depth
(0-15cm, 15.30cm) and block as well as the interactions between block
and the other three variables (n =64). Given is the Wilks' lambda as well
as F- and p-values. Table S1: Management information for the conven-
tional and theconservation farming system from 2015 to 2022. Given
are details on crop management (rotation, yield, crop residue man-
agement), fertilization (type and amount), plant protection (type and
amount), energy consumption for field operations (process, fuel use)
and transport of harvested crops.
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