Field Crops Research 302 (2023) 109072

Contents lists available at ScienceDirect

Research

Field Crops Research

o %

ELSEVIER journal homepage: www.elsevier.com/locate/fcr

n
Organic cropping systems maintain yields but have lower yield levels and &=
yield stability than conventional systems — Results from the DOK trial

in Switzerland

Samuel Knapp ™, Lucie Gunst?, Paul Mader ", Shiva Ghiasi®, Jochen Mayer *

@ Agroscope, Dept Agroecology and Environment, Reckenholzstrasse 191, 8046 Zurich, Switzerland
b Research Institute of Organic Agriculture FiBL, Soil Science Department, Ackerstrasse 113, 8070 Frick, Switzerland
¢ Technical University of Munich, Chair of Plant Nutrition, Emil-Ramann-Strafie 2, 85354 Freising, Germany

ARTICLE INFO ABSTRACT
Keywords: Sufficient and stable crop yields are the basis for feeding a growing world population. Limited cropland, climate
Yield trend change, degradation of soil quality and loss of biodiversity coupled with excessive use of non-renewable re-

Long-term experiment
Nitrogen input
Crop protection

sources require new solutions for future cropping systems beyond existing management practices. Here we
analyzed mean yields, temporal yield trends and the stability of organic and conventional cropping systems from
the currently longest-lasting cropping system comparison, the DOK long-term systems comparison trial (DOK)
comparing biodynamic, bioorganic and conventional cropping systems, over a period of 40 years. We used yield
data of winter wheat, potatoes, grass-clover, maize and soybean in a seven-year rotation, where bioorganic and
biodynamic farming systems were compared with conventional mixed and sole mineral fertilized systems. Sys-
tem treatments have been established at a reduced half and a regular fertilization level, which corresponds to
standard Swiss farming practices. Yields were significantly lower in organic systems in non-legumes between
13% and 34%, depending on the investigated crop, whereas in legumes, no yield reduction was observed in
soybean and only 10% was observed in grass-clover. Half the amount of fertilizer reduced yields by around 10%
in all systems and crops. Applied mineral N determined yields mainly in winter wheat and potatoes. Temporal
yield trends did not differ between organic and conventional systems, nor between half and regular fertilization
over all crops. However, in winter wheat, both conventional and biodynamic management with regular fertil-
ization showed a stronger temporal increase in yield, while yield of grass-clover under biodynamic management
with half-fertilization decreased. Increased yield differences between systems in single years were due to poor
performance of organic systems rather than better performance of conventional systems. Absolute stability
(measured by the variance) did not differ, but conventional systems were more stable than organic ones in
relative stability, measured by the coefficient of variation, expressing the stability in relation to the yield level.
We found no difference in both absolute and relative stabilities between half and regular fertilization. Long-term
organic management results in lower yields than conventional management, but not in a decrease of yields over
time. The similarity in both stability measures between half and regular fertilization suggests that the variation in
relative stability between organic and conventional management might be more related to plant protection than
to fertilization intensity.

1. Introduction maintain or better increase productivity, with higher stability and with
less negative environmental impact, i.e. achieving sustainability (Til-

As climate change will result in greater fluctuations and more man et al., 2011).
extreme weather events in the future, agricultural production aims to be Organic farming has been developed with the aim to reduce the
more resilient against such fluctuations to guarantee future regional and negative impacts of intensified agriculture on the environment by
global food security (Howden et al., 2007). Thus, the challenge is to avoiding the application of mineral fertilizers and synthetic pesticides.
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However, because of excluding mineral fertilizers and synthetic pesti-
cides, crop yields in organic farming systems are often lower than in
conventional farming. When analyzing the yield gap between organic
and conventional farming systems, several studies have found similar
estimates of around 20% for the overall yield gap, while all of them have
noted that the variation in yield gap is substantial between crops and
regions (de Ponti et al., 2012; Seufert et al., 2012; Ponisio et al., 2015).

A temporal change in productivity can be evaluated by analyzing the
yield development using regression analysis over time. The maintenance
of productivity over time can be used as an indicator for the long-term
sustainability of a certain management practice (Hejeman et al,
2012). As the majority of comparisons of organic and conventional
farming systems are limited to short-term observations, we could not
find any study investigating the long-term trends of productivity.

Originating in the field of plant breeding, stability analysis has
turned increasing attention toward comparing the temporal yield sta-
bility of different management systems (Becker and Léon, 1988; Smith
et al.,, 2007; Reckling et al., 2018). The most common measures to
compare the stability management systems are the variance (or standard
deviation) and the coefficient of variation, which corrects for the dif-
ference in yield level between the systems. Knapp and van der Heijden
(2018) have introduced the terms absolute stability for the variance and
relative stability for the coefficient of variation. A particular focus of
stability analysis has been on comparing conventional and organic
management practices, and several studies have found that conventional
management tends to have a higher relative yield stability than organic
management (Smith et al., 2007, 2019; Knapp and van der Heijden,
2018). The difference in relative stability has been attributed to the
difference in mean yield, and Knapp and van der Heijden (2018) have
argued that a greater amount of N fertilization can thus increase relative
stability in organic farming.

The main reason for varying stability between management systems
is that they react differently to yearly growing conditions, e.g. water
availability or pest and disease pressure. Thus, the ratio between the
yields of the management systems will also vary between years. Based
on the variation in yield ratio between years, we propose to use the
temporal variation of the yield ratio as an additional point of analysis of
temporal stability by correlating the yield ratio of each year to the yields
of the respective treatments in comparison.

Long-term trials with consistent treatments over time offer a valu-
able source for determining long-term effects of different management
systems on productivity, soil and the environment.

The DOK long-term trial was established in 1978 with the objective
of comparing different farming systems including bio-Dynamic, bio-
Organic, and “Konventionell” (DOK). However, it was not designed as a
pure static experiment with an orthogonal set of treatments, but rather
to dynamically reflect current agricultural practices as conducted in
Switzerland (Krause et al., 2020). In this regard, the fertilization in-
tensity of both organic systems is based on the number of livestock units
per area, while the fertilization intensity of the conventional system is
determined by Swiss official regulations. Besides the different farming
systems, two levels of fertilization (regular and half fertilization) were
established within each system, allowing for an additional assessment of
the effect of fertilization intensity. With now 45 years under practice, it
is the world longest-lasting experiment comparing organic and con-
ventional management, providing a unique dataset for analyzing
long-term effects (Mayer and Mader, 2016).

The objectives of this study were to investigate the effects of long-
term organic vs. conventional management and different fertilization
intensities on the mean yield, temporal yield development, and temporal
yield stability during the course of the DOK long-term trial. In addition,
we analyzed how mean yields, yield trends and stability were related to
the amount of applied nutrients.
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2. Material and methods
2.1. Description of the trial and measured parameters

The DOK long-term systems comparison trial is located in Therwil,
Switzerland (47° 30.158’N, 7° 32.347°E), 308 m above sea level.
Average yearly precipitation is 840 mm and the mean annual temper-
ature is 10.9 °C (climate norm 1991 - 2020, see also yearly values in
Fig. S11). The soil type is a haplic luvisol on deep deposits of alluvial
loess. It contains 12% sand, 72% silt, and 16% clay. Eight different
treatments corresponding to different management systems and fertil-
ization intensities were compared (see Table 1 for a detailed descrip-
tion). Within organic management, a biodynamic (BIODYN) system and
a bioorganic (BIOORG) system were established. Both systems represent
Swiss mixed farming systems with livestock, characterized by fertiliza-
tion through farmyard manure and slurry, and mechanical weed control.
Within conventional management, a mixed farming system combining
manure and mineral fertilization (CONFYM) and a system with only
mineral fertilization (CONMIN) were established. Both conventional
systems received chemical plant protection, i.e. herbicides, insecticides
and fungicides. The pesticides were continuously adapted to the
currently recommended preparations. The organic treatments received
also crop protection agents, mainly fungicides, insecticides and mol-
luscicides that are approved for use in organic farming, like copper and
bacillus thuringiensis preparations (Table 1, Table 2). The CONMIN
treatment was introduced in the second rotation period from 1985;
while in the first period, from 1978 to 1984, it was an unfertilized
control treatment with the same plant protection scheme as CONFYM2
(Table 1).

In general, all systems aimed to represent common Swiss agricultural
management systems with 1.4 livestock units (LU) per hectare (1.2 LU in
the first two rotation cycles) at regular fertilization. In particular, the
CONFYM system represented conventional management according to
Swiss integrated production (IP) standards. In the conventional systems
(CONFYM, CONMIN) the amount of mineral fertilizers were applied
according to Swiss fertilization guidelines (Richner and Sinaj, 2017). In
CONFYM, this meant an additional input to the nutrients already
applied via 1.4 LU/ha. In addition to treatments with regular fertiliza-
tion systems, BIODYN, BIOORG and CONFYM with half fertilization
levels were included. The organic fertilization was performed with
system specific manure types. All systems except CONMIN received a
liquid manure fraction (slurry) and a solid manure fraction in addition:
CONFYM received stacked farmyard manure, BIOORG rotted farmyard
manure and BIODYN composted farmyard manure prepared with
biodynamic preparations. Average applied nutrients per treatment are
given in Table 1 (details table S1), and average nutrient contents of the
applied organic fertilizers can be found in Table S3. Lastly, a NOFERT
treatment, without any fertilization but with the same plant protection
as BIODYN, served as control. Soil tillage, sowing and harvesting were
conducted similarly in all treatments. For more detailed information, see
Mader et al. (2002) and Mayer et al. (2015).

The experimental design can be described as split-strip-plot with four
replicate blocks (see Fig. S1). The main-plot factor corresponds to three
shifted crop rotations, where the crop rotation was shifted by one and
four years. The different rotations will be called fields here, in accor-
dance with common long-term experiment terminology. Within main-
plots, the horizontal factor is the system, with combined CONMIN and
NOFERT, and the vertical factor is the fertilization level.

One crop rotation cycle lasted seven years and was the same for all
treatments. To imitate common management practices in Switzerland,
the crops and crop rotations along with their management, were
adapted to current practice over the course of the experiment, while
changes always occurred after the completion of one crop rotation cycle
(Table S2). In the last three cycles the crops remained constant —
although changing in order - and in the last cycle the crop rotation was
silage maize, soybean, winter wheat, potato, winter wheat, and two
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Table 1
Management of the DOK trial. Details of fertilization shows Table S1.
System group Organic Conventional Unfertilized
System Biodynamic Bioorganic Mixed Mineral
Fertilization level Half Regular Half Regular Half Regular Regular None
Abbreviation BIODYN1 BIODYN2 BIOORG1 BIOORG2 CONFYM1 CONFYM2 CONMIN2" NOFERT
Average of yearly applied Total N” 48 95 48 96 86 171 121 0
nutrients (kg/ha) Mineral N 13 26 15 30 57 113 121 0
P 12 24 12 24 19 37 38 0
K 89 179 92 184 123 248 246 0
Organic matter 957 1911 1016 2032 1157 2314 0 0
Farmyard manure & slurry Manure compost, slurry Rotted manure, slurry Manure, slurry None None
Mineral fertilization none Rock powder, Potassium  Additional NPK Only NPK (as None
sulfate with magnesium (as recommended) recommended)
Plant protection Weed Mechanical Mechanical and chemical Mechanical
control
Disease None Copper for potatoes Chemical, according to thresholds None
control
Pest control Plant extracts and antagonists Chemical, according to thresholds Plant extracts
Additional treatments Biodynamic — Plant growth regulators® Biodynamic
preparations preparations

# The CONMIN2 treatment was established in 1985 with the start of the second crop rotation cycle. In the first crop rotation cycle from 1978 to 1984 it was an

unfertilized control treatment with the same plant protection scheme as CONFYM2.

b Atmospheric N deposition was around 20 kg N/ha/year (Seitler et al., 2016), and not included in the N inputs. Data are available from 1990. Amounts were

constant over time. Inputs from symbiotic N, fixation are not considered.

¢ Plant growth regulators are used to regulate straw height and strength of cereals by targeting the plant hormonal system.

Table 2
Applied amounts of pesticide active agents (average per year) over six crop
rotation periods.

BIODYN BIOORG CONFYM CONMIN

kg/ha/year
Fungicide 0.31 1.25 1.28
Herbicide 1.32 1.05
Insecticide 0.06 0.05 0.15 0.09
Molluscicide 0.05 0.05 0.09 0.10
Seed dressing 0.01 0.01
Growth regulator 0.13 0.11
Pesticides total 0.11 0.41 2.95 2.64

years of grass-clover (see Table S2 for all crop rotation cycles). The
varieties of the different crops also changed over the duration of the
experiment to parallel common practice and to deal with possible
breakdowns of resistances (Table S8). Varieties were always the same
for all treatments (Table S8). The plot size was 100 m* (20 m x 5 m,
Fig. S1).

Crop yield was determined by harvesting a central strip with a width
of 1.5 m and 10 m length. Cereal straw was generally removed from the
field. Crops residues from soybean, potatoes, cabbage and beetroots
were left in the field. Yields will be reported here as dry matter weight.
Samples of all applied farmyard manure and slurry were analyzed for
total N (TotN), mineral N (MinN), phosphorus (P), potassium (K), cal-
cium (Ca), magnesium (Mg), and organic matter (OM) content, ac-
cording to Swiss analytical reference methods (Agroscope, 2023). The
ammonium-N fraction of farmyard manure and slurry was determined
by alkalinization and steam distillation (Agroscope, 2023). The
nitrate-N fraction in solid farmyard manure was determined by CaCly
extraction and further ICP-OES measurement (Agroscope, 2023). The
respective nutrient contents of the applied mineral products were taken
from the product descriptions.

2.2. Statistical analysis

2.2.1. Data pre-treatment and quality check
To remove carry over effects from the management until 1977 before
the start of the experiment and because CONMIN2 was introduced in the

second rotation cycle, we removed the first rotation cycle from the
dataset. For grass-clover, there were three years of continuous grass-
clover in the third rotation cycle, while in all other cycles there were
only two years. As the yield of the third year in the third rotation cycle
was between 30% and 50% lower than the first year (compared to a
reduction of 9-18% in the second year compared to the first year), yield
observations from the third year were completely removed. Due to the
shifted crop rotation between fields, in some years the same crop was
grown on two fields in parallel. Thus, we used the combination of field x
year in the analysis. Although other crops were grown during the
experiment, we only investigated the crops winter wheat, potatoes,
grass-clover, maize, and soybean, in order to have a sufficient number of
field x year combinations to produce reliable estimates. To check the
quality of the data, we conducted a linear model analysis with the fac-
tors replicate block and treatment for each field x year combination. We
assessed normal distribution of the residuals using the Kolomogorov-
Smirnov (KS) test, the coefficient of variation (CV) as the square root
of the residual error variance divided by the overall mean, and the
significance of the treatment effect by ANOVA. The KS test was never
significant, the CV was below 9%, and treatment effect was significant
(F-Test, P < 0.05) for all field x year combinations. Thus, no further
observations were removed.

2.2.2. Testing correlation structure

Since in long-term experiments plots are sampled every year, ob-
servations could thus be correlated between years (Richter and Kro-
schewski, 2006). To test if such correlation structures are present, we
first compared different models that take this correlation structure into
account and tested if residuals from a randomized complete block (RCB)
model (block and treatment effect) within each year were correlated
across years (see Supplementary Method 1 for the detailed description of
this analysis and also the results in the supplemental material). This
analysis showed that estimates, standard errors and pairwise differences
only marginally differed between models. Taking account of correlation
structures and an analysis on simple field x year means not correcting for
such a correlation structure (Table S6). Furthermore, residuals of the
different years were not correlated, and the correlations of residuals did
not decrease over time (Fig. S3), which has also been found by Richter
and Kroschewski (2006). Based on these results, we therefore did not
consider it necessary to correct for possible autocorrelation in the
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analysis. As some models did not converge when analyzing data on the
plot level, and because there were no missing data in the dataset, we
conducted all analyses on treatment by field x year combination means,
i.e. means over replicate blocks. In cases where models on the plot level
converged, we compared statistics to models on the mean level, and
found no differences in statistical outcomes (standard errors and pair-
wise differences).

2.2.3. Mean yield and yield development

All statistical analyses were conducted in R (R Core Team, 2014) and
mixed models were fitted using the R-packages Ime4 (Bates et al., 2015)
and sommer (Covarrubias-Pazaran, 2016). We estimated treatment
means and the yield development for the eight different treatments with
the following model for each crop separately:

YIELD ~T + Yn + T:Yn + EY + F:Y:T (€D}

where YIELD is the mean yield over replicates per treatment and per
field x year combination (see before) and per crop, T stands for treat-
ment, F for field, Yn for year used as numeric, Y for year used as factor,
underlines indicate the random effects, italics the residuals, and a colon
(:) an interaction. The model was run for each crop separately. We did
not include a field main effect, as the field effect is confounded with the
year effect due to the shifted rotations across fields. The combined effect
of year and field was necessary, as in some years the same crop occurred
on two fields due to appearing twice in the crop rotation (winter wheat)
or due to double cropping (grass-clover). Estimated marginal means,
coefficients for temporal trends, and linear contrasts were computed
with the R-package emmeans (Lenth, 2018). For the calculation of linear
contrasts, the NOFERT treatment was excluded, because it was not part
of any contrast. A letter display indicating significance of multiple
pairwise differences (¢ = 0.05) for means and trends, based on the
suggested algorithm by Piepho (2004), was produced with the R-pack-
age multcomp (Hothorn et al., 2008). As preceding crops have changed
during the course of the experiment, yield trends were analyzed in
winter wheat only after potatoes (14 field x year combinations and
during the whole experiment) and in potatoes after grass-clover (9 field
x year combinations in cycles 2-4), to avoid any effects from changes in
preceding crops on the estimated yield trends.

2.2.4. Relation to applied nutrients

To investigate any relation between the average amount of applied
nutrients over all crops (as shown in Table 1) and the mean yield per
treatment, we compared a linear (y = a + bx) and a square root
regression model (y = a + bx + cx®®), which has been found to fit well
for fertilization-yield relationships (Bélanger et al., 2000). The model
returning the greater adjusted R?> was chosen. In this analysis, we
excluded the NOFERT treatment to avoid an overestimate of the fit
statistic, as NOFERT is very distant to the other treatments, and because
we were more interested in the differences between the fertilized
treatments occurring in practice.

2.2.5. Yield stability

Although absolute stability can equivalently be assessed by standard
deviation or variance (as variance is the square root of the standard
deviation), we used the variance here, as we aimed to calculate standard
errors (SE) and significances of pairwise comparisons (Ahn and Fessler,
2003). As a probable temporal trend could lead to an increased estimate
of the variance, we estimated the variance to measure absolute stability
with the following mixed model:

YIELD ~ T + Yn + T: Yn + VS(T,F:Y) 2)

which resembles model (1), except that the field-year effect (F:Y) and
the residuals (F:Y:T), which represent the treatment by field-year
interaction, are replaced by VS(T,F:Y), which symbolize a diagonal
variance matrix with the diagonal elements being the absolute stability
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variances of the treatments (Piepho, 1999). Standard errors were used as
reported by the R-package sommer (Covarrubias-Pazaran, 2016). Sig-
nificances of pairwise comparisons of variances were calculated by an
F-Test with n-2 degrees of freedom (df), where n is the number of field x
year combinations, and 2 df were subtracted, because in the calculation
of the variance a mean and a slope were estimated. Pairwise compari-
sons were turned into a letter display using the same approach as for
means and trends.

Relative stability was assessed with the coefficient of variation (CV),
which is the standard deviation divided by the mean. Here, the CV to
measure relative stability was calculated by dividing the square root of
the estimated variances from model (2) by the estimated means from

) 05
model (1). SEs were calculated as (CZLH # (1+2%CV?) ) , where n was

the number field x year combinations (Rao et al., 1966). Pairwise
comparisons were calculated using the asymptotic test by Feltz and
Miller (1996), and subsequently turned into a letter display as for means.

To compare effects of treatment groups, e.g. organic vs. conventional
management, linear contrasts of variances and CV were computed by
fitting two models where treatment codings were modified before model
fitting. For the first model (null model), treatments to be compared
formed one group and treatments not in the comparison formed the
second group, i.e. two variances were estimated. For the second model
(contrast model), treatments to be compared were coded into two
groups following the respective contrast, and treatments not in the
comparison then formed the third group, i.e. three variances were
estimated. Model (2) was fit for both the null and the contrast model,
and twice the difference in log likelihood of both models was tested with
a y2-test with one degree of freedom. Ratios were calculated from the
estimated variances in the contrast model and 95% confidence intervals
(CI) around the ratio were constructed based on an F-distribution with
the total number of field x year combinations of each of the treatment
groups of the respective contrast as degrees of freedom. For the CV,
observed mean yields were first divided by each treatment’s overall
mean yield, and the square root of the ratios and CI is reported. Simi-
larly, to the linear contrasts on means and trends, the NOFERT was
omitted for this linear contrast.

To check any relation between the variance and the mean as stated
by the Taylor-Power-Law (Doring et al., 2015), we regressed the natural
log of the variance on the log of the mean. However, we did not find this
predicted relationship in any of the investigated crops (Fig. S9).

As an additional analysis of stability, we investigated whether an
increased yield ratio between the organic and conventional systems in
certain years is due to a poorer performance of the organic systems or a
better performance of the conventional systems. Using only the obser-
vations from regular fertilization, we first calculated the mean yield of
both organic systems (BIODYN2 and BIOORG2) and the mean yield of
both conventional systems (CONFYM2 and CONMIN2) for each year and
each crop. To test the relation of the yield ratio both organic and con-
ventional management on the performance of either system, we
regressed the yield ratios of the different years (conventional divided by
organic) on the organic mean yields and the conventional mean yields
over years, and for each crop separately.

3. Results
3.1. Mean yield

The conventional systems CONFYM and CONMIN showed signifi-
cantly higher yields than the organic systems BIOORG and BIODYN for
all crops except soybeans, and the yield difference was consistent at both
fertilization levels (Fig. 1 and Fig. 2). However, the yield difference
between organic and conventional systems varied substantially between
crops. Under regular fertilization, the highest yield difference was
observed for potatoes with the organic systems reaching 66% [95% CI:
63%— 69%] of the conventional yield under regular fertilization,
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Fig. 1. Treatment means for all treatments and investigated crops. Error bars represent the standard error of the mean; n indicates the number of field x year
combinations used for the calculation of the mean yields. Treatments that do not carry the same letters are significantly different at P < 0.05.
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Mean yield ratio

followed by wheat (79% [77%—81%]), maize (87% [84%—91%]), and
grass-clover (90% [88%—92%]). The conventional treatment with half
fertilization (CONFYM1) had significantly higher (potatoes, wheat) or
equivalent (maize, grass clover, soybean) yields than regularly fertilized
organic treatments (BIODYN2 and BIOORG2).

The treatments with half fertilization showed a significant reduction
in yield across all crops compared with their corresponding treatments
with regular fertilization (Fig. 1). Interestingly, this yield reduction was
of equal magnitude within organic and within conventional manage-
ment (Fig. 2). However, the reduction in yield through half fertilization
was different between crops. While for all crops except potatoes, yields
under reduced fertilization were around 90% of the yields under regular
fertilization under both conventional and organic management; in po-
tatoes, the yield under reduced fertilization was 84% [78%— 91%] of
yield under regular fertilization in the CONFYM system and 79%
[73-86%] in the organic systems. While the unfertilized treatment
(NOFERT) achieved around 50% of the yield of the regularly fertilized
conventional treatments in winter wheat, grass-clover and maize, in
potatoes it was only 18% and in soybean 64%.

Mean yield ratio

No significant yield differences were observed, within the organic
(BIOORG vs. BIODYN) and conventional (CONFYM vs. CONMIN) sys-
tems, in all crops and at both fertilization levels except in potatoes and
grass-clover (Fig. 1). In potatoes, BIODYN showed lower yields than the
BIOORG at both fertilization levels (BIODYN: 79% [70%—90%] of
BIOORG at half fertilization and 85% [77%—95%] reduction at regular
fertilization). In grass-clover, yields of CONMIN2 were 91% [89%—
94%] of CONFYM2.

To test whether the observed yields were related to the average
amounts of applied nutrients, we compared a linear and a square root
function excluding NOFERT. For mineral N, a square root function
showed a greater adjusted R? than a linear function for all crops except
for soybean (Table 3). For all other nutrients, a linear function did fit
better for all crops except for soybean. The average amount of applied
mineral N showed a considerably higher relation to mean yields in
winter wheat and potatoes with R%0f0.96"" and 0.95"" respectively
than other nutrients (Table 3 and Fig. 3). Interestingly, in grass-clover
total nitrogen showed a better relationship than mineral N (R? of 0.95
versus 0.80) and a square root function did fit better than a linear
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Table 3

Regression of mean yield of the treatments on the average amounts of applied
nutrients over all crops and over the whole course of the experiment. Displayed
values are adjusted R% A linear (1) and a square root (r) regression function
excluding the NOFERT treatment (n = 7) was compared, and the better fit was
chosen by adjusted R? (indicated in parentheses). For abbreviations of nutrients,
see Table 1.

Crop TotN MinN P K Ca Mg

Winter wheat 0.65() 096(@) 0651 0520 0301 0390
Potatoes 0.68 (1) 0.95 (1) 0.69 () 0.57 (D 0.18(1) 0.34 (D
Grass-clover 095() 080( 0781 0741 0351 0.58()
Maize 084() 089 090 @M 0811 0631 0750
Soybean 0.69(r) 0.08() 0.82(r) 090 (@) 0.66() 0.84()

function. In maize, all nutrients except Ca showed a relation to the mean
yield. Soybean showed a very different pattern than all other crops:
While the amount of applied mineral N was not related to yield, P, K, and
Mg showed the strongest relationship. However, for the interpretation of
the observed correlations, it has to be noted that due to the design of the
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experiment, applied nutrients were highly correlated between each
other (Tables 1 and S4).

3.2. Yield development

The overall trends were positive for all treatments in winter wheat,
potatoes, and soybean, but negative in grass-clover and maize (Fig. 4).
As the preceding crops of winter wheat and potatoes changed during the
experiment, we additionally analyzed wheat that followed potatoes and
potatoes that followed grass-clover. In winter wheat after potatoes, the
observed trends were overall slightly lower but correlated to the esti-
mated trends using all preceding crops (r = 0.94 **, omitting NOFERT).
In potatoes after grass-clover, estimated trends were negative for all
treatments and the order of treatments was different compared to po-
tatoes using all preceding crops (r = —0.37 ns, omitting NOFERT). Only
CONFYM2 in winter wheat showed a significant increase, and NOFERT
and BIODYNI in grass-clover a significant decrease. The treatment with
the strongest increase in yield was CONFYM2 in winter wheat and po-
tatoes, and CONMIN2 in grass-clover and maize. While in all crops

Winter wheat 12 Potatoes 15 Grass—clover Maize K Soybean
- - 20 31
: NI Te * o Dpder P2 ot R
34-D8D16 % 104D 154 81 2'm
g , NO 61 (@1 NO 10 4NO
D | -sPp|+SPP 3PP |+ SPP 51 -spp|+SpPP 5] -SPP|+SPP 14 -SPP(+SPP
;0. R2= 0.96 *** 0 R2—095*** 0 R2—080* 0 R2—089** 0 Rz = 0.07

0 50 100 0 50 1 OO 0 50 1 00 0 50 1 00 0 50 100

Average of applied mineral N (kg/ha)

Fig. 3. Regression of the mean yield of the treatments on the average amounts of applied mineral N through a square root function. R? indicates adjusted R>. NOFERT
(NO) was excluded for the regression fit to avoid an overestimation of the fit statistic (R?), but included in the plot for comparison. The grey area around the
regression line represents the 95% prediction CI of the regression. O: BIODYN, D: BIODYN, K: CONFYM, M: CONMIN; 2: regular, 1: half fertilisation. -SPP and +SPP

indicates the treatments without and with, respectively, synthetic plant protection.

; Winter wheat after Potatoes after
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Fig. 4. Estimated yield trends per crop and treatment. As preceding crops have changed during the experiment, the yield trends were additionally analyzed in winter
wheat only after potatoes and in potatoes only after grass-clover. Values greater than zero denote yield increase, and smaller than zero yield decrease. n indicates the
number of field x year combinations, and period shows the number of years between first and last year of observations. Error bars indicate the 95% confidence
interval of the estimated trend and trends are significantly different from zero at P < 0.05 if error bars do not overlap zero. Treatments that do not carry the same

letters are significantly different at P < 0.05.
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except soybean the organic treatments ranked between NOFERT and the
conventional treatments, they showed a greater yield increase than the
conventional treatments in soybean. A similar yield change was
observed between potatoes and grass-clover (Spearman rank
r = 0.68 ns, and r < 0.36 for all other pairs), and the trends in soybean
were negatively correlated to all other crops (Table S5).

To test any differences in yield trends between treatment groups, i.e.
between organic and conventional management and between half and
full fertilization, we calculated linear contrasts (Table 4). Between
organic and conventional management, the most significant difference
was observed in winter wheat with organic treatments showing a
smaller increase (P = 0.07). Winter wheat after all preceding crops
increased stronger at full vs. half fertilization (P = 0.1). This effect was
pronounced when analyzing only winter wheat after potatoes (P = 0.05)
where yield at half fertilization resulted in a decrease. In grass-clover,
half fertilization showed a significantly stronger decrease in yield.
Interestingly, we found significant differences between the BIODYN and
BIOORG treatments: in winter wheat, the yields of the BIODYN treat-
ments increased significantly more than the BIOORG treatments
(P = 0.01), while this was reversed in grass-clover, but also significant
(P =0.03).

As applied rates of fertilizer were not constant during the experiment
(particularly in the conventional treatments in winter wheat, see

Table 4

Linear contrasts of yield trends for organic vs. conventional (BIODYN1, BIO-
ORG1, BIODYN2, BIOORG2 vs. CONFYM1, CONFYM2), half vs. regular fertil-
ization (BIODYN1, BIOORG1, CONFYM1 vs. BIODYN2, BIOORG2, CONFYM2),
and BIODYN vs. BIOORG (BIODYN1, BIODYN2 vs. BIOORG1, BIOORG2). Ab
denotes the difference in slopes between the compared groups, SE the standard
error, and P the significance level of Ab being different from zero. Bold P-values
indicate P < 0.1, * and * * indicate P < 0.05 and P < 0.01, respectively. For
comparison, the mean trends of the compared groups are shown (b; and by).

Crop Contrast (group 1 - group 2) Group 1 Group 2
Ab SE P b, ba
= by-
by
(kg/ha/year) (kg/ha/year)
Organic vs. conventional Organic Conventional
Winter wheat -11.9 6.5 0.07 10.5 22.4
Winter wheat -6.7 6.9 0.33 0.4 7.1
after
potatoes
Potatoes -4.9 21.7  0.82 34.7 39.6
Potatoes after 45.6 62.6  0.47 -113.1 -158.7
grass-clover
Grass-clover 6.2 12.6  0.63 -43.7 -49.9
Maize -48.1 62.4  0.44 -213.8 -165.6
Soybean 7.3 11.6  0.53 18.6 11.3
Half vs. regular fertilization Half Regular
Winter wheat -10.1 6.2 0.10 9.4 19.5
Winter wheat -12.9 6.5 0.05 -3.8 9.1
after
potatoes
Potatoes -12.5 20.4 0.54 30.1 42.6
Potatoes after 61.2 59.0 0.31 -97.7 -158.9
grass-clover
Grass-clover -25.4 11.9 0.03 * -58.5 -33.0
Maize 9.9 589 0.87 -192.8 -202.7
Soybean 1.7 109 0.87 17.1 15.3
BIODYN vs. BIOORG BIODYN BIOORG
Winter wheat 18.9 7.5 0.01 19.9 1.0
Winter wheat 23.8 8.0 <0.01 ** 123 -11.5
after
potatoes
Potatoes -11.1 25.0 0.66 29.1 40.2
Potatoes after -5.2 72.3  0.94 -115.7 -110.5
grass-clover
Grass-clover -32.8 146 0.03 -60.1 -27.3
Maize 10.1 721  0.89 -208.7 -218.9
Soybean 4.5 13.3  0.74 20.9 16.4
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Fig. S2), we also regressed the estimated yield trends on the change of
mineral N per year. However, there were never any significant re-
lationships (Fig. S4).

3.3. Yield stability

To identify the effects of conventional vs. organic management and
of the fertilization levels, we calculated linear contrasts of the stability
measures (Fig. 5, see Fig. S8 for the estimates per treatment). As for the
stability measures smaller values indicate less variation and thus better
stability, we will use the term “more stable” for lower values. In the
comparison of the stability of conventional vs. organic farming, we
found no significant differences in absolute stability, as estimated by the
variance, for all investigated crops. However, relative stability, as esti-
mated by the CV, was significantly more stable in conventional man-
agement in all crops except soybean. In winter wheat and grass-clover,
the CV of organic management was around 34% higher, and in potatoes
and maize about 65% higher, than that of conventional management,
indicating a better stability for conventional management.

When comparing the two fertilization levels, half fertilization
showed to be more stable in absolute stability in all crops except soy-
bean, although never significantly. Interestingly, relative stability was
very similar between half and regular fertilization for all crops.

As relative stability is measured by the CV, and can thus be influ-
enced by the mean yield, we assessed the relation between relative
stability and the mean yield through correlation analysis (Fig. 6). There
was a negative relationship between both measures in all crops. In
winter wheat, potatoes, and grass-clover, we furthermore observed a
grouping with all organic treatments showing a lower mean yield and
lower relative stability (indicated by a greater value, as lower numbers
express enhanced stability), and conventional treatments showing a
higher yield and better relative stability.

As we have found that the yield ratio between organic and conven-
tional management at regular fertilization varied substantially between
years (see variation on x-axes values in Fig. 7), we tested whether an
increased yield difference between organic and conventional manage-
ment was due to better performance of the conventional treatments or
worse performance of the organic treatment through correlation anal-
ysis (Fig. 7). For all investigated crops except soybean, the yield ratio
was significantly correlated to the mean yield of the organic treatments
(P < 0.01 for potatoes and P < 0.001 for winter wheat, grass-clover, and
maize), but not to the mean yield of the conventional treatments. Thus,
in these crops the increased yield difference (as indicated by a smaller
yield ratio) was always due to lower yields of the organic treatments. In
contrast, in soybean, the yield ratio was significantly correlated to the
mean yield of the conventional treatments (P < 0.001), but not to the
mean yield of the organic treatments (P > 0.05).

4. Discussion

We investigated mean yield, temporal yield development, and tem-
poral yield stability of long-term organic vs. conventional management
and different fertilization intensities. Mean yields reflected the overall
observations of organic vs. conventional yield gaps with 10-30% lower
organic yields and, as expected, relative yield stability over time was
lower in organic management. However, surprisingly yield development
showed only small differences between managements systems but was
different among crop types. It increased significantly for winter wheat,
potatoes and soybeans, but decreased for grass-clover and maize. The
comparison of full vs. half fertilization intensity revealed a strong yield
dependence of nitrogen fertilization whereas crop protection deter-
mined mainly yield stability.

4.1. Mean Yyield

The organic-conventional yield gap has been intensely studied in the
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Organic vs. conventional management
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Fig. 5. Contrasts of absolute (left) and relative
(right) stability comparing organic vs. conven-
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Fig. 6. Relation of relative stability (CV) and mean yield per treatment. Low

er numbers of relative stability express better stability. r is the Pearson correlation

coefficient, * and * * indicate significance at P < 0.05, and P < 0.01, respectively. NOFERT has been omitted, as it is distant to other treatments and could thus lead

to overestimation of the correlation.

last decade (de Ponti et al., 2012; Seufert et al., 2012; Ponisio et al.,
2015). In these studies, organic management reached average yields
between 75% and 81% of conventional depending on region and crop
type. The DOK results represent very well the observations made in the
meta-analyses with 85% of conventional yields across investigated crops
and both fertilization levels. In line with the meta-analyses, the highest
yield gap was observed in non-legumes, mainly in potatoes with 66%
and winter wheat with 79% of conventional yields at regular fertiliza-
tion (Fig. 2). Organic winter wheat yields in variety testing trials in
Switzerland were 62% and 77% of conventional management with high
and low inputs, respectively (Herrera et al., 2020). The Swiss on-farm
yield gap is also within this range, with 70% for winter wheat and
63% for potatoes (Rudmann and Willer, 2005). However, in high
yielding regions like Germany, the on-farm yield difference in cereals

and potatoes was found to be around 50% (BLE, 2018; Hiilsbergen et al.,
2022). The differences in the yield gap are due to management re-
strictions in organic farming and the intensification level of conven-
tional systems (de Ponti et al., 2012; Doring and Neuhoff, 2021).
Compared to other European countries, Swiss conventional cropping
systems, in particular the wide-spread integrated production systems,
are restricted in fertilizer amounts and pesticide use (Richner and Sinaj,
2017), which results in a relatively smaller yield gap compared to e.g.
Germany. However, as organic farming relies on biological nitrogen
fixation and fodder production for animals in the case of manure
fertilization, organic yields of non-legume crops will be limited by N
availability and the area for legume cropping and fodder production
should also be taken into account when calculating the organic to con-
ventional yield gap (Connor, 2018; Doring and Neuhoff, 2021). On the
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Fig. 7. Relation of yield ratio between organic and conventional management to the mean yield (organic: BIOORG2 and BIODYNZ2, conventional: CONFYM2 and
CONMINZ2) of organic treatments (green dots and solid line) and conventional treatments (red triangles and dashed line), respectively. One dot represents one year x
field combination and r indicates the Pearson correlation coefficient. * * and * ** indicate significance at P < 0.01, and P < 0.001, respectively.

other hand, legumes, which do not depend on external N sources,
reached comparable yields in soybean (100% of conventional) and were
only slightly reduced in grass-clover (90% of the conventional) in the
DOK trial. When comparing overall productivity, it also needs to be
noted that the crop rotation in the DOK trial was similar in all systems. In
practical farming, crop rotations often differ between organic and con-
ventional systems, e.g. grass-clover is not very common in conventional
rotations. However, in Switzerland, grass-clover is very common in
conventional mixed-cropping farms to provide a fodder base for dairy
cattle.

Regressing the mean yields on applied nutrients revealed that yields
of winter wheat and potatoes were best related to the average amounts
of applied mineral N, as assessed by R2 (Table 3, Fig. 3). It is important to
note that the design of the treatments was rather to reflect common
agricultural practices than to identify limiting nutrients. Therefore,
applied nutrients were highly correlated between each other (Table S4).
Nonetheless, mineral N was considerably better related to yields in
winter wheat and potatoes than other nutrients. This strong relation
suggests that the amount of applied mineral N is the primary reason for
the observed yields in these species (Finckh et al., 2006; Seufert et al.,
2012; Ponisio et al., 2015; Mayer et al., 2015). Available soil nutrients
decreased largely for P in all treatments and for K in NOFERT, BIOORG1,
BIODYN1 and CONFYM1 (Table S7). However, up to the end of the
study period in 2019 yield limitations were observed only for K in
NOFERT. Initial soil available P contents were very high in the DOK and
did not lead to any detectable limitation during 40 years (Gunst et al.,
2013; Hammelehle et al., 2018).

Mineral fertilizers allow a better in season distribution and thus
improve the synchronization between N fertilizer supply and crop N
demand. The yield gap between CONFYM1 and BIOORG2 / BIODYN2
clearly demonstrated these limitations of organic systems here: CON-
FYM1 received less total N amounts (and other nutrients), but more
mineral N fertilizers (Table 1) and reached 18% and 29% higher yields
in wheat and potatoes, respectively (Fig. 1, Fig. 3). Furthermore, in
organic potatoes, the control of Phytophtora infestans, Alternaria solani,
and the Colorado potato beetle (Leptinotarsa decemlineata) is challenging
and limits yields (Finckh et al., 2006; Moller et al., 2007; Kiihne et al.,
2008; Runno-Paurson et al., 2014). An evaluation of yield drivers in
organic potato management in Northeast England supports these find-
ings and shows the strong impact of N supply on organic potato yields,
which contributed more than limited crop protection (Palmer et al.,
2013). Although BIODYN and BIOORG systems differ in the form of solid
manures applied (manure compost vs slightly rotted manure) and
additional biodynamic preparations in BIODYN, we could not detect any
yield differences between these two management practices, except in
potatoes. The higher yields of potatoes in BIOORG can be explained by
the application of copper fungicides to control Phytophtora infestans. This
is supported by the fact that in five years where no copper was applied to
BIOORG no significant yield difference was observed (P = 0.93), while

in the remaining ten years BIODYN yields were significantly reduced by
20% (P = 0.001, see Fig. S7). Bilsborrow et al. (2013) analyzed the yield
effects of organic vs. conventional fertilization management and crop
protection in winter wheat and found both measures to be of equal
magnitude, but disease control also interacts with N fertilization,
resulting in stronger effects of N fertilization under disease control
(Berry et al., 2010). The yield gap between CONFYM1 and BIO-
DYN2/BIOORG2, with different amounts of N forms and crop protection
(Table 1) supports this strong combined effect.

In maize, clover-grass and soybean organic systems achieved yield
levels higher than 87% of conventional (Fig. 1), which underlines a
smaller dependence on external fertilizer N, and a higher relevance of
other nutrients namely phosphorous and potassium. A first potassium
limitation in the DOK trial has been previously observed in grass-clover
(Oberson et al., 2013; Hammelehle et al., 2018). Surprisingly, half
compared to regular fertilization reduced yields by only 10% over all
treatments (Fig. 2) and this reduction was similar under organic and
conventional management. Mayer et al. (2015) found for winter wheat
in the DOK that the doubling of the N application from half to regular
fertilization increased wheat yields in average by only 16%. They
explained this observation by long-term integrating system effects such
as soil nutrient availability, other soil fertility factors and large N inputs
by legumes as part of the crop rotation (Oberson et al., 2007, 2013;
Hammelehle et al., 2018).

4.2. Yield development

To evaluate the long-term effects of the cropping systems on yield,
we regressed yields on the year. Overall, the estimated yield trends
hardly differed significantly from zero (Fig. 4). The absence of signifi-
cant effects might partly be due to the great variations in yield across
years (see also Fig. S5), which are common in yield observations. It leads
to rather high standard errors of the estimates, which in turn lowers the
ability to find significant increases or decreases in yield.

Conventional winter wheat yields showed an overall positive yield
trend. This was also true when only considering wheat following po-
tatoes, to avoid any effects from changing preceding crops. The mean
trend of the regularly fertilized conventional treatments with potatoes as
preceding crop was 15 kg/ha/year. As winter wheat varieties were
changing during the experiment (6 different varieties from cycle 2), the
increase in yield over time might have been due genetic breeding
progress. However, the trend is considerably smaller than the estimate
from Laidig et al. (2014) of 70 kg/ha/year as observed in German va-
riety trials from 1983 to 2012 or of even 110 kg/ha/year from Rue-
da-Ayala et al. (2018) as observed from 1953 to 2009 in a long-term trial
in Germany. On the other hand, the small estimate and its
non-significance is in agreement with the fact that conventional on-farm
yields of winter wheat in Switzerland are stagnating since around 1990
(Erdin, 2018; Herrera et al., 2020). The same observation was noticed in
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potatoes, where Erdin (2018) observed a stagnation of conventional
on-farm yields since 1990. Beside genetic improvements a second factor
of the observed increase might be an increase in fertilization level during
the experiment, particularly in winter wheat in the conventional treat-
ments, although there was no significant relationship between the esti-
mated trends and the increase in applied mineral N (Fig. S4). Mean
annual temperature increased by around 1.5 °C during the experiment
duration, while precipitation remained constant and global radiation
increased slightly during the experiment duration (Fig. S11). While
warmer temperature is often predicted to reduce lower wheat yields,
increased global radiation and CO; levels can lead to increased wheat
yields (Asseng et al., 2015; Holzkamper et al., 2014).

The analysis of differences between groups of treatments in winter
wheat revealed three significant contrasts: (1) conventional manage-
ment (CONFYM and CONMIN) showed a more positive trend than
organic management, (2) regular fertilization showed a more positive
trend than half fertilization, and (3) BIODYN treatments showed a more
positive trend than BIOORG treatments (Table 4). While the first two
might be related to the overall fertilization intensity, the latter appears
more difficult to interpret. The major differences in applied nutrients
between BIOORG and BIODYN were considerably higher rates of
applied Ca in BIODYN (104 kg/ha/year in BIOORG vs 160 kg/ha/year
in BIODYN, Table 1) and rotted manure in BIOORG vs. composted
manure in BIODYN (2032 kg/ha/year OM vs 1911 kg/ha/year,
respectively). The higher Ca rate is mainly due to the origin of the
BIODYN compost from a farm on a more calcareous soil and thus higher
external inputs of CaCOs. In combination with similar inputs of stabi-
lized composted OM in BIODYN (94% of BIOORG), soils had a sub-
stantially higher Ca content which resulted in increasing trends of soil
pH value (Fig. S10) and soil organic carbon content (Leifeld et al., 2009),
as well as a higher aggregate stability (Mader et al., 2002). A combi-
nation of these factors might have led to higher mineral soil N contents
in spring in BIODYN vs BIOORG and indicate the build-up of a higher N
mineralization potential in BIODYN. That might explain a shift from
lower to higher wheat yields in BIODYN than in BIOORG over time (data
not shown).

When analyzing only potatoes succeeding grass-clover, the yields
were decreasing considerably in all regularly fertilized treatments
(Fig. 4). While we have no data on the occurrence, this overall decrease
might have been due to wireworm (Agriotes spp.) infestation, which is
particularly increased when potatoes are grown after grass-clover
(Parker and Howard, 2001). In addition, the high proportion of ce-
reals and grass-clover (5 out of 7 fields) provide advantageous condi-
tions for wireworm development. The overall positive yield trend, when
analyzing potatoes after all preceding crops, was due to the effect of
soybean as preceding crop in cycle 5, which resulted in higher yields in
all crops (Fig. S6), and thus representing a recovery from depressed
yields due to the wireworm infestation.

The yield of grass-clover was decreasing in all treatments over time
(Fig. 4). As grass-clover was always grown after cereals during the whole
experiment, any effect on the trend estimates from changing preceding
crops can be excluded. However, in the contrast analysis we found that
half fertilization resulted in a stronger decrease than regular fertilization
and that BIODYN yields decreased more than BIOORG yields (Table 4).
We speculate that this overall decrease in yield might have been due to
limitation of sulphur (S) application, as clover has been shown to react
strongly to S application, which alters the plant composition and thus
reduces N fixation through clover, resulting in a reduction of yield
(Walker and Adams, 1958; Tallec et al., 2008). The slightly stronger
decrease in yield of CONFYM2 than of CONMIN2, might have been due
to CONMIN2 receiving consistently sulphur containing fertilizers. The
stronger yield decrease in BIODYN than in BIOORG could have been due
to BIOORG receiving occasional applications of potassium sulfate in
cycles 3-5 with around 40 kg S/ha per application. Sulphur fertilization
has not been considered necessary up to the 1990 s as S was deposited in
sufficient amounts due to high S emissions from burning of coal and
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fossil fuels. However, following restrictions on S emissions and technical
inventions, S emissions were significantly reduced to less than 1/6 of the
emissions in1980 (BAFU, 2020), which in turn led to a strong decrease of
deposition rates (Stern, 2005). It is by now widely accepted that current
S depositions are insufficient to maintain crop yields, and S fertilization
is recommended (Webb et al., 2016).

4.3. Yield stability

In the comparison of organic vs. conventional management, we
found no difference in absolute stability (as measured by the variance).
However, conventional management was more stable in relative sta-
bility (as measured by the coefficient of variation), which sets absolute
stability in relation to the yield level (Fig. 2). The finding of similar
absolute stability but different relative stability is in agreement with the
meta-analysis of Knapp and van der Heijden (2018) and Smith et al.
(2019). Both studies argue that increased N fertilization can help to
improve relative stability of organic management through increased
yields. However, we found no significant difference in relative stability
between half and regular fertilization. While the overall difference in
relative stability between organic and conventional managements can
be attributed to differences in mean yield (Fig. 6), the difference in mean
yield due to higher fertilization did not result in a difference in relative
stability. As in the discussion on mean yield, it is difficult to disentangle
the effects of plant nutrition and plant protection on stability as intensity
of plant nutrition is related to intensity of plant protection in the design
of the treatments. However, the observation that increased fertilization
resulting in a significant increase in mean yield but not in increased
relative stability, suggests that relative stability is also determined by
plant protection, in contrast to what has been found by Knapp and van
der Heijden (2018) and by Smith et al. (2019). Plant protection and
weed control was supported by much larger quantities of pesticides in
the conventional systems that received pesticide active agents of
2.8 kg ha! year! whereas organic systems received only 0.26 kg ha™!
year'1 (Table 2). In consequence weed seed banks in the DOK show a
higher abundance and species richness in organic systems. Conventional
systems  selected for nitrophilous species and against
herbicide-susceptible species (Rotchés-Ribalta et al., 2017, 2020).
Wheat fungal disease infection was elevated in some cases in organic
systems. In the study of Gunst et al. (2006) the infestation with Septoria
tritici, Septoria nodorum and Septoria nivale was two to three-fold in
organic systems, whereas other fungal diseases did not show significant
differences among systems. Particularly, in potatoes relative stability is
equal within all organic and within all conventional treatments, which
furthermore supports the idea that there is little effect of the fertilization
intensities on relative stability (Fig. 6). In turn, this suggests that relative
stability in potatoes is strongly determined by plant protection. Sur-
prisingly, relative stability in potatoes was similar between BIODYN and
BIOORG, although they differed in crop protection, i.e. in the applica-
tion of copper, which did result in significant yield reduction in BIODYN
in certain years (Fig. S7).

We found a considerable variation in the yield differences between
conventional and organic managements across years (Fig. 7). While in
some years, organic treatments yielded almost similar to conventional,
in other years, yields were only half of conventional. We therefore
conducted a regression of the yield ratio on treatments’ yields as an in-
depth analysis of stability. We found a strong correlation between the
yield ratios to the yields of the organic treatments in all crops except
soybean. This indicates that the greater yield difference in certain years
is due to the lower performance of the organic treatments. Our proposed
concept of investigating the yield ratio across years can also be related to
stability analysis. As the variation in yield ratio is not correlated to the
yield of the conventional treatments, the conventional treatments show
lower variation and thus increased stability than the organic treatments.
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5. Conclusion

In the world’s longest lasting experimental dataset yield reduction in
non-legumes of organic systems varied considerably between 13% and
34% compared to conventional systems. However, in legumes, no yield
reduction was observed in soybean and only 10% in grass-clover. Winter
wheat and potato yields were strongly related to the amount of applied
mineral N forms, pointing towards the importance of plant available N
for reducing the organic vs. conventional yield gap in non-legumes.
Long-term organic management did not lead to any yield decline
compared to conventional management. In accordance with previous
studies, absolute stability (measured by the variance) was similar be-
tween both systems, but relative stability (measured by the CV) was
more stable in conventional systems. As relative stability corrects for the
difference in mean yield, the better stability of conventional systems was
due to their higher yields. However, the fact that half fertilization in
both systems did not result in reduced relative stability, suggests that the
lower relative stability in organic systems might be to a large extend due
to less effective options of weed, pest and disease control. Consequently,
significant differences in yield were due to poor performance of organic
rather than better performance of conventional systems. We want to
stress that the presented results are based on one single experiment.
Thus, results should only be generalized with care and further experi-
ments are encouraged in order to gain additional insights in other soil
types, crop rotations, climates and regions.

6. Future prospects

The conventional system with half fertilization (CONFYM1) gained
higher or similar yields and higher stability over all crops compared to
the regular fertilized organic systems but it received fewer absolute
amounts of nutrients with fertilizers. However, it received a higher
amount of mineral N forms and it was treated with pesticides. Hence, the
main drivers to reduce the yield gap and improve yield stability are an
improvement of nitrogen availability and synchronization between
supply and crop demand. Further improvements in weed control by new
robotic technologies and crop protection by cultivars that are more
resistant or by crop diversification will be a key measure of future
management. New breeding technologies like gene editing which are
controversially discussed in organic associations should be critically
reviewed. Since the N nutrition in organic cropping is largely limited by
the potential of symbiotic N> fixation and the land demand for legumes
(Doring and Neuhoff, 2021) crop yields in organic cropping systems can
be improved if the system boundaries will be redefined in a way without
calling into question the basic idea of Organic Agriculture. That can be
achieved if the idea of the closed nutrient cycles on farm level will be
extended to a regional level with the aim to close cycles in the context of
an urban - rural relationships. The use of a limited amount of mineral N
forms e.g. from human urine collection or separation from sewage
sludge have the potential to close the N gap in Organic Agriculture and
to reuse other nutrients. Further, processing of liquid manure is oblig-
atory to reduce ammonia losses and keeps N in the system. Stripping
technologies producing “farm ammonium sulphate” or modern N sep-
aration technologies can help to reduce the mismatch of crop N demand
and supply.
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