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The DOK trial has investigated the differences be-
tween organically and conventionally farmed ar-
able crops since 1978. This report summarises the 
most important findings from more than 40 years 
of research for interested agriculture experts, con-
sultants and researchers in a concise and compre-
hensive way.
	 The DOK trial compares biodynamic (BIODYN), 
bio-organic (BIOORG) and conventional (CONFYM) 
agricultural systems. The trial thus simulates farms 
that conduct arable and livestock farming. The ex-
clusively mineral-fertilised, conventional CONMIN 
system represents a livestock-free cropping system. 
In each of the BIODYN, BIOORG and CONFYM 
systems, two fertiliser intensities are examined. 
	 The results of the research relate to five crops in 
a seven-year crop sequence, which follow each oth-
er with a time lag in three subplots: winter wheat, 
potato, grass clover, soya and silage maize. This 
report presents results related to yield, soil quality, 
nutrient supply, biodiversity and climate.

Reading aid
This complex topic cannot be presented without 
abbreviations and technical terms. Readers 
can find a list of abbreviations and a glossary 
on page 51.
Different lowercase letters are used in tables and 
charts to differentiate between statistical terms.
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Foreword

Inspiring and reliable results in 
the service of sustainable food 
security

Rarely have scientific experiments been designed to 
last as long as the DOK trial. This continuity is par-
ticularly valuable for investigating many research 
questions, as the relevance of some results only be-
comes apparent after a long time period. This also 
applies, for example, to long-term observations of 
the effects of climate change. Short-term results are 
relevant, but they cannot capture the long-term ef-
fects of external influences that unfold over time. 
From the very first year of the DOK trial, various 
external influences presented themselves due to the 
methods chosen for conducting the experiment, and 
the questions that researchers proposed – depend-
ing on the objects of investigation and the social 
issues at the time – have evolved over the years 
and decades. 
	 I have known about the DOK trial since its very 
beginning, now decades ago – and that it compares 
short- and long-term effects of different cropping 
systems in terms of yield and yield potential as well 
as their impact on the environment. The focus is pri-
marily on soil fertility, climate, nutrient flows and 
biodiversity. The DOK trial is a prime example of 
successful collaboration between Swiss Federal Re-
search Institutes (now Agroscope) and FiBL. As a re-
searcher at ETH Zurich, later as the person respon-
sible for policy development at the Federal Office 
for Agriculture, and today in the service of global 
food security and nutrition at the UN Committee for 
World Food Security, I have always known that the 
results of the DOK trial show where the differences 
between biodynamic, bio-organic and conventional 
cropping systems lie in relation to current research 
questions and how the systems are developing.
	 A closer look at the DOK trial also raises many 
questions about the research design itself and the 
development of the individual methods of cultiva-
tion. What kind of changes are occurring? For exam-
ple, the original ‘conventional’ system has become 
‘integrated production’. Organic systems are also 
changing, for example with new varieties, crop ro-
tations, machinery and biological pest control. In-

teresting questions arise, not only from the point 
of view of research but also from the perspective 
of sustainable food security and practice. The indi-
vidual chapters of this publication provide answers 
to many of these questions and outline the devel-
opment of the methodological approaches and the 
questions addressed by the research.
	 When considering global, sustainable food se-
curity, it must be asked to what extent organic cul-
tivation methods can contribute to attaining it. Do 
we need more or less organic farming, or should the 
entire agricultural sector switch to organic? These 
are provocative questions to which there are no 
easy answers. What is certain is that the very high 
amounts of post-harvest food loss, food waste (es-
pecially in households), and animal fodder grown 
on arable land can be reduced, which contradicts 
the assertion that more land is needed as the popu-
lation increases. In other words: scarcity is relative. 
Considerations of these questions are legitimate 
when one compares the environmental impact of 
the various cropping systems and the subsequent 
costs that society must bear. 
	 A particular challenge for FiBL and Agroscope 
is the long-term financing of the DOK trial. It is 
very important to emphasise the two dynamics 
mentioned here: long-term effects and cropping 
systems. The successful acquisition of numerous 
third-party funds for the DOK trial from other 
federal offices, the Swiss National Science Foun-
dation and the EU impressively demonstrates that 
this type of long-term research is relevant for both 
basic and applied research. The DOK trial has thus 
become an important national and international re-
search platform. 
	 I invite you to read this report. It is stimulating 
and impressive in its scientific rigour. That is why 
the DOK trial has also made it into the scientific 
‘Hall of Fame’: the journal Science. May the DOK tri-
al continue to provide impressively reliable results 
and valuable guidance for a long time to come.

President of the FiBL Foundation Council 
Prof Dr Bernard Lehmann
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Cutting-edge research with practical relevance

The issue of environmentally sound and productive 
agriculture has been topical for decades. Many dif-
ferent cropping systems for the arable production 
of food and animal fodder are practised around the 
globe. Entire societies and generations are discuss-
ing the advantages and disadvantages of organic 
and conventional farming systems. 
	 In Switzerland pioneers of organic farming 
practice, scientists and politicians already took 
up this discussion back in the early 1970s and es-
tablished the DOK trial in Therwil, in the canton 
of Baselland in 1978. DOK stands for bioDynam-
ic, bioOrganic and conventional (Konventionell in 
German). The trial investigates the three cropping 
systems with two fertiliser intensities defined by the 
livestock density. 
	 Highly topical issues such as climate change 
and climate adaptation, the loss of biodiversity, the 
growth of the world's population and dependence 
on raw materials demand, now more than ever, sci-
entific examination of the way we produce food and 
feed.
	 The DOK trial has been comparing agricultural 
production systems for more than 45 years and has 
thus created a scientific basis for the controversial 
debate on the prospects of organic farming. 

A scientific basis for political 
questions

The highlight of the DOK trial to date was undoubt-
edly a scientific article on soil fertility and biodi-
versity in organic farming published in the journal 
Science in 2002. This made organic farming a re-
spectable topic, as it was soon recognised to offer 
solutions to the major environmental problems of 
agricultural production. 
	 Current research projects in the DOK trial con-
sider the issues of soil quality, biodiversity and cli-
mate, all of which are highly relevant from a global 
societal perspective and are crucial for our future.

National and international 
significance

Over 40 years, more than 120 scientific publications, 
plus doctoral theses and a large number of student 
theses, have emerged from the DOK trial (Figure 1).  
Countless visitors from countries around the 
world, farmers, university students, pupils and also 
high-ranking scientists from the best universities 
have visited the experiment and conducted research 
projects related to it.

Figure 1:  Number of publications 
in scientific journals

In 2015, the Swiss State Secretariat for Education, 
Research and Innovation included the DOK trial in 
the ‘Swiss Roadmap for Research Infrastructures’, 
which collects national studies of the greatest sig-
nificance. The DOK trial thus entered the pantheon 
of Swiss science. 
	 The trial is part of a circular research approach: 
open questions from agricultural practice are first 
investigated in the DOK fields using state-of-the-
art methods, which are then followed by detailed 
greenhouse and practice-related studies. The new 
findings are in turn integrated into the current field 
research. As a result, the DOK trial often plays a 
prominent role in current issues in national and in-
ternational agricultural and environmental research 
and field studies. 
	 That the DOK trial has a permanent place in 
cutting-edge academic research, which is further 
demonstrated by the quality of the research and the 
continued relevance of the issues under investiga-
tion. Here are a few examples: 

0

20

40

60

80

100

120

140

1978–
1995

1996–
2000

2001–
2005

2006–
2010

2011–
2015

2016–
2020

Cumulative number of publications

Mycorrhiza

Soil chemistry
Humus

Nutrients 
Soil quality

Yield
Product quality

Soil physics

Soil biology
Molecular biology
Life cycle assessment
Climate



5The DOK Trial | 2024 | FiBL

	• A total of seven projects that were part of the 
Swiss National Research Programme ‘Soil as a 
Resource’ used the DOK trial as a testing ground. 
They investigated the connection between soil 
properties and functions and agricultural pro-
duction.¹

	• In a highly regarded EU project on soil quality, 
an international research team investigated the 
influence of cultivation on soil ecosystem servic-
es. The DOK trial was an important pillar of the 
research plattforms.²

	• For a Swiss National Science Foundation (SNSF) 
project, FiBL soil researchers are investigating 
how cropping systems in the DOK trial affect 
humus quality and humus turnover.3 

	• Since 2016, international research groups have 
been investigating the influence of cropping sys-
tems on the drought stress tolerance of crops and 
microbial communities.⁴

	• An SNSF project on the relation between micro-
bial biodiversity in soil and the nitrogen cycle is 
currently entering its final phase.

	• A new EU breeding project is analysing the micro-
bial communities on seeds from cultivated plants.⁵ 
In a second project, a research team is developing 
a framework for monitoring soil fertility.⁶

Open questions have prompted researchers to de-
sign further long-term trials on specific topics. These 
include a field trial on the effects of reduced tillage, 
of fertilisation strategies and of biodynamic prepa-
rations. The trial plots were established in Frick in 
2002. FiBL’s system comparisons in India, Kenya 
and Bolivia, which began in 2005, also have their 
origins in the success story that is the DOK trial.

Harvest      Classic methods (yield surveys, protein content, nutrient content, trace elements), variety testing, visual methods 

Phosphorus balance      Input/output area balance

Microbial biomass and activity      Classic methods

Carbon content

Harvest
Remote sensing, modelling,
artificial intelligence, metabolite analysis,
protein pattern analysis

Greenhouse gas emissions, resilience,
root carbon turnover
NIR, NanoSIMS, NMR
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Figure 2:  Research topics and methods over time

In this figure, the overarching topics from the DOK 
trial appear in bold. In each case, the methods 
used to analyse the respective issues are also listed. 
Both are shown in the timeline below.

1NRP 68, 2iSQAPER, 3DynaCarb, 4BiodivERsA (SOIlClIM, Biofair 
and Microservices), 5Liveseeding, 6Benchmarks
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Different conditions at the outset
While the issues addressed by the DOK trial are 
now a matter of public debate, the conditions for 
the pioneers in the 1970s were completely different: 
against all odds, a small group of organic farmers 
and their supporters in Switzerland advocated for 
the scientific study of organic farming. 
	 As a result of their successful advocacy, the 
Research Institute of Organic Agriculture (FiBL, 
founded in 1973), together with the then Eidgenös-
sischen Forschungsanstalt für Agrikulturchemie 
und Umwelthygiene (Swiss federal research cen-
tre for agricultural chemistry and environmental 
hygiene), was commissioned to compare the three 
farming systems – biodynamic, bio-organic and 
conventional – in a long-term trial. FiBL is mainly 
responsible for the organic trial plots, while Agro-
scope, the Swiss centre of excellence for agricultur-
al research, is responsible for the conventionally 
farmed trial plots. 

Science paired with practice 
as a recipe for success

In order to guarantee the practical relevance of the 
study, organic farmers were involved already in the 
planning stages, and especially during the realisa-
tion of the experiment. Their commitment to the tri-
al and their continued interest in the findings have 
urged the scientists to produce their best work. In 
addition to the scientific publications, an important 
goal was to make the findings accessible to farmers 
and other interested parties.
	 Thanks to the meticulous documentation of the 
cultivation measures and the many analyses, the 
DOK trial is now one of the best-documented ag-
ricultural areas in the world. The trial and the data 
collected become more valuable from year to year 
due to the long duration and the consistency of the 
recorded data.

Researchers and farmers meet at the annual DOK field excursions (above in 2012, below in 2023).
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Climate
The Upper Rhine Plain has a favourable climate in 
terms of warmth and humidity. The average annual 
temperature was 9.7 °C until the end of the last cen-
tury. The average for the years 2010–20 was 11.2 °C. 
Annual precipitation currently averages 872 mm.

Figure 3:  Temperature change

Soil and geology
The trial is located in the south-east corner of the 
Upper Rhine Plain and is surrounded by foothills of 
the Jura Mountains. The Rhine Valley floor is filled 
with thick layers of gravel, which were overlaid 
with fine material (loess) from the alluvial plains of 
the glacial forelands during the last glacial period. 
This created fertile loamy soil in the swales.
	 The loess in Leimental is deep. Moderately de-
veloped brown earth (“Parabraunerde”) soils have 
formed on it, which in some places tend towards 
pseudogley soils. The soils are decalcified but still 
contain individual rock fragments from the nearby 
Jura Mountains. The soils are between 1 and 1.3 m 
deep and are, therefore, deeply penetrated by roots.
	 Due to the regular flooding of the nearby Birsig 
river, sediments of various grain sizes were depos-
ited in the past. The soils on the DOK trial sites 
are composed of 70 % silt and contain only a small 
amount of sand. The clay sedimented in small pools 
of water, so it is somewhat irregularly distributed. 

Annual average and moving average of the air temperature 
in Baselland, measured at an altitude of 1 metre. Between 1978 
and 2010, the temperature increased by 1.5 °C.
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Table 1:  Soil texture in the DOK cropping systems.  
Mean values of the weight percentages and standard deviation (SD)

Soil profile from the DOK trial area. 
Shown here are the horizons (soil layers) 
of the decalcified, deep brown earth.

The average clay content in the DOK plots is 15.6 % 
(median 15.3 %), with the lowest values at 12.5 %. In 
eight plots in the north-west corner of the trial, how-
ever, the clay content reaches values of 20 to 25 %. 
This zone with high clay content is clearly demar-
cated from the neighbouring plots. The influence of 
the clay content is taken into account in statistical 
evaluations, especially when it comes to assessing 
the effects of the cropping system on the soil. 

The soil has a small proportion of macropores, 
which is why it warms up slowly in spring. It also 
tends to become waterlogged, which is why dark 
patches can be seen – known as iron and manganese 
concretions (pseudogley). As a result, the soil can 
only be worked during short windows of time, and 
mechanical hoeing in spring and early summer is 
difficult. The soil allows water to rise from deeper 
soil layers through capillary transport, so dryness 
has not been a major problem in summer so far.

System Clay (%) SD Silt (%) SD Sand (%) SD

NOFERT 16.2 2.4 70.7 3.2 11.4 2.3

BIODYN 1 16.8 1.8 69.5 2.2 11.6 1.7

BIOORG 1 14.9 1.7 71.6 2.3 11.7 1.2

CONFYM 1 14.3 1.7 71.7 0.9 12.1 1.2

BIODYN 2 17.1 1.9 69.2 2.1 11.3 2.5

BIOORG 2 15.1 1.5 71.4 2.1 11.4 0.9

CONFYM 2 14.5 1.6 70.9 1.7 12.6 1.5

CONMIN 16.7 2.5 70.0 2.1 11.3 1.2

The soils of the CONMIN (left) and BIODYN 2 (right) cropping sytems after a heavy 
rainfall in November 2002. The silting on the soil surface was much more pronounced in 
the CONMIN system.
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The trial

The DOK trial compares biodynamic (BIODYN), 
bioorganic (BIOORG) and conventional (CONFYM) 
agricultural systems that simulate farms with arable 
and livestock farming. 
	 The two organic systems comply with the Bio 
Suisse and Demeter guidelines. In line with the 
Demeter guidelines, field and compost preparations 
are used in the BIODYN system and the celestial 
objects are taken into account. The conventional 
CONFYM system corresponds to today’s integrat-
ed production, with an equalised nutrient balance 
and plant protection according to economic damage 
thresholds. 
	 In addition to the cropping systems with simu
lated livestock farming, an exclusively mineral-
fertilised conventional system that represents live-
stock-free agriculture (CONMIN) has been in place 
since the second crop rotation period (1985). 

Aerial view of the four replicates of the DOK trial in 2017, each with three plots: 
Subplot A winter wheat 2 with a section for a variety trial at the edge of the plot, subplot B soya, subplot C winter wheat 1. 
In addition, rainout shelters of the SoilClim project can be seen in selected plots.

In each of the BIODYN, BIOORG and CONFYM 
systems, two different fertilisation intensities are 
being investigated for each cropping system. The 
fertiliser intensity is based on two livestock stock-
ing densities: 1.4 fertiliser livestock units (LU) cor-
responds to the average livestock stocking density 
per hectare in Switzerland, while 0.7 corresponds 
to a lower stocking density. The farmyard manure 
is obtained from farms that operate according to 
the respective system. In the conventional systems, 
mineral fertilisers are applied in accordance with 
the Principles of Fertilisation of Agricultural Crops 
in Switzerland (GRUD).
	 In one control system (NOFERT), no fertiliser 
has been used since the start of the trial. Biodynamic 
field preparations 500 and 501 have also been used 
here since the beginning of 1978; plant protection is 
in accordance with the BIODYN measures.
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Experimental design
Figure 4:  Plot map

The trial consists of 96 individual plots, each of 
which measures 5 × 20 metres. The eight systems 
are laid out in four replicates. Each system is rep-
resented in every row and every column in a ran-
domised block design. In this way, the variability 
of the location can be balanced out and statistically 
accounted for. 
	 In addition, three different crops from the 
seven-year crop rotations are grown side by side 
each year. Crops are rotated at staggered intervals 

across three parallel subplots (A, B and C) to balance 
out weather-related annual fluctuations in yield. 
Thus, in each crop rotation period, the plot yields 
of at least 12 years of cultivation (3 subplots × 4 rep-
licates) can be analysed for each crop and each sys-
tem. The statistical model for evaluating soil quality 
takes the subbplot into consideration and the clay 
content in each plot, which is an important factor 
in site variability.

Row 1

C

1 2 3 4 5 6 25 26 27 28 29 30 49 50 51 52 53 54 73 74 75 76 77 78

7 8 9 10 11 12 31 32 33 34 35 36 55 56 57 58 59 60 79 80 81 82 83 84

13 14 15 16 17 18 37 38 39 40 41 42 61 62 63 64 65 66 85 86 87 88 89 90

19 20 21 22 23 24 43 44 45 46 47 48 67 68 69 70 71 72 91 92 93 94 95 96

Subplot B

Replicate 1 Replicate 2 Replicate 3 Replicate 4

A B A C A C B C B A

Row 2

Row 3

Row 4

NOFERT BIODYN 1 BIOORG 1 CONFYM 1

CONMIN BIODYN 2 BIOORG 2 CONFYM 2

Plot plan of the DOK trial, showing the 8 cropping systems on 3 subplots  
(A, B and C, each divided into 4 rows and 4 replicates).

N



11The DOK Trial | 2024 | FiBL

Fertilisation
Livestock density on typical mixed Swiss farms is 
1.4 LU per hectare which corresponds to the farm-
yard manure amount at fertiliser level 2. Half the 
farmyard manure volume from 0.7 LU (fertiliser 
level 1) was introduced as a control variant to sim-
ulate a farm with less livestock. Slurry is used to 
manage current agricultural production, and ma-
nure is used as a slow-release basic fertiliser. 
	 While BIODYN receives only farmyard manure, 
the BIOORG plots are additionally supplied with 
small amounts of mineral potash (Patentkali or 
Kalimagnesia).
	 In the CONFYM 2 system, larger quantities of 
mineral fertiliser are applied until the standard fer-
tilisation levels according to GRUD are achieved. In 
the CONFYM 1 system, both the quantity of farm-
yard manure and the quantity of mineral fertiliser 
are reduced by half. 
	 Since the introduction of integrated produc-
tion in 1992, the mineral nitrogen stocks in the soil 
have been accounted for in calculations of fertiliser 
amounts in conventional systems. The aim is to ad-
just fertilisation according to plant demand. 
	 The full fertilisation levels of the various sys-
tems are not nutrient-equivalent. This means that 
the total fertiliser quantities and the nutrients con-
tained in the fertiliser vary between the systems de-
pending on typical farming practice. Fertilisation 
with farmyard manure under the experimental 
conditions is oriented towards so-called indicator 
elements, which are specified in a fertilisation plan 
for each crop rotation period. Phosphorus (P) plays 
a decisive role here. If a fertilisation plan cannot be 
strictly followed in a year, it can be corrected in the 
next year.

Changes during the experiment
In the first and second crop rotation period (CRP), 
the fertilisation rate was 0.6 LU for fertiliser level 1 
and 1.2 LU for fertiliser level 2. At the beginning of 
the third CRP, the fertiliser rates were increased to 
the values mentioned above due to the increased 
proportion of forage crops in the crop rotation.
	 In the fourth CRP, the organic farm from where 
the farmyard fertilisers originate, switched and due 
to a different stabling system, the ratios for manure 
and slurry changed.

Different farmyard manure treatment
In the BIODYN, BIOORG and CONFYM systems, 
farmyard manure is stored and processed differ-
ently according to the practices of the respective 
system: 

	• as manure compost in BIODYN
	• as rotted manure in BIOORG 
	• as stacked manure in CONFYM

The loss of organic matter during storage is lowest 
with stacked manure and increases from rotted ma-
nure to manure compost. 

Figure 5:  Amounts of applied nutrients

Applied amounts of total nitrogen (Ntotal), mineral nitrogen 
(Nmin as ammonium and nitrate in farmyard and mineral 
fertilisers), phosphorus and potassium from organic and mineral 
sources, as well as the amount of organic substance (OS) applied 
as manure and slurry. All figures are average values over the 
CRP 2–6 and relative to the CONFYM 2 system, the absolute 
quantities of which are shown in red. 

Figure 5 clearly shows that during the five crop ro-
tation periods from 1985 onwards, 45 % less total 
nitrogen (N), 75 % less mineral nitrogen (Nmin), 
35 % less phosphorus (P) and 27 % less potassium 
(K) were used in the two organic systems than 
in CONFYM 2. The amount of organic substance 
added with the farmyard manure was 12 % lower 
in BIOORG and 17 % lower in BIODYN than in 
CONFYM 2. The reason for the different values was 
the change in farmyard manure due to the different 
storage and processing methods.
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Figure 6:  Nitrogen fertilisation

Total nitrogen (Ntotal) and mineral nitrogen (Nmin as ammonium 
and nitrate). The organic systems receive N exclusively from 
manure and slurry – the conventional systems use mineral fertiliser 
to reach the standard fertilisation level.

Figure 7:  Fertilisation with phosphorus 
and potash

In BIOORG, approved K fertilisers are also applied in small 
amounts in addition to farmyard manure.
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The nitrogen supply in the CONFYM system has 
increased significantly (Figure 6). This is due to the 
fact that, after the third CRP, forage crops (grass 
clover, maize) with high N demand were grown in 
three years and the fertiliser recommendations in-
creased due to higher anticipated yields. Because in 
CONFYM only 60 % of the nitrogen in the farmyard 
manure is taken into account according to GRUD, 
the total N fertilisation is significantly higher than 
in CONMIN at 171 kg/ha and year.
	 The mineral-fertilised CONMIN system uses an 
average of 50 kg less nitrogen (N) for fertiliser. This 
difference corresponds to the unaccounted amounts 
of N in the farmyard manure, which can also lead 
to environmental problems due to gaseous losses 
(ammonia and nitrous oxide) and leaching (nitrate). 
	 In the organic systems, an average of 95 kg N 
per hectare is used in fertiliser, of which only 30 kg 
is mineral as ammonia and, therefore, directly ef-
fective. The organically bound part of the nitrogen 
from farmyard manure only becomes plant-availa-
ble ammonium and nitrate through mineralisation 
in the soil. Overall, the N supply in the organic sys-
tems is rather stable.
	 Phosphorus (P) is a plant nutrient whose global 
deposits are reaching their limits. P fertiliser, there-
fore, is expensive. In the DOK trial, P fertilisation in 
the conventional systems is carried out according 
to the standard, whereby the soluble nutrients in 
the soil are taken into account. The applied quanti-
ties were also adjusted to be in line with the GRUD 

revisions. The increase in BIODYN is presumably 
related to the increased P applications via farmyard 
manure since the third CRP.
	 Since the start of the DOK trial, potassium (K) 
has been used heavily in fertilisation in the conven-
tional system because the soluble K content in the 
soil was low. In BIOORG, some potash magnesia 
is added, while in BIODYN no additional potash 
fertiliser is used. The increase in potassium in the 
third CRP in the organic systems can be only par-
tially explained by the increase in farmyard manure 
quantities. In principle, slurry contains more potas-
sium than manure.

Commercial fertilisers and plant protection products used 
for winter wheat in the conventional CONMIN system.
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Figure 8:  Addition of organic substance

The farmyard fertilisers used are manure and slurry. Apart from 
water, their main components are organic substances and minerals. 
The diagram shows how much organic substances from fertiliser 
from 1.4 livestock units per hectare per year ends up in the soil.

The loss of organic substance of the farmyard ma-
nure as a result of the different storage types in 
the three systems is also reflected in the quantities 
applied. Compared to CONFYM, 12 % less organ-
ic matter was applied in BIOORG and 17 % less in 
BIODYN. In BIODYN particularly, the composting 
of manure leads to a loss of organic matter.
	 The amount of liquid manure, on the other 
hand, hardly differed. The changed housing sys-
tem in BIOORG led to more organic substances with 
the same nutrient quantities in the fourth CRP. In 
CONFYM, the quantities already began to increase 
in the third CRP.

DOK trial plots with wheat and rainout shelters to investigate drought effects on soil biodiversity.
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Year 1. CRP
1978–1984

2. CRP
1985–1991

3. CRP
1992–1998

4. CRP
1999–2005

5. CRP
2006–2012

6. CRP
2013–2019

1
Potato Potato Potato Potato Silage maize Silage maize

Green manure Green manure Green manure Green manure 

2
Winter wheat 1 Winter wheat 1 Winter wheat 1 Winter wheat 1 Winter wheat 2 Soya

Winter forage Winter forage Winter forage Green manure Green manure 

3
White cabbage Beetroot Beetroot Soya Soya Winter wheat 1

Green manure Green manure Green manure 

4 Winter wheat 2 Winter wheat 2 Winter wheat 2 Silage maize Potato Potato

5 Barley Barley Grass clover 1 Winter wheat 2 Winter wheat 2 Winter wheat 2

6 Grass clover 1 Grass clover 1 Grass clover 2 Grass clover 1 Grass clover 1 Grass clover 1

7 Grass clover 2 Grass clover 2 Grass clover 3 Grass clover 2 Grass clover 2 Grass clover 2

Crop rotation
The seven-year crop rotation with two years of soil 
rest without ploughing under grass clover is typical 
for livestock farms in Switzerland. The annual crops 
are root and tuber crops (potatoes and beetroots), 
cereals (wheat, barley), maize, cabbage and soya. 
Catch crops are used either as green manure or as 
fodder (the biomass is harvested) (Table 2). The crop 
rotation is a compromise between the different crop-
ping systems and was slightly adjusted after each 
CRP. Potatoes, winter wheat and grass clover were 
grown in each CRP. In the initial phase of the trial, 
barley and white cabbage were also part of the crop 

rotation. White cabbage was soon replaced by beet-
root in the second CRP (1985) due to the high labour 
intensity required to grow it. At the beginning of 
the third CRP (1992), a third year of temporary ley 
(grass clover) was grown instead of barley, as the 
cereal-oriented crop rotation led to root rot diseases 
in all systems. Maize and soya have been grown 
since 1999, and the temporary ley was cultivated 
again for two years. The position of the crops was 
then slightly changed in each CRP until 2013. The 
reasons for the changes were the optimal utilisation 
of nitrogen in the crop rotation and the system-inde-
pendent occurrence of pests, especially wireworms 
in potatoes when grown after the grass-clover ley.

Table 2:  Development of the seven-crop rotation since the start of the trial

Winter forage is harvested, while green manure remains on the field and is worked in.



15The DOK Trial | 2024 | FiBL

Plant protection
Until 1992, pesticides were generally applied ac-
cording to a fixed spraying schedule in the conven-
tional systems. With the third crop rotation, inte-
grated production (IP) was introduced, in which 
pesticides are only used once the threshold for the 
economic limit of tolerance has been reached. The 
use of pesticides in the conventional systems was 
based on current legislation and application recom-
mendations. 
	 In the conventional systems, an average of 3 kg 
of active ingredients were applied per hectare of 
arable land per year (Figure 9). Fungicides and her-
bicides accounted for the majority of these appli-
cations. Insecticides were applied only rarely and 
in small quantities. Since the 1980s, the amount of 
active ingredients applied has decreased sharply, 
which can also be attributed to the use of highly ef-
fective plant protection products (PPP) that require 
low dosages per application. Within the same peri-
od, the number of applications of active ingredients 
has doubled (Figure 10).
	 The organic systems use the option of biological 
pest control and disease prevention measures. In 
the BIODYN system, only the biologically produced 
toxin of Bacillus thuringiensis (BT), a bacterium, is 
used as an insecticide against the Colorado beetle.

Potatoes 
In potato cultivation, late blight (Phytophtora in-
festans) and the Colorado beetle (Leptinotarsa de-
cemlineata) cause considerable damage. In the con-
ventional systems, an average of 15 treatments of 
herbicides, insecticides and fungicides were neces-
sary per year. In the BIOORG system, seven insec-
ticide applications and copper as a fungicide were 
used. In the biodynamic system, four treatments 
with BT preparations were applied. 

Cereals, maize and soya
Conventional cereals are treated three to four times 
with herbicide, fungicide and a growth regulator. 
Maize and soya generally only require one herbicide 
treatment and one treatment against slugs. The Eu-
ropean corn borer is controlled with Trichogramma 
wasps.

Seeds
The seed and plant material were dressed in the 
conventional systems, but not in the organic sys-
tems. Since 1998, the seed for the organic systems 
has come from organic producers.

Figure 9:  Quantities of active 
ingredients applied

Average quantities of active ingredients used over all trial years 
in kilograms per hectare and year. CONMIN received the same 
quantities as CONFYM. It should be noted that no PPPs were 
applied in years when grass clover was cultivated. However, the 
average values also include the grass clover years.

Figure 10:  Development of applied 
pesticides over time

Average quantities of active ingredients in all plant protection 
products used in a crop rotation period in the three main systems 
of the DOK trial. Time course over six crop rotation periods. 
CONMIN received the same quantities as CONFYM. Figures in 
kilograms of active ingredients per hectare and year.
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Cropping system NOFERT BIODYN BIOORG CONFYM CONMIN

Livestock units per 
hectare

– 0.7 1.4 0.7 1.4 0.7 1.4 –

Fertilisation

Farmyard manure – Manure compost 
and slurry

Rotted manure 
and slurry

Stacked manure 
and slurry

–

Mineral fertiliser – Rock dust Rock dust
Potash magnesia

Urea, ammonium nitrate, 
calcium ammonium nitrate, 
triple superphosphate, 
potassium chloride

Plant protection

Weed control Mechanical, by harrowing and hoeing Mechanical and with herbicides

Plant diseases – Indirect measures Indirect measures, 
copper sulfate for 
potatoes

Fungicides

Pests Biological control (Bacillus thuringiensis), 
plant extracts,
preventive measures

Insecticides, biological control, 
slug pellets and preventive 
measures

Special features Biodynamic preparations – Growth regulators

Soil cultivation
The plough is used for tillage before the root crops 
and cereals are planted. At the beginning of the tri-
al, the ploughing depth in the organic systems was 
slightly shallower at 15–20 cm than in the conven-
tional systems, which used a ploughing depth of 
20–25 cm. Since the third crop rotation, all systems 
have been ploughed to a uniform depth of 20 cm. In 
the organic systems, mechanical weeding with hoes 
and harrows, which work the soil superficially, is 
used more frequently. Potatoes and maize are also 
hoed in the conventional system.

Table 3:  Characteristics of the DOK cropping systems

In all cropping systems the plots were ploughed before wheat and 
root crops were cultivated.
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0.7 LU 1.4 LU
NOFERT BIODYN 1 BIOORG 1 CONFYM 1 BIODYN 2 BIOORG 2 CONFYM 2 CONMIN

t DM/ha 2.51 3.68 3.56 4.71 4.01 3.96 5.05 5.04

0.7/1.4 92 % 90 % 93 % 100 % 100 % 100 %

BIO/CON 77 %  100 % 79 % 100 %

Crop yield

The graphs and tables in the following chapter show 
the average yields of a crop rotation period with 
three harvests and four field replicates (n = 12). 
	 It should be noted that the yields given are ab-
solute dry matter (100 % DM). In agricultural prac-
tice, yields are often stated with a residual moisture 
content: e.g. wheat, 86 % DM and 14 % water; for 
soya, 89 % DM and 11 % water. This means that the 
wheat yields shown here must be multiplied by a 
factor of 1.16 in order to be comparable with the 
yield figures used in practice. For soya, the factor 
1.12 applies. For grass clover, DM yields are also 
given in practice, as is usually the case for silage 
maize. For potatoes, fresh matter yields are used for 
marketing purposes.

Winter wheat
Grain yield
Common wheat varieties with very good baking 
quality have been cultivated throughout the trial. 
In the first CRP, all systems achieved similar yields 
and probably benefited from the previous manage-
ment practices. In the conventional systems, lodging 
occurred, which is why the long-strawed Probus 
variety was unable to convert the applied nitrogen 
into high yields. Only in the first CRP the CONMIN 
plots remained unfertilised and, therefore, they 
showed unusually low yields. The average winter 
wheat yields from 1985 to 2019 in the organic sys-
tems have been 21 % lower than in CONFYM. In 
what follows, the yield differences only from the 
second crop rotation period onwards are discussed.
	 At best, conventional grain yields reached six 
metric tonnes of dry matter per hectare. This cor-
responds to the typical yield level in this region of 
Baselland.

Figure 11:  Development of grain yield 
for winter wheat 1 and winter wheat 2

Table 4:  Average yield of winter wheat 1 and 2 (1985–2019)
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The two organic systems as well as the two con-
ventional systems differ only slightly in their de-
velopment of yields (Figure 11). The cultivation 
of modern varieties has increased the yields of all 
cropping systems. In the last two crop rotation pe-
riods, yields were higher in the biodynamic system 
than in the bio-organic system. This could be re-
lated to the cultivation of the Wiwa variety, which 
was bred biodynamically, as well as to the slightly 
better soil structure and higher biological activity 
in BIODYN compared to BIOORG. The Nmin con-
tent in BIODYN is also always slightly higher than 
in BIOORG in spring. It is also interesting to note 
that the unfertilised NOFERT system still produces 
around two metric tonnes of grain yield per hectare.
	 Winter wheat 1 has a more favourable position 
in the crop rotation than winter wheat 2. In the first 
four crop rotation periods, it benefited from the 
favourable preceding crop effect of potatoes with 
or without green manure. The proximity to grass 
clover likely also had a positive influence on the 
yield of wheat 1. 
	 On average for the two organic systems, win-
ter wheat 1 had 18 % less grain yield than the two 
conventional systems, and winter wheat 2 had 23 % 
less. This small difference may be related to their 
position in the crop rotation. Since the sixth CRP, 
the above-mentioned variety (Wiwa) has been used 
for winter wheat 1. The conventional Runal variety 
was used for winter wheat 2. Until 2015, the same 
wheat varieties were grown in both positions in the 
crop rotation. 
	 In the reduced fertilisation levels, the yields are 
on average 8 % lower than when using typical fer-
tilisation practices. In this context it is noteworthy 
that, despite the reduced fertiliser quantity, a higher 
yield is achieved in the conventional CONFYM 1 
system than in the organic systems that use typical 

fertilisation practices. This result is probably also 
due to the more effective chemical plant protection 
and the directly plant-available N fertilisers in the 
conventional systems. With reduced fertilisation, 
however, the humus content and thus also the ni-
trogen reserves in the soil decrease (see chapter 

“Nutrient dynamics”).

Straw yield
Straw yield is also important for animal husbandry, 
as straw is used for bedding and finds its way back 
to the field via manure. Although growth regulators 
(CCC or Moddus) are used in conventional systems, 
the straw yield in organic systems is 8 % to 10 % 
lower than in conventional systems. The yield re-
duction for straw is lower than for grain.

0.7 LU 1.4 LU
NOFERT BIODYN 1 BIOORG 1 CONFYM 1 BIODYN 2 BIOORG 2 CONFYM 2 CONMIN

t DM/ha 4.14 6.17 5.82 6.69 7.20 6.86 8.02 7.55

0.7/1.4 86 % 85 % 83 % 100 % 100 % 100 %

BIO/CON 92 % 100 % 90 % 100 %

Harvesting the edge of a winter wheat plot. Only the central area 
of the plot is used to determine the exact yield.

Table 5:  Mean value of straw yields of winter wheat 1 and 2 (1985–2019)
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Yield determing factors 
In winter wheat, yield determing factors performed 
significantly better in the conventional systems than 
in the organic systems: the number of ear-bearing 
stalks per m² was significantly higher in CONFYM 2, 
with 571 stalks, than in BIOORG 2, with 383 stalks. 
The thousand-grain weight was 42 g in CONMIN 
as compared to 39 g in BIOORG 2. 

Product quality
Parameters such as the content of minerals, carbo-
hydrates, proteins and fatty acids are important 
attributes of the nutritional quality of wheat. In 
addition, quality characteristics, for example those 
that influence baking quality, take priority. The 
DOK trial investigated whether and how cropping 
systems influence quality criteria. 
	 The crude protein content of the conventional 
wheat was significantly higher (Figure 12). Interest-
ingly, the difference between fertiliser levels 1 and 2 
in the organic system did not lead to any significant 
improvement in crude protein content. 
	 In contrast, the effect of potatoes as the preced-
ing crop (as compared to silage maize as the preced-
ing crop) had a significantly greater effect on grain 
yield and crude protein content in the organic sys-
tems. In contrast, the influence of the preceding 
crop was not detectable in the conventional systems. 
The wheat was more evenly supplied with N during 
the entire development of the organic system when 
potato (rather than maize) was the preceding crop, 
which also affected the crude protein content. In 
the CONFYM 1 system with reduced fertilisation, 
significantly higher grain yields and crude protein 
contents were measured than in the organic systems 
that used typical fertilisation practices (BIOORG 2, 
BIODYN 2).
	 No significant system-related influences were 
found for micronutrients, amino acid content and 
baking quality properties. The same applies to met-
abolic parameters such as element and sugar con-
centrations. The antioxidant potential also did not 
differ between the systems. 

Figure 12:  Winter wheat yields and crude 
protein content 

Winter wheat yields in the DOK cropping systems for subplots with 
either maize or potatoes as preceding crops. The data show mean 
values for the years 2003 and 2010. 

Mycotoxin
Mycotoxins play an important role in the product 
quality of wheat. These are trichothecenes, which 
are produced when the grain is infected with 
Fusarium fungi and can be harmful to human and 
animal health even in low concentrations. Of the 
mycotoxins that are analysed, only deoxynivale-
nol (DON) and nivalenol (NIV) were detected at 
low levels in all cropping systems. DON is most 
frequent and is about ten times less toxic than NIV.
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The various cropping systems have no influence on many of the 
crop quality characteristics of wheat.
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Potatoes
Pre-sprouted seed potatoes were planted, and in 
conventional systems they were usually treated 
against fungi. Since 2006, the potatoes have been 
grown after soya or winter wheat instead of after 
grass clover, and since then they have shown a pos-
itive yield trend in all systems. 
	 The tuber yield of BIOORG  2 was on aver-
age 35 % lower than that of CONFYM  2. That 
of BIODYN  2 was even 42 % lower than that of 
CONFYM 2. The potatoes in the organic systems 
often show a lack of potassium and nitrogen. The 
vegetation period of the potatoes in BIODYN is also 
shortened, as no fungicides are authorised in this 
system, so the plants that are attacked by late blight 
(Phytophtora infestans) die off early. To protect the 
tubers, the haulm is usually cut off relatively early. 
The preventive treatments with copper-containing 
products (copper hydroxide, copper oxysulphate, 
copper sulphate) allow the plant a slightly longer 
vegetation phase in BIOORG than in BIODYN, 

where copper is not permitted. Today, the amount 
of copper permitted in potato cultivation in Swit-
zerland is 4 kg per hectare, which is significantly 
lower than the previous rates. Copper in the soil 
represents a permanent potential burden for micro-
organisms and molluscs, which is why alternatives 
are being sought.

Figure 13:  Development of potato yields

In the CONFYM 2 system, 37 % of the manure quan-
tity of the entire CRP is added to potatoes, while only 
25 % is added in BIOORG 2. The plants nitrogen de-
mand hardly coincides with the mineralised nitrogen 
from manure, resulting in shortages in growth phas-
es with high demand. Thus the conventional systems 
with mineral fertiliser are better nourished.
	 In the case of potatoes, the particularly efficient 
CONFYM 1 system with reduced fertilisation and 
15 pesticide sprays is worth highlighting, as the 
yields are also higher than in the organic systems, 
which used typical fertilisation practices.
	 In the third CRP, copper was not used in 
BIOORG, so the yields here are at the same level 
as in BIODYN. In the other CRPs, the yields in 
BIOORG are mostly higher than in BIODYN. This 
underscores the importance of plant protection in 
this very sensitive crop.

0.7 LU 1.4 LU
NOFERT BIODYN 1 BIOORG 1 CONFYM 1 BIODYN 2 BIOORG 2 CONFYM 2 CONMIN

t DM/ha 1.87 4.79 6.09 8.87 6.32 7.44 10.61 10.32

0.7/1.4 76 % 82 % 84 % 100 % 100 % 100 %

BIO/CON 61 % 100 % 66 % 100 %

Ridged potato plants in the DOK trial.

Table 6:  Average value of potato tuber yields from 15 years of cultivation (1985–2019)
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Grass-clover ley
The dry matter yields of grass clover shown here are 
the result of the respective totals of up to five cuts 
per year for the two main harvest years (Figure 14). 
Early mowing in the sowing year or at the beginning 
of the year were not taken into account. Grass clover 
is sown in September and not ploughed again until 
the third spring afterwards, so that the soil is not 
ploughed for two and a half years.

Figure 14:  Grass clover yield development

The difference in yield between the organic and 
conventional systems in the first harvest year at the 
same fertilisation level is relatively low at 10 to 11 %. 
CONFYM 2 had the highest average yield. The two 
organic systems with reduced fertilisation had 19 % 
less yield and the unfertilised system had 40 % less 
yield than CONFYM 2 (Table 7).
	 In the second harvest year, yields were on av-
erage 12 % lower than in the first year for all sys-
tems. The relatively small yield differences between 
organic and conventional cropping systems can be 
explained by the clover in the mixture, which fixes 
more nitrogen from the air via rhizobia bacteria in 
the organic systems. The long growth period of the 
grass clover and the intensive rooting of the soil by 
these mixtures also play a role. The fixation capacity 
of the clover in the mixture was 178 to 300 kg N per 
hectare and year. In addition, the roots of the grass 
clover were well colonised with mycorrhizal fungi, 
which help to absorb nutrients.

0.7 LU 1.4 LU
NOFERT BIODYN 1 BIOORG 1 CONFYM 1 BIODYN 2 BIOORG 2 CONFYM 2 CONMIN

t DM/ha 7.40 10.92 11.25 12.72 12.31 12.58 14.48 13.25

0.7/1.4 89 % 89 % 88 % 100 % 100 % 100 %

BIO/CON 87% 100 % 90% 100 %

0

5

10

15

20

Grass clover yield (1st main harvest year)

t DM/ha 

1. CRP 2. CRP 3. CRP 4. CRP 5. CRP 6. CRP

NOFERT BIODYN 1 BIOORG 1 CONFYM 1

BIODYN 2 BIOORG 2 CONFYM 2CONMIN

0

5

10

15

20

Grass clover yield (2nd main harvest year) 

t DM/ha

NOFERT BIODYN 1 BIOORG 1 CONFYM 1

BIODYN 2 BIOORG 2 CONFYM 2CONMIN

1. CRP 2. CRP 3. CRP 4. CRP 5. CRP 6. CRP

Table 7:  Mean value of clover yields over 30 yield years, per system

Grass clover yield in the first and second main harvest year as the 
sum of four to five cuts per year.

Two-year-old clover-grass mixtures form the backbone of the 
seven-year crop rotation in the DOK trial. The grasses already 
dominate the conventional clover-grass stocks in the second year, 
while the clover usually remains present longer in the organic 
systems.
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Silage maize
Maize was introduced into the fourth crop rotation 
period of the DOK trial because it was playing an 
increasingly important role in agricultural practice 
as a source of roughage for cattle. 
	 With up to 20 metric tonnes of dry matter per 
hectare, the maize yield is clearly superior to that of 
the temporary ley (Figure 15), though maize is less 
versatile as a source of fodder. 
	 When fertilised according to common practice, 
the maize yields of the organic systems were 11 
and 15 % lower than in CONFYM 2. With reduced 
fertilisation, the yield was still 10 % lower than in 
CONFYM 1. Only half as much maize grew in the 
unfertilised plots in NOFERT. The low yield reduc-
tion of maize in the organic systems as compared 
to the conventional systems can be explained by 
the fact that maize has a long growth period and 
can absorb the mineralised nitrogen from the soil 
stocks and farmyard manure until autumn. So far, 

the incidence of diseases and pests in maize has also 
been low. In all systems, the European corn borer is 
controlled with Trichogramma wasps.

Figure 15:  Silage maize yield development

0.7 LU 1.4 LU
NOFERT BIODYN 1 BIOORG 1 CONFYM 1 BIODYN 2 BIOORG 2 CONFYM 2 CONMIN

t DM/ha 9.74 15.57 15.21 17.15 17.14 16.48 19.31 19.12 

0.7/1.4 91 % 92 % 89 % 100 % 100 % 100 %

BIO/CON 90 % 100 % 87 % 100 %
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The silage maize on the trial plots is harvested in late summer.

Table 8:  Average silage maize yields over 9 yield years, per system
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Soya
Like maize, soya was introduced in the fourth crop 
rotation period. Breeding progress allowed for the 
cultivation of cold-tolerant varieties in more north-
ern climates. In addition, soya is in demand as a 
product for human consumption and for animal 
feed. Thanks to its symbiosis with Bradyrhizobium 
japonicum, soya is largely self-sufficient in terms of 
nitrogen, which makes it well-suited for organic 
crop rotations. The bacterium must be added at 
sowing, as it does not occur naturally in Swiss soils. 
The nitrogen supply is, therefore, not a limiting fac-
tor for soya as it is for the other crops in the rotation. 
In addition, the pressure on soya from pests and 
diseases is still low. 
	 Favoured by these factors, soya achieves the 
same yields in both organic and conventional sys-
tems (Figure 16). Nitrogen fertilisation was not ap-
plied in any of the systems. All cropping systems 
that use typical fertilisation practices have com-
parable yields, while the CONFYM 1 system with 
reduced fertilisation achieves slightly better yields 
than the two organic systems at fertilisation level 1 
(Table 9). This is an indication that phosphorus and 
potassium are growth-limiting elements with re-
duced fertilisation. A good P supply is essential for 
optimum biological N fixation.

Figure 16:  Development of grain yield 
for soya

0.7 LU 1.4 LU
NOFERT BIODYN 1 BIOORG 1 CONFYM 1 BIODYN 2 BIOORG 2 CONFYM 2 CONMIN

t DM/ha 1.80 2.61 2.57 2.67 2.85 2.86 2.84 2.81

0.7/1.4 92 % 90 % 94 % 100 % 100 % 100 %

BIO/CON 97 % 100 % 101 % 100 %

Soya plant in bloom.
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Table 9:  Average value of soya yields over 9 yield years, per system
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Crop comparison
The comparison of yields in Figure 17 clearly shows 
the different sensitivities of the crops to the crop-
ping system. In contrast to potatoes, soya seems 
to be fairly unaffected by organic or non-organic 
systems. In addition to being limited by nitrogen 
and potassium, diseases and pests play a major role 
in the yield of potatoes, whereas soya, as a new-
ly introduced crop in our climate, has hardly any 
problems with this. Even with legumes, the low-
er yields with the reduced fertilisation level show 
that with 0.7 LU/ha in organic systems, the P and 
K supply is scarce even in fertile soil, as few or no 
supplementary fertilisers are used. In the long term, 
organic systems must either remain dependent on 
permitted mineral or organic commercial fertilisers 
or use recycled fertilisers such as green compost or 
solid or liquid digestate.

Figure 17:  Average yield of all main crops

Each year, three crops are grown in the DOK trial. In 2023, they were maize, potatoes and soya.
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In short: crop yield
Compared to conventional systems, the organic systems achieved lower yields with fewer nutrients and 
pesticides used. Soya is an exception, as it does not rely on nitrogen delivery from the soil, so soya yields 
were equally high in both systems. Grass clover showed only a slight reduction in yield in the organic 
systems, while potatoes showed a significant reduction. It is interesting to note that at half the fertilisation 
intensity, yields were higher in the conventional CONFYM system than in the organic systems that use typical 
fertilisation practices. This is an indication of the influence of plant protection and easily soluble nutrients on 
yields, especially in the case of potatoes and wheat. Preceding crops, green manures and breeding objectives 
tailored to organic farming can further increase the yield potential for organic farming. 
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Nutrient dynamics

Nitrogen
Most of the nitrogen (N) in the soil is in organic form. 
Mineral nitrogen is directly available and thus very 
relevant for plant nutrition. On average across all 
systems, the total N content in the top 20 cm of the 
soil was 1.6 g per kg of soil. At a depth of 30 to 50 cm, 
the total content of N was only about half as high.
	 The C/N ratio of the soil organic matter hardly 
changed over the DOK trial period. The mean value 
was constant at 9 ± 0.11 and showed no effects relat-
ed to the cropping system.

Figure 18:  Total nitrogen stock in the soil

N supply in the top 20 cm of the soil. Mean value of the 
measurements during each crop rotation period. The data were 
calculated from the total N content, taking into account the 
bulk density of the soil, measured in the first CRP.

Between 3.2 and 4.9 metric tonnes of N stock were 
measured per hectare at a soil depth of 0 to 20 cm. 
In the BIODYN  2 system, the N  stock increased 
by 9 kg per year (Figure 18). In the BIOORG 2 and 
CONFYM 2 systems, the N stocks in this soil layer 
were constant over time. In all other systems, the 
N stocks decreased by up to 20 kg per year in the un-
fertilised control. The results show that the N stocks 
in the soil could not be maintained in the systems 
with reduced fertilisation. This means that nitrogen 
utilisation in these systems is not sustainable.

Figure 19:  Nitrogen balance

N balance with inputs from fertilisation, deposition, seed and 
N fixation from the atmosphere, as well as exports via crop 
removal. Average values from five crop rotation periods between 
1985 and 2019.

Soil surface balances were calculated for the period 
from 1985 to 2019. These compare the N supply 
with the N removal by the crop. The nitrogen sup-
ply variables are: 

	• Fertilisation
	• Symbiotic N2 fixation
	• N deposition
	• N in the seed 

In the systems with conventional fertilisation, the 
balance between supply and removal was positive 
and ranged from a surplus of 23 kg (BIODYN 2 and 
BIOORG 2) to 46 kg (CONFYM 2) of nitrogen per 
hectare per year (Figure 19). In the purely miner-
al-fertilised CONMIN system, the balance was even. 
The systems with reduced fertilisation showed an-
nual deficits of between 5 and 10 kg of nitrogen per 
hectare. In the non-fertilised NOFERT system, the 
deficit was 31 kg per hectare per year (Table 10).
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Nitrogen losses due to leaching
The negative N balances with reduced and no fer-
tilisation show that more N is released from the soil 
organic matter than is reincorporated. With conven-
tional fertilisation, however, the N stocks increased 
less than would have been expected based on the N 
balances. In CONFYM 1 and CONMIN, on the other 
hand, the N stocks decreased more than would have 
been expected based on the negative balances. 
	 These deviations can be explained by the fact 
that ammonia emissions during fertiliser applica-
tion, denitrification losses or nitrate leaching are 
not taken into account in the soil surface balance. 
The sum of these losses amounts to 12 to 47 kg per 
hectare per year with conventional fertilisation.
	 The changes in N stocks in the deeper soil lay-
ers were not investigated until later: soil samples 
were taken from a depth of 30 to 50 cm in 2019 and 
2020. There were significantly smaller differences 
in N stocks between the systems at that depth than 
at a soil depth of 0 to 20 cm. The effect of the lack of 
fertilisation was only evident in NOFERT at a depth 
of 30 to 50 cm.

Efficient nitrogen utilisation
The nitrogen utilisation efficiency (NUE) can also be 
derived from the soil surface balance: this gives an 
indication of how much of the supplied N is taken 
up by the plants. A NUE above 100 % means that 

more N is removed than is supplied and, therefore, 
suggests that N is released from the soil organic 
matter (humus). For the systems with conventional 
fertilisation and CONMIN, the NUE was between 85 
and 100 % (Table 10). The NUE here refers to the to-
tal N supply and shows that both farmyard manure 
and mineral fertilisers as well as the biologically 
fixed nitrogen were used efficiently in the DOK trial.

Binding of atmospheric nitrogen
Legumes form a symbiotic relationship with rhizo-
bia: In visible nodules on the root, the bacteria 
convert molecular atmospheric nitrogen (N2) into 
ammonium, which the plant can utilise to form 
proteins. The symbiotic N2 fixation was the largest 
source of N in all systems, except in the mineral 
fertilised CONFYM 2 and CONMIN systems. The 
systems using reduced fertilisation showed similar 
fixation performance to those using conventional 
fertilisation. In CONMIN, however, the fixation per-
formance was significantly lower. The most N was 
fixed by the clover in the temporary leys, followed 
by soya beans and the catch crops.
	 N fixation by rhizobia requires a good supply 
of phosphorus, potassium and trace elements in the 
soil. In the unfertilised system, N2 fixation has de-
creased over time, which is most likely due to the 
decreasing levels of plant-available phosphorus and 
potassium in these soils.

Details in  
kg/ha/a

Fertiliser Symbiotic 
fixation 

Deposition 
and seed

Harvest Balance Change in 
soil stock

Utilisation 
efficiency

NOFERT 0 75 21 128 –31.1 –26.2 133 %
BIODYN 1 47 112 21 189 –8.7 –9.1 105 %
BIOORG 1 48 111 21 190 –9.6 –10.0 106 %
CONFYM 1 85 112 21 223 –4.5 –11.2 102 %
BIODYN 2 93 122 21 214 22.9 9.3 91 %
BIOORG 2 96 119 21 213 23.7 1.2 90 %
CONFYM 2 171 117 21 264 45.9 –0.7 85 %
CONMIN 121 99 21 240 2.1 –10.0 99 %

Table 10:  Nitrogen inputs and losses in the DOK systems 
Mean value from the five crop rotation periods between 1985 and 2019
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Nitrogen in microbial biomass
Soil microorganisms can store large amounts of 
nitrogen in their biomass (Nmic). Figure 20 shows 
Nmic contents in the soil. Taking into account the 
soil volume and the storage density of the soil, the 
BIODYN 2 system harbours up to 150 kg Nmic per 
hectare. The nitrogen in microorganisms serves as a 
temporary store for N in the soil, which is released 
again after the death of microorganisms (due to 
frost or dehydration, for example) when there is 
sufficient soil moisture and becomes available to 
the plants. 

Figure 20:  Microbial biomass

Microbially bound nitrogen in the eight systems of the DOK trial. 
Mean value from analyses of all plots in spring in 1998, 2006, 
2012 and 2019.

Repeated measurements of the microbial biomass 
at the end of the last four crop rotation periods 
revealed significantly more microbially bound ni-
trogen in the BIODYN 2 system as compared to 
BIOORG 2, and even more so to CONFYM 2. The 
CONMIN system showed similar values to the sys-
tems with reduced fertilisation. The NOFERT sys-
tem exhibited the lowest levels of Nmic. 

Phosphorus
Before the DOK trial was established in 1977, the 
phosphorus stocks of each plot in subplot C were 
measured: At the time, the P stock in the top 20 cm 
of the soil was around 2100 kg/ha (Figure 21). The 
soil was, therefore, well supplied with P.

Figure 21:  Total phosphorus stock 
in the topsoil

Phosphorus (P) stock in the soil layer at a depth of 0 to 20 cm 
over the course of six crop rotation periods with differentiated 
management in subplot C (n = 4).

Since then, a decrease has been observed in all crop-
ping systems, though the stock in CONMIN (after 
its establishment in 1984; previously NOFERT) has 
remained relatively constant. The decrease in P 
stocks in NOFERT was almost 20 %, while the or-
ganic systems had, on average, 5 % lower P stocks 
than CONFYM 2.
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Phosphorus balance
The phosphorus balance is the difference between 
the phosphorus supplied through fertiliser and seed 
and the phosphorus removed when harvesting the 
crop (Figure 22). In the CONFYM 2 system, the av-
erage supply was 40 kg P per hectare per year. In the 
BIODYN 2 and BIOORG 2 systems, it was around 
38 % lower at 25 to 26 kg P per hectare per year. The 
ratios between the systems with reduced fertilisa-
tion are similar, but at a lower level. 
	 At 32 kg, the P removed when harvesting the 
crop was only 16 % lower in the organic systems 
with conventional fertilisation than in CONFYM 2, 
where it was 38 kg per hectare per year. This indi-
cates that P from fertilisation is used more efficiently 
in the organic systems. At the same time, however, 
there is a continuous depletion of P stocks in the soil 
in all systems except CONMIN.
	 Due to the low solubility of phosphorus, the 
crops in the first CRP in particular benefited from 
the initially high P supply. At the same time, sys-
tem-specific differences in P availability could al-
ready be identified at the beginning of the DOK trial 
(Figure 23). 

Figure 22:  Phosphorus balance

Phosphorus balance: the difference between the phosphorus 
supplied through fertilisation and seed and the phosphorus 
removed when harvesting the crop. Average value from the five 
crop rotation periods between 1985 and 2019

The CONFYM 2 system shows a higher P availabil-
ity than BIODYN 2 and BIOORG 2 due to fertilisa-
tion with readily available mineral fertiliser. Based 
on current fertilisation GRUD recommendations, 

‘sufficient’ P was still available in the CONFYM 2 
and BIODYN  2 cropping systems after 42  years 
(Figure 23). 
	 However, the BIOORG 2 system and all systems 
with reduced fertilisation already showed a ‘mod-
erate’ supply from the fourth CRP at the latest. In 
agricultural practice, a possible reduction in yield 
is usually compensated for by additional fertilisa-
tion. The causes of the decrease in soluble phospho-
rus are the negative P balances, rapid fixation and 
leaching into deeper soil layers. 

Figure 23:  Soluble phosphorus

Soluble phosphorus content of the soil in soil samples after harvest. 
Mean values from annual (1978–2006, 2008–2010) and biennial 
(2010–2018) surveys per plot, CO2 method.
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Due to the cool weather after sowing, P deficiency symptoms were 
visible in maize in the organic systems with reduced fertilisation.
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Potassium
The potassium balance is also determined by 
the difference between the potassium supplied 
through fertilisation and seed and the potassium 
taken up by the harvested crop. The CONFYM 2 
cropping system had the highest K supply with 
251 kg K per hectare per year. The amount re-
moved was higher than the amount supplied in all 
cropping systems, resulting in a negative balance 
in all systems (Figure 24).

Figure 24:  Potassium balance

Potassium balance: the difference between the potassium supplied 
through fertilisation and seed and the potassium removed 
when harvesting the crop. Average value from the five crop rotation 
periods between 1985 and 2019.

The availability of potassium shows a clear differ-
entiation between the cropping systems and fer-
tilisation levels (Figure 25). What is particularly 
striking is the increase in K availability in all crop-
ping systems with the normal level 2 of fertilisation 
and in the CONMIN system, in which fertilisation 
amounts have been precisely calculated since the 
1990s. During this period, the potassium supply in 
the organic systems increased noticeably in some 
cases, but the amount removed did not increase to 
the same extent. 
	 Despite this, all cropping systems currently fall 
into the ‘moderate’ supply class. The agricultural 
advisors would recommend increasing K fertilisa-
tion. Studies have shown that the NOFERT system 
impairs plant growth due to the reduced availability 
of potassium.

Figure 25:  Soluble potassium

Soluble potassium content. Mean values from annual (1978–2006, 
2008–2010) and biennial (2010–2018) surveys per plot, CO2 
method.

Nutrient inputs via roots and 
nitrogen transfer

Carbon and nitrogen inputs via roots are the main 
source for maintaining and building up soil organic 
matter, also called humus. Root inputs to the soil 
consist of the roots and the substances released 
by the roots (rhizodeposition) while the plant is 
growing. These include substances such as soluble 
root exudates and mucilage (layer on the surface of 
roots), as well as detached root cells, root hairs and 
fine roots, which are quickly decomposed by micro-
organisms in the soil. Here we show the carbon and 
nitrogen transferred belowground by roots. 

Carbon inputs
Scientific models, which estimate carbon (C) inputs 
in soils and form the basis for international climate 
reports, have so far assumed that below-ground C 
inputs are proportional to above-ground biomass: 
the higher the yield of a crop, the more C is intro-
duced into the soil below ground. Conversely, this 
would mean that more C is introduced into the soil 
in conventional cropping systems than in organic 
systems. Results from the DOK trial disproved this 
assumption for winter wheat and maize.
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The study has shown that below-ground inputs are 
largely independent of above-ground biomass pro-
duction and that organic systems even tend to have 
slightly higher below-ground C inputs despite hav-
ing lower yields. Below-ground C inputs account-
ed for between 18 and 26 % of total C assimilation. 
Rhizodeposition was of fundamental importance 
for below-ground C inputs and in turn accounted 
for 57 to 63 % of below-ground C inputs in maize 
and 54 to 58 % of below-ground C inputs in winter 
wheat (Figure 26).

Nitrogen transfer in the grass-clover 
meadow
C and N inputs are equally fundamental for main-
taining or building up SOM. In the DOK trial, the 
C/N ratio of the SOM was relatively constant at 
around nine. This means that, per kg C, around 
0.11 kg N is fixed in SOM for the long term. This is 
the part of soil nitrogen that may become available 
to the plant when SOM is decomposed. 
	 The example of the grass-clover meadow in the 
DOK shows how the below-ground root inputs of 
clover affect the biological N2 fixation of the entire 
mixture. In contrast to C-transfer by maize and 
wheat roots, the below-ground N inputs of clover 
were proportional to the above-ground N assimila-
tion. It should also be noted that, in the first harvest 
year, the N bound in the roots and the N rhizodep-
osition increase over the vegetation period. In the 
second harvest year, the root N decreases again, but 
the inputs via rhizodeposition increase significantly. 
This indicates a very high root turnover, due to the 
frequent mowing and ageing of the clover. 
	 The DOK systems differed significantly in 
terms of N assimilation, however, the proportion of 
below-ground N was always constant and amount-
ed to around 29 % of the total N. The proportion of 

rhizodeposition in the below-ground N increased 
from around 35 % to 75 % from the end of the first 
harvest year to the end of the second harvest year.
	 The grass part of the grass-clover mixture ben-
efited directly from the N inputs via the rhizodepo-
sition of the clover. Two independent DOK studies 
showed that, in organic systems, around 40 % of the 
N taken up by the grass originates from the clover 
and, therefore, mainly from biological N2 fixation.
	 The consideration of below-ground N inputs 
and the N transfer from clover to grass has a sig-
nificant influence on the estimation of the quantity 
of fixed N in grass clover meadows. This is signifi-
cantly lower when based only on the above-ground 
growth. This is why, when compared to convention-
al estimation systems, we calculated 1.8 times more 
fixed atmospheric nitrogen in BIOORG 2 in 2007.

Figure 26:  Distribution of assimilates in 
shoots, roots and rhizodeposition in wheat 
and maize 

Comparison of the BIOORG 1, BIOORG 2 and CONFYM 2 systems.

In short: Nutrient dynamics
The nitrogen stock in the upper 20 cm increased only in the BIODYN 2 system (see page 32 “Soil carbon”). 
In BIOORG 2 and CONFYM 2, the stocks were constant. Nitrogen stocks decreased in systems that re-
ceived no or reduced rates of organic fertilisers. The fixation of atmospheric nitrogen through the symbiosis 
of legumes with rhizobia accounted for a very high proportion of the total nitrogen supply in all systems, but 
it was significantly reduced in the systems without farmyard manure (CONMIN and NOFERT). Phosphorus 
stocks decreased in all systems, but more so in the organic systems, due to their limited fertilisation, compared 
with the conventional ones. So far, with the exception of NOFERT, deficiency symptoms of plants have rarely 
occurred, which indicates that organic systems use phosphorus efficiently. The potassium supply shows a 
negative balance in all systems, but the potassium availability shows a positive trend in the last three crop 
rotation periods.
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Soil quality

pH value
In the organic systems, the pH value of the soil re-
mained at a stable level, between 6.6 and 6.3, for 
the entire duration of the trial. In the convention-
al systems, the pH value decreased below 6 after 
25 years, which is considered critical for this type of 
soil according to GRUD. This development is due to 
the acidifying effect of mineral fertilisers. 

Figure 27:  Course of the soil reaction

The CONFYM and CONMIN systems were limed in the years 
1999–2005 (n =12).

Maintaining a pH value above 6 is important for 
plant nutrition, biological activity and soil structure. 
In order to raise the pH value again in the conven-
tional systems, the soils were limed with five metric 
tonnes of CaO equivalents per hectare and fertilised 
with basic calcium ammonium nitrate (CAN) at the 
beginning of the fourth CRP in 1999. The success 
of this measure can be seen in the pH increase in 
the conventional systems (Figure 27). CONMIN 
received an additional liming because the pH val-
ue was still lower than in CONFYM. However, the 
trend towards acidification appears to continue af-
ter liming. 

Soil structure
Soil aggregates
Soil aggregates are formed by the accumulation and 
assemblage of mineral clay particles and organic 
particles. They are stabilised by soil organisms with 
hyphae and biofilms. This results in the formation 
of relatively solid structures that do not dissolve in 
water. The shape of the aggregates is an indicator 
of the structural stability of the soil. 
	 Soil with more water-stable soil aggregates is 
crumbly, less silted up and better protected against 
erosion thanks to improved water infiltration. It 
allows for better aeration and a better oxygen sup-
ply to the roots. The structurally relatively weak 
loess soil of the DOK trial tends to silt up. In the 
organic systems, the soils tend to silt up less. 
	 Interestingly, the aggregate stability shows a 
strong seasonality (Table 11). Especially in sum-
mer, when the soil was dry, the aggregate stability 
in the loess soil was low across all systems. The two 
organic systems still had the highest proportion of 
stable aggregates. This might be connected to an 
increased microbial biomass, and in the case of 
BIODYN more humus, which promote aggregate 
formation. The differences were smaller in spring. 
Under humid conditions, the fungal hyphae and 
bacterial biofilms remain effective as ‘adhesives.’

Table 11:  Proportion of water-stable 
aggregates in soils of the DOK trial

1. CRP 2. CRP 3. CRP 4. CRP 5. CRP 6. CRP

NOFERT BIODYN 1 BIOORG 1 CONFYM 1

BIODYN 2 BIOORG 2 CONFYM 2CONMIN

pH

5.2

5.4

5.6

5.8

6.0

6.2

6.4

6.6

6.8

Proportion of stable  
aggregates 

Significance

BIODYN 2 50.1 % a
BIOORG 2 44.2 % ab
CONFYM 2 38.4 % b
CONMIN 38.4 % b

Overall average 
across all systems

March 2000 55.3 % a

March 2003 48.2 % b

July 2003 24.8 % c
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Bulk density
The bulk density of the soil in the DOK trial is high, 
as the loess soil consists mainly of finer silt parti-
cles. Through biological measures, for example with 
the help of earthworms and fine roots, this soil can 
nevertheless form a system of fine and coarse pores. 
It can be temporarily loosened with tillage. Due to 
the influence of crop rotation and tillage, the bulk 
density changes over the course of a vegetation 
period. The bulk densities differed only slightly 
between the cropping systems, yet a change of more 
than a tenth in this parameter can be relevant. Ulti-
mately, due to the parent material, the soil remains 
poor in coarse pores, tends to become waterlogged 
and warms up slowly.

Level Bulk density, 
 1st CRP

SD Bulk density, 
3rd CRP

SD

NOFERT 1.32 0.046 1.26 0.035
BIODYN 1 1.33 0.043 1.20 0.039
BIOORG 1 1.32 0.039 1.23 0.029
CONFYM 1 1.33 0.023 1.22 0.070
BIODYN 2 1.31 0.047 1.20 0.044
BIOORG 2 1.32 0.040 1.22 0.046
CONFYM 2 1.32 0.039 1.22 0.027
CONMIN 1.31 0.057 1.25 0.066

Mean value 1.32  1.22  

Table 12:  Bulk density in the soils of the DOK trial (in kg/dm3)

Aggregate stability influences the tendency of soils to silt up.

Soil carbon
More carbon is stored in the world's soils compared 
to the sum of its plant biomass and atmospheric 
carbon dioxide (CO₂). They, therefore, play an im-
portant role in the discussion on climate change, as 
arable soils in particular are often depleted of hu-
mus and have great potential to build up humus 
and thus store CO2 from the atmosphere.

Organic carbon
Soil organic matter (humus) is formed from the res-
idues of plant and animal biomass that have been 

decomposed in the soil. On average, it consists of 
58 % C. Thus, SOM is usually quantified by measur-
ing the organic carbon content (Corg), where SOM = 
1.725 × Corg. SOM is the most commonly used in-
dicator to analyse the quality of a soil for cropping.
	 In the DOK trial, annual soil samples were tak-
en after the harvest from a depth of 0–20 cm and 
archived. The majority of these samples from the 
entire trial period were analysed uniformly at the 
end of the sixth CRP. This made it possible to ex-
clude influencing factors such as changing labora-
tory personnel, new equipment and methods and 
to visualise the actual development.

CONMIN

CONFYM 2

BIOORG 2

BIODYN 2
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The new analyses yielded the following results: 
Organic carbon (Corg) is clearly highest in the 
BIODYN  2 system (Figure 28). A positive trend 
was also statistically confirmed in this system. In 
the BIOORG 2 and CONFYM 2 systems, the con-
tents remained constant – the slight increase here 
could not be statistically substantiated. Corg levels 
decreased in all systems with reduced fertilisation 
as well as in CONMIN. As expected, the most sig-
nificant decrease was recorded in NOFERT.

Figure 28:  Soil carbon stock

Carbon stock in the top 20 cm of the soil of the eight cropping 
systems (n =12). These data were calculated from the Corg content 
and the bulk density of the soil in the first CRP. 

Changes in the carbon stock
The carbon stock refers to the amount of carbon 
present in the soil of a defined area. For the DOK 
trial, it was calculated for the uppermost soil layer 
to a depth of 20 cm per hectare (Figure 28). The bulk 
density was based on a measurement from the first 
CRP, when this parameter was not yet influenced 
by the cropping systems.
	 Between the first and sixth CRP, there was a sig-
nificant increase in Corg stocks in BIODYN 2 (12 %), 
while the stocks in BIOORG 2 and CONFYM 2 re-
mained unchanged. In this comparison, the systems 
with reduced fertilisation lost 4 % (BIODYN 1) to 
9 % (BIOORG 1, CONFYM 1 and CONMIN) of their 
Corg stocks. The unfertilised NOFERT system lost 
22 % relative to the first CRP. 

Figure 29:  Change in soil carbon stock 

Mean annual increase or decrease in organic carbon.

The average annual growth or loss rates can be de-
rived from the temporal dynamics of the C stocks 
(Figure 29). Only the level 2 cropping systems were 
able to increase or maintain the Corg stocks. All 
systems with reduced fertilisation and CONMIN 
had losses of up to 100 kg per hectare per year. 
With NOFERT, the losses amounted to 234 kg Corg 
per year. 
	 The differences between the systems with re-
gard to Corg were most pronounced in the upper-
most soil layer of 0–20 cm. The main root mass is 
located in this layer, and farmyard manure, green 
manures and crop residues are mixed in. The most 
intensive decomposition processes of soil organ-
ic matter take place here. They can be stimulated 
by tillage, but also by mineral fertilisers and root 
exudates. Another part of Corg is stored in deeper 
soil layers. The Corg content decreases with depth 
because less fresh organic matter is supplied via 
roots or farmyard manure. With increasing depth, 
the influence of the cropping system also decreases. 
At a depth of 30 to 50 cm, it is only recognisable in 
the NOFERT system. 
	 At 81 metric tonnes per hectare down to a 
depth of 50 cm, the BIODYN 2 system achieved the 
highest Corg stock in the 2019/20 measurement. In 
BIOORG 2, it was 80.25, and in CONFYM 2, 78.9 
metric tonnes/ha. CONMIN, on the other hand, 
had almost nine metric tonnes less Corg than 
CONFYM 2. These two systems received the stand-
ard fertilisation and also produced similar amounts 
of crop residues, so the difference of nine metric 
tonnes can be interpreted as the effect of organic 
fertilisation over 35 years (CONMIN was unfertil-
ised for the first seven years).
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Figure 30:  Organic carbon stock

Carbon stock in soil layers up to 50 cm deep after 42 years of 
differentiated management. The differences between the systems 
decrease with depth. Samples from 2019 after winter wheat and 
under grass clover and from 2020 after winter wheat; n =12.

In summary, only systems with manure from 
1.4 LU were able to maintain the Corg (humus con-
tent) in the soil, and the composting of manure in 
BIODYN 2 even resulted in an increase in humus 
over 42 years. Despite high yields, the mineral-fer-
tilised, conventional CONMIN system lost Corg, 
which is remarkable in view of the humus-increas-
ing grass clover meadows and the green manures 
grown. However, the systems with manure from 
0.7 LU also lost Corg over time. Reduced tillage 
and the use of green waste compost are additional 
measures to build up humus.

Microbial biomass
Microbial biomass is made up of microscopic or-
ganisms in the soil, including bacteria, archaea, mi-
croalgae and some fungi. It is the living part of soil 
organic matter. Microbial carbon makes up 1 to 3 % 
of soil carbon. In this section, microbial biomass is 
represented as microbially bound carbon (Cmic) 
(Figure 31) and in the chapter on nutrients as mi-
crobial nitrogen (Nmic) (Figure 20). 

Figure 31:  Microbial biomass

Microbially bound carbon in the eight systems of the DOK trial. 
Mean value from analyses of all plots in spring 1998, 2006, 2012 
and 2019.

The BIODYN system had the highest microbial 
biomass at both fertilisation levels. CONMIN and 
NOFERT, on the other hand, had the lowest micro-
bial biomass levels. 

Ratio of Cmic to Corg
The proportion of microbial carbon to soil organic-
carbon is used as an indicator of the quality of the 
organic matter. This quotient shows how good the 
conditions are for microbial growth in the soil and is 
also an early indicator of an increasing humus con-
tent after a change in soil management (Figure 32).

Figure 32:  Cmic/Corg ratio

Proportion of Cmic to Corg. This quotient indicates how 
suitable soil with a high organic matter content is as a habitat 
for microorganisms.
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Soil respiration
Soil microorganisms feed on dead organic material 
and break it down to its mineral components and 
CO2. This process is of central importance for the 
nutrient cycle. Alongside microbial biomass, soil 
respiration is one of the most significant biological 
soil parameters. When measured under standard-
ised laboratory conditions, it is referred to as basal 
respiration. CO2 development is a measure of the ac-
tivity of soil organisms, which also depends on the 
amount of readily available C sources (Figure 33). 

Figure 33:  Soil respiration

Basal respiration in the soils of the DOK trial. Data from the 
analysis of soil samples from 2019. A high value indicates high 
soil organism activity.

Metabolic quotient
The amount of CO2 required by microorganisms in 
the soil to maintain their biomass provides an indi-
cation of how good their living conditions are. The 
corresponding measure is the metabolic quotient 
qCO2. The more the microorganisms breathe, the 
more energy they consume to maintain their me-
tabolism. A low value indicates that the microbial 
community is efficiently converting the available 
energy.

Figure 34:  Metabolic quotient

Metabolic quotient for CO2 in the soils of the DOK trial.  
Data from the analysis of soil samples from 2019.

Despite its high basal respiration (Figure 33), the 
soil microbial community in BIODYN converts 
available energy more effectively. BIODYN con-
sumes 16 % less energy per unit of biomass for its 
maintenance requirements than the microbial com-
munity in CONFYM (Figure 34). The CONMIN sys-
tem has the highest metabolic quotient. This means 
that the microorganisms find the best living condi-
tions in the BIODYN system and are most stressed 
in CONMIN.
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Soil enzymes
Dehydrogenases
Enzymes from the group of dehydrogenases play an 
important role in the energy metabolism of micro-
organisms. They are active within the cell and serve 
as an indicator of its metabolic activity. 

Figure 35:   
Activity of the dehydrogenase

Dehydrogenase activity in the soils of the DOK trial. Data from the 
analysis of soil samples in 2016. The higher the value, the more 
dehydrogenase enzymes are active in the soil.

The high activity of dehydrogenase in the BIODYN 
system shows that there are significantly more mi-
croorganisms in the soil than in the soils of the other 
systems. It may also indicate that the activity per 
unit of microorganisms is higher.

Phosphatases
Enzymes from the class of phosphatases are secret-
ed by plants and microorganisms to break down 
organic phosphorus compounds. Because the con-
centration of dissolved P in soil water is very low, 
the enzymatic degradation of organic P compounds 
can contribute to plant nutrition.

Figure 36:  Alkaline phosphomonoesterase 
activity

Activity of alkaline phosphomonoesterase in the DOK trial. Data 
from the analysis of soil samples in 2019. The higher the value, the 
more phosphatase enzymes are active in the soil.

Phosphatase activity is highly dependent on the 
cropping system. The high activity of phosphatases 
in the BIODYN system shows a high potential to 
break down organic phosphorus compounds, 
which makes released P available to the plants.
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In short: Soil quality
After 20 years, the pH value of the soils of conventional cropping systems had fallen to such an extent that 
it had to be corrected by liming. The soils in the organic systems showed less of a tendency towards silting 
and better structural stability than those in the conventional systems. In the systems that use farmyard manure 
from 1.4 LU, the organic carbon content and stocks were constant. Without organic fertiliser or with reduced 
fertilisation, the soils lost organic carbon. With the application of manure compost, the BIODYN 2 system 
achieved significantly higher organic carbon contents than all other systems. The microbial biomass as well 
as its activity and efficiency were significantly higher in the organic systems than in the conventional ones. 
All indicators for soil fertility showed better values in the organic systems and especially in the BIODYN 
system. The soil fertility of BIODYN with reduced fertilisation reached or exceeded that of CONFYM with 
typical fertilisation.

NOFERT BIODYN 1 BIOORG 1 CONFYM 1

BIODYN 2 BIOORG 2 CONFYM 2CONMIN

0

2

4

6

10

8

12

mg/kg soil/h 

d

bc
cd cd

a

b

d

b

Nitrophenol



37The DOK Trial | 2024 | FiBL

Biodiversity

Humanity has overstepped planetary boundaries 
through many human practices and economic activ-
ities. This is especially apparent when considering 
biodiversity loss. 
	 With its 100 m2 plots, the DOK trial only allows 
statements to be made about the frequency and 
activity of species that are present in this area. De-
pending on the size and mobility of the organisms, 
they are active over a larger area than the dimen-
sions of a single plot. 
	 For this reason, research in the DOK trial 
focussed on earthworms, microorganisms and 
weeds. Surprisingly, however, soil animals that 
live mainly on the soil surface (epigeic arthropods) 
were also greatly effected by cropping system, even 
though these organisms can cover considerable dis-
tances daily. 
	 When analysing segetal flora, an influence on 
the neighbouring plots can also be expected due to 
seed dispersal. 

Weed seed bank
The population of segetal flora has changed as a 
result of the specific management involved in the 
DOK systems. Each crop has its own particular seg-
etal flora, and each season brings different plants 
in the field to the fore. Analysing the seed stock is, 
therefore, an interesting method, as it provides in-
formation about the emergence of segetal flora from 
seed over longer periods of time.

Table 13:  Number of seeds  
and of plant species

Weed flora fulfils important tasks in the ecosystem: 
It provides shelter and food for beneficial organ-
isms, protects the soil from silting and erosion and 
serves to absorb mineralised nitrogen after the har-
vest, thus protecting against leaching. In addition, 
its root exudates and roots also release carbon com-
pounds into the soil. 

Weeds are an important component of biodiversity 
in the often uniform arable landscapes, and they act 
as important intermediate hosts for root symbiotic 
fungi (mycorrhiza). 
	 However, the high seed stock also poses a con-
siderable risk of weed infestation to the crops. As 
part of the crop rotation, which suppresses many 
weeds with two years of grass clover, competition 
from weed flora in the organic systems could be 
limited by hoeing and harrowing. Soya is an excep-
tion: weeds are regularly weeded by hand in organ-
ic soya plots (approx. 25 h/ha).
	 Due to the absence of herbicides and less dense 
crop stands, more weed species were found in the 
organically farmed plots than in the conventionally 
farmed plots. In terms of the number of germinable 
seeds per unit area, organic plots have two to three 
times more stock in the soil than conventional plots. 
This means that a seed stock has built up in the or-
ganic systems that needs to be monitored. 

Seed stock

Species Seeds/m2

BIODYN 2 42 114 % 14 413 233 %

BIOORG 2 40 108 % 19 622 317 %

CONFYM 2 37 100 %   6195 100 %

CONMIN 33 89 % 8404 136 %

NOFERT 44 119 %  69 468 1121%

Field poppies in the winter wheat plots of the DOK trial.
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Soil animals
Earthworms
Earthworms are the best-known invertebrates that 
live in the soil. The habitat of the deep-burrowing 
species extends to a depth of around one metre in 
the deep loess soils of the DOK trial. There, earth-
worms find burrows into which they retreat when 
the surface becomes too dry or too cold.
	 Earthworms can be categorised into ecological 
groups based on their preferred habitat:

	• Epigeic species live below the soil surface, where 
they feed mainly on animal excrement and dead 
plant material. They are dark in colour to protect 
themselves from UV radiation. 

	• Endogeic species live in the upper part of the 
mineral soil. They are pale and almost transpar-
ent, as they rarely come to the surface. 

	• Anecic species dig vertically and seek out deep-
er soil layers at a depth of one metre or greater. 
These species promote the mixing of the mineral 
soil with the humus and draw plant residues and 
manure into the soil.

The biomass of earthworms in the DOK experiment 
is dominated by anecic species, which are relatively 
large and are, therefore, smaller in number than the 
relatively small, endogeic species. 
	 The methodology for data collection, which in-
volves the removal by hand sorting and extraction 
and identification of the animals, is very time-con-
suming. In addition, the DOK plots are heavily dis-
turbed as a result. For this reason, such data could 
only be carried out for some of the systems. Earth-
worm dynamics varied largely over the course of 
the year and day and are strongly dependent on 
humidity and temperature.

Earthworms 1990–1991 Earthworms 2001–2005

Number (ind. /m2) Biomass (g/m2) Number (ind. /m2) Biomass (g/m2)

BIODYN 2 302 138 % 192 124 % 234   90 % 183   89 %

BIOORG 2 463 211 % 228 148 % 247   95 % 180   88 %

CONFYM 2 219 100 % 154 100 % 259 100 % 205 100 %

CONMIN 145   66 % 118   77 % 190   73 % 166   81 %

NOFERT 208 95 % 137 89 % 164 63 % 142 69 %

Until 1998, conventional systems used plant protec-
tion products (carbendazim, dinoseb, methiocarb) 
that were very toxic to earthworms. The early anal-
yses, therefore, show a significantly lower number 
and biomass of earthworms in these systems. The 
switch to integrated production with the start of the 
third crop rotation and the phasing out of many of 

the old, very toxic products is the most likely ex-
planation for the recovery of the earthworm pop-
ulations in CONFYM and CONMIN. On the other 
hand, liming between 1999 and 2005 and the switch 
to alkaline nitrogen fertilisers may also have had a 
positive influence on the earthworm habitat. 

Table 14:  Number and biomass of earthworms in the DOK plots: 1990–1991 and 2001–2005

The collection of earthworms by hand sorting or extraction is 
time-consuming and only makes sense in spring or autumn when 
the worms are active.

The earthworm studies in 2001–2005 using a simplified method, which is less effective at detecting anecic earthworms, took place after the 
crop rotation phase with 3 years of clover-grass. Studies from 2024 reconfirm the data from 1990–1991 using the same methodology and 
with 2 years of clover-grass: significantly more earthworms in the organic soils than in the conventional ones.
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Ground beetles and rove beetles
Ground beetles and rove beetles are two families 
within the Coleoptera (beetle) order. Many of their 
species have not yet been studied in detail, but more 
is known about the autecology of ground beetles 
than that of rove beetles. The activity density of 
these animals is determined with the help of pitfall 
traps in the field soil. As the animals are very mo-
bile, they cannot be directly assigned to a small area. 
However, the frequency with which they visit a plot 
can be easily estimated from the trap numbers.

Ground beetle individuals Rove beetle individuals

1988 1990 1991 1988 1990 1991

BIODYN 2 208 a 72 a 60 a 42 a 58 a 20 a

BIOORG 2 156 ab 75 a 57 a 44 a 50 a 17 a

CONFYM 2 89 b 46 b 31 a 20 b 33 b 15 a

On average over the entire year, the abundance of 
these two groups of animals in the organic plots 
is around two times higher than in the conven-
tional plots. Ground beetles, which prefer warmth 
and dryness, and those that feed mainly on seeds 
were found more frequently in organic plots. The 
predatory beetles are important in the field for con-
trolling pests such as aphids. They are already ac-
tive in spring, when ladybirds are less effective at 
controlling pests at lower temperatures.

Table 16:  Density of spiders in individuals 
per m2

Web-building 
spiders

Predatory 
spiders

BIODYN 2 2.5 a 7.4 a

BIOORG 2 1.8 ab 7.3 a

CONFYM 2 1.2 b 3.4 b

CONMIN 1.0 b 4.5 b

The organic systems have a significantly higher 
density of spiders. Predatory spiders occur almost 
twice as frequently in the organic plots as in the 
conventionally farmed plots.

Large ground beetles are voracious and eat up to 2.5 times their 
body weight per day.

Table 15:  Abundance of ground beetles and rove beetles in winter wheat plots

A web spider in a DOK wheat plot.
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Nematodes
Nematodes are one of the most species-rich and 
widespread animal phyla. Due to the morphologi-
cal specialisations of individual nematode species, 
they are able to occupy a wide variety of ecologi-
cal niches. They play a key role in the regulation 
of biogeochemical cycles and ecosystem processes. 
Examples of this are mineralisation and the build-
up of soil organic matter. 
	 However, individual species can cause damage 
to crops, partly due to their parasitic lifestyle. Due 
to their high diversity, the composition of the nema-
tode community can serve as an important indicator 
of the ecological environmental conditions. 

Studies in the DOK trial show that both the num-
ber of species and the biomass of nematodes are 
strongly dependent on organic fertilisation. Nem-
atodes whose preferred food source is bacteria and 
plant residues are significantly more common in the 
organically fertilised systems. Nematodes that live 
on fungi are more common in the mineral-fertilised 
systems. Hardly any difference was found between 
the systems with organic fertilisers.

Microbial diversity
Bacteria and fungi are extremely adaptable organ-
isms that exhibit great diversity in the soil and col-
onise even the smallest habitats in the pore space of 
the soil. They can be described on the basis of their 
genetics, their appearance and their functionality. 
Many of the fungi and bacteria live in interaction 
with other microorganisms and form communities 
where the various metabolic pathways and life-
styles are mutually supported.

Important soil properties that affect microbial di-
versity in the soil include the pH value, soil carbon 
and soil texture. In the DOK trial, each system ex-
hibits its own unique community structure of soil 
fungi and bacteria (Figure 37). The soil fungi show 
a higher sensitivity to the agricultural cropping sys-
tem. This can be seen in the close grouping of the 
two intensity levels of the three systems BIODYN, 
BIOORG and CONFYM (Figure 37). The bacteria, 
in turn, are primarily influenced by the fertilisa-
tion intensity, as shown by the close grouping of 
the semi-fertilised systems and the non-fertilised 
control.

Bacterivore Herbivore Fungivore Omnivore

BIODYN 2 17.5 a 27.2 a 0.4 b 4.5 a

BIOORG 2 16.2 ab 28.1 a 0.5 ab 5.2 a

CONFYM 2 19.3 a 24.8 a 0.9 a 4.8 a

CONMIN   9.5 bc 16.8 b 0.9 a 2.3 b

Nematodes are easy to recognise only under a microscope.

Table 17:  Number of nematodes in individuals per m2 
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Figure 37:  Community structure of soil fungi and soil bacteria

Community structure of soil fungi (left) and soil bacteria (right) in the DOK trial. The graph shows the similarities between soil microbes 
identified by marker genes. Each dot corresponds to the community structure of a subplot (plot C). The closer the dots, the more similar 
the structure. The further apart the dots are, the more different the community structure.

Flowering weeds attract insects, and are also shaping the landscape.
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The metabolic activity of fungi and bacteria is cru-
cial for many ecosystem services provided by the 
soil. Conversely, fungi and bacteria ensure fertile 
soils with a high storage capacity. 
	 Symbiotic fungi, the mycorrhiza, enable cul-
tivated plants to expand the catchment radius for 
nutrients and water in the soil many times over and 
thus secure their supply. The so-called endomycor-
rhiza in the root cortex is relatively unspecific and 

can colonise several plant families and genera. This 
also makes them bridges between the root networks 
of different plant species in the soil; even herba-
ceous and woody plants are connected via fungal 
threads (hyphae) and thus exchange carbohydrates 
and minerals.
	 The DOK trial, particularly in the organic and 
unfertilised systems, demonstrated a high level 
of mycorrhizal fungi colonisation of the cultivat-
ed plants. The systems with mineral fertilisation 
showed a clear decline in symbiotic activity be-
tween the fungi and cultivated plants. This may be 
related to the decline in the diversity of the mycor-
rhizal communities. 
	 In an experiment to simulate drought in the 
DOK trial, an increase in the occurrence of mycor-
rhizae was demonstrated in an organic system as 
compared to a conventional system, whereas other 
biological indicators in the soil remained unaffect-
ed. In the BIODYN system, mycorrhizal fungi were 
three times more frequent during drought than in 
the conventional CONMIN system. Effects on the 
water balance of plants are currently being inves-
tigated. Not all crops are dependent on symbiotic 
fungi. However, in the absence of mycorrhiza, the 
crop is more dependent on soluble fertilisers and 
plant protection. In the long term, reduced soil mi-
crobial activity leads to a loss of soil structure and 
soil quality.

In short: Biodiversity
The size of the trial plots in the DOK trial restricts the selection of species and biodiversity indicators. 
The plant diversity in the organic systems showed more species and two to three times as many germinable 
seeds than in the conventional systems. Ground beetles, rove beetles and spiders were around twice as 
common in the organic plots as in the conventional ones. Organic fertilisation promotes the number and 
species composition of nematodes that eat bacteria and plants. Nematodes that feed primarily on fungi were 
more prevalent in the CONMIN system. Soil fungi and bacteria develop very differently in the individual 
systems: bacteria were more strongly influenced by the intensity of the fertiliser, while fungi were more 
influenced by the differences of the system. Mycorrhizal fungi on cultivated plants were detected more 
frequently in the organic and non-fertilised systems. Their abundance increased under drought stress, most 
strongly in BIODYN. 

Symbiosis between mycorrhizal fungus and legumes: reserve organs of the fungus 
(vesicles) and hyphae within the root cortex can be seen.
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Climate change

The agricultural sector is responsible for around 
14 % of Switzerland's greenhouse gas emissions 
and, therefore, makes significantly contributes to 
climate change. At the same time, agriculture is also 
strongly affected by climate change. Global green-
house gas emissions are rising, and the likelihood 
of summer droughts coupled with severe storms 
is predicted to increase significantly in Central Eu-
rope. Agriculture must, therefore, develop climate 
mitigation strategies to reduce greenhouse gases 
as well as climate adaptation strategies to increase 
resilience in the face of unstable weather conditions.

Climate adaptation through humus build-up
Measures that lead to improved adaptation of agri-
culture to the consequences of climate change often 
also serve to improve soil quality and biodiversity.
	 One example are management practices for 
building up humus. By building up and stabilising 
humus, carbon is removed from the atmosphere and 
soil quality is improved. In the DOK trial, the devel-
opment of humus content has been monitored for 
over 40 years. It was found that the humus content 
could only be increased or kept stable with organic 
fertilisation. The build-up of humus is particularly 
pronounced in the biodynamic system, although 
the amount of organic fertiliser applied as manure 
compost was the lowest (see chapter “The trial”). 
Despite the loss of carbon and nitrogen during the 

composting process, the quality of the fertiliser ap-
plied appears to be the decisive factor for the stability 
of carbon in the soil. Through the build-up of soil 
carbon, the use of organic cropping systems can be 
a strategy for climate change mitigation and adapta-
tion. However, the increase in soil carbon is very slow. 

Comparison of greenhouse gas emissions
The most important greenhouse gases from agri-
culture are carbon dioxide CO2, nitrous oxide N2O 
and methane CH4. These three gases are converted 
into CO₂ equivalents in order to assess their climate 
impact: nitrous oxide has a factor of 300 and meth-
ane a factor of 28. Nitrous oxide remains in the at-
mosphere longer and has a climate impact that is 
300 times greater.
	 Due to the high climate impact of N2O, nitro-
gen-related greenhouse gas emissions play the de-
cisive role for climate assessment in arable farming 
with well-aerated soils. Starting in 2012, N2O and 
CH4 emissions were measured under grass clover, 
maize and green manure over the course of 571 
days and compared with the average rate of change 
in soil carbon stocks (Figure 38). The highest N2O 
emissions were measured in the conventional sys-
tem with farmyard manure and mineral fertilisation. 
The high nitrogen application in maize was proba-
bly the decisive factor in the high-climate impact of 
the system during the measurement period. 

Hail damage in the maize plots of the DOK trial in 2022.
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The avoidance of mineral nitrogen, a stable soil pH 
and a good soil structure are important factors for 
minimising N2O emissions in the organic systems.
	 It is noteworthy that, in the biodynamic system, 
an increase in carbon stocks was observed together 
with the lowest N2O emissions. This result shows 
that increasing soil carbon content when using a 
customised fertilisation strategy does not neces-
sarily lead to increased N2O emissions. Relative to 
the area, 44% less greenhouse gas emissions were 
measured in BIOORG 2 and 63 % less in BIODYN 2 
compared to the conventional system, each case us-
ing typical fertilisation practices. 

Resilience against drought stress
How cropping systems act under drought stress 
is an important question for the ability to adapt to 
climate change. In the experimental comparison, 
the more diverse bacterial community in the soil 
of BIOORG 2 meant that drought stress had less 
of an impact on protease activity and N mineral-
isation than in CONMIN. As a result, the plants 
in BIOORG 2 developed significantly better under 
drought stress.
	 Current studies from the DOK trials show that 
soil water evaporation is almost the same in all 
cropping systems, as is the depth from which the 
plants draw their water. However, the soil mois-
ture in the root zone was significantly higher in the 
organic systems, and the plants were able to utilise 
the water more efficiently. The results suggest that 
organic farming systems have advantages in terms 
of agronomic water utilisation efficiency and are 
more resilient to drought stress. Two large, ongoing 
projects are currently investigating this in greater 
depth.

Figure 38:  Climate impact of the soils 
of the DOK trial

In short: Climate change
Of the various cropping systems, only the biodynamic system using typical fertilisation intensities stored 
additional organic carbon in the soil. The lowest nitrous oxide emissions were also measured in the BIODYN 
system. The high emission rates in CONFYM 2 and CONMIN are due to high rates of nitrogen fertilisation. 
Overall, greenhouse gas emissions per area unit were 63 % lower in BIODYN and 44 % lower in BIOORG 
than in CONFYM. During moderate droughts, the more diverse bacterial community in organically farmed 
plots remains active for longer, which can have a positive effect on nitrogen mineralisation and thus on 
plant growth.
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Abbreviations and glossary
a	 annum / year

arthropod	 insects, millipedes, crustaceans, 
arachnids

bacterivore	 feeds on bacteria

basal respiration	 soil respiration under standard 
conditions

BIODYN	 DOK cropping system using biodynamic 
principles

BIOORG	 DOK cropping system using bio-organic 
principles

BT 	 Bacillus thuringiensis. BT preparations 
contain spores or toxins of the bacterium

C	 carbon

CaO	 quicklime, chemically calcium oxide

CH4	 methane

Cmic	 microbially bound carbon

Cmic/Corg	 ratio of microbial carbon to organic 
carbon

C/N	 ratio of carbon to nitrogen

CO2	 Carbon dioxide

Corg	 organic carbon

CONFYM	 DOK system using conventional 
cropping with farmyard manure

CONMIN	 DOK system using conventional 
cropping with mineral fertiliser only

CRP	 Crop rotation period, in the DOK trial 
CRP 1: 1978–84; CRP 2: 1985–91; 
CRP 3: 1992–98; CRP 4: 1999–2005; 
CRP 5: 2006–12; CRP 6: 2013–19

dehydrogenases	 enzyme group in the respiratory chain 
of microorganisms

DM	 dry matter

DOK	 dynamic, organic, conventional 
(‘konventionell’ in German).  
Abbreviated for the DOK trial of (bio)
dynamic, organic and conventional 
cropping systems

DON	 deoxynivalenol, a mycotoxin

fertilisation	 farmyard manure in the DOK trial 
reduced =1= 0.7 LU 
standard practice = 2 =1.4 LU

field	 in the DOK trial, crops are grown at 
staggered intervals in three fields (A, B, C)

fungivore	 feeds on fungi

GRUD	 Principles of Fertilisation of Agricultural 
Crops in Switzerland (2017)

herbivore	 feeds on plants

IP	 integrated production  
(integrated farming)

K	 potassium

LU	 fertiliser livestock unit. 1 LU corresponds 
to the annual production of 105 kg N 
and 15 kg P2O5 (the empirical formula 
for diphosphorus pentoxide)

metabolite	 products from enzyme-catalysed 
reactions

metagenomics	 genetic material is extracted directly 
from environmental samples, sequenced 
and analysed

n	 sample size

N	 nitrogen

N2 	 molecular atmospheric nitrogen 

N2O	 nitrous oxide (laughing gas)

NRP	 Swiss National Research Programme

NIR	 near-infrared spectroscopy

NIV	 nivalenol, a mycotoxin

Nmic	 microbially bound nitrogen

Nmin	 mineral nitrogen from ammonium and 
nitrate

NMR	 nuclear magnetic resonance 
spectroscopy

Ntotal	 total nitrogen

NOFERT	 DOK cropping system without 
fertilisation

NUE	 nitrogen utilisation efficiency

omnivore	 feeds on both plants and animals

OS	 organic substance

P	 phosphorus

P2O5	 empirical formula for diphosphorus 
pentoxide

PLFA	 phospholipid fatty acid and ether lipid 
pattern

plot	 individual area of a cropping system in 
the DOK trial facility

PPP	 plant protection products

qCO2 	 metabolic quotient: A low value indicates 
that the microorganism community is 
efficiently converting the available energy

replicate	 repetitions of the test units

RFLP	 restriction fragment length polymorphism

rhizodeposition	 root inputs from roots and substances 
released into the soil by roots

SD	 standard deviation

SIMS	 secondary ion mass spectrometry

SNSF	 Swiss National Science Foundation

soil respiration	 CO2 emitted by microorganisms

SOM	 soil organic matter = humus = 
1.725 × Corg

t	 metric tonnes

TPF	 Triphenylformazan (indicator dye)

15N	 stable isotope of nitrogen

32P, 33P	 radioactive isotopes of phosphorus
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