
Citation: Kolbe, H. Comparative

Analysis of Soil Fertility, Productivity,

and Sustainability of Organic

Farming in Central Europe—Part 2:

Cultivation Systems with Different

Intensities of Fertilization and

Legume N2 Fixation as well as

Perspectives for Future Development.

Agronomy 2022, 12, 2060. https://

doi.org/10.3390/agronomy12092060

Academic Editor: Xiaobing Liu

Received: 22 July 2022

Accepted: 24 August 2022

Published: 29 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Review

Comparative Analysis of Soil Fertility, Productivity,
and Sustainability of Organic Farming in Central
Europe—Part 2: Cultivation Systems with Different
Intensities of Fertilization and Legume N2 Fixation
as well as Perspectives for Future Development
Hartmut Kolbe †

Sächsisches Landesamt für Umwelt, Landwirtschaft und Geologie (LfULG), 01683 Nossen, Germany;
hartmutkolbe@yahoo.de
† Author retired since 2016; Current address: Altes Dorf 19, 04435 Schkeuditz, Germany.

Abstract: In the course of the broad expansion of organic farming, a considerable increase in the
number of different cultivation types has also occurred. Compared to the formerly ideal forms
with arable farming and animal husbandry around 0.5–1.0 LU ha−1 and the corresponding use of
organic manure, an increasing differentiation of cultivation systems can be observed today. There
are market crop systems without livestock and purchased fertilizer with less than 20% legumes
and forage cropping systems with more than 2.5 LU ha−1 livestock and a cultivation of grain and
forage legumes of more than 50% in the crop rotations. From a long list of corresponding survey
studies of farms in agricultural practice as well as a number of important long-term field trials, in
this overview paper it was possible to investigate and to discuss both the manifold possibilities and
the limitations of intensification in organic agriculture by a comparative analysis of results from a
wide range of cropping systems from Central Europe. The short-term as well as the long-term effects
on the development of yield and quality performance of crop rotations, nutrient management, and
soil fertility, as well as of important environmental effects, were quantified, and aspects of further
development and sustainability of organic farming systems were shown in detail.

Keywords: Central European countries; organic farming; long-term farm and field trial analysis;
forage and market crop systems; with and without livestock; increasing organic fertilizer input;
increasing legume N2 fixation input; intensification effects; crop yield and quality; soil fertility

1. Introduction

In accordance with the cultivation standard rules of organic farming [1], essentially no
light-soluble mineral fertilizers nor synthetic pesticides are used. Instead, there is a supply
of nitrogen (N) both through the cultivation of legumes and the application of organic fer-
tilizers in diverse crop rotations. The extent of animal husbandry is linked to the size of the
farmland. According to EU regulation, an upper limit of 170 kg N ha−1 year−1 of organic
fertilizers must be observed. Many organic associations have lower maximum values.

Following the consumers’ wishes and demand for organic products, there has been
a marked increase in the number of farms and in the areas under organic cultivation [2].
At the same time, an increasing differentiation in the types and methods of cultivation on
farms has occurred as a result of agronomic and economic requirements. Recent studies
in this regard also identified a wide range of important farm measures of productivity
and soil fertility, which can also be expected to have different impacts on environmental
protection and farm sustainability [3–11].

Comparative analyses have shown, for example, not only characteristic yield differ-
ences between conventional and organic farming, but also tendencies towards stagnation
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and even an increase in yield differences over time for some crop species. Developments of
this kind are particularly observed in certain market crop farms, which could eventually
also reduce the economic attractiveness of these mostly stockless farming systems [12–14].

Depending on farm specialization and taking into account approaching climate change,
quite different developments can be expected in the future if these trends continue: from
further declining soil fertility and yield potential, e.g., in certain market crop systems, to
an increasing occurrence of forms of overfertilization and imbalances of organic matter
(humus balance) and specific nutrients, not only in some intensive vegetable farms [11,15].

Considering this background, results of long-term field trials based on the exact
knowledge of crop rotations and management can be of advantage in deepening the survey
investigations and farm analyses of agricultural practice in many ways. For this purpose, it
will be most successful if the trials, oriented to the example of practice, can represent a very
broad differentiation of farming systems. In accordance with these aspects, several partly
extensive long-term field trials were set up and evaluated on different sites and climatic
conditions. In these field trials, the questions investigated concerned how these cultivation
systems with forage and market crop production, different crop rotations, fertilizer types,
and intensity levels affect the yields and quality of the plant species, the soil fertility, and
the environment over a long period of time.

An important overview of relevant long-term experiments with the subject of organic
farming can be found in [16,17], and a listing of farm studies of organic practice can be
taken from [8,18]. In Part I of these summary surveys, the average widespread forms of
organic farming are subjected to a detailed analysis [19].

The focus of the examinations in Part II is on the influences of increasing fertilization
and the cultivation extent of legumes in crop rotations in comparison to results from
agricultural practice, including environmental effects and climate change. In addition,
some aspects of the future development of organic agriculture mentioned below are also
discussed in detail [20–32]: sustainable or ecological intensification, conventionalization,
food quality and security, resource protection, and climate change.

For this purpose, the investigations allow a comparative presentation of the results
over a wide range of cultivation methods, which partly exceeds the usual extent of prac-
tical organic farming. In this review, both the manifold possibilities and the limits of
intensification can therefore be examined and demonstrated precisely.

2. Description of Long-Term Field Trials Involved

The most important field trials that were used for these investigations can be seen in
Table 1. They were carried out in different regions of Germany and included variants with
widely varying amounts of organic fertilizer and legume shares ranging from less than 20%
to over 50% of the crop rotations.
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Table 1. Location, site, soil, and cropping factors of the participating long-term field trials with different amounts of legumes in the crop rotations.

Legume Content up to 20% Legume Content Approx. 33% Legume Content around 50%

Location

Trial site Köln-Auweiler Bernburg Viehhausen Villmar Methau Spröda Roda Roda

Altitude (m above
sea level) 48 80 480 160–170 265 120 224 224

Trial type Exact experiment Exact experiment Exact experiment Exact experiment Exact experiment Exact experiment Large plot experiment Exact experiment

Climate

Mean precipitation
(mm per year) 750 469 797 649 693 547 711 711

Mean annual
temperature (◦C) 9.5 9.1 7.5 9.5 8.4 8.8 8.6 8.6

Soils

Soil type Sandy loam Silty loam Sandy loam Strong clayey silt Loam Poor loamy sand Loam Loam

Soil quality index 65–70 85–96 61 66 70/63 30/33 68 68

Clay content (%) - 22 25 24–32 15–18 5–7 12–15 13

Cultivation and fertilization system

Cultivation system Market crop system
with field vegetables

Conventional and
organic systems with
and without livestock

6 crop rotation systems
in comparison

Forage production,
market crop and
soil cultivation
systems, partial

clover-grass mulching,
straw fertilization

Forage production
(by-products removed),

market crop systems
(by-products remain,

clover-grass mulching)

Forage production
(by-products removed),

market crop systems
(by-products remain,

clover-grass mulching)

Typical livestock-less
and livestock-rich
cropping systems

Legume-rich
cropping and

fertilization systems

Fertilization system
(fertilizer types,

amount) (1)

Organic commercial
fertilizers

0.0, 0.3 LU ha−1

Stable manure
0.0, 1.0 and 1.5 LU ha−1

Slurry, stable manure
0.0, 0.8 LU ha−1

Stable manure
0.0, 0.8 LU ha−1

Stable manure, slurry,
green manure

0.0, 0.5, 1.0 and
2.0 LU ha−1

N-mineral fertilization

Stable manure, slurry,
green manure

0.0, 0.5, 1.0 and
2.0 LU ha−1

N-mineral fertilization

Stable manure, slurry
0.0 and 1.0 LU ha−1

Stable manure, slurry
0.0, 0.7, 1.3 and

2.7 LU ha−1

Crop rotation

Clover-grass, grain
legumes (share per crop

rotation) (%)

Clover-grass, grain
legumes

20

Clover-grass, grain
legumes

25

Clover-grass, grain
legumes

33–40

Clover-grass, grain
legumes

33

Clover-grass
34

Clover-grass
33

Clover-grass, grain
legumes

33–50

Clover-grass, grain
legumes

50

Cereals (share per crop
rotation) (%)

Wheat, winter rye
20–40

Winter wheat, spring
barley, winter rye

63

Winter wheat,
spring barley

33–66

Winter wheat, winter
rye, oats

50

Winter wheat,
spring wheat

33
Winter wheat, triticale

34

Winter wheat, spring
barley, winter barley,

winter rye
33–50

Winter wheat,
winter barley

33

Root crops, corn, field
vegetables (share per

crop rotation) (%)

Potatoes
20 + field vegetables

Potatoes
12

Potatoes
0–33

Potatoes
17

Potatoes, corn
33

Potatoes, corn
33

Potatoes
17

Potatoes
17

Literature sources [33] [34–36] [37,38] [39] [40] [40] [41] [42]

(1) Fertilization systems: livestock units (LU), 1 LU ha−1 = 60 kg N ha−1 year−1.
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3. Farm Surveys of Agricultural Practice

The following studies were conducted as farm surveys on permanent test plots and
other areas of cropland under organic farming cultivation conditions (for a more detailed
description, see [19]):

Germany:

- Ref. [43] Federal state of Saxony, 32 farms, 1200 arable and grassland plots;
- ref. [44] 20 farms;
- ref. [45] 82 farms;
- ref. [18,46] 9 federal states, approx. 360 farms, approx. 7460 arable and grassland plots;
- ref. [47] 15 farms;
- ref. [6] 28 farms;
- ref. [48] 39 farms;
- ref. [3] 12 farms;
- ref. [4,5] 16 farms;
- ref. [49] 9 farms;
- ref. [20] 26 farms;
- ref. [50] 9 farms.

Other European countries:

- ref. [51] Austria, 9 main growing areas;
- ref. [52] Great Britain, 9 farms;
- ref. [53] France; Germany, 16 farms;
- ref. [54] Norway, 30 farms.

4. Methods of Soil and Plant Examination

Soil Testing Methods:

- Nmin (kg N ha−1) as NH4- and NO3-nitrogen (N) in 0.0125 molar calcium chloride
(CaCl2) solution at 0–90 cm soil depth or depth drilling at 90–200 cm with ram core
probes (6 cm diameter) [55];

- Smin as soluble sulfur (S) (kg S ha−1) at 0–90 cm soil depth, according to [56];
- pH value at 0–30 cm depth in 0.01 molar calcium chloride solution (CaCl2) [57];
- DL (double lactate) or CAL (calcium acetate lactate) soluble phosphate (P), and potas-

sium (K) (mg 100 g−1) at 0–30 cm depth [58,59];
- CaCl2-available magnesium (Mg) (mg 100 g−1) at 0–30 cm depth [60];
- total organic carbon (Corg in % DM) at 0–30 cm depth with elemental analysis (DIN

ISO 10694);
- total N (Nt in % DM) at 0–30 cm depth, according to [56].

Methods of Plant Examination, Balancing, and Result Evaluation:
For methods of crop analysis, nutrient balancing, decomposable soil organic matter

balancing (humus balance, in humus equivalents, kg HEQ ha−1), N2 fixation of legumes,
calculation of grain equivalent units (GE) of crop species, calculation of N mineralization,
and methods of result evaluation (supply grades A–E), see [19,40]. The supply level of
organic fertilizers is defined according to the respective N concentrations as the total N
supply on average in the crop rotation (kg N ha−1 year−1). The legume share factor was
determined by calculating the sum of all annually cultivated crop species in a crop rotation
(=100%) in relation to the sum of forage and grain legumes (%).

5. Biometric Evaluation

Statistical analysis was performed using the SPSS program. The following statistical
procedures were used: mean (MV), rate of change per unit time with slope b, standard
deviation s or mean standard deviation ms, correlation r, simple regression, multiple
linear regression analysis, and significance limits: 10% = (*) (p < 0.10); 5% = * (p < 0.05);
1% = ** (p < 0.01); 0.1% = *** (p < 0.001).
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6. Results of Increasing Intensities of Fertilization and Leguminous N2 Fixation
6.1. Influence of Average Intensities of Fertilization and Crop Rotation Shares of Legumes as a Basis
for Comparison

In the last decades, organic farming cultivation systems, which are widely used in
agricultural practice, have been studied by different authors for their effects on productivity
and on-farm soil fertility as well as environmental impacts in Norway, the UK, Austria, Ger-
many, and many other countries in Europe [6,18,43,52,54,61]. In addition, these cultivation
methods were accompanied by intensive experimental activity [16].

Through the evaluation of results of certain variants of these long-term field trials,
the findings of the practice could be completed and deepened [40,41,62–68]. Extensive
comparative investigations, which have been presented in detail in the first review part
by [19], led to the approximate conclusion that there is a relatively high agreement between
the tested forage production and market crop systems, a corresponding organic fertilization
around 0.5 LU ha−1 and a cultivation level of about 33% legumes in the crop rotations
with the average situation in organic farms. Therefore, some key results, which have been
summarized in Table 2, serve as absolute or relative baseline values for the comparative
presentation of results on different cropping types and increasing intensities of organic
farming in this article.

Table 2. Mean values, standard deviation (s), and supply classes (1) of some important characteristics
of fertilization and soil fertility of forage and market crop systems with legumes around 33% in
rotations and fertilization around 0.5 LU ha−1 on loamy and sandy soils.

Trial Variant Organic
Fertilization GE-Yield N Balance P Balance K Balance Humus

Balance (2) Nmin Spring PCAL KCAL
N

Translocation

[kg N ha−1] [t GE ha−1]
[kg N
ha−1] [kg P ha−1] [kg K ha−1]

[kg HEQ
ha−1/Class]

[kg N ha−1

0–90 cm Soil
Depth]

[mg P 100
g−1/Class]

[mg K 100
g−1/Class]

[kg N ha−1 ,
90–200 cm

Depth]

Loamy soils

Forage
production,
by-products

removed

37 8.2 ± 0.49 +0 ± 2.5 −17 ± 3.4 −120 ± 19.0 +158 C ± 25.5 ca. 45 ± 6.1 3.9 C ± 0.12 7.4 C ± 0.13 8.1 ± 0.40

Market crop
systems,

by-products
remain,

clover-grass
mulching

33 7.8 ± 0.58 +87 ± 4.5 −7 ± 2.3 −14 ± 17.8 +433 D ± 8.5 38 ± 2.2 4.3 C ± 0.26 11.6 D ± 0.21 7.0 ± 0.62

Sandy soils

Forage
production,
by-products

removed

32 4.4 ± 0.23 +14 ± 3.1 −10 ± 1.1 −89 ± 16.1 +82 C ± 12.7 40 ± 2.4 5.2 D ± 0.28 10.4 D ± 0.78 18.1 ± 5.3

Market crop
systems,

by-products
remain,

clover-grass
mulching

30 4.3 ± 0.18 +83 ± 3.4 −2 ± 1.5 −1 ± 9.1 +214 C ± 25.5 45 ± 2.8 7.0 D ± 0.12 10.7 D ± 1.12 ca. 19.0 ± 3.2

Mean values
(ms) 33 6.2 ± 0.37 46 ± 3.4 −9 ± 2.1 −56 ± 15.5 +222 C ± 18.0 42 ± 3.4 5.1 ± 0.19 10.0 ± 0.56 13.1 ± 2.4

(1) Supply classes: undersupply (A, B), optimal supply (C) and oversupply (D, E). (2) Soil organic matter (humus)
balance—Corg difference per year: there is a close correlation of r = 0.744 (p < 0.001) between humus balance of the
STAND method and Corg change [69].

6.2. Influence of Low Intensities of Fertilization and without Livestock Farming
Crop Rotations with 33% Forage Legumes

It has been repeatedly reported for many years that farming types with higher spe-
cialization, on sites with low natural fertility and with very low fertilizer use, can have a
potentially higher risk for maintaining soil fertility [39,52,70–73]. A large share of causes in
this regard is attributed, for example, to mostly stockless farms, which enjoy widespread
use today due to their simpler basic structures, but inaccuracies can arise in their delineation
as market crops or arable farms.

For example, these cultivation forms include farms whose crop rotations may also
include a higher proportion of field vegetables. The regular management of these crops is
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usually hardly possible without the supply of organic fertilizers. Therefore, simple sorting
between forage and market crop farms may yield results that mean values in important soil
fertility criteria sometimes hardly differ between these two types of cultivation (see [43]). If
the field vegetable farms are listed separately, a more precise characterization of the farm
types can be achieved [11,18].

A key characteristic of these arable, cash, or market crop farms is that very small
amounts or no organic fertilizers are available compared to other widespread forms. Even
with a few isolated additional fertilizer purchases, only relatively small amounts are used.
Furthermore, it is noticeable on these farms that with their limited cultivation of often
not economically usable legumes, especially fodder legumes, the level of N2 fixation is
5–15 kg N ha−1 year−1 lower than on the other farms [4–6,11,18].

In the long-term trials conducted by [40] on sandy and loamy soils in eastern Germany,
the complete omission of organic fertilization led to a reduction in the legume content
in the clover-grass mixture by 4–6%, especially on the market crop areas. In addition,
a quite comparable absolute or relative decrease in legume N2 fixation by 2–12% was
also determined on the stockless systems compared to the variants with a fertilization
intensity around 0.5 LU ha−1. This average comparative system was characterized by a
legume N2 fixation on the loam soil of 235 kg N ha−1 or of 130 kg N ha−1 on the sandy
soil per cropping year of clover-grass. According to these results, the improvements in
clover-grass cultivation and N2 fixation caused by a relatively low organic fertilization are
sufficient to explain the decrease in the N2 fixation level in the absence of livestock (Table 2
in comparison to Table 3: organic fertilization).

Table 3. Mean values, absolute (italics) and relative change (in parentheses) compared to a mean
intensity [=100%, see Table 2], and supply classes (1) of several important characteristics of yields,
nutrient balances, and soil fertility in pure forage and market crop systems without fertilization from
long-term trials on loamy and sandy soils.

Trial Variant Organic
Fertilization GE-Yield N Balance P Balance K Balance Humus

Balance (2) Nmin Spring PCAL KCAL
N

Translocation

[kg N ha−1] [t GE ha−1] [kg N ha−1] [kg P ha−1] [kg K ha−1]
[kg HEQ

ha−1/Class] [kg N ha−1]
[mg P 100
g−1/Class]

[mg K 100
g−1/Class]

[kg N ha−1 ,
90–200 cm

Depth]

Loamy soils

Forage
production,
by-products

removed

0
−37

7.2
−1.0
(88%)

−24

−24

−23
−6

(−135%)

−141
−21

(−118%)

+119 C
−39

(75%)

41
−4

(91%)

3.9 C
±0

(100%)

7.2 C
−0.2
(97%)

7.0
−1.1
(86%)

Market crop
systems,

by-products
remain,

clover-grass
mulching

0
−33

7.3
−0.5
(94%)

+51
−36

(59%)

−14
−7

(−200%)

−52
−38

(−371%)

+328 D
−105
(76%)

35
−3

(92%)

4.2 C
−0.1
(98%)

11.1 D
−0.5
(96%)

4.9
−2.1
(70%)

Sandy soils

Forage
production,
by-products

removed

0
−32

4.0
−0.3
(93%)

−13
−27

−14
−4

(−140%)

−111
−22

(−125%)

+38 C
−44

(46%)

ca. 40
±0

(100%)

4.9 D
−0.3
(94%)

8.7 C
−1.7
(84%)

15.0
−3.1
(83%)

Market crop
systems,

by-products
remain,

clover-grass
mulching

0
−30

3.8
−0.5
(88%)

+58
−25

(70%)

−6
−4

(−300%)

−20
−19

(−2000%)

+139 C
−75

(65%)

ca. 40
−5

(89%)

4.8 D
−2.2
(69%)

9.5 C
−1.2
(89%)

16.2
−2.8
(85%)

Mean values
(ms)

0
−33 5.6 ± 0.3 +18 ± 4.6 −14 ± 3.8 −81 ± 21.0 +156 ± 54.2 39 ± 4.6 4.5 ± 0.44 9.1 ± 0.88 10.8 ± 1.6

(1) Supply classes: undersupply (A, B), optimal supply (C) and oversupply (D, E). (2) Soil organic matter (humus)
balance—Corg difference per year: there is a close correlation of r = 0.744 (p < 0.001) between humus balance of the
STAND method and Corg change [69].

However, due to the better marketing opportunities, it often happens in agricultural
practice that the crop rotation share of forage legumes is reduced and that of grain legumes
is increased, which can have an additional negative effect on the N2 fixation potential
of the entire crop rotation. See a detailed discussion of the effects of the proportion of
legumes in the crop rotation on various arable farming attributes in [39,72,74,75]. For
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example, pure seeds of alfalfa or red clover with values around 318 (±153) kg N ha−1 and
321 (±133) kg N ha−1, respectively, show considerably higher N2 fixation amounts (includ-
ing rhizodeposition) than, e.g., the one-year cultivation of field bean with 254 (±81) kg N ha−1

or pea with 147 (±56) kg N ha−1 [76].
The absence of organic fertilization and the reduced legume N2 fixation not only have

a clear effect on the results of N balancing, but a decrease in soil humus balances can also
be observed in practice and in the experimental setups. N and humus balances are often
closely related in this case. Under the cultivation conditions of practical market crop farms,
N and humus balances are then often determined, which mostly still show low positive
values and are then to be assigned to supply class C [4–6,18]. Compared to forage farms or
the average of organic farms, N balances from these practical surveys decreased between
10–25 kg N ha−1. In the trials documented here, there were somewhat higher decreases after
the absolute omission of organic fertilization, which amounted to about 25–35 kg N ha−1

compared to the 0.5 LU variant (Tables 2 and 3). Zimmer and Dittmann [66] determined a
decrease in N balances of 23 kg N ha−1 year−1 on sandy soils between cultivation systems
with 0.7 LU ha−1 and without fertilization.

Depending on the basis of calculation, the values of humus balances in agricultural
practice between the average of the farms and the pure market crop farms decreased
between 70–190 kg HEQ ha−1 (=44–68% of the initial level). A decrease in the balances
of 40–105 kg HEQ ha−1 (=approx. 46–75% of the initial level, cf. Tables 2 and 3) was
calculated between the respective trial variants. Only under the conditions of a more
extreme humus balance method were the differences between forage and market crop
farms more pronounced [6].

These differences are mainly based on a reduction in the DM supply via fertilization
by 0.7–1.1 t DM ha−1 and year in the relevant variants of the long-term trials. The reduced
supply of organic matter and the N contained therein also led to a slight decrease in the
availability of Nmin in early spring by up to 5 kg N ha−1 (=89–100% compared to the initial
level, cf. Tables 2 and 3). The decrease in the fall Nmin values was similarly pronounced. On
the loam soil, there was also a decrease in the calculated N mineralization of 8 kg N ha−1

(=86%) in the pure forage system and of 32 kg N ha−1 (=76%) in the market crop plots. On
the sandy soil, the decreases were much smaller at 7 kg N ha−1 (=91%) and 10 kg N ha−1

(=93% compared to the mean initial level), respectively [40].
The potential for the translocation (0.90–2.0 m soil depth) and leaching of N was

relatively similar between sites and cropping systems and only dropped to approximately
68–79%. The absolute amounts were at a very low level on the loam soil with a decrease
of 1.6 kg N ha−1 from initial 7.6 kg N ha−1 and a decrease in leaching of 0.7 kg N ha−1,
respectively. On the sandy soil, in contrast, a decrease of 4.4 kg N ha−1 in translocation from
initial 20.0 kg N ha−1 and of 1.1 kg N ha−1 year−1 in the leached N amount was measured,
each calculated for the experimental variants without fertilization compared to the mean
level at 0.5 LU ha−1 (=100%). Even a slight decrease in organic fertilizer application of
33 kg N ha−1 led to a more pronounced decrease in soil N losses on the sandy soil.

As a result of the omission of organic fertilization and the associated reduction in the
characteristics of soil fertility, an absolute decrease in the yield capacity of the crop rotations
by 0.3–1.0 t GE ha−1 was determined in the trials, so that a relative yield level between
88–94% was achieved on the trial plots in the unfertilized variants (Table 2 compared to
Table 3). Yield surveys have also been carried out in agricultural practice, where again
very similar changes have been found. An exact comparison is, however, made more
difficult by differences in the cultivated crop species and crop rotations. For example, [6]
found a decrease in GE-yields of 0.6 t ha−1 (=86%) on organic pilot farms in Germany
for livestock-less market crop farms compared to forage farms. In a 17-year comparison
between large trial plots with and without livestock, average GE-yields on livestock-rich
plots increased from 5.7 t ha−1 to 6.1 t ha−1, while on stockless plots they decreased from
an initial 5.3 t ha−1 to 4.2 t ha−1 [41].
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Between the cultivation methods of the estimated average in the comparison variants
and the livestock-free systems, no major shifts in the qualities of the growing plant sub-
stances were determined. There may be slight decreases in the N or crude protein contents
of cereal grain, corn grain, and potato tubers, and in the crude ash contents of clover-grass.
In the case of potato tubers, the same is true for K, with the result that slightly higher values
in the raw discoloration of the potato tissue may then occur in the livestock-less fields.
Furthermore, the sedimentation values for assessing the baking quality of wheat have
decreased between 3–5% between medium and livestock-free cropping conditions [40].

In order to achieve a better supply of available N, cultivation attempts on cereals,
in particular on wheat with wider row spacings, can be helpful. Instead of 11–14 cm, a
row spacing of 30–40 cm and a reduction in the seed rate by 30% are often recommended.
With low yield losses, the concentrations of crude protein in the grain and thereby also the
baking quality can often be raised markedly. Another possibility is the transfer fertilization
(“cut and carry”), e.g., of clover-grass grown on other fields to improve the nutrient supply
of different crop species [77–82].

In addition to the yield-limiting N, other important nutrients are also affected in the
livestock-less cropping systems without organic fertilization. In the experiments presented
here, a further decrease in the nutrient balances, which were already clearly negative at
medium intensity, by 4–7 kg P ha−1 and even by 19–38 kg K ha−1 could be calculated. A
change in the K balances occurred to a similar extent as that already determined for the N
balances (Tables 2 and 3).

In the farms studied, the lowest nutrient balances were also found after livestock-
less management. Only the changes to more negative values between the average or the
forage cropping and the stockless farms with a decrease of 3 kg P ha−1 and 4–14 kg K
ha−1 were not quite as pronounced as in the long-term trials described. Consequently, the
plant-available P and K contents in the topsoil also declined (Tables 2 and 3). Since the P
and also the K balances show clearly negative values, it can be assumed that over long
periods of time a decrease in the P and, especially on the lighter soils, also in the available K
content can be observed in the case of livestock-free farming (see [18,83]). In the DOK trial
in Therwil (Switzerland), P balances of less than −20 kg P ha−1 year−1 were determined in
the unfertilized variants over the course of more than 20 trial years. These results were also
closely related to the decrease in the soil P extractable by different methods [64].

Table 4 shows an overview of the measured temporal changes of some important
characteristics of the soil at this intensity level. Compared to average conditions in the
supply of organic fertilizers [19], a smaller increase in the values for soil Corg and in N
mineralization and a more pronounced decrease, especially in the soluble basic nutrients
of the soil, can be observed. Based on the obtained soil humus and nutrient balances,
the following changes in the soil contents of the arable topsoil can be calculated for a
period of 10 years in the case of stockless cultivation (based on forage growing plots of the
long-term trials):

- Loamy soils: +0.031% Corg, −0.008% Nt, −1.24 mg P 100 g−1, −3.67 mg K 100 g−1 soil;
- Sandy soils: +0.008% Corg, −0.009% Nt, −2.55 mg P 100 g−1, −2.35 mg K 100 g−1 soil.

Also, the changes in the Corg contents calculated on the basis of the humus balances
until equilibrium is reached would still increase slightly in the following range: loam soil
+0.068%, sandy soil +0.022% Corg.

In the results presented here, a distinction can be made between pure market crop sys-
tems without fertilization, in which the by-products remain on the fields, and forage crop-
ping systems without any fertilization, in which, however, all by-products (straw; clover-
grass growths) are harvested. As can be seen from Table 4, these variants, which are referred
to as forage production, are characterized by even more extreme or clearly less favorable
values in nutrient management and soil fertility for most of the listed characteristics.
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Table 4. Effects of the supply of organic materials in variants without fertilization on the annual
change of certain characteristics from long-term experiments on loamy and sandy soils (accounting
period: loam = 15 years, sand = 13 years, mean standard error regression, ms).

Attribute Loamy Soils Sandy Soils

Forage Crop Market Crop ms Forage Crop Market Crop ms

DM inputs (t ha−1)
clover-grass mulch

straw
organic fertilizer

0.0 5.56 - 0.0 2.13 -
0.0 2.08 - 0.0 1.00 -
0.0 0.0 - 0.0 0.0 -

GE-yield (t ha−1) 0.0015 0.1093 ±1.69 −0.0679 0.0021 ±1.97

Corg (% DM) 0.003375 0.009313 ±0.111 0.001071 0.003929 ±0.102

Nt (% DM) −0.001125 −0.000312 ±0.0186 −0.000786 −0.000500 ±0.0212

N mineralization (kg ha−1) 0.423 7.460 ±61.5 −3.628 1.305 ±54.6

Nmin spring (kg ha−1) −1.083 −0.295 ±24.7 1.393 1.255 ±31.1

Nmin fall (kg ha−1) 0.583 1.487 ±15.2 4.047 2.620 ±57.9

PDL (mg 100 g−1) −0.095000 −0.037143 ±0.52 −0.183438 −0.127188 ±0.82

KDL (mg 100 g−1) −0.312143 0.080714 ±2.07 −0.816667 −0.188438 ±1.31

MgCaCl2 (mg 100 g−1) −0.24107 −0.003125 ±0.54 −0.395833 −0.044844 ±0.80

Since such transitions between the two cropping systems also occur in practice, this
should be noted in particular. For example, these livestock-less farms, which are character-
ized by a high level of cultivation of certain renewable resources and sale of the by-products
such as the straw and the clover-grass growths, can have a particularly high risk potential
for soil fertility and sustainability [75,84]. It can be concluded from these experimental data
that the longer these deficit cropping conditions with clearly negative nutrient balances
persist and the higher the yield level as a result of N-emphasized organic fertilization or an
elevated legume cultivation in the crop rotations, respectively, the more the soil is depleted
in basic nutrients. For example, very low soil P and K contents are often found in older
organic farms and under intensified legume cultivation [11,18,44,85].

6.3. Market Crop Cultivation with Low Legumes Predominantly as Grain Legumes in
Crop Rotations
6.3.1. Effects of 33% Legumes

In some trials, and also in practical surveys, livestock-free cropping systems with a
reduced number of legumes in the crop rotations can also be documented. Since there is
often no suitable use for the forage grass growths in the market crop systems, other legume
species are substituted in practice, such as grain legumes, whose harvested products are
subjected to a higher market valuation. Comprehensive comparative assessments of the
long-term cultivation of grain legumes on yields, soil, and environment can be taken from
the trials mentioned in Table 1.

As a first step towards these cultivation systems, a stepwise replacement of forage
crops by the cultivation of grain legumes is investigated without changing the extent of
legume production. In 15-year-old long-term trials on sandy to silty loam by [38] and on a
clayey silt by [39] of only a 12-year duration, these systems were simulated. As the crop
rotations, some of which differed greatly in length, had a similarly high cultivation level of
legumes (33%) and left the by-products to a large extent on the fields as in the other studies
shown here, the results of the variants with an average use of organic fertilizers of around
38 kg N ha−1 year−1 can be easily compared together. This enables an average supply level
of the practice as well as in the presented long-term trials to be achieved (Tables 2 and 5,
variant 1). Based on this supply level (=100%), the following changes can be seen for the
livestock-free cultivation systems by partial or complete replacement of leguminous forage
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cultivation by grain legumes (field bean, pea, and soybean) (Table 5, variant 1 compared to
variants 2 and 3):

- Decrease in average yield level with partial replacement to 87% and with complete
replacement by grain legumes to an average of 74%.

- The N2 fixation of legumes drops only slightly by up to 10%.
- The gross N balances decrease from approx. +48 kg N ha−1 (=100%) with 33% clover-

grass cultivation to +45 kg to +22 kg N ha−1 with 33% grain legumes.
- The increased removal of P-rich grain products and the reduction in K-rich clover-

grass cultivation leads to a further strengthening of the negative P balances on one
side and to an improvement of the negative K balances on the other side.

- The stepwise reduced supply of crop and root residues due to the replacement of
clover-grass by grain legumes causes an increasing reduction in the Corg contents of
the soil, which can also be confirmed by humus balancing.

- The extent of the soil Corg change until equilibrium is reached would be approx-
imately as follows: variant 1 +0.124% Corg, variant 2 −0.090% Corg, and variant
3 −0.155% Corg.

- Since there are clearly lower Nmin values under the clover-grass cultivation, a slight
increase in the mean Nmin contents in the spring occurs due to the cultivation of grain
legumes, but the Nmin values of the first and second after-crops are at the same high
level or, after clover-grass mulch, at a slightly higher level.

- The values of the crude protein contents or the sedimentation values of wheat also
decrease by 10–15%, with the probability of achieving a sufficiently high baking quality
being reduced (not included in Table 5).

Table 5. Mean values, absolute (italics) and relative change (in parentheses) compared to a mean
intensity [=100%, see Table 2], and supply classes (1) of important characteristics of fertilization and
soil fertility in market crop systems with 33% rotation share of legumes from clover-grass or grain
legumes, respectively, in long-term trials on loamy soils.

Trial Variant Organic
Fertilization

Crop Yield
(Main

Product)
Legume N2

Fixation N Balance P Balance K Balance Corg
Difference

Humus
Balance
(HE) (2)

Nmin Spring
(0–90 cm)

[kg N ha−1] [t DM ha−1] [kg N ha−1] [kg N ha−1] [kg P ha−1] [kg K ha−1] [kg Corg
ha−1 year−1]

[HEQ
ha−1/Class] [kg N ha−1]

1
Comparison

1
33%

clover-grass

38
(=100%)

4.9
(=100%)

89
(=100%)

+48
(=100%)

−10
(=100%)

−50
(=100%)

+218
(=100%)

+541 E
(=100%)

41
(=100%)

2
16.7%

clover-grass,
16.7% grain

legumes

0
4.3
−0.6

(78–95%)

88
−1

(99%)

+45
−3

(=94%)
−12
−2

−33
+17

−158
−376

+315 D
−226

50
+9

(122%)

3
33% grain
legumes

0
3.6
−1.3

(65–83%)

79
−10

(89%)
+22
−26

−13
−3

−29
+21

−274
−492

−155 B
−696

47
+6

(115%)

ms - ±0.16 - - - - ±74 - ±3.1

(1) Supply classes: undersupply (A, B), optimal supply (C) and oversupply (D, E). (2) HE: humus balance, according
to [86]: there is no significant relationship between humus balance and Corg change with r = 0.22 n.s. [69].

The results of these trials consistently show a partly substantial decrease in both the
yield and quality level of the succeeded non-legumes and in important characteristics of
soil fertility caused by the alternative cultivation of grain legumes. Accordingly, these
changes are even more severe than a market crop cultivation without livestock and organic
fertilizers at a level of 33% clover-grass (see Tables 3 and 5). However, it should be noted
that a trial duration of only 12 years cannot be considered as sufficient for a well-founded
evaluation of some characteristics (see detailed description of the trial duration in the first
review [19]).
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In a comparable trial on the organic experimental field at Roda, in Germany, the
soil Corg content decreased in the first 10 years with a cultivation rate of, respectively,
16.7% clover-grass and grain legumes (−490 kg Corg ha−1 year−1), while a livestock-
free cultivation with 33% clover-grass still led to an increase in the Corg content [41,87].
Considering a sufficiently long experimental phase, it can be expected that the relatively
high average annual rates of change determined previously will then be weakened again
accordingly until a new equilibrium is established. Therefore, the partly extreme results
of [39,87] on the change of the soil Corg contents have to be put into a relative perspective.
According to [88], lower values in Corg decomposition have already been determined after
more recent analyses.

According to the differences in legume cultivation shown, the negative P balances
become worse from variant 1 to variant 3 and the K balances, instead, improve from
−50 kg K ha−1 in variant 1 to −29 kg K ha−1 in variant 3 (Table 5). With a clover-grass
and grain legume share of each 20% in the livestock-free crop rotation, Emmerling and
Schröder [73] calculated P balances of −11 to −14 kg ha−1 and K balances between
−18 and −24 kg ha−1 year−1, which led to decreasing P and K concentrations in the soil.

6.3.2. Effect of 20% Legumes

In the farm surveys in eastern Germany, a total of eight farms were identified that have
relatively low shares of legumes of less than 30% in the crop rotations [43]. Kolbe [18] lists
a whole series of farms that have only 15–20% legume cultivation. According to a report
from farms in Austria, forage and grain legumes are grown by 25% in crop rotations [89].
A number of long-term experiments also address questions regarding fertilization and
cropping systems with and without livestock, where legume portions in the crop rotation
can in some cases be below 20% [33,34,90–93].

With a legume share of 20% in each of the crop rotations, the long-term trials of [33],
in Cologne-Auweiler on sandy loess loam, and [34], in Bernburg on silty loam including
variants with and without removal of the by-products, provide a good data basis for
describing these organic cultivation systems (see Table 1). Using the example of N supply,
in particular through legume cropping, a comparison can be made with the mean cultivation
level of the long-term trials covered.

By reducing the cultivation of forage legumes by 13%, the N2 fixation in these cropping
systems is thereby decreased to values around 30 kg N ha−1 year−1. The difference of about
30–50 kg N ha−1 obtained in the trials with reduced legume share can be replaced by a
corresponding additional organic fertilization, resulting in an intensity level that is compa-
rable in many characteristics with those of Table 2 as well as Table 3 (Table 6, comparison 1).
At 20% legume portion, an additional organic fertilization of about 40 kg N ha−1 must be
applied to reach the stockless level in Table 3 (comparison 2) or an input of about 50 kg
must be applied to reach approximately the mean level in Table 2 (relative comparison
level = 100%). Based on these results, a reduction in the legume rotation can be compen-
sated to a certain extent by an alternative organic fertilization in the amount of the lost N2
fixation to reach a comparable level in the yields as well as in the N and humus balances.

On the basis of these comparison levels, a reduction in the extent of legume cultivation
to 20% of the crop rotations then leads to the following changes in the characteristics of
crop yields, nutrient balances, and indicators of soil fertility (Table 6):

- Variant 2 with clover-grass cultivation and organic fertilization by 30–40 kg N ha−1 year−1:
yields −15%, N2 fixation −27%, N balance −44%, Corg content −2%, slightly positive
humus balance.

- Variant 3 with grain legume cultivation and similar high fertilization: yields −26%, N2
fixation ±0%, N balance −56%, Corg content −4%, still slightly positive humus balance.

- Variant 4 with grain legume cultivation without organic fertilization: yields −31%, N2

fixation ±0%, N balance −16 kg ha−1, Corg content −10%, negative humus balance.
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Table 6. Mean values, absolute (italics) and relative (in parentheses) change compared to a medium
intensity [comparison 1 = 100%, see Table 2] or low livestock-less intensity [comparison 2, see Table 3],
and supply classes (1) of some important characteristics of fertilization and soil fertility in market
crop systems with 20% rotation share of legumes from clover-grass or grain legumes from long-term
trials on loamy soils.

Trial Variant Organic
Fertilization

Crop Yield
(Main

Products)
Legume N2

Fixation N Balance Corg Content
Trial End

Humus
Balance

Supply Level
(HE) (2)

Humus
Balance
(HE) (2)

Nmin Spring
(0–90 cm)

[kg N ha−1] [t DM ha−1] [kg N ha−1] [kg N ha−1] [% DM] [%] [HEQ
ha−1/Class] [kg N ha−1]

1
Comparison 1

20%
clover-grass,
by-products

removed

84 61
(=100%)

ca. 30
(=100%)

+18
(=100%)

ca. 1.77
(=100%) 137 +180 C

(=100%) -

2
Comparison 2

20%
clover-grass,

by-products 1
2

removed

38
5.2
−0.9
(85%)

22
−8

(73%)

+10
−8

(56%)

1.74
−0.03
(98%)

121 +20 C
−160

39
(100%)

3
20% grain
legumes,

by-products
remain

29
4.5
−1.6

(69–79%)

30
±0

(100%)

+8
−10

(44%)

1.69
−0.14
(96%)

96 +78 C
−93

50
+11

(128%)

4
20% grain
legumes,

by-products
remain

0
4.2
−1.9

(62–75%)

30
±0

(100%)
−16
−34

1.59
−0.15
(90%)

44 −176 B
−356

47
+8

(121%)

ms - ±0.18 - ±3.03 ±0.08 - ±12.0 ±3.5

(1) Supply classes: undersupply (A, B), optimal supply (C) and oversupply (D, E). (2) HE: humus balance,
according to [86].

The changes determined are consistently more pronounced than with a higher extent
of legume cultivation (cf. Tables 3, 5 and 6). This is particularly true in market crop systems
with exclusive cultivation of grain legumes and when no further nutrient supply takes
place via organic fertilization. The Nmin contents are again slightly lower on average in the
crop rotations with clover-grass than after cultivation of grain legumes. If only the first
two years after legume cultivation are included in the mean Nmin amounts, hardly any
differences are found between the treated intensities (not shown in Table 6).

In these extremely extensive cultivation forms with not more than 20% grain legumes,
there is a distinct yield loss of 1.9 t DM ha−1 (to 62–75% of the comparative level in variant 1,
Table 6). The N and humus balances reach clearly negative values and the soil Corg content
declines. At this level, “good agricultural practice” is clearly no longer present. The values
would be even more unfavorable with the removal of the by-products. However, even a
small additional organic fertilizer application or slightly expanding legume cropping by
introducing clover-grass cultivation and leguminous catch crops can help to mitigate or to
compensate for some major unfavorable effects on yields and soil fertility [75].

Raussen et al. [94] arrives at a mean N balance of −20 kg ha−1 year−1 through survey
investigations in agricultural practice for the federal state of Hesse in Germany. Particularly
in regions with high shares of stockless organic farming, distinct negative N balances were
determined in some cases. Through investigations at the practice level, a total of 17 organic
farms could be located that, on average, had a similarly low level of forage or grain legume
cultivation in the crop rotations and were nearly livestock-free [4,5,43,47,50,53,95,96]. The
summarized results of these farms showed the following composition of characteristics
(mean values and range of variation):

- Legume portions and composition: 12 (0–19)% clover-grass, 9 (0–25)% grain legumes,
21 (10–27)% proportions per crop rotation;

- legume N2 fixation: 31 (4–48) kg N ha−1 year−1;
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- animal husbandry: 0.08 (0–0.8) LU ha−1;
- organic fertilization: 8 (0–50) kg N ha−1 year−1;
- Gross N balance: +7 (−22 to +33) kg N ha−1 year−1;
- humus balance: −63 (−250 to +187) HEQ ha−1 year−1.

A comparison with the values in Table 6 in particular shows very good agreement
between the results from the practical farms and the exact trials at 20% legume shares in
the crop rotations. Therefore, it can also be expected that the yield level of the crop species,
which is often difficult to determine comparatively in practice surveys because of the strong
regional differences in yield level and cropping sequences, will also change to the extent
shown in these cropping regimes. However, the results also show that these systems are
not commonly widespread. Therefore, the strong negative effects with exclusive cultivation
of grain legumes on total yields of crop rotations and soil fertility presented by [39] can
be somewhat mitigated, as they seem to occur only rarely in this pure form in practice.
Nevertheless, it has to be pointed out that these, in part, clearly imbalanced forms of
cultivation are capable of endangering the existence of farms in the long run.

Moreover, the results for the market crop systems cannot hide the fact that satisfying
humus and N balances can still be achieved on the basis of the estimated legume cultivation
and recycling of the by-products, as is also the case, for example, with biogas production
through clover-grass and silage maize cultivation. Important other characteristics of soil
fertility, such as a sufficiently high supply and availability of basic nutrients with P, K,
or even S, are not usually so easy to achieve, especially on lighter soils. As the results
also show, the reasons for this include the far too negative nutrient balances, which can
be explained by comparatively high nutrient exports via sales products, the relatively
low values of nutrient mobilization and resupply, and clearly too low nutrient inputs
from outside.

As a result of insufficient humus turnover and nutrient mineralization in the soil, nu-
trient levels can fall below certain minimum available levels. This increases the probability
that the plants will no longer be able to consistently cover the nutrient uptake required
for their development. Consequently, the growth of the crop is generally inhibited, and
yield fluctuations and yield losses then occur to an increasing extent on each affected field
(minimum law, [97]).

Under the cultivation conditions of organic farming, these minimum values are below
a CAL-soluble P content of approx. 2.5 mg P 100 g−1 and for K on medium soils below
6.5 mg K 100 g−1 soil. In an extensive study involving many organic field trials, it was
determined in this regard that average yield losses of 7–9% for P and, depending on the
plant species, up to 30% on average for K can then occur with increasing deficiency [98].
The annual fluctuation ranges of the yield losses can also assume considerable proportions.

In a detailed field plot-specific analysis of survey data from agricultural practice in
eastern Germany, it was found that such minimum threshold values for the basic nutrients
and the pH value had already been fallen below on more than 65% of the arable fields on
average of the organic farms investigated. This is especially true for the (livestock-less)
arable farms. It was concluded that such deficiencies in nutrient management, which
evidentially lead to yield losses, are more widespread in practice than previously assumed.
Calculations have shown that yield losses of 18% (10–32%) on average can then occur
on the affected areas. A detailed presentation and discussion of these results can be
found in [11,19].

6.4. Effect of High to Very High Intensities with 33% Legume Cultivation in the Crop Rotations

In contrast to the systems described above, more intensive forms of organic farming
often show a significant increase in organic fertilizer application. This higher amount of
fertilizer, except for the forms with field vegetable cultivation through additional fertilizer
purchase, is mostly based on an increasing emphasis on various forms of animal husbandry.
Certain changes in the composition of crop rotations can also be seen in many cases.
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6.4.1. Effects of Intensities around 1.0 LU ha−1

Based on a collection of eight investigated farms from eastern Germany [43] with live-
stock intensities around 1 LU ha−1, the following characteristics of nutrient management
can be listed (in parentheses: change compared to the average of 32 organic farms = 100%):

- N supply from organic manures: 65 kg N ha−1 (=245%);
- legume N2 fixation: 70 kg N ha−1 (=139%);
- N removal through crop yields: 121 kg N ha−1 (=136%);
- N balance: 58 kg N ha−1 (=180%);
- P balance: −3.2 kg P ha−1;
- K balance: −38 kg K ha−1.

These farms, which are mostly attributed to the forage production systems, show a
higher organic fertilization compared to the average. At the same time, there is a somewhat
larger extent of legume cultivation and, with 70 kg N ha−1, a clearly higher legume N2
fixation was calculated. These improved intensities have also had the effect of increasing
the crop yield levels. At the same time, however, the N balances are already above the
average of the farms investigated. Other survey studies from different countries also
come to roughly comparable results for farms of forage production of this higher intensity
level [3,5,45,48,50,52,99]. At the Scheyern experimental farm in southern Germany, N2
fixation values of 83 kg N ha−1, an input from organic fertilization of 79 kg N ha−1, and N
balances of 38 kg N ha−1 were calculated for an organic crop rotation with approximately
30% legume grass [100].

When comparing these values with the results of corresponding long-term trials, it
becomes clear that many of the listed characteristics from practice are also to be located
within the range of variation of the trial results of variants with an organic fertilization of
around 1.0 LU ha−1. This is especially true for the absolute level as well as for the changes
compared to the average of organic fertilization and for the level of the nutrient balances
(see Tables 2 and 7). N balances are obtained that are clearly above the relatively low level
recorded for the average intensities. In some cases, they already show mean values of
over 50 kg N ha−1, which must then be classified as questionable due to their negative
environmental effects (class D). In certain cultivation conditions, the same already applies to
the calculated humus balances, which have also increased compared to a medium intensity.

Since GE-yields in the trials between these two intensity levels increased only slightly
by up to 3% on average for the crop rotations, it can be expected that this would also result
in a corresponding decrease in the calculated N efficiencies. Contrary to these results, the
yield level between the average of the farm surveys and the selected farms calculated on
the basis of N removal has increased to a more pronounced extent with 121 kg N ha−1 to
136% [43].

In the trials presented here, only minor yield increases occurred at this intensity level
for cereals and clover-grass. In addition, the legume N2 fixation had already decreased
somewhat due to the slightly increased N availability in the soil (see Table 7: Nmin values)
and the approx. 7–16% increase in N mineralization. In comparison, this increased nutrient
supply resulted in a considerably higher yield increase in some cases for the cultivation
of root crops (potatoes) or silage maize. Since such an increase in yield can hardly be
investigated in exact trials under normal, constant cultivation conditions, it can be assumed
that, in addition to the influence of the site, these clear yield advantages in practice can also
be explained by shifts in the crop rotations.
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Table 7. Mean values, absolute (italics) and relative change (in parentheses) compared to an average intensity [=100%, see Table 2], and supply classes (1) of some
important characteristics of yields, nutrient balances, and soil fertility of forage cropping and market crop systems of long-term field trials around 1.0 LU ha−1 on
loamy and sandy soils.

Trial Variant Organic
Fertilization GE-Yield N Balance P Balance K Balance Humus

Balance (2) Nmin Spring PCAL KCAL N Translocation

[kg N ha−1] [t GE ha−1] [kg N ha−1] [kg P ha−1] [kg K ha−1] [kg HEQ
ha−1/Class] [kg N ha−1] [mg P 100

g−1/Class]
[mg K 100
g−1/Class]

[kg N ha−1,
90–200 cm

Depth]

Loamy soils

Forage production,
by-products removed

71 8.4 +25 −8 −87 +295 C 46 4.1 C 7.4 C 9.8
+34 +0.2 +25 +9 +33 +137 +1 +0.2 ±0.0 +1.8

(192%) (102%) (47%) (73%) (187%) (102%) (105%) (100%) (121%)

Market crop systems,
by-products remain,

clover-grass mulching

65 8.0 +114 +1 +27 +505 E 47 4.5 C 13.0 D 8.4
+32 +0.2 +27 +8 +41 +72 +9 +0.2 +1.4 +1.4

(197%) (103%) (131%) (117%) (124%) (105%) (112%) (120%)

Sandy soils

Forage production,
by-products removed

63 4.3 +48 −5 −51 +202 C 50 5.4 D 12.4 D 19.7
+31 ±0.0 +34 +5 +38 +120 +10 +0.2 +2.0 +1.6

(197%) (100%) (343%) (50%) (57%) (246%) (125%) (104%) (119%) (109%)

Market crop systems,
by-products remain,

clover-grass mulching

59 4.3 +111 +2 +23 +277 C 51 7.8 D 11.3 D 19.8
+29 ±0.0 +28 +4 +24 +63 +6 +0.8 +0.6 +0.8

(197%) (100%) (134%) (129%) (113%) (111%) (106%) (104%)

Mean values
(ms) 65 6.3 ± 0.27 +75 ± 2.8 −3 ± 3.4 −22 ± 26.5 +320 ± 47.9 49 ± 6.4 5.5 ± 0.49 11.0 ± 0.65 14.4 ± 5.1

(1) Supply classes: undersupply (A, B), optimal supply (C) and oversupply (D, E). (2) Humus balance—Corg difference per year: there is a close correlation of r = 0.744 (p < 0.001) between
humus balance of the STAND method and Corg change [69].
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In view of the increase in the soluble N content of the soil and the extent of mineraliza-
tion of nutrients, effects on the quality of the harvested products can also be demonstrated.
For example, the sedimentation values used to assess the baking quality of wheat increased
by 24%, especially on light soil. However, the N contents tended to be only slightly higher
in the cereal grain. Overall, there were only relatively minor effects on the quality of the
crop products [40].

As a result of the increased N supply and N availability and the clear increase in N
release from the soil Corg turnover, the N translocation into the subsoil in the long-term
trials increased by 18–20% and the calculated N leaching amounts by 5–40%, compared to
an average intensity level. The transferred N amounts are already nearly twice as high on
sandy soils and the leached N amounts on average of the trials are about 40% higher than
on the loamy soils (Table 7).

Although there is a clear enrichment of Corg in the soil at both sites, the Nt soil balances
in forage production still show negative values with −5 kg N on loamy soils and −13 kg
N ha−1 on sandy soils, so that the Nt contents of the soil have still decreased even at this
intensity level. Only under the higher supply of by-products do the Nt reserves in the
market crop systems investigated already reach slightly positive values with +14 kg N ha−1

on loamy soils and an almost balanced value on light soils (Table 7).
On the basis of the documented improvements, at this intensity level with approx.

1 LU ha−1 of animal husbandry and use of the resulting organic fertilizers on the trial plots,
there was a somewhat marked reduction in the negative P and K balances. At the level
now reached, certain balance thresholds for these nutrients could be exceeded, at least
after leaving the by-products on the plots (Table 7). Accordingly, an average P balance of
−3 kg P and of −38 kg K ha−1 year−1 was also determined under the practical conditions
of the farms investigated with similar intensity levels [11]. The values achieved should
already be able to contribute to an end of the decrease in the P and K contents, at least
on the better soils, under consideration of the nutrient resupply from these soils. In these
forage production systems, the by-products and clover-grass growths are usually harvested
first, as they are used in animal feeding and stable manure production. As farm manure,
they are then returned to the cropland.

The calculated humus balances on the forage cultivation variants with 202–295 kg HEQ ha−1

are still in the supply range C (Table 7). In a long-term trial on silty loam, Schulz et al. [101]
reported a similarly high annual Corg enrichment of 233 kg ha−1 and correspondingly high
humus balances in systems of forage production with comparable values of legume cultiva-
tion and manure supply. In a study by [75], with an animal husbandry level of 1 LU ha−1,
it was also possible to calculate a grade C in the majority of the humus supply. Between the
investigated sites, however, values ranging from −57 kg ha−1 to +378 kg ha−1 HEQ in the
slurry system and from −110 kg ha−1 to +319 kg ha−1 HEQ in the case of solid manure
management were determined. According to these results, the sites are characterized by
distinct differences in the humus balance levels depending on their turnover conditions
and yield potentials.

In Table 8, the effects of this intensity level on average of different organic fertilizers
(stable manure, cattle slurry, and green manure) on the temporal change of important
characteristics of the soil were compiled. Compared to no fertilization (see Table 4), im-
proved values are found in the accumulation of soil Corg and in the expected annual N
mineralization. In contrast, in most cases, still decreasing values in the soluble basic nu-
trients of the soil are analyzed. At an intensity level around 1.0 LU ha−1, the following
changes can be expected in the arable topsoil in 10 years based on the humus and nutrient
balances calculated from the results of the long-term experiments on the basis of the forage
cropping systems:

- Loamy soils: +0.077% Corg, −0.004% Nt, −0.26 mg P 100 g−1, −1.30 mg K 100 g−1 soil;
- sandy soils: +0.040% Corg, −0.004% Nt, −1.13 mg P 100 g−1, +0.29 mg K 100 g−1 soil.
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Table 8. Effect of the supply of organic materials in variants with organic fertilization corresponding
to 1.0 LU ha−1 on the annual change of certain characteristics from long-term trials of loamy and
sandy soils (accounting period: loam = 15 years, sand = 13 years, standard error regression, ms).

Attribute Loamy Soils Sandy Soils

Forage Crop Market Crop ms Forage Crop Market Crop ms

DM inputs (t ha−1)
clover-grass mulch

straw
organic fertilizer

0.0 5.83 - 0.0 2.26 -
0.0 2.17 - 0.0 1.01 -

1.37 1.76 - 1.95 1.59 -

GE-yield (t ha−1) 0.0957 0.1456 ±1.99 −0.0440 0.0711 ±2.00

Corg (% DM) 0.008375 0.014313 ±0.114 0.005714 0.007857 ±0.080

Nt (% DM) −0.000125 0.000375 ±0.0195 −0.000250 −0.000071 ±0.0190

N mineralization (kg ha−1) 1.800 11.939 ±63.3 −3.021 2.902 ±53.2

Nmin spring (kg ha−1) 0.272 0.895 ±27.8 1.645 1.297 ±22.2

Nmin fall (kg ha−1) 2.008 2.472 ±17.7 1.381 2.237 ±47.5

PDL (mg 100 g−1) −0.060781 −0.023259 ±0.70 −0.029063 0.023958 ±1.01

KDL (mg 100 g−1) −0.287768 0.230804 ±2.04 −0.163958 −0.170156 ±1.42

MgCaCl2 (mg 100 g−1) −0.008482 0.043750 ±0.70 −0.007500 −0.002083 ±0.67

Based on the close relationships between the experimentally determined annual Corg
differences and humus balances, the following trends can be estimated until an equilibrium
state is reached: loam soil +0.167% Corg, sandy soil +0.115% Corg.

On the market crop areas of the trials, the added fertilizers can primarily also be
regarded as purchased fertilizers. Since all by-products remained as additional fertilizers,
the improvement of the nutrient balances was so pronounced that only positive balances
were achieved and the contents in the soil increased to a higher extent than on the forage
crop areas (Tables 7 and 8). The humus balances also increase more strongly in these
systems and can already reach undesirably high values on the better soils (class E).

6.4.2. Effects of High Intensities around 2.0 LU ha−1

Compared to the previous intensity level, the basic composition of the crop rotations
and the treatment of the by-products were also maintained in the trials at this level of
cultivation, which again covers a wide range of possible applications in practice. These trial
variants with 2.0 LU ha−1 are characterized by a further doubling of the organic fertilizer
supply (cf. Tables 7 and 9). Sometimes, it was already difficult from an experimental point
of view to distribute the total amounts of fertilizers effectively in the crop rotations [40].

In the experiments, the absolute quantities added were not limited by the usual organic
farming rules of the EU or the farmers’ associations, so that both the amount and the type
of fertilizer used could be deliberately exceeded. In this way, it was possible that the effects
in the crop cultivation systems and on the environment could be better documented. In
addition, examples from the practice of organic farming can certainly still be found in this
regard (see next section).

With the organic fertilization doubled again, between 126–134 kg N ha−1 were sup-
plied on the site with loam soil and between 111–122 kg N ha−1 year−1 on the sandy soil.
This increased the total supply of N in these variants to 244–275 kg N ha−1 on the heavy
soils and between 205–216 kg N ha−1 year−1 on the light soil. As a result, the total supply
increased by approx. 155–165% between the average cultivation level of 0.5 LU and the
2.0 LU variants (see Tables 2 and 9).
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Table 9. Mean values as well as absolute (italic) and relative change (in brackets) compared to a mean intensity [=100%, see Table 2], and supply classes (1) of some
characteristics of crop yields, nutrient balances, and soil fertility of forage and market crop systems at a fertilization level around 2.0 LU ha−1 from long-term field
trials on loamy and sandy soils.

Trial Variant Organic
Fertilization GE-Yield N Balance P Balance K Balance Humus

Balance (2) Nmin Spring PCAL KCAL N Translocation

[kg N ha−1] [t GE ha−1] [kg N ha−1] [kg P ha−1] [kg K ha−1] [kg HEQ
ha−1/Class] [kg N ha−1] [mg P 100

g−1/Class]
[mg K 100
g−1/Class]

[kg N ha−1,
90–200 cm

Depth]

Loamy soils

Forage production,
by-products removed

134 8.6 +84 +9 −18 +411 D 47 4.8 D 8.8 C 9.0
+97 +0.4 +84 +26 +102 +253 +2 +0.9 +1.4 +1.0

(362%) (105%) (260%) (104%) (123%) (119%) (111%)

Market crop systems,
by-products remain,

clover-grass mulching

126 8.2 +167 +15 +107 +631 E 57 5.4 D 15.2 D 13.1
+93 +0.4 +80 +22 +121 +198 +19 +1.1 +3.6 +6.1

(382%) (105%) (192%) (154%) (150%) (126%) (131%) (187%)

Sandy soils

Forage production,
by-products removed

122 4.4 +101 +5 −4 +288 C 54 5.5 D 14.1 D 18.7
+90 +0.1 +87 +15 +85 +206 +14 +0.3 +3.7 +0.6

(381%) (102%) (721%) (351%) (135%) (106%) (136%) (103%)

Market crop systems,
by-products remain,

clover-grass mulching

111 4.5 +162 +9 +63 +365 D 52 8.5 D 12.5 D 19.1
+81 +0.2 +79 +11 +64 +151 +7 +1.5 +1.8 +0.1

(370%) (105%) (195%) (171%) (116%) (121%) (117%) (101%)

Mean values(ms) 123 6.4 ± 0.35 +129 ± 7.1 +10 ± 3.9 +37 ± 32.8 +424 ± 59.6 53 ± 7.6 6.1 ± 0.50 12.7 ± 1.52 15.0 ± 4.9

(1) Supply classes: undersupply (A, B), optimal supply (C) and oversupply (D, E). (2) Humus balance—Corg difference per year: there is a close correlation of r = 0.744 (p < 0.001) between
humus balance of the STAND method and Corg change [69].
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Such trial management practices have led to a significant increase in humus balances
by 154–351%, resulting in an increased achievement of supply grades D and E. The annual
calculated N mineralization has increased in the course of the vegetation in the market crop
variants by 125% and in the forage crop plots between 139–151%. The Nmin contents in
early spring also increased by 104–150% and after harvest in the fall by 118–141% compared
to the average level (Table 9 in comparison to Table 2).

Because of this substantial increase in total input and the resulting rise in the amount of
N available in the soil, only a very modest improvement was achieved in the crop rotation
average, both in the GE-yields of between 102–105% (i.e., only 0.1–0.4 t GE ha−1) and in
the N removal of between 101–107% on the sandy and of 107–113% on the loamy soils.
As a result of stepwise fertilizer application, a clearly visible diminishing yield increase
could be observed for almost all cultivated crop species. The highest increases were often
registered between the variants 0.0–0.5 LU ha−1; the lowest increases occurred in the test
members between 1.0–2.0 LU ha−1. On average, maximum yields were already recorded in
the 2.0 LU variants of the crop rotations.

However, for certain crop species that require a relatively high nutrient uptake for
yield formation, such as corn and potatoes, in contrast to cereals and clover-grass, the
nutrient supply of N was already insufficient at a medium intensity level, indicating a yield
limitation of these crops in particular. As a result of further increasing fertilization levels,
root crops and corn also responded with a more pronounced increase in yield than the
other species tested here. In organic farming, the nutrient N consequently also proves to
be a yield-limiting influencing factor, as has already been shown in other experimental
work [102–106].

Accordingly, the increase in yield was strongly dependent on the species of crop
cultivated. The cereals (winter and spring wheat, triticale) showed the lowest changes with
only 101–102% yield increase as a result of increasing fertilizer intensification. Frequently, a
decrease in yield stability and even declining effects were observed, which was reflected in
an increased lodging tendency of the cereals and could also be attributed, for example, to
an outbreak of leaf powdery mildew (Blumeria graminis) [40].

In conventional agriculture, a so-called “intensification spiral” became known, ac-
cording to which an increased N supply led to an elevated disease infestation or to a
reduction in plant vitality and related yield limitation [107,108]. Consequently, a higher
use of plant protection products followed, so that an increase in yield was made possible
again by an intensified nutrient supply. The described relationship between fertilization
and crop protection was one of the major factors behind the enormous yield increases in
the conventional intensification phase. However, since this development has inevitably
led to today’s widespread problems in environmental protection, biodiversity, and plant
quality, great care should be taken in organic farming to ensure that the same mistakes are
not made during a planned intensification.

The cultivation of clover-grass was also characterized by only very low yield increases
of 101–103%. For these forage crops, a high yield level was already present at low fertiliza-
tion levels. The improved N availability in the soil caused both the proportion of legumes
in the mixture and the legume N2 fixation at high intensity to drop by 4–8%. The largest
yield increases were recorded by the cultivation of potatoes and silage maize, with average
differences in yields between 105% and 108% caused by the increased organic fertilization.

In the context of the balancing measures, N removals between the investigated
cropping systems also increased only slightly. On the loam soil, maximum values of
191 kg N ha−1 (=107%) were recorded in forage production and 77 kg N ha−1 (=113%)
in the market crop systems. On the sandy soil, it was only 115 kg N ha−1 (=101%)
and 41 kg N ha−1 (=107%), respectively, compared to a moderate fertilizer supply in the
0.5 LU variant. Due to these relatively low yield improvements, very high N balances
of 84–101 kg N ha−1 were determined on the forage cropping systems and even values
between 162–167 kg N ha−1 on the market crop areas (Tables 2 and 9).
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Even when subtracting the amounts of N recycled during the mulching of clover-grass
growth, the market crop areas can still be estimated to have somewhat higher values
than in the comparative systems. Overall, the N balances have increased strongly over-
proportional with 192–721% compared to a moderately high supply. The N utilization
(without consideration of the Nt soil balance) on the example of the forage crop areas has
dropped from initial values, between approx. 100% and 89% at a medium intensity of the
0.5 LU variant by this intensification, to values between 70% on loamy soils and 53% on the
sandy soils. On the market crop areas, the efficiency values are correspondingly even lower.
In addition, these intensive cultivation methods have increased both the amounts of N
transferred to soil depths up to 2.00 m by between 145% and 150% and also the calculated
values for N leaching by 95–219%. Compared to these results, the absolute amounts leached
are still on a comparatively very low level with 4–6 kg N ha−1 year−1.

In a study by [109], maximum values for N removal of 141 kg N ha−1 were determined
under practical conditions of organic farming. These values resulted in gross balances in
the range of 60 kg N ha−1, Nmin values around 57 kg N ha−1, and leaching amounts of up
to 34 kg N ha−1 year−1. Except for the N leaching, which was also still at a relatively low
level, value ranges were determined that in some parts had already risen to the level of
conventional farm evaluations.

Despite the high amounts of fertilizer added, the quality of the crop products also
changed only slightly at this intensity level. For example, the values of crude protein
could only be raised between 101–104% and the sedimentation values of wheat between
107–127%. On average, these results show that there is only a little possibility of specifically
influencing the quality of the crop types using organic fertilizers.

As a result of the extensive supply of organic matter, the Corg contents in the topsoil of
the long-term experiments were steadily increased over the course of the trial period. On
the loam soil, for example, the values of 1.112% Corg at average cultivation compared to
the intensity level of the 2.0 LU variants increased by +0.105% Corg (=109%) after 16 years
of different cultivation. On the sandy soil, the increase from an initial 0.771% Corg in the
lower intensity level was +0.058% Corg (=108%) after 14 years of experimental duration.
Despite the assumption that the soil Corg equilibrium of 85–95% has not yet been reached
during the trial period (see [19]), the average soil Corg differences achieved by the high
organic fertilization rates are on a relatively modest level.

Despite the relatively small changes in the Corg contents, the calculated humus bal-
ances at the present intensity were at a very high level in almost all cropping systems
with supply grades between D and E. Moreover, the humus balances reflected the range
of N balances quite well. Both characteristics have reached a supply range, which cannot
be recommended any more without restrictions from the point of view of well-managed
land use (values far above 50 kg N ha−1 and above 300 kg HEQ ha−1 are increasingly
questionable = supply class D, values above 80 kg N ha−1 and above 500 kg HEQ ha−1 are
not acceptable = class E; see [18,43]).

The rates of change in some important soil properties determined during the trials can
be seen in Table 10. At this high intensity level, almost exclusively positive changes in the
concentrations of nutrients in the soil are analyzed, which is now also true for the basic
nutrients. In summary, based on the obtained humus and nutrient balances, the following
changes in the soil can be calculated for a range of 10 years:

- Loamy soils: +0.108% Corg, +0.002% Nt, +0.84 mg P 100 g−1, +1.74 mg K 100 g−1 soil;
- sandy soils: +0.058% Corg, ±0.000% Nt, +0.45 mg P 100 g−1, +2.36 mg K 100 g−1 soil.

Until equilibrium is reached, based on the obtained values in the humus balancing, a
change of +0.233% Corg on the loam site and +0.163% Corg on sandy soils can be expected at
maximum. Only a fertilizer supply of 2.0 LU ha−1 ensures with relatively high certainty that
no more decreasing contents of the soluble basic nutrients are detected in the soil (Table 10).
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Table 10. Effect of the supply of organic materials with an organic fertilization corresponding to
2.0 LU ha−1 on the annual change of certain characteristics from long-term experiments on loamy and
sandy soils (accounting period: loam = 15 years, sand = 13 years, mean standard error regression, ms).

Attribute Loamy Soils Sandy Soils

Forage Crop Market Crop ms Forage Crop Market Crop ms

DM inputs (t ha−1)
clover-grass mulch

straw
organic fertilizer

0.0 5.89 - 0.0 2.41 -
0.0 2.16 - 0.0 1.02 -

2.60 3.39 - 3.77 2.99 -

GE-yield (t ha−1) 0.1131 0.1752 ±1.97 −0.0264 0.0755 ±2.15

Corg (% DM) 0.011656 0.017906 ±0.119 0.008179 0.010357 ±0.072

Nt (% DM) 0.000344 0.000938 ±0.0195 −0.000107 0.000321 ±0.0181

N mineralization (kg ha−1) 3.251 15.903 ±59.8 −2.295 5.065 ±52.7

Nmin spring (kg ha−1) 0.381 1.107 ±29.8 0.161 1.095 ±27.5

Nmin fall (kg ha−1) 2.662 3.247 ±24.1 2.120 2.875 ±55.3

PDL (mg 100 g−1) 0.007232 0.055357 ±0.93 0.014583 0.097604 ±1.35

KDL (mg 100 g−1) −0.176920 0.392857 ±1.91 0.041667 0.251563 ±2.75

MgCaCl2 (mg 100 g−1) 0.038170 0.075446 ±0.63 0.010729 0.018750 ±0.64

6.5. Systems with 50% Legume Cultivation and Very High Organic Fertilization

In an extensive study by [18], the average farm legume shares within the usual crop
rotations of agricultural practice showed a very high variation between 13–60%. In a
study of eastern Germany, Meyer et al. [43] was able to determine a portion of more than
40% grain and forage legumes in 14 organic farms. According to these investigations
in agricultural practice, there is a whole series of farms on which the extent of legume
cultivation in the crop rotations is in some cases far above the average values determined.

However, because of the possible occurrence of various diseases of “legume fatigue”,
such a high level of cultivation is already considered problematic by the authors (see [10]).
In this respect, the selection and sequence of both forage and grain legumes must be made
very consciously and coordinated with each other so that no disease symptoms occur
over time.

Similarly, in the experimental research, test elements with partly very high legume
shares in the crop rotations have long been established. However, on this basis only a few
questions in the field of fertilization are located in special long-term trials [41,42,92,110,111].

From these trials, on the one hand, the results of a 17-year organic experimental
field at Roda in eastern Germany with 33% clover-grass and up to 1.0 LU ha−1 of organic
manure (cattle slurry, stable manure) as well as livestock-less plots with 46% legumes (28%
clover-grass, 18% grain legumes as field bean) by [41] were used for these investigations.
On the other hand, at the same location on loess loam with a 6-field crop rotation, the
results of a 12-year exact long-term experiment on basic fertilization with 50% legumes
(33% clover-grass, 17% field bean) and 0.0–2.7 LU ha−1 organic fertilization by [42] were
included in the comparison (see Table 1). In these trials, the planned fertilizer rates could
also be applied to the variants in full. In the highest fertilization level, 13.7 m3 of cattle
slurry and 12.5 tons of stable manure per hectare were applied per year (Table 11).



Agronomy 2022, 12, 2060 22 of 51

Table 11. Mean values as well as absolute (italics) and relative change (in parentheses) compared to a mean intensity [comparison 1 = 100%, see Table 2], and supply
classes (1) of some important characteristics of plant and soil fertility of cropping systems with up to 50% crop rotation shares of forage and grain legumes and
additional organic fertilization up to 160 kg N ha−1 year−1 from long-term field trials.

Trial Variant (2) Organic
Fertilization

Crop Yield
(Main Product) Legume N2 Fixation N Balance Corg Difference Humus Balance Nt Difference Nmin Spring

(0–90 cm)
Crude Protein

Wheat

[kg N ha−1] [t DM ha−1] [kg N ha−1] [kg N ha−1] [kg ha−1 year−1] [kg HEQ
ha−1/Class] [kg N ha−1 year−1] [kg N ha−1] [% DM]

1 = Comparison 1
33% Clover-grass,

by-products
removed

45 5.3
(=100%)

71
(=100%)

+23
(=100%)

±0
(=100%)

−41 B
(=100%)

−39
(=100%)

68
(=100%)

10.8
(=100%)

2
28% clover-grass +
18% grain legumes,
by-products remain,
clover-grass mulches

0
5.2
−0.1
(98%)

75
+4

(106%)
+35
+12

+540 +138 C
+179

−18
+21

64
−4

(94%)

10.0
−0.8
(93%)

3
33% clover-grass +
17% grain legumes,

by-products
removed

0
0.0 LU ha−1

5.2
−0.1
(98%)

82
+11

(116%)
−2
+25 +349 −27 B

+14
−3
+36

75
+7

(110%)

11.2
+0.4

(104%)

4 =
Comparison 2

33% clover-grass +
17% grain legumes,

by-products
removed

40
0.7 LU ha−1

5.9
+0.6

(111%)

90
+19

(127%)
+34
+11 +445 +107 C

+148
+7

+46
80

+12
(118%)

11.6
+0.8

(107%)

5
33% clover-grass +
17% grain legumes,

by-products
removed

80
1.3 LU ha−1

6.1
+0.8

(115%)

93
+22

(131%)
+79
+56 +413 +217 C

+258
+3

+42
83

+15
(122%)

12.0
+1.2

(111%)

6
33% clover-grass +
17% grain legumes,

by-products
removed

160
2.7 LU ha−1

5.9
+0.6

(111%)

90
+19

(127%)
+154
+131 +571 +458 D

+499
+16
+55

90
+22

(132%)

12.1
+1.3

(112%)

ms - ±0.29 ±4.9 ±11.5 - ±55.0 - ±5.9 ±0.21

(1) Supply classes: undersupply (A, B), optimal supply (C) and oversupply (D, E). (2) Clover-grass = clover or alfalfa grass.
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The large plot experiment with 33% legume proportions showed an organic fertiliza-
tion of 45 kg N ha−1 year−1 and could therefore again be used as a comparison variant
for a medium supply, according to Table 2. Based on this supply level (variant 1 = 100%),
the following results can be derived for cropping systems with a high legume share and
strongly increasing organic fertilization (Table 11):

- Although the legume share in the crop rotation increases by approx. 17% between
variants 1–3, only an additional legume N2 fixation of approx. 5–20 kg N ha−1 is
still achieved.

- The increased legume cultivation can therefore only save a small amount of organic N
fertilization between 0–40 kg ha−1, so that between variant 1 and around variants 3–4,
an equal level of yields in the crop species and in the soil supply is ensured.

- A legume share of 46% in the crop rotation is still not sufficient in variant 2 with
additional leaving of the by-products and mulching of the clover-grass growth on the
plots to achieve a level of congruence with variant 1 in many characteristics.

- Between variant 1 and 2, the proportion of deep-rooted clover-grass has been reduced
by 5%, the balances are 12 kg N ha−1 higher, with decreasing Nmin values up to 90 cm
depth, the N transfer potential between 0.90–2.50 m depth has been increased by 12 kg,
and up to 4.00 m soil depth in variant 2 by 9 kg N ha−1.

- With increasing organic fertilization, the legume share in the clover-grass mixture
obviously drops from 58% without fertilization (variant 3) to 49% with 2.7 LU ha−1

organic fertilization (variant 6) more clearly than at the level of 33% legume cultivation
in the crop rotation.

- The legume N2 fixation increases by 32% overall up to the 1.3 LU ha−1 organic
fertilization stage (variant 1 compared to variant 5) and then drops again by about 4%
at the very high fertilization of variant 6.

- At the stage of 50% legumes in the crop rotation, the N2 fixation level increases by
only 15% due to organic fertilization (variant 3 compared to variant 5).

- The yield increase in all crops with increasing fertilization clearly follows the law of
diminishing yield growth and already reaches a maximum at the level of 1.3 LU ha−1

(cf. variant 1 and variant 5: +15% yield increase); only for potatoes is an additional
rise of +17% in tuber yield achieved, up to 2.7 LU ha−1 (variant 6, not shown).

- While at a legume level of 33% a yield increase of approx.. 20% can still be achieved
up to the 2.7 LU ha−1 stage; with high legume cultivation an increase in yield of only
17% up to the 1.3 LU ha−1 stage occurs due to increasing fertilization, and with further
doubling of fertilization already drops again by 4%.

- Although the crop yield has been significantly increased as a result of fertilization,
the N balances have risen considerably more in line with the fertilization level; from
variant 5 and especially from variant 6, it can no longer be assumed that a well-
managed agricultural land use is taking place, even if the Nt reserves in the soil are
taken into account, as the balances rise to values of over 150 kg N ha−1.

- Nmin amounts in the spring also increased over-proportionally between variants 1
and 6 by up to 32% reaching 90 kg N ha−1.

- Due to the higher N availability, the contents of crude protein of winter wheat have
also increased by relatively 12% to over 12.1% crude protein in the DM of the grains.

- The Corg contents in the soil have increased very strongly in the topsoil as a result of
the organic fertilization; a further aspect to consider is the still relatively short period
of 12 years that has been taken into account.

- The calculated humus balances have developed largely parallel to the Corg levels as
a result of increasing fertilization, but cultivation methods of variants 1 and 3 mark
a lower end (supply grade B), and for variant 6, the upper end, of well-managed
cultivation (grade D).

- The P and K balances have also changed as a result of increasing fertilization, although
at the same fertilization level (variant 1 compared to variant 4) there has been hardly
any change in the often clearly negative balances as a result of the increased propor-
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tion of legumes (P: −6 to −14 kg ha−1; K: −57 to −76 kg ha−1 year−1), while after
high fertilization in variant 6 there have been equally clear positive balances with
+10 kg P ha−1 and +52 kg K ha−1.

In the comparison between a legume share of 33% and 50% including a high fertiliza-
tion of up to 2.7 LU ha−1, there was a further increase in the nutrient and humus balances
due to the somewhat higher supply values of the N2 fixation and organic fertilization
(Tables 9 and 11). In relation to the crop species, yields did not increase to a comparable
extent. In variant 6, probably due to higher disease incidence, there was even a slight
decrease, especially in the yields of the cereal species. Because of this contrary develop-
ment between the nutrient supply and the yields, the nutrient balances increased clearly
disproportionally.

Based on the mathematical-statistical relationships between the calculated nutrient
balances and the changes in soil nutrients determined in the experiment (Table 11), the fol-
lowing values for the development of the topsoil Corg and nutrient contents were obtained
for a range of 10 years on the loamy soils:

- Variant 3: +0.094% Corg, ±0.000% Nt, −0.29 mg P 100 g−1, +0.29 mg K 100 g−1 soil.
- Variant 4: +0.109% Corg, +0.001% Nt, −0.05 mg P 100 g−1, +0.74 mg K 100 g−1 soil.
- Variant 5: +0.127% Corg, +0.002% Nt, +0.30 mg P 100 g−1, +1.53 mg K 100 g−1 soil.
- Variant 6: +0.157% Corg, +0.005% Nt, +1.00 mg P 100 g−1, +3.11 mg K 100 g−1 soil.

The following values were determined for the changes in the Corg content until equi-
librium is reached, calculated on the basis of the results of humus balancing: variant 3:
−0.015% Corg, variant 4: +0.061% Corg, variant 5: +0.123% Corg, and variant 6: +0.260% Corg.

Through the high annual balances or rates of change, a distinctly higher enrichment of
the contents and composition of the soil Corg, as well as of the soluble soil nutrients [42],
occurred in the highest fertilization variant on the areas without by-product return than in
the long-term trials presented, with 2.0 LU ha−1 year−1 in the forage production system. On
the market crop areas, similarly high accumulations of P and K occurred (Tables 9 and 10).
The extremely high N balances in variant 6 (Table 11) also contributed to a stronger transfer
of N to deeper soil layers. Based on 50% legume content in the crop rotations, for most
of the described attribute results, especially for variant 6 of these trials, questions exist
concerning good organic management.

In the agricultural practice of organic farming, up to now only little knowledge
has been available regarding the extent and supply level of farms which, beside high
legume cultivation in the crop rotations, are additionally characterized by intensive animal
husbandry. In most cases, the animal stocking rate is already clearly limited by the fertility
level of the site, since the majority of feed material has to be produced on the farm itself
due to the rule on area-dependent animal husbandry. From a Germany-wide compilation
on nutrient management by [18], the following mean maximum values of farms can be
compiled for some characteristics (in brackets: difference compared to the respective
average of the surveys = 100%):

- N supply of organic fertilizer: 112 kg N ha−1 (=267%);
- legume share in the crop rotation: 48% (=146%);
- legume N2 fixation: 96 kg N ha−1 (=185%);
- humus balance: ~564 kg HEQ ha−1 (approx. 397%, supply grade E);
- N balance: 80 kg N ha−1 (=296%);
- P balance: +7 kg P ha−1;
- K balance: +35 kg K ha−1.

In several studies from Germany and other European countries, higher values than
160 kg N ha−1 supply via organic fertilizers, as well as N balances of more than
100 kg N ha−1 year−1, were determined in individual farms [18,44,48,50,95,112,113]. Ac-
cording to Haas and Deittert [20] (see also [53]), N balances of up to 85 kg N ha−1 year−1

were also calculated in intensive dairy farms, where milk yields up to 9000 kg cow−1 year−1
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are common, by purchasing high amounts of fodder concentrates and other special feeds.
In both studies, however, nutrient losses and no N deposition were taken into account in
the farm gate balances, so that the real values are likely to be even higher.

Between these values, which are occasionally observed in intensive types of farming
practice, and the attribute compositions noted in the trials, high correspondences are found
both in the absolute values and in the relative changes. These results are especially true for
the last-mentioned long-term experiments with a legume cultivation of 33–50% in the crop
rotations. For example, the level found in practice with an average maximum fertilizer
application of 112 kg N ha−1 year−1 already comprises the lower range, which was also
experimentally simulated via the trials (variants 5–6, Table 11 as well as Table 9).

The nutrient balances determined between farm surveys and the trial results also
agree quite well. The clearly positive N balances, as well as those of the nutrients P and
K, indicate a positive Nt development in the soil and also a partly distinct increase in the
plant-available P and K concentrations in the soil. Thereby, also for the basic nutrients, the
supply classes C and D can be reached and exceeded to a higher extent. Through organic
fertilization in particular, the supply of micronutrients to the soil was also improved in the
long term.

Such positive effects of organic fertilization not only on the Corg supply, but also on
soil fertility indicators of basic and micronutrients, can be derived from many conventional
and organic long-term experiments [114–116]. However, in the case of long-term very
high fertilization, e.g., with special farm manure or commercial fertilizers, this can result
not only in the nutrient N, but also, for example, in a strong increase in P and some trace
elements in the soil. As a result of the increased annual mineralization, the well-known
problems in water protection and other surrounding natural compartments can then arise,
as has become known in many ways from conventional agriculture [109,117,118].

There have recently been reports on this subject, according to which even under
organic cultivation conditions, a sometimes-unbalanced high organic fertilization can lead
to a critical nutrient enrichment, e.g., with P in the soil, not only under the conditions of
vegetable cultivation in greenhouses, but also, for example, with increased field vegetable
cultivation [7,15,119]. The evaluations have shown that in these intensive cropping systems,
with high proportions of grain crops removed, there can be specific K enrichment, and after
increased cultivation and the removal of vegetative plant material by clover-grass and silage
maize there can also be P accumulation in the soil. The cultivation of these special crops
is in part only economically successful (crop yield and quality) through high fertilization.
Often, there is a lack of suitable organic fertilizers with specific nutrient compositions.

7. Summary Effects of Fertilization Intensity Using Nitrogen as an Example
7.1. Long-Term Influence of Fertilization on N2 Fixation and Legume Proportions in Clover-Grass

The effect of the organic fertilizer types mainly applied in organic farming on soils and
plants was described in the first review article [19]. Through the permanent application
of these fertilizers, there has been a specific change in both the legume fractions in the
clover-grass and the N2 fixation levels of the leguminous stands in the long-term field
trials. This influence can be determined by calculating the leguminous N2 efficiency. The
calculated values of the N2 efficiency, shown as a proportion in the N removals (=100%) of
the crop species in the rotation (values in parentheses), developed as follows (%) as a result
of the fertilizers applied in comparison to the variants without fertilization (=100%):

Intensity Level: 0.0 LU ha−1 0.5 LU ha−1 1.0 LU ha−1 2.0 LU ha−1

- Stable manure 100 (64.9) 104 97 88

- Green manure 100 (123) 98 95 94

- Cattle slurry 100 (84.4) 88 85 81.
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According to these results, the long-term application of solid organic fertilizers, in-
cluding green manures, results in only minor changes, whereby the portions of legume N2
fixation in the total N removals of the crop rotations have decreased only relatively slightly
as a result of strongly increasing fertilizer application. After low fertilizer application, there
is often even an improvement in N2 efficiency, as can be seen here in the example of stable
manure. With an application of 2.0 LU ha−1, this ratio was reduced by 6–12% compared
to the variants without fertilization (on average by 4–5% for the fertilization variants).
According to calculations by [42], there were also hardly any changes in the proportion of
N2 fixation in the N removal of the crop rotations.

In addition to yields and legume type, changes in the proportion of legumes in the
legume-grass mixture or the amounts of reactive N in the soil also affect the N2 fixation
rates in the calculation. These indicators have been changed much more unfavorably by
the permanent added slurry or other liquid fertilizers with high amounts of soluble N than
after the addition of the solid organic fertilizers, although these fertilizers have not been
applied directly to the legume-grass part of the crop rotations. Consequently, there has
been a pronounced decrease in the amounts of N2 fixation and in the calculated proportions
of N removal from the crop rotation. In this way, losses of N2 fixation of legumes due
to long-term high slurry applications can be observed, which on average can lead to a
decrease in N2 efficiency of 15–20% in crop rotations. With higher periodic application
rates in particular, solid organic fertilizers might therefore be more suitable than the usual
liquid fertilizers.

7.2. Relationships between Components of N Balancing and GE-Yields on Sites with Light and
Heavy Soils

Taking N as an example, the complex influences between increasing intensity on some
important characteristics of nutrient balancing and soil as well as GE-yields are shown
graphically in order to further highlight certain properties for this nutrient. In Figure 1,
based on the long-term experiments presented here (see Table 1), the following seven
characteristics of N (averaged over the forage and market crop systems) have been listed
for each of the four intensity levels (0.0–2.0 LU ha−1 year−1):

- Balance criteria (input, output, balance);
- the sum of reactive N (=Nmin quantities after harvest up to 0.90 m + 0.90–2.00 m in the

depth profile + calculated N leaching quantity);
- the calculated N mineralization;
- a relative comparison between the amount of N removed with the harvests and

the GE-yield.

As the evaluations have revealed, a corresponding range of intensity levels was also
found in the agricultural practice of organic farming. Through the doubling of fertilization
carried out for each step (on average of stable manure, green manure, and slurry), the
highest variant results in an N supply of approx. 130 kg N ha−1 at the loam and of
117 kg N ha−1 at the sandy site. Considering that there was already a total N supply of
between 95 kg and 123 kg N/ha via the crop rotation (N2 fixation), the fertilization resulted
in an increase of up to almost 260 kg N ha−1 on the loam soil and up to 210 kg N ha−1

year−1 in the total N supply on the sandy soil (Figure 1).
When the crop rotations are not changed accordingly as a result of increasing intensity,

there is a rise in yield, which is still visible at both sites, especially between the stages with-
out fertilization and 0.5 LU ha−1 (Figure 1). However, the increase in yield becomes smaller
with each step (diminishing increase in yield). Between the variants with 1.0 LU ha−1 and
2.0 LU ha−1, only very slight increases in yield are recorded at both sites, so that for the
highest stage it can be roughly assumed that a maximum level has been reached.

The relations between N exports and GE-yields indicate that a certain level of N
enrichment in the harvested products also occurred in organic farming as a result of
increasing intensities. However, the extent is small and, in these experiments, occurred
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only on the loam soil in the intensity studies (Figure 1) and at both sites in the fertilizer
type studies [19].
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Figure 1. Changes in some balance criteria, mineralization and reactive N, and GE-yield as a function
of four intensity levels (in LU ha−1) from long-term experiments on loamy (above) and sandy soils
(below) in absolute values and standard deviations.

At both sites with no additional fertilization, the cultivation conditions in the plots were
already sufficiently high for the nutrient balance to be slightly positive at 14–24 kg N ha−1.
What is usually not considered in these rather extensive cultivation forms, however, is
the in part severe depletion of soil fertility. This is visible here, for example, in the clearly
negative Nt reserves of the soil organic matter content of 28–32 kg N ha−1 year−1, which
is particularly evident on the lighter sandy soils (Figure 1). According to these results,
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the calculated N balances must therefore be increased by these values, since they are not
included in the usual procedure for nutrient balancing.

With rising intensity, there is a slightly disproportionate increase in N balances at
both sites, which can of course be attributed to the decreasing yield growth. Due to the
unfavorable growing conditions, this is particularly pronounced on the sandy soil and the
lack of an adequate water supply. In the highest stage, N balances in these soils can also
reach values of over 130 kg N ha−1. A certain amount of recycled N via the repeatedly
mulched clover-grass growth in the market crop system must be taken into account, with
this to be subtracted from the corresponding balances.

Following the increasing intensification from the variant with 1.0 LU ha−1 on the
loam and from 2.0 LU ha−1 on the sandy soil, a net enrichment in the Nt soil fund is still
achieved. If these quantities are offset in each case at the various intensity levels with the N
balances determined (addition of negative and subtraction of positive Nt levels), balancing
values are obtained which are then determined quite well for most intensity levels with the
values summed up here for residual Nmin in the fall, in the depth profile, and of N leaching
quantities. Because of the high mobility and chemical reactivity, these quantities of N in the
sum can also be referred to as “reactive N” (Figure 1). The N gross balance corrected in this
way can then be used as a good indicator value for this source of N.

After high organic fertilization, the N balance also increased only moderately. As at
this intensity level a partly considerable amount of N in the soil fund of the organic matter
is already withdrawn from the usual nutrient balance, a further decrease in the reactive N
fraction in the soil takes place. Overall, it can be stated that as a result of a strong increase
in intensity due to the use of organic fertilizers, only relatively small changes occur in
the fraction of reactive N in the soil [40]. The Nmin fall values and the translocation and
leaching potentials remain at relatively low levels (Figure 2).

Figure 2. Temporal change of Nmin amounts in the depth profile between the years 2000 (on the left)
and 2007 (on the right) according to differentiated fertilization intensity (in LU ha−1) on loam soil
(ms = ±1.20 kg N ha−1).
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While on the loam soil, the Nmin quantities in the rootable area of 0.60–1.50 m depth
have tended to decrease over the course of seven years, the translocation capacity in the
subsoil has increased to varying degrees according to the fertilization intensity (Figure 2).
On the sandy soil, the transferred N quantities were on a higher level overall and there
was already a slight accumulation in the rootable area down to below 0.9 m depth, which
increased even further in the depth profile. A clear differentiation in intensity could only
be determined as a tendency (not shown).

Similarly measured in relation to the total N supply, the experiments showed that
the reactive N fraction did not change proportionally as a result of increasing intensity by
organic fertilizers, but largely under-proportionally (loam soil) or hardly at all (sandy soil).
This finding is not only of interest for the listed N loss sources, but also for the occurrence
of climate-damaging trace gases, such as N2O.

8. Validity of Relations between Nutrient Balances and Development of Soil
Fertility Characteristics

It has been known for some time now that relatively close mathematical-statistical
relationships exist between the carefully determined nutrient balances and the temporal
change of certain soil fertility parameters [19,40,120]. If the recycled nutrient fraction, after
the repeated mulching of clover-grass growths, is correctly accounted for in the nutrient
balances, then, depending on the soil type, largely linear relationships exist between
the determined nutrient balances in forage growing and market crop systems of organic
agriculture and the annual change in these soil characteristics.

As a result of increasing N balances, a much clearer Corg enrichment and Nt change in
the soil can be seen on the loamy soils than on the sandy soils (Figure 3). When analyzed
statistically in detail, the only feature that occurs is a slightly curvilinear accumulation of
the soil Corg (loam: R2 = 0.958, p < 0.001; sand: R2 = 0.970, p < 0.001, cf. Figure 3), whereby
a lower supply leads to a slightly greater Corg change than a high supply. This rising Corg
turnover, as a result of increasing organic material supply, could be generally demonstrated
in evaluation work of results from long-term experiments for different organic fertilizer
types [121,122].
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Figure 3. Relationship between increasing N balances and the annual change in Corg (above) and
Nt, concentrations (below) of loamy and sandy soils in organic farming systems with 33% forage
legumes in the crop rotations.

While in the course of the trials there was an increase in Corg from the beginning
onwards, this is not true for the Nt content in the soil. In accordance with the often-
intensive conventional pre-cultivation, there was a continuous Nt decrease in the soil over
a wide N balance range in the trials, as is also known from other studies and from organic
practice. An enrichment of the Nt reserves of the soil only takes place at N balances around
50 kg ha−1 on loam and 100 kg N ha−1 upwards on the sandy site.

Depending on the soil type, there are also very close statistical relationships for the
basic nutrients P and K (and Mg, without representation) between the respective nutrient
balances and the annual soil change of these nutrients (Figure 4). On the loamy soils, P
balances must not fall below about −3 kg to −5 kg P ha−1 to prevent decreasing DL-soluble
P levels in the topsoil. On the more permeable sandy soils, positive values of at least
between 2–4 kg P ha−1 upwards are required in order to keep the P concentrations at
the same level or to raise them over the years. Due to the high capacity for resupply, the
DL-soluble K concentrations of the loamy soils only drop when the determined K balances
fall below values around 60 kg ha−1. On the sandy soils, in contrast, positive balances
around 10 kg K ha−1 are required for the soluble K concentrations in the soil to at least
remain stable.

In contrast to the soil Corg content and also to the maintenance of the N supply by a
sufficiently high cultivation of legumes, according to these results, it is much more difficult
under the conditions of organic farming to ensure an optimal supply of P, K, and also
Mg on the light soils in particular, due to the widespread, often clearly negative, nutrient
balances, in order to counteract yield fluctuations and yield losses [11]. Through a wrongly
understood ecological nutrient management, on the one hand, an increased cultivation
of legumes can even lead to an intensification of the deficiency of basic nutrients. On
the other hand, the evaluations have shown that a steady supply of organic fertilizers of
well over 1.0 LU ha−1 to about 2.0 LU ha−1 year−1 is necessary to ensure a sufficiently
high supply and to prevent the soluble concentrations of basic nutrients in the soil from
declining further.
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9. Quantitative Relation between Intensity of Organic Fertilization and Legume
Cultivation, Using the Example of Heavy Soils (Loam)

Based on the extensive data material presented and processed here from long-term
trials and field surveys, it was possible, by applying multiple mathematical-statistical
analyses, to establish three-dimensional relationships between the factors of increasing
legume cultivation (forage legumes and mixtures with grasses; grain legumes) in the crop
rotation and a widely differentiated organic fertilization (stable manure, green manure,
and slurry) in the form of the N supply (see Section 4) and the long-term expected effects
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on various characteristics of nutrient balancing, soil fertility, and crop rotation yields.
The extent of legume cultivation included portions between 20–50% in the crop rotations,
mostly in the form of clover or alfalfa grass. Grain legumes were also grown only in the
range around 20% and around 50%. The average supply of organic manure has been
between the livestock-less systems without a supply and up to a level of 2.7 LU ha−1

(about 160 kg N ha−1).
By applying humus balancing methods, the supply level of decomposable organic

matter of cropping systems can be calculated. The results represent a general evalua-
tion criterion of the yield potential and the soil fertility. Taking heavy soils (loam) as an
example, the following equation for determining the humus balances of crop rotations
(y, HEQ ha−1) was obtained (r = 0.801, p < 0.001) between the N supply from organic fertil-
ization (x1, kg N ha−1) and the extent of legume cultivation in the crop rotation (x2, %), as
well as the interaction (WW) between x1 and x2, using multiple regression analysis:

- y = −985.91 + 4.48035x1 − 0.00924x12 + 56.69970x2 − 0.65578x22 − 0.01492x1x2.

As can be seen from Figure 5, both the extent of legume cultivation and the organic
fertilization have clearly increased the humus balances. Negative humus balances are only
determined a cultivation between 20% and slightly more than 25% legumes in the crop
rotations and an organic fertilization between 0–30 kg N ha−1. In calculation examples for
crop rotation design, Kolbe [75] came to the same results. Furthermore, a high site depen-
dence was found in the results for humus balancing. For instance, Surböck et al. [123] also
found negative humus balances (HE method) with total rotational legume shares of 33%.
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Figure 5. Effects of increasing organic N fertilization and legume proportions in crop rotations on the
results of humus balancing on heavy soils.

With increasing legume portions in the crop rotation, a largely linear increase in the
humus balances has not occurred, since at the level of around both 20% and 50% the
forage legumes have been partially replaced by the cultivation of grain legumes, which are
characterized by a lower organic matter input. Similarly, as a result of rising fertilization, a
slight non-linear slope is associated with an increasingly flattening course of the humus
balances (Figure 5).

A clear interaction between legume extent and organic fertilization (x1x2) cannot be
noted. For organic farming, the optimum humus supply level (=supply grade C) is between
0–300 HEQ ha−1. With a high legume cultivation range, it can be seen that the probability
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of exceeding this optimal supply clearly becomes higher with increasing fertilization. For
example, an organic fertilization of more than 40 kg N ha−1 can lead to a latent oversupply
of decomposable organic matter with a cultivation volume of between 30–35% of legumes.
According to these calculations, however, a clear oversupply of more than 500 HEQ ha−1

(grade E) is only achieved by a relatively small extent of cultivation. Kolbe [75] also came
to similar conclusions when evaluating crop rotation compositions by humus balancing.

Although methods of varying accuracy were used for humus balancing, a sufficiently
good agreement was obtained with the annual soil Corg rates of change determined in
the experiments. The data material for the quantification of the Corg development still
needs to be supplemented and is, therefore, without presentation. A more pronounced
interaction was found between legume levels and organic N fertilization. According to this,
rising organic fertilization leads to a pronounced increase in the soil Corg content over time
when legumes are grown at low levels and to a smaller increase when they are grown at a
high level. Apparently, a relatively higher soil Corg effect generally occurs on a low supply
rather than on a high supply of organic materials. The following equation was obtained
(y = Corg difference, kg C ha−1 year−1; r = 0.791, p < 0.001):

- y = −582.85 + 8.69935x1 − 0.00356x12 + 19.36387x2 + 0.00102x22 − 0.14583x1x2.

In principle, the Nt contents of the soil reacted similarly to the Corg contents (not
shown). With the increasing cultivation of legumes, the Nt values increased only slightly
with low fertilization, whereas they tended to drop somewhat with high organic N supply.
The influence of legume cultivation was much less pronounced than that of increasing
organic N fertilization. Relatively independent of the extent of legume cultivation, up to an
organic fertilization of about 30 kg N ha−1 there is a decrease in soil Nt reserves of up to
20 kg N ha−1 year−1 in the area without fertilization. After a consistently high N supply of
160 kg ha−1, a similarly high annual Nt accumulation in the soil occurs.

In the DOK trial in Switzerland, partly high Nt losses of more than 30 kg N ha−1 year−1

were found in variants without fertilization [124]. Similar to the soil Corg contents, a new
equilibrium in the soil Nt contents is also established over time according to the intensity
of the preceding cultivation. This equilibrium has apparently not yet been reached in a
large supply area, even after 35 years of experimentation in the DOK trial. The following
mathematical equation was determined based on the presented experimental results for
the Nt computation (y = Nt difference, kg N ha−1 year−1; r = 0.784, p < 0.001):

- y = 43.84 + 1.09191x1 − 0.000893x12 − 4.78565x2 + 0.07597x22 − 0.01659x1x2.

Figure 6 shows the effect of rising organic fertilization (x1) and the cultivation of
forage and grain legumes of 20–50% in the crop rotations (x2) of the better soils on the
annual N2 fixation rates of the legumes. Approximately parallel to the extent of cultivation,
the legume N2 fixation increases from below 20–30 kg N ha−1 at low to up to well over
100 kg N ha−1 at a cultivation portion of about 50% legumes in the crop rotations. Up to an
N supply between 30 kg ha−1 and about 80 kg ha−1 via organic fertilization, an increase in
legume N2 fixation is still caused by an improved growth of the legume stands, especially
at high cultivation extents.

With low to medium legume cultivation, N2 fixation is apparently no longer promoted
even after relatively low fertilization. With further rising N supply, there is even a reduc-
tion in the N2 fixation, since the plants then increasingly use the available N from the
soil. In addition, there is then a greater promotion of non-legumes in the cultivated mix-
tures. The following mathematical equation with high statistical confidence was calculated
(y = legume N2 fixation, kg N ha−1 year−1; r = 0.939, p < 0.001):

- y = −101.35 − 0.03893x1 − 0.00153x12 + 8.22668x2 − 0.08806x22 + 0.00720x1x2.

According to analyses by [41], see also [38,125,126], the lowest Nmin values are deter-
mined under clover and alfalfa grass, while the values remain at a somewhat higher level
under the cultivation of grain legumes. After tilling the stands, the Nmin values increase
sharply and already reach the highest values on the lighter and medium soils in the first
year of cultivation after legumes, due to the high soil turnover activity. On the heavy soils,
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the highest Nmin levels are usually reached in the second year following legumes and then
decrease again in the following years as the crop rotations progress on all soils. From
these crop rotation investigations of the Nmin amounts in the spring (mostly 0–90 cm soil
depth) characteristic temporal courses can be determined, which could be used to establish
suitable crop rotation systems [127,128].
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Figure 6. Effects of increasing organic N fertilization and legume proportions in crop rotations on the
calculated N2 fixation levels of legumes on heavy soils.

In the organic farming systems, the influence of the number of legumes on the Nmin
values in the spring is very clear (Figure 7). It is the main function in the mathematical
equation shown. From initial values around 40–45 kg N ha−1 with a cultivation extent of
20% grain or fodder legumes, the contents increase with an extent around 50% legumes up
to values of 75–90 kg N ha−1. In the range shown, the Nmin values will rise by more than
13 kg N ha−1 if the extent of legume cultivation is increased by 10% in the crop rotations.
The somewhat higher Nmin values in the crop rotations, which are caused by the increased
decomposition of crop and root residues during and after the cultivation of grain legumes,
can also be taken from Figure 6, because correspondingly somewhat increased values are
determined at both 20% and 50% legume cultivation.

In contrast, the influence of a strong increase in organic fertilization with farmyard
manure and slurry is hardly noticeable because the Nmin values are only increased by a
few kilograms of N with low legume cultivation, while with a high level of cultivation the
increase as a result of rising organic N fertilization also only covers a maximum of about
15 kg Nmin ha−1. Organic fertilization, instead, results in N fixation in the Nt pool of the
soil because initially a stronger soil Corg enrichment takes place. As the results further
showed, the crop and root residues of clover-grass and grain legumes are converted more
quickly, and a lower Nt fixation in the organic matter occurs. Therefore, the Nmin values
already increase rapidly in the early spring in parallel to the cultivation extent in the soil.
The following equation was obtained between organic fertilization and the extent of the
cultivation of legumes in multiple regression analysis to determine the Nmin values in the
spring (y = Nmin quantity, kg N ha−1; r = 0.913, p < 0.001):

- y = 80.68 − 0.02214x1 − 0.000454x12 − 2.94914x2 − 0.05613x22 + 0.00396x1x2.
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Figure 7. Effects of increasing organic N fertilization and legume proportions in crop rotations on
soil Nmin contents in early spring on heavy soils.

Since N can also be considered one of the limiting nutrients in organic farming, it is not
surprising that there is a relatively close visual correspondence between both the reported
soil Nmin and the N2 fixation levels of legumes and the expected long-term GE-yields
of the crop rotations (see Figures 6–8). It can be clearly seen that the extent of legume
cultivation contributed substantially to yield formation by increasing the supply of N. In
this context, an expansion of the legume scope by 10% led to an approximate yield increase
of 1.0 t GE ha−1.
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After the continuous application of a strongly increasing organic fertilization, there
was also a yield increase of about 2.0 t GE ha−1 in total. However, parallel to rising
fertilizer application, a clearly diminishing yield increase occurred, so that maximum yields
are achieved in each case at about 110 kg N ha−1 with low cultivation and already after
80–90 kg ha−1 N fertilization and high legume cultivation in the long term (Figure 8). At
a higher input than about 2.0 LU ha−1 (120 kg N ha−1 from stable manure and slurry),
declining yields are to be expected regardless of the extent of legumes, especially in the
cultivation of cereal crops. As the studies have shown, higher nutrient applications can
only be utilized favorably if a changed cropping structure is realized with an increasing
amount of, for example, root crops and silage maize instead of cereals in the crop rotations.

The analyzed relationship between fertilization and legume cultivation for a quantita-
tive description of the rotational GE-yields obtained a very high statistical confidence and
can be calculated with the following mathematical equation (y = GE-yield, t ha−1; r = 0.962,
p < 0.001):

- y = 3.34 + 0.39234x1 − 0.00153x12 + 2.78015x2 − 0.02438x22 − 0.00192x1x2.

Even without organic fertilization, increasing the extent of legume cultivation led
to a high yield level for the cereals grown. For example, in field trials on loam soil in
eastern Germany, winter wheat yields of well over 6.0 t ha−1 were not uncommon, while
only relatively low yields of below 25.0 t ha−1 tubers on average were the rule in potato
cultivation [41]. At the same site, potatoes only developed closed plant stands and tuber
yields of 35.0 t ha−1 to over 40.0 t ha−1 when a high application of solid organic fertilizers
was applied prior to planting [106].

It was observed temporarily in these trials that a relatively high level of legume
cultivation in the crop rotations sometimes resulted in extremely high Nmin values in the
soil. After special weather conditions with long-lasting dry phases and high temperatures,
peak Nmin values of well over 150 kg N ha−1 developed, especially in the fall tests. This was
always observed when high organic fertilization was also present at the same time [41,42].
From these results, the conclusion can also be drawn for these reasons listed that legume
proportions of more than 40% can no longer be considered a well-managed land use
(see [43]).

The influence of a strongly varying legume extent in the crop rotations is also shown
in the calculated N balances of the organic farming systems (Figure 9). An expansion
of the cultivation of legumes by 10% results in an increase in the mean N balances by
25–35 kg N ha−1. In comparison, the increase is, however, much more pronounced in
systems with strongly varying levels of organic fertilization. Due to the diminishing yield
growth, a clearly disproportionate increase in the N balances can be seen. By increasing the
N supply by 50 kg ha−1, an increase in the balances of about 40 kg ha−1 can be expected.

Negative balances are only registered in a relatively small range between about 25%
legume cultivation with no fertilization and 20% legumes with N supply around 30 kg ha−1.
Surböck et al. [123], in Austria, also still determined slightly negative N balances with a low
cultivation of forage and grain legumes of around 25%. According to examinations by [124],
N balances of up to −25 kg N ha−1 year−1 were calculated in the DOK trial in Switzerland
in variants without fertilization and a cultivation extent of approx. 29% legumes.

Following the established evaluation system for N [18,19,43], the acceptable N balances
in organic farming should reach at least positive values on average for the crop rotations.
According to clear experimental findings, the occurrence of permanently negative balances
is likely to result in partly severe yield losses [18,69]. Between 0 kg N ha−1 and about
50 kg N ha−1, an optimal yield level can be guaranteed even for organic farming conditions.
Balance values well above 50 kg N ha−1 lead to maximum yields and can no longer be
accepted because of excessive N losses and associated negative environmental effects.

With a relatively low legume share of 20%, an additional organic fertilization of about
110 kg N ha−1 can be made possible. This range coincides quite well with the application
level of organic fertilizers allowed by some organic farming associations. However, with
increasing legume cultivation, the N supply should then be reduced to about 50 kg N ha−1,
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in order to avoid permanently exceeding a limit of about 50 kg ha−1 in the N balance.
Particularly extreme N balances are achieved with a high legume extent and large amounts
of fertilizer (positive interaction).
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N balances of crop rotations on heavy soils.

According to these findings, higher organic fertilization only makes sense if the
number of legumes is reduced accordingly (or omitted completely). Only in these special
cropping sequences with very low legume cultivation and expanded portions of root crops
and field vegetable species can a nutrient removal be made possible with a correspondingly
high yield level, so that nutrient balances of below 50 kg N ha−1 can still be guaranteed
on average over the years. Through these obtained results, higher fertilization rates of
up to 170 kg N ha−1, according to certain EU regulations [1], are therefore to be critically
questioned and probably only accepted on especially favorable growing sites.

However, a certain amount of Nt has to be taken into account, which is to be regarded
as an intermediate N depot caused by the partly considerable soil Corg enrichment men-
tioned, until an equilibrium is reached. With a high fertilization, a quantity of approx.
20 kg ha−1 Nt per year may be estimated which can still be deducted from the N balances
obtained because this N is not regarded as being reactive. Between the organic fertiliza-
tion (x1) and the extent of legume cultivation (x2), the following mathematical equation
was calculated to determine the N balances (y = N balance (gross), kg N ha−1; r = 0.830,
p < 0.001):

- y = −132.88 + 0.29868x1 + 0.00165x12 + 7.81346x2 − 0.09995x22 + 0.00768x1x2.

The P and K balances determined from the long-term trials behave in a similar way,
as already described for the N balances of the organic farming systems, as a result of
increasing legume cultivation and organic fertilization (cf. Figures 9 and 10). In contrast,
for P and K, larger intensity ranges with partly clearly negative balances are found. For
example, P balances of −19 kg to +6 kg P ha−1 and K balances of −80 kg to +15 kg K ha−1

were also calculated in the DOK trial on loam soil in Switzerland after 35 years, with a
determined soil resupply of 50 kg K ha−1 year−1 [129].
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Naturally, however, a considerable increase in the P and K balances, comparable to
the N, does not take place in case of a high extent of legume cultivation. Nevertheless, an
improvement in the negative P balances by 5–7 kg P ha−1 and in the strongly negative
K balances even by 50 kg K ha−1 year−1 can be determined by the increased legume
cultivation, especially when a low organic fertilization is presented, although at the same
time a higher nutrient removal by the yield effects can be observed (see Figure 8).

However, as a result of clear negative interactions between legume cultivation and
organic fertilization, these nutrient improvements cannot be determined with high organic
fertilization. Whether the cultivation of forage legumes in particular also contributed to
an additional benefit in P and K supply, apart from N, cannot be conclusively determined
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from these results. It seems to be possible, however, that a higher remobilization of soil
nutrients can also occur from the subsoil by cultivating deep-rooted plants than when a
large supply is present, especially in areas of relatively low nutrient supplies [130,131].

Based on these results for nutrient balancing, the following additional organic fertilizer
quantities are required in the area of relatively low legume cultivation in order to achieve
at least a balanced nutrient supply in the long term without leading to a change in the
solid or soluble soil contents, taking into account the nutrient resupply that can usually be
observed in these heavy soils (see also Figures 3 and 4):

- Soil organic matter and N: organic fertilization with approx. 30 kg N ha−1 required
for equalized N and humus balances (Figures 5 and 9).

- P with a maximum of 5 kg P ha−1 resupply: organic fertilization with an equivalent of
approx. 60 kg N ha−1 required (Figure 10, above).

- K with a maximum of 60 kg K ha−1 delivery: organic fertilization with an equivalent
of at least 70–80 kg N ha−1 year−1 required (Figure 10, below).

In the context of the soil organic matter turnover, these basic nutrients are released
into the plant-available soluble forms in certain relations between nutrient balance and soil
concentration change, so that no further soil chemical methods are usually required by their
determination (cf. [64,132,133]). For example, in the case of soil P, the ratios between the
different soluble nutrient fractions change relatively uniformly as a function of the amount
added or the P balances determined. However, it is clear from this comparative analysis
that the conditions for proper nutrient management are much more difficult to fulfill for
basic nutrients than for N or the Corg supply (see [44]).

The following mathematical-statistical relationships were determined between or-
ganic fertilization (x1) and legume cultivation (x2) to calculate P balances (y1 = P balance,
kg P ha−1 year−1; r = 0.927, p < 0.001) and K balances (y2 = K balance, kg K ha−1 year−1;
r = 0.676, p < 0.01):

- y1 = −26.67 + 0.29259x1 + 0.000411x12 + 0.45648x2 − 0.00393x22 − 0.00414x1x2;
- y2 = −251.61 + 0.51302x1 + 0.00369x12 + 9.30328x2 − 0.11358x22 − 0.00607x1x2.

Taking N as an example, Figure 11 shows results of the following two types of nutrient
balancing and subsequent corresponding determination of the nutrient efficiencies:

- Ordinary gross balancing including N deposition and determination of N balances
and (apparent) N efficiencies (N efficiency trials; N efficiency farms).

- Ordinary gross balancing with additional accounting of negative soil Nt balances in
nutrient inputs and positive balances in outputs and determination of total balances
and total efficiency (total N efficiency trials).

In comparison to the calculated N balances, very close statistical relationships are
generally found with the expected nutrient utilization results for these highly differentiated
organic farming systems. It can be seen that both types of balancing are well-suited to
produce results that are clearly in agreement over a wide range (Figure 11, above).

The pure gross balancing leads to somewhat more extreme results than the total
balancing taking into account soil Nt differences, as has already been determined in other
experiments [41,124]. Furthermore, a much broader range of legume cultivation and
nutrient supply was considered in the studies summarized here. Negative nutrient balances
with efficiencies of over 100% are calculated with both types. In this case, a supply range
is represented that leads to a reduction or depletion in the soil’s nutrient reserves and
therefore, characterizes an insufficient nutrient supply over time.

This range can therefore be described as low or very low when using the well-
established A–E classification system of VDLUFA in Germany (range B: −29 to −1;
range A: <−30 kg N ha−1; see [6,18,134]). Figure 11 (above) can help to more accurately
align the classifications between the N balances and the N efficiencies.
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With an increasing nutrient supply, a range follows which guarantees a sufficient N
supply to achieve optimum yields up to a balance around 50 kg N ha−1. This range between
0–50 kg N ha−1 can therefore be assigned as supply grade C. Up to this balance range,
relatively consistent N efficiencies of 100% to approximately at least 60% are obtained with
both types of determination. With further rising N balances, visibly higher values are
then determined by calculating total efficiencies, which take into account the positive Nt
values of the soil fund. These Nt values do not represent losses, but are to be regarded as
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temporary N reserves of the soil Corg. At later times, these reserves are released again as
part of the Corg turnover and then contribute to plant nutrition.

With a further rising nutrient supply, whereby an organic fertilization from 1.0–1.5 LU ha−1

upwards have been applied and/or a high extent of legumes have been cultivated in the
crop rotations, a nutrient efficiency of below 60% is achieved. Values in organic farming of
below 40% can also be obtained, as the results of the studies have shown (Figure 11, above).
In this supply range, maximum yields are reached or already exceeded. Consequently, an
oversupply is the result because visibly higher losses of N are recorded which are also no
longer stored in the meantime as Nt reserves of the soil. Therefore, N balances of more than
50 kg N ha−1 must be assigned to grade levels D–E, which are to be avoided.

When comparing the obtained efficiency values with the increasing N inputs, charac-
teristic decreasing N efficiencies are also obtained in both the results from the trials and
the farm surveys (Figure 11, below). A considerable variation in efficiency values becomes
apparent, with a high agreement between the point clouds (s = ±25 kg N ha−1). The farm
point cloud and regression curve are at somewhat lower levels. In relation to the N supplies,
slightly lower N efficiencies are obtained in the farms than in the trials.

According to detailed investigations, yield-limiting influences due to nutrient supply
insufficient by 11% were determined in these farms [11]. With appropriate corrections
of the yield losses, higher classifications and consequently no more efficiency differences
between the farms and the trials are then obtained (not shown). These results show that
the representations presented can ultimately be used for testing optimization work.

According to extensive studies in agricultural practice, average N efficiencies
for organic farming can be estimated to range from about 60% to close to
100% [4,6,11,18,44,48,52,95,100,109,112,113,135,136]. In the surveys of [43], N efficiencies
between 41–128% were analyzed with N balances ranging from −23 kg N ha−1 up to
91 kg N ha−1. With a similar statistical certainty and scatter range, a high agreement of the
N efficiencies was found almost in the entire range, as it was also documented in the trial
results summarized here (integrated in Figure 11).

The mean value over all farms investigated was 78% N efficiency; in the trials it
was 76% with an N balance of 45 kg N ha−1. Forage farms with 75% and farms with
integrated field vegetable production with 74% showed slightly lower values. For the
market crop farms, better N efficiencies were determined with 88%, although a somewhat
higher number of farms with an N utilization of over 100% must then also be considered.

In the studies of [9], an average N efficiency of slightly over 90% (64–121%) was
determined. Such high mean values have scarcely been described in any other work. Since
the values of conventional comparative farms, for which many other study results are
available (including [4,134,137]), were also determined with very high mean values around
79% N efficiency, there are obviously methodological differences in the calculation. Both
cropping systems may also be farms that have to be counted to a higher standard in some
way and do not document the average of agricultural practice.

As the results in Figure 11 show, in some forms of organic farming which involve
a high level of legumes and correspondingly extreme organic fertilization, N balances
are found to be just as high and, consequently, efficiencies just as low as is also common
in intensive forms of conventional farming. Only if errors in nutrient management are
not recognized in time and other factors of production fall to levels below the minimum
(minimum law, [97]), such as water and nutrients in trials and practice plots studied here
on sandy soils in eastern Germany or sulfur and other nutrients on the Gladbacherhof farm
in western Germany, can N efficiencies quickly drop to values below 55% even with an
obviously medium nutrient supply [22]. N efficiencies around 45% can be determined in
relative, intensively managed, organic dairy farms with high values in fodder purchase [3].
To clarify such low values, the influence of recycled N on the balance formation in livestock
farms should be subjected to a closer analysis.

Using the example of the total N efficiency determined here, an attempt was also
made for the first time to use multiple regression analysis to quantitatively calculate the
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relationship between the increasing fertilization level (x1) and legume rotation proportion
(x2) of organic farming systems. Although the data material may not yet be extensive
enough for such complex relationships, some basic relations can still be derived from
the results of Figure 12 if certain extreme areas, especially in the periphery of the plot,
are disregarded.
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Figure 12. Effects of increasing organic N fertilization and legume proportions in crop rotations on
the total N efficiency of organic farming systems on heavy soils.

From initial values between 70–90%, through the largest supply range, the N efficiency
basically drops with rising legume shares and also with increasing organic fertilization.
Because of a pronounced interaction between both factors, a particularly sharp decrease
occurs as a result of high legume cultivation and very high fertilization, and values of
below 50% N efficiency are then reached. High percentages of grain legumes (20% and 50%
range) apparently lead to somewhat higher efficiency values compared to exclusive forage
legume cultivation (25–45% range).

According to these results, particularly high N efficiencies occurred after very low
legume cultivation. Almost only in this area, utilization rates of more than 100% can also
occur in connection with organic fertilization. Because of the reduction in the Nt contents
of the soil, this can lead to a decrease in the soil Corg quality as well as to a decline of the
soil fertility in the long run. The obligation to cultivate legumes is therefore also correctly
chosen based on these results [1]. However, depending on the (intensive conventional)
pre-cultivation, the results do not suggest negative effects on the Corg quality in the long
run for the very largest range of organic cultivation systems (Figure 12).

The total nutrient efficiency as a function of organic fertilization in the form of N
(x1, kg N ha−1) and crop rotation legume percentage (x2, %) can be calculated according
to the following mathematical-statistical equation (y = total efficiency for N, %, nutrient
supply = 100%; r = 0.742, p < 0.001):

- y = 209.81 + 0.57091x1 − 0.000913x12 − 8.42298x2 + 0.11956x22 − 0.01323x1x2.

10. Discussion and Conclusions

Even in organic farming, N supply is considered one of the most important limiting
factors for crop yield formation [103,104,106,138]. The nutrient N can be supplied by
legume N2 fixation and by fertilization measures. In this review article, results from specific
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long-term field trials and a large number of farm surveys were compiled, compared, and
subjected to an evaluation in terms of productivity, soil fertility, and environmental impact.
Cropping systems of forage production with the removal of by-products, market crop
systems leaving the by-products and with clover-grass mulching and increasing intensities
of up to 2.7 LU ha−1 supply of solid or liquid organic fertilizers, and cropping systems
with forage and grain legumes between 20–50% in the crop rotations were recorded. The
results from long-term trials available today have made it possible to cover and deepen the
diversity of cultivation and the range of intensities occurring in agricultural practice.

Finally, for the described livestock-free cropping systems generally without or with
low organic fertilization and grain or fodder legumes from 20% in the crop rotations, the
conclusion can be drawn that there is generally a good comparability between the results
obtained here from the long-term trials and the practical surveys. These pure cash or market
crop farms can be described as extensive organic practices with modest yield potential,
which at the same time are also characterized by relatively high values in environmental
protection (N, P, and water conservation).

However, increasing nutrient management deficiencies can lead to the substantial long-
term depletion of certain nutrients, resulting in yield losses that, in some cases, significantly
reduce the crop and economic efficiency of these cropping systems. Accordingly, these
stockless systems require more efforts to control and correct soil fertility than cropping
systems with livestock [32,41].

Inadequate N and humus balances can in many cases be corrected by on-farm practices,
in particular, by changing crop rotations, increasing legume cultivation in main crops
and catch crops, and returning the by-products to the fields. However, the widespread
insufficient levels of plant-available basic nutrients in the soil can decrease even further as
a result, so that the nutrient cycles open up even more. Deficiencies in the basic nutrients P,
K, Mg, and S, therefore, usually require external supply through fertilization with organic
fertilizers and, in certain cases, also with mineral fertilizers.

In order to avoid yield losses in the sense of the minimum requirement, nutrient
concentrations of the soil that lead to an optimal yield level (e.g., in Germany and Austria
the supply classes C) must be aimed for and secured in the long term. To fix the sup-
ply classes exactly, a special experimental activity under organic growing conditions is
necessary [11,98]. As a result, a reduction in the soil nutrient contents of P, K, or Mg, which
are considered optimal in conventional farming, by one supply grade can often be seen.
These reductions alone can lead to a decrease in leaching, erosion, and silting of the soil by
up to 50% [139–142]. The resulting improvements in environmental and resource protection
can thereby also be remarkable in the case of basic nutrients.

If additional fertilization is required, organic fertilizers are well-suited to achieve an
increase in the soil contents. For these special cases, it should be considered whether
farms can also make higher inputs from outside than allowed by the upper limit of
40 kg N ha−1 year−1 of organic fertilizers common in Germany, for example. The ad-
ditional purchase can also be handled by feed delivery and manure purchase communities.

As the next intensity levels, widespread systems with medium cultivation of mostly
clover and alfalfa grasses, around 30–40% in the crop rotations, and fertilization levels
around 0.5 LU ha−1 of organic fertilizers were investigated. At the same time, these farming
combinations can be considered as largely average intensities in many countries of Central
Europe. Compared to livestock-less market crop cultivation, in these systems a significant
increase in the yield of all crop species of the rotations occurs as a result of improved values
in soil fertility. Since nutrient losses are low and hardly change, there are still excellent
values in the environmental protection of these cultivation systems.

Overall, it can be stated that farms with an animal stocking rate of around 0.5–1.0 LU ha−1

and corresponding inputs via the farm’s own manure show many positive effects on
characteristics of the yield capacity of the soils, coverage of the fodder requirement, and
useful utilization of the clover-grass growths. The humus and nutrient balances reach a
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level that also enable the soil fertility and sustainability of the farms to be largely secured
and also improved.

Therefore, if these management intensities persist for long periods of time, most of
the assessed characteristics also reach the supply grades C–D, which include a large extent
of well-managed practices. Moreover, this intensity level can still be realized by relatively
low negative impacts on environmental compatibility. However, especially on light soils,
on the one hand, in some cases, unfavorable impacts may already occur, as for example,
on N efficiency, N translocation, and leaching. On the other hand, negative trends on the
development of the soluble nutrients P, K, and Mg in the soil are still possible. Overall,
farm nutrient management is usually much easier to regulate in these cropping systems.

As the results from agricultural practice and the trials show, in cultivation methods
with a medium to high legume ratio of up to 50% including a very high supply of organic
fertilizers of more than 2.0 LU ha−1, only relatively low additional yields and quality gains
(baking value) are achieved for cereal species and in the cultivation of clover-grass (legume
N2 fixation). Root crops such as potatoes, corn, and also certain field vegetables have proven
to be more advantageous in the utilization of the fertilizers applied. Depending on the crop
rotation, however, these fertilizer amounts must increasingly be classified as questionable,
since overall nutrient utilization decreases significantly in these intensive cultivation forms.
As a result, nutrient balances and supply levels of humus were determined that often
can no longer be described as acceptable (classes D and E). Moreover, this can already be
proven to lead to a partly significant increase in harmful environmental effects.

The amounts of fertilizer realized in the long-term trials were in some cases much
higher in these intensive cropping systems than the input limits to be observed by some
farmers’ associations. For example, the Bioland and Naturland associations in Germany
require a maximum N supply of 112 kg N ha−1 as a result of a maximum livestock density
of up to approx. 2 LU ha−1 year−1. Based on the trial results presented here, these upper
limits seem to be quite well-established for most growing areas in Central Europe, and
no changes can be recommended in this respect. A different conclusion can already be
reached if the cropping systems are adjusted to the permitted supply level of 170 kg N ha−1,
according to the EU regulation for organic farming [1,143].

It is evident from the results presented that the translocation and leaching of nutrients
at these highest intensity levels realized in the trials are characterized by a markedly dispro-
portionate increase, as it continues to be the case in conventional cultivation methods [109,118].
In addition, the yields of certain crop species (e.g., cereals) would have to be stabilized by
the use of special plant protection products (haulm shortening agents; fungicides) to ensure
that useful cultivation can still be achieved. However, these conventional farming tools
should also be clearly avoided in the future.

However, it can also be seen from the strong increase in the balance values that,
particularly on the light soils, a limit of responsible intensification has been reached or
already exceeded. On these soils, more significant side effects on the environment can
easily occur, especially if, for example, no irrigation is possible (see [116]). Since such a high
animal stocking density is usually not possible on these unfavorable sites due to the lack
of fodder, the high supply of fertilizers could essentially only be achieved by additional
purchases. Therefore, reasonable limits of additional purchase have also been set by the
cultivation associations for this purpose [143], which can be confirmed in principle on
the basis of the trial results. If a corresponding optimal supply with all key factors of soil
fertility cannot be guaranteed, a certain limitation of the supply level on these soils may
have to be considered.

As the investigations show, a very high intensity in the organic cultivation methods
is mostly only useful on favorable sites, such as the deep loamy soils. On these soils,
over a high yield level, an appropriately high nutrient utilization, and relatively low
environmental pollution can still be ensured. Further increases in yield, however, can
usually only be achieved by specific adjustments in the crop rotations.
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The goal of sustainable or even ecological intensification is to develop cropping
systems that are highly productive and environmentally friendly at the same
time [29–31,144,145]. Nevertheless, one conclusion of the discussion on achieving en-
vironmentally sound intensification is that improving nutrient efficiency often appears to
be possible only to a limited extent from a practical point of view. Such theses often raise
high expectations in the biological environment, which often have to be disappointed in
reality. For example, limits are often overlooked which are essentially set by the law of
diminishing yield growth.

The results clearly show that as a consequence of increasing legume cultivation in crop
rotations and through animal husbandry, applied organic fertilizers in a very wide range
of investigations are essentially associated with both decreasing nutrient efficiency and
mostly also with rising negative environmental impacts. These results regarding different
intensification treatments could be manifested not only from the extensive evaluation
work of long-term experiments, but also from survey data of the organic farming practice.
To date, there are no cultivation methods known whose results clearly deviate from this
described trend of showing possibilities and limits of intensification.

Furthermore, there are also possibilities for an ecological intensification, which could
arise from constant research and further practical developments of strategies for the op-
timization of agricultural production methods. Today, the focus is more on aspects of
resource scarcity, environmental protection, and climate change. Finally, some of the impor-
tant possibilities that can be derived from the above descriptions should be briefly outlined
at this point:

- Cultivation of mixed crops;
- cultivation of second crops;
- better use of breeding progress;
- cultivation and crop rotation optimization depending on the intensity level of the farm;
- reduction in application losses during the storage and application of fertilizers;
- use of fertilizers with low contents of readily available and reactive nutrient components;
- prevention of yield losses caused by the minimum law for nutrients, pH value, organic

matter, water supply, etc.
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