
Article Not peer-reviewed version

Meta-Study on Sulphur Supply and

Fertilisation of Crop Species in Organic

Farming of Central Europe – Part 1:

Effects of Soil S Supply on DM and N

Yields, Legume N2 Fixation, and

Methods for Determining S Fertilizer

Requirements

Hartmut Kolbe *

Posted Date: 22 November 2024

doi: 10.20944/preprints202411.1777.v1

Keywords: Central European countries; organic farming; sulphur fertilizer trial evaluation; soil sulphur supply;

fertilizer requirement methods, crop rotation and plant species optimum yield and quality

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/1831618


 

Article 

Meta-Study on Sulphur Supply and Fertilisation of 
Crop Species in Organic Farming of Central  
Europe—Part 1: Effects of Soil S Supply on DM and 
N Yields, Legume N2 Fixation, and Methods for 
Determining S Fertilizer Requirements 
Hartmut Kolbe 

Independent Researcher, Author retired since 2016; Current address: Altes Dorf 19, 04435 Schkeuditz, 
Germany; hartmutkolbe@yahoo.de 

Abstract: Sulphur is an essential nutrient that fulfils various important functions in plants, including 
the formation of amino acids, proteins, chlorophyll and the support of nitrogen uptake, e.g., in 
legumes. A lack of sulphur not only impairs plant growth, but also quality and resistance to disease. 
In addition, the S supply is strongly influenced by soil and hydrological factors. The sulphur content 
of the atmosphere due to industrial combustion has fallen sharply in recent decades, which has 
ultimately led to a drop in S levels in the soil and also in certain plant species, initially in 
conventional farming and later particularly in organic farming. As a result, there has been a great 
increase in research into the causes and ways and means of improving yield and quality deficiencies 
on farms. In this summarised study, data from 98 sites in Central Europe (Germany, Austria, 
Sweden, Norway, Denmark, Belgium, Italy, Poland, Great Britain) were recorded from 1998 to 2023. 
The sulphur fertiliser trials were conducted on farms and experimental stations under organic 
farming conditions. 1169 treatment variants and 598 standard variants without or with reduced S-
fertilisation were analysed. Fertilisation was carried out with various sources of sulphur, including 
kieserite, gypsum, elemental sulphur, epsom salt and other types, in different quantities and forms, 
usually directly before or during crop cultivation. Soil analyses were done according to VDLUFA 
specifications in Germany or comparable standards in Central Europe. The amounts of plant-
available S in the soil were determined at depths of 0–30 cm, 30–60 cm and 60–90 cm. Site 
characteristics such as Smin, Nmin, soil type, pH value, precipitation and the extent of livestock 
farming were recorded. A sufficient amount of data was available for each experimental aspect to 
quantitatively describe the influence of increasing S supply to the soil or plant species groups 
(permanent grassland, lucerne-clover-grass, grain legumes, cereals) from severe deficiency to 
oversupply. The analyses therefore focused on establishing relationships between yield responses, 
correlations with the nitrogen uptake of crop species and N2 fixation in legumes and the nutrient 
supply with plant-available sulphur. The aim of these investigations was to develop assessment 
methods for the soil supply with available sulphur to achieve optimum DM yields. The results were 
also used to develop practical methods for determining fertiliser requirements for different crop 
species in organic farming. 

Keywords: Central European countries; organic farming; sulphur fertilizer trial evaluation; soil 
sulphur supply; fertilizer requirement methods; crop rotation and plant species optimum yield and 
quality 
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1. Introduction and Problem Description 

Sulphur (S) is one of the main nutrients. In plants, S is stored in the xylem and is a component 
of amino acids (e.g., methionine, cysteine) and therefore an important building block of proteins. The 
nutrient is particularly important for the formation and functioning of chlorophyll and also for 
energy absorption, photosynthesis and carbohydrate formation, glucosides, vitamins and 
corresponding enzymes. S nutrition also promotes the uptake and utilisation of nitrogen (N) in the 
plants. This reduces losses and the leaching of nitrogen [1–3]. 

Insufficient nutrition with S has negative effects on the substance formation of the crop species. 
The shoot in particular, rather than the root system, is affected, e.g., by the development of smaller 
leaves [4]. In addition, the quality and resistance of the plants to certain diseases and harmful 
organisms are also negatively affected. Another important aspect is the role of sulphur in legume N2 
fixation through improved nodulation and fixation performance [5,6]. S deficiency leads to lower N2 
fixation, which can significantly impair the yield formation of legumes. 

Zhao et al. [7] summarise the S-functions in agricultural and natural ecosystems. In a recent 
review, Narayan et al. [8] described the influence of fertilisation with sulphur on the growth and 
development of plants. The S supply of a site is significantly influenced by soil physical factors 
(texture, soil type, rooting depth) and hydrological factors (precipitation, groundwater level) [9]. By 
using site influences (soil, water and nutrient balance, yield capacity, weather data), attempts were 
made to create site-specific assessments of the sulphur supply of the crop species in certain regions 
[10–12]. 

S leaching is also directly dependent on the prevailing weather and soil conditions and can vary 
considerably from year to year. In Denmark, for example, it amounts to between 4–45 kg S ha−1 per 
year [13–15]. In Germany, S leaching under average agricultural management is estimated at approx. 
3–7 kg S ha−1 on heavy soils, up to approx. 10 kg S ha−1 on light soils and low precipitation, and 20 kg 
S ha−1 with high precipitation [16]. In light and shallow, humus-poor soils, especially with higher 
precipitation, at pH values below 6.5 due to S adsorption, but also on calcareous soils in which higher 
amounts of S are sometimes bound, there are often only comparatively small soluble S amounts in 
the soil today. 

The long-term influence of organic fertilisation on S forms in the soil has been described by 
Förster [17] and Singh et al. [18]. Proposals for improving N and S cycle management under organic 
farming conditions were analysed by Fontaine [19] and Hansen et al. [20]. There are still uncertainties 
in the estimation of certain S losses in the cropping systems. Therefore, for example, the extent of 
(gaseous) S losses, some of which are toxic, during the storage and application of organic fertilisers, 
the surface application of e.g., clover-grass mulch and the composting of organic waste should be 
investigated in more detail [15,21–24]. 

Similar to nitrogen, only about 5% of the nutrient sulphur is present in the soil as SO4 ions 
(sulphate) in a soluble, plant-available form. Up to over 95 % of the total sulphur is temporarily fixed 
in the organic matter [25]. This means that the total S content in the soil is between 0.01–0.05%; higher 
contents are only found in organic soils and marshes. S turnover in the soil occurs biochemically 
through the hydrolysis of sulphate esters by sulphatase enzymes and biological mineralisation 
through organic matter turnover. S mineralisation is apparently higher under plant cover than 
without cover due to increased sulphatase activity [25,26]. Under average conditions, S release is 
around 10 kg S ha−1 and year. Plants can essentially absorb S as SO4 ions from the soil solution, but 
liquid and gaseous uptake via the leaf (stomata) is also possible through legumes (clover) [27]. 

The S emissions to the atmosphere as a result of the combustion of sulphur-containing fuels due 
to industrialisation were high in Central Europe. In 1990, for example, S deposition in Germany was 
still over 70 kg S ha−1 per year. Over time, the load has decreased by more than 90% [28]. In recent 
years, these S inputs via the atmosphere have decreased only slightly. At 5–10 kg S ha−1, they are now 
in a range that can fall well below the S removal of many plant species [29]. 

Due to the decreasing supply of S from the atmosphere, S deficiencies occurred in certain crops, 
initially sporadically and then increasingly frequently, so that experiments with S fertilisation were 
carried out in conventional farming as early as the 1980s and 1990s. In organic farming, there were 
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initially no deficiency symptoms. It was only after the turn of the millennium that there were isolated 
reports of S deficiency in individual crop species (Northern Europe: Refs. [30,31], Germany: Refs. 
[32,33]), which led to the start of intensive trial activity. The focus of sulphur trials in Germany was 
roughly between 2010 and 2020. 

The spectrum of action of some nutrients is often comparatively small, so that their yield 
reactions cannot be significantly recorded in individual field trials, usually with only a few 
replications. This situation also applies to sulphur, for which several research projects, some of them 
well-funded, have already been carried out in addition to individual trials. In each case, however, the 
amount of data collected was not large enough, so that no in-depth analysis of nutrient requirements 
in organic farming could be carried out [33–35]. 

For these reasons, meta-studies have been successfully carried out for a long time, in which, 
among others, a summarised evaluation of many one-year to multi-year fertilisation trials with as 
many different site factors and crop species as possible can be carried out together. Important 
objectives are not only to achieve experimentally verified relationships between the results of the 
methods and the yields of the crop species. In addition, the methods must also be suitable for the 
robust conditions of agricultural practice and easy to utilise. 

This paper therefore provides a comprehensive, cross-regional evaluation of many field trials 
for the calibration of sulphur fertilisation methods for use in organic farming cultivation methods 
[36,37] in Central Europe with a focus on Germany. The following objectives were at the centre of the 
evaluation of results and a comparative discussion between cultivation systems of different 
intensities: 

To establish quantitative relationships between yield response and other crop characteristics and 
soil nutrient supply of sulphur; 

Development of an evaluation scale for the determination of plant-available S-contents of the 
soil, which can be described as sufficient for the cultivation conditions of organic farming to achieve 
optimal yields; 

Identification of correlations between the S supply and the nitrogen uptake of crop species and 
N2 fixation in legumes; 

Establishing a ranking of the S demand for fertiliser requirements and fertiliser levels for the 
cultivated plant species; 

Creation of yield-dependent methods for determining fertiliser requirements for individual crop 
species and crop rotations using the soil supply and the subsequent supply of sulphur from organic 
matter, fertiliser, harvest and root residues (HRR); 

Identification of climatic and soil-related characteristics of the sites. 

2. Materials and Methods 

Based on an e-mail request from 2016 and own data collection, results from field trials on sulphur 
fertilisation up the year 2023 were collected, checked and recorded in EXCEL files according to a 
uniform key (see Table 1 and supplementary data material in Table S1). The usual forms of field 
experiments generally included exact trials with an annual change of location (O), strip trials (S) with 
1 to 3 replications or some long-term trials (L) with generally single- to multi-step fertilisation 
variants and 3–4 replications.
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Table 1. Sites and trial authors of the S field experiments in Central Europe. 

Site no. Country/Federal state Location/Region/Farm Longitude Latitude Trial duration Reference sources 
1 DE, BW  Donau-Iller 48.238529 9.880805 2012–2014 [34] 
2 DE, BY Hallertau 48.641338 11.780672 2012–2014 
3 DE, NI  Südhannover, mountainous region 51.726165 9.662211 2012–2014 
4 DE, NI  Leine, mountainous region 52.028663 9.780717 2012–2014 
5 DE, BB Spreewald 51.841258 14.164935 2012–2014 

6 DE, BB Spreeaue 51.711387 14.366150 2012–2014 
7 DE, HE  Vogelsberg 50.728977 9.025823 2012–2014 
8 DE, SN  Taucha 51.389417 12.529000 2012–2014 [35,38,39]  
9 DE, ST  Greifenhagen 51.628266 11.420677 2012–2013 
10 DE, SN  Eschdorf 51.037484 13.941905 2012–2013 
11 DE, BY  Puch 48.187374 11.221332 2012–2014 [35,38–41]  
12 DE, NI  Bissendorf 52.239671 8.169289 2012–2013 [35,38,39]  
13 DE, NW Köln-Auweiler 51.005550 6.851538 2012–2013 [35,38,39,42]  
14 DE, SN  Dürrrhöhrsdorf 51.0321840 13.998777 2013–2014 [35,38,39]  
15 DE, NW Drensteinfurt 51.798493 7.733013 2013 [35,38,39,43]  
16 DE, SN  Linz 51.342235 13.732931 2014 [35,38,39]  
17 DE, BB  Ogrosen 51.710379 14.038219 2014 
18 DE, SN Görlitz 51.151262 14.946446 2014 
19 DE, SN  Großzöbern 50.404513 12.043297 2014 
20 DE, BW  Ochsenhausen 48.065861 9.947880 2014 
21 DE, NW  Zülpich, House Bollheim 50.697808 6.695709 2014–2015 [35,38,39,44]  
22 DE, NI  Belm 52.308541 8.137012 2014 [35,38,39]  
23 DE, MV Gülzow, Organic experimental field 53.818373 12.066295 2005–2007,  

2012–2019  
[33,45–49]  

24 DE, SH Trenthorst, Organic experimental farm 53.791582 10.534326 2012–2015  [50–53]  
25 DE, BY Straubing-Bogen, Maierhofen 49.040553 12.630198 2004–2007  [54]  
26 DE, HE  Gladbacherhof, Organic experimental farm  50.395984 8.244874 2006–2014  [32,55–66]  
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27 DE, NW Hennef, Wiesengut, Organic experimental farm  50.786889 7.274948 2010,  
2012–2015 

[67–71]  

28 DE, SH Bentfeld, East Holstein 54.162131 10.887949 1998–1999  [72]  
29 DE, SH  Tröndel, East Holstein 54.337577 10.512986 1998–1999 [72]  
30 DE, HE  Bad Vilbel, Dottenfelder Hof, Organic experimental farm 50.193061 8.753651 1998 [73]  
31 DE, NW Niederkrüchten, Organic farm 51.196703 6.216389 2010 [67,68]  
32 DE, NW Willich-Anrath, Organic farm 51.270458 6.495509 2010 
33 DE, NW Klein-Altendorf, Rheinbach 50.631909 6.991893 2010 
34 DE, BY Hohenkammer 48.423297 11.524733 2012–2018  [33,40,41,74–79]  
35 DE, BY Deutenkofen near Landshut 48.556811 12.267139 2004–2005  [80]  
36 DE, BY  Viehhausen, Organic experimental field 48.404907 11.619417 2013–2018  [33,41,74–79]  
37 DE, BY Hintereggelburg 48.080877 11.937166 2013–2018 [33,74–76,78,79]  
38 DE, BY Willendorf 49.208294 10.674969 2013–2018  
39 DE, BY Neuhof 49.454497 10.644330 2013–2017  [33,74,75]  
40 DE, BY Obbach 50.074154 10.093705 2013–2017  
41 DE, NI  Astrup 52.284267 8.272855 2011 [81]  
42 DE, NI  Wiebrechtshausen, Klostergut 51.742000 10.017910 2007–2008,  

2011–2014  
[81–85]  

43 DE, NI  Oldendorf 53.590875 9.247657 2010–2011  [83,84]  
44 DE, NI  Mid federal state, organic farm 52.939340 9.060124 2011 
45 DE, NI  Osnabrück, Experimental farm Waldhof 52.321543 8.040604 2011–2014  [33,83–86]  
46 DE, NI  South-west federal state, organic farm 52.539880 7.591883 2011 [87]  
47 DE,NI  Tosterglope 53.210342 10.820725 2019–2020  [88]  
48 DE, SN Dresden-Pillnitz 51.005383 13.878925 2009–2010  [89,90]  
49 DE, BW  Kleinhohenheim 48.737386 9.200842 2003–2008  [91]  
50 DE, NW Sandy soil region 51.787843 6.738884 2011–2014  [92–95]  
51 DE, NW Low mountain range 51.151456 7.433401 2012–2014  [93–95]  
52 DE, NW Lowland, high moor 51.816772 6.383479 2012–2014  
53 DE, NW Loamy soil region 51.073979 6.383134 2012–2014  
54 DE, NW Bay of Köln-Aachen 50.904007 6.333954 2022 [96]  
55 DE, NI  Belm, Experimental farm Langsenkamp 52.320298 8.154839 2012–2013  [86]  
56 DE, SA Könnern, Farm 204 51.684634 11.760129 2020 [97]  

P
rep

rin
ts.o

rg
 (w

w
w

.p
rep

rin
ts.o

rg
)  |  N

O
T

 P
E

E
R

-R
E

V
IE

W
E

D
  |  P

o
sted

: 22 N
o

vem
b

er 2024
d

o
i:10.20944/p

rep
rin

ts202411.1777.v1

https://doi.org/10.20944/preprints202411.1777.v1


 6 

 

57 DE, BY Donnersdorf, Farm 403 49.969597 10.407154 2020 
58 DE, NW Hamminkeln, Farm 508 51.748319 6.581352 2020 
59 DE, BY Arnstein, Farm 405 49.983304 9.957092 2020  
60 DE, ST Hohe Börde, Farm 202 52.1537611 11.462053 2020 
61 DE, NW Kerpen, Farm 509 50.868987 6.665315 2020 
62 DE, BY Ötzing, Farm 401 48.757511 12.812714 2020 
63 DE, BY Ingolstadt, Farm 406 48.750323 11.462364 2020 
64 DE, NI Ehrenburg, Farm 611 52.742108 8.683090 2020 
65 DE, NI Melle, Farm 601 52.218118 8.332642 2020 
66 DE, BY Hohenpolding, Farm 408 48.398025 12.131910 2020 
67 DE, BY Niederbayerisches Gäu, Donau and Inn valley 48.532043 13.259775 2021 [98–100]  
68 DE, BY Tertiär hilly region, Danau south 48.458409 11.235203 2020–2021  
69 DE, BY Franken, Schweinfurth dry plate region 50.002654 10.222795 2020–2021 
70 DE, BY Ramsthal 50.134701 10.071693 2018 [101]  
71 DE, BY Dittlofsroda 50.149628 9.757544 2019–2020 
72 AT  Raumberg-Gumpenstein 47.494872 14.097531 2016–2021  [102–109]  
73 AT  Marchfeld, Raasdorf 48.246956 16.568779 2015,  

2020 
[110–113]  

74 AT  Lower Austria, BioNet sites 48.146251 15.781789 2017 [114]  
75 AT  Poysdorf 48.683814 16.632071 2017 [115]  
76 AT  Tulln 48.335732 16.061983 2017 
77 AT  Lambach 48.092578 13.869642 2017–2019  [116–119]  
78 AT  Stadl-Paura, Alpine foreland 48.073049 13.863839 2017–2019 [117]  
79 AT  Mauthausen, Upper Austria 48.256681 14.524505 2017 [120]  
80 DK  Jyndevad 54.912338 9.153935 1998–1999  [14]  
81 DK  Foulum 56.507714 9.596491 1998–1999 
82 DK  Flakkebjerg 55.355043 11.393028 1998–1999 
83 BE  Flanders region 51.061016 4.081114 2013 [121]  
84 BE Flanders region, Lovendegem 51.121562 3.604837 2014  [122]  
85 PL  Skierniewice 51.960138 20.118703 2009–2011  [123]  
86 SE  Hogstad, Östergötland 58.331570 15.026370 2017–2018  [124]  
87 SE Skåne 55.990257 13.595769 2017–2018  
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88 SE Västra Götaland 58.252793 13.059643 2017  
89 SE Örebro 59.275263 15.213411 2017 
90 SE  Gillstad, Skaraborg  58.445658 12.944961 2015  [125]  
91 SE  Länghem, Sjuhärad  57.597528 13.245062 2015 
92 NO  Eid, Coastal region 60.984395 5.651533 2002–2005 [31,126,127]  
93 NO  Tolga, Mountain region 62.514690 10.985893 2002–2005 
94 NO  Stange, Eastern region 60.666095 11.354676 2002–2005 
95 NO  Stojordal, Central region 63.523101 10.885558 2002–2005 
96  GB  Cirencester 51.719319 19.700951 2000–2002  [128]  
97 IT Potenza  40.705730 15.783566 -  [129]  
98 IT Tarquinia 42.248305 11.753847 2010–2012  [130]  

Country abbreviations: Belgium: BE; Denmark: DK; Germany: DE; Great Britain: GB; Italy: IT; Norway: NO; Austria: AT; Poland: PL; Sweden: SE. Abbreviations for federal states DE: Baden-
Württemberg: BW; Bayern: BY; Brandenburg: BB; Hessen: HE; Mecklenburg-Vorpommern: MV; Niedersachsen: NI; Nordrhein-Westfalen: NW; Sachsen: SN; Sachsen-Anhalt: ST; Schleswig-
Holstein: SH. 
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Most of the 273 evaluable trials were carried out on organic farms, a small number also on 
organic experimental stations. Furthermore, approx. 68 trials from conventional cultivation were 
available. For the nutrient sulphur (S), trials from a total of 98 sites with a focus on Central Europe 
from the period 1998–2023 with a total of 1169 treatment variants and 598 standard variants without 
or with lower S fertilisation were compiled according to the following country code (see Table 1): 

71 sites in Germany (DE); 
8 sites in Austria (AT); 
6 sites in Sweden (SE); 
4 sites in Norway (NO); 
3 sites in Denmark (DK); 
2 sites in Belgium (BE); 
2 sites in Italy (IT); 
1 site in Poland (PL); 
1 site in Great Britain (GB). 
The following crop species were grown in the trials, which were summarised in species groups: 
Grassland: common grass species (such as perennial ryegrass) and legumes (white clover) in 

permanent cultivation; 
Forage legumes: lucerne-clover-grass (LCG), lucerne grass, clover grass, lucerne, clover (red 

clover) (as a rule, no exact description was available, therefore naming also in inverted commas,” “); 
Grain legumes (GL): (blue) lupine, winter and spring peas, pea-cereal mixture, winter and spring 

field bean, soya bean, edible bean, edible pea, edible lentil, edible lentil-cereal mixture; 
Cereals: winter and spring wheat, durum, spelt, triticale, spring barley; 
Other species: silage and grain maize, millet, winter rape, winter vetch. 
Certain cultivation principles had to be respected in the field trials. In addition to long-term 

compliance with the cultivation rules of organic farming [37], only approved fertilisers or fertilisers 
undergoing scientific testing were allowed to be used. For reasons of the ceteris paribus rule, no 
organic fertilisers could be used, only conventional single-nutrient mineral fertilisers. Variants with 
fertiliser combinations were also included in some trials. The accompanying elements contained in 
the tested fertilisers (K, Mg, Ca, Na) meant that a certain fertilising effect could not be ruled out. 
However, the availability of these elements was generally relatively high in the soils. In some trials, 
the standard variants were provided with a corresponding balancing fertiliser or a basic fertilisation 
was applied. In addition, each individual trial had to contain at least one standard variant in which 
no S fertilisation was applied. Data from non-organic trials were also used to answer some additional 
questions (e.g., N2 fixation of legumes). 

The following S fertilisers, including chemical S binding forms, were used in the trials at different 
evaluated (or recorded) application rates: 

Kieserite:   MgSO4, 15% Mg, 20% S   8–120 kg S ha−1; 
Gypsum:  CaSO4, 14–23% S   20–84 kg S ha−1; 
Elemental S:   solid 90% S, liquid 50–90% S  10–140 (696) kg S ha−1; 
Epsom salt leaf:  MgSO4 x H2O, 9.6% Mg, 13% S   3–60 kg S ha−1; 
Potassium sulphate:  K2SO4, 43.2% K, 18% S    20–60 kg S ha−1; 
Potash magnesia:  K2SO4, MgSO4, 24.9% K, 6% Mg, 17% S 20–200 (400) kg S ha−1    

       (=“Patent-Kali”); 
Kainite:   9.1% K, 3% Mg, 20% Na, 4% S  32–36 kg S ha−1; 
“Korn-Kali“:   MgSO4, 33.2% K, 3.6% Mg, 5.2% S  55 kg S ha−1. 
Fertiliser was generally applied immediately before the crops were planted in autumn or spring 

or to growing crops (grassland, forage). Foliar fertilisation was applied to young crops. In the cereal 
cultivation trials, fertiliser was applied either directly, or to preceding legume crops as described, 
while the succseding cereal crops then received no direct fertilisation [34,35,58]. 

The soil analysis methods were applied in accordance with the current requirements, e.g., of the 
VDLUFA (Verband Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsanstalten; 
https://www.vdlufa.de) or corresponding institutions in other countries [131]. The Smin content in the 
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soil (=soluble mineral SO4-S) was analysed in 0.0125 M CaCl2 solution analogous to the Nmin 
determination (=mineral NH4-N, NO3-N) according to the VDLUFA method book vol. 1 A 6.3.1. Other 
methods for analysing the inorganic S content in the soil were also used (e.g., electro-ultrafiltration, 
overview: Refs. [25,132,133]. Only in a few cases was the soluble S content of other determination 
methods converted into Smin values. In CaCl2 extracts, the sulphate-soluble content is usually over 
80%. 

As a rule, the inorganic soluble S quantities were determined at soil depths of 0–30 cm, 30–60 
cm and 60–90 cm. In this study the Smin quantities were related to a range of 0–60 cm depth. In a few 
cases, missing values, particularly at depths of 30–60 cm, were completed by using mean values (see 
Table 9). The following characteristics of the site (soil, climate) were recorded: 

Smin: 2–128 kg S ha−1 (n = 803) (0–60 or 90 cm depth, standard variants only); 
Nmin: 22–100 kg N ha−1 (n = 425) (0–60 or 90 cm depth, variants with grain legumes); 
Soil type designations of the respective countries (S–lT) and conversion to clay content: approx. 

4.5–50% clay (topsoil, n = 1146); 
pH value: 4.5–7.6 (topsoil, n = 1040); 
Precipitation level (current): 363–1164 mm (weather stations, experimental records, n = 1036); 
Extent of livestock farming or estimation of the amount of organic fertilisation of the trial areas: 

from absolutely no livestock farming to approx. 2 livestock units (LU) ha−1. 
A further condition of the trial recording was that annual DM yield data on main products (or 

total yields from individual harvests or on main (MP) and by-products (BP)) of the cultivated crop 
species had to be available from all variants. In addition, the S balances of the crop species in the year 
of cultivation were calculated taking into account the estimated S supply from animal husbandry 
(from organic fertilisers given long-term: approx. 7.1 kg S ha−1 at 1.0 LU ha−1) and documented S 
deposition (2.5–13.0 kg S ha−1 per year) of the cultivation site. As a basis for determining the fertiliser 
requirements, the values of S removal by MP and BP were determined by adding the yield-dependent 
S uptake by crop harvest residues and roots (HRR) to estimate the total S uptake of the crop species 
(according to Ref. [134]). The following preliminary S contents of crop species HRR were estimated: 
lucerne-clover-grass 0.131 ± 0.015% S, grain legumes (except peas) 0.128% S, peas 0.111% S, pea-cereal 
mixture 0.097 ± 0.011% S, cereals 0.081 ± 0.002% S, maize 0.076% S, winter rape 0.137 ± 0.002% S in 
DM. 

The N content and N removal of the MP, the proportion of legumes in the legume-nonlegume 
mixtures and the N2 fixation of the legume crops in the standard and treatment variants were 
recorded as further main characteristics. The N2 fixation of the various legume species was 
determined by relevant plant and soil characteristics (Nmin content for grain legumes, N content, DM 
yields of the main products (N removal) and the legume proportions in the mixtures for grain and 
forage legumes as well as the legume proportions and DM yields for grassland) using methods (long 
versions) that were used in the nutrient management model BEFU or BESyD (Landesamt f. Umwelt, 
Landwirtschaft u. Geologie, Nossen, Germany) as described in Kolbe & Köhler [135]. 

A comparison between experimentally determined and calculated values of N2 fixation of clover 
grass (n = 31, Refs. [110,126]), field bean (n = 10; Refs. [68,129]) and soya bean (n = 10; Ref. [136]) led 
to a very close correlation coefficient of r = 0.90 (p < 0.001). On average, 25.2 kg N ha−1 ( = 13.8%) higher 
N2 values were calculated than determined in the trials. As the calculated N2 values include between 
12–20% rhizodeposition, depending on the species [137], which was not taken into account in the 
experimentally determined values, the calculated values can be expected to be highly reliable overall. 
In detail, the following characteristics of the plant species were recorded: 

DM yields MP also BP or incl. BP standard variants: 0.4–44.2 t DM ha−1 (n = 598); 
DM yields MP also BP or incl. BP treatment variants: 5.0–40.0 t DM ha−1 (n = 1169): 
S balancing (gross) consisting of supply, removal: 1.4–54 kg S ha−1, balance: −35–186 kg S ha−1 (n 

= 1138); 
S uptake total plants: 3–55 kg S ha−1 (n = 1014); 
N content MP standard variants: 0.4–8.6% N DM (n = 413); 
N content MP treatment variants: 0.5–9.1% DM (n = 827); 
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N removal MP standard variants: 7–544 kg N ha−1 (n = 413); 
N removal MP treatment variants: 12–560 kg N ha−1 (n = 827); 
Proportion of legumes in the legume-nonlegume mixture standard variants: 7–100% (n = 127); 
Legume proportion in the legume-nonlegume mixture treatment variants: 5–100% (n = 294); 
N2 fixation legumes standard variants: 4–542 kg N ha−1 (n = 250); 
N2 fixation legumes treatment variants: 3–577 kg N ha−1 (n = 566). 
In the case of stands with several growths or permanent crops (arable forage, permanent 

grassland), only the documented average annual amounts were analysed. For a precise analysis, the 
following characteristics of the crop species were shown as relative values of the fertilisation variants 
in relation to the values of the standard variants without fertilisation (=100%): 

Relative DM yield difference: 80–400% (n = 1145); 
Relative N content difference: 79–169% (n = 819); 
Relative N removal difference: 81–257% (n = 799); 
Relative legume proportion difference (legume-nonlegume mixture): 82–267% (n = 315); 
Relative N2 fixation difference (legumes): 71–352% (n = 553). 
In this way, a relative value was determined at least from a standard value with no or low 

fertilisation and a treatment value from variants with fertilisation or with higher fertilisation. The 
individual standard values could be used for several fertilisation variants. The mean values over the 
analysed replications were used. In the recorded long-term trials (L), as a rule all crop species of usual 
crop rotations were sampled, in the trials with site change (O, S) only the crop species cultivated in 
the respective years of investigation. This approach made it possible to analyse the nutrient-related 
differences between the recorded sites and crop species together. 

The data from the publications or written communications were either adopted directly or, for 
example, transferred into numerical values using methods commonly used in meta-studies [138]. A 
check of the reading accuracy applied to data and graphical representations using the example of the 
legume proportions (n = 10) by Heilmann [63] resulted in a very precise agreement of r = 0.99 (p < 
0.001), whereby a mean value of 77.3 ± 5.67% was documented and a value of 77.3 ± 5.79% was also 
read. The resulting error difference of 0.08 ± 0.36% is in the range of the rounding decimal place and 
can therefore be neglected. 

The evaluation of the yield results obtained and other characteristics in relation to the Smin supply 
of the soil was based on the German VDLUFA classification system for soil test results: A = very low, 
B = low, C = medium, optimum, D = high, E = very high [139]. The individual classes were 
differentiated on the basis of the statistical characteristics collected. To compare the results, the 
categorisations commonly used in conventional agriculture were also used and evaluated. 

The ChatGPT version 1.1.0 model was used to generate the summary. The statistical analysis of 
the experimental data and the graphical presentation of the results were carried out using the EXCEL 
programme. Regression analyses, correlations (r), scatterplots, boxplots, median, mean (MV), 
quartiles, number (n), range, standard deviation (s), standard error of the mean, standard error of the 
regression (S) and the coefficient of determination (R2) were calculated. Significance levels (one-sided 
tests): p < 0.10 (*), p < 0.05 *, p < 0.01 **, p < 0.001 ***, n.s. = not significant. 

3. Results 
3.1. Effects of Soil Supply with Plant-Available Sulphur 
3.1.1. Crop Species with Legume Cultivation 

In the case of forage legumes, the species lucerne and clovers (usually red clover) were grown 
in pure cultivation or predominantly in mixtures with various grass species. From the 302 treatment 
variants, approx. 50% had information on the Smin supply of the soil. For grassland (generally 
common grass species, white clover), the values were similarly high at 48%. However, the total 
number of variants with 62 values was comparatively low for a quantitative analysis. There were 493 
treatment variants available for the various types of grain legumes and mixed cultivation with 
cereals, of which a relatively high proportion of 89% also had Smin analyses. 
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The data material with the Smin values obtained was first compared with the calculated relative 
differences between the respective standard variants without fertilisation (=100%) and the treatment 
variants with S fertilisation for the three crop groups (Figure 1). For the legume crops studied, it can 
be seen in the range of low Smin values that, in principle, the average expected yields of the fertilised 
crops increase exponentially with further decreasing Smin values. This is particularly pronounced for 
forage legumes and to a lesser extent for grain legumes and permanent grassland. 

With a deficiency supply of less than 10 kg Smin ha−1, yield increases of between 20% and 45% are 
achieved on average for forage legumes, in addition to an enormously high variation range. In the 
case of grain legumes (and grain legume-cereal mixtures), however, the yield growth is only between 
5–7%. The increase in the analysed permanent grassland stands was even lower. 

These last two plant groups also show no noticeable average additional yields between 20–30 kg 
Smin ha−1. Whereas in the arable forage group, S fertilisation at slightly above 30 kg Smin ha−1 in the soil 
was still characterised by low yield increases. With further rising Smin values, fertilisation treatments 
are then in any case unnecessary, as on average no further increase in yield could be achieved. In this 
relatively high Smin supply range, a variation in the relative yield values can be recognised, which is 
located approximately between 80–120% yield differences (Figure 1). 

 
Figure 1. Effects of S fertilisation on the DM yields (in relative values compared to no fertilisation = 
100%) of lucerne-clover-grass, grain legumes and permanent grassland depending on the Smin supply 
of the soil. 

It was not possible to clearly differentiate between the forage group. Therefore, the ranking 
results are not interpreted (Table 2). A ranking of the grain legumes can be determined if the 
efficiency of the S fertilisation is dependent on the Smin soil supply. Taking into account the almost 
complete list of values between 5–40 kg S ha−1, S fertilisation only led to a very low yield effect in the 
cultivated lupines with a very low Smin supply in the soil. This was followed by the mixed cultivation 
of peas and cereals with an effectiveness of 102% compared to the variants without fertilisation 
(=100%). Next were the cultivation of peas with approx. 104% and field beans with 106%, while the 
cultivation of soybeans had the highest fertilising effect among the grain legumes with 108% (Table 
2). 
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Table 2. Estimation of the ranking of the yield performance of the plant groups with legume 
cultivation. 

Plant group/Plant 
species 

DM yield difference 
(total) 

Smin content (kg S ha−1) and yield 
difference 

Mean values crop species 
 No. Yield difference (%) 

 (n) (MV) (s) 5  10  15  20  30  40 
Smin 5–

40 
Smin 10–

20 
MV + Smin 10–

20  
Permanent grassland 62 102.4 5.6             

Lucerne-clover-grass 
(total) 

302 111.9 19.9             

“Lucerne-clover grass” 147 116.4 21.0 137.5 124.5 118.0 112.5 105.0 101.0 116.4 118.3 117.4 
“Clover grass” 123 108.6 19.1 122.0 113.0 108.0 104.5 100.0 98.0 107.6 108.5 108.6 

„Lucerne“ 19 102.9 7.9  - 105.0 102.5 100.5  -  - 102.7 102.7 102.8 
Grain legumes (total) 360 102.8 12.0             

Lupine 38 99.0 7.7  - 102.2 100.0 98.0  -  - 100.1 100.1 99.6 
Field bean 106 102.2 13.7 116.3 109.3 105.3 102.5 99.0 96.0 104.7 105.7 104.0 
Soya bean 44 106.5 10.7  -  - 109.0 108.0 106.5 106.0 107.4 107.8 107.2 

Pea 98 104.7 13.2 111.0 106.5 104.0 102.0 99.0  - 104.5 104.2 104.5 
Green pea, other edible 

pea 
8 100.7 9.2  -  -  -  - 102.0 100.0 101.0   

Pea-cereal mixture 63 101.4 9.4 108.0 104.0 101.0 99.5 98.0  - 102.1 101.5 101.5 

Inverted commas (“ “): Names of the trial authors without mentioning the exact species composition of the 
stands. 

Further analyses showed that, in addition to DM yields, other characteristics of the plants were 
influenced by S fertilisation, although these have not yet been studied in detail. For example, the N 
content of the main products and the amount of N in the harvested plant parts (N removal) were 
changed in a similar way to that described for yields (see Figures 1 and 2). Again, the forage legumes 
reacted most clearly, with N contents below a supply of 10 kg Smin ha−1 rising to 110–120% and N 
removal even rising to 130–180% as a result of S fertilisation. In contrast, the increase in N content 
and N removal was much lower in grain legumes and permanent grassland, with values of at least 
105%. For these two characteristics, there was also a variation in the values of around 40% with 
increasing S supply to the soil, which hardly decreased even at high supply levels. On average, there 
was no S fertiliser effect on the N contents and N removals from Smin contents of between 25–35 kg S 
ha−1 on upwards for the three plant groups (Figure 2). 
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Figure 2. Effects of S fertilisation depending on the Smin supply of the soil on the N content (top) and 
N removal (bottom) of lucerne-clover grass, grain legumes and permanent grassland (in relative 
values compared to no fertilisation = 100%). 

In addition, the legume proportions in the legume-nonlegume mixtures (forage crops and 
grassland: grass species, grain legumes: cereal species) and, in particular, the N2 fixation amounts of 
the mixtures at low Smin values in the soil have also increased due to a better S supply to the plants 
(Figure 3). Although the number of available variants is still relatively low, an increase in the 
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proportion of legumes in the mixtures of forage legumes to at least 110% due to S fertilisation can be 
clearly seen. 

 

 
Figure 3. Effect of S fertilisation depending on the Smin supply of the soil on the legume proportions 
(top) and the calculated N2 fixation (bottom) in lucerne-clover grass, grain legume and permanent 
grassland cultivation (in relative values compared to no fertilisation = 100%). 

The improved growth conditions of the legumes also led to an increase in N2 fixation in the 
crops, which in some cases, as can be seen in the forage plots, has been very marked (Figure 3, below). 
These calculated N2 values for forage legumes with a low Smin supply of less than 10 kg S ha−1 have 
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risen by between 130% and even over 200%. However, the N2 fixation of grain legumes and 
permanent grassland also reacted positively to S fertilisation. For this variable, there is also a higher 
variability of the values in the area of high Smin contents in the soil of up to 60% N2 fixation differences. 
From approx. 25–30 kg Smin ha−1 upwards, on average no more fertiliser effects on the annual fixation 
quantities of the stands are determined. 

3.1.2. Crop Species with Non-Legume Cultivation 

The non-leguminous crops grown are mainly winter wheat and other winter cereals as well as 
spring cereals, some variants with silage or grain maize and millet, which were not analysed 
separately. From these plant species, 186 trial variants with direct S-fertilisation were available, of 
which 52% were provided with Smin analyses of the standard variants. In the 108 cereal post-crop 
variants in which only the legume preceding crops (forage or grain legumes) received S-fertilisation, 
82% were evaluable with Smin values. Overall, the number of available trial variants was just sufficient 
for a precise evaluation. In principle, similar courses of the recorded characteristics could be 
recognised: at very low Smin values, higher yield results and also partially higher N content and N 
removal values were achieved. With increasing Smin values in the soil, declining effects on the 
measured characteristics were recorded (Figures 4 and 5). 

 
Figure 4. Effect of direct S fertilisation or as an after-effect of fertilisation of legume preceding crops 
depending on the Smin supply of the soil on the DM yields of non-legume species (in relative values 
compared to no fertilisation = 100%; LCG = lucerne-clover-grass, GL = grain legumes). 

The lowest effects were recorded after direct fertilisation of the cereals. Yield increases of approx. 
102% were still observed for winter cereals (wheat) and 104–105% for spring cereals and maize 
(Figure 4, Table 3). Even at 20–30 kg Smin ha−1 in the soil, there was hardly any S fertiliser effect in the 
winter species. Most of the fertilisation treatments carried out did not lead to increased yields. The 
spring crops, on the other hand, still showed slightly higher yields (103–104%). However, there was 
no significant effect on the N content and N removal; only a slight trend was still recognised (Figure 
5). S fertilisation was much more effective when it was applied to the preceding legume crops. 
Depending on the existing Smin values, the directly succseding non-legume plant species had 
significant effects on DM yields, N contents and N removal (Figures 4 and 5). The post-crop effect of 
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forage legumes was particularly pronounced, with a yield effect of 115% at very low Smin values and 
an effect of up to 104% on DM yields and N removals even at Smin values higher than 40 kg S ha−1 
compared to the standard variants ( = 100%). 

 

 
Figure 5. Effect of direct S fertilisation or as an after-effect of fertilisation of legume preceding crops 
depending on the Smin supply of the soil on the N content (top) and N removal (bottom) of non-legume 
species (in relative values compared to no fertilisation = 100%; LCG = lucerne-clover-grass, GL = grain 
legumes). 
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The after-effect of S fertilisation of grain legumes on the cereal crops was not quite as 
pronounced. However, with a very low Smin supply, between 110–115% higher DM yields and approx. 
103–105% higher N removals were also measured. These results are remarkable, as the direct effect 
of fertilisation on the grain legumes was comparatively low. Even at 20 kg Smin ha−1, there were hardly 
any direct effects on the grain legumes and no successive effects on the cereals (Figures 4 and 5, Table 
3). Overall, there are clear differences between the direct fertilisation and after-effect fertilisation of 
legume crops on the yield differences of non-legumes to be observed. 

Table 3. Estimation of the ranking of the yield performance of non-legume species after direct and 
post-effect fertilisation. 

Plant group/Plant 
species 

DM yield difference 
(total) 

Smin content (kg S ha−1) and yield 
difference 

Mean values crop species 

 No. Yield difference 
(%) 

            

 (n) (MV) (s) 5  10  15  20  30  40  
Smin 5–

40 
Smin 10–

20 
MV + Smin 10–

20 
Direct fertilisation 

Winter wheat 136 100.8 8.0 102.0 101.5 101.3 101.0 100.6 100.2 101.1 101.3 101.1 
Winter cereals 152 100.4 8.0 102.0 101.5 101.2 101.0 100.5 100.0 101.0 101.2 100.8 
Spring cereals 10 107.0 8.1  - 105.0 104.5 104.0  -  - 104.5 104.5 105.8 

Maize  9 104.0 6.1   - 104.0 103.2 103.0 102.8  - 103.3 103.4 103.7 
Post-effect fertilisation 

LCG–cereals 66 110.4 15.1 116.5 112.0 110.0 108.0 106.0 104.0 109.4 110.0 110.2 
GL–cereals 21 104.6 10.1 115.0 109.0 105.0 102.0  -  - 107.8 105.3 104.9 

LCG = lucerne-clover-grass, GL = grain legumes. 

3.1.3. General Effects and Evaluation of the Results after Direct Fertilisation 

Because other influences than a pure S-fertiliser effects can also be assumed from the after-effect 
variants, these trials with 107 variants were not included in the following analyses. The ineffective 
fertilisation with elemental sulphur used for grain legumes (129 trial variants in total) was also 
excluded. In this way, the following fertilisation variants (with 417 standard values) with Smin 
analyses (67.5%) could be used for the subsequent general evaluations (Figures 6–8): 

DM yield difference (n = 604); 
N-content difference (n = 465); 
N-removal difference (n = 450); 
Legume proportion difference (n = 174); 
N2 fixation difference (n = 358). 
Due to the relatively high number of trials that could now be analysed, the relationships between 

the Smin content of the soil and S fertilisation were highly significant for all the characteristics listed. 
At very low Smin values of less than 5 kg S ha−1, the N content and the legume portions increased on 
average to values between 110–120%. Even higher were the gains in DM yields of up to 130%, in N 
removals of 140% and in the calculated N2 fixation values of the legume stands of even more than 
160%, in each case compared to the non-fertilised standard variants (Figures 6–8). However, with the 
exception of the legume portions (which could not be evaluated), no positive differences could be 
seen on average from Smin values of 25–35 kg S ha−1 upwards compared to no fertilisation. In this 
range, maximum values in yields and other characteristics are already achieved. Including the non-
effective fertilisation variants with elemental sulphur (grain legumes), the following proportions of 
all fertilisation activities were therefore associated with successful results: 

DM yields of MP   68%; 
N content of MP   64%; 
N removal from MP   61%; 
N2 fixation of total stands  55%. 
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Figure 6. Summarised results on the influence of the Smin supply of the soil in combination with direct 
S fertilisation on the DM yields of the crop species (in relative values compared to no fertilisation = 
100%). 
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Figure 7. Summarised results on the influence of Smin supply of the soil in combination with direct S 
fertilisation on the N content (top) and N removal (bottom) of the crop species (in relative values 
compared to no fertilisation = 100%). 
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Figure 8. Summarised results on the influence of Smin supply of the soil in combination with direct S 
fertilisation on the legume portions (top) and N2 fixation (bottom) of forage, and grain legume, and 
legume-nonlegume stands (in relative values compared to no fertilisation = 100%). 

The results obtained can also be divided into groups of similar effectiveness, which is important 
for easier evaluation and implementation in agricultural practice. The VDLUFA’s five-stage A–E 
evaluation system, which is commonly used in Germany for basic fertilisation and liming, was used 
for this purpose. Several attempts were made using the boxplot statistics until the best possible and 
equal division of the groups for the characteristics DM yield, N removal and N2 fixation was achieved 
(Table 4). The highest increases are regularly achieved for all three characteristics at a Smin supply 
level of less than 10 kg ha−1. With a number of 119 variants, mean values of 124% (median 109%) were 
achieved for DM yields. With a number of 62 variants, even mean values of 154% (median 126%) 
were achieved for N2 fixation quantities compared to no fertilisation. With this extremely low S 
supply of the soil, the values of s = 42% (N removal) and s = 68% (N2 fixation) show the highest 
standard deviation and range of trial results. This group can therefore be assigned to supply class A 
(Table 4). 

With increasing values of plant-available sulphur between 10–20 kg S ha−1, a group with large 
test numbers of 127–216 variants follows, which is characterised by a clearly decreasing variation and 
range of results (class B). However, with a standard deviation of s = 15–20%, an average increase in 
yield to 106% or 107% in N2 fixation is still determined here (median 103–104%). This is followed by 
an S supply class of 20–30 kg Smin ha−1 with 107–151 trial variants, in which only low yield effects 
(mean 102%, median 100%), a much smaller range and a standard deviation of s = 12% are recorded. 
Also in the case of N removal and N2 fixation quantities, only small increases between 104% (median 
101%) and 106% (median 102%) were determined. This group can therefore be assigned to the 
optimum supply class C (Table 4). 
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Table 4. Boxplot analyses of the effect of S fertilisation on the relative values of DM yield, N removal 
and N2 fixation (compared to standard values = 100%) of the investigated crop species as a function 
of Smin soil supply groups A–E. 

Boxplot characteristics Total data (without elemental S variants of grain legumes and post-effect variants of cereals) 
  A: <10  B: 10–20  C: 20–30  D: 30–40  E: >40  D–E: >30  
  (kg Smin ha−1) 

DM yield difference 
Number   119 216 151 40 50 90 

Mean value   123.6 105.9 101.7 99.7 100.7 100.3 
Median value   109.4 103.0 100.0 98.9 101.0 99.9 
Standard deviation 47.1 14.5 11.9 8.9 7.2 8.0 

Minimum value  83.0 83.0 81.0 82.3 87.7 82.3 
Quartiles 25  100.0 97.0 94.7 95.8 97.0 96.1 

  75  132.7 110.0 105.0 104.0 102.0 102.8 
Maximum value  400.0 182.0 164.0 121.0 123.0 123.0 

Span range   317.0 99.0 83.0 38.7 35.3 40.7 
Standard error of mean 4.32 0.99 0.97 1.41 1.02 0.84 

N-removal difference 
Number   86 152 127 33 39 72 

Mean value   131.6 105.0 104.3 99.6 99.6 99.6 
Median value   111.3 102.2 101.1 98.6 101.8 99.9 
Standard deviation 41.6 15.5 14.8 8.3 8.5 8.4 

Minimum value  88.2 81.9 80.7 81.0 83.5 81.0 
Quartiles 25  100.0 95.1 96.4 94.8 92.9 92.9 

  75  166.6 109.1 108.3 103.9 102.8 103.3 
Maximum value  256.6 170.9 158.3 118.8 122.1 122.1 

Span range   168.4 98.0 77.6 37.8 38.6 41.1 
Standard error of mean 4.49 1.26 1.31 1.45 1.36 0.99 

N2-fixation difference 
Number   62 127 107 32 22 54 

Mean value   154.4 106.8 105.7 97.4 101.3 99.0 
Median value   125.7 103.7 101.5 99.7 99.4 99.6 
Standard deviation 68.1 19.8 19.0 13.1 12.5 12.9 

Minimum value  80.7 74.7 80.1 70.9 80.6 70.9 
Quartiles 25 102.5 95.5 95.7 94.0 93.0 93.6 

  75  208.1 112.3 107.8 104.4 104.5 104.4 
Maximum value  351.9 191.7 182.5 125.2 129.5 129.5 

Span range   271.2 117.0 102.4 54.3 48.9 58.6 
Standard error of mean 8.65 1.76 1.84 2.32 2.67 1.76 

The evaluation of the following two groups with further increasing Smin values (30–40 kg ha−1 
and over 40 kg S ha−1) showed more or less identical results, so they were combined into a common 
class D–E. In this supply range, no further increases in DM, N removal and N2 fixation were observed 
as a result of additional S fertiliser treatments. Maximum possible yields and values of other 
characteristics are achieved. Using the example of DM yields, only a relatively low standard deviation 
of s = 8% and a range of 41% are calculated here, which should roughly correspond to the natural 
experimental variation of the sites (Table 4). From a further summary statistic of the supply groups 
found, the proportions of largely unsuccessful fertilisation measures can be calculated in comparison 
to the total number of trial variants: 

DM-yield difference: total number 576, unsuccessful 241 variants = 41.8%; 
N-removal difference: total number 437, unsuccessful 199 variants = 45.5%; 
N2-fixation difference: total number 350, unsuccessful 161 variants = 46.0%. 

3.2. Effects of the Fertiliser Type and the Amount of Sulphur Applied 

Very different types of fertiliser were used in the trials, containing sulphur both as the main 
element and as a secondary component. A total of 8 different soil fertilisers and 1 foliar fertiliser were 
used, which were also applied at different application rates. As an example, the very different 
spectrum of effects depending on the initial Smin content of the soil on the DM yield differences in 
lucerne-clover grass is shown in Figure 9. As a result of decreasing Smin values, there is not only an 
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over-proportional increase in the effect, but also a very different efficiency level between the three 
tested S fertilisers. A representative comparison of the S-fertiliser effect could therefore only be 
achieved under the same conditions of effectiveness and application. 

 
Figure 9. Effects of different S fertilisers on the relative DM yields of lucerne-clover-grass depending 
on the Smin supply of the soil. 

For this reason, both fully comparable Smin ranges and the most comparable possible ranges in 
the application level were evaluated for all tested S fertilisers. The results were shown separately for 
each plant group as the mean effect level on the DM yield differences (Table 5). In this way, a mean 
effect spectrum of 117% for kieserite was determined for the lucerne-clover-grass stands. This is 
followed by gypsum at 110% and elemental sulphur with a lower efficacy spectrum of 105% 
compared to untreated plant stands ( = 100%; see Figure 9, Table 5). In addition, a relatively high 
standard deviation of 10.6–22.3% is registered. In contrast, permanent grassland has the lowest 
standard deviation and relatively low yield differences. After gypsum fertilisation, the highest effect 
was achieved with almost 106%, followed by the variants with potassium fertilisers with slightly less 
than 104%, while kieserite and elemental sulphur tended to show the lowest fertilisation effects. 

Table 5. Mean effects of the S fertiliser types on the achieved DM yield differences of the plant species 
groups. 

Fertiliser type No. DM yield Standard DM yield difference 
  (n) (t ha−1) (Standard = 100%) (s) 

Permanent grassland 
Kieserite 14 9.02 102.4 4.85 
Gypsum 7 9.30 105.6 5.66 

Elemental sulphur 29 11.81 102.3 4.28 
Other types (e.g., Potassium sulphate, “Korn-Kali”) 6 10.73 103.5 6.06 

Lucerne-clover-grass 
Kieserite 146 9.82 117.0 22.33 
Gypsum 83 7.22 109.7 19.90 

Elemental sulphur 69 8.46 104.5 10.62 
Grain legumes 

Kieserite 105 2.94 101.8 9.08 
Gypsum 118 2.99 101.5 11.29 
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Elemental sulphur 125 2.79 100.1 8.17 
Epsom salt leaf 65 2.85 106.8 13.13 

Potassium sulphate 14 3.03 107.9 16.26 
Potash magnesia („Patent-Kali“) 39 1.51 106.1 11.89 

Cereals, maize 
Kieserite 72 4.04 101.1 6.79 
Gypsum 20 4.26 101.0 9.35 

Elemental sulphur 48 4.07 100.9 9.04 
Epsom salt leaf 16 2.85 99.7 7.97 

Potassium sulphate, Potash magnesia 5 4.13 102.4 4.28 

A relatively high standard deviation of 8.2–16.2% was found in the cultivation of grain legumes, 
while the fertiliser effect was only moderately high. The sulphur-containing potassium fertilisers 
performed best with 106–108%, followed by Epsom salt foliar fertilisation, which also achieved an 
average yield of almost 107%. On the other hand, kieserite and gypsum fertiliser types already 
showed a marked decline in yield performance with only 101–102% and fertilisation with elemental 
sulphur had no effect at all. At medium-high standard deviations, S fertilisation to the cereals 
(predominantly winter wheat) only led to a slight yield effect with sulphur-containing K fertilisers at 
just over 102%. All other S fertilisers showed largely no effect with 100–101% (Table 5). On average 
of all 981 evaluable trial variants, the sulphur-containing K fertiliser types achieved the highest yield 
effect with approx. 108% and a relatively low standard deviation. This was followed by fertilisation 
with kieserite and gypsum with an effect of 105–106% and relatively high standard deviations, while 
elemental sulphur and epsom salt only achieved low detectable effects of 102–103% despite low 
standard deviations. 

From the total number of trials recorded, 865 variants with at least a partially proven effect and 
a correspondingly high number of replicates (trials, locations) with an S fertilisation of between 3–90 
kg S ha−1 were selected, compiled and jointly evaluated. Using simple polynomial equations, it was 
determined that a very different level of S fertilisation between the tested plant groups led to 
maximum yield results, which were quite independent of the Smin supply of the soil (Figure 10). 

After evaluating 162 trial variants with direct S fertilisation to cereals and maize (predominantly 
winter wheat), a maximum yield level of 102% were already achieved on average with 30 kg ha−1 S 
supply. Only in this plant group could even slight forms of over-fertilisation be detected due to 
decreasing mean effects as a result of further increasing fertiliser levels. Fertilisation of grain legumes 
(n = 344, without variants with elemental sulphur) still led to a slightly increasing mean fertilisation 
effect of around 103% up to an S fertilisation level between 40–50 kg S ha−1. In contrast, permanent 
grassland can be fertilised with up to 60 kg S ha−1, resulting in slightly higher yields than with grain 
legumes. The increasing application of S fertiliser to the lucerne-clover-grass (303 variants) show 
clearly different results. Whereby even an application of up to 80 kg S ha−1 and year still led to a yield 
increase compared to no fertilisation. The maximum yield of approx. 114% resulted for arable forage 
with a relatively high S input, in which the fertiliser was applied in one or more doses during the 
vegetation periods (Figure 10). 
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Figure 10. Effects of fertilisation levels with sulphur on the relative DM yield differences in the 
investigated plant groups. 

3.3. Nutrient Uptake, Balance and Requirement of Crop Species 

From the 25 plant species studied, criteria for sulphur uptake and balancing were recorded for 
each trial year of the standard variants. In particular, the nutrient supply from the average animal 
husbandry and the annual S deposition from the atmosphere were taken into account. Under these 
common growing conditions, the grassland and lucerne-clover-grass trials almost consistently 
showed clearly negative S balances due to the high values of nutrient uptake and removal (Table 6). 
However, the other crop groups (grain legumes, cereals) were also characterised by slightly negative 
S balances on average. Positive S balances are generally only determined for crops with low S 
requirements when livestock density and S deposition values were relatively high. 

As a result of the S fertilisation treatments of a first increase step (on average 24–40 kg S ha−1) 
listed in Table 6, the mentioned characteristics were generally improved to varying degrees. The S 
balances in all crop groups now show clearly positive values in relation to the small increase in the 
removal values and the S efficiencies to be calculated are then reduced. For example, in the lucerne-
clover-grass stands, where there was a relatively good data basis, an input of 34 kg S ha−1 increased 
the S uptake by 7.4 kg and the S removal by only 6.2 kg ha−1. In addition, the proportion of legumes 
increased by 2.5%, N2 fixation by as much as 77 kg ha−1 and N removal by 71 kg ha−1. This ultimately 
increased the S balances from −11.0 kg S ha−1 without fertilisation to +16.0 kg S ha−1 with S fertilisation. 
For the other crops, however, the effects on DM yields and S uptake were even lower in some cases, 
so that the S balances for grain legumes had already risen to +20 kg ha−1 and for cereals to over +35 
kg S ha−1 (Table 6). 

Table 6. Mean values and standard deviation as well as effects of an exemplary S fertilisation on 
characteristics of nutrient uptake and balance of the investigated crop groups. 

Crop 
species 
group 

Smin (0–
60 cm) 

DM 
yield 

S 
fertiliser 

input  

S-
deposi-

tion 

S removal 
(MP, BP) 

S-
balance S HRR 

S uptake (MP, 
BP, HRR) 

Legume 
portion of 

mixture 

N-
removal 

(MP) 

N2 fixa-
tion  

 (kg S 
ha−1) 

(t ha−1) (kg S ha−1) (%) (kg N ha−1) 
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Permanent grassland 
No. (n) 30 41 24 22 41 37  - 41 17 30 16 
Mean 

value (s) 
14.1 

(±4.70) 
10.86 

(±2.42) 
14.2 (±5.8) 

3.6 
(±1.6) 

29.6 (±10.2) 
 −11.8 
(±8.6) 

 - 29.6 (±10.2) 15.8 (±13.7) 
284.3 

(±88.3) 
60.5 

(±43.2) 
Fertilising effect: 30.0 kg S ha−1 (n=4) 

Differ-ence, 
(s) 

+8.0 (±-) 
+0.19 

(±0.254) 
+30.0 (±)  - 

+0.75 
(±0.866) 

+29.25 
(±0.866) - 

 -  - +0.45 (± -) 
+7.6 

(±5.66) 
+3.6 

(±1.41) 
Lucerne-clover-grass 

No. (n) 153 132 126 79 132 79 132 132 89 101 73 
Mean 

value (s) 
16.2 

(±10.6) 
10.00 

(±3.10) 
6.2 (±8.6) 

5.9 
(±1.8) 

22.9 (±10.4) 
−10.8 
(±8.4) 

8.3 
(±1.2) 

31.2 (±11.2) 62.4 (±19.5) 
239.8 

(±104.9) 
200.9 

(±112.0) 
Fertilising effect: 33.6 kg S ha−1 (n=67) 

Differ-ence, 
(s) 

+17.5 
(±8.95) 

+1.55 
(±1.601) 

+33.6 
(±8.30) 

 - 
+6.2 

(±3.872) 
+26.6 

(±8.90) 
+0.43 

(±0.41) 
+7.44 (±7.01) +2.54 (±9.13) 

+70.5 
(±77.30) 

+76.9 
(±116.9) 

Grain legumes 
No. (n) 426 199 378 90 201 167 202 201 85 171 161 
Mean 

value (s) 
21.8 

(±13.6) 
2.71 

(±1.18) 
2.6 (±2.1) 4.9 

(±2.8) 
9.5 (±4.5) −2.0 

(±5.0) 
2.4 

(±0.8) 
11.9 (±4.8) 52.5 (±21.0) 118.3 

(±60.7) 
112.6 

(±69.8) 
Fertilising effect: 23.8 kg S ha−1 (n=34) 

Differ-ence, 
(s) 

+10.3 
(±7.99) 

+0.002 
(±0.220) 

+23.8 
(±4.93) 

 - +0.171 
(±0.674) 

+22.2 
(±3.59) 

+0.01 
(±0.046) 

+0.18 (±0.716)  - +0.02 
(±11.22) 

+2.75 
(±14.43) 

Cereals, maize, millet 
No. (n) 97 91 93 25 96 83 94 94 - 71  

Mean 
value (s) 

32.1 
(±31.0) 

4.58 
(±3.18) 

1.2 (±3.1) 
7.3 

(±2.1) 
11.0 (±4.1) 

−2.5 
(±5.3) 

2.2 
(±0.4) 

13.4 (±4.5)  65.9 
(±32.4) 

 

Fertilising effect: 39.2 kg S ha−1 (n=13) 
Differ-ence, 

(s) 
+6.20 

(±3.42) 
+0.066 

(±0.195) 
+39.2 

(±6.07)  
 - 

+1.55 
(±1.50) 

+37.7 
(±4.97) 

+0.02 
(±0.04) 

+1.56 (±1.50)  - −0.58 (±4.34) 

MP=main product; BP=by-product; HRR=harvest and root residues. 

Because of the large amount of experimental data, it was possible to determine the changes in 
Smin quantities of the soil as a result of direct mineral fertilisation but also from differences in average 
animal husbandry and S deposition from the atmosphere. In the shown examples of Table 6, the Smin 
levels after fertilisation tended to increase by between 6–24 kg S ha−1 by autumn or the following 
spring, depending on the plant group. With a supply of 33.0 kg S ha−1 through fertilisation, the Smin 
quantities have risen on average by 13.0 kg S ha−1 (approx. 40% of the S fertiliser amount), while the 
S uptake by the plants has only slightly improved by 0.2–7.0 kg ha−1. Based on a total data set of n = 
808 variants, the Smin change (y, kg S ha−1) due to the total S supply (x, 2–95 kg S ha−1 of mineral and 
organic fertilisation, deposition) can be roughly calculated using the following equation: 

y=16.33 + 0.3747x (r=0.33 p < 0.001).  (1)

According to this data, approx. 38% of the amount of S added is recovered in the changed Smin 
contents. After precise isolation of the experimental variants (n=675), in which by the predominant 
animal stocking the S supply from the added organic fertilisers could be quantified (x, 0–12 kg S ha−1, 
80–100% addition), the following equation was determined for the roughly estimated change in the 
Smin contents (y, kg S ha−1): 

y=17.37 + 0.4980x (r=0.13 p < 0.001). (2)

Approx. 50% of the nutrients added via organic fertilisers in the long term are reflected in the 
Smin content. For the simple determination, only the specified slopes (b) of the equations should be 
used. From the low supply values that can be calculated, it can be seen that the influence of increasing 
organic fertilisation on the change in Smin levels is relatively small. 

In addition, further analyses have shown that there are relatively close correlations between the 
values determined for the plant species in the S uptake of the total plants and the yield differences 
with r = 0.58 (p < 0.001) (without grassland) and r = 0.51 (p < 0.01) including grassland (Figure 11). 
Therefore, the DM yield differences between 26% and 33% could be attributed to changes in the S 
uptake of the total plants. However, most of the remaining variation is due to other causes. 
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Figure 11. Relationships between the average S uptake of the total plants and the calculated DM yield 
differences due to additional S fertilisation (100% = without fertilisation) for grassland, legume and 
non-legume crops of different species. 

According to these results, three main groups of plant species can be identified. The lucerne-
clover-grasses show a high nutrient uptake, especially in the harvest and root residues formed. In 
addition, these forage species are also characterised by high yields when S fertilisers are applied. This 
group probably also includes grassland. However, the number of variants is apparently not yet 
sufficient for a precise evaluation or this species reacts somewhat differently from the arable crops. 
The plant species maize and winter rape are characterised by a medium-high S uptake (Figure 11: 
Other species; only a small number of variants are available). In this group, clear yield reactions were 
also visible after additional S fertilisation. The grain legumes, in contrast, had relatively low S 
uptakes. They showed only minor yield variations due to the high number of variants per species. In 
addition, the yield differences caused by S fertilisation in the grain legumes are relatively small. 
Similar findings were also obtained for the cereals. However, the results for these species vary to a 
much greater extent than for the grain legumes. 

4. Discussion and Conclusions for Agricultural Practice 

4.1. Reasons for the Sulphur Trials 

Following the improvement in technology for the retention of pollutants in recent decades (flue 
gas desulphurisation), the level of sulphur in the atmosphere has fallen by more than 90% [15,28,140]. 
In addition, the Smin content in the soil and the average S content of the main and by-products of the 
cultivated crops have also decreased again [134,141,142]. In this study, S deposition values of 5.5 ± 
1.8 kg S ha−1 and year were determined and included in the nutrient balances of the crop species. 
These S inputs are therefore today in the range of the S quantities that are released annually as part 
of the organic matter turnover, as has already been established from earlier data (e.g., Haneklaus et 
al. [29]). For example, from this study S release values from organic fertilisers applied over many 
years of 0–12 kg ha−1 and an average (excluding grassland) of just 3.3 kg S ha−1 and year were recorded, 
of which approx. 50% could be detected in the Smin values of the field trial soils. After the end of the 
high atmospheric inputs, higher quantities of sulphur were often initially present in the lower soil 
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layers. Over time, these amounts also slowly but steadily decreased in the subsoil [143,144]. It could 
therefore be expected that the soil would always contain lower levels of S that the plants could still 
utilise. 

Initially in conventional agriculture, S-deficiency appeared over time in the cultivated crops, so 
that special fertiliser trials were set up. According to summarising work by Pedersen et al. [145], 80% 
of the trials in oilseed rape and fodder crops and between 20–60% in cereal crops resulted in 
demonstrable yield increases, particularly on the lighter soils. According to Baumgärtel [146], only 
35% of the trials with S-fertilisation in northern Germany between 1991 and 1998 were successful in 
increasing the yield of cereals, sugar beet and maize. The success rate for oilseed rape was slightly 
higher at 47% [132]. 

In organic farming, deficiency symptoms occurred somewhat later, particularly in forage and 
cereal crops [31,32]. The organic trials summarised in this study were conducted, recorded and 
evaluated in the years 1998–2023 with a focus between 2010 and 2020. Overall, a relatively high 
success rate of around 50–70% of the trials with an increase in yield and an improved N status was 
also determined in the organic trials. However, the results were highly dependent on the plant 
species analysed. While clear effects were recorded in arable forage production and also in permanent 
grassland, so that a high proportion of the trials were successful. In contrast, the positive results for 
grain legumes and cereals were much lower. In many trials, no effects were observed. 

Because of the high mobility, sulphur is not only very easily translocated by the soil water, but 
capillary S rise in the depth profile of the soil is also possible in the summer months. Based on this 
high soil and weather-related fluctuation, it is generally assumed that the plant-available proportion 
of sulphur in the soil cannot be recorded particularly well (example USA: Franzen [147], UK: Crooks 
et al. [141], Sagoo et al. [148], Germany: Baumgärtel [146], Scherer [25], Olfs et al. [149]). This view is 
still supported in organic farming (Gruber et al. [33]). 

An overview of soil analysis methods for plant-available forms of S supply is provided by Blair 
et al. [150], Scherer [25] and Kovar & Grant [151]. Analyses down to a soil depth of 60 cm or 90 cm 
provide better results than simply recording in the topsoil. There is also a certain similarity regarding 
the nutrient nitrogen, where the use of Nmin analyses to determine N requirements has become widely 
accepted [139,152]. Especially in studies from conventional farming, the use of the so-called Smin 
method or comparable analytical approaches for soil testing in other countries is therefore 
recommended to determine the S requirement of crop species [133,142]. However, not only in early 
but also in updated practical publications on organic farming, either an analysis of these soluble 
nutrient forms is currently discouraged or the nutrients nitrogen and sulphur are not mentioned at 
all [2,153–159]. Only Kolbe & Schuster [160] already included both nutrients in the soil testing on 
organic farms by analysing the Nmin and Smin values. 

In order to test the reliability of the soil analysis, an extensive preliminary examination of site 
factors was also carried out at the beginning of this study by means of regression analyses including 
the Smin values in the soil and the yield differences determined after S fertilisation. Low, medium and 
high values of the factors soil type (n = 1134, 4.5–40.5% clay), pH value (n = 1031, 4.5–7.6) and 
precipitation in the vegetation year (n = 1019, 363–1164 mm) were analysed separately. In summary, 
it can be stated that slightly higher yield effects of S fertilisation can only be expected in heavy soils, 
with low and high pH values and with rather low precipitation. Overall, the differences between the 
influencing variables were not very pronounced, so that it was not necessary to specify and analyse 
them separately in the further investigations. The Smin values were suitable for manifesting the 
differences with sufficient reliability also in organic farming. 

With regard to the supply situation in the soil, it should also be noted that a certain level of 
sufficient nutrition cannot simply be determined or adopted from other systems, as these values 
depend on the general nutrient supply level of the cultivation system. For example, the supply level 
of the main growth factor nitrogen in conventional farming is often twice as high as in organic 
farming (see [161]), so that other important nutrients must also be adjusted in accordance with the 
minimum and optimum laws of plant growth, which have been well-known for a long time [162–
164]. For example, it has been clearly demonstrated that in organic farming, lower soluble nutrient 
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contents of the soil, e.g., P and K, can be considered sufficient for an optimum yield level [165,166]. 
Therefore, this issue can only be clarified for the nutrient sulphur through experimental work under 
the conditions of organic farming. 

4.2. Effects of S Fertilisation on Yield, Nutritional Components and other Characteristics of Plant Species 

As a result of the S fertilisation treatments in the lucerne-clover-grass trials, the Smin values, 
particularly in the topsoil, and the yields of the forage crops were increased in many regions in 
Germany [33]. Becker et al. [34] and Böhm [50,52] also achieved similar results. In the mixtures, it was 
primarily the DM yields and the N quantity of the legume fraction that increased and only slightly 
that of the non-legume components. According to the previous evaluations of the individual grain 
legume trials, including the pea-cereal mixtures, hardly any or no significant yield effects on grain 
and straw were found as a result of the S fertilisation treatments [33,38,167–169]. 

The cereals tested, especially winter wheat, also showed only minor yield effects as a result of S 
fertilisation. Direct fertilisation of cereals was then often not necessary. Only when S fertilisation was 
applied to legume crops and the after-effect on cereals and maize was tested, greater differences in 
yield and quality were found [33,34,58]. In contrast, the dependence of the yield response on the soil 
supply of sulphur has hardly been considered or investigated in organic farming. 

According to the generally much more extensive evaluated results summarised here, depending 
on the crop and the Smin content of the soil, the following course of increased yields of the additionally 
fertilised plants was generally recognised for all investigated species: 

With very low amounts of Smin in the soil, on average clearly increased yields were recorded with 
a high fluctuation range of the individual values (extent strongly dependent on the crop species); 

Within a transitional range of Smin levels, there were hardly any yield effects (nutrient supply 
range to achieve optimum, not maximum yields); 

From certain Smin values upwards, with relatively low variability, no additional yields were 
observed (maximum yield levels). 

In the lucerne-clover-grass stands, S fertilisation only caused an increase in yield when the Smin 
content of the soil fell below approx. 30 kg S ha−1. In the case of permanent grassland, grain legumes 
and cereals, the fertilisation treatments were only successful if the Smin values were lower than about 
20 kg S ha−1. As the S supply decreases further, the additional yields generally increase exponentially, 
depending on the plant species. 

In the S fertilisation trials on arable forage crops in organic farming, an increase in the N content 
of perennial legume grasses and also an increase in the proportion of legumes in the mixtures has 
already been reported [33,63,170]. In the trials with grain legumes, however, S fertilisation appeared 
to cause almost no increase in the N content [38]. This also occurred for the cereals. However, 
influences on the quality of wheat were only observed in the after-effect trials. 

According to the evaluations presented here, the great importance of S fertilisation of arable 
forage for increasing the N content in the growths and for shifting the legume-grass ratio in favour 
of the legume proportion can also be emphasised. This occurred to a lesser extent in the mixtures 
between pea and cereal crops. These characteristics also showed dependence from the Smin content of 
the soil. At Smin levels of around 25 kg ha−1 upwards, S fertilisation no longer led to an increase in N 
content, N removal or in the proportion of legumes in the legume-non-legume mixtures. 

Specific basic research experiments have revealed important aspects of the role of sulphur in 
legume growth: nodulation and direct involvement of S in the N2 fixation process [5,6,171,172]. 
Because of the high annual N2 fixation quantities, especially of forage legumes with an average of 
over 300 kg N ha−1 and grain legumes with up to 250 kg N ha−1 [137], it is not surprising that the 
fixation performance can be significantly affected by insufficient S supply. Low S nutrition can result 
in reduced the N2 fixation levels, lower N contents and, in some cases, even to N deficiency. 
Ultimately, this can significantly reduce the yield performance of legumes. In some conventional 
experiments in applied research, the N uptake of the plants and the N2-fixing capacity of the legumes 
were therefore also investigated. According to Collins et al. [173], for example, S fertilisation led to 
higher N2 fixation in lucerne (see also Ref. [174]). Following Cazzato et al. [129], in addition to yields, 
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N2 fixation in field beans is increased by S fertilisation. In pot experiments, Lange [175] also achieved 
better N2 fixation levels in legumes. 

In initial organic trials by Vockinger [110] after increasing the N content of the plants by the S 
fertilisation of lucerne cultivation, in particular the number of nodules per root and the measured N2 
fixation quantity and the synthesis proportion from the atmosphere (difference method) were 
increased. Also in this study, one of the outstanding characteristics of S fertilisation in the lucerne-
clover-grass field trials was that although with large variation, on average there was a marked 
increase in the calculated N2 fixation of the crop stands. The rise in N2 fixation was often more 
pronounced than the DM yield increase. An improvement in the N2 fixation capacity of grain legumes 
could also be determined, but the extent was much lower than in the case of forage legumes. 
Depending on the legume species, below approx. 25–30 kg ha−1 Smin amounts in the soil, in most cases 
an exponential increase in N2 fixation quantities occurred as a result of the S fertilisation treatments. 
These practical studies on S-fertilisation confirmed the results of special pot experiments from basic 
research on the N2 fixation of legumes. 

4.3. Fertiliser Type and Level of Sulphur 

According to the conventional farming experiences, fertilisers containing SO4-S are more 
effective than those based on elemental sulphur in soil or foliar fertilisation of cereals. However, 
relatively early foliar fertilisation with liquid elemental S can also be successful [176]. More recent 
trials with this fertiliser were carried out by Kulczycki [177] and according to Pedersen et al. [145], 
the effect of easily soluble and elemental S is similarly successful. Elemental S applied to the leaves 
has physiological advantages compared to epsom salt. This results in high S uptake and a good yield 
effect. In durum wheat, foliar S fertilisation has a greater influence on quality (e.g., N content) than 
on DM yield [130]. 

According to studies by Gruber et al. [33], the effect of elemental sulphur on clover grass in 
organic farming was also initially restrained, with a better effect later in the year (from the 3rd cut 
onwards). Fertilisation with elemental sulphur products initially showed delays in yield formation, 
N content and legume proportions. After a few months the S uptake increase and the differences in 
plant growth disappeared compared to the sulphate-containing and other common fertilisers. 
Therefore, elemental S fertiliser must be milled as finely as possible and applied early, as it must first 
be converted to sulphates in the soil through oxidation. 

The utilisation of S fertilisers is highly dependent on the fertiliser type. Sulphate-based fertilisers 
are well suitable in temperate climates with lower temperatures and not too high precipitation. 
Elemental sulphur performs well in climates with high temperatures and increased precipitation 
[178]. The net efficiency of foliar-applied S fertilisers is considerably higher than that of soil-applied 
fertilisers. This experience can also be confirmed from the trials presented here, although the overall 
nutrient efficiency of S fertilisation was very low. 

The mineral S fertilisers applied in this study also did not have a uniform effect on plant yield 
and composition. According to the average values given in Table 7, gypsum or e.g., potassium 
sulphate can have a slightly better effect on permanent grassland than the other types listed. Kieserite 
and gypsum were particularly suitable for the lucerne-clover-grass variants, while only weak effects 
were recorded overall for the grain legumes and cereals. Due to the short cultivation period, 
applications of elemental sulphur had no effect, especially on grain legumes. However, treatments 
with potassium sulphate or “Patent-Kali” and, in particular, foliar fertilisation with epsom salt were 
successful. Fertilisers based on potassium sulphate, for example, were characterised by a relatively 
good effect, perhaps also because in addition to S, they contain other nutrients (K). 
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Table 7. Mean effect of the S fertiliser types on the relative DM yield differences (100% = standard, 
without fertilisation) obtained for the plant species groups. 

Fertiliser type Permanent 
grassland 

Lucerne-clover-
grass 

Grain 
legumes 

Cereals, 
maize 

Kieserite 102.4 117.0 101.8 101.1 
Gypsum 105.6 109.7 101.5 101.0 

Elemental sulphur 102.3 104.5 100.1 100.9 
Epsom salt leaf  -  - 106.8 99.7 

Other types (including potassium sulphate, 
„Patent-Kali“) 103.5  - 107.0 102.4 

In addition to mineral fertilisers, organic fertilisers must be described in more detail because of 
their specific short-term and long-term effects, as they can also be important sources of S for 
determining fertiliser requirements. According to Gutser [179], Crooks et al. [141] and Sagoo et al. 
[148], organic fertilisers have the following (relative SO4-S contents) and relative S effects in the year 
of application (total S = 100%): 

Liquid manure:   (64.0)   77; 
Cattle slurry:   (16.3)  17–35; 
Pig slurry:   (3.0)  35; 
Chicken manure: (38.0)  60; 
Cattle stable manure:  (3.0–7.0)  13–15; 
Bio-compost:   (4.0)  8. 
According to Ref. [145], the S effect of organic fertilisers is comparatively even more limited. 

Using the example of pig and cattle slurry, a direct effect of 8–10% can be expected in the year of 
application with an after-effect in the following years amounting to 40–45% compared to the total S 
content. Kulhanek et al. [180] investigated the S contents available with different solvents after 
mineral and organic fertilisation in long-term trials. However, hardly any differences were found 
between the fertilisers, including stable manure. 

From comparative mineralisation tests, N:S ratios (S = 1) can be established between the N and 
S release, so that the S mineralisation can also be roughly derived on the basis of the knowledge of 
the N release. Niknahad-Gharmakher et al. [181] investigated a wide range of soils and sites 
(including grassland and forest) and found N:S ratios between 1.6 and 9.1 between N and S 
mineralisation and concluded that it is not possible to derive a simple ratio. Saalbach et al. [182] also 
analysed 18 soils from Germany and found N:S ratios between 3.8–10.4 with a mean value of 5.7. 
According to studies by Tabatabai & Al-Khafaji [183], a relatively rapid release of S was achieved in 
various soils which resulted in N:S ratios between 3.5–5.0. 

Incubation tests on soil samples with different organic fertilisers achieved an average net S 
release that was 6.5–8.3 times lower than the nitrate-N release. In further studies, net S release values 
were on average 8–9 times lower than those achieved with NO3-N fertilisers. After long-term high 
manure application in the static long-term trial in Bad Lauchstädt in Germany, the S values were 
lower by a factor of 9.4 (5.6–11.5) compared to N release. Soils without long-term organic fertilisation 
had low N release values and also showed very low S mineralisation with N:S factors between 12–
13. With high N release as a result from long-term organic fertilisation, sulphur release values were 
comparatively much higher with factors between 6–7 [179,184,185]. 

As with nitrogen the C:N ratio, the C:S ratio is also a good indicator of the S mineralisation of 
organic fertilisers and plant materials after soil application [25,134,186–188]. Below C:S ratios (S = 1) 
of 200 S release occurs, which corresponds to a minimum content of approx. 0.2% S in the DM of the 
materials. However, with further decreasing S contents or especially above C:S ratios of 400, a sulfur 
fixation in the soil is to be expected. Many crop materials and some organic fertilisers therefore 
initially lead to a significant fixation of S in the soil after being added. 

In conclusion it can be stated that long-term organic fertilisation is seen as largely the only way 
to increase the S content of the soil. Higher organic fertilisation levels lead to an increase in the organic 
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matter and also in the S content of the soil which leads to greater mineralisation rates in the long 
term. Nevertheless, it can be often confirmed that the analysed Smin values of the soil react only 
relatively slightly as a result of organic fertilisation [144,189]. The release of S from organic fertilisers 
is therefore relatively low in the year of application. In the long term, however, a high cumulative 
efficacy of the S can be expected. 

In addition to the form of fertiliser the application amount is also crucial for the efficacy of the 
results. Corresponding regression studies were carried out to determine the maximum DM yields for 
the groups of plant species studied (Table 8). Due to the small changes in effectiveness around the 
maximum values, particularly for grassland, lucerne-clover-grass and grain legumes (see Figure 10: 
flat effectiveness curves), in some cases relatively far lower optimum ranges for the fertiliser level 
were estimated from the own data. These fertiliser quantities are of the same size as those proposed 
by other authors for different cultivation systems. For most crops, these fertiliser rates are only 
slightly lower than those that have been common practice in conventional farming for some time. In 
systems with legume cultivation, the high values given for the proposed fertiliser ranges also include 
additional effects (very low Smin values, post crop or crop rotation fertilization). 

Table 8. Average S fertiliser quantities (kg S ha−1) to achieve maximum or optimum DM yields of the 
plant species groups in this study compared to literature data. 

Plant species group Organic farming Conventional farming 

 
This study  

(left: maximum; right: optimum)
Ref. [145] Ref. [190] Ref. [149]  Ref. [191]  

Ref. [192] 
(depending on Smin level)

Permanent grassland 60–70 20–40 - 20–40 20–40 20–40  - 
Lucerne-clover-grass 70–80 20–50 20–50 - 30–50 - 20 

Grain legumes 45–50 10–30 20–30 - - - 20 
Cereals, maize 25–30 10–20 10–30 10–25 10–20 10–20 20–30 

Winter rape  - (15–35) 30–50 30–50 20–40 20–40 30–40 

According to studies in northern Germany, 10–40 kg S ha−1 was sufficient for winter oilseed rape 
in conventional farming [132,193] and 10–20 kg S ha−1 was suggested for cereals and sugar beet [146]. 
Kulczycki [177] found optimal fertiliser levels of 30 kg S ha−1 for winter rape and 15 kg S ha−1 for 
winter wheat. According to advisory guidelines in the UK, 30 kg S ha−1 is recommended for oilseed 
rape. For other crops such as cereals, the values are in some cases below 20 kg S ha−1 [141]. In Austria, 
30–60 kg S ha−1 is estimated for rape, 25–50 kg S ha−1 for maize and 10–30 kg S ha−1 for cereals and 
legumes [194]. According to Link [195], even in the case of severe S deficiency, the application of more 
than 40 kg S ha−1 did not lead to increased yields of winter rape. After trials under organic farming 
conditions, in the view of Riffel et al. [65], 60 kg S ha−1 to arable forage was optimal for yield formation. 
In results of Gruber et al. [33], however, doubling the S fertilisation from 30 kg to 60 kg ha−1 did not 
lead to any reliable additional yields. Amounts between 30–40 kg S ha−1 were usually sufficient, Refs. 
[50,52] also came to similar conclusions. 

4.4. Evaluation Matrix for Soil Supply with Plant-Available Sulphur and for Results of Sulphur Balancing 

Similar to nitrogen, only around 5% of the total S content in the soil is available to plants [25]. 
As presented here, the available S content of the soil can be quantitatively determined using the Smin 
method. The average Smin values in this study and other practical analyses were at a relatively low 
level of 6–13 kg S ha−1 per soil depth section (Table 9). Following investigations in north-east 
Germany, all Smin analyses (0–60 cm depth) collected on organic farms in 2017 and 2021 were below 
30 kg S ha−1. The heavier soils had slightly higher values than the lighter soils. According to Ref. [32], 
70% were below 30 kg S ha−1. In the results presented here on organic practice plots with n = 773 trial 
variants even 81% of the analyses were below 30 kg Smin ha−1 (between 0–19 kg and 20–29 kg Smin ha−1 
respectively, 40.5% of the plots). There are often certain parallel developments between the Nmin and 
Smin quantities, depending on the vegetation period or the year of investigation. 
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Table 9. Smin values (kg S ha−1) in the profile up to 90 cm soil depth in this study and in other field 
surveys. 

Soil depth This study Analysis in practice 
Average 
values 

 Forage production trials Grain legume and cereal trials LMS Agrarberatung, Rostock, Germany  
(cm) (n) (MV) (s) (n) (MV) (s) (n) (MV) (s) (MV) 
0–30 10 9.6 5.2 39 8.5 5.0 18 6.0 4.0 8.0 
30–60 39 13.3 10.8 30 8.2 3.3 18 9.8 15.4 10.4 
60–90 38 10.7 12.1 7 9.6 1.2 18 8.4 11.9 9.6 

As the analyses also showed, relatively clear and in most cases significant relationships could be 
established between these Smin values in the soil and, for example, the yield differences obtained after 
additional S fertilisation (see Figures 1–8, Table 4). This was achieved with similar quality as in 
comparison to other soil nutrients or the N and organic matter (humus) balances in organic farming 
[166,196]. Because of the relatively high accuracy obtained by a sufficiently high amount of data, these 
relationships were also particularly suitable for establishing a classification system [139] between 
deficiency (classes A, B), oversupply (D, E) and optimal supply level (class C) for the nutrient sulphur 
(Table 10). As the results have shown, average yield losses of between 10–20% (class B) and approx. 
30% (class A) occur in the S deficiency range for sensitive plant species, with very wide variation in 
the individual values. These yield losses are comparable to those estimated for nitrogen and lime 
deficiencies, while the expected losses for the basic nutrients P and K are lower [197]. 

An important result of this study is that Smin values between 20–30 kg S ha−1 are sufficient for 
organic cultivation systems to ensure optimum yields (Table 10: class C). In addition, there are 
differences between the crop species so that Smin levels around 30 kg ha−1 are only required for 
grassland and arable forage. In contrast, for winter rape as well as for maize, around 25 kg Smin ha−1 
and for cereals and grain legumes only 20 kg Smin ha−1 are generally sufficient to ensure S uptake for 
an optimum yield level. These results are in contrast to the values presented by Leithold et al. [32] for 
the cultivation of forage legumes, although only a much smaller trial size was available for their 
analysis. In addition, a fertiliser level above the plant removal rate is not appropriate for easily soluble 
nutrients in the soil, such as sulphur (Table 10). 

Table 10. Assessment classes of Smin soil supply (0–60 cm depth) in organic farming. 

This study: Crop species groups Ref. [32]: Forage legumes 

Class 
Smin (kg S 

ha−1) 
Crop species Valuation Class 

Smin (kg S 
ha−1) 

Valuation 

D–E >30  

High to very high 
supply, possibly 

potential environmental 
hazard 

E >60 
Oversupplied with S, no 

fertilisation 

C 
30 

Lucerne-clover-grass, 
permanent grassland 

In each case, sufficient 
supply to achieve 

optimum yields and 
qualities 

C 30–60 
Well supplied with S, 
fertilisation on plant 

removal 
25 Winter rape, maize 
20 Grain legumes, cereals 

B 10–20  
Slight deficiency, 

increasing variation and 
medium yield losses 

A <30 
Insufficient supply of S, 
fertilisation over plant 
removal recommended 

A 0–10  
Severe deficiency, high 
variation and losses of 

yields 

Also in conventional farming, different classifications (class C) are estimated for the crop species 
to be cultivated. In most cases, however, the intended Smin values are generally at a much higher level 
[133,142,190,192,195,198]. According to experiments by Link [132,133] on cereals and winter rape, a 
different fertilisation effect was also found depending on the Smin content in early spring. If the Smin 
values in winter rape were above 60 kg S ha−1, there was no effect of additional fertilisation. Between 
40–60 kg S ha−1 an additional fertilisation of 10–20 kg S ha−1 led to maximum yield, below 40 kg S ha−1, 
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fertilisation of over 20 kg S ha−1 was necessary. For cereals and sugar beet, Smin values of 30 kg S ha−1 
were already sufficient to largely cover the S requirement. Moreover, the Smin values below 60 cm soil 
depth did not indicate any improvement in the fertiliser requirement. 

Another option in nutrient management, particularly in organic farming, is to use the results of 
nutrient balancing to determine the general need for fertilizer [160,197,199]. Based on results of this 
study and from corresponding long-term trials, it is known that there are relatively close positive 
relationships between the N balances and the S balances, so that ratios between the N and S balance 
values of about 5.0 for light to medium soils and 10.0 (S = 1) for medium to heavy soils can also be 
estimated on a first approximation [144]. Due to the somewhat higher nutrient losses through 
leaching, balanced nutrient levels are not sufficient to maintain soil fertility at the same level for the 
more mobile nutrients, especially on the lighter soils. Therefore, in addition to nitrogen, 
correspondingly higher values for the nutrients potassium and magnesium have been estimated for 
the evaluation matrix class C to be aimed for to ensure a largely optimal yield level [197]. Based on 
these results, the following preliminary classification scale for the S balances (gross) of a crop rotation 
can be proposed for practical use: 

A–B   < 0 kg S ha−1; 
C  0–5 kg S ha−1 for heavy soils, up to 10 kg S ha−1 for lighter soils; 
D–E   > 5 kg S ha−1 for heavy soils, >10 kg S ha−1 for lighter soils. 
The basic need for S fertilisation can also be shown with the help of an estimation framework 

for S supply, e.g., on the basis of a numerical assessment [200,201]. However, there is little experience 
of using the S-estimation framework in organic farming. The creation of fertilisation windows can 
also be a useful test measure [33]. In summary, the necessary information about the general fertiliser 
demand or the S supply of the plants and fields can be obtained in different ways: 

Direct Smin analysis of the fields (0–60 cm soil depth); 
Parallel analysis of the Smin values as part of the Nmin analysis (usually 0–90 cm soil depth); 
Annual analysis and publication of the Nmin and Smin values on organic test fields at 

representative sites, e.g., by the responsible state organisations; 
Using assessment classes of Smin soil supply; 
Results of crop S-balancing (crop rotation); 
Carrying out S plant analyses usually at early vegetation stages; 
Application of the S estimation framework; 
Application of S fertilisation windows. 
The overall conclusion for all cropping systems is that the use of an accurate classification of Smin 

analyses, S-balancing or other methods can be an important tool for both indicating fertiliser 
requirements and helping to safely limit and reduce fertiliser use. 

4.5. Nutrient Demand of Plant Species and Determination of Fertiliser Requirements for Sulphur 

In accordance with the lower nutrient contents and yield expectations in organic farming, 
specific forms of fertilisation systems should be developed and adapted by means of experimentally 
based values and procedures [2,166]. However, there is much less experience with sulphur than with 
other nutrients, especially nitrogen. The aim is to use methods that go beyond the level of 
(experimental) standard rates, which were still widely used in education and practice in the 1950s 
and 1960s [202,203]. However, fixed amounts are still recommended for S fertilisation in conventional 
and organic farming even today [33,191]. 

Recently, a number of studies have also been carried out on alternative fertilisation methods 
(Albrecht/Kinsey, Unterfrauner). In comparison to conventional methods (e.g., VDLUFA in 
Germany), laboratory tests have determined some very high fertiliser recommendations for sulphur 
for organic vegetable production as well as for cultivation systems in conventional and regenerative 
agriculture, which are far above the usual S requirements and the nutrient removals of the crop 
species [204,205]. As these alternative methods have not been adapted to the regional requirements 
of crop cultivation through appropriate experimental work, they cannot be recommended for 
practical application. 
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Furthermore, as clearly demonstrated by the evaluations presented here, a large proportion of 
the fertilisation treatments applied had no effect on yield. However, since these fertilisation measures, 
including those of the alternative methods mentioned, lead to a significant increase in S balances, 
unfavourable environmental impacts are to be feared in addition to negative economic consequences 
for the farms, especially in the case of easily mobile nutrients such as sulphur [206]. Other nutrients 
such as potassium, magnesium and calcium can be translocated as a result of S leaching. Sulphur 
contributes to soil acidification and is undesirable in drinking water [191]. 

As it is not practicable to correct the Smin soil content by top dressing, similar to the Nmin content 
for nitrogen, methods for soil content correction such as those for the basic nutrients P or K cannot 
be used. Therefore, procedures similar to the Nmin method [152,207] are used in conventional farming 
that can lead to a more precise assessment of the S supply of the crop species on a simplified basis 
using the Smin soil supply in early spring and depending on a targeted yield level [132,139]. In organic 
farming, the use of the Nmin method dates back to the EU regulations on the reduction of nitrogen 
losses from fertilisation (e.g., Germany: Ref. [209]), for which the responsible state institutions had to 
draw up corresponding implementation instructions also for organic farming [209]. Activities were 
then undertaken to develop methods for N fertilisation of potatoes, winter rape and later also for 
cereals and proposed for practical use [210–214]. 

As usual in nitrogen fertilisation also the nutritional requirements of crop species for sulphur 
must be quantified. For this reason, special statistical analyses were carried out in this study. On the 
one hand, there is a medium relationship of r = 0.55 (p < 0.001) between the yield differences 
determined between fertilisation and no fertilisation and the calculated total sulphur uptake of the 
crop species. On the other hand, a very close relationship of r = 0.84 (p < 0.001) exists between the 
average fertiliser quantities that lead to the maximum yield and the total S uptake of the crop species. 
It can therefore be concluded that the relatively easily determined nutrient uptake of the crop species 
in the course of vegetation as a function of a given yield level is also for sulphur a useful indicator of 
the fertiliser requirement of the crop species (see Table 6). 

Finally the following categorisation can therefore be made for organic farming, which was also 
derived in early work by Saalbach [215] (see also Refs. [149,216,217]) on the S demand of crop species: 

Very high: especially arable forage legumes with lucerne-clover-grass; 
High: permanent grassland, cruciferous crops such as winter rape with high yields; 
Medium: maize; 
Low: Grain legumes, cereals; 
Very low: Sugar beet, fodder beet, potatoes (provisional, as not tested here). 
In line with the procedure for nitrogen, the following components can in principle be taken into 

account when determining the S fertiliser requirement for the crop species in organic farming: 
A: Determination of the fertiliser demand in the form of S uptake depending on the yield 

potential or a target yield level of the crop species and possibly depending on the soil-climate region 
(SCR, Ref. [218]); 

B: Smin supply at the begin of vegetation (possibly depending on crop rotation position and site 
conditions); 

C: Determination of the S net release during the vegetation period depending on the crop 
rotation position, the previous crop of the cultivation or the average amount of organic fertiliser 
applied in the long term (in relation to the average livestock density or in relation to the estimated N 
mineralisation); 

D: S availability from organic fertilisation in the year of application to the crop species (SO4-S, 
C:S ratio); 

E: Additions or deductions according to site and climatic conditions, through irrigation and S 
deposition (for high values). 

The partial values obtained are used for the following mathematical procedure: By subtracting 
the sums under B, C, (D) and E from a nutrient quantity A (=yield target x nutrient content MP, BP, 
HRR), a nutrient sum is determined which is to be applied as a (further) organic (see point D) or 
mineral fertilisation before or at the time of sowing the crop. 
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4.5.1. Examples of Direct Crop Effects 

Based on the results of the DM yields of the plant species groups presented here, simplified basic 
elements of a fertiliser requirement calculation for sulphur can initially be compiled as a function of 
the Smin content in the soil and the annual S mineralisation derived from the long-term average supply 
of organic fertilisers. The S demand of the crop species was calculated from the DM yields (regarded 
as expected or target yield) and the S contents of MP, BP and HRR according to the specifications of 
Kolbe et al. [134]. 

For the simplified determination of the fertiliser requirement, Smin ranges between 10–40 kg S 
ha−1 for plant species with a high demand and between 5–30 kg S ha−1 for plant species with a lower 
demand was initially defined in accordance with the results presented here. To take long-term S 
mineralisation into account, two levels of average animal stocking rates were also estimated: 3 kg S 
ha−1 and 14 kg S ha−1 and year of S mineralisation for the high-demand species and 0 kg S ha−1 and 7 
kg S ha−1 and year of S mineralisation for organic farming systems with low-demand plant species 
(Table 11). 

The results show in detail that for permanent grassland, the lucerne-clover-grass variants and 
winter rape, due to the high S uptake, Smin quantities of around 25–30 kg ha−1 are required to realise 
the estimated yields in order to cover the S demand of normal organic cultivation variants. For the 
other crops (maize cereals, grain legumes), Smin values of around 20 kg ha−1 are generally sufficient to 
achieve the target yields. Values below these thresholds show deficit values (Table 11: cultivation 
variants 1–3 or 5 = positive S balances). These variants require additional S fertilisation to cover the 
demand. Variants above these values (negative balances) can cover the S requirement without 
additional measures (Table 11: generally cultivation variants 4–8). 

Table 11. Basic elements for determining fertiliser requirements for sulphur (kg S ha−1) for the plant 
species groups studied. 

Component Maths. operator Cultivation variants 
  1 2 3 4 5 6 7 8 

Permanent grassland 
S demand (10.9 t DM ha−1) + 30 30 30 30 30 30 30 30 

Smin quantity - 10 10 20 20 30 30 40 40 
S mineralisation - 3 14 3 14 3 14 3 14 

S balance = 17 6 7 −4 −3 −14 −13 −24 
Lucerne-clover-grass  

S demand (11.0 t DM ha−1) + 35 35 35 35 35 35 35 35 
Smin quantity - 10 10 20 20 30 30 40 40 

S mineralisation - 3 14 3 14 3 14 3 14 
S balance = 22 11 12 1 2 −9 −8 −19 

Winter rape 
S demand (2.7 t DM ha−1) + 28 28 28 28 28 28 28 28 

Smin quantity - 10 10 20 20 30 30 40 40 
S mineralisation - 3 14 3 14 3 14 3 14 

S balance = 15 4 5 −6 −5 −16 −15 −26 
Silage maize 

S demand (10.5 t DM ha−1) + 21 21 21 21 21 21 21 21 
Smin quantity - 10 10 20 20 30 30 40 40 

S mineralisation - 3 14 3 14 3 14 3 14 
S balance = 8 −3 −2 −13 −12 −23 −22 −33 

Winter cereals 
S demand (5.0 t DM ha−1) + 15 15 15 15 15 15 15 15 

Smin quantity - 5 5 10 10 20 20 30 30 
S mineralisation - 0 7 0 7 0 7 0 7 

S balance = 10 3 5 −2 −5 −12 −15 −22 
Grain legumes 

S demand (2.7 t DM ha−1) + 12 12 12 12 12 12 12 12 
Smin quantity - 5 5 10 10 20 20 30 30 

S mineralisation - 0 7 0 7 0 7 0 7 
S balance = 7 0 2 −5 −8 −15 −18 −25 
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Positive balance amounts (underlined) represent deficit values to cover the S demand for the 
targeted DM yield values. 

The direct application of organic fertilisers alone in the usual application rates is hardly suitable 
to compensate for the shown deficits. With applications of e.g., 10.0 t ha−1 of compost, 30.0 t ha−1 of 
stable manure or 30.0 t ha−1 of cattle slurry, the plants only have available amounts between 1.3–3.5 
kg S ha−1 in the year of application. In cases where the average minimum Smin values, including the 
expected S mineralisation, are no longer sufficient for yield formation, it is therefore necessary to 
apply mineral S fertiliser (see Table 8: optimal values for organic farming). In the other cases shown 
(negative balance values), fertilisation is not necessary. This is generally the case for maize, cereals 
and grain legumes with low average organic fertilisation or no livestock from 20 kg Smin ha−1 and for 
winter rape, grassland and lucerne-clover-grass up to 30 kg Smin ha−1 (see Table 10 and Table 11). 

Further work to improve the determination of fertiliser requirements for sulphur is based on the 
integration of methods for more accurate estimation of the S supply from the soil and the organic 
fertiliser applied. In conventional agriculture, for example, certain N:S ratios are used to determine 
the nutrient delivery from the organic matter, as already described by Eriksen [189] for fertilisation 
in the practice used in Denmark. According to Ref. [216], deductions between 0–20 kg S ha−1 are used 
for sulphur to take into account the S delivery from soil and organic fertilisation depending on the S 
target yield value. 

Zorn et al. [192] propose a guideline value system for the simplified determination of the 
available S content in the soil in accordance with the specifications of the applicable German fertiliser 
regulations [219], in which the intended values for nitrogen are converted into values for the nutrient 
sulphur by using a special factor. A correspondingly adapted algorithm for determining N 
requirements for organic farming is currently undergoing experimental testing. Based on this work, 
an extended procedure for S fertilisation could be developed. In the following, an example based on 
the N fertiliser requirement calculation is presented here [214,220], in which the N estimated values 
for the nutrient sulphur are divided by 10.0(1) or calculated directly for winter wheat with a target 
DM yield of 5.2 t ha−1 grown on a heavier soil (loess soils in the transitional regions of eastern 
Germany, SCR no. 108): 

Nutrient type:    N fertiliser demand (kg N ha−1) S fertiliser demand (kg S 
ha−1) 

A: Nutrient demand for yield target according to SCR 150   15.0   15.0; 
B: Nmin supply/Smin supply     29.0   5.0   10.0; 
C1: Mineralisation crop rotation    28.0   2.8(1)   2.8(1); 
C2: Mineralisation organic fertilisation    6.0   0.6(1)   0.6(1); 
D1: Nutrient supply year of application: compost  9.0   0.9(1)   0.9(1); 
D2: Nutrient supply year of application: green manure  5.0   0.5(1)   0.5(1); 
Total deductions      77.0   9.8   14.8; 
Fertiliser requirement      73.0   5.2   0.2. 
According to this example for winter wheat, there is a nitrogen fertiliser requirement of 73 kg N 

ha−1 to achieve the relatively high target DM yield of 5.2 t ha−1. The comparable values for the nutrient 
sulphur are shown under different Smin values in the soil. An additional S fertilisation of 5.2 kg S ha−1 
is only required if a very low Smin content of 5.0 kg S ha−1 is specified. Comparable values for S 
fertilisation are obtained with Table 11 for winter cereals. 

4.5.2. Examples of Post-Effects and Crop Rotation Fertilisation 

One of the key principles in organic farming is the causal relationship between the prosperity or 
yield potential of legume crops and their after-effect on the non-legume crop species in the crop 
rotations [222,223]. These interactions were also of great importance in the experiments on S 
fertilisation presented here. Leithold et al. [32] and Riffel et al. [64] have already emphasised that 
crops of forage legumes well supplied with S by the increased yield level, the quantities of HRR left 
behind and the estimated higher N2 fixation have contributed to a marked improvement in the 
subsequent cereal crop yields. 
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By summarising the available after-effect results, the expected additional yields can be specified 
more precisely. According to Gruber et al. [33] and Urbatzka et al. [223], there was an average increase 
in grain yields in the subsequent cultivation of winter wheat of 8–15%, in the amount of N uptake 
and also in the measured plant length, while there were no differences in N content and baking 
quality. Fertilisers containing sulphate as well as elemental sulphur now had the same effect. An 
amount of 40 kg S ha−1 was sufficient for the preceding clover-grass crop. In the trials combined here, 
it was observed that with fertilised lucerne-clover-grass cultivation and very low Smin values in the 
soil, the succseding crops (cereals, maize) had on average 15% higher DM yields, N removals and 
also increased N contents in the harvested materials. Yields were still 4% higher even with Smin levels 
of around 40 kg S ha−1. In addition, also after S-fertilised grain legumes 10–15% higher DM yields 
were achieved in the following winter cereals under low Smin values. 

From these positive results of the after-effect trials, suitable methods of crop rotation fertilisation 
can also be derived for sulphur, as is usual for basic fertilisation [135]. This means that S fertilisation 
in organic farming could be simplified by using classification results of S balances. To create a crop 
rotation fertilisation, the results of the S-balancing with supply (brutto, i.e., including S-deposition), 
removal and balance are determined and then used for the fertilisation calculation. In order to obtain 
reliable results for the nutrient sulphur, it is important to ensure that at least one complete crop 
rotation is always recorded. The following 6-field example crop rotation for heavier soils was 
compiled on the basis of the balance criteria determined here for the individual crop species (MP, BP, 
kg S ha−1 and year): 

Supply 

- Deposition         5.0; 

- Organic fertilisation (cattle slurry; 0.5 LU ha−1)     2.6; 
Removal 

- 1 Lucerne-clover-grass (1st year, 8.2 t ha−1 DM)   16.0; 
- 2 Lucerne-clover-grass (2nd year, 10.0 t ha−1 DM)  23.0; 
- 3 Winter wheat (MP 4.1 t ha−1 DM)    11.0; 
- 4 Maize (10.5 t ha−1 DM)     18.4; 
- 5 Field beans (MP 3.2 t ha−1 DM)    10.5; 
- 6 Triticale (MP 4.8 t ha−1 DM)     11.9; 
- Total (MV per year)        15.1; 

Balance 1 
- Crop rotation (MV per year)       −7.5; 

Supplementary fertilisation to lucerne-clover-grass 
- Mineral S fertilisers (total and per year)   50.0   8.3; 

Balance 2 
- Crop rotation (incl. additional fertilisation)     0.8. 

Results of S balances in long-term trials and field surveys, particularly from eastern Germany, 
were mostly still in the positive range due to the partially high S depositions and the high S content 
in deeper soil layers. Especially on farms without livestock and with further reduction in the supply 
values, they have already increasingly fallen to negative balance levels [143,144,224,225]. The sample 
S balance of crop rotation presented here shows that even when long-term organic fertilisation and S 
deposition are taken into account, a negative S balance of −7.5 kg S ha−1 is calculated on average. This 
means that optimal balance ranges are not usually achieved either under the experimental conditions 
listed here or in agricultural practice. In the long term, recommendations for S fertilisation measures 
must therefore be drawn up. 

As the forage legumes are particularly suitable for S fertilisation, in this example a sufficiently 
high treatment (e.g., use higher optimum values from Table 8) should generally be applied to this 
crop in early spring. Sulphate-based fertilisers should usually be used, but fertilisers with elemental 
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sulphur are also suitable for forage plants. If the negative balances exceed the specified level, an 
additional mineral fertiliser, e.g., 30 kg S ha−1 for field beans, can be applied. As indicated in the 
example, finally the average requirement of the entire crop rotation should be covered and the S 
balances should be in the optimum range (class C). 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Table S1: Description of sites, trial setup and variants, and the range of recorded 
and calculated results for the meta-study on sulphur trials in Central Europe. 

Data Availability Statement: The cumulated data set is available in Table S1 (Supplementary material). 
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