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N2 Fixation
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Abstract: The sulphur content of the atmosphere has fallen sharply in recent decades. Due to a
reduction in plant nutrition with sulphur, this has also led to a drop in the S concentrations in certain
plant species over time. As a result, a lot of experimental work was carried out to remedy the
emerging yield and quality deficiencies on the farms. In this summarised study, data from 98 sites
in Germany and other European countries were recorded from 1998 to 2023, received from sulphur
fertiliser trials carried out on farms and experimental stations under organic farming conditions.
This second part of meta-analysis focuses on establishing relationships between the status of plant
nutrient supply with sulphur and biomass yield responses, the nitrogen uptake of crop species and
the extent of N2 fixation in legumes. The results of regression analyses based on the effect of the
S concentrations and the N:S ratios of the crop species on the relative yield differences between
851 standard variants (=100%) and 1177 sulphur treatment variants. In principle, declining yield
increases were determined as a result of increasing S concentrations and decreasing N:S ratios.
Except in the case of grain legume young plants, both characteristics were suitable for determining
corresponding limit values for yield formation. Different values were determined depending on
the plant species and harvest material. In extensive comparative analyses and discussion with
literature data, minimum sulphur concentrations and maximum values for N:S ratios for young
plants, vegetative harvest material (straw) and grain materials are proposed to ensure optimum
biomass yields of permanent grassland, lucerne–clover–grass, grain legumes and cereals for use in
practice of agricultural systems of different intensities.

Keywords: Germany; sulphur fertiliser trial; N:S ratios; young plants; grains; crop species; optimum
biomass yield

1. Introduction

Sulphur is an essential nutrient that fulfils various important functions in plants. A
good supply of S increases the quantity and biological value of protein, e.g., in feeding trials;
improves the baking quality of wheat; reduces nitrate accumulation in leafy vegetable
plants; and increases flavour-forming substances and secondary constituents, such as
mustard and leek oils, especially in cabbage, mustard and onions [1–3]. Sulphur also plays
an important role in the nitrogen binding of legumes through its direct involvement in the
N2 fixation process [4,5]. There are special plant–physiological relationships between S
and N concentrations of different plant parts, which resulting also in similar deficiency
symptoms: lightening of younger leaves, and leaf veins often remain green. It is almost
impossible for S to be translocated in the plant; therefore, older leaves remain dark green,
and with N deficiency, the older leaves also lighten in colour. Fuentes-Lara et al. [6] have
described the conversion processes from soil sulphur to plant sulphur compounds in detail.
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Bloem et al. [7] listed important research on the influence of sulphur in metabolic processes
and on the susceptibility and resistance of plants to disease.

Plant analyses are an important way of determining the degree of nutrient supply [8,9].
This involves the comparison of test results of the nutrient concentrations of certain plant
parts, usually in early vegetation stages, with tabular values that originate from experimen-
tal work from pot and field trials. These nutrient values are described as being sufficient
for the individual plant species for optimum plant growth. For the main nutrients, and
usually also for micronutrients, extensive research results are available from conventional
agriculture [10–12].

For a long time, however, there was no need for sulphur because plants became
oversupplied rather than deficient, mostly caused by S emissions from industrialisation.
But in recent decades, the sulphur content of the atmosphere has fallen sharply. This has
led to a decrease in sulphur supply and also to a sulphur deficiency in certain plant species,
even in the organic farming systems [13–16]. As a result of this development, there has been
a lot of experimental activity to overcome biomass yield and quality reductions caused by
S deficiency on farms.

In addition, the supply level in conventional agriculture, e.g., with the main growth
factor being nitrogen, is often twice as high as in organic farming [17]. This makes it
necessary to check and, if necessary, adjust all other growth factors according to the nutrient
level of the cultivation system on the basis of the long-known minimum and optimum
laws of plant growth [18,19]. However, hardly any research has yet been carried out on the
required optimum levels of sulphur in the plant materials used in organic farming [20–22].

In this study, therefore, a cross-regional evaluation of many field trials is carried out to
obtain and determine optimal S concentrations and N:S ratios of plant species for use in
organic farming cultivation systems [23,24]. The analyses achieved the following objectives:

- Establishment of quantitative relationships between the sulphur concentrations or
N:S ratios of the plant species and the dry biomass yield responses, N removals of the
crops and the extent of N2 fixation in legumes;

- Identification of S concentrations and N:S ratios of the plant species that can be
considered as sufficient for the cultivation conditions of organic farming to achieve
optimum yields;

- Comparison of these values from three growth stages (young plants, vegetative har-
vest and grain materials) of the plant species between different intensive cultivation
systems (organic–conventional).

2. Materials and Methods

For the nutrient sulphur (S), fertiliser trials under organic cultivation conditions were
collected from the period 1998–2023. From 98 sites with a focus on European countries,
results from a total of 1169 treatment variants with S fertiliser and 598 standard variants
without fertiliser were recorded in EXCEL files. See Part 1 of this study by Kolbe [25] for a
description of the sites, trial facilities and data analyses. The cultivated crop species were
generally summarised into species groups or evaluated individually: permanent grassland
with grass and clover species (white clover); forage legumes, e.g., from lucerne–clover–
grass (LCG); grain legume and cereal species; and other species (including maize and
winter oilseed rape).

Certain principles had to be observed in the trials. In addition to long-term compliance
with the cultivation conditions of organic farming [24], only fertilisers that were approved
or undergoing scientific testing were allowed to be used. For reasons of the ceteris paribus
rule, no organic fertilisers could be used, only ordinary mineral S fertilisers. The fertilisers
were applied directly to the crop (direct effect) or to a legume preceding the crop, whereby
a test of non-legume following crops was also included (succeeding effect). Each individual
trial had to include at least one standard variant in which no S fertiliser was applied.

At least annual biomass yield data on main products (or on total yields from individual
harvests or on main and by-products) of the cultivated crop species had to be available for
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all variants. The N removals and N2 fixation values of the legumes were also recorded. The
result values used, e.g., from the biomass yields, were determined at least from a standard
value (=100%) with no or low fertiliser and a treatment value from variants with fertiliser
or with higher fertiliser and shown as a relative yield difference. This approach made it
possible to analyse the nutrient-related differences between the recorded sites, crop years
and crop species together in one evaluation.

Furthermore, the determined S concentrations (n = 1087), N concentrations (VDLUFA-
Methodenbuch 3.4.1.54b, N also with Kjeldahl method, e.g., VDLUFA-Methodenbuch
vol. 1, part A, section 2.2.1.; Verband Deutscher Landwirtschaftlicher Untersuchungs-und
Forschungsanstalten, https://www.vdlufa.de) or the N:S ratios (S = 1, n = 784) of the
standard variants in the plant materials were recorded in up to three vegetation stages (%
DM): young plants until before the flowering stage; vegetative harvest material, mostly
by-product (BP) straw and main product (MP) grain. Typical harvest times and analysis
methods can be found in Schmidtke and Lux [21] and Becker et al. [20].

Regression analyses were used to compare the S concentrations and N:S ratios found
with the biomass yield results and other characteristics of the investigated crop species.
Those nutrient concentrations or coefficients were determined from which an optimum
biomass yield level could be manifested, or through which, in the sense of the minimum
law according to [18], on average, no yield losses would occur. For this purpose, the S
concentrations from the scatterplots were recorded visually or determined via calculation
where the regression curves reach and exceed the 100% mark (b–100), which gives the
indication of no yield effects. In addition, the standard errors of the regression were
determined, whereby, in this case, the error values for the S concentrations or N:S ratios
(S–x) are of greater importance. Finally, the minimum S concentrations or the maximum
N:S rations (y) can be roughly calculated using the values at 100% yield difference and
additional deduction of the error values or addition for the N:S ratios (y = b–100 ± S–x).
Other evaluation methods were also discussed [26]. With the help of comparative boxplot
analyses, a more precise fixation of the optimum values for sulphur was achieved between
the results determined here and literature data from conventional agriculture.

The statistical analysis of the test data was carried out using the Excel programme (ver-
sion 14.0.7268.5000, Microsoft Office Professional 2010). Regression analyses, correlations
(r), scatterplots, boxplots, median, mean (MV), quartiles, number (n), standard deviation
(s), standard error of the mean, standard error of the regression (S), the coefficient of deter-
mination (R2) and the equation slope (b) were calculated. Significance levels (one-sided
tests): p < 0.10 (*), p < 0.05 *, p < 0.01 **, p < 0.001 *** and n.s. = not significant.

3. Results and Discussion
3.1. Estimating the Influence of Site Factors

In the investigations, some important accompanying characteristics of the sites were
recorded, which could potentially have an influence on the main characteristics investi-
gated [27]. For example, increasing Smin values (=soluble mineral SO4-S) to characterise the
plant-available sulphur in the soil usually also resulted in increasing S concentrations in
the standard variants of the plants. At the same time, the N concentrations of the legumes
analysed also increased somewhat due to improved conditions for N2 fixation, while the N
concentrations in the non-legumes hardly changed.

The example of available S in the soil showed that, with r = 0.26 (p < 0.001, n = 502),
there are highly significant relationships between the Smin content of the soil at the start of
vegetation (0–60 cm depth) and the S concentrations in various organs of the tested plant
species of the standard variants (variants without S fertiliser) in this study. The results
showed lower statistical significance in young plant material than in older plant material,
as Link [28] also found in the leaves of winter oilseed rape. At the same time, he was able
to demonstrate that the relationships improved when the available sulphur was taken into
account not only in the topsoil (0–30 cm depth) but also in deeper soil layers. Overall,
however, it should be noted that these relationships are present, but not particularly close.

https://www.vdlufa.de
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The pH values of the soils obviously also influenced some characteristics to a lesser
extent, as evidenced, for example, by a slight increase in the N:S ratios of the plants. The
influences of clay content and current precipitation were somewhat more pronounced.
In soils with increasing values, slightly higher S concentrations were found in the plant
materials, while the N concentrations and the N:S ratios tended to decrease somewhat. In
detail, only certain positive influences of the better soils and relatively high precipitation
on the yield differences in the lucerne–clover–grass and some cereal variants occurred.
Overall, however, only very small effects of the site factors on the analysed biomass yields
were observed, making it easier to conduct the main investigations.

3.2. Mean Nutrient Concentrations of Sulphur, Nitrogen and N:S Ratios of the Plant Species

After the implementation of air pollution control measures, it was shown that not only
the Smin content of the soil but also the S concentration in the plant species had decreased,
in some cases quite markedly (see examples cited in [29]). As a result, initial proposals
for representative S concentrations of plant species in organic farming were made by
combining data from the recent past without taking older work into account [29,30]. As the
comparison of this data with all available mean S and N concentrations of the crop species
presented here shows, there is quite a good agreement in most cases (Table 1). However,
there are clearly large differences between the listed results and the results covered in the
conventional literature sources. Some of these values are at a much higher level and have
probably not yet been updated.

The S concentration of permanent grassland and arable forage in conventional farming
was described in more detail by Elsäßer et al. [31]: grassland, 0.14–0.29% S; pasture,
0.20–0.29% S; mown pasture, 0.20–0.28% S; field forage arable grass 3–4 cuts, 0.26% S; LCG
with 30% legumes, 0.28% S; LCG with 50% legumes, 0.29% S; LCG with 70% legumes, 0.31%
S; lucerne and red clover, 0.33% S in DM. In this study, some data, such as on the permanent
grassland or the lucerne-rich LCG stands, show slightly higher mean S concentrations in
the trial data than previously assumed in the table values presented for organic farming
(Table 1). In contrast, the S concentrations in the red clover-favoured growths are at a lower
level, and there is a better agreement with the table values. Ref. [22] also states an average
S content of approx. 0.15% and a range of 0.08–0.30% S in DM in clover–grass growths. The
crop data compiled here can therefore be used for the further revision of representative
nutrient contents in organic farming.

Table 1. Mean concentrations of S, N (% DM) and N:S ratios of young plants, harvested growth
(straw) and grain of the plant species analysed in this study compared to table values in the literature.

Plant Species Plant Parts Nutrient Organic Farming Conventional Farming
This Study Refs. [29,30] Ref. [32] Ref. [33]

(n) (% DM) (s) (% DM) (% DM) (% DM)

Permanent grassland Harvested growth S 52 0.251 0.064 0.16–0.20 0.24–0.39 0.24
N 52 2.58 0.44 1.30–2.70 - 1.30–2.80

N:S - 10.3 - 11.0 - 9.0

Lucerne–clover–grass
(mainly lucerne–grass) Grass growth S 58 0.263 0.100 0.18 0.50–0.60 0.50

Legume growth S 82 0.202 0.101 0.18 0.50–0.60 0.50
Mixture growth S 45 0.227 0.072 0.18 0.50–0.60 0.50

Grass growth N 54 2.00 0.56 1.90 - 2.40
Legume growth N 54 3.28 0.73 3.17–3.45 - 3.00
Mixture growth N 33 2.95 0.77 2.82 - 2.70–2.75
Mixture growth N:S - 13.0 - 15.7 - 5.5

Lucerne–clover–grass
(mainly red clover–grass) 1. growth S 33 0.145 0.060 - - -

2. + 3. growth S 35 0.166 0.075 0.18 0.50–0.60 0.50
Harvested growth S 107 0.186 0.079 0.18 0.50–0.60 0.50

1. growth N 47 3.10 0.53 - - -
2. + 3. growth N 15 2.54 0.48 2.15–3.10 - 2.60–2.65

Harvested growth N 63 3.11 0.43 2.75 - 2.60–2.65
Harvested growth N:S - 16.7 - 15.3 - 5.3
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Table 1. Cont.

Plant Species Plant Parts Nutrient Organic Farming Conventional Farming
This Study Refs. [29,30] Ref. [32] Ref. [33]

(n) (% DM) (s) (% DM) (% DM) (% DM)

Grain legumes (MV) Young plants S 225 0.241 0.067 - - -
Straw S 196 0.139 0.069 0.15 0.46–0.52 0.46
Grain S 215 0.211 0.061 0.18 0.23–0.30 0.23

Young plants N 62 3.83 1.06 - - -
Straw N 182 1.39 0.07 1.40 - -
Grain N 199 4.54 0.83 5.10 - -

Young plants N:S - 15.9 - - - -
Straw N:S - 10.0 - 10.2 - -
Grain N:S - 21.5 - 26.1 - -

Lupine Young plants S 37 0.233 0.053 - - -
Straw S 35 0.235 0.087 0.18 0.46–0.52 -
Grain S 39 0.259 0.047 0.24 0.23–0.34 -

Young plants N 3 3.06 0.06 - - -
Straw N 28 0.90 0.19 1.28 - 1.16
Grain N 32 5.20 0.43 5.58 6.26

Field bean Young plants S 64 0.209 0.066 - - -
Straw S 62 0.093 0.029 0.16 0.46–0.52 0.46
Grain S 66 0.193 0.045 0.20 0.23–0.26 0.23

Young plants N 37 4.34 1.01 - - -
Straw N 62 1.76 0.88 1.40 - 1.74
Grain N 64 4.91 0.51 4.88 - 4.76

Soya bean Young plants S 25 0.242 0.016 - - -
Straw S 3 0.227 0.015 0.15 0.46–0.52 -
Grain S 7 0.404 0.141 0.23 0.23–0.35 -

Young plants N 5 3.39 0.88 - - -
Straw N 3 2.68 1.11 1.05 - -
Grain N 30 6.28 0.57 6.40 - -

Pea Young plants S 94 0.274 0.061 - - -
Straw S 90 0.112 0.031 0.12 0.46–0.52 0.46
Grain S 94 0.193 0.026 0.16 0.23–0.28 0.23

Young plants N 12 3.24 0.42 - - -
Straw N 83 1.18 0.43 1.63 - 1.74
Grain N 87 3.91 0.57 4.07 - 4.18

Pea–cereal mixture Grain N 19 1.76 0.83 3.52 - -

Cereal species (MV) Young plants S 97 0.261 0.072 - - -
Straw S 15 0.109 0.042 0.10 0.18–0.22 0.17
Grain S 95 0.175 0.055 0.12 0.23–0.25 0.23

Young plants N 33 2.17 0.55 - - -
Straw N 15 0.52 0.16 0.51 - -
Grain N 100 1.89 0.37 1.80 - -

Young plants N:S - 8.3 - - - -
Straw N:S - 4.8 - 5.1 - -
Grain N:S - 10.8 - 14.6 - -

Winter wheat Young plants S 72 0.236 0.062 - - -
Straw S 14 0.111 0.042 0.10 0.17–0.21 0.17
Grain S 78 0.169 0.050 0.13 0.23–0.26 0.23

Young plants N 32 2.11 0.43 - - -
Straw N 14 0.52 0.16 0.51 - 0.58
Grain N 89 1.90 0.24 1.95 - 2.10

Spelt Young plants S 12 0.325 0.057 - - -
Straw S - - - 0.10 0.22–0.26 -
Grain S 6 0.245 0.005 0.12 0.23–0.26 -

Young plants N - - - - - -
Straw N - - - - - -
Grain N 4 1.97 0.17 2.48 - -

Triticale Young plants S 12 0.345 0.026 - - -
Straw S - - - 0.10 0.17–0.21 0.17
Grain S 6 0.240 0.033 0.11 0.22–0.23 0.23

Young plants N - - - - - -
Straw N - - - 0.51 - 0.58
Grain N 4 1.67 0.08 1.58 - 1.91

Spring wheat, spring
barley Young plants S 1 0.280 - - - -

Straw S 1 0.070 - 0.10 0.17–0.21 0.17
Grain S 5 0.104 0.009 0.12 0.23–0.26 0.23



Agronomy 2024, 14, 2989 6 of 27

Table 1. Cont.

Plant Species Plant Parts Nutrient Organic Farming Conventional Farming
This Study Refs. [29,30] Ref. [32] Ref. [33]

(n) (% DM) (s) (% DM) (% DM) (% DM)

Maize Young plants S 12 0.410 0.042 - - -
Straw S - - - 0.15 0.17–0.21 0.17
Grain S 9 0.210 0.009 0.19 0.23–0.26 0.23

Young plants N 12 4.53 0.03 - - -
Straw N - - - 0.91 - 1.04
Grain N 9 1.52 0.09 1.49 - 1.75

Winter rape Young plants S 5 0.669 0.122 - - -
Straw S - - - 0.26 0.14–0.46 0.23
Grain S 4 0.387 0.029 0.37 0.46–0.55 0.55

Young plants N 5 3.38 0.160 - - -
Straw N - - - 0.58 - 0.81
Grain N 4 4.80 0.01 3.08 - 3.68

3.3. Determination of Optimal Values for the S Concentrations and N:S Ratios of Plant Species for
Organic Farming Using Regression Analyses

There are quantitative correlations between the nutrient concentration in certain parts
of the plant and times of development during the vegetation period and the biomass
yield formation of the crops. As a rule, young, just-formed plant organs such as leaves
or stems up to the beginning of flowering are particularly suitable. In the case of young
cereals, the entire aboveground plant is often used. In order to determine and fix sufficient
nutrient levels that lead to undisturbed biomass yield formation, extensive experimental
studies have been carried out for each nutrient in the past. Their results have been de-
scribed in detail and summarised in tables for practical use in various countries (Germany,
Bergmann [10]; Australia, Reuter et al. [11]; and USA, Mills and Jones [34], Campbell [35],
and Plucknett [12]).

Due to a lack of our own values, we were previously assumed that the nutrient
concentrations determined under conventional conditions were also considered to be
reliable in organic farming and were applied without critical examination. However, as
the nutrient supply level in organic farming is usually clearly lower, these indicator values
should also be at a correspondingly differentiated level [19]. It is known that especially the
N concentrations of non-legumes are up to 20% lower in organic farming [29]. Furthermore,
it is already clear that lower optimal content classes should be aimed for in the basic
nutrients of the soil [36]. As a result of this study, it also includes the Smin content of the
soil (see Part I: [25]). With regard to the nutrient sulphur, Haneklaus et al. [37], for example,
point out that higher S concentrations should be aimed for to achieve maximum biomass
yields than to ensure an optimum yield level.

In principle, pot and field trials are suitable for plant analyses of the nutrient sulphur in
order to determine sufficient S concentrations of the various plant species for undisturbed
plant growth [38]. In the field trials presented here, plant samples from three fractions were
analysed as young plant material, by-products such as straw and main products such as
grains for the nutrients sulphur and nitrogen.

Only the sulphur concentration and the N:S ratios (S = 1) of the standard variants
without S fertiliser were used in the subsequent main evaluations. In total, analyses of
the S concentrations of 1177 variants and of the N:S ratios of 851 standard variants were
available. The mean values and the standard deviation of the S (and N) concentrations
and the N:S ratios of the analysed plant species groups are shown in Table 2. The S
concentrations (0.06–0.38% DM) and N:S ratios (4.2–39.9) were determined from seven data
series. Due to the relatively small number of values, the first series consists of a summary of
all data determined for grassland. In the case of lucerne–clover–grass, rows 2–4 represent
separate S analyses in the growth of grass, legumes and legume–grass mixtures, which
were determined, among others, by the following experimenters: Refs. [16,20,39,40]. In
addition, three further data series could be compiled in which growth at different times
of the growing season and regional differences were recorded, including the following
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studies: Refs. [20,22,41–46]. For the grain legumes and non-legume crop species, only three
data rows (0.05–0.45% S; 2.0–41.0 N:S rations) were collected [25].

Table 2. Mean values and standard deviation of the S and N concentrations (% DM) and the N:S
ratios (S = 1) in the main products of the standard variants for the analysed plant species groups.

Plant Group/Data Series S Concentration N:S Ratios N Concentration
No. Name (MV) (s) (MV) (s) (MV)

Permanent grassland and lucerne–clover–grasses
1 Grassland 0.251 0.062 11.25 2.88 2.82
2 LCG-grass 0.245 0.080 8.24 2.85 2.02
3 LCG-legumes 0.227 0.068 13.87 2.82 3.15
4 LCG-legume-grass mixture 0.227 0.072 12.18 2.95 2.77
5 LCG-1. growth 0.145 0.060 24.31 9.62 3.53
6 LCG-2 + 3. growth 0.166 0.075 15.52 4.96 2.58
7 LCG-MP-growth 0.179 0.076 20.18 8.42 3.61

Grain legumes
1 Young plants 0.247 0.064 23.94 5.49 5.91
2 Vegetative harvest material (BP-straw) 0.128 0.068 11.77 5.60 1.51
3 MP-grain 0.202 0.043 22.30 5.25 4.51

Cereals
1 Young plants 0.272 0.080 10.99 1.32 2.99
2 Vegetative harvest material (BP-straw) 0.109 0.043 5.25 1.76 0.57
3 MP-grain 0.175 0.043 12.50 1.94 2.19

Winter rape
1 Young plants 0.670 0.122 5.14 0.65 3.44
2 MP-grain 0.420 0.071 11.65 1.80 4.89

Maize
1 MP-grain 0.290 0.113 8.82 2.35 2.56

LCG = lucerne–clover–grass; MP = main product; BP = by-product; MV = mean value; s = standard deviation.

3.3.1. Permanent Grassland and Lucerne–Clover–Grass

In the lucerne–clover–grass trials, usually the S fertiliser treatments in many regions
in Germany increased both the S concentrations and the biomass yields of the forage
crops [20,22,25,45,46]. The S concentration and, thus, also the S removal increased in both
parts of the legume–grass mixtures [40]. In the extensive S fertiliser trials on arable forage
crops in organic farming, a rise in the N concentrations of perennial legume grasses and an
increase in the proportion of legumes in the mixtures were also determined [22,40,47]. In
the mixtures, it was primarily the biomass yields and the N concentration of the legume
fraction that were increased and only slightly that of the non-legume fraction. The fertilised
crops appeared more voluminous with larger leaf blades and had a darker green colour,
probably due to increased chlorophyll levels, which was often still visible in the following
year. According to the extensive evaluations presented here, the great importance of S
fertiliser of arable forage for increasing the N2 fixation and the N concentrations in the
growing crops and for shifting the legume–grass ratio in favour of the legume proportion
could also be emphasized; see part 1 [25].

After screening and removing outliers, these data for grassland and lucerne–clover–
grasses were compared with the relative difference values determined by the various
treatments between standard (=100%) and fertiliser variants for the following characteristics:
dry biomass yield, N concentration, N removal, legume proportions of legume–non-legume
mixtures and N2 fixation of legume crops. Figures 1 and 2 summarise the results for the S
concentration variants in graphical form. In almost all data series, the individual values
varied more strongly in the low S concentration area than in the high S concentration range.
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MP = main product).

For example, at relatively low S concentrations, biomass yields increased to almost
180% with additional S fertiliser (standard variants without fertilisation = 100%). Contents
of approximately less than 0.20% S DM also indicate a clear S deficiency. In addition, two
groupings can be recognised in all representations, each consisting of rows 2–4 and 5–7,
with the data for grassland growth (row 1) belonging to the latter group. The data numbers
for fixing a clear curve of the regressions can generally be described as sufficient. However,
only a small number of data were available for the N removal and N2 fixation differences
of permanent grassland.

The regression curves for the arable forage rows (LCG 2–7) are relatively clear and
often highly significant (Figure 1). Despite widely varying trends at low S levels, all
regressions converge to a concentration range around 100% yield difference with increasing
S levels. At these S concentrations, on average, no further changes in biomass yield can be
observed as a result of different sites and additional S fertiliser. Taking into account the
data variability, the values are determined for which, on average, additional S fertiliser
does not lead to any further increase in biomass yield (yield mark 100%). This range is
approximately at concentrations between 0.30 and 0.33% S in the dry matter of the plant
materials. The curves for rows 2–4 make it easier to localise these transitions than the much
flatter curves for rows 5–7 (including grassland row no. 1).

Values from the first growth (row 5) are characterised by a very flat curve and are,
in some cases, much less statistically reliable, while an adjustment is already somewhat
more successful for the LCG growths 2 + 3 and for grassland (rows 6, 7 and 1). Differences
between pure legume and grass crops, which were pre-sorted from the mixtures, should
also be noted. The values of pure grass stands in the mixtures show slightly higher S
concentrations, and the regression curve also reaches the 100% mark at slightly higher S
concentrations than in the legume rows (Figure 1). In principle, these specific curves are
also found in the evaluation of the N removal and the N2 fixation differences of these plant
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species (Figure 2). Arable grass always has slightly higher S concentrations and reaches
the 100% mark with 0.34–0.35% S at higher values, while the LCG rows 5 and 6 (1st and
2nd + 3rd growths) fall below the 100% mark even at S concentrations of 0.20% DM.

After subtracting the standard errors (S–x) from the determined 100% transition values
of the regressions (b–100), the individual minimum required S concentrations of the test
series can be obtained (Table 3). Using the example of the biomass yield differences,
these S concentrations for grassland and lucerne–clover–grass are, on average, 0.26% S
(0.24–0.28% S). Based on the N removal values, these required S concentrations are 0.23%
S (0.17–0.29% S) and around 0.24% S (0.16–0.28% S) for achieving optimum N2 fixation
quantities. According to these results, pre-sorted arable grasses in the legume–grass mixture
or grassland, with the usually low legume proportion, have the highest minimum values,
with 0.28% and 0.26% S, respectively. The various LCG crops follow, from pure legumes
to the legume–grass mixtures with minimum values between 0.21 and 0.25% S in the
DM growths.

Table 3. Statistical supplementary data for determining minimum sulphur concentrations (% DM)
to ensure optimum growth conditions and biomass yield performance in permanent grassland and
lucerne–clover–grass stands (basis: Figures 1 and 2).

Data Series DM Yield N Removal N2 Fixation
No. Name (b–100) (S–x) (S–y) (b–100) (S–x) (S–y) (b–100) (S–x) (S–y)

1 Grassland 0.30–0.33 0.055 4.6 n.d. 0.063 6.7 n.d. 0.070 16.8
2 LCG-grass 0.32–0.34 0.055 17.7 0.33–0.35 0.053 28.8 0.33–0.35 0.056 45.5
3 LCG-legumes 0.31–0.33 0.056 19.7 0.29–0.31 0.041 26.1 0.29–0.31 0.041 40.1

4 LCG-legume-grass
mixture 0.29–0.30 0.054 19.6 0.29–0.31 0.042 26.6 0.29–0.31 0.044 42.4

5 LCG-1. growth 0.29–0.34 0.060 23.3 0.20–0.22 0.040 34.7 0.22–0.24 0.039 56.9
6 LCG-2 + 3. growth 0.29–0.34 0.073 30.5 0.18–0.20 0.035 39.9 0.19–0.21 0.038 66.7
7 LCG-MP-growth 0.32–0.35 0.070 10.5 n.d. 0.074 21.7 >0.35 0.081 33.8

LCG = lucerne–clover–grass; MP = main product; n.d. = not determinable; b–100 = S concentrations at which the
regression curve reaches and falls below the 100% mark; S–x, S–y = standard errors of the regression (total).

In Figures 3 and 4, the N:S ratios of the standard variants are evaluated in the same
way in relation to additional S fertiliser of permanent grassland and the LCG variants. In
principle, a visual division of the data series into two groups was again determined. The
results for biomass yield, N removal and N2 fixation differences were also very similar.
Almost all data series reached the 100% mark at a certain level of N:S ratios in the plant
materials between 5.0 and 11.0.

After precise determination of the N:S transition values of the regression curves of
the test series in the area of the 100% line and the addition of the standard errors (Table 4),
the following maximum values of N:S ratios for achieving optimum plant growth could
be calculated:

- DM yields: 12.4 (7.6–16.6);
- N removal: 11.8 (7.5–15.7);
- N2 fixation: 12.2 (7.5–16.2).

According to the relatively low results to date, permanent grassland should not exceed
a maximum N:S ratio of around 10.0. The lowest ratio was found in the arable grass
portion of the LCG mixtures with N:S values of around 7.5, while the LCG mixtures should
have maximum N:S ratios of around 13.0–14.0 in order to enable optimum plant growth.
According to these results, the LCG trial series of the first growth was relatively unsuitable
to allow for a reliable classification (Table 4).
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Table 4. Supplementary statistical data for determining maximum values in the N:S ratios (S = 1)
to ensure optimum growth conditions and biomass yield performance in permanent grassland and
lucerne–clover–grass (basis: Figures 3 and 4).

Data Series DM Yield N Removal N2 Fixation
No. Name (b–100) (S–x) (S–y) (b–100) (S–x) (S–y) (b–100) (S–x) (S–y)

1 Grassland <7.0 2.85 5.0 n.d. 2.83 5.8 n.d. 3.67 17.2
2 LCG-grass 5.0–6.0 2.09 16.0 5.0–6.0 1.95 24.1 5.0–6.0 1.95 37.3
3 LCG-legumes 7.0–9.0 2.61 20.3 8.0–10.0 2.53 32.0 10.0–12.0 2.17 46.9

4 LCG-legume-grass
mixture 8.0–9.0 2.36 18.3 8.0–9.0 2.34 29.1 8.0–9.0 2.34 44.3

5 LCG-1. growth <7.0 9.59 26.8 n.d. 11.24 37.3 n.d. 11.34 59.6
6 LCG-2 + 3. growth 11.0–12.0 3.38 26.0 9.0–10.0 3.78 38.6 8.0–10.0 4.11 62.6
7 LCG-MP-growth 7.0–11.0 7.48 5.0 7.0–9.0 7.74 10.9 7.0–9.0 8.24 11.9

LCG = lucerne–clover–grass; MP = main product; n.d. = not determinable; b–100 = S concentrations at which the
regression curve reaches and falls below the 100% mark; S–x, S–y = standard errors of the regression (total).

3.3.2. Grain Legumes

According to the previous evaluations of the individual grain legume trials, including
the pea–cereal mixtures, hardly any significant yield effects were observed as a result of
the S fertiliser measures. Minor increases were only achieved in the S concentrations of the
harvested materials [48–51]. Field bean and pea accumulated S mainly in the grain, and
lupine in the straw. The S concentration in young plants depended on the demand. The
calculated S efficiency of the fertiliser was between 3 and 9% for field beans. In the lupine
trials, S efficiencies of 4–7%, and for peas, between 5 and 8%, were determined. According
to the compiled fertiliser trials by Gruber et al. [22], only minor-to-no yield effects on grain
and straw of grain legumes were recorded, although the S concentrations also increased.
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Winter forms of grain legumes could be characterised by a higher S demand, as isolated
trials with peas, for example, have shown. In the trials with grain legumes, however,
S fertiliser treatments apparently hardly led to an increase in the N concentrations [48].
But according to the extensive evaluations presented in Part 1 [25], the S fertiliser of pea
and oat cultivation also increases the N concentrations in the mixtures and shifting the
legume–grass ratio in favour of the legume proportion but to a lesser extent.

For the grain legumes (lupine, pea, field bean and soya bean), three rows of data with
S concentrations and N:S ratios of the standard variants were available. After comparing
these data with the DM grain yield differences between standard and treatment variants, in
accordance with the relatively large data variability, only moderately significant regression
curves were determined (Figures 5 and 6).
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A slight but highly significant increase in yield differences was observed in the range
of increasing S concentrations of the young plants (up to the beginning of flowering).
At S concentrations of 0.20% DM upwards, a slightly increasing yield difference in the
harvest material can apparently be expected with additional S fertiliser. The results from
the young plant material therefore do not appear to be suitable for determining minimum
levels. In the vegetative harvest material (usually straw) and the DM grains, on the other
hand, increasing S concentrations led to decreasing biomass yield differences. At too low
concentrations of less than 0.15% S DM, maximum yield increases of over 150% and average
values of 105% were recorded (without fertilisation = 100%). The 100% mark was undercut
in both data series between 0.25 and 0.28% S (Figure 5).
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In principle, similar results were found for the N:S ratios in the plant material of the
grain legumes (Figure 6). In the vegetative and generative harvest material, decreasing
yield differences were also determined as a result of decreasing N:S ratios. Corresponding
to the different N concentrations in these two data series, the 100% yield mark was reached
at very different N:S ratios. From the material of the young plants, it was also not possible
to draw any conclusions about the N:S ratios.

Table 5 summarises the supplementary statistical data for determining the minimum
necessary S concentrations and maximum tolerable N:S ratios to ensure optimum biomass
yields on average for the grain legume species. Using the mean values determined to reach
the 100% mark (b–100) minus the simple standard errors of the S concentrations of the
regressions (S–x), the following minimum values of S concentrations could be calculated:

- Young plants: approx. 0.24% S DM;
- Vegetative harvest material (straw): 0.19–0.22 (0.19–0.24)% S DM;
- MP grain: 0.22 (0.18–0.26)% S DM.

The following average values were determined for the maximum tolerable N:S ratios
(S = 1) in the plant materials (Table 5: b–100 + S–x):

- Young plants: approx. 24.4;
- Vegetative harvest material (straw): 11.7 (10.9–12.6);
- MP grain: 22.0 (19.2–24.7).
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Table 5. Supplementary statistical data for determining minimum values of S concentration (%
DM) and maximum values in the N:S ratios (S = 1) to ensure optimum growth conditions and yield
performance in grain legumes (basis: Figures 5 and 6).

Data Series DM Yield N Removal N2 Fixation
No. Name (b–100) (S–x) (S–y) (b–100) (S–x) (S–y) (b–100) (S–x) (S–y)

S concentrations
1 Young plants n.d. 0.063 11.6 n.d. 0.063 12.1 0.29–0.30 0.059 16.9

2 Vegetative harvest
material (straw) 0.25–0.27 0.069 13.4 0.30–0.33 0.077 13.0 0.31–0.32 0.074 16.8

3 MP grain 0.26–0.27 0.043 13.3 0.30–0.31 0.045 13.1 0.21–0.23 0.044 16.4

N:S ratios

1 Young plants n.d. 5.67 11.9 n.d. 5.75 11.9 approx.
20.0–21.0 3.85 22.0

2 Vegetative harvest
material (straw) 6.0–8.0 5.57 11.0 4.0–7.0 5.97 10.2 3.0–7.0 5.89 10.8

3 MP grain 18.0–21.0 5.23 10.9 n.d. 4.78 10.7 13.0–16.0 4.68 17.6

MP = main product; n.d. = not determinable; b–100 = S concentrations at which the regression curve reaches and
falls below the 100% mark; S–x, S–y = standard errors of the regression (total).

3.3.3. Non-Legume Crops

As a result of S fertilisation, especially winter wheat showed only minor biomass yield
effects in the cereals tested. Direct fertiliser of cereals can then often be omitted [20,22,25,52].
In durum wheat, S soil fertiliser increased the biomass yield particularly when coupled
with organic fertiliser. In contrast, the quality of the grains was not changed [53]. In the
trials with cereals, S fertiliser treatments apparently hardly led to an increase in the N
concentrations [48]. However, S foliar fertiliser increased the quality of durum wheat (N
concentration and sedimentation test), but not the biomass yield [53].

For non-legume crops, reliable data are available from the tested cereals, especially
winter wheat. There are some large differences between the data series examined, which
include the results of both the direct effect and the succeeding effect of S fertilisation. Only
the regression results of the three data series on the direct fertiliser effects are analysed here
(Figure 7). The values for the succeeding effects cannot be taken into account because they
may not be due to S effects alone (see Part 1 [25]).

At very low S concentrations, S fertiliser could only achieve average biomass yield
increases of about 105% and maximum values of up to 120% (without fertilisation = 100%).
Depending on the data series, a decrease in biomass yield differences can be seen with
increasing S concentrations. However, as the S fertiliser effects were only very limited in the
cereals, the regression curves already fall below the 100% mark at relatively low S levels.

The data on the N concentration and N removal differences to the S concentrations and
the N:S ratios were also analysed in a similar way. Using the supplementary statistical data
compiled in Table 6 (b–100; S–x), the following minimum values for the S concentrations
in the cereals (especially winter wheat) were summarised to produce optimum biomass
yields (% S DM):

- Young plants: 0.11 (0.09–0.12);
- Vegetative harvest material (straw): 0.11 (0.08–0.13);
- MP grain: 0.11.

The maximum N:S ratios (S = 1) obtained for the three data series analysed for the
cereals are as follows:

- Young plants: 15.3 (14.5–16.0);
- Vegetative harvest material (straw): 7.5 (6.8–7.8);
- MP grain: 13.9 (13.4–14.4).
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Table 6. Supplementary statistical data for determining minimum values of S concentration (%
DM) and maximum values in the N:S ratios (S = 1) to ensure optimum growth conditions and yield
performance in cereal crops (basis Figure 7: biomass yields).

Data Series DM Yield N Concentration N Removal
No. Name (b–100) (S–x) (S–y) (b–100) (S–x) (S–y) (b–100) (S–x) (S–y)

S concentrations
1 Young plants 0.16–0.18 0.078 7.0 n.d. 0.076 13.8 approx. 0.20 0.077 9.2

2 Vegetative harvest
material (straw)

approx.
0.16–0.20 0.049 4.0 n.d. 0.043 15.5 0.11–0.14 0.047 19.0

3 MP grain 0.14–0.16 0.043 7.8 n.d. 0.041 11.5 n.d. 0.043 11.1

N:S ratios

1 Young plants n.d. 1.19 3.2 approx.
14.0–15.0 1.49 5.7 approx.

12.0–14.0 1.47 5.4

2 Vegetative harvest
material (straw)

approx.
5.0–7.0 1.78 4.0 approx.

5.0–7.0 1.84 15.9 approx.
4.0–6.0 1.80 19.7

3 MP grain approx.
11.0–13.0 1.93 6.9 approx.

11.0–14.0 1.93 7.0 approx.
10.0–13.0 1.90 10.1

MP = main product; n.d. = not determinable; b–100 = S concentrations at which the regression curve reaches and
falls below the 100% mark; S–x, S–y = standard errors of the regression (total).

For other non-leguminous crops, only indicative values for optimum yield perfor-
mance are available for winter rape and maize (Table 7). The following values can be
suggested on the basis of the supporting statistical data:

- Young plants winter rape: 0.56% S; 5.1 N:S ratio;
- MP grain winter rape: 0.48% S; 10.3 N:S ratio;
- MP grain maize: 0.14% S DM.
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Table 7. Supplementary statistical data for determining minimum values of S concentrations (% DM)
and maximum values in the N:S ratios (S = 1) to ensure optimum growth conditions for winter rape
and maize.

Data Series Winter Rape: DM Yield Maize: DM Yield
No. Name (b–100) (S–x) (b–100) (S–x)

S concentrations
1 Young plants >0.70 0.136 - -
2 MP grain approx. 0.50–0.54 0.043 approx. 0.24–0.30 0.126

N:S ratios
1 Young plants approx. 4.0–4.8 0.71 - -
2 MP grain approx. 8.5–9.5 1.26 n.d. 1.626

MP = main product; n.d. = not determinable; b–100 = S concentrations at which the regression curve reaches and
falls below the 100% mark; S–x = standard error of the regression (total).

3.4. Determination of Optimal Value Ranges of Plant Species Between Organic and Conventional
Cultivation Methods by Using Boxplot Analyses

First of all, these studies have shown that it was obviously easier to determine optimal
ranges for the Smin content of the soil and the expected biomass yield [25]. The effort
required to crystallise optimal nutrient concentrations and N:S ratios, on the other hand,
was much more complicated, partly because the plant data material originated from
different sites, vegetation stages and plant species. For example, confounding factors (e.g.,
site) often made it difficult to accurately identify S-deficiency areas. On the other hand,
the establishment of minimum and maximum values was more successful, particularly for
vegetative (straw) and corn materials. Less suitable were analyses of LCG-1. growth and
young plant material.

Initial comparisons of these determined values with published tables by Mills and
Jones [34] and Dick et al. [54] in the USA, as well as Koch et al. [55] and Olfs et al. [56] in
Germany, for use in conventional practice have also produced unsatisfactory results. Sub-
sequently, a more extensive collection of corresponding literature data from conventional
agriculture was compiled for each plant species. For a more precise definition of value
ranges for the sulphur supply, an extended evaluation was then carried out with the use of
boxplot analyses in order to finally achieve a better differentiation of the results obtained
between the cultivation systems.

In the case of lucerne–clover–grasses (LCGs), with over 10 individual values in most
cases, a sufficiently high number of values were generally available for these analyses
(Table 8). The S concentrations in organic farming are, on average, at a somewhat lower
level, which is particularly true for the A variants (mean, 0.24%; median, 0.25% S). Neither
the maximum values nor the span range and standard deviation of the values in conven-
tional farming were achieved. Nevertheless, including all calculation variants (A and B),
only slightly different S concentrations for optimal yield formation were determined for
both farming systems (mean and median between 0.24 and 0.28% S). This also applies in
particular to the pure legume crops (LCG–legumes) listed separately in organic farming,
and they were selected from LCG mixtures.

In contrast, the N:S ratios in the organic LCG, particularly in the A variant with
13.1–13.2, are at a slightly higher level than the values from conventional cultivation, with
values between 11.0 and 11.6. Compared to the N concentrations, only slightly lower S
concentrations are therefore found in organic farming. The minimum values are, in some
cases, clearly exceeded, while the range and the standard deviation are characterised by
lower N:S values compared to conventional farming. Overall, however, the average values
(mean and median) are again at a comparably high level in both systems, with N:S ratios
between 11.0 and 13.0. In the pre-sorted LCG–legume stands, slightly lower N:S ratios
were even calculated with values around 10.6. The proportion of legumes in the organically
grown LCG crops was approx. 62% (±20%).
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Table 8. Boxplot evaluations of minimum S concentrations (% DM) and maximum N:S ratios (S = 1)
to characterise sufficient S nutrition in this study compared to literature data: lucerne–clover pure
stand selected (LCG legumes) and lucerne–clover–grass (LCG mixtures).

Boxplot
Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A + B A B MV (A, B) References (1) A + B A B MV (A, B) References (2)

Field Forage
Types

LCG
Legumes

LCG
Mixtures

LCG
Mixtures

LCG
Mixtures

LCG
Mixtures

LCG
Legumes

LCG
Mixtures

LCG
Mixtures

LCG
Mixtures

LCG
Mixtures

Number 6 21 21 42 13 12 19 19 38 13
Mean value 0.270 0.239 0.266 0.252 0.268 10.6 13.2 11.2 12.2 11.6

Median value 0.270 0.250 0.280 0.260 0.260 10.6 13.1 11.2 11.8 11.0
Standard
deviation 0.014 0.032 0.035 0.036 0.084 1.25 2.35 1.59 2.23 3.01

Minimum
value 0.25 0.17 0.20 0.17 0.18 8.31 9.60 8.31 8.31 5.00

Quartiles 25 0.26 0.22 0.24 0.23 0.20 9.60 11.1 9.92 10.6 11.0
75 0.28 0.26 0.29 0.28 0.30 11.6 14.9 12.4 13.7 14.0

Maximum
value 0.29 0.28 0.32 0.32 0.50 12.8 17.5 13.7 17.5 16.0

Span range 0.04 0.11 0.12 0.15 0.32 4.46 7.90 5.40 9.18 11.0
Standard error

of mean 0.008 0.007 0.008 0.006 0.023 0.360 0.540 0.360 0.361 0.840

References (1): [34,54,56–59] (2): [8,56,58–63]

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

Only a few surveys are available for the analyses of pure arable grass cultivation
(Table 9). In addition, the limited values for organic farming come from correspondingly
selected LCG mixture growths, as no trials with pure arable grass cultivation have been
carried out to date. The S concentrations with values around 0.28–0.31% are approx. 0.10%
S higher than those of conventional farming, while the average N:S ratios with values
around 7.0 are only half as high. The analyses show that arable grasses in LCG mixtures
have both relatively high S concentrations and relatively low N concentrations. In principle,
these findings also apply to the growth from permanent grassland. There are therefore
clear differences in the minimum sulphur concentration and the maximum N:S ratios in
the growths of both types of grass (see Tables 9 and 10).

Table 9. Boxplot evaluations of minimum S concentrations (% DM) and maximum N:S ratios (S = 1)
to characterise sufficient S nutrition by this study in comparison with literature data: arable grass
(organic farming: selected from LCG mixtures).

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 3 3 6 6 3 3 6 9
Mean value 0.280 0.310 0.295 0.193 7.50 6.50 7.00 14.1

Median value 0.280 0.310 0.295 0.210 7.50 6.50 7.00 14.0
Standard deviation 0.010 0.010 0.019 0.066 0.500 0.500 0.707 2.570

Minimum value 0.27 0.30 0.27 0.10 7.00 6.00 6.00 10.7
Quartiles 25 0.28 0.31 0.28 0.15 7.25 6.25 6.63 12.0

75 0.29 0.32 0.31 0.25 7.75 6.75 7.38 16.0
Maximum value 0.29 0.32 0.32 0.25 8.00 7.00 8.00 19.0

Span range 0.02 0.02 0.04 0.15 1.00 1.00 2.00 8.30
Standard error of mean 0.006 0.006 0.008 0.027 0.289 0.289 0.289 0.860

References (1): [8,60,64,65] (2): [8,61,64,65]

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

There are also only a few nutrient values from permanent grassland grown organically,
and they are characterised by a much smaller range and standard deviation (Table 10). The
mean minimum required S concentrations of 0.28 (0.26–0.29)% S are approx. 0.03–0.05% S
higher than those from conventional production, while the maximum required N:S ratios of
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9.1 (8.4–9.9) are at least 2.9–4.1 units lower than in conventional cultivation (mean, median).
Permanent grassland stands from organic production were generally characterised by
legume proportions of around 16% (±14%). No literature was available on the legume
components from conventional cultivation. However, the values are generally at a very
low level.

Table 10. Boxplot evaluations of minimum S concentrations (% DM) and maximum N:S ra-
tios (S = 1) to characterise sufficient S nutrition by this study in comparison to literature data:
permanent grassland.

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 3 3 6 12 1 1 2 14
Mean value 0.263 0.287 0.275 0.229 9.85 8.43 9.14 13.2

Median value 0.260 0.290 0.275 0.250 9.85 8.43 9.14 12.0
Standard deviation 0.015 0.015 0.019 0.070 1.00 2.69

Minimum value 0.25 0.27 0.25 0.10 8.43 8.0
Quartiles 25 0.26 0.28 0.26 0.18 8.79 12.0

75 0.27 0.30 0.29 0.30 9.50 15.0
Maximum value 0.28 0.30 0.30 0.30 9.85 19.0

Span range 0.03 0.03 0.05 0.20 1.42 11.0
Standard error of mean 0.009 0.009 0.008 0.020 0.710 0.720

References (1): [8,34,54–56,64,66–68] (2): [8,55,56,64,66–69]

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

Even for the analyses of the grain legumes on average, the number of evaluable results
was relatively low (Table 11). In some cases, results from organic cultivation were even
taken into account on the conventional side. In addition, particular evaluation difficulties
were encountered with the data series of the young plants. The evaluations of the boxplot
analyses of the young plants of grain legumes have shown that the minimum values of
the S concentrations are higher, but the maximum values, the range and the standard
deviation are at a much lower level than in the conventional comparative analyses. Using
the calculated mean and median values, minimum values between 0.23 and 0.27% S were
determined in the young plants in organic crops, while values between 0.29 and 0.39% S
are considered necessary for optimum yield formation in conventional farming.

Table 11. Boxplot evaluations of minimum S concentrations (% DM) and maximum N:S values (S = 1)
to characterise sufficient S nutrition by this study in comparison with literature data: grain-legume
young plants.

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 3 3 6 10 6 6 12 4
Mean value 0.233 0.267 0.250 0.387 24.8 22.7 23.7 19.0

Median value 0.230 0.270 0.250 0.290 24.8 22.7 23.6 20.0
Standard deviation 0.006 0.006 0.019 0.206 0.680 0.520 1.261 2.300

Minimum value 0.23 0.26 0.23 0.20 23.9 21.9 21.9 15.6
Quartiles 25 0.23 0.27 0.23 0.25 24.5 22.4 22.8 18.9

75 0.24 0.27 0.27 0.44 25.2 22.9 24.8 20.1
Maximum value 0.24 0.27 0.27 0.75 25.8 23.4 25.8 20.5

Span range 0.01 0.01 0.04 0.55 1.93 1.47 3.85 4.90
Standard error of mean 0.004 0.004 0.008 0.065 0.278 0.212 0.364 1.150

References (1): [22,49–51,63,70,71] (2): [49–51,56,70]

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

The reported maximum values of the N:S ratios showed significantly higher values,
with an average of over 4.0–5.0 units, but the range and the standard deviation were, in
some cases, at a considerably lower level than in conventional farming. While maximum
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values in the N:S ratios between 19.0 and 20.0 can be considered sufficient in conventional
farming (mean, median), according to these analyses, N:S ratios between 23.0 and 25.0 can
be sufficient to achieve an optimum biomass yield level under organic farming conditions
(Table 11).

No reliable data from the conventional literature were found for the boxplot analyses
of the straw and grain variants of grain legumes. From the few data series that were our
own, minimum required S concentrations for grain legume straw between 0.21 and 0.25% S
and between 0.22 and 0.24% S in grain materials of this plant group were determined. The
widest N:S ratios of 9.3–12.1 in straw and 20.8–23.4 in the grains should not be exceeded, as
otherwise a latent S deficiency and reduced yields are to be expected (Tables 12 and 13).

Table 12. Boxplot analyses of minimum S concentrations (% DM) and maximum N:S values (S = 1) to
characterise sufficient S nutrition by this study in comparison with literature data: grain legume straw.

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 6 6 12 6 6 12
Mean value 0.205 0.245 0.225 12.1 9.27 10.7

Median value 0.205 0.245 0.225 12.1 9.29 10.5
Standard deviation 0.019 0.019 0.027 1.25 1.28 1.91

Minimum value 0.18 0.22 0.18 10.1 7.24 7.24
Quartiles 25 0.19 0.23 0.21 11.6 8.75 9.54

75 0.22 0.26 0.24 13.0 10.1 11.9
Maximum value 0.23 0.27 0.27 13.6 10.8 13.6

Span range 0.05 0.05 0.09 3.43 3.55 6.33
Standard error of mean 0.008 0.008 0.008 0.510 0.523 0.551

References (1): - (2): -

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

Table 13. Boxplot evaluations of minimum S concentrations (% DM) and maximum N:S ratios
(S = 1) to characterise sufficient S nutrition by this study in comparison with literature data: grain
legume grains.

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 3 3 6 6 6 12
Mean value 0.220 0.243 0.232 23.4 20.8 22.1

Median value 0.220 0.240 0.235 23.4 20.8 22.0
Standard deviation 0.010 0.006 0.015 2.03 1.97 2.32

Minimum value 0.21 0.24 0.21 20.5 18.0 18.0
Quartiles 25 0.22 0.24 0.22 22.3 19.8 20.6

75 0.23 0.25 0.24 24.4 21.8 23.5
Maximum value 0.23 0.25 0.25 26.2 23.6 26.2

Span range 0.02 0.01 0.04 5.77 5.64 8.25
Standard error of mean 0.006 0.004 0.006 0.829 0.804 0.671

References (1): - (2): -

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

The number of S concentrations and N:S ratios found in the literature for assessing the
parameters required to achieve optimum biomass yields can be described as sufficient for
the young plants of the cereal species (Table 14). The ranges and the standard deviations
achieved in the organic trials were again relatively low. For the S concentrations, the
values in the lower supply range were still relatively consistent between the cultivation
systems. However, the 75% quartiles or the maximum values were at a much higher level
in conventional cultivation. For these reasons, the minimum required S concentrations in
organic farming with values between 0.11 and 0.15% S in the young plants are more than
50% lower than the values in conventional farming (around 0.25% S, mean value, median).
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Table 14. Boxplot evaluations of minimum S concentrations (% DM) and maximum N:S ratios
(S = 1) to characterise sufficient S nutrition by this study in comparison with literature data: cereal
young plants.

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 3 3 6 24 3 3 6 14
Mean value 0.107 0.147 0.127 0.248 15.2 14.5 14.9 14.2

Median value 0.110 0.150 0.125 0.250 15.2 14.5 14.9 14.8
Standard deviation 0.006 0.006 0.023 0.087 0.75 0.75 0.78 2.93

Minimum value 0.10 0.14 0.10 0.12 14.5 13.8 13.8 10.0
Quartiles 25 0.11 0.15 0.11 0.17 14.9 14.1 14.5 11.3

75 0.11 0.15 0.15 0.31 15.6 14.9 15.3 16.8
Maximum value 0.11 0.15 0.15 0.40 16.0 15.3 16.0 19.0

Span range 0.01 0.01 0.05 0.28 1.50 1.50 2.23 9.00
Standard error of mean 0.004 0.004 0.009 0.018 0.433 0.433 0.319 0.780

References (1): [3,34,37,54–58,63–65,68,71–74] (2): [3,8,56–58,64,65,72,74]

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

The range and standard deviation of the conventional values of the N:S ratios were
also at a clearly higher level than for the organically grown young plants. The organic
N:S ratios are more concentrated in the middle range. Therefore, the calculated mean and
median values with N:S ratios between 14.5 and 15.2 show a relatively high agreement
between the two systems. This result is even remarkable, as the N concentrations in the
plant materials are usually higher in conventional cultivation due to the higher N fertiliser.

To characterise the required S supply of cereal straw, only a small number of values
for the S concentrations were found in the literature (Table 15). The mean and median
values obtained correspond quite well with 0.11–0.15% S between the cultivation systems.
For the N:S ratios, some data are only available from this study. N:S ratios around 7.0
seem to be sufficient as maximum values. Only a few values could also be determined for
the assessment of the S supply of cereal grains (Table 16). According to these results, the
minimum concentrations of 0.11–0.13% S in organic farming are at a slightly lower level
than those in conventional farming. In contrast, somewhat higher maximum values were
found with N:S ratios of 13.0–14.0.

Table 15. Boxplot evaluations of minimum S concentrations (% DM) and maximum N:S ratios (S = 1)
to characterise sufficient S nutrition in this study compared to literature data: cereal straw.

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 6 6 12 6 3 3 6
Mean value 0.118 0.145 0.132 0.133 7.47 6.55 7.01

Median value 0.115 0.140 0.130 0.105 7.47 6.57 7.02
Standard deviation 0.020 0.022 0.024 0.049 1.00 1.04 1.04

Minimum value 0.09 0.12 0.09 0.10 6.47 5.50 5.50
Quartiles 25 0.11 0.13 0.12 0.10 6.97 6.04 6.50

75 0.13 0.16 0.14 0.16 7.97 7.07 7.55
Maximum value 0.15 0.18 0.18 0.21 8.47 7.57 8.47

Span range 0.06 0.06 0.09 0.11 2.00 2.07 2.97
Standard error of mean 0.008 0.009 0.007 0.020 0.577 0.600 0.425

References (1): [3,60,61] (2): -

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

A sufficient number of values from conventional cultivation are available for evalu-
ating the young plants of winter rape. Minimum values of 0.52–0.53% S and maximum
values of between 8.4 and 8.5 in the N:S ratios can be considered to indicate optimum
biomass yield formation. In contrast, the S values from organic farming presented here are
far from sufficient for a reliable assessment (Table 17). The available data for both cropping
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systems are obviously not yet sufficient for an adequate assessment of the S supply of
winter rape straw and grains and for maize in general. Therefore, no assessments are made
in this regard.

Table 16. Boxplot analyses of minimum S concentrations (% DM) and maximum N:S ratios (S = 1) to
characterise adequate S nutrition in this study compared to literature data: cereal grain.

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 3 3 6 7 3 3 6 6
Mean value 0.110 0.130 0.120 0.170 13.9 13.0 13.4 11.8

Median value 0.110 0.130 0.120 0.170 13.9 13.0 13.5 11.5
Standard deviation 0.010 0.010 0.014 0.029 1.33 1.34 1.30 2.73

Minimum value 0.10 0.12 0.10 0.13 12.6 11.6 11.6 9.10
Quartiles 25 0.11 0.13 0.11 0.15 13.3 12.3 12.7 9.3

75 0.12 0.14 0.13 0.19 14.6 13.6 14.2 14.4
Maximum value 0.12 0.14 0.14 0.21 15.3 14.3 15.3 14.8

Span range 0.02 0.02 0.04 0.08 2.66 2.67 3.62 5.70
Standard error of mean 0.006 0.006 0.006 0.011 0.768 0.774 0.531 1.115

References (1): [3,57,60,61] (2): [8,57,61]

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

Table 17. Boxplot evaluations of minimum S concentration (% DM) and maximum N:S values (S = 1)
to characterise sufficient S nutrition by this study in comparison with literature data: winter rape
young plants.

Boxplot Characteristics S Concentrations N:S Ratios

This Study on Organic Farming Conventional
Farming This Study on Organic Farming Conventional

Farming

Variants A B MV (A, B) References (1) A B MV (A, B) References (2)

Number 1 1 2 24 3 3 6 8
Mean value 0.560 0.630 0.595 0.520 5.11 4.76 4.94 8.40

Median value 0.560 0.630 0.595 0.525 5.11 4.76 4.94 8.50
Standard deviation 0.049 0.089 0.400 0.400 0.406 1.74

Minimum value 0.56 0.35 4.71 4.36 4.36 5.00
Quartiles 25 0.58 0.45 4.91 4.56 4.72 7.80

75 0.61 0.55 5.31 4.96 5.15 10.0
Maximum value 0.63 0.65 5.51 5.16 5.51 10.0

Span range 0.07 0.30 0.80 0.80 1.15 5.00
Standard error of mean 0.035 0.018 0.231 0.231 0.166 0.620

References (1): [3,8,28,37,55,56,60,64,65,68,71,73,75–78] (2): [3,28,56,61,65,78]

Variants: S concentrations: A: b–100 − 1x S–x; B: b–100 − 1/2x S–x; N:S ratios: A: b–100 + 1x S–x; B: b–100 + 1/2x
S–x; see Tables 3–7.

At the end of the long evaluation process and discussion, the reliable values obtained
were summarised and are shown in Table 18. For the analysed crop groups lucerne–
clover–grass, grain legumes and cereals (especially winter wheat), S and N:S values were
determined with sufficient certainty due to the relatively high individual values. On the
basis of the specified variation ranges, the following qualitative statements can be made
about the necessary S concentrations of the individual grain legume species:

- Young plants:
high: pea, field bean; medium to high: soya bean, field
bean, lupine;

- Vegetative crop material (straw): high: lupine; medium: pea; low to medium: field bean;
- MP grain: high: lupine; medium: field bean; low to medium: pea.
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Table 18. Summary of minimum required S concentrations (% DM) and maximum N:S ratios (S = 1)
and standard deviations of legume and non-legume plant species in organic and conventional farming
(basis: boxplot mean and median values from Tables 8–17).

Crop species S Concentrations N:S Ratios
Organic Farming Conventional Farming Organic Farming Conventional Farming

Permanent grassland

Young growths before flowering (0.26–0.28) ±0.019 0.23–0.25 ±0.070 (9.1–9.9) ±1.00 12.0–13.2 ±2.69

Lucerne–clover–grass
LCG-mixture young growths

before flowering 0.24–0.27 ±0.036 0.26–0.27 ±0.084 11.2–13.2 ±2.23 11.0–11.6 ±3.01

LCG-legumes young growth
before flowering 0.27 0.014 - - 10.6 ±1.25 - -

Grain legumes
Young plants before flowering 0.23–0.27 ±0.019 0.29–0.39 ±0.206 22.7–24.8 ±1.26 19.0–20.0 ±2.30

Straw 0.21–0.25 ±0.027 - - 9.3–12.1 ±1.91 - -
Grain 0.22–0.24 ±0.015 - - 20.8–23.4 ±2.32 - -

Cereals
Young plants before flowering (0.11)–0.15 ±0.023 0.25 ±0.087 14.5–15.2 ±0.78 14.2–14.8 ±2.93

Straw 0.12–0.14 ±0.024 0.11–0.13 ±0.049 6.6–7.5 ±1.04 - -
Grain 0.11–0.13 ±0.014 0.17 ±0.029 13.0–13.9 ±1.30 11.5–11.8 ±2.73

Winter oilseed rape
Young plants before flowering - - 0.52–0.53 ±0.089 - - 8.4–8.5 ±1.74

Grain 0.48–0.50 ±0.021 - - 9.6–10.3 ±0.57 (9.0) -

LCG mixture: lucerne–clover–grass; LCG legumes: lucerne–clover pure stand selected from LCG; values in
brackets: provisional.

The species of grain legumes also differ in their N:S ratios. The following levels can be
documented on the basis of the specified value ranges (no data are available for soya bean):

- Young plants: low: pea; low to medium: field bean;
- Vegetative crop material (straw): low: lupine; low to medium: pea; medium: field bean;
- MP grain: low: pea, lupine; medium: field bean.

Only in the case of permanent grassland are the values determined not yet sufficient
for a reliable assessment. The minimum required S concentrations of these crops to produce
an optimum biomass yield level are generally lower than in conventional farming. The
difference between the cultivation systems is approx. 21%. In contrast, somewhat higher
values can be tolerated for the maximum N:S ratios for lucerne–clover–grass, grain legumes
and cereals (especially winter wheat). The difference between the two cultivation systems
here is approx. 13% (Table 18). For other crops, such as oilseed rape, maize and permanent
grassland, no exact values can yet be given. There is still a need for research, in some cases
for both cultivation systems.

4. Conclusions

The extensive results were used to define nutrient ranges for sulphur and for the N:S
ratios using special forms of statistical analysis, which appear to be particularly suitable for
the conditions in organic farming in order to guarantee optimum biomass yields for the
analysed plant species. According to the results summarised in this study, the following
general course of increased biomass yields after additional S fertiliser could be recognised
for all sites and trials examined, depending on the crop species and the S concentration of
the plants:

- With very low S concentrations or wide N:S ratios, there were generally marked
increases in yields with a wide range of variation, the additional yields often increase
exponentially as the S supply continues to decrease (extent strongly dependent on the
crop species and trial site);

- In a transition range of S concentrations, there were hardly any average site and yield
effects (nutrient supply range for achieving optimum yields);

- From certain S concentrations upwards and N:S maximum ratios downwards, no more
additional yields were recorded with relatively low variability (maximum yield levels).
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But in the low sulphur concentration range and at very high N:S ratios, deficiency
ranges could often not be unambiguously identified, as site and other factors apparently led
to a high degree of variation. At higher concentrations or lower N:S ratios, these interfering
factors were not effective. Therefore, both optimal S concentrations and N:S ratios were
well suited as reference values. This applies in particular to vegetative total growth and
2. + 3. growth of LCG and to straw and grain material in the case of grain legumes and
cereals. For the important young plant material, it was generally more difficult to establish
clear optimum values. In organic farming, the minimum S concentrations are generally
lower, and the maximum tolerated N:S ratios are slightly higher for these crops to achieve
a more optimum biomass yield level than in conventional farming.
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