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Abstract: The organic carbon content of soils is a key parameter of soil fertility. Moreover, carbon
accumulation in soils may mitigate the increase in atmospheric CO2 concentration. The principles of
carbon accumulation in arable soils are well known. The inclusion of clover/alfalfa/grass within the
rotation is a central instrument to increase soil organic carbon. In addition, the regular application of
rotted or composted farmyard manure within the rotation can increase soil organic carbon contents
much more than the separate application of straw and cattle slurry. Humic substances, as a main
stable part of soil organic carbon, play a central role in the accumulation of soil carbon. A major effect
of compost application on soil carbon may be the introduction of stable humic substances which
may bind and stabilize labile organic carbon compounds such as amino acids, peptides, or sugars.
From this point of view, a definite soil carbon saturation index may be misleading. Besides stable
composts, commercially available humic substances such as Leonardite may increase soil organic
carbon contents by stabilization of labile C sources in soil.

Keywords: humic substances; farmyard manure; alfalfa/clover/grass mixtures; FAO point of view
on soil carbon; organic fertilizers

1. Introduction

Soil organic matter has a strong impact on soil fertility [1,2]. Soil organic carbon (SOC)
also strongly affects the global C cycle because it represents the greatest C pool accounting
for 2–5 (kg C × 1015) [1,3]. Soils contain more carbon than atmosphere and vegetation
combined [4].

At present, the political aim to mitigate or stop the increase of atmospheric CO2
concentration is claimed to be an important goal by many governments. Elevated CO2
levels may be reduced by increased storage of C in soils as SOC.

The restriction of CO2 emissions by decreased fossil combustion may be an important
aspect, but the activation of soils as a carbon sink is of similar relevance.

In this paper, an overview of the principles and mechanisms of soil organic carbon
storage and ways to increase this carbon pool in agricultural soils will be given. In a
further section, the standpoint view of the FAO, the food and agriculture organization of
the United Nations, from 2017, is critically discussed. In the final section, the application of
commercially available organic fertilizers will be discussed in their effect to increase soil
organic carbon.

2. Organic Carbon—Some Agronomic Considerations

The amount of carbon in soils, mainly as SOC, is higher by a factor of 2–8 than that of
carbon in the atmosphere. Soils are important carbon sinks and may help to mitigate the
elevation of CO2 levels in the atmosphere.

For agricultural soils, Gattinger et al. [5] showed by means of a meta-analysis that
the SOC content depends on the method of cultivation. The C contents and the annual C
increase were higher in soils which were organically managed compared to conventional
management. Gattinger et al. [5] interpreted their results in that way that organic farming
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requires clover/alfalfa/grass as a component in the rotations. This way of cultivation
represents a combination of reduced tillage with a high input of organic residues which
favors the accumulation of SOC. Gattinger et al. [5] also showed that higher C stocks
under organic farming are not the result of a higher external input of organic fertilizers,
such as slurry, farmyard manure, or commercial organic fertilizers. In a strict sense,
Gattinger et al. [5] presented an explanation for their results but not proof for the effect of
alfalfa/clover/grass on soil organic carbon stocks.

The main differences between organic and conventional farming are I. the application
of mineral N fertilizers produced by the Haber–Bosch synthesis and II. the application of
organic pesticides in conventional farming. As a consequence, the use of clover, alfalfa,
and other legumes in organic farming is required to supply the plants with nitrogen from
symbiotic fixation within a rotation. In most of the field trials comparing organic and con-
ventional farming, the parameters N-fertilization, pesticide application, and clover/alfalfa
in the rotation were not treated as independent factors such that the reasons for SOC
accumulation remain unclear. A remarkable exception was a field trial conducted from
1982 to 1998 at the Georg-August Universität in Göttingen, where a. alfalfa within the
rotation combined with farmyard manure application, b. organic pesticide application, and
c. N-fertilization at different levels were three independent factors. After 15 years, in 2015,
i.e., after 2.5 rotations, the SOC concentrations were about 10 t SOC/ha higher in the treat-
ment with alfalfa in one of the six years of the rotation compared to the rotation without
alfalfa [6]. The difference between the rotation with or without alfalfa is only a part of the
real difference since only the upper 20 cm of the soils were considered. Alfalfa contributed
only to 16.7% of the rotation whereas alfalfa/clover/grass mixtures normally account for
between 25 and 33% within the rotation in ecologically managed farming systems. The
results from Göttingen show the potential of SOC accumulation by alfalfa/clover/grass as
an important part within the rotation.

3. Mechanisms of Soil Organic Carbon Accumulation in Arable Soils

In the last decade, several scientific groups have suggested that organic matter intro-
duced to the soil as carbohydrates, lipids, proteins, and lignin are biologically degraded,
and this degradation can be impeded by several mechanisms, e.g., binding to the soil solid
phase, physical protection, or reduced wettability [7,8]. The formation of new soil organic
matter (humic substances) from plants and microbial residues in soil is assumed to have
no quantitative relevance [7] or is rejected [8]. Within this frame of thinking, an intrinsic
stability of soil organic matter is not attributed to soil humic substances but is instead
attributed to pyrogenic or black carbon (BC) [7–9].

Schmidt et al. [7] summarized their opinion in the conclusion that there is a soil
specific SOC saturation potential which may be overcome by adding recalcitrant BC in
form of biochar.

It has been published in several papers that high BC concentrations were found in
highly fertile soils, Chernozems [10,11], fertile Australian soils [12], fertile Amazonian
terra preta soils [13], and fertile US soils [14,15]. The authors found between 30 and 45%
BC within SOC and concluded that soil fertility in arable soils was associated with huge
amounts of BC. Several of the authors of these papers also contributed to Schmidt et al. [7].
However, in the paper of Schmidt et al. [7], they did not mention their own results on
BC in arable soils. Instead, they reported of up to 40% BC of SOC in grassland and
boreal forests. The reason for ignoring the own results is obvious. The methods for BC
determination which were adopted in their papers strongly overestimate soil BC [16–19].
However, BC determination in forest and grassland soils is mostly conducted by the use of
the same methods as used for arable soils which, in general, make the conclusions on BC
by Schmidt et al. [7] questionable.

The confusion on BC determination in soils is strongly connected with humic sub-
stances in soil.
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The group around K. Schmidt-Rohr published a paper in 2012 [15] where they
found, by means of 13C NMR spectroscopy, aromatic carbon with fused aromatic rings
and COO− groups in mollisols and terra preta soils. Based on the previous results by
Schmidt et al. [10,11], Skjemstad et al. [12,14], and Glaser et al. [13], they fully attributed
the aromatic carbon to the existence of BC or char which was then interpreted to account
for 40–50% of SOC.

However, the times are changing, and in 2018 members of the group of Schmidt-
Rohr published a paper in which the existence of abundant non-protonated aromatic
and oxygen-bonded carbon was interpreted as a distinct and unique feature of humic
substances differing from biopolymers from plant or microbial origin [20].

In the meantime, results from DiDonato et al. [21] and Waggoner and Hatcher [22]
showed that polycyclic aromatic carbon (PAC) species can be formed from lignin, e.g.,
by adding Fenton reagent (Fe(II) salt + H2O2), which shows that PAC in soil may be
formed during the degradation of lignin. These results destroy the theory on organic
carbon degradation by Lehmann and Kleber [8] and Schmidt et al. [7] which rejects the
de novo formation of soil organic substances. Piccolo [23] argued that the suggestions by
Schmidt et al. [7] should have been supported by the formulation of chemical pathways of
soil organic carbon transformation.

It should be noted that Ziechmann [24] already described the formation of PAC
structures in humic substances after the reaction of lignin with Fenton reagent.

The conclusions from these results are:

1. Most of the BC in soils determined by the most common BC determination methods
may actually determine PAC structures in humic substances [18,19].

2. Reaction pathways can be described by which PAC structures in humic substances
are formed [21,22,24].

3. PAC structures are unique components of soil humic substances [20,25,26].

Marschner et al. [9] found that only BC (besides fossil C) showed some recalcitrance in
soils. However, Marschner et al. [9] determined BC in soils by the benzene polycarboxylic
acid method after Brodowski et al. [27], which mostly determines PAC in humic substances
and not BC [18]. Considering this misinterpretation, Marschner et al. [9] unintentionally
supported, to some extent, the view of recalcitrant humic substances.

Soil organic carbon recalcitrance may strongly contribute to higher levels of SOC
in soil. Boudot [28] showed that for citrate, this organic molecule is easily degraded by
microbes if it exists in free form in the soil solution. However, if citrate is complexed by
Al or adsorbed to Al surfaces such as Al(OH)3 or imogolite, its mineralization is strongly
reduced. Similar results were reported by Jones and Edwards [29] for carboxylates adsorbed
to Fe surfaces. Boudot [28] also showed by calculation that complexation or adsorption
of easily degradable molecules such as citrate alone do not explain SOC contents in soils.
Additionally, recalcitrance of soil organic carbon against degradation is required to explain
carbon levels in soils.

Humic substances with its intrinsic stability against degradation may strongly con-
tribute to SOC accumulation in soils [30,31]. They may initially be formed from aromatic
monomers from lignin degradation or from microbial origin [30,32].

The then newly formed aromatic core may bind lipids, proteins peptides, lignin,
carbohydrates, and other polar or non polar molecules [33].

The way in which soil humic molecules are formed is still a matter of debate. They may
be true macromolecules [34] or supramolecular associations of relatively small molecules
as introduced by Piccolo and coworkers [35–37], or a combination of both [38].

A certain mediation between the macromolecule view and that of supramolecular
associations is achieved by the results of Piccolo and coworkers [39–41] who showed that
supramolecular humic associations can polymerize to true macromolecules by adding
phenolases or by UV irradiation of humic substances. This may lead to the conclusion that
in soil, often or sometimes, the concentration of substrate (aromatic monomers) or catalyst
(e.g., oxidoreductases) is so low that polymerization of humic substances is restricted and
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that both supramolecular humic associations and humic macromolecules may contribute
to the system of soil humic substances. The supramolecular association of humic molecules
may also explain the high plasticity of humic substances reacting to changes of chemical
conditions [23]. The question, however, still remains unresolved: of which chemical forces
are responsible for the formation of supramolecular associations.

Humic substances may contribute up to 50–80% of SOC [2,36]. Stable humic substances
can incorporate organic molecules and stabilize them. Martin, Haider, and coworkers
showed this stabilization for amino acids and peptides. In free form, amino acids and
peptides are easily degraded in soil within 1–3 months [42]. If amino acids or peptides are
incorporated into humic acids from different origin, the rate of microbial decomposition is
strongly reduced to between 6 and 24% within one year, depending on different soils and
N forms [43]. Martin and Haider [44] gave an overview for these reactions.

Piccolo et al. [45] showed a similar stabilization in soil for carbohydrates after adding
stable compost humic substances.

Both peptides and carbohydrates are easily degradable by soil organisms in free form.
The binding to and the incorporation into humic molecules or into the humic framework
strongly reduces the microbial degradation.

4. Compost and Farmyard Manure Application

The application of farmyard manure to soil can strongly increase soil organic carbon
contents much more than the separate application of the components straw and cattle
slurry [46]. The main reason may be the formation of stable organic matter, mainly humic
substances, during the ripening or composting of the manure. Composting farmyard
manure or other organic substrates seems to be a very effective method to supply soils with
stable organic carbon species. The relation between compost ripening and the formation
of humic substances (humification) has been described [38,47–55]. Compost ripening is
connected with humification and, often, the aromaticity of the compost humic substances
is increased during humification [38,49–51,53] and the content of PAC is also increased [50].
Ikeya et al. [25,26] suggested that PAC structures in humic substances are a main factor
of intrinsic recalcitrance. The intensity and extent of transformation and synthesis during
compost formation is documented by Smidt et al. [54], who found the incorporation of high
quantities of lignin into the formed humic substances during composting. Weichelt [56]
showed the incorporation of lignin into model humic substances from pyrogallol during
humification.

Piccolo et al. [31] argued that the application of stable humic substances, e.g., in form
of composts, creates new binding sites for organic carbon. This is in direct contrast to the
concept of C saturation of soils according to Schmidt et al. [7], which excludes humification
as a relevant process for soil organic matter formation.

The interaction of compost application and the cultivation of clover/alfalfa/grass
components within an agronomic rotation and its effect on SOC are out of any scientific
discussion. What happens if stable humic substances are added to soil which is cultivated
with crops such as alfalfa, which combine long time growth without soil tillage with a
high release of organic materials such as root exudates, dying roots, leaves, and stalks?
The degradation products may be bound to and stabilized by humic substances. A high
concentration of phenolic compounds may accumulate at the humic surface which may
give support to a (further) polymerization of humic compounds. In general, the poly-
merization of humic compounds may be limited because of the limitation of substrate
(phenolic monomers) and/or by a reduced activity of catalysts such as phenolases, clay
minerals, or Fe/Mn oxides [30]. One aspect of the supramolecular association of humic
substances, as developed by Piccolo and coworkers, is that the relatively small humic units
forming the associations may react to higher molecular weight molecules if catalysts such
as phenolases [39,40] or Mn catalysts combined with UV irradiation [41] are applied.
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A higher substrate concentration, e.g., during the cultivation of alfalfa/clover/grass,
may compensate for a reduced activity of catalyst and may support polymerization of
humic substances.

What are the intermolecular forces which hold together and stabilize the humic
subunits? Humic substances may be considered as a system [24] or as supramolecular
association [35–37,41]. Piccolo and coworkers emphasize the role of hydrophobic interac-
tions/dispersive forcesand hydrogen bonds. Ziechmann [24] emphasizes van der Waals
forces, hydrogen bonds, and electron donor–acceptor complexes which may stabilize the
aggregation of humic substances withina humic system.

The aggregation of humic subunits is probably strongly affected by the bridging by
metals such as Fe(III), Al(III), perhaps Cu(II),and possibly Ca(II).

Strong complexants such as di- and tricarboxylic acids can break metal bridges and
increase the solubility of soil humic substances by reducing the apparent molecular masses
and by increasing the hydrophilicity of the humicmolecules. These reactions are important
in rhizosphere chemical processes, where plant roots can excrete carboxylic acids at high
rates which dissolves humic molecules by breaking the metal bridges [57–62].

In Figure 1a, the principal action of citrate on breaking Al bridges which link humic
subunits is shown. The hydrophilizing effect on humic matter by the introduction of
ternary humic–Al–citrate complexes is described in Figure 1b. Both the removal of bridging
Al ions and the formation of ternary complexes, e.g., by respectively with citrate may
explain the reduction of apparent molecular size of humic molecules and the increase of
humic solubility in soil as a result of carboxylate release, e.g., by plant roots.
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and the formation of a ternary humic–Al–citrate complex (b).

5. Reaction of Soil Organic Carbon with Inorganic Soil Components

The stability of soil organic carbon against microbial degradation may be affected
by the reaction of organic matter with inorganic surfaces such as oxides, clay minerals,
aluminosilicates, and silicates [63]. Complexation by metals such as Al(III) and Fe(III) and
surface complexation of organic matter mainly of carboxylic and phenolic groups [64] may
be relevant for SOC stability [28,29,65].

In this line of explanation of SOC preservation by inorganic soil components, Eller-
brock and Gerke [66] related SOC accumulationto the quantity of polyvalent cations, Ca,
Mg, Al, Fe, and Mn in soil by considering three types of interaction, organic matter–cation,
organic matter–cation–mineral surface, and organic matter–mineral surface. The corre-
sponding metal fractions were defined as exchangeable cation, oxalate extractable cation,
and dithionite extractable cation, respectively. They related the ratio of C=O groups (car-
boxylic and carbonylic) versus C–O–C groups as determined by FTIR spectroscopy to the
content and valency of the abovementioned exchangeable and oxalate extractable cations
and found a close positive relationship, in most cases, for soils from several field trials.
The results of Ellerbrock and Gerke [66] may provide evidence for the explanation that
exchangeable and oxalate extractable cations may control SOC stability in soils supporting
the theory of SOC preservation by inorganic soil components. For soils which received
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farmyard manure, the SOC was more independent from the soil properties considered by
Ellerbrock and Gerke [66], indicating further mechanisms of SOC preservation. However,
oxalate extraction yields, to a great extent, cations complexed by organic matter, e.g., humic
and fulvic acids which form humic–metal complexes [61]. Hence, the conceptual discrimi-
nation between SOC conservation either by binding SOC to inorganic soil components or
intrinsic recalcitrance of SOC is an oversimplification. For example, humic substances are
amphiphilic molecules [67,68] with O-or N- containing groups as hydrophilic component
and aromatic or aliphatic regions as the lipophilic part. The reaction of phenolic or car-
boxylic groups of the humics with metals such as Al(III) or Fe(III) can lead to aggregation
schemes as shown in Figure 2 for the case of Al(III).
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aggregation.

The complexation of amphiphilic humic molecules by Al leads to the exposition of
lipophilic parts of the humics, which allows further aggregations of higher (supramolec-
ular) associations, decreasing water solubility, reducing the access to microorganisms,
and consequently reducing microbial degradation. The reason for this assumed reduced
accessibility to microbial degradation includes the complexation of Al which, in turn,
leads to an increased recalcitrance as a consequence of the amphiphilic composition of the
humic substances. The role and function of cations such as Al(III), Fe (III), or Ca(II) for the
structure and apparent molecular weight of humic substances and its effect on the stability
of soil humic substances is still a matter of debate. Engebretson and von Wandruszka [69]
compared the binding of pyrene to humic substances which were pretreated in different
ways. They found that humic acid with higher ash content after soft purification had a
higher degree of conjugation. The acid pretreatment reduced the ash content of the humic
acid which had, in turn, a higher flexibility of the polymers. Takeda et al. [60] compared
the metal solubility and that of organic polymers probably dissolved humic substances in
the rhizosphere soil of Brassica rapa plants and in non-rhizosphere soil by means of size
exclusion chromatography. They found high concentrations of dissolved organic carbon
sized between 1400 and 44,000 Da in the Brassica rapa rhizosphere soil solution compared to
non-rhizosphere soil solution. Iron(III), Al(III), and to some extent Cu(II) in the rhizosphere
soil solution was closely associated with the fractions of 17,000–44,000 Da. Takeda et al. [60]
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concluded, from these results, that Fe(III) and Al(III) are important for the aggregation of
dissolved humic substances in the rhizosphere.

Nuzzo et al. [70] progressively increased iron complexation of both fulvic acids and
humic acids. Iron complexation by fulvic acids increased their apparent molecular weight,
whereas progressive iron complexation by humic acids decreased their apparent molecular
weight.

Many experiments with humic substances are carried out with purified matter in-
cluding acid treatment to remove mineral impurities. These impurities, however, may
contain Al or Fe which may strongly affect structure and apparent molecular weight. The
separation into fulvic and humic acids may be of limited value if the mechanisms by which
humic subunits are linked are under investigation.

Soil mineral surfaces containing Fe or Mn may also affect the quantity and qual-
ity of SOC by a further mechanism. Both, Fe (Fe(III)/Fe(II)) and Mn (Mn(II)/Mn(IV);
Mn(II)/Mn(III)) act as redox systems and can accelerate both the accumulation and poly-
merization of polyphenol monomers at the oxide or clay mineral surface [71–73] thereby
catalyzing the polymerization of humic cores. Nuzzo and Piccolo [41] applied Mn catalysts
and UV irradiation and reported the formation of humic macromolecules from humic
supramolecular associations. This supports the view of relevance of inorganic catalysts in
soil for the formation of humic substances.

The examples show that the independent consideration of SOC recalcitrance and SOC
stabilization by adsorption to inorganic surfaces or by complexation is of limited value or
misleading because both mechanisms interact in soil humic substances.

6. Carbon Storage in Agricultural and Forest Soils; The Point of View of the Food and
Agricultural Organization of the United Nations (FAO)

In 2017, the FAO published a report on soil organic carbon with respect to mitigation
of elevated atmospheric CO2 concentrations [74].

In this report, the authors communicate astonishing results. Humic substances do not
exist according to this report, the formation of novel substances, synthesized or formed in
soil, is rejected or ignored [74] (pp. 1, 3). This is more than astonishing considering that
about 25% of the total organic carbon on earth surface consists of humic substances [4].
Based on Schmidt et al. [7], the authors of the FAO paper state that occlusion within
aggregates and binding to mineral surfaces are the principal mechanisms which regulate
the persistence of soil organic carbon. Moreover, a pool of high persistence is assumed, the
pool of black carbon. Experimental evidence for the BC pool is not given.

As also based on Schmidt et al. [7], the FAO report defines a specific carbon saturation
of soils [74] (p. 7).

Even if the view of Schmidt et al. [7] would be majority opinion within the sci-
entific discourse, a minority opinion of considering humic substances as an important
SOC source in soils had to be included within the FAO report. However, the point of
view of Schmidt et al. [7] was and is not an exclusive state of scientific knowledge. One
main argument against the relevance and even existence of humic substances in soils by
Schmidt et al. [7], and also Lehmann and Kleber [8], is based on alkaline extraction of soil
humic substances, which may produce artifacts or is assumed to extract only biomolecules
in various states of decomposition. However, humic substances are also investigated in
soil solutions without harsh alkaline extractants, e.g., [59] among many others. In addition,
Hayes [75] described and used a variety of different extraction solutions including mild
organic solvents to extract humic substances; for a summary of these arguments, see [76].
Moreover, extraction, concentration, and purification are well-accepted procedures to gain
natural organic matter from various sources [23]. In addition, model reactions of humic pre-
cursors which form molecules similar to soil humic substances have strongly contributed
to the knowledge on humic substances; see, for a summary, [30]. Humic chemists are aware
of the problems associated with alkaline extraction and have described procedures to avoid
artifacts [1,75,77,78]. The argument by Schmidt et al. [7] and Lehmann and Kleber [8] that
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artifacts of alkaline extraction are a main problem in humic substance research is a special
one and does not question the existence of humic substances.

Even more importantly, relevant papers have been published in the last three years,
showing that humic substances are not mixtures of biomolecules. Kelleher and Simp-
son [79], cited by Schmidt et al. [7] and Lehmann and Kleber [8], claimed after investigating
by 1H NMR spectroscopy that humic substances can be explained as a mixture of plant
and microbial compounds, proteins, lignin, carbohydrates, and aliphatic polymers. Cao
and Schmidt-Rohr [20] reinvestigated and criticized the results of Kelleher and Simp-
son [79] because hydrogen nuclear magnetic resonance spectroscopy only detects carbon
bound to hydrogen and focuses on small molecules. Instead, Cao and Schmidt-Rohr [20]
used solid state 13CNMR spectroscopy and found that humic acids strongly differ from
biopolymers. Aromatic carbon not bound to hydrogen or oxygen is abundant in humic
substances (mainly PAC, 28–33%) and, also, alky C–O, abundant COOH groups, and aryl
ketones are characteristic for humic substances but not for biopolymers [20]. These results
demonstrate unique and distinct characteristics in humic substances which Kelleher and
Simpson [79] did not find because of the method they applied. However, when the group
of Schmidt-Rohr interpreted their NMR spectra about 6 years earlier in a different way, the
abundant existence of PAC was attributed to biochar (BC) accounting for about 50% of the
SOC [15]. What happened in the meantime? The group of P. Hatcher showed [21,22,80]
that lignin can react to polycyclic aromatic structures, e.g., by adding Fenton reagent (Fe(II)
salt + H2O2)which explains PAC structures in soil humic substances without participa-
tion of fire-transformed C. PAC structures in soil are a proof of the de novo synthesis
of humic substances. The hypothesis of Schmidt et al. [7] and Lehmann and Kleber [8],
that PAC structures have their exclusive origin in fire-derived BC, is wrong as shown by
Chang et al. [18], Ikeya et al. [25], Waggoner et al. [80], DiDonato et al. [21], Ikeya et al. [26],
and Gerke [19]. It should be noted that Ziechmann [24] (pp. 148–153) already described
PAC structures in humic substances induced by the reaction of humic substances with
Fenton reagent. Olk et al. [77] also argued that the formation of polyaromatic and alicyclic
products in soil is in contradiction to the argument that no de novo synthesis of humic
substances occurs in soil, and they showed that humic substance recovery is not dependent
on alkaline extraction.

This is the actual state of the discussion which did not allow the FAO to omit humic
substances from their report and did not allow the FAO to put such an uncritical viewpoint
on char/BC. The role of biochar is assumed to be equal to composts and its positive effect
on carbon storage in soil is emphasized. However, Gerke [19] showed that most of the
statements on the positive role BC/biochar on soil carbon storage are unproven because
the methods to determine BC/biochar are not specific and, in many cases, determine PAC
in humic substances. Moreover, the positive effect of biochar on plant yield is stated in
the FAO report. Jeffery et al. [81] showed that this is not the case. In temperate soils, crop
yield is slightly depressed by the addition of biochar, and in tropical soils the yield effect of
biochar is exclusively a nutrient and lime effect [81].

For the FAO report, it may be summarized that ignoring basic scientific principles does
not allow the FAO to formulate substantial methods to increase soil carbon in agricultural
and forest soils.

7. Commercial Organic Fertilizers and Soil Organic Carbon

In most cases, commercial organic fertilizers are applied to provide mineral plant nu-
trients within an organic framework. In this respect, these fertilizers may have advantages
due to the complexing of micronutrients leaving them in a plant available fraction and the
slow release of nutrients such as P and N.

However, commercial organic fertilizers may have further effects. If they contain
humic substances they may exhibit plant hormone features [82–84]. And organic fertilizers
may increase the soil organic carbon content of soils. However, the direct increase of SOC
by commercial organic fertilizers will be limited due to high quantities which are required.
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Farmyard manure and compost from manure may be more promising for the direct
increase of SOC as a result of application.

Organic amendments may also induce the stabilization of soil organic carbon and
thereby strongly increase SOC [31,45,55]. If organic applications are very effective in
stabilizing and increasing SOC, commercial organic fertilizers of this type may be a future
goal. Leonardite, humic acid extracted from coal, may be the basis for them.

Erro et al. [85] suggested a chemical structure of Leonardite humic acid which they
incorporated into NPK fertilizers. Urrutia et al. [86] described new P fertilizers of the
humic–metal–P type which may deliver more sustainable P fertilizers and which may have
also a function in stabilizing soil organic carbon.
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