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Abstract
Background Soil organic matter (SOM) supports mul-
tiple soil ecosystem functions, underpinned by process-
es such as C sequestration, N mineralization, aggrega-
tion, promotion of plant health and compound retention.
We know little about the relationship between these
functions and SOM quality.
Scope We aimed to develop “eco-functionality” as a
framework to address questions on the relation between
SOM properties and soil ecosystem functions.

Conclusions Paradigm shifts in SOM research have not
led to metrics for eco-functionality beyond decompos-
ability and C:N ratio. Recalcitrant OM is under-
researched despite its essential role in aggregation and
C sequestration, especially in C-saturated soils. Most
soil functions are dependent on SOM decomposition
and require labile compounds. We conclude that eco-
functionality is context-dependent and needs to take
time scales into account. We plea for attempts to link
operationally defined SOM fractions to functions in
order to make SOM research more applicable.

Keywords Eco-functionality . Soil organic matter .

Property-function relationship

Introduction

Soil organic matter (SOM) is accumulated, decaying
debris mainly of plant origin. The plant material that
enters the soil can be in a dissolved or particulate form.
Dissolved inputs can be leaf and needle litter leachates,
root exudates and rhizodeposits (Sokol et al. 2018);
particulate plant material consists mainly of senesced
or dead shoot and root litter. Soil OM is both a substrate
(energy and nutrient source) for, and a product of soil
microorganisms. While the input of organic material to
the soil has an overwhelming plant signature, SOM
gradually becomes dominated by molecules of microbi-
al signature (Kallenbach et al. 2016). Microbial
necromass is estimated to account for 30 (temperate
forest soils) - 62% (grassland soils) of total soil organic
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carbon in the topsoil (Liang et al. 2019). Dissolved OM
usually accounts for less than 2% of SOM (Von Lützow
et al. 2007).

Soil OM research was originally focussed on soil
fertility, and later on the interactions with heavy metals
in the context of soil contamination. But since aware-
ness about global warming grew in the 1980’s, the focus
has shifted to C sequestration as an opportunity for
climate regulation (Fig. 1). Soil organic C in the upper
100 cm soil layer contains about 50% of the terrestrial C
pool (Lal 2004). The first mention of C sequestration in
a paper on SOM was by Thornley et al. (1991). The
addition of C sequestration as a further soil function
resulted in a gradual shift towards awareness of potential
trade-offs between these two soil functions (SOM as a
source of nutrients and SOM as a potential for C stor-
age). This trade-off was most explicitly epitomized by
Janzen (2006) in his paper “The soil carbon dilemma:
shall we hoard it or use it?”. At the time of that paper, a
trade-off seemed likely as the nutrient source function
needs decomposition, while the C storage function
needs absence of decomposition.

But SOM supports more physical, chemical and bio-
logical processes sustaining vital ecosystem functions in
addition to C sequestration and as a source of nutrients
and energy for biota (Fig. 2). For the purpose of this
review, we propose a framework inspired by the concept
of soil-based ecosystem functions and earlier frame-
works for managing soil-based ecosystem services
(Bünemann et al. 2018; Schulte et al. 2014).We propose
erosion protection, provision of a habitat for biodiversi-
ty, primary production, climate regulation and com-
pound retention as soil-based ecosystem services or soil
functions that are supported by SOM. Underpinning
these functions are SOM-mediated processes that can
be categorized into processes related to soil structure
(physics), soil life (biology) and elemental cycles
(chemistry).

Eco-functionality of soil organic matter

We propose the term “eco-functionality” to describe the
properties of SOM suitable to serve any soil ecosystem
function or service, be it SOM that is already present in
the soil, or amendments. “Eco-functionality” is inspired
by the concept of “bio-functionality”, a term that has
mainly been used in materials science and engineering
to describe the biological function of materials or

compounds. We propose “eco-” rather than
“bio-"functionality to articulate the relevance of envi-
ronmental interactions to functionality of SOM and to
acknowledge that eco-functionality of SOM is context-
dependent; it cannot be understood exclusively from the
inherent SOM properties. A wealth of new high molec-
ular and spatial resolution techniques has facilitated
further characterization of the nature of SOM in recent
years and distinction of “functional” pools in OM re-
search is increasingly common practice (Kögel-Knabner
and Rumpel 2018). We therefore consider it timely to
introduce the concept of eco-functionality.

Most, if not all, functions of SOM are known to be
promoted by increased quantities, yet we know little
about the relationship between these functions and
SOM quality. Various attempts have been made to
classify SOM into contrasting conceptual pools, for
instance recalcitrant vs labile, mineral-associated vs par-
ticulate, protected or occluded vs free or non-occluded,
etc. These contrasts refer to the chemical, biological or
physical reactivity of SOM, but not to how they support
soil functions. Despite a huge body of research on SOM,
there is still lack of knowledge regarding the inextrica-
bly linked chemical, biochemical, and biological factors
responsible for the various functions of SOM.

Eco-functionality should include the relationship be-
tween characteristics of organic inputs and soil ecosys-
tem functions supported. This relationship may be direct
(as a result of input properties), or indirect: as a result of
SOM shaping the decomposer community. Eco-
functionality should describe, at process or mechanistic
scale, how SOM, depending on properties, fuels and
shapes the soil microbial community and the environ-
ment surrounding those microbes, with potential knock-
on effects further downstream in the soil food web and
on ecosystem functions. For instance, energy-rich cel-
lulose sources are eco-functional in that they promote
increased fitness of decomposers with cellulolytic en-
zymes, by which they can gain dominance over decom-
posers that depend on more simple C sources, as hap-
pens during fungal succession in decaying plant litter
(Vivelo and Bhatnagar 2019). That shift in competitive
dominance potentially scales up to soil ecosystem func-
tions, when it contributes, for instance, to disease sup-
pression (Bonanomi et al. 2018b).

At a more applied level, eco-functionality refers to
the questions “What kind of SOM dowe need for which
purpose?” or, more specifically, “Which characteristics
should organic amendments have to promote C
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sequestration, to restore soil structure, to retain com-
pounds like trace elements or organo-pollutants and to
prevent dispersal to water bodies, or to suppress
diseases?”

Aim of this paper

This paper aims to develop the concept of eco-
functionality as a framework to address questions on
the relation between SOM properties and soil ecosystem
functions, both at process and at management level. We
explore which SOM properties control specific func-
tions and through which biological, chemical and phys-
ical processes. Whenever possible, we explore also how

understanding of the property-function relationship may
contribute to management of OM inputs, i.e. how to
select application of OM with specific properties for the
intended function(s). In our (first) attempt to develop
this framework we aimed for a complete overview rather
than an in-depth mechanistic discussion of the relation-
ship between a few functions of SOM and its
characteristics.

We first review and synthesise the state of the art on
two processes (transformation and stabilization) that are
essential to the development of the concept of eco-
functionality. Then we relate ecosystem functions to
SOM characteristics, as much as possible according to
the systematics of Fig. 2.

Fig. 1 Frequency and co-occurrences of keywords in scientific
publications in two periods: 1911–1985 (left) and 1986–2019
(right). Records were retrieved using the query “soil organic
matter” or “soil organic carbon” in Scopus. This resulted in 869
records for the period 1911–1985 and 35,953 for the period 1986–

2019. The size of the keyword indicates the occurrences: the
larger, the more frequent. The position indicates with which other
keywords the keyword occurred on a publication. Details on
methods used can be found in Supplementary Information

Fig. 2 Ecosystem functions of soil organic matter and the processes supporting them
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Processes relevant to eco-functionality

The transformations of organic inputs in soil during
decomposition and their subsequent stabilization with
other soil constituents (mineral matrix) will affect their
eco-functionality. Below we will review the state of the
art of these processes separately, for the sake of simplic-
ity. But we are keenly aware that transformation affects
subsequent stabilization and vice versa.

Transformations

Soil OM is a continuum of a large diversity of com-
pounds in various states of decomposition driven by
heterotrophic microbial communities. Plant residues
both from above and below ground are highly variable
in their chemical composition, even within ecosystems
(Kögel-Knabner 2002). The rate at which the diverse
compounds can be metabolized, varies from half-lives
in the range of minutes for sugars, most carboxylic and
amino acids once dissolved in pore water (Gunina et al.
2017), to decades to millennia for compounds that either
have a low energy content and /or a high reactivity
towards the mineral matrix. The ability to quickly de-
grade energy-rich dissolved compounds is universal
among microbial species (Wallenstein et al. 2013).
Larger or more complex molecules cannot be taken up
by microbial cells and therefore need to be cleaved into
smaller compounds by extracellular enzymes first
(Burns et al. 2013). These complex molecules are asso-
ciated with specific microbial taxa within their decom-
poser community (Bhatnagar et al. 2018). As a result of
changes in OM composition during these transforma-
tions, decomposer communities change during the de-
composition process (Bonanomi et al. 2019a). Degrada-
tion of complex molecules like lignin costs more energy
than it ultimately yields, necessitating co-metabolic ac-
tivity that provides the energy (Moorhead et al. 2013).
Upon oxidative depolymerization, polymers become
smaller and ultimately soluble to form the dissolved
OM fraction. They also become chemically more reac-
tive and polar, due to an increase in oxygen-containing
functional (carboxylic, phenolic) groups (Kleber et al.
2015).

The soil decomposer community uses part of the C for
its anabolism (build-up of biomass); another part is re-
spired and disappears from the soil as CO2 (or CH4 under
strongly anaerobic conditions). The balance between
anabolism and catabolism (to release energy) determines

C use efficiency (CUE) of the decomposers (and, together
with microbial stoichiometry (Mooshammer et al. 2014),
the nutrient use efficiency as well). Novel microbial
substances are synthesized during anabolism, with simi-
lar or different eco-functionalities. Microbial products
accumulate as decomposition progresses: plant-derived
compounds decrease (with alkanes as an exception) rel-
ative to microbial N-containing compounds (Barré et al.
2018). Microbial necromass generally has a lower energy
content (Barré et al. 2016) than the plant mass that was
used to assimilate this microbial biomass. The decreasing
energy content of remaining organic material results in a
lower microbial biomass with a decreased CUE; and
hence a slower transformation of organic materials.

In addition to a lower energy content, microbial
residues also have lower C:N ratios than their initial
substrate, resulting in relative N-enrichment of SOM
upon decomposition. Soil OM C:N ratios are ±11
(Kirkby et al. 2011) and very old (millennial pools)
SOM has C:N ratios as low as 6 (Rumpel and Kögel-
Knabner 2011), both similar to C:N ratios of microbial
biomass (C:N = 6–12; (Xu et al. 2013)).

This transformation of highly diverse plant material
into more uniform residual material has been referred to
as the “decomposer funnel”, loosely based on a concept
by Swift et al. (1979). They proposed a cascade model
of the biochemistry of decomposition that results in
convergence of the final SOMproperties. Different from
the concept by Swift et al. (1979) however, convergence
is now attributed to the increasingly microbial signature
of decomposing OM (Fierer et al. 2009). Various studies
have reported chemical convergence during decompo-
sition: residual materials, including the DOM derived
thereof, become more aromatic (Demyan et al. 2012;
Sanderman and Kramer 2013), show lower C:N and
lower C:P (Xu et al. 2013). Residual materials are also
consistently H-depleted, have a lower energy content
(Barré et al. 2016) and a higher activation energy. Con-
vergence is corroborated by the observation that organic
amendments, which can vary largely in composition, are
decomposed at similar rates once they have reached a
similar state of decomposition (Janssen 1984), implying
similarity in their properties. This concept of the decom-
poser funnel, however, has not remained uncontested.
Cases of divergence in chemistry during litter decom-
position have been reported as well: differences in litter
chemistry persisted or even also emerged during decom-
position (Wickings et al. 2012) or C:N ratios diverted
(Liu et al. 2016).
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The debate on the decomposer funnel is relevant in
the context of eco-functionality, because convergence
towards a homogeneous SOM implies that any residue
would, ultimately, acquire a similar chemistry at the end
of the funnel and consequently serve similar ecosystem
functions. The eco-functionality of OM would then be
determined by its state of transformation, i.e. its position
along the funnel (see, for instance Cassigneul et al.
(2015) for an example). While that concept may suggest
that for certain functions the ability to manage that
function is severely constrained, it still leaves open the
possibility that the rate at which a certain residual qual-
ity with its related eco-functionality is achieved, can be
under management control. For instance, fresh organic
C inputs including labile1 components could favour
functions that demand an active decomposer communi-
ty that can derive sufficient energy from its transforma-
tion, whereas later in the decomposition process resi-
dues from these inputs, now with reduced energy-
content but increased chemical reactivity towards the
mineral matrix, have favourable effects on ecosystem
functions like C sequestration. The duration of the var-
ious services, i.e. SOM’s eco-functionality, would then
depend on the continuous supply of fresh inputs, the
association of intermediate decomposition products
with the mineral matrix, and the interactions between
these various C-compounds. This adds the dimension
“time” to the concept of eco-functionality.

Stabilization

The last decades have seen a shift in the scientific view
of the persistence of SOM (Kögel-Knabner and Rumpel
2018). Three key changes of theory have been presented
on persistence mechanisms for SOM: 1) There has been
a change in focus from OM recalcitrance as an intrinsic
property (intrinsic stability), determined by the chemis-
try of the various compounds towards a view that per-
sistence is a result of interactions with the environment
(Dungait et al. 2012; Marschner et al. 2008; Schmidt
et al. 2011; Wiesmeier et al. 2019), hence a perspectival
shift from stability to stabilization, defined as interac-
tions with the soil environment that reduce, but do not
stop, process rates. 2) Simultaneously there has been a

shift in perception on SOM compounds, from large
highly complex polymeric molecules towards a view
that emphasises that these stabilized substances consist
of small molecules that show self-organization. Smaller
molecules (aromatic substances, small peptides, amino
sugars, phosphorylated amino acids) can self-assemble
into more loosely arranged larger structures that have
been interpreted as supramolecular associations
(Piccolo 2002) or micelles (Hedges et al. 2000) in which
material can be protected from decomposition (Sutton
and Sposito 2005). And finally 3) there has been a shift
from considering stable SOM as exhibiting a predomi-
nant plant signature towards a new view that emphasises
the microbial signature of persistent SOM (Kallenbach
et al. 2016). The implication of that shift is that sub-
strates that enable a higher microbial CUE are the
drivers of more rapid formation of persistent SOM
(Cotrufo et al. 2013).

Stabilization links to eco-functionality of SOM in
multiple ways: it contributes to aggregation, aeration,
water retention, NPS mineralization, C sequestration
and compound retention.

Mineral-associated OM

Along its way through the decomposer funnel,
organic compounds can be stabilized through as-
sociation with the soil’s mineral phase (Lehmann
and Kleber 2015; Leinemann et al. 2018). Density
fractionation of soil has shown that about 50–90%
of total organic C can be associated with mineral
surfaces, which makes it the biggest SOM fraction
in mineral soils (Giannetta et al. 2018; John et al.
2005) . Although stabi l izat ion is t ransient
(Leinemann et al. 2018), the residence time of
mineral-associated compounds can be orders of
magnitude greater than that of those same com-
pounds when they are not associated with minerals
(Kleber et al. 2015). Dissolved C compounds can,
depending on their charge, be associated with
charged mineral surfaces (metal (hydr)oxides, clay
surfaces and clay edges). Also the enzymes that
are needed for transformation and degradation of
these products can be stabilized on mineral sur-
faces (Kleber et al. 2015). As a result of confor-
mational changes and attachment to active surface
sites they can be inactivated, which can further
slowdown decomposition of SOM.

1 We use labile vs recalcitrant OM to mean more quickly vs slowly
decomposable OM due to intrinsic molecular properties, sensu Von
Lützow M, Kögel-Knabner I (2010) Response to the concept paper:
‘What is recalcitrant soil organic matter?’ by Markus Kleber. Environ-
mental Chemistry 7: 333–335. doi: https://doi.org/10.1071/EN10085.
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Aggregates

Organic matter is also stabilized through occlusion in
aggregates (Angst et al. 2017a), and it is at the same time
a key factor in aggregate formation and stabilization.
Reported amounts of organic C found in aggregates
vary widely, ranging from 7 to 20% (Giannetta et al.
2018) up to nearly 90% (Jastrow et al. 1996) of total
SOM, depending on the fractionation method used. The
protective function of macro-aggregates (>250 μm)
against decomposition is attributed to their capacity to
spatially separate microorganisms and their extracellular
enzymes from their substrates, and to limit inward oxy-
gen diffusion (Six et al. 2002)., suggesting it is mainly
particulate OM that is protected.

Micro-aggregates (<250 μm) form a rather stable and
complex system of small pores, many of them <20 μm;
(Rabbi et al. 2016). Iron (and aluminium) oxides, with
their large surface area and their ability to bind to clay
(Krause et al. 2019), silt and sand particles, and their
associated SOM, are major binding agents to form
micro-aggregates (Regelink et al. 2015), suggesting that
micro-aggregates protect SOM from decomposition
through association rather than occlusion. Micro-
aggregates can join with other particles to form macro-
aggregates (Rabot et al. 2018), a process which probably
needs additional, but more transient glues of a different
character and of which earthworms are important
drivers (Bertrand et al. 2015). Alternatively, micro-
aggregates are formed within macro-aggregates, held
together by roots (Blankinship et al. 2016; Poirier et al.
2018), fungal hyphae and organic glues produced by
roots, fungi and bacteria.

Soil life

Organic matter fuels soil life so OM quality may mod-
ulate belowground communities. This may impact soil
processes relevant to soil ecosystem functions. Here we
focus on indirect OM quality –function relationships:
how OM quality relates to soil functions through mod-
ulation of soil biota.

Fungal:Bacterial ratios

The fungal:bacterial (F:B) biomass ratio has been con-
sidered as an indicator for the activity of two pathways
of the soil food web, formed by fungivores or

bacterivores and their predators, respectively. Labile
substrates were supposed to fuel the bacterial pathway
while more lignin-rich, often woody, substrates would
favour fungi because of their capacity to convert ligno-
cellulose. Fungal-based pathways contribute more to the
decomposition of old soil C than bacterial-based path-
ways (Vestergård et al. 2019), which does not necessar-
ily mean that fungi should contribute less to decompo-
sition of labile substrates than bacteria (De Vries and
Caruso 2016). A significant contribution of fungi to
decomposition of labile substrates could explain the
relatively large contribution of their necromass to total
micorbial necromass (Liang et al. 2019).

The wish to manage F:B ratios in agro-ecosystems to
manipulate C and N cycles has been tempting. The idea
that the F:B ratio provides crucial information on C
cycling and soil fertility dates at least from Waksman
et al. (1928). Frostegård and Bååth (1996) noted a
positive relationship between F:B biomass ratios and
OM content of soils (i.e. C sequestration), without spec-
ifying directionality of that relation. Subsequently Bai-
ley et al. (2002) suggested that the F:B biomass ratio
could be used as a predictive tool for enhanced C
sequestration: Fungal-dominated soils are supposed to
sequester more C, retain more N (De Vries et al. 2011)
and have lower N-mineralization rates because of the
higher C:N ratio of fungi compared to bacteria (10–15
vs. 4–6; Hodge et al. (2000)). Strickland and Rousk
(2010) concluded that results are ambiguous, and that
using F:B ratios to infer the rates and controls on soil
microbial processes is often not valid.

Nevertheless, F:B ratios are supposed to be depen-
dent on the quality of organic inputs, fungi being more
dominant when inputs are more recalcitrant because of
their better capability to degrade lignin and other plant
cell wall components (Strickland and Rousk 2010). For
this reason, the C:N ratio of organic inputs are often
supposed to steer the F:B ratio, with fungi being dom-
inant on high C:N ratio inputs. There are, however, few
examples of F:B being managed through quality of OM
inputs, probably because the relationships between
organic-amendment quality and F:B ratios are not
straightforward (Silva-Sánchez et al. 2019); F:B ratios
are part of a syndrome (Wardle et al. 2004) rather than a
response to one single component: higher F:B ratios are
typical for infertile habitats with lower primary produc-
tion rates, litter with low N and high lignin concentra-
tions, and hence low decomposition rates. Moreover,
fungi and bacteria are not two distinct functional groups;
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they overlap in relevant metabolic characteristics such
as CUE and capacity to degrade organic compounds.
Less intensively managed ecosystems (De Vries et al.
2007), or ecological agriculture with higher OM inputs
compared to conventional agriculture (relying more on
mineral fertilizers) often result in higher fungal abun-
dance (Chavarria et al. 2018), but often it is impossible
to distinguish OM quality effects from effects of differ-
ences in soil tillage, residue management, etc.

Soil fauna

Soil macro- and mesofauna play a critical role in many
soil processes. They modulate the soil microbial com-
munity and support decomposition (the inverse of C
sequestration), nutrient cycling and aggregation, thereby
underpinning all soil ecosystem functions. There is am-
ple literature on the role of soil macro- and mesofauna,
and on how SOM or organic inputs are processed by
them (Frouz 2018); their abundance and diversity is
generally expected to increase with SOM content (De
Graaff et al. 2019; George et al. 2017). But there is little
on how SOM quality (apart from C:N ratio as a general
property of fresh organic inputs) can affect their abun-
dance and activity. Soil OM effects can be direct (be-
cause soil organisms feed on SOM), or indirect: e.g.
through SOM effects on plant or root density
(Biederman et al. 2008) and, as a result, on plant C
inputs (De Graaff et al. 2019). It is hard to separate
direct from indirect effects since soil fauna is ultimately
fuelled by net primary production.

To further elaborate the concept of eco-functionality,
we treat earthworms as an example, while acknowledg-
ing that other faunal groups are important players as
well. Earthworms have long been acknowledged as
“ecosystem engineers” that play an important role in
soil ecosystem functions, such as aggregation or struc-
ture maintenance (Angst et al. 2017b; Gong et al. 2019),
SOM decomposition and nutrient cycling (Bertrand
et al. 2015). Suggestions that earthworms both increase
soil fertility (through increased N mineralization) and
crop yields (Van Groenigen et al. 2014) and at the same
time promote C sequestration in aggregates, seem to
imply that earthworms can escape from the carbon
dilemma. Lubbers et al. (2017) showed both
earthworm-mediated increased decomposition of SOM
and to a lesser extent stabilization of residue-derived C
inside aggregates. So transformations of relatively fresh
SOM induced by earthworms that dwell in the mineral

soil, may result in residues that interact more strongly
with the mineral matrix. Promoting earthworm popula-
tions can therefore be a tool in promoting these soil
ecosystem services.

Since earthworms mainly feed on SOM, knowledge
on their feeding ecology should provide tools for effec-
tive earthworm management through organic C inputs.
Earthworms feed on dead SOM and on the decomposer
microorganisms that are inseparable from that SOM.
Functional group-specific gut wall-associated bacterial
communities (Thakuria et al. 2010) contribute to the
degradation of SOM by earthworms. Earthworms gen-
erally prefer protein-, carbohydrate- and nutrient-rich
(Cesarz et al. 2016) litters. Phenolic-rich compounds
become palatable only after microorganisms have de-
graded them (Curry and Schmidt 2007).

There are, however, few studies relating the quality
of (organic C) inputs to earthworm abundance. They
seem to agree that substrates with larger amounts of
easily degradable C (Leroy et al. 2008) and available
N (Roarty et al. 2017; Sileshi and Mafongoya 2007)
promote earthworm abundance directly or via promo-
tion of the microbial biomass on which they feed
(Marhan and Scheu 2005). Also a continuous supply
of food (through cover crops or intercropping) supports
larger earthworm populations (Schmidt et al. 2003).

Biodiversity

Soil organisms occupy different feeding strategies. It
seems therefore plausible that higher aboveground bio-
diversity should be linked to higher belowground bio-
diversity through more diverse litter and rhizodeposits.
There are few papers confirming this hypothesis
(Scherber et al. 2010; Venter et al. 2016); most studies
focus on abundance and activity of soil organisms rather
than diversity. But direct evidence for diverse inputs
explaining the correlation between aboveground and
belowground biodiversity is lacking, because increased
aboveground biodiversity often affects other modulators
of soil biodiversity as well, such as primary production
(Zak et al. 2003), ground cover and temperature regula-
tion, moisture conditions (Venter et al. 2016) and (in
comparisons of more and less diverse agricultural sys-
tems) tillage and residue management.

Biodiversity generally increases with environmental
heterogeneity. Soils are heterogeneous at various scales
by default. Aggregation creates heterogeneity at the
scale of μm/mm at which environmental conditions
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(moisture, oxygen) and possibly also SOMquality differ
from the bulk soil. Aggregates provide a conducive
microhabitat for activity of a microbial community that
is different from that in the bulk soil (Bach et al. 2018).
So organic amendments that promote aggregation, di-
rectly or indirectly through earthworm activity (Gong
et al. 2019) are likely to promote soil microbial diversity
as well.

Aggregation, aeration, water retention

Aeration and water retention are both a result of aggre-
gation, which is commonly used as an indicator of soil
structure. Soil structure defines the network of pores and
thereby porosity, water retention and aeration, and has a
key function in stabilization of SOM.

Organo-mineral (particularly Fe oxide) associations
are building units within the system of micro-aggregates
(Hernandez-Soriano et al. 2018; Regelink et al. 2015;
Totsche et al. 2018). Totsche et al. (2018) suggested a
continuum frommineral-associated OM tomicro-aggre-
gates. So it seems safe to assume that organic C inputs
that promote association of SOMwithminerals, are eco-
functional in promoting soil structure as well. Accord-
ingly, operationally defined humic substances (humic
and fulvic acids) are correlated with water stable aggre-
gates (Kimura et al. 2017; Polláková et al. 2018) which
could be explained by their capacity to bind to mineral
surface (Weng et al. 2006).

Debris of bacterial and fungal cell walls can act as a
nucleus for micro-aggregate formation (Miltner et al.
2012). Also living bacteria interacting with mineral
surfaces play an important role in formation of larger
micro-aggregates (>20 μm), probably dependent on the
surface charge and hydrophobicity of their cells, and
their production of extracellular polysaccharides
(Hernandez-Soriano et al. 2018; Krause et al. 2019;
Mizuta et al. 2015; Totsche et al. 2018). Microbial
products (extracellular polysaccharides, mucilage, reac-
tive cell wall material, glomalin) can also play a domi-
nant role in macro-aggregate formation, as evidenced by
synchrony between increased soil respiration and
macro-aggregate formation upon addition of organic
amendments (Mizuta et al. 2015). Macro-aggregates
have wider and better connected pores than micro-ag-
gregates. They are also more transient than micro-
aggregates.

In general, increased SOM (Panakoulia et al. 2017;
Regelink et al. 2015) and organic amendments
(Mangalassery et al. 2019) are associated with increased
aggregation and hence plant water availability (Eden
et al. 2017). Although the capacity of organic amend-
ments for aggregate formation seems to vary (Dai et al.
2019), there is little comprehensive knowledge on the
relationship between the nature of organic inputs and
aggregate formation. Organic inputs can have multiple
functions in promoting aggregation: they can act as a
binding agent themselves, promote microorganisms that
serve as or produce binding agents or because they can
interact with other compounds and affect their stabiliz-
ing abilities (Erktan et al. 2017), or support meso- and
macrofauna involved in aggregation.

Particulate OM has been shown to act as a nucleus
for effective macro-aggregate formation in an artificial
soil within a month (Bucka et al. 2019). This is poten-
tially facilitated by microbial products that develop on
particulate OM surfaces and dissolved SOM as a result
of decomposition. Labile dissolved SOM promoted for-
mation of aggregates (macro-aggregates less efficiently
than micro-aggregates) within this soil (Bucka et al.
2019). This is consistent with the finding that amend-
ments with labile C promote relatively rapid but tran-
sient water-stable macro-aggregate formation through
promotion of bacteria producing extracellular polysac-
charides. More recalcitrant material would provide a
slow but more continuous source of substrate to micro-
organisms, resulting in slower but more persistent
(>300 days) macro-aggregation (Sarker et al. 2018).

Stability of aggregates depends to some extent on
their wetting properties, which is influenced by hydro-
phobic or amphiphilic compounds adsorbed to surfaces
of aggregates (Totsche et al. 2018). The resulting hy-
drophobic coating would prevent water infiltration into
aggregates and slaking of aggregates.

Promotion of plant health

Disease suppression

Bonanomi et al. (2018a) recently reviewed the function-
ality of organic amendments to suppress diseases. They
concluded that there is a “lack of knowledge regarding
the chemical, biochemical, and biological factors re-
sponsible for effective organic amendment-based dis-
ease suppression”, a main reason being an inadequate
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“understanding of the feeding preference, e.g., during
the saprophytic phase of either pathogenic or beneficial
microbes”.Nevertheless, some organic amendments are
known to be effective for disease suppression. For in-
stance glucosinolates from green manures of the Bras-
sicaceae, are precursors of toxic isothiocyanates. Their
mode of action is supposed to be direct, nematicidal
(Vervoort et al. 2014).Most other OM effects on disease
suppression, however, are indirect: through, for in-
stance, effects on the activity of saprotrophic, non-
pathogenic soil biota.

A meta-analysis to characterize suppressive amend-
ments found very little parameters consistently related to
disease suppression (Bonanomi et al. 2010). The C:N
ratio of amendments was poorly correlated with sup-
pressiveness, and their decomposition could increase or
decrease suppressiveness. Similarly, in an attempt to
relate characteristics of dissolved OM (the bioavailable
source of C for soil microorganisms) to soil general
disease suppression, no consistent relation was found
(Straathof 2015). Suppression of the root rot-causing
fungus Rhizoctonia solani by volatiles produced by the
soil microbial community in Dutch soils was positively
correlated with SOM content, microbial biomass and
proportion of litter saprotrophs in the microbial commu-
nity (Van Agtmaal et al. 2018) which partly corrobo-
rates the finding of Bonanomi et al. (2010) that general
microbial parameters (such as respiration, microbial
biomass) are more informative predictors of disease
suppression rather than chemical ones.

Plant-growth promotion

Soil OMhas been reported to be beneficial for plant, and
especially root growth. Beneficial effects on shoot per-
formance have also been reported and some commercial
products, such as humic substances, are intended for
foliar application (Olaetxea et al. 2018). Lyons and
Genc (2016), however, reported that most of the evi-
dence for beneficial effects is anecdotal rather than
rigorously mechanistic. Elucidating relations between
properties of those substances and their eco-
functionality has been difficult, partly for analytical
reasons as classical extraction of humic substances
may provide a biased view of properties of the various
fractions that could then be individually assessed. There
is also uncertainty whether the properties of those ex-
tracts are due to the chemical structure of these humic
substances or whether microbial hormones are

entrapped in these supramolecular associations. It was
also shown that the pH of the humic extract exerted
different hormonal effects: acid extracts exhibited
auxin-like activity (i.e. effects on the size and architec-
ture of the root system), whereas at neutral pH the
extract exhibited gibberellin-like activity (i.e. conver-
sion of starch into sugars, and with auxins stimulation
of stem elongation). Most attention to date has been
given to auxins, especially indole acetic acid (Nardi
et al. 2018). From a management perspective it has
become clear that the properties of these organic sub-
stances are not or hardly related to their provenance
(Garciá et al. 2016). Plants that benefit from these sub-
stances may also be more tolerant or resistant to soil-
borne pathogens.

Elemental cycles

Understanding of the C:N:P stoichiometry of stabilized,
mineral-associated OM is relevant in the context of eco-
functionality because it might have repercussions for
management of elemental cycles such as C sequestration
and N mineralization. If, for instance, proteinaceous
compounds would dominate mineral-associated OM
(Sollins et al. 2006), this would require labile, N-rich
inputs (hence material that can be rapidly metabolized
by decomposer microbes) for rapid stabilization of
SOM, which would impact N mineralization.

Sollins et al. (2006) and Kleber et al. (2007) proposed
an “onion” or “zonal” multilayer model for mineral-
associated OM, which was confirmed by others
(Coward et al. 2019; Gao et al. 2018). This model
assumes layers of organic compounds with different
properties. In the inner (contact) zone, organic com-
pounds are tightly bound at discrete areas of mineral
particles (Kopittke et al. 2018) well protected against
degradation. Depending on the type of surface and its
pH-dependent charge, different functional groups of
SOM can bind to minerals. Iron- and aluminum-
oxyhydroxides are relatively good predictors of SOM
content (Rasmussen et al. 2018). At typical soil pH
conditions (pH = 4–6) their net charge is positive. Func-
tional groups of OM that are negatively charged at this
pHmay bind directly to their surface (Weng et al. 2008).
These are predominantly carboxylate (Kleber et al.
2015), polar aromatic/phenolic (Kramer et al. 2012;
Moon et al. 2019) and polyaromatic C (Yeasmin et al.
2017) groups with a relatively high but not further
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specified C:N ratio (Coward et al. 2019). But also phos-
phorylated peptides (Heckman et al. 2018), with a low
C:N may bind to these surfaces. Planar phyllosilicate
surfaces, with their negative, pH independent charge,
would selectively bind N-containing proteinaceous ma-
terial and amino acids (Moon et al. 2019) material
through protonated amide groups (Kopittke et al.
2018; Yeasmin et al. 2017).

The next more hydrophobic layer in the zonal model
consists of amphiphilic, proteinaceous compounds
(Kleber et al. (2007), also contributing to the low C:N
ratio of mineral-associated OM. Highly aliphatic, oxi-
dized compounds can equally enter this hydrophobic
layer (Coward et al. 2019). The outer kinetic zone is
believed to consist of loosely bound compounds
experiencing relatively more rapid exchange with the
surrounding soil solution, leading to minor protection
against microbial decomposition and short residence
times. Coward et al. (2019) suggested that N-rich ali-
phatic compounds are in this third layer.

Carbon sequestration

The notion that old (centennial to millennial scales)
SOM is not necessarily inherently stable, but stabilized
instead through association of microbial compounds
with mineral surfaces, led to the hypothesis that labile
plant compounds, such as leaf leachates and root exu-
dates, which are more efficiently utilized by microor-
ganisms than structural compounds, are the main pre-
cursors of stable SOM (Cotrufo et al. 2013). Conse-
quently, the C and N use efficiency of the decomposer
microbial community that such substrates enable, and
thus the quality of organic inputs, together with the
nature of the mineral surfaces would govern the rate of
C stabilization.

This raises important questions on the eco-
functionality of organic C inputs to promote C seques-
tration depending on timescales. Cotrufo et al. (2013)
hypothesized that, although labile litter with a higher
microbial C use efficiency will initially decompose
faster, over the longer term a higher fraction of these
labile inputs than of recalcitrant inputs will accumulate
in soil. Unfortunately, their paper was not explicit about
timescales, neither are we aware of studies that allow
quantification of that scale. For management purposes,
in relation to for instance the 4-per-1000 initiative
(https://www.4p1000.org/), it would be necessary to
know the timescale after which labile inputs are more

important for persistence of SOM than the recalcitrant
inputs. This timescale may be dependent on the level of
C saturation (Six et al. 2002). If the soil becomes C-
saturated, the functionality of recalcitrant SOM to se-
quester C might become higher. It would be a major
challenge to further develop and operationalise this,
potentially context-dependent, metric of efficiency of
SOM formation as this would allow quantification of
SOM properties for the specific function of
sequestration.

Nutrient mineralization

One of the major ecosystem functions and services of
SOM (Feller et al. 2006) relates to it as a source of
nutrients and its subsequent use for plant nutrition and
food security. Several recent meta-analyses have
highlighted the role of nutrients from SOM and/or or-
ganic inputs in crop production (Hijbeek et al. 2018;
Hijbeek et al. 2017; Oldfield et al. 2019). Both the rate at
which nutrients can be mineralized and their amounts
released per unit material are relevant properties from an
eco-functionality perspective.

The C:N ratio (or C:P ratio) is probably the most
simple metric for eco-functionality with regard to nutri-
ent supply. As a rule of thumb, decomposition of SOM
with a C:N ratio < 30 is supposed to produce mineral N
(Bonanomi et al. 2019b). The general usefulness of the
C:N ratio derives from the fact that high litter N and low
litter lignin are usually correlated (Dias et al. 2017;
Freschet et al. 2012) and hence that organic inputs with
C:N < 30 are both rapidly degraded and release suffi-
cient N per unit C degraded. However, the paradigm of
using C:N ratios to infer the rates and controls on N
mineralization is not always valid:

& Energy-rich compounds with a C:N ratio favourable
for N mineralization (<30), may be protected from
decomposition because of mineral association. In
fact, some of the mineral-associated OM has ex-
tremely C:N ratios as low as 4–6.

& High C:N ratio as a predictor for immobilization is
only applicable to cases where degradation is N-
limited, but not to cases where decomposition is C-
limited or rather energy-limited.

& More stable organic C products such as compost and
old SOM have a low C:N ratio (Rumpel and Kögel-
Knabner 2011), based on which substantial N
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release is predicted. But their relative decomposition
rate is low, which decelerates mineralization.

& The decomposer community might be able to selec-
tively decompose (“mine”) moieties with a C:N
ratio different than the average C:N ratio of a com-
pound. Alternatively, when organic substances are
supramolecular associations with an average high
C:N ratio, they can disassemble into compounds
with lower C:N ratios that are more degradable
(Straathof et al. 2014). Our reading of the literature
suggests that some selective mining exists, with the
C:N ratio of the specifically mined material being
around 6 (Murphy et al. 2015).

Nevertheless, the C:N ratio appears to be a suitable
predictor for N mineralization from labile organic C that
is easily accessible for microorganisms (Bonanomi et al.
2019b). However, it fails for more stable SOM, whether
it is energy-poor and / or mineral-associated.

Eco-functionality of SOM in relation to nutrient sup-
ply should also have a time dimension. When nutrients
that are released through decomposer activity are not in
sync with plant demand, losses can occur. The relative
decomposition rate of SOM is therefore an important
metric, too. From the perspective of synchronization of
nutrient release during decomposition with plant de-
mand for those released nutrients, it could be envisaged
that there is a difference between a direct route (where N
is immediately mobilized after the critical C:N has been
reached) and N that is first immobilized in microbial
tissue and subsequent turnover of that microbial mass
(through faunal grazing, or other forms of microbial
turnover). Mixing inputs of different qualities can lead
to non-additive effects (Gartner and Cardon 2004) and
could be instrumental in synchronization of nutrient
mineralization and plant demand. There are studies
reporting that increased litter diversity promotes N min-
eralization (Cong et al. 2014). A recent meta-analysis,
however, did not identify any general pattern in the
effects of mixing litters on decomposition compared to
single litters (Porre et al. 2020). Implications for man-
agement of N mineralization through mixing are un-
known, as a far as we are aware.

Compound retention

Soil OM functions as one of the major reactive surfaces
that control the retention of essential metal macro- and
micronutrients, potentially toxic heavy metals, and

organic pollutants. As a consequence of retention and
in the case of co-metabolism of organic pollutants dur-
ing organic matter transformations, SOM reduces the
presence of these compounds in the soil solution, there-
by limiting their mobility for transport to ground- and
surface water, as well as their bioavailability. This pro-
cess has been referred to as the soil function of water
purification. In this section we concentrate on retention
of trace elements, noting that similar principles apply to
cationic, water-soluble pesticides (Conde-Cid et al.
2019) as SOM, especially at high pH and high SOM
content, is the main factor contributing to cation ex-
change capacity.

The strong functioning of SOM in the retention of
trace elements has been demonstrated by both analytical
studies and validated geochemical models. Sequential
chemical extraction of soil samples has frequently re-
vealed the dominant occurrence of cationic trace ele-
ments in the SOM fraction. Although the selectivity of
these classical extractions can be challenged (i.e. their
ability to fully distinguish between organic and inorgan-
ic trace element fractions), recent measurements by
extended X-ray absorption fine structure spectroscopy
(EXAFS), which enables identification of specific
chemical bonding, demonstrated predominant associa-
tion with SOM for trace metals such as Fe, Cd, Cu and
Zn (Gustafsson et al. 2007; Löv et al. 2017; Sarret et al.
2004; Strawn and Baker 2008).

Cation binding to SOM belongs to the major pro-
cesses that are considered in geochemical modelling of
the retention of major and trace elements in soils. These
models are frequently used to predict the magnitude of
element retention and the relative contribution of differ-
ent minerals and reactive surfaces to this soil function.
In particular so called “multi-surface” or “assemblage”
models (Groenenberg and Lofts 2014) that combine
separate mechanistic complexation models for the dif-
ferent reactive organic and mineral surfaces (and their
related thermodynamic binding parameters) in soils,
have been successfully used for this purpose. The most
advanced models for ion binding to SOM are based on
ion-complexation with both the carboxylic and phenolic
functional groups, with binding capacities and hetero-
geneous affinity distributions that reflect the complex
and diverse composition of SOM, derived from exper-
iments with isolated humic and fulvic acids (Gustafsson
2001; Kinniburgh et al. 1996; Tipping et al. 2011).
These models are based on the premise that humic and
fulvic acids are themajor reactive fractions of SOMwith
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regard to its binding properties, a premise that is cur-
rently hotly debated (Janzen 2019; Kleber and Lehmann
2019; Olk et al. 2019). Focusing on the retention func-
tion of SOM, we note that models for proton and metal
binding to SOM, based on parameters derived from
isolated humic and fulvic acids, enable adequate predic-
tions of the solid/liquid partitioning of a wide range of
trace metals in whole-soil samples (Dijkstra et al. 2004,
2009; Duffner et al. 2014; Groenenberg and Lofts 2014;
Tiberg et al. 2018). These modelling studies also gener-
ally confirm direct measurements that the binding of
trace metals to the soil solid phase is largely controlled
by SOM. However, the fact that these models provide
adequate predictions of the retention properties of SOM
cannot be taken as direct evidence that humic and fulvic
acids are discrete molecular entities of SOM. Some
studies have shown that humic substances are in fact
supramolecular associations of smaller molecules, rath-
er than polymeric macromolecules (Piccolo 2002;
Sutton and Sposito 2005). But the generic binding prop-
erties of these substances may suggest that this supra-
molecular arrangement results in overall binding prop-
erties that are meaningful for interpretation of the reten-
tion function of SOM.

Similar to trace metals, retention of cationic pesti-
cides depends on density and (pH-dependent) charge of
functional groups that provide H-bonding, such as car-
boxylates and phenolic groups (Gros et al. 2017). Soil
OM is considered the primary adsorbent of non-ionic
pesticides, which are incorporated in the hydrophobic
core of humic substances. The reactivity of SOM to-
wards these hydrophobic pesticides and organic pollut-
ants is negatively correlated with the ionization of car-
boxylic groups (Gondar et al. 2013) and resulting po-
larity and positively correlated with its aromaticity
(Tanaka et al. 2005).

Conclusions and outlook

As far as we are aware this is the first attempt to link
properties of SOM with the functions and ecosystem
services that it provides. While earlier authors (e.g.,
Feller et al. (2006)) have sketched the ecosystem ser-
vices by SOM, such listings did not explicitly consider
potential trade-offs between the different functions, and
hence they were unable to differentiate among different
constituents of SOM. Some ecosystem services, how-
ever, need to combine both using and hoarding C –

where SOM constitutes both the food for soil life and
creates the habitats for that soil life. By disentangling the
various elements it would seem, at least theoretically,
possible to link specific ecosystem functions to specific
C fractions. This idea has been around for a long time in
more simplistic forms, for instance that labile C with a
low C:N ratio would mainly serve the use-function,
while the more stable (less energy-rich, ‘recalcitrant’)
C with a high C:N ratio serve the hoard-function.

Metrics of eco-functionality

Organic matter can be qualified by an increasing diver-
sity of techniques (Kögel-Knabner and Rumpel 2018).
Nevertheless, summarizing our literature review
(Table 1), the most widely used metrics to relate OM
quality to function, still somehow have to do with de-
composability, i.e. the dichotomy of labile vs. recalci-
trant compounds. This metric reappears in microbial C
use efficiency, which is correlated with the degradability
of the C sources, which is a function of parameters such
as molecular weight, structural complexity, energy den-
sity. More refined classifications, based on, for instance
solubility, O:C versus H:C ratios, aromaticity, function-
al group density are not commonly used, which does not
necessarily mean that these parameters would not be
useful in the context of eco-functionality. The first three
can be done routinely; functional group densities can be
determined by proton titrations, which is easier for
carboxylic groups than for phenolic groups because of
the high pKa values of the latter.

For nutrient cycling from organic inputs, the C:N
ratio is still the most widely used indicator. When
SOM ages, however, C:N becomes increasingly discon-
nected from nutrient cycling. The lowest C:N (6) relates
to material most strongly associated with the protected
pool and hence contributes to C storage and soil struc-
ture rather than to cycling. For C:P the same consider-
ations apply.

Eco-functionality of labile organic matter

Labile SOM (or inputs consisting thereof) is on a fast
track through the decomposer funnel to become micro-
bial biomass, microbial products and microbial
necromass. These, in their turn, support all soil functions
through a variety of soil processes (Table 1). For soils to
function, SOM needs to be (at least partly) decomposed
(i.e. “used”).
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The processes supported by labile SOM are typically
processes relevant on a short (<1 yr) timescale. Some
require decomposition to CO2 and mineral nutrients,
whereas adsorption to soil mineral surfaces is essential
to other processes (Table 1). Stabilization onto mineral
surfaces is not permanent, however, rates of exchange
have not been clearly quantified (Kaiser and Kalbitz
2012; Leinemann et al. 2018). It is likely that at least
part of mineral-associated OM is continuously desorbed
and replaced, depending on environmental conditions
(for instance presence of root exudates, redox shifts
(Han et al. 2019; Keiluweit et al. 2015)). As a result it
will become available for microbial decomposition, i.e.
it is still part of the C cycle and certainly not “hoarded”
(Janzen 2006). So both soil ecosystem functions that
require decomposition and those that require stabiliza-
tion by adsorption to mineral surfaces needmaintenance
by input of labile organic inputs.

Eco-functionality of recalcitrant organic matter

The eco-functionality of more recalcitrant SOM
seems in danger of being overlooked as a result
of the recent wealth of literature on mineral asso-
ciations with labile SOM (Cotrufo et al. 2019).
The notion that persistent SOM is stabilized,
mineral-associated OM mainly of microbial origin,
has moved attention in recent literature away from
plant inputs that are only slowly degraded. But
recalcitrant plant litter is quantitatively an impor-
tant component of SOM: still 25–50% of GC-MS
peak area can be of plant origin after 50 yr bare
fallow in former grassland without fresh inputs
(Barré et al. 2018).

It is obvious that recalcitrant SOM, on a slower track
through the decomposer funnel, is important in reducing
soil bulk density and improving soil structure and
rootability, thereby serving primary production and
most other soil functions (Fig. 2). It is likely that this
partly decomposed particulate OM fraction has intermit-
tently been incorporated in, and is an essential building
block of (more persistent macro-)aggregates (Sarker
et al. 2018; Totsche et al. 2018). As such, it is essential
in processes supporting many, if not all soil ecosystem
functions (Table 1). Although overall persistence of
SOM may not be a function of its molecular structure
(Schmidt et al. 2011), the concept of inherent recalci-
trance may still apply to this highly essential fraction of
SOM.

Context-dependency of eco-functionality

The timescale at which recalcitrant SOM is functioning
to serve soil ecosystem functions, is, apart from inherent
SOM characteristics, also highly context dependent. It is
subject to all well-known modulators of the decompo-
sition rate. Eco-functionality of labile inputs also shows
context dependency: In a soil with a large saturation
deficit, addition of labile substances, which results in
high CUE, rapidly increasing microbial biomass and
subsequently microbial necromass, can contribute to
enhanced mineral-associated and hence more persistent
SOM. However, at levels much closer to the saturation
level, the same compounds could act as energy source
for microbes that use this source for co-metabolism with
more structurally complex compounds resulting in C
losses from that system through a process referred to
as priming. The inverse could be true for inherently
recalcitrant SOM: in C-saturated soils it may be func-
tional in sequestering C (Cotrufo et al. 2019; Lavallee
et al. 2020). A similar process could happen with deep
soil C. At low C concentrations (and hence low
densities of decomposer microbes and their en-
zymes) deep soil C may escape from decomposition
and give rise to the optimistic view that additional
C can be stored through the use of plants with
deeper roots. But as root density increases, and C
inputs from living and dead roots result in enhanced
microbial and enzymatic abundance, random inter-
actions will occur more frequently, putting limits of
deep soil C storage (Gleixner 2013). In fact, Woolf
and Lehmann (2019) even suggested that feedbacks
between substrate availability and microbial bio-
mass, rather than mineral protection per se, explain
long-term persistence of SOM.

There may be a lesson learnt from the history of the
concept recalcitrance (Kleber 2010). It has become ev-
ident that searching for the operationalization of recal-
citrance (in the meaning of resistance to microbial deg-
radation) was elusive and that every concept of recalci-
trance implied context-dependency and environmental
interaction. Ultimately every organic molecule can, pro-
vided the right biological and physico-chemical condi-
tions, be fully degraded to the highest oxidation state to
form atmospheric CO2. Therefore every molecule
could, in principle and provided the right unconstraining
environmental context, contribute to the full suite of
functionalities that are attached to SOM, despite differ-
ences in degrees and rates.
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Table 1 Organic matter quality to serve soil ecosystem functions. The time scales refer to <1 year (short); 1–50 yr (intermediate) and > 50 yr
(long)

Soil ecosystem
function

Supporting Process Metric Putative mechanism Time scale

Climate regulation C-sequestration Activation energy and / or
likely C use efficiency

Material with high C use efficiency
promotes production of microbial
compounds stabilized through mineral
association

Long

Decomposability (labile vs
recalcitrant)

Fast decomposition for fast production of
microbial biomass and necromass to
stablize on mineral surfaces; Inherently
recalcitrant OM to promote
aggregate-mediated protection against
decomposition

Long

Aromaticity (aromatic to
aliphatic)

Both seem to contribute in different ways;
literature suggests that oldest SOM is
both more aromatic or more aliphatic
than fresh material, so possibly
classification is too coarse

Interm. - long

Thermal stability, oxidition
resistance

Higher for more persistant SOM Long

C:N ratio Binding to minerals (phyllosilicates,
metaloxides). C:N ratio of old, protected
OM is low (= < 12)

Long

Solubility (dissolved vs
particulate)

Dissolved OM for exchange with and
stabilization on mineral surfaces;
particulate OM for protection in
aggregates and stability based on
inherent recalcitrance

Interm. - long

Charge (negative - positive) Binding to minerals (phyllosilicates,
metaloxides)

Long

Density of functional groups Carboxylate, aromatic groups to bind to
metaloxides, amide groups to bind to
phyllosilicates

Long

Wetting properties Amphiphilic molecules to form the second
zone of mineral-associated OM

Interm.

Erosion protection Aggregation See metrics under
Csequestration

Association of OM with mineral surfaces is
essential to aggregation

Long

Decomposability (labile vs
recalcitrant)

Fast carbohydrate and protein rich litters
support faunal activity that promote
aggregation

Short

Sustained promotion of a microbial
community producing binding agents on
recalcitrant material for persistent
aggregation

Long

Wetting properties Hydrophobicity reduces aggregate wetting
and increases stability

Humic and fulvic acids Can bind to mineral surfaces Long

Solubility Rapid bacterial production of binding
agents from dissolved OM

Short

Water retention See under aggregation The pore network to retain water is defined
by aggregation

Long

Soil biodiversity Aggregation See above Aggregates provide diverse
micro-environments

Decomposability (labile vs
recalcitrant)

Different pools select for different microbial
and faunal guilds

Primary production Plant health
promotion

Decomposability (labile vs
recalcitrant)

Fast pools allow microbial activity and
build-up of saprotrophic competitors

Short
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Context-dependency is also relevant in another re-
spect. With the increased focus on persistent SOM for C
sequestration, we may have developed a focus on pro-
cesses that stabilize soil C while neglecting processes
that destabilize soil C. In many cases the same processes
can be responsible for stabilization and destabilization.
Earthworms both create and destroy macro-aggregates;
root exudates can be efficiently used by microbes and
hence form material for microbial biomass and
necromass that can become mineral-associated, but root
exudates can also prime the breakdown of old SOM and
/ or desorb mineral-associated OM (Bailey et al. 2019).
So from a management perspective we should, in case
we want to increase C sequestration, both look at man-
agement forms that increase and reduce stabilization.

The way forward

There are still a lot of unknowns that limit our under-
standing of the relationship between SOM composition
and soil functioning. The question ‘which OM inputs do
I need to support a specific soil function?’ remains
difficult to answer. Despite three paradigm shifts in
SOM research there is still much to be gained from the

perspective of SOM management for soil ecosystem
services.

The recognition that separation of functional groups
of SOM as a prerequisite to study SOM (Kögel-Knabner
and Rumpel 2018) has inspired the development of a
plethora of fractionation methods. These divide SOM
into compounds that are more homogeneous than the
total. In the context of eco-functionality of SOM these
fractions are relevant only if they contribute differential-
ly to soil functions. Most fractionation techniques so far
result in operationally defined fractions rather than func-
tional pools. In combination with novel analytical tech-
niques these fractionation methods have furthered our
understanding of “what sits where”.

Should that lead to despair? We do not think so. A way
forward could be to relate the operationally defined frac-
tions to soil functions or processes, similar to Poeplau et al.
(2018)who evaluatedwhich fractionationmethods divides
SOM into fractions with distinct turnover rates. Similarly,
considering specific functional groups in humic substances
rather than bulk SOM properties has led to substantial
progress, when humic and fulvic acids (i.e. operationally
defined fractions) were meaningful in predicting the be-
haviour of toxic heavy-metal cations. Another promising

Table 1 (continued)

Soil ecosystem
function

Supporting Process Metric Putative mechanism Time scale

with pathogens; recalcitrant OM
(compost) may also have an effect.

(Precursor of) toxic
compounds

Nematicidal (for instance glucosinolates) Short

Hormones Stimulation of root (and shoot) growth

Nutrient
mineralisation

Activation energy and / or
likely C use efficiency

If high C use efficiency also means high N
use efficiency

Long

C:N ratio, C:P ratio For fresh litter, low C:nutrient ratios means
quick mineralisation.

Short

Relative decomposition rate Depending on C:N ratio: fast or slow
mineralisation

Short - interm.

Purification Activation energy and / or
likely C use efficiency

Co-metabolic degradation of
organo-pollutants with high C use effi-
ciency is enabled

Water retention See aggregation The pore network to retain water is defined
by aggregation

Long

Aeration See aggregation The pore network to retain air is defined by
aggregation

Long

Water quality Compound retention Charge, functional group
density

Cation adsorption through electrostatic and
covalent interactions, H-bonding

Short

Polarity, aromaticity Hydrophobic compounds bind less to polar,
and more to SOM which is more
aromatic.

Short
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approach could be to distinguish the relative importance of
mineral-associatedOMand particulate OM for various soil
functions and relate that to required characteristics of or-
ganic inputs (Cotrufo et al. 2019; Lavallee et al. 2020). A
balance needs to be found between simplicity (as little
fractions as possible) and meaningfulness in relation to
functionality. We also plea for an integration between soil
biology, chemistry and physics: many of the SOM-
mediated processes supporting soil functions (Fig. 2) re-
quire cooperation across disciplines (Baveye and Wander
2019).

We see a parallel to the development of other scien-
tific disciplines such as plant science and microbiology,
which all started answering the questions “what is out
there” and “how to create order in complexity” before
questions “what does what” could be addressed. The
vastly complex nature of SOM, in combination with our
limited abilities to characterize and classify its meaning-
ful pools, has hampered progress. But new methodolog-
ical approaches are emerging rapidly that can be used to
further explore and unravel the complexity of SOM.
These will enable us to identify and explain patterns in
this complexity. This should provide a strong scientific
basis for applicable SOM science underpinning the con-
cept of eco-functionality and relevant to SOM manage-
ment for soil ecosystem services.
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