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Abstract Soil organic matter (SOM) plays a cen-
tral role in the global carbon balance and in mitigat-
ing climate change. It will therefore be important to
understand mechanisms of SOM decomposition and
stabilisation. SOM stabilisation is controlled by biotic
factors, such as the efficiency by which microbes use
and produce organic compounds varying in chemis-
try, but also by abiotic factors, such as adsorption of
plant- and microbially-derived organic matter onto
soil minerals. Indeed, the physicochemical adsorption
of organic matter onto soil minerals, forming mineral
associated organic matter (MAOM), is one of the sig-
nificant processes for SOM stabilisation. We integrate
existing frameworks of SOM stabilisation and illus-
trate how microbial control over SOM stabilisation
interacts with soil minerals. In our new integrated
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framework, we emphasise the interplay between sub-
strate characteristics and the abundance of active clay
surfaces on microbial processes such as carbon use
efficiency and recycling. We postulate that microbial
use and recycling of plant- and microbially-derived
substrates decline with increased abundance of active
clay surfaces, and that the shape of these relationships
depend on the affinity of each substrate to adsorb,
thereby affecting the efficiency by which organic mat-
ter remains in the soil and is stabilised into MAOM.
Our framework provides avenues for novel research
and ideas to incorporate interactions between clay
surfaces and microbes on SOM stabilisation in bio-
geochemical models.
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Introduction

Soil organic matter plays an important role in soil fertil-
ity and structure. It is one of the major components of the
global carbon (C) cycle as it contains more C than in ter-
restrial plant biomass and atmosphere combined (Field
et al. 2004; Schlesinger 1990). It also plays a crucial role
in soil surface-atmosphere exchange of greenhouse gases
(Grandy and Neff 2008; Grandy and Robertson 2006;
Kuzyakov 2011). Owing to its large size, relatively small
changes in the SOM stock can have a significant impact
on the atmospheric carbon dioxide (CO,) concentration
(Eglin et al. 2010; Magdoff and Weil 2004; Scharlemann
et al. 2014). Protecting SOM from microbial decomposi-
tion (SOM stabilisation) is therefore important to mitigate
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climate change, but the mechanisms of SOM stabilisation
still remain poorly understood.

Most C components of plant organic matter
input into the soil are decomposed biotically by
microbes and respired into the atmosphere over
short (<50 years) time scales (Dwivedi et al. 2019).
However, a significant portion of the C in SOM is
not respired but can become abiotically (i.e., chemi-
cally, or physically) protected before or after micro-
bial processing. As such, organic C in soil can per-
sist over much longer (100 s to> 1000 years) time
scales (Dwivedi et al. 2019). The age of C in SOM
tends to increase with soil depth (Balesdent et al.
2018; Schrumpf et al. 2013). This is because micro-
bial SOM processing is often more abundant at shal-
low soil depths, whereas stabilisation of SOM onto
mineral surfaces becomes more dominant in the
deeper soil (>30 cm) (Jackson et al. 2017). Increased
residence time of SOM with soil depth has also been
associated with variation in the chemical properties
of organic inputs and lower nutrient availability in
sub-surface soil, which may inhibit microbial activ-
ity (Rumpel and Kogel-Knabner 2011). Thus, both
biotic factors (e.g., plant inputs, microbial composi-
tion) and abiotic factors (e.g., clay content, mineral-
ogy) are critical regulators of SOM formation and
stabilisation.

Soil organic matter is considered as one of the
most complex and least-understood components of
soil (Magdoff and Weil 2004). It is a heterogeneous
mixture of organic compounds with variable compo-
sition and decomposition rates (Chenu et al. 2015;
Kleber and Johnson 2010). There are multiple func-
tional pools in SOM, each stabilised by a specific
mechanism, and each having a certain turnover rate.
A simple approach to isolate functional SOM pools
into mineral-associated organic matter (MAOM) and
particulate organic matter (POM) has been proposed
to understand and predict broad-scale SOM dynam-
ics (Lavallee et al. 2020). They defined MAOM as
the fraction of SOM consisting of single molecules
or microscopic fragments of organic material that are
directly from plant material or have been chemically
transformed by the soil biota, and that is associated
with minerals and protected from decomposition.
On the other hand, POM is the lightweight and rela-
tively undecomposed fraction of organic matter that
includes easily decomposable (labile) compounds and
mostly plant-derived compounds that are structurally
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complex and have high activation energies compared
to MAOM (Cambardella and Elliott 1992; Lavallee
et al. 2020; von Liitzow et al. 2008). Because of the
strong physicochemical sorption of OM with clay
minerals and metal oxides (Kleber et al. 2021; Ras-
mussen et al. 2018), the MAOM fraction has been
acknowledged as an important pool for the long term
C stabilisation in the soil (Grandy and Neff 2008;
Jagadamma et al. 2012; Kiem and Kogel-Knabner
2003; Kogel-Knabner 2002; Marschner et al. 2008;
Rumpel et al. 2010; von Liitzow et al. 2007).

It has become increasingly clear that microbial
products (e.g., necromass) are important for MAOM
formation (Kallenbach et al. 2016; Liang et al. 2019),
particularly in environments that provide favour-
able conditions for microbial growth (Angst et al.
2021a). Therefore, the efficiency of SOM stabilisa-
tion through the formation of organo-mineral com-
plexes (or MAOM) will also depend on how effi-
ciently plant compounds are turned into microbial
products that interact with minerals (Bradford et al.
2013; Cotrufo et al. 2013). An important parameter
in this regard is the microbial growth efficiency, or
carbon use efficiency (CUE), i.e., the proportion of
C substrates (here, we focus on non-microbial prod-
ucts) that is used by microbes for their growth instead
of being respired. When a greater proportion of C
substrate is used for microbial growth, this can ulti-
mately result in more stable C into organo-mineral
complexes (Cotrufo et al. 2013). However, microbial
CUE can vary strongly with substrate type, nutrient
availability, and other soil conditions (Manzoni et al.
2012), and much uncertainty remains about how this
affects SOM stabilisation through MAOM forma-
tion. Furthermore, the formation and persistence of
MAOM will depend on how strongly organic com-
pounds adsorb onto mineral surfaces, which can
vary among organic compounds and type of mineral
(Kleber et al. 2021; Sokol et al. 2019). The interac-
tions between organic compounds and clay minerals
would also affect the proportion of C that remains
unprotected in the soil. Unprotected C has a greater
possibility of being recycled by microbes (i.e., more
frequent decomposition cycles of dead microbial
cells by living microbes), eventually resulting in
more C lost as CO, and less C remaining in the soil
(Angst et al. 2021b; Hagerty et al. 2014) that could
potentially form stable complexes with minerals. To
account for microbial recycling effects, Geyer et al.

(2020) defined microbial “C stabilisation efficiency”
(CSE), a metric that includes microbial products for
C growth and use in the CUE equation.

From the above, it becomes clear that biotic pro-
cesses such as microbial decomposition, CUE and
recycling of substrates do not operate independently
from abiotic processes such as adsorption onto soil
minerals to stabilise SOM through the formation of
MAOM. However, these interactions have rarely
been considered in experimental studies or current
frameworks of SOM stabilisation. Indeed, we know
very little about how microbially controlled SOM
stabilisation (including rate and strength of stabilisa-
tion) depends on abiotic processes such as adsorption
and type of soil minerals. Here, we first discuss cur-
rent models of SOM stabilisation and then propose a
new framework integrating abiotic (variation in the
abundance of clay particles that have the capacity to
adsorb organic compounds on their surfaces, referred
to as active clay surfaces hereafter) and biotic mecha-
nisms (microbial CUE and recycling of substrates)
of SOM stabilisation. Our framework highlights the
need to incorporate interactions between clay surfaces
and biotic controls on SOM stabilisation in biogeo-
chemical models.

Models of SOM stabilisation

Traditional models of SOM dynamics assume the
decomposition of plant litter based on simple first-
order kinetics that do not account for the formation
of organo-mineral complexes through abiotic con-
trol (e.g., CENTURY and RothC models, Coleman
and Jenkinson 1996; Parton et al. 1983). However,
studies using solid-state '3C nuclear magnetic reso-
nance (NMR) spectroscopy have revealed that much
of SOM is microbial-derived and has few similari-
ties with plant litter (Knicker 2011). Also, microbial
necromass can make up more than half of all topsoil
organic C in agricultural, grassland, and forest eco-
systems (Liang et al. 2019), although plant biomol-
ecules, such as lipids, lignin, and sugars, might also
contribute to the formation of organo-mineral com-
plexes (Angst et al. 2021a). Regardless, it has become
clear that stabilisation of SOM is not solely based on
intrinsic properties of the organic matter that control
(first-order) decomposition rates but is influenced by
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physicochemical interactions with the soil environ-
ment (Schmidt et al. 2011).

Cotrufo et al. (2013) proposed the microbial effi-
ciency-matrix stabilisation (MEMS) framework,
where SOM is stabilised through the formation of
organo-mineral complexes, with labile plant com-
pounds being the dominant source of these com-
plexes. The idea behind this framework is that labile
plant compounds are used more efficiently by soil
microbes than relatively recalcitrant plant compounds
and therefore a greater fraction of labile plant com-
pounds end up in the microbial necromass or as a
microbial by-product (e.g., extracellular enzymes)
that can react with soil minerals to form organo-
mineral complexes (MAOM). However, this may also
depend on the extent of soil C saturation or the inher-
ent capacity of soils to stabilise C (Castellano et al.
2015). In contrast, some plant compounds that are
relatively slow to decompose, such as slow-decaying
plant litter may eventually be lost to the soil as CO,
when their conversion to microbial necromass is low.
If this indeed occurs in different soil types and land
uses, this will profoundly change the current view
of how the quality of plant inputs influences SOM
stabilisation.

Later, Liang et al. (2017) introduced another con-
ceptual framework for soil C stabilisation, referred to
as the microbial C pump mechanism, where microor-
ganism-mediated processes lead to SOM stabilisation.
Two major pathways were described in this model by
which microorganisms influence SOM formation:
(1) ex-vivo (extracellular) modification, in which
extracellular enzymes attack and transform plant
residues, resulting in the deposition of plant-derived
C that is not readily assimilated by microorganisms;
and (2) in-vivo turnover of organic substrates (e.g.,
cell uptake—biosynthesis—growth—death), resulting in
the deposition of microbial-derived C. In both path-
ways, microorganisms contribute to the formation of
POM and MAOM fractions. The relative importance
of in-vivo turnover and ex-vivo modification varies
with different environmental conditions, and similar
to the MEMS framework, this model also advocates
that microbial necromass and metabolites are the pre-
cursors for SOM stabilisation. They further illustrated
that the pathway of C is differently driven by bacte-
ria and fungi with different trophic lifestyles, such as
autotrophic or heterotrophic lifestyles, substrate-use,
and host species.

@ Springer

Sokol et al. (2019) proposed a spatially explicit
set of processes that link the plant C source with
MAOM formation. They suggested that the forma-
tion of MAOM in areas of high microbial density
(e.g., rhizosphere zone and other microbial hotspots)
should primarily occur through an in-vivo micro-
bial turnover pathway and favour C substrates that
are processed first by microbes. In contrast, in areas
of low microbial density (e.g., certain regions of the
bulk soil), MAOM formation should primarily occur
through direct sorption of the intact or partially oxi-
dised plant compounds to un-colonised mineral sur-
faces, particularly substrates with a strong ‘sorptive
affinity’ to mineral surfaces. Through this frame-
work, they describe how the primacy of biotic vs.
abiotic (e.g., abundance of clay particles) controls
on MAOM dynamics is not mutually exclusive but
instead spatially dictated.

This spatial control over SOM stabilisation or per-
sistence was also highlighted in the ‘functional com-
plexity’ concept proposed by Lehmann et al. (2020).
They postulated that an increase in spatial heteroge-
neity in the soil, combined with an increase in the
molecular diversity of substrates, can reduce SOM
decomposition. They argued that spatial heterogene-
ity decreases the likelihood that microbes are in direct
contact with their substrates, while a greater molec-
ular diversity in substrates reduces decomposition
because of a reduced energy return on investment in
different types of extracellular enzymes.

However, none of these above-described concep-
tual frameworks considers the interactions between
clay particles and biotic processes in relation to the
SOM stabilisation. For instance, the rate and strength
of substrate adsorption to minerals will be influenced
by clay content and clay mineralogy, which in turn
will influence the microbial C use and recycling. In
other words, if more of the substrate is directly and
rapidly adsorbed onto minerals (including micro-
bial products), then there will be less opportunity for
microbes to recycle C, while there is also evidence
that a decline in C availability can also directly influ-
ence microbial CUE (Min et al. 2016). Microbial use
of substrates will further depend on the adsorption
strength or affinity that can significantly vary among
substrates, all of which would influence microbial C
use and recycling of different substrates. Soils dif-
fer widely in clay content and mineralogy, interac-
tions between abiotic and biotic processes will have
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important consequences for SOM  stabilisation.
Therefore, we propose a framework integrating the
existing concepts on interactions between abiotic and
biotic controls on OM stabilisation in soils varying in
the abundance of active clay surfaces.

Framework to integrate interactions
between abiotic and biotic processes on SOM
stabilisation

Our framework integrates existing concepts and is
primarily based on four principles described below.
While the first three principles have been included
in other frameworks of SOM stabilisation, the fourth
principle is what makes this integrated framework
distinct from others. We first illustrate these princi-
ples using three different types and contrasting plant
organic matter inputs, which include glucose and
oxalic acid, two simple and labile compounds that are
frequently found in root exudates, and a plant litter
(either from roots or shoots) that is structurally more
complex (i.e., has a greater molecular diversity) and
overall is slower to decay than the labile compounds.
Plant litter consists of different compounds (lignin,
cellulose, etc.) that vary greatly in composition
depending on its source, the purpose of using plant
litter here is to contrast rhizodeposition compounds

(a)

CUE

Low <«——— Energy content —— High
High «——— C-oxidation state ———» Low
High +«—

Complexity — Low

with plant litter, since plants do not produce solely
lignin or cellulose. We then describe six different
scenarios about the fate of these three substrates in
soils with either low or high abundance of active clay
surfaces.

Principle 1 Microbial CUEs differ intrinsically
among different substrates, which can be related to
their energy content, C oxidation state, and structural
complexity (Fig. 1a).

As a general rule, compounds that have a large
energy content result in a high microbial CUE of such
compounds (Fig. 1a). This is because microbes are
frequently C-limited rather than being energy-limited,
whereby energy-rich compounds liberate enough
energy for maximum C-assimilation and growth
resulting in a high microbial CUE (Gommers et al.
1988). However, the microbial CUE is not only deter-
mined by the energy content of a substrate but also
depends on metabolic pathways (Dijkstra et al. 2015,
2011) and C oxidation state of the substrate (Gunina
et al. 2014, 2017; Manzoni et al. 2012). For instance,
sugars are thought to be used more for anabolism
(particularly when microbes are C-limited), and there-
fore result in a high microbial CUE, while carboxylic
acids, such as oxalic acid, are used more for energy
production, resulting in a much lower microbial CUE
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Fig. 1 Schematic representation of the influence of energy content, C-oxidation state, and complexity of three contrasting substrates
on microbial carbon use efficiency (CUE, a); and the adsorption affinity of original substrates and microbial products (b)
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(Gunina et al. 2014). The structural complexity of a
substrate may also affect CUE. Microbes need to pro-
duce extracellular enzymes to break down substrates
before they can be taken up. Because the produc-
tion of extracellular enzymes requires energy, and
a greater number of enzymatic steps are required to
breakdown more complex substrates, complex sub-
strates have a relatively low microbial CUE (Agren
and Bosatta 1987). Therefore, a more complex nature
of plant litter (and its breakdown products) is thought
to result in a lower microbial CUE compared to
labile and more simple substrates used for anabolism
(Cotrufo et al. 2013).

Principle 2 Substrates (including microbial prod-
ucts) differ in their adsorption affinity to clay min-
erals, while the adsorption affinity of microbial
products is usually higher than or as high as for the
substrates they were derived from (Fig. 1b).

Adsorption of organic compounds onto clay min-
erals occur through different mechanisms, including
ligand exchange reactions, hydrophobic interactions
and van der Waals forces, hydrogen bonding, and cat-
ion bridging (Gu et al. 1994; Sposito 1984; Yeasmin
et al. 2014). Ligand exchange between the carboxyl
and hydroxyl functional groups of organic compounds
and mineral surfaces has been considered as one of
the most dominant adsorption mechanisms (Gu et al.
1994), and therefore, carboxylic acids (such as oxalic
acid) tend to have a high adsorption affinity to clay
minerals, particularly iron oxides (Jagadamma et al.
2012, 2014; Yeasmin et al. 2014). In contrast, without
carboxyl or hydroxyl functional groups, glucose has
a much smaller tendency to directly adsorb onto clay
minerals (Fischer et al. 2010). Fresh plant litter also
tends to have a low density of these functional groups,
but decomposition could result in increased formation
of COOH and OH functional groups on material that
remains undecomposed (Kogel-Knabner et al. 1988).
It can therefore be expected that the adsorption affin-
ity of plant litter would increase with time. Other
chemical characteristics, such as hydrophobicity and
aromaticity could also influence the adsorption affin-
ity of plant litter (Kaiser and Zech 1997; Keiluweit
and Kleber 2009).

However, regardless of the type, once substrates
are processed and incorporated into microbial bio-
mass, the microbial products, including microbial
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necromass and extracellular enzymes, have chemical
structures that are expected to have a greater adsorp-
tion affinity compared to the substrates they have
derived from, possibly because of higher density of
carboxyl or hydroxyl functional groups. For instance,
specific extracellular enzymes produced by microbes
usually contain a large number of functional groups
and therefore have a tendency to adsorb onto soil
clays minerals (LePrince and Quiquampoix 1996;
Olagoke et al. 2020). Recently, this principle was also
indirectly shown where rapid formation of microbial
products from glucose resulted in increased sorp-
tion to clay, thereby preventing further decomposi-
tion of these microbial products (Geyer et al. 2020).
Indeed, it has been suggested that MAOM formation
is largely driven by adsorption with microbial prod-
ucts (Kallenbach et al. 2016; Miltner et al. 2012).
However, most of these studies measured adsorption
of microbial products that are left behind, and there is
therefore the possibility that microbial products with
low adsorption affinity are produced, and that are
consequently decomposed.

Principle 3 Substrate complexity and adsorption
affinity will affect C flow into MAOM and POM
(Fig. 2).

This principle builds on prior conceptual frame-
works (Cotrufo et al. 2013; Kaiser and Kalbitz
2012; Sokol et al. 2019) and predicts that both sub-
strate complexity and adsorption affinity affect the
C flow into MAOM and POM (Fig. 2). Labile and
relatively simple compounds with low adsorption
affinity, such as glucose, are readily taken up by
microbes and therefore are not likely to be directly
adsorbed onto minerals (Fischer et al. 2010). How-
ever, these compounds can still strongly contribute
to MAOM formation through the in-vivo microbial
pathway (Cotrufo et al. 2013; Liang et al. 2017;
Fig. 2a), unless the capacity of soil to adsorb com-
pounds has been saturated (Castellano et al. 2015;
Stewart et al. 2007). Labile and relatively simple
compounds that have a high adsorption affinity,
such as oxalic acid, are more likely to be directly
adsorbed onto minerals and can escape micro-
bial uptake, particularly when they are produced
at locations with low microbial density (Sokol
et al. 2019, Fig. 2b). In contrast, compounds that
have greater structural complexity (e.g., structural
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(a) Microbe - & (b)

Substrate - ®

Fig. 2 Simplified scheme of particulate organic matter (POM)
and mineral associated organic matter (MAOM) formation
with glucose (a), oxalic acid (b) and litter (c). We identify

residues derived from plant litter that have under-
gone comminution) will not be readily decomposed
and adsorbed to minerals, and therefore contribute
mostly to POM (Fig. 2c¢). However, with time more
of this material will be modified through microbial
decomposition, which increases their likelihood to
contribute to MAOM.

Principle 4 An increase in the abundance of active
clay surfaces will increase adsorption, decrease
microbial recycling, increase microbial CSE due to
C flowing into MAOM, and the magnitude of this
effect will depend upon the intrinsic microbial CUE
and adsorption affinity of each organic compound
(Fig. 3).

Microbe - & (c) Microbe - &

Substrate - ®

Substrate -

three distinct pathways, (1) partial decomposition of structur-
ally complex substrates, (2) direct sorption, and (3) the in-vivo
microbial pathway

A first feature of this principle is represented by
the potential for adsorption of organic C onto clay
minerals, which will increase with increased abun-
dance of active clay surfaces (e.g., Jeewani et al.
2021, Fig. 3a). The abundance of active clay sur-
faces will also determine the maximum capacity (i.e.,
saturation) for soils to form complexes with organic
C (Dexter et al. 2008; Hassink 1997; Klopfenstein
et al. 2015), while the actual rate of adsorption may
be greater in soils that are further from C saturation
(Castellano et al. 2015; Stewart et al. 2008). Fur-
thermore, we only focus here on the role of active
clay surfaces, but we would like to point out that the
adsorption capacity of soils will also be influenced
by the type of clay minerals and by the thickness of
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Fig. 3 Simplified representation of the influence of the abun-
dance of active clay surfaces (AACS) on adsorption (a), micro-
bial recycling (b) and carbon stabilisation efficiency (CSE, ¢)
of substrates. While relationships are presented as linear, it is

possible that they may be non-linear (e.g., smaller increase in
adsorption and CSE or smaller decrease in microbial recycling
with increased AACS)
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«Fig. 4 Framework depicting the fate of glucose (a, d), oxalic
acid (b, e), and plant litter (c, f) in soils with low (a, b, ¢) and
high abundance of active clay surfaces (AACS) (d, e, f). Glu-
cose and oxalic acid are represented as labile C, while plant
litter is structural C. Green arrows indicate C flowing into the
particulate organic matter pool (POM), brown and red arrows
indicate microbial uptake and respiration, and blue arrows
indicate adsorption onto minerals forming mineral associated
organic matter (MAOM). Microbial recycling pathways are
further made distinct with red arrows. The thickness of the
arrows indicates the relative size of the C flows. The back-
ground colour of each panel indicates the variation in micro-
bial carbon stabilisation efficiency (CSE), as indicated by the
colour bar on the left

C accrual on a clay surface (Churchman et al. 2020;
Jindaluang et al. 2013; Kalbitz et al. 2000; Schweizer
et al. 2021; Singh et al. 2016). When there is a greater
adsorption capacity, there will be less substrate avail-
able for microbes, including microbial products (e.g.,
Swenson et al. 2015), and therefore, an increase
in abundance of active clay surfaces would reduce
microbial recycling of C (Fig. 3b). When there is less
opportunity for microbes to recycle C, this will result
in reduced loss of C as CO,, and therefore, a greater
abundance of active clay surfaces would increase the
microbial CSE (Fig. 3c). The CSE differs from CUE
in that CSE includes microbial use of microbial prod-
ucts (Geyer et al. 2020).

Interactions between substrate type
and abundance of active clay surfaces: six
scenarios

We postulate six different scenarios based on the
abovementioned four principles for each of the three
substrates (glucose, oxalic acid, and plant litter) in
soils with either a low or high abundance of active
clay surfaces (Fig. 4). For each of these substrate
types, we elaborate on how an increased abundance
of active clay surfaces alters the C dynamics and why
specific C flows are high or low based on the four
principles stated above.

Soils with low abundance of active clay surfaces

In soils with low abundance of active clay surfaces,
we postulate that most of the labile C (glucose, oxalic
acid) will be taken up by microbes, and little C will
flow into the POM pool (Fig. 4a, b). In contrast, much

of the structural C (plant litter) is not readily taken
up by microbes and will flow into the POM pool
(Fig. 4c). Because of the low abundance of active
clay surfaces, the capacity to adsorb C will be low for
all three substrate types, and also adsorption of POM-
derived compounds, directly or indirectly through the
microbial pathway, will be small (Haddix et al. 2020).
As a consequence, there will be much opportunity for
microbes to recycle microbial products, resulting in
relatively high recycling rates for all three substrates.
High rates of recycling, where microbial products are
repeatedly used with time, in soils with low abun-
dance of active clay surfaces will generally have low
microbial CSEs (Angst et al. 2021b). Although there
will be intrinsic differences in microbial CUE among
substrates, because of repeated recycling with time,
microbial CSE will be low for all substrates. Indeed,
during repeated recycling, increasingly more micro-
bial C will be respired and lost to the atmosphere.
The MAOM pool in soils with low abundance of
active clay surfaces will be small, and most of the soil
C will exist in the POM pool, particularly when sub-
strates are added as plant litter.

Soils with high abundance of active clay surfaces

In soils with high abundance of active clay surfaces
the role of adsorption will be more prominent. Direct
adsorption of labile substrates with a high adsorption
affinity (e.g., oxalic acid) can be high, where it com-
petes with microbial uptake (Fig. 4e). On the other
hand, labile substrates with a low adsorption affin-
ity (e.g., glucose) will not be directly adsorbed onto
minerals but immediately taken up by microbes, and
only after the formation of microbial products, will
adsorption onto minerals occur (Fig. 4d). Assuming
that fresh plant litter will have a low adsorption affin-
ity, initial adsorption of plant litter will be small, also
because it is not readily taken up by microbes. How-
ever, with time it is expected that after modification
by microbes, the modified litter in the POM pool will
have a greater ability to form MAOM (Fig. 4f, also
see Haddix et al. 2020). Because of the high adsorp-
tion affinity of microbial products, there is less likeli-
hood of recycling of microbially derived compounds
(Samson et al. 2020b), and therefore we expect that
microbial recycling will tend to be lower in soils
with high abundance of active clay surfaces. Indeed,
(Angst et al. 2021b) also suggested a greater retention
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of C derived from plant litter in a clay-rich soil due
to reduced microbial recycling. As a consequence, we
also expect that the microbial CSE of different plant
substrates should be higher in soils with high abun-
dance of active clay surfaces (as observed by Angst
et al. 2021b for grass litter), and particularly for labile
compounds that intrinsically result in a high micro-
bial CUE, such as glucose. Due to the high adsorp-
tion of microbial products and other compounds with
high adsorption affinity, we predict relatively large
MAOM pools in soils with high abundance of active
clay surfaces, although where plant litter is an impor-
tant component of plant input, POM may also remain
high.

Further considerations

In our new framework, we have attempted to integrate
interactions between abiotic and biotic processes
in relation to SOM stabilisation and showed possi-
ble scenarios for the SOM stabilisation in soils with
low and high abundances of active clay surfaces. We
understand that this framework does not specifically
consider the role of soil aggregation, which can also
be important for SOM stabilisation and depend on
clay content (Chivenge et al. 2011; Six et al. 2004,
2002; von Liitzow et al. 2006). For instance, recently
it was suggested that clay may be more important
for protecting SOM through aggregation rather than
mineral adsorption (Schweizer et al. 2021). Also, our
framework does not explicitly consider the effects
of variability in the soil microbial community (e.g.,
variation in bacteria and fungi) on SOM stabilisa-
tion (Kallenbach et al. 2016). Published studies have
suggested that fungi-dominated soils may accumu-
late more C than bacteria-dominated soils because
fungi produce more structural compounds than bac-
teria and have a relatively high CUE (Six et al. 2006;
Thiet et al. 2006). However, evidence for this remains
inconclusive, as it has also been suggested that fungi
have a lower CUE than bacteria, possibly because
fungi produce C-costly enzymes to break down com-
plex structures (Poll et al. 2006; Ullah et al. 2021).
Soil pH can have a strong influence on the soil micro-
bial community composition and microbial CUE
(Jones et al. 2019; Zheng et al. 2019), therefore may
influence SOM stabilisation (O’Brien et al. 2015),
which has not been considered here. Furthermore, our
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framework only focuses on the abundance of active
clay surfaces but not on the clay mineralogy, which
remains key area for future research as different min-
erals have different organic matter adsorption affini-
ties (Churchman et al. 2020; Jones and Singh 2014;
Kalbitz et al. 2000; Singh et al. 2016; Yeasmin et al.
2014, 2017, 2020). Finally, our framework does not
include the role of plant roots other than being a
source of SOM substrate (either as exudates or root
litter). However, roots can cause rhizosphere priming,
destabilising SOM, possibly both POM and MAOM
pools (Dijkstra et al. 2021). We therefore believe it is
critically important to understand the different roles
of soil aggregation, microbial community, and plant
roots on SOM stabilisation in soils that vary in clay
content and mineralogy.

Conclusions

Mechanisms leading to the decomposition of SOM
are well documented, although uncertainties persist
regarding the stability of SOM. To address this criti-
cal gap, a robust predictive understanding and model-
ling of the SOM dynamics are essential for examining
short- and long-term changes in soil C storage (espe-
cially the microbial dynamics and different pools such
as POM and the more stable MAOM) and feedbacks
with climate. While several frameworks about SOM
dynamics and stabilisation have been put forward
focusing on plant inputs and microbial interactions,
there is still a lack of empirical and conceptual under-
standing of how these biotic controls on SOM stabi-
lisation interact with abiotic soil factors such as the
abundance of active clay surfaces (but see Samson
et al. 2020a). Our framework advances this under-
standing by linking plant C source and chemistry
with adsorption and microbial pathways of POM and
MAOM formation in soils varying in the abundance
of active clay surfaces. We believe that accounting
for interactions between biotic and abiotic controls
on SOM stabilisation is necessary to understand how
efficiently C substrates of different chemistries are
incorporated into POM and MAOM in different soils.

Acknowledgements MRI acknowledges the financial sup-
port of the ‘Australian Government Research Training Program
Scholarship’, ‘Francis Henry Loxton Supplementary Agricul-
ture Scholarship’, and ‘Irvine Armstrong Watson Scholarship’
from The University of Sydney, Australia.



Biogeochemistry (2022) 160:145-158

155

Author contributions MRI and FAD designed the frame-
work and BS contributed to the concept. MRI prepared the ini-
tial manuscript. FAD and BS finally reviewed and edited the
manuscript.

Funding Open Access funding enabled and organised by
CAUL and its Member Institutions. This research received no
other external funding.

Data availability Data sharing is not applicable to this arti-
cle as no datasets were generated or analysed during the cur-
rent research.

Declarations

Competing interests The authors declare no competing inter-
ests.

Ethical approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Agren GI, Bosatta N (1987) Theoretical analysis of the long-
term dynamics of carbon and nitrogen in soils. Ecology
68(5):1181-1189. https://doi.org/10.2307/1939202

Angst G, Mueller KE, Nierop KGJ, Simpson MJ (2021a) Plant-
or microbial-derived? A review on the molecular com-
position of stabilized soil organic matter. Soil Biol Bio-
chem 156:108189. https://doi.org/10.1016/j.s0ilbio.2021.
108189

Angst G, Pokorny J, Mueller CW, Prater I, Preusser S, Kan-
deler E, Meador T, Strakova P, Hajek T, van Buiten G,
Angst S (2021b) Soil texture affects the coupling of lit-
ter decomposition and soil organic matter formation. Soil
Biol Biochem 159:108302. https://doi.org/10.1016/j.s0ilb
i0.2021.108302

Balesdent J, Basile-Doelsch I, Chadoeuf J, Cornu S, Derrien
D, Fekiacova Z, Hatté C (2018) Atmosphere—soil carbon

transfer as a function of soil depth. Nature 559(7715):599—
602. https://doi.org/10.1038/s41586-018-0328-3

Bradford MA, Keiser AD, Davies CA, Mersmann CA, Strick-
land MS (2013) Empirical evidence that soil carbon for-
mation from plant inputs is positively related to microbial
growth. Biogeochemistry 113(1):271-281. https://doi.org/
10.1007/s10533-012-9822-0

Cambardella CA, Elliott ET (1992) Particulate soil organic-
matter changes across a grassland cultivation sequence.
Soil Sci Soc Am J 56(3):777-783. https://doi.org/10.2136/
$882j1992.03615995005600030017x

Castellano MJ, Mueller KE, Olk DC, Sawyer JE, Six J (2015)
Integrating plant litter quality, soil organic matter stabili-
zation, and the carbon saturation concept. Glob Change
Biol 21(9):3200-3209. https://doi.org/10.1111/gcb.12982

Chenu C, Rumpel C, Lehmann J (2015) Chapter 13—meth-
ods for studying soil organic matter: nature, dynamics,
spatial accessibility, and interactions with minerals. In:
Paul EA (ed) Soil microbiology, ecology and biochem-
istry, 4th ed. Academic Press, Boston, pp 383-419.
https://doi.org/10.1016/B978-0-12-415955-6.00013-X

Chivenge P, Vanlauwe B, Gentile R, Six J (2011) Compari-
son of organic versus mineral resource effects on short-
term aggregate carbon and nitrogen dynamics in a sandy
soil versus a fine textured soil. Agric Ecosyst Environ
140(3):361-371.  https://doi.org/10.1016/j.agee.2010.12.
004

Churchman GJ, Singh M, Schapel A, Sarkar B, Bolan N (2020)
Clay minerals as the key to the sequestration of carbon in
soils. Clays Clay Miner 68(2):135-143. https://doi.org/10.
1007/s42860-020-00071-z

Coleman K, Jenkinson DS (1996) RothC-26.3—a model for
the turnover of carbon in soil. In: Powlson DS, Smith P,
Smith JU (eds) Evaluation of soil organic matter models.
NATO ASI series (Series I: global environmental change),
vol 38. Springer, Berlin, pp 237-246. https://doi.org/10.
1007/978-3-642-61094-3_17

Cotrufo MF, Wallenstein MD, Boot CM, Denef K, Paul E
(2013) The Microbial Efficiency-Matrix Stabilization
(MEMS) framework integrates plant litter decomposi-
tion with soil organic matter stabilization: do labile plant
inputs form stable soil organic matter? Glob Change Biol
19(4):988-995. https://doi.org/10.1111/gcb.12113

Dexter AR, Richard G, Arrouays D, Czyz EA, Jolivet C, Duval
O (2008) Complexed organic matter controls soil physical
properties. Geoderma 144(3):620-627. https://doi.org/10.
1016/j.geoderma.2008.01.022

Dijkstra P, Thomas SC, Heinrich PL, Koch GW, Schwartz E,
Hungate BA (2011) Effect of temperature on metabolic
activity of intact microbial communities: evidence for
altered metabolic pathway activity but not for increased
maintenance respiration and reduced carbon use effi-
ciency. Soil Biol Biochem 43(10):2023-2031. https://doi.
org/10.1016/j.s0ilbio.2011.05.018

Dijkstra P, Salpas E, Fairbanks D, Miller EB, Hagerty SB,
van Groenigen KJ, Hungate BA, Marks JC, Koch GW,
Schwartz E (2015) High carbon use efficiency in soil
microbial communities is related to balanced growth, not
storage compound synthesis. Soil Biol Biochem 89:35-
43. https://doi.org/10.1016/j.s0ilbi0.2015.06.021

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2307/1939202
https://doi.org/10.1016/j.soilbio.2021.108189
https://doi.org/10.1016/j.soilbio.2021.108189
https://doi.org/10.1016/j.soilbio.2021.108302
https://doi.org/10.1016/j.soilbio.2021.108302
https://doi.org/10.1038/s41586-018-0328-3
https://doi.org/10.1007/s10533-012-9822-0
https://doi.org/10.1007/s10533-012-9822-0
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.1111/gcb.12982
https://doi.org/10.1016/B978-0-12-415955-6.00013-X
https://doi.org/10.1016/j.agee.2010.12.004
https://doi.org/10.1016/j.agee.2010.12.004
https://doi.org/10.1007/s42860-020-00071-z
https://doi.org/10.1007/s42860-020-00071-z
https://doi.org/10.1007/978-3-642-61094-3_17
https://doi.org/10.1007/978-3-642-61094-3_17
https://doi.org/10.1111/gcb.12113
https://doi.org/10.1016/j.geoderma.2008.01.022
https://doi.org/10.1016/j.geoderma.2008.01.022
https://doi.org/10.1016/j.soilbio.2011.05.018
https://doi.org/10.1016/j.soilbio.2011.05.018
https://doi.org/10.1016/j.soilbio.2015.06.021

156

Biogeochemistry (2022) 160:145-158

Dijkstra FA, Zhu B, Cheng W (2021) Root effects on soil
organic carbon: a double-edged sword. New Phytol
230(1):60-65. https://doi.org/10.1111/nph.17082

Dwivedi D, Tang J, Bouskill N, Georgiou K, Chacon SS, Riley
WIJ (2019) Abiotic and biotic controls on soil organo—min-
eral interactions: developing model structures to analyze
why soil organic matter persists. Rev Mineral Geochem
85(1):329-348. https://doi.org/10.2138/rmg.2019.85.11

Eglin T, Ciais P, Piao SL, Barre P, Bellassen V, Cadule P,
Chenu C, Gasser T, Koven C, Reichstein M, Smith P
(2010) Historical and future perspectives of global soil
carbon response to climate and land-use changes. Tellus B
62(5):700-718. https://doi.org/10.1111/j.1600-0889.2010.
00499.x

Field CB, Raupach MR, MacKenzie SH (2004) The global car-
bon cycle : integrating humans, climate, and the natural
world. Island Press, Washington

Fischer H, Ingwersen J, Kuzyakov Y (2010) Microbial uptake
of low-molecular-weight organic substances out-competes
sorption in soil. Eur J Soil Sci 61(4):504-513. https://doi.
org/10.1111/j.1365-2389.2010.01244 x

Geyer K, Schnecker J, Grandy AS, Richter A, Frey S (2020)
Assessing microbial residues in soil as a potential car-
bon sink and moderator of carbon use efficiency. Bio-
geochemistry 151(2):237-249. https://doi.org/10.1007/
$10533-020-00720-4

Gommers PJF, Van Schie BJ, Van Dijken JP, Kuenen JG (1988)
Biochemical limits to microbial growth yields: An anal-
ysis of mixed substrate utilization. Biotechnol Bioeng
32(1):86-94. https://doi.org/10.1002/bit.260320112

Grandy AS, Neff JC (2008) Molecular C dynamics down-
stream: the biochemical decomposition sequence and its
impact on soil organic matter structure and function. Sci
Total Environ 404(2):297-307. https://doi.org/10.1016/j.
scitotenv.2007.11.013

Grandy AS, Robertson GP (2006) Initial cultivation of a
temperate-region soil immediately accelerates aggregate
turnover and CO, and N,O fluxes. Glob Change Biol
12(8):1507-1520.  https://doi.org/10.1111/j.1365-2486.
2006.01166.x

Gu B, Schmitt J, Chen Z, Liang L, McCarthy JF (1994)
Adsorption and desorption of natural organic matter on
iron oxide: mechanisms and models. Environ Sci Technol
28(1):38-46. https://doi.org/10.1021/es000502007

Gunina A, Dippold MA, Glaser B, Kuzyakov Y (2014) Fate of
low molecular weight organic substances in an arable soil:
from microbial uptake to utilisation and stabilisation. Soil
Biol Biochem 77:304-313. https://doi.org/10.1016/j.s0ilb
0.2014.06.029

Gunina A, Smith AR, Kuzyakov Y, Jones DL (2017) Microbial
uptake and utilization of low molecular weight organic
substrates in soil depend on carbon oxidation state. Bio-
geochemistry  133(1):89-100.  https://doi.org/10.1007/
$10533-017-0313-1

Haddix ML, Gregorich EG, Helgason BL, Janzen H, Ellert BH,
Francesca Cotrufo M (2020) Climate, carbon content, and
soil texture control the independent formation and persis-
tence of particulate and mineral-associated organic matter
in soil. Geoderma 363:114160. https://doi.org/10.1016/j.
geoderma.2019.114160

@ Springer

Hagerty SB, van Groenigen KJ, Allison SD, Hungate BA,
Schwartz E, Koch GW, Kolka RK, Dijkstra P (2014)
Accelerated microbial turnover but constant growth effi-
ciency with warming in soil. Nat Clim Chang 4(10):903—
906. https://doi.org/10.1038/nclimate2361

Hassink J (1997) The capacity of soils to preserve organic C
and N by their association with clay and silt particles.
Plant Soil 191(1):77-87

Jackson RB, Lajtha K, Crow SE, Hugelius G, Kramer MG,
Pifieiro G (2017) The ecology of soil carbon: pools, vul-
nerabilities, and biotic and abiotic controls. Annu Rev
Ecol Evol Syst 48(1):419—445. https://doi.org/10.1146/
annurev-ecolsys-112414-054234

Jagadamma S, Mayes MA, Phillips JR (2012) Selective sorp-
tion of dissolved organic carbon compounds by temperate
soils. PLoS ONE 7(11):e50434. https://doi.org/10.1371/
journal.pone.0050434

Jagadamma S, Mayes MA, Zinn YL, Gisladéttir G, Russell
AE (2014) Sorption of organic carbon compounds to the
fine fraction of surface and subsurface soils. Geoderma
213:79-86. https://doi.org/10.1016/j.geoderma.2013.07.
030

Jeewani PH, Ling L, Fu Y, Van Zwieten L, Zhu Z, Ge T,
Guggenberger G, Luo Y, Xu J (2021) The stoichiometric
C-Fe ratio regulates glucose mineralization and stabili-
zation via microbial processes. Geoderma 383:114769.
https://doi.org/10.1016/j.geoderma.2020.114769

Jindaluang W, Kheoruenromne I, Suddhiprakarn A, Singh
BP, Singh B (2013) Influence of soil texture and min-
eralogy on organic matter content and composition in
physically separated fractions soils of Thailand. Geo-
derma  195-196:207-219. https://doi.org/10.1016/].
geoderma.2012.12.003

Jones E, Singh B (2014) Organo-mineral interactions in con-
trasting soils under natural vegetation. Front Environ Sci
2(2):1-15. https://doi.org/10.3389/fenvs.2014.00002

Jones DL, Cooledge EC, Hoyle FC, Griffiths RI, Murphy
DV (2019) pH and exchangeable aluminum are major
regulators of microbial energy flow and carbon use effi-
ciency in soil microbial communities. Soil Biol Bio-
chem 138:107584. https://doi.org/10.1016/j.soilbio.
2019.107584

Kaiser K, Kalbitz K (2012) Cycling downwards—dissolved
organic matter in soils. Soil Biol Biochem 52:29-32.
https://doi.org/10.1016/j.s0ilbio.2012.04.002

Kaiser K, Zech W (1997) Competitive sorption of dissolved
organic matter fractions to soils and related mineral
phases. Soil Sci Soc Am J 61(1):64-69. https://doi.org/
10.2136/ss5aj1997.03615995006100010011x

Kalbitz K, Solinger S, Park J, Michalzik B, Matzner E (2000)
Controls on the dynamics dissolved organic matter in
soils: a review. Soil Sci 165(4):277-304. https://doi.org/
10.1097/00010694-200004000-00001

Kallenbach CM, Frey SD, Grandy AS (2016) Direct evidence
for microbial-derived soil organic matter formation and
its ecophysiological controls. Nat Commun 7(1):13630.
https://doi.org/10.1038/ncomms 13630

Keiluweit M, Kleber M (2009) Molecular-level interactions
in soils and sediments: the role of aromatic m-systems.
Environ Sci Technol 43(10):3421-3429. https://doi.org/
10.1021/es8033044


https://doi.org/10.1111/nph.17082
https://doi.org/10.2138/rmg.2019.85.11
https://doi.org/10.1111/j.1600-0889.2010.00499.x
https://doi.org/10.1111/j.1600-0889.2010.00499.x
https://doi.org/10.1111/j.1365-2389.2010.01244.x
https://doi.org/10.1111/j.1365-2389.2010.01244.x
https://doi.org/10.1007/s10533-020-00720-4
https://doi.org/10.1007/s10533-020-00720-4
https://doi.org/10.1002/bit.260320112
https://doi.org/10.1016/j.scitotenv.2007.11.013
https://doi.org/10.1016/j.scitotenv.2007.11.013
https://doi.org/10.1111/j.1365-2486.2006.01166.x
https://doi.org/10.1111/j.1365-2486.2006.01166.x
https://doi.org/10.1021/es00050a007
https://doi.org/10.1016/j.soilbio.2014.06.029
https://doi.org/10.1016/j.soilbio.2014.06.029
https://doi.org/10.1007/s10533-017-0313-1
https://doi.org/10.1007/s10533-017-0313-1
https://doi.org/10.1016/j.geoderma.2019.114160
https://doi.org/10.1016/j.geoderma.2019.114160
https://doi.org/10.1038/nclimate2361
https://doi.org/10.1146/annurev-ecolsys-112414-054234
https://doi.org/10.1146/annurev-ecolsys-112414-054234
https://doi.org/10.1371/journal.pone.0050434
https://doi.org/10.1371/journal.pone.0050434
https://doi.org/10.1016/j.geoderma.2013.07.030
https://doi.org/10.1016/j.geoderma.2013.07.030
https://doi.org/10.1016/j.geoderma.2020.114769
https://doi.org/10.1016/j.geoderma.2012.12.003
https://doi.org/10.1016/j.geoderma.2012.12.003
https://doi.org/10.3389/fenvs.2014.00002
https://doi.org/10.1016/j.soilbio.2019.107584
https://doi.org/10.1016/j.soilbio.2019.107584
https://doi.org/10.1016/j.soilbio.2012.04.002
https://doi.org/10.2136/sssaj1997.03615995006100010011x
https://doi.org/10.2136/sssaj1997.03615995006100010011x
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1038/ncomms13630
https://doi.org/10.1021/es8033044
https://doi.org/10.1021/es8033044

Biogeochemistry (2022) 160:145-158

157

Kiem R, Kogel-Knabner I (2003) Contribution of lignin
and polysaccharides to the refractory carbon pool in
C-depleted arable soils. Soil Biol Biochem 35:101-118.
https://doi.org/10.1016/S0038-0717(02)00242-0

Kleber M, Johnson MG (2010) Chapter 3—advances in
understanding the molecular structure of soil organic
matter: implications for interactions in the environ-
ment. In: Sparks DL (ed) Advances in agronomy. Aca-
demic Press, pp 77-142. https://doi.org/10.1016/S0065-
2113(10)06003-7

Kleber M, Bourg IC, Coward EK, Hansel CM, Myneni
SCB, Nunan N (2021) Dynamic interactions at the
mineral-organic matter interface. Nat Rev Earth
Environ 2(6):402-421. https://doi.org/10.1038/
s43017-021-00162-y

Klopfenstein ST, Hirmas DR, Johnson WC (2015) Relation-
ships between soil organic carbon and precipitation along
a climosequence in loess-derived soils of the Central
Great Plains, USA. CATENA 133:25-34. https://doi.org/
10.1016/j.catena.2015.04.015

Knicker H (2011) Soil organic N—an under-rated player for C
sequestration in soils? Soil Biol Biochem 43:1118-1129.
https://doi.org/10.1016/j.s0ilbio.2011.02.020

Kogel-Knabner 1 (2002) The macromolecular organic com-
position of plant and microbial residues as inputs to soil
organic matter. Soil Biol Biochem 34(2):139-162. https://
doi.org/10.1016/S0038-0717(01)00158-4

Kogel-Knabner I, Zech W, Hatcher PG (1988) Chemical com-
position of the organic matter in forest soils: the humus
layer. Z Pflanz Bodenkunde 151(5):331-340. https://doi.
org/10.1002/jpIn. 19881510512

Kuzyakov Y (2011) How to link soil C pools with CO, fluxes?
Biogeosciences 8(6):1523-1537. https://doi.org/10.5194/
bg-8-1523-2011

Lavallee JM, Soong JL, Cotrufo MF (2020) Conceptualizing
soil organic matter into particulate and mineral-associated
forms to address global change in the 21% century. Glob
Change Biol 26(1):261-273. https://doi.org/10.1111/gcb.
14859

Lehmann J, Hansel CM, Kaiser C, Kleber M, Maher K,
Manzoni S, Nunan N, Reichstein M, Schimel JP, Torn
MS, Wieder WR, Kogel-Knabner 1 (2020) Persistence
of soil organic carbon caused by functional complex-
ity. Nat Geosci 13(8):529-534. https://doi.org/10.1038/
s41561-020-0612-3

LePrince F, Quiquampoix H (1996) Extracellular enzyme
activity in soil: effect of pH and ionic strength on the
interaction with montmorillonite of two acid phosphatases
secreted by the ectomycorrhizal fungus Hebeloma cylin-
drosporum. Eur J Soil Sci 47(4):511-522. https://doi.org/
10.1111/j.1365-2389.1996.tb01851.x

Liang C, Schimel JP, Jastrow JD (2017) The importance of
anabolism in microbial control over soil carbon storage.
Nat Microbiol 2(8):17105. https://doi.org/10.1038/nmicr
obiol.2017.105

Liang C, Amelung W, Lehmann J, Késtner M (2019) Quanti-
tative assessment of microbial necromass contribution to
soil organic matter. Glob Change Biol 25(11):3578-3590.
https://doi.org/10.1111/gcb.14781

Magdoff F, Weil RR (2004) Soil organic matter in sustainable
agriculture, Ist edn. CRC Press, Boca Raton. https://doi.
org/10.1201/9780203496374

Manzoni S, Taylor P, Richter A, Porporato A, /okgren GI (2012)
Environmental and stoichiometric controls on microbial
carbon-use efficiency in soils. New Phytol 196(1):79-91.
https://doi.org/10.1111/j.1469-8137.2012.04225.x

Marschner B, Brodowski S, Dreves A, Gleixner G, Gude
A, Grootes PM, Hamer U, Heim A, Jandl G, Ji R, Kai-
ser K, Kalbitz K, Kramer C, Leinweber P, Rethemeyer
J, Schiffer A, Schmidt MWI, Schwark L, Wiesenberg
GLB (2008) How relevant is recalcitrance for the stabi-
lization of organic matter in soils? J Plant Nutr Soil Sci
171(1):91-110. https://doi.org/10.1002/jpln.200700049

Miltner A, Bombach P, Schmidt-Briicken B, Kistner M (2012)
SOM genesis: microbial biomass as a significant source.
Biogeochemistry 111(1):41-55. https://doi.org/10.1007/
$10533-011-9658-z

Min K, Lehmeier CA, Ballantyne FIV, Billings SA (2016) Car-
bon availability modifies temperature responses of hetero-
trophic microbial respiration, carbon uptake affinity, and
stable carbon isotope discrimination. Front Microbiol

O’Brien SL, Jastrow JD, Grimley DA, Gonzalez-Meler MA
(2015) Edaphic controls on soil organic carbon stocks in
restored grasslands. Geoderma 251-252:117-123. https://
doi.org/10.1016/j.geoderma.2015.03.023

Olagoke FK, Kaiser K, Mikutta R, Kalbitz K, Vogel C (2020)
Persistent activities of extracellular enzymes adsorbed to
soil minerals. Microorganisms 8(11):1796

Parton WIJ, Anderson DW, Cole CV, Stewart JWB (1983) Sim-
ulation of organic matter formation and mineralization in
semi-arid agroecosystems. In: Lowrance RR, Todd RL,
Asmussen LE, Leonard RA (eds) Nutrient cycling in agri-
cultural ecosystems. The University of Georgia, College
of Agriculture Experiment Stations, Special Publ. No. 23.
Athens, Georgia, pp 533-550

Poll C, Ingwersen J, Stemmer M, Gerzabek MH, Kandeler E
(2006) Mechanisms of solute transport affect small-scale
abundance and function of soil microorganisms in the
detritusphere. Eur J Soil Sci 57(4):583-595. https://doi.
org/10.1111/j.1365-2389.2006.00835.x

Rasmussen C, Heckman K, Wieder WR, Keiluweit M, Law-
rence CR, Asmeret Asefaw B, Blankinship JC, Crow
SE, Druhan JL, Hicks Pries CE, Marin-Spiotta E, Plante
AF, Schidel C, Schimel JP, Sierra CA, Thompson A,
Rota W (2018) Beyond clay: towards an improved set of
variables for predicting soil organic matter content. Bio-
geochemistry 137(3):297-306. https://doi.org/10.1007/
$10533-018-0424-3

Rumpel C, Kdgel-Knabner I (2011) Deep soil organic matter—
a key but poorly understood component of terrestrial C
cycle. Plant Soil 338(1):143-158. https://doi.org/10.1007/
s11104-010-0391-5

Rumpel C, Eusterhues K, Kogel-Knabner 1 (2010) Non-cel-
lulosic neutral sugar contribution to mineral associated
organic matter in top- and subsoil horizons of two acid
forest soils. Soil Biol Biochem 42(2):379-382. https://doi.
org/10.1016/j.s0ilbio.2009.11.004

Samson M-E, Chantigny MH, Vanasse A, Menasseri-Aubry
S, Angers DA (2020a) Coarse mineral-associated organic
matter is a pivotal fraction for SOM formation and is

@ Springer


https://doi.org/10.1016/S0038-0717(02)00242-0
https://doi.org/10.1016/S0065-2113(10)06003-7
https://doi.org/10.1016/S0065-2113(10)06003-7
https://doi.org/10.1038/s43017-021-00162-y
https://doi.org/10.1038/s43017-021-00162-y
https://doi.org/10.1016/j.catena.2015.04.015
https://doi.org/10.1016/j.catena.2015.04.015
https://doi.org/10.1016/j.soilbio.2011.02.020
https://doi.org/10.1016/S0038-0717(01)00158-4
https://doi.org/10.1016/S0038-0717(01)00158-4
https://doi.org/10.1002/jpln.19881510512
https://doi.org/10.1002/jpln.19881510512
https://doi.org/10.5194/bg-8-1523-2011
https://doi.org/10.5194/bg-8-1523-2011
https://doi.org/10.1111/gcb.14859
https://doi.org/10.1111/gcb.14859
https://doi.org/10.1038/s41561-020-0612-3
https://doi.org/10.1038/s41561-020-0612-3
https://doi.org/10.1111/j.1365-2389.1996.tb01851.x
https://doi.org/10.1111/j.1365-2389.1996.tb01851.x
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1111/gcb.14781
https://doi.org/10.1201/9780203496374
https://doi.org/10.1201/9780203496374
https://doi.org/10.1111/j.1469-8137.2012.04225.x
https://doi.org/10.1002/jpln.200700049
https://doi.org/10.1007/s10533-011-9658-z
https://doi.org/10.1007/s10533-011-9658-z
https://doi.org/10.1016/j.geoderma.2015.03.023
https://doi.org/10.1016/j.geoderma.2015.03.023
https://doi.org/10.1111/j.1365-2389.2006.00835.x
https://doi.org/10.1111/j.1365-2389.2006.00835.x
https://doi.org/10.1007/s10533-018-0424-3
https://doi.org/10.1007/s10533-018-0424-3
https://doi.org/10.1007/s11104-010-0391-5
https://doi.org/10.1007/s11104-010-0391-5
https://doi.org/10.1016/j.soilbio.2009.11.004
https://doi.org/10.1016/j.soilbio.2009.11.004

158

Biogeochemistry (2022) 160:145-158

sensitive to the quality of organic inputs. Soil Biol Bio-
chem 149:107935. https://doi.org/10.1016/j.s0ilbio.2020.
107935

Samson M-E, Chantigny MH, Vanasse A, Menasseri-Aubry S,
Royer I, Angers DA (2020b) Management practices dif-
ferently affect particulate and mineral-associated organic
matter and their precursors in arable soils. Soil Biol Bio-
chem 148:107867. https://doi.org/10.1016/j.s0ilbio.2020.
107867

Scharlemann JPW, Tanner EVJ, Hiederer R, Kapos V (2014)
Global soil carbon: understanding and managing the larg-
est terrestrial carbon pool. Carbon Manag 5(1):81-91.
https://doi.org/10.4155/cmt.13.77

Schlesinger WH (1990) Evidence from chronosequence stud-
ies for a low carbon-storage potential of soils. Nature
348(6298):232-234. https://doi.org/10.1038/348232a0

Schmidt MWI, Torn MS, Abiven S, Dittmar T, Guggenberger
G, Janssens IA, Kleber M, Kogel-Knabner I, Lehmann J,
Manning DAC, Nannipieri P, Rasse DP, Weiner S, Trum-
bore SE (2011) Persistence of soil organic matter as an
ecosystem property. Nature 478(7367):49-56. https://doi.
org/10.1038/nature10386

Schrumpf M, Kaiser K, Guggenberger G, Persson T, Kogel-
Knabner I, Schulze ED (2013) Storage and stability
of organic carbon in soils as related to depth, occlusion
within aggregates, and attachment to minerals. Bio-
geosciences 10(3):1675-1691. https://doi.org/10.5194/
bg-10-1675-2013

Schweizer SA, Mueller CW, Hoschen C, Ivanov P, Kogel-
Knabner 1 (2021) The role of clay content and mineral
surface area for soil organic carbon storage in an arable
toposequence. Biogeochemistry. https://doi.org/10.1007/
$10533-021-00850-3

Singh M, Sarkar B, Biswas B, Churchman J, Bolan NS (2016)
Adsorption-desorption behavior of dissolved organic car-
bon by soil clay fractions of varying mineralogy. Geoderma
280:47-56. https://doi.org/10.1016/j.geoderma.2016.06.005

Six J, Conant RT, Paul EA, Paustian K (2002) Stabilization
mechanisms of soil organic matter: implications for C-sat-
uration of soils. Plant Soil 241(2):155-176. https://doi.
org/10.1023/A:1016125726789

Six J, Bossuyt H, Degryze S, Denef K (2004) A history of
research on the link between (micro)aggregates, soil
biota, and soil organic matter dynamics. Soil Tillage Res
79(1):7-31. https://doi.org/10.1016/j.stil1.2004.03.008

Six J, Frey SD, Thiet RK, Batten KM (2006) Bacterial and fun-
gal contributions to carbon sequestration in agroecosys-
tems. Soil Sci Soc Am J 70(2):555-569. https://doi.org/
10.2136/ss52j2004.0347

Sokol NW, Sanderman J, Bradford MA (2019) Pathways of
mineral-associated soil organic matter formation: Integrat-
ing the role of plant carbon source, chemistry, and point of
entry. Glob Change Biol 25(1):12-24. https://doi.org/10.
1111/gcb.14482

Sposito G (1984) The future of an illusion: ion activities in soil
solutions. Soil Sci Soc Am J 48(3):531-536. https://doi.
org/10.2136/sss52j1984.03615995004800030012x

Stewart CE, Paustian K, Conant RT, Plante AF, Six J (2007)
Soil carbon saturation: concept, evidence and evaluation.
Biogeochemistry 86(1):19-31. https://doi.org/10.1007/
$10533-007-9140-0

@ Springer

Stewart CE, Paustian K, Conant RT, Plante AF, Six J (2008)
Soil carbon saturation: evaluation and corroboration by
long-term incubations. Soil Biol Biochem 40(7):1741—
1750. https://doi.org/10.1016/j.s0ilbio.2008.02.014

Swenson TL, Bowen BP, Nico PS, Northen TR (2015) Com-
petitive sorption of microbial metabolites on an iron oxide
mineral. Soil Biol Biochem 90:34-41. https://doi.org/10.
1016/j.s0ilbi0.2015.07.022

Thiet RK, Frey SD, Six J (2006) Do growth yield efficiencies
differ between soil microbial communities differing in
fungal:bacterial ratios? Reality check and methodological
issues. Soil Biol Biochem 38(4):837-844. https://doi.org/
10.1016/j.s0ilbio.2005.07.010

Ullah MR, Carrillo Y, Dijkstra FA (2021) Drought-induced
and seasonal variation in carbon use efficiency is associ-
ated with fungi:bacteria ratio and enzyme production in
a grassland ecosystem. Soil Biol Biochem 155:108159.
https://doi.org/10.1016/j.s0ilbio.2021.108159

von Liitzow M, Kogel-Knabner I, Ekschmitt K, Matzner E,
Guggenberger G, Marschner B, Flessa H (2006) Stabiliza-
tion of organic matter in temperate soils: mechanisms and
their relevance under different soil conditions—a review.
Eur J Soil Sci 57(4):426-445. https://doi.org/10.1111/j.
1365-2389.2006.00809.x

von Liitzow M, Kogel-Knabner I, Ekschmitt K, Flessa H,
Guggenberger G, Matzner E, Marschner B (2007) SOM
fractionation methods: relevance to functional pools and to
stabilization mechanisms. Soil Biol Biochem 39(9):2183—
2207. https://doi.org/10.1016/j.50ilbio.2007.03.007

von Liitzow M, Kogel-Knabner I, Ludwig B, Matzner E, Flessa
H, Ekschmitt K, Guggenberger G, Marschner B, Kalbitz
K (2008) Stabilization mechanisms of organic matter in
four temperate soils: development and application of a
conceptual model. J Plant Nutr Soil Sci 171(1):111-124.
https://doi.org/10.1002/jpIln.200700047

Yeasmin S, Singh B, Kookana RS, Farrell M, Sparks DL, John-
ston CT (2014) Influence of mineral characteristics on the
retention of low molecular weight organic compounds: a
batch sorption—desorption and ATR-FTIR study. J Colloid
Interface Sci 432:246-257. https://doi.org/10.1016/j.jcis.
2014.06.036

Yeasmin S, Singh B, Johnston CT, Sparks DL (2017) Organic
carbon characteristics in density fractions of soils with
contrasting mineralogies. Geochim Cosmochim Acta
218:215-236. https://doi.org/10.1016/j.gca.2017.09.007

Yeasmin S, Singh B, Smernik RJ, Johnston CT (2020) Effect of
land use on organic matter composition in density fractions
of contrasting soils: a comparative study using '*C NMR
and DRIFT spectroscopy. Sci Total Environ 726:138395.
https://doi.org/10.1016/j.scitotenv.2020.138395

Zheng Q, Hu Y, Zhang S, Noll L, Bockle T, Richter A, Wanek
W (2019) Growth explains microbial carbon use effi-
ciency across soils differing in land use and geology. Soil
Biol Biochem 128:45-55. https://doi.org/10.1016/j.soilb
10.2018.10.006

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1016/j.soilbio.2020.107935
https://doi.org/10.1016/j.soilbio.2020.107935
https://doi.org/10.1016/j.soilbio.2020.107867
https://doi.org/10.1016/j.soilbio.2020.107867
https://doi.org/10.4155/cmt.13.77
https://doi.org/10.1038/348232a0
https://doi.org/10.1038/nature10386
https://doi.org/10.1038/nature10386
https://doi.org/10.5194/bg-10-1675-2013
https://doi.org/10.5194/bg-10-1675-2013
https://doi.org/10.1007/s10533-021-00850-3
https://doi.org/10.1007/s10533-021-00850-3
https://doi.org/10.1016/j.geoderma.2016.06.005
https://doi.org/10.1023/A:1016125726789
https://doi.org/10.1023/A:1016125726789
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.1111/gcb.14482
https://doi.org/10.1111/gcb.14482
https://doi.org/10.2136/sssaj1984.03615995004800030012x
https://doi.org/10.2136/sssaj1984.03615995004800030012x
https://doi.org/10.1007/s10533-007-9140-0
https://doi.org/10.1007/s10533-007-9140-0
https://doi.org/10.1016/j.soilbio.2008.02.014
https://doi.org/10.1016/j.soilbio.2015.07.022
https://doi.org/10.1016/j.soilbio.2015.07.022
https://doi.org/10.1016/j.soilbio.2005.07.010
https://doi.org/10.1016/j.soilbio.2005.07.010
https://doi.org/10.1016/j.soilbio.2021.108159
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1016/j.soilbio.2007.03.007
https://doi.org/10.1002/jpln.200700047
https://doi.org/10.1016/j.jcis.2014.06.036
https://doi.org/10.1016/j.jcis.2014.06.036
https://doi.org/10.1016/j.gca.2017.09.007
https://doi.org/10.1016/j.scitotenv.2020.138395
https://doi.org/10.1016/j.soilbio.2018.10.006
https://doi.org/10.1016/j.soilbio.2018.10.006

	Stabilisation of soil organic matter: interactions between clay and microbes
	Abstract 
	Graphical abstract 

	Introduction
	Models of SOM stabilisation
	Framework to integrate interactions between abiotic and biotic processes on SOM stabilisation
	Interactions between substrate type and abundance of active clay surfaces: six scenarios
	Soils with low abundance of active clay surfaces
	Soils with high abundance of active clay surfaces

	Further considerations
	Conclusions
	Acknowledgements 
	References




