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a b s t r a c t

My 2002 SBB paper, The macromolecular organic composition of plant and microbial residues as inputs to
soil organic matter, brought together knowledge on the chemical composition of the diverse inputs to soil
organic matter. Both plant and microbial residues were examined with the analysis of their composition
using a combination of different techniques. From this, the limitations of conventional proximate analysis
methods were identified and the great potential of recent techniques, in particular solid-state 13C NMR
spectroscopy and molecular level analysis, for the overall characterization of the input materials were
discussed. The paper emphasised the importance of differentiating between organic matter from plants
(above-ground litter, root litter and rhizodeposition), microbial residues and extracellular polymers and
their breakdown products as well as the need for quantitative measurements of the amounts of these
materials entering soils. In the last 14 years much new knowledge has been generated regarding these
inputs and their alteration during decomposition, yet we still lack quantitative data for the amounts,
composition and transformations of the many different forms of organic matter entering the soil. This is
particularly the case regarding the inputs to the subsoil via root litter and rhizodeposition and the sig-
nificance of microbial residues and extracellular polymers and their turnover.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

When I started to write my paper there were several reviews
available that described the chemical composition of plant residues
from a geochemical (De Leeuw and Largeau, 1993) and wood sci-
ence (Fengel and Wegener, 1984) perspective but which also had
relevance for soils. Yet, there was much less information on the
amount of plant material entering soils and the volume of below-
ground litter. I was convinced that understanding the formation,
properties and turnover of soil organic matter (SOM) required a
close examination of the inputs of organic matter from different
sources. I sought to combine and evaluate the knowledge on carbon
input to SOM formation with respect to three questions: (i) how
much organic carbon enters the soil; (ii) where does it enter the
soil; and (iii) what is the composition of the organic matter input?

For this, I considered it relevant to integrate not only the
nich, Emil-Ramann-Straße 2,
knowledge on chemical composition, as available from plant and
wood sciences, but also to provide examples of state-of-the-art
techniques for investigating litter input and SOM composition in
soils and soil fractions. The aim of the paper was to summarise and
combine our knowledge of litter input to soils and its molecular-
level composition using 13C NMR spectroscopic analysis of
different plant and microbial residues. I hoped that this would
provide a basis for studies on the changes occurring during residue
decay and SOM formation. The molecular-level information on
composition was based on the techniques that were considered
state-of-the-art at the time, i.e. analytical pyrolysis and various
chemolytic procedures combined with gas-chromatography-mass
spectrometry. The techniques were chosen because they can be
applied to bulk litter materials and also soils, circumventing the
need to extract organic matter with NaOH or other solvents. A
major intention was to steer the research focus from above-ground
litter to belowground organic matter (root materials, rhizodeposi-
tion) and to the importance of microbial residues as inputs for SOM
formation (Fig. 1). In the years following the publication of this Soil
Biology & Biochemistry paper, a number of advances have been
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Fig. 1. The input of OM to soils from above-ground litter, belowground litter consisting
of roots and associated mycorrhiza, rhizodeposition, microbial extracellular polymeric
substances (EPS) and microbial residues (necromass).
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made concerning all these aspects of organic matter input to soils.

1.1. Blending structural information with analytical techniques

A major intent when writing my paper was to compare the in-
formation on the many different structural components of SOM
with that obtained using a technique that provides information on
the presence of the many structural groups in the input materials.
This analytical technique is solid-state 13C nuclear magnetic reso-
nance (NMR) spectroscopy. I sought to gather the information
available from plant materials, specifically leaves, needles and roots
from both gymnosperm and angiosperm litter as well as grasses.
NMR spectroscopy also provided a description of the many changes
occurring during the decomposition of plant litter in soils. My pa-
per may have triggered many scientists to use this technique to
help answer their specific questions. Major progress came from
Baldock et al. (2004) and Nelson and Baldock (2005) whowere able
to bring the information on the molecular structures of plant
components together with the data from solid-state 13C NMR
spectroscopy in the so-called mixing model. This was one of the
first studies that showed that the composition of SOM can be
explained using the chemical structures from mixtures of common
biomolecules. They concluded that their soil and sediment samples
had humic materials with a composition that could be approxi-
mated by mixtures of those common biologically derived mole-
cules or that humic structures were not present in significant
amounts.

The limitations of classical proximate analyses were revealed
from an understanding of the complexity of the plant residue
composition. Proximate analysis refers to the analysis of so-called
Klason lignin (i.e. the residue remaining after hydrolysis with sul-
phuric acid) which is only suitable for wood and not for the more
complex and varied compositions of roots and leaf litter. The same
applies for the Van Soest procedure (Van Soest, 1963) which had
been developed to analyse the nutritional value of forage but which
is not suitable to isolate or quantify lignin in leaf or root litter. There
was evidence that the fraction that could not be acid-hydrolysed
(the so-called acid-unhydrolisable residue) contained other com-
pounds in substantial amounts in addition to lignin (Johansson
et al., 1986). These issues had been elaborated by Preston et al.
(1997) who showed that proximate analyses have limited use for
identifying the chemical compounds that control and arise from
litter decomposition, and that many other biopolymers should be
considered in degradation studies. Although more advanced
techniques have been adopted in many studies, proximate analyses
are still widely used and even suggested as the basis for global
modelling efforts (Garcia-Palacios et al., 2015). Recently, Preston
and Trofymow (2015) analysed different forest litters with solid-
state 13C NMR spectroscopy and proximate analyses and argued
that it is “time for the scientific community to limit the use of the term
‘lignin’ to chemically meaningful contexts”. McKee et al. (2016) also
concluded from a methods comparison that wet chemical frac-
tionation using the acid-unhydrolysable residue did not accurately
reflect the initial litter structures, particularly lignin. They warned
against the sole use of wet chemical methods and strongly
encouraged coupling them with spectroscopic methods. In my
original paper I also emphasized that the commonly used analytical
techniques, i.e. chemolytic methods, analytical pyrolysis and solid
state 13C NMR spectroscopy, have different levels of resolution and
vary in their ability to provide compositional information. Thus, it is
advisable to use several techniques in a complementary way. This is
now an often practised approach for the analysis of agricultural as
well as forest soils (e.g., Pisani et al., 2016).

Nonetheless, we still do not have a detailed and accurate mo-
lecular description of the more stable SOM components. As it is, the
mean residence times measured for the different molecularly
identified compounds in SOM are lower than that of the bulk SOM
(Amelung et al., 2008; Schmidt et al., 2011), which confirms that the
composition of stable SOM is not identified at the molecular level.
But there is more and more evidence that stable materials may
have been ‘slightly’ transformed and are missed by our narrow
analytical window - even though they may not be substantially
different in their composition to those that have been identified
from plant or microbial sources. Kelleher and Simpson (2006)
expanded the results obtained from the molecular mixing model
of Nelson and Baldock (2005) using advanced 2D NMR techniques.
They found that a high proportion of the operationally defined
humic material in soils is a complex mixture of microbial and plant
biopolymers and their degradation products and did not belong to a
distinct chemical category. This also implies that additional stabi-
lization mechanisms operate to protect organic matter from
degradation and include aggregation, the formation of organo-
mineral associations, and effects of hydrophobic properties (von
Lützow et al., 2006, 2008).

2. Amount and quality of litter input

The organic matter that is added to a soil, either from above-
ground litter or belowground inputs, is the energy (C) and nutrient-
source (e.g. N, P) for soil microorganisms and is, therefore, decisive
for microbially mediated C- and nutrient fluxes and determines the
amount of organic matter sequestered in a soil (Wardle, 1992;
Scholes et al., 1997). The quantity and quality of litter inputs and
the source of the material (roots versus shoots) can have nonlinear
effects on soil C fluxes andmicrobial decomposition (Fontaine et al.,
2004a; Craine et al., 2007; Crow et al., 2009; Kirkby et al., 2014). It is
often considered that labile carbon input may reduce the formation
and persistence of SOM in the soil carbon sink as microbes acquire
nutrients (e.g. N) from recalcitrant organic matter: this is termed
the priming effect (Kuzyakov, 2010). Most studies have emphasised
soil organic carbon (SOC) losses induced by priming but have not
reported net SOC balances between primed C and the gain from
added labile OC. Priming increases SOC decomposition (e.g.,
Fontaine et al., 2004a; Sayer et al., 2011), but a fraction of the added
organic carbon remains in the soil and compensates for the SOC
loss. These effects could thus lead not to a net C decrease but to an
increase in soil (Fontaine et al., 2004b; Ohm et al., 2011). Qiao et al.
(2014) reported an overcompensation of priming-induced C losses,
specifically if continuous inputs of organic carbon were
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investigated, but also from single inputs. They conclude from their
experiments and previous studies that raising labile organic C input
to soils by higher plant productivity will increase the SOC content
even though priming accelerates decomposition of native SOC. It
seems that the 50-year old conclusion of Jenkinson (1966) “all of the
published work on the priming action has shown that soil incubated
with plant material contains more carbon at the end of a period of
incubation than the same soil incubated by itself” is still valid.

New concepts demonstrate how microbially mediated C and
nutrient fluxes are regulated by stoichiometric imbalances between
terrestrial decomposer communities and their input resources
(Mooshammer et al., 2014). Such imbalances may reduce the
amount of organic matter newly formed in stable SOM pools
(Kirkby et al., 2014) as a certain amount of N seems to be necessary
to form the N-rich stable SOM. Carbon and N mineralization are
closely coupled processes during the decay of plant residues on or
in the soil although Bimüller et al. (2014) suggest that they are
decoupled in the mineral-associated fractions of the soil where the
interactions of both C and N containing components strongly
modulate mineralization dynamics.

Recent research has also focussed on a more detailed under-
standing of the effects of changes in the amount of root or litter
residue entering to a soil. The Detritus Input and Removal Treat-
ments (DIRT) experiment in Harvard Forest, a temperate system,
showed clear effects of increasing or reducing litter inputs to forest
soils (Pisani et al., 2016). Doubling aboveground litter inputs in the
N-limited forest ecosystem decreased soil carbon content,
increased the degradation of labile SOM, and enhanced the
sequestration of aliphatic compounds. The exclusion of below-
ground inputs and the decrease in root-derived components
enhanced the degradation of leaf cutin, a component of above-
ground litter that is considered to be relatively recalcitrant to
decomposition (Angst et al., 2016a). As similar studies in other
climatic conditions showed different effects (Fekete et al., 2014) it is
clear that we have not yet understood the complex relationships
between above- and belowground inputs and SOM formation and
turnover. It is likely that the source, quantity and quality of plant
litter inputs will have a direct influence on the molecular-level
composition of SOM and that this relationship will be ecosystem-
dependent (Manzoni et al., 2010; Pisani et al., 2016). In the course
of soil formation, organic matter andmineral particles are clustered
and glued together into aggregates of various sizes which build a
complex soil micro- and macro-structure. Our mechanistic under-
standing of how the site specific properties (e.g. soil mineralogy,
molecular characteristics of organic matter input, structure of the
microbial community) contribute to soil structure is still limited
(Vogel et al., 2014). The greatest challenge now is to integrate the
knowledge and information on the stoichiometry and chemistry of
different input resources with the properties of site specific envi-
ronments and the mechanisms of microbial response. These re-
actions will include changes in microbial substrate and energy use
efficiencies, regulation of microbial extracellular enzyme produc-
tion, and shifts in the microbial community structure related to the
components' specific element demands and the dynamic soil
environment.

For all modelling endeavours and projections for changes in
SOM under a changing climate, carbon input and its transformation
is one of the decisive parameters (Gottschalk et al., 2012). Estimates
are often obtained from just an inverse application of the model
used or from modelled net primary productivity (NPP) which as-
sumes that C inputs are proportional to NPP; this assumption is not
valid for agricultural soils (Wiesmeier et al., 2015). We still have a
dearth of applicable data for the amount of organic matter input on
a regional or agrosystem-specific level.
3. Sources of organic matter input to soils

Our understanding of organic carbon dynamics in soils is still
largely limited to the surface 20e30 cm (Rumpel and K€ogel-
Knabner, 2011; Campbell and Paustian, 2015) but there is
increasing evidence that a significant proportion of the organic
matter input is frombelowground sources. This arises not only from
dead roots but also the many different organic C and N containing
materials released from living roots as rhizodeposition. These
include sloughed-off cells, mucilage, and low molecular mass and
polymeric exudates released from intact root cells (Fig. 1). Both
aboveground and belowground litter quality and quantity are now
recognized as major determinants of soil organic matter composi-
tion and turnover. The SOC depth profile in the subsoil (B and C
horizons) is strongly controlled by root distribution (Ota et al.,
2013; Spielvogel et al., 2014). But our understanding of subsoil
SOC dynamics suffers from the lack in quantitative information on
the amount of different C compounds entering soils from the
various below-ground plant, animal and microbial sources and
their turnover characteristics. This, in turn, limits the modelling of
organic carbon dynamics in soils. As pointed out by Campbell and
Paustian (2015) this ignorance is mainly due to logistic challenges
in investigation of subsoil C inputs and processes and needs greater
efforts to develop new approaches to solving this problem.

Carbon flow from the roots is the starting point fromwhich the
rhizosphere (i.e. the soil zone influenced by roots) develops (Jones
et al., 2009). Nonetheless, our SOM turnover models often ignore
the contribution of belowground organic matter inputs, and spe-
cifically rhizodeposition. Estimates for the amount of root exudates
are highly variable. Jones et al. (2004) stated that approximately
5e10% of the net fixed C is lost by root exudation. In contrast,
Brüggemann et al. (2011) concluded that up to 40% of photosyn-
thates are exuded by roots and are rapidly respired or invested in
biomass by rhizosphere microorganisms. Other review studies
indicate that roughly 40% of the net fixed C is allocated below-
ground to root growth and rhizodeposits (Jones et al., 2009). But
this does not tell us how much of the C from decaying roots is
entering the soil. The rate of C loss to the soil by root exudation as
opposed to root turnover has rarely been compared in the same
experiment (Jones et al., 2009). We need a major effort to initiate
experiments designed to track and quantify C and N flow
belowground.

This aspect of research is of particular importance as rhizode-
posits are of a different composition compared to those plant tis-
sues which contribute mainly structural polymers. Rhizodeposition
is composed of mainly lowmolecular mass and readilymetabolized
organic compounds, such as organic acids, carbohydrates and
amino acids with a high proportion of organic nitrogen (Jones et al.,
2009). This alsomeans that rhizodeposits are likely to be utilized by
a different microbial community to that involved in the early stages
of plant tissue degradation (Kuzyakov and Blagodatskaya, 2015).
There is a substantial amount of work on rhizosphere microbial
community composition as well as on the interactions between
rhizodeposition and microbial processes (Berg and Smalla, 2009;
Lagos et al., 2015). At the same time, there is almost no detailed
analysis of the composition of SOM in the rhizosphere.

It has long been known that plant root exudates and mucilage
contribute to soil aggregate formation and stability (Habib et al.,
1990). Soil in the rhizosphere of European beech is more aggre-
gated than the bulk soil and the aggregates have an organic
composition different to that of the bulk SOM (Angst et al., 2016b).
From these data it is to be expected that rhizodeposition has a
strong effect, not only on microbial C processing but also on the
stabilization of organic carbon in soils. More research is needed to
discover if the specific rhizosphere inputs and their decomposition
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have implications for soil organic matter formation and seques-
tration in the different SOM pools. As described by Oburger and
Schmidt (2016), a number of new techniques are available to
investigate the microbial interactions in the rhizosphere but their
application to soil and its composition and processes is limited in
most investigations. An extension of these plant-microbe interac-
tion studies to plant-microbe-soil interaction studies in the rhizo-
sphere is highly desirable.

When plant roots die, the rhizosphere soil surrounding the roots
receive a change in input material dominated by polymeric struc-
tural plant components rather than low molecular mass rhizode-
posits (Kuzyakov and Blagodatskaya, 2015). This root litter input
enters not only the topsoil but also the subsoil. Thus, we need more
detailed information how the assimilation of organic matter into
microbial biomass is regulated in the subsoil with very different
microbiological, chemical and physical characteristics to the topsoil
(e.g., Müller et al., 2016). We also need more information with
respect to subsoil microbial community composition and the
composition of the long-term stabilized SOM.

Although in 2002 there were reports of the occurrence of
charred organicmatter or black carbon in soils (Haumaier and Zech,
1995; Skjemstad et al., 1996), I had not included this material in my
2002 review. During natural or human-induced fires (Schmidt
et al., 1996; Knicker, 2011a; Santin and Doerr, 2016) the vegeta-
tion, litter and SOMundergo an incomplete combustion resulting in
the formation of charred residues. These show different pro-
portions of aromatic, partly condensed structures depending on the
fire conditions. Charred residues from N-containing sources also
contain heterocyclic aromatic N (Knicker, 2011b). The amount of
charred residues as well as their turnover characteristics have
important implications for the global C and N budget. The physi-
cochemical characteristics of charred residues are quite variable,
dependent on the organic precursor material and the conditions of
formation. Whereas charred organic matter is considered highly
stable due to these aromatic structures and the hydrophobic
properties, it may be further stabilized by interactions with soil
minerals and occlusion particularly within micro-aggregates
(Brodowski et al., 2005, 2006). However, there is more and more
evidence that a significant proportion undergoes transformation
and mineralization on comparatively short timescales (Bird et al.,
2015). Inspired by the fertility of ancient Terra preta do Indio (a
fertile soil found in the Amazon basin), so-called biochar (charcoal
that is produced by heating organic matter under oxygen-limited
conditions) is now investigated as a soil amendment that may
have multiple benefits for soils, depending on its production con-
ditions and associated properties (Lehmann et al., 2015). Biochar is
considered to increase nutrient and water retention in soils and can
be helpful for remediation of contaminated soils (Abiven et al.,
2014). There is increasing evidence for a long tradition of biochar
addition to soils in different agricultural systems, e.g. paddy soils
for rice cultivation (Lehndorff et al., 2014). Estimates of the mean
residence time of biochar in soils vary from centuries to millennia
and depend on the type and production conditions (Abiven et al.,
2014). But it is clear that there is a lack of data obtained under
realistic conditions, i.e. well-designed long-term field studies using
biochar produced in commercial processes, and this limits our
understanding of the potential of biochar to enhance crop pro-
duction and mitigate the effects of climate change (Zhang et al.,
2016). Finally, it has to be considered that soils in industrialized
regions receive substantial amounts of black carbon input from
industrial processes (Lehndorff et al., 2015). If such inputs occur
they are likely to have major effects, not only on the composition of
the SOM in these soils but also for estimating their 14C content, as
such components interfere with radiocarbon analyses (Flessa et al.,
2008).
4. Microbial residues as input to SOM formation

An intention of my 2002 paper was to highlight that microbial
residues accumulate in soils and thus are an important contributor
to the formation of SOM. The plant-derived organic matter is un-
dergoing microbial processing and some of the resulting organic
carbon is incorporated intomicrobial biomass. Thus, we always find
a significant proportion of SOM that arises from microbial residues
(or necromass, Miltner et al., 2012) as well as their exudates (en-
zymes, exopolysaccharides, lipids, glycoproteins) often referred to
as microbial extracellular polymeric substances EPS (Chenu and
Cosentino, 2011; Burns et al., 2013). Although this microbial res-
idue contribution was suggested long ago by Waksman (1938), it
has been often ignored and only plant residues considered as inputs
to SOM formation. However, there is increasing and welcome
research into bacterial and fungal necromass and its role in the
formation of stable C and N in SOM (Ekblad et al., 2013; Cotrufo
et al., 2013). There is growing consensus that microbial EPS and
other microbial components dominate stable SOM pools (Kiem and
K€ogel-Knabner, 2003; Simpson et al., 2007; Liang and Balser, 2008)
and the composition and degradation of these residues and exu-
dates needs to be explored (Liu et al., 2013; Fernandez et al., 2016).

We still do not have as much information with regard to the
compositionofmicrobial cellwalls (other than the few that havebeen
studied in detail) as we have on plant-derived inputs. This is specif-
ically the case for the vastmajority of soil bacteria and fungi that have
not been cultured, but that we know exist from their genetic signa-
tures (Daniel, 2005). Similarly, we have very little information about
the varied structures and contributions to SOM of the archaea, but
have growing evidence that they are present in large numbers in soil
and are involved in many processes (Timonen and Bombard, 2009;
Angel et al., 2012). Archaea make up 1e15% of the prokaryotes in
soils (Bates et al., 2011) with a greater abundance in wetland and
paddy soils (Bannert et al., 2011). Archaea are, therefore, likely to
make a significant (but previously unsuspected) contribution to SOM.
Archaeal cells are different to bacteria in that their cell walls are not
surroundedbyapeptidoglycanmurein layer but, instead, a crystalline
protein layer that forms the sole cellwall structure (MeyerandAlbers,
2014). In addition, archaeal membrane lipids are different from those
found in the fungi and bacteria. The polar lipids of the archaea consist
of isoprenoid chains, 20e40 carbons in length and usually saturated,
which are attached via stable ether bonds to the glycerol carbons at
the sn-2,3 positions. Polar head groups differ at the genus level of
diversity and consist of mixtures of glyco groups (mainly di-
saccharides), and/or phospho groups primarily phosphoglycerol,
phosphoserine, phosphoethanolamine or phosphoinositol, phos-
phocholine headgroups are rarely found (Meyer and Albers, 2014).
The archaeal lipids can thus be used as biomarkers in soil and sedi-
ment samples (Bannert et al., 2011).

To fully understand the capacity for carbon storage and dynamics
in soil, resulting from C flow through microbial biomass and then
microbial residues and their re-utilisation, it is necessary to deter-
mine the microbial carbon use efficiency (the efficiency with which
microorganisms convert available organic substrates into bio-
synthesized products) in more detail than is current (Geyer et al.,
2016). Such investigations of this significant component of SOM
become more and more relevant, as the importance of microbial
residues andmicrobial recycling of organic carbon is now recognized
as important to our understanding of SOM turnover and is increas-
ingly incorporated in modelling efforts (Ahrens et al., 2015).

Acknowledgements

This work would not have been possible without the contribu-
tion of my mentors. Wolfgang Zech (Bayreuth, Germany) provided



I. K€ogel-Knabner / Soil Biology & Biochemistry 105 (2017) A3eA8 A7
a labwith all the chemolytic techniques and freedom to explore. Pat
Hatcher (now Old Dominion University, USA) opened his NMR
spectroscopy lab to me and taught me to use the technique.
References

Abiven, S., Schmidt, M.W.I., Lehmann, J., 2014. Biochar by design. Nat. Geosci. 7,
326e327.

Ahrens, B., Braakhekke, M.C., Guggenberger, G., Schrumpf, M., Reichstein, M., 2015.
Contribution of sorption, DOC transport and microbial interactions to the 14C
age of a soil organic carbon profile: insights from a calibrated process model.
Soil Biol. Biochem. 88, 390e402.

Amelung, W., Brodowski, S., Sandhage-Hofmann, A., Bol, R., 2008. Combining
biomarker with stable isotope analyses for assessing the transformation and
turnover of soil organic matter. Adv. Agron. 100, 155e250.

Angel, R., Claus, P., Conrad, R., 2012. Methanogenic archaea are globally ubiquitous
in aerated soils and become active under wet anoxic conditions. ISME J. 6,
847e862.

Angst, G., Heinrich, L., K€ogel-Knabner, I., Mueller, C.W., 2016a. The fate of cutin and
suberin of decaying leaves, needles and roots - inferences from the initial
decomposition of bound fatty acids. Org. Geochem. 95, 81e92.

Angst, G., K€ogel-Knabner, I., Kirfel, K., Hertel, D., Mueller, C.W., 2016b. Spatial dis-
tribution and chemical composition of soil organic matter in rhizosphere and
non-rhizosphere soil under European beech (Fagus sylvatica L.). Geoderma 264,
179e187.

Baldock, J.A., Masiello, C.A., Gelinas, Y., Hedges, J.I., 2004. Cycling and composition of
organic matter in terrestrial and marine ecosystems. Mar. Chem. 92, 39e64.

Bannert, A., Kleineidam, K., Cao, Z., Schwark, L., Schloter, M., 2011. Comparison of
lipid biomarker and gene abundance characterizing the archaeal ammonia
oxidizing community in flooded soils. Biol. Fertil. Soils 47, 839e843.

Bates, S.T., Berg-Lyons, D., Caporaso, J.G., Walters, W.A., Knight, R., Fierer, N., 2011.
Examining the global distribution of dominant archaeal populations in soil.
ISME J. 5, 908e917.

Berg, G., Smalla, K., 2009. Plant species and soil type cooperatively shape the
structure and function of microbial communities in the rhizosphere. FEMS
Microbiol. Ecol. 68, 1e13.

Bimüller, C., Mueller, C.W., Von Lützow, M., Kreyling, O., K€olbl, A., Haug, S.,
Schloter, M., K€ogel-Knabner, I., 2014. Decoupled carbon and nitrogen mineral-
ization in soil particle size fractions of a forest topsoil. Soil Biol. Biochem. 78,
263e273.

Bird, M.I., Wynn, J.G., Saiz, G., Wurster, C.M., McBeath, A., 2015. The pyrogenic
carbon cycle. Annu. Rev. Earth Planet. Sci. 43, 273e298.

Brodowski, S., Amelung, W., Haumaier, L., Abetz, C., Zech, W., 2005. Morphological
and chemical properties of black carbon in physical soil fractions as revealed by
scanning electron microscopy and energy-dispersive X-ray spectroscopy. Geo-
derma 128, 116e129.

Brodowski, S., John, B., Flessa, H., Amelung, W., 2006. Aggregate-occluded black
carbon in soil. Eur. J. Soil Sci. 57, 539e546.

Burns, R.G., DeForest, J.L., Marxsen, J., Sinsabaugh, R.L., Stromberger, M.E.,
Wallenstein, M.D., Weintraub, M.N., Zoppini, A., 2013. Soil enzymes in a
changing environment: current knowledge and future directions. Soil Biol.
Biochem. 58, 216e234.

Campbell, E., Paustian, K., 2015. Current developments in soil organic matter
modeling and the expansion of model applications: a review. Environ. Res. Lett.
10, 123004.

Chenu, C., Cosentino, D., 2011. Microbial regulation of soil structural dynamics. In:
Ritz, K., Young, I. (Eds.), The Architecture and Biology of Soils: Life in Inner
Space. CAB International, pp. 37e70.

Cotrufo, M.F., Wallenstein, M.D., Boot, C.M., Denef, K., Paul, E., 2013. The Microbial
Efficiency-Matrix Stabilization (MEMS) framework integrates plant litter
decomposition with soil organic matter stabilization: do labile plant inputs
form stable soil organic matter? Glob. Change Biol. 19, 988e995.

Craine, J.M., Morrow, C., Fierer, N., 2007. Microbial nitrogen limitation increases
decomposition. Ecology 88, 2105e2113.

Crow, S.E., Lajtha, K., Filley, T.R., Swanston, C.W., Bowden, R.D., Caldwell, B.A., 2009.
Sources of plant-derived carbon and stability of organic matter in soil: impli-
cations for global change. Glob. Change Biol. 15, 2003e2019.

Daniel, R., 2005. The metagenomics of soil. Nat. Rev. Microbiol. 3, 470e478.
De Leeuw, J.W., Largeau, C., 1993. A review of macromolecular organic compounds

that comprise living organisms and their role in kerogen, coal and petroleum
formation. In: Engel, M.H., Macko, S.A. (Eds.), Organic Geochemistry. Plenum
Press, New York, pp. 23e72.

Ekblad, A., Wallander, H., Godbold, D.L., Cruz, C., Johnson, D., Baldrian, P., Bj€orl, R.G.,
Epron, D., Kieliszewska-Rokicka, B., Kjøller, R., Kraigher, H., Matzner, E.,
Neumann, J., Plassard, C., 2013. The production and turnover of extramatrical
mycelium of ectomycorrhizal fungi in forest soils: role in carbon cycling. Plant
and Soil 366, 1e27.

Fekete, I., Kotrocz�o, Z., Varga, C., Nagy, P.T., T�oth, J.A., Bowden, R.D., Toth, J.A.,
Lajtha, K., 2014. Alterations in forest detritus inputs influence soil carbon con-
centration and soil respiration in a Central-European deciduous forest. Soil Biol.
Biochem. 74, 106e114.

Fengel, D., Wegener, G., 1984. Wood: Chemistry, Ultrastructure, Reactions. de
Gruyter, Berlin.
Fernandez, C.W., Langley, J.A., Chapman, S., McCormack, M.L., Koide, R.T., 2016. The
decomposition of ectomycorrhizal fungal necromass. Soil Biol. Biochem. 93,
38e49.

Flessa, H., Amelung, W., Helfrich, M., Wiesenberg, G.L.B., Gleixner, G., Brodowski, S.,
Rethemeyer, J., Kramer, C., Grootes, P.M., 2008. Storage and stability of organic
matter and fossil carbon in a Luvisol and Phaeozem with continuous maize
cropping: a synthesis. J. of Plant Nutr. Soil Sci. 171, 36e51.

Fontaine, S., Bardoux, G., Abbadie, L., Mariotti, A., 2004a. Carbon input to soil may
decrease soil carbon content. Ecol. Lett. 7, 314e320.

Fontaine, S., Bardoux, G., Benest, D., Verdier, B., Mariotti, A., Abbadie, L., 2004b.
Mechanisms of the priming effect in a savannah soil amended with cellulose.
Soil Sci. Soc. Am. J. 68, 125e131.

Garcia-Palacios, P., McKie, B.G., Handa, I.T., Frainer, A., H€attenschwiler, S., 2015. The
importance of litter traits and decomposers for litter decomposition: a com-
parison of aquatic and terrestrial ecosystems within and across biomes. Funct.
Ecol. 30, 819e829.

Geyer, K.M., Kyker-Snowman, E., Grandy, A.S., Frey, S., 2016. Microbial carbon use
efficiency: accounting for population, community, and ecosystem-scale controls
over the fate of metabolized organic matter. Biogeochemistry 127, 173e188.

Gottschalk, P., Smith, U., Wattenbach, M., Bellarby, J., Stehfest, E., Arnell, N.,
Osborn, T.J., Jones, C., Smith, P., 2012. How will organic carbon stocks in mineral
soils evolve under future climate? Global projections using RothC for a range of
climate change scenarios. Biogeosciences 9, 3151e3171.

Habib, L., Morel, J.L., Guckert, A., Plantureux, S., Chenu, C., 1990. Influence of root
exudates on soil aggregation. Symbiosis 9, 87e91.

Haumaier, L., Zech, W., 1995. Black carbon e possible source of highly aromatic
components of soil humic acids. Org. Geochem. 23, 191e196.

Jenkinson, D.S., 1966. The Priming Action. In: the Use of Isotopes in Soil Organic
Matter Studies. Report of Food and Agriculture Organisation and International
Atomic Energy Agency, Technical Meeting: Braunschweig-V€olkenrode 1963,
pp. 199e207.

Johansson, M.-B., K€ogel, I., Zech, W., 1986. Changes in the lignin fraction of spruce
and pine needle litter during decomposition, studied by various chemical
methods. Soil Biol. Biochem. 18, 611e619.

Jones, D.L., Hodge, A., Kuzyakov, Y., 2004. Plant and mycorrhizal regulation of rhi-
zodeposition. New Phytol. 163, 459e480.

Jones, D.L., Nguyen, C., Finlay, R.D., 2009. Carbon flow in the rhizosphere: carbon
trading at the soil-root interface. Plant and Soil 321, 5e33.

Kelleher, B.P., Simpson, A., 2006. Humic substances in Soils: are they really
chemically distinct? Environ. Sci. Technol. 40, 4605e4611.

Kiem, R., K€ogel-Knabner, I., 2003. Contribution of lignin and polysaccharides to the
refractory carbon pool in C-depleted arable soils. Soil Biol. Biochem. 35,
101e118.

Kirkby, C.A., Richardson, A.E., Wade, L.J., Passioura, J.B., Batten, G.D., Blanchard, C.,
Kirkegaard, J.A., 2014. Nutrient availability limits carbon sequestration in arable
soils. Soil Biol. Biochem. 68, 402e409.

Knicker, H., 2011a. Pyrogenic organic matter in soil: its origin and occurrence, its
chemistry and survival in soil environments. Quart. Intern. 243, 251e263.

Knicker, H., 2011b. Soil organic N - an under-rated player for C sequestration in
soils? Soil Biol. Biochem. 43, 1118e1129.

Kuzyakov, Y., 2010. Priming effects: interactions between living and dead organic
matter. Soil Biol. Biochem. 42, 1363e1371.

Kuzyakov, Y., Blagodatskaya, E., 2015. Microbial hotspots and hot moments in soil:
concept & review. Soil Biol. Biochem. 83, 184e199.

Lagos, M.L., Maruyama, F., Nannipieri, P., Mora, M.L., Ogram, A., Jorquera, M.A., 2015.
Current overview on the study of bacteria in the rhizosphere by modern mo-
lecular techniques: a mini-review. J. Soil Sci. Plant Nutr. 15, 504e523.

Lehmann, J., Kuzyakov, Y., Pan, G., Ok, J.S., 2015. Biochars and the plant-soil inter-
face. Plant and Soil 395, 1e5.

Lehndorff, E., Brodowski, S., Schmidt, L., Haumaier, L., Grootes, P.M., Rethemeyer, J.,
Amelung, W., 2015. Industrial carbon input to arable soil since 1958. Org.
Geochem. 80, 46e52.

Lehndorff, E., Roth, P.J., Cao, Z.H., Amelung, W., 2014. Black carbon accrual during
2000 years of paddy-rice and non-paddy cropping in the Yangtze River Delta,
China. Glob. Change Biol. 20, 1968e1978.

Liang, C., Balser, T.C., 2008. Preferential sequestration of microbial carbon in subsoils
of a glacial-landscape toposequence, Dane County, WI, USA. Geoderma 148,
113e119.

Liu, X., Eusterhues, K., Thieme, J., Ciobota, V., H€oschen, C., Mueller, C.W., Küsel, K.,
K€ogel-Knabner, I., R€osch, P., Popp, J., Totsche, K.U., 2013. STXM and NanoSIMS
investigations on EPS fractions before and after adsorption to goethite. Environ.
Sci. Technol. 47, 3158e3166.

Manzoni, S., Trofymow, J.A., Jackson, R.B., Porporato, A., 2010. Stoichiometric con-
trols on carbon, nitrogen, and phosphorus dynamics in decomposing litter. Ecol.
Monogr. 89e106.

McKee, G.A., Soong, J.L., Calderon, F., Borch, T., Cotrufo, M.F., 2016. An integrated
spectroscopic and wet chemical approach to investigate grass litter decompo-
sition chemistry. Biogeochemistry 128, 107e123.

Meyer, B.H., Albers, S.-V., 2014. Archaeal cell walls. In: eLS. John Wiley & Sons, Ltd,
Chichester. http://dx.doi.org/10.1002/9780470015902.a0000384.pub2.

Miltner, A., Bombach, P., Schmidt-Brucken, B., K€astner, M., 2012. SOM genesis:
microbial biomass as a significant source. Biogeochemistry 111, 41e55.

Mooshammer, M., Wanek, W., Zechmeister-Boltenstern, S., Richter, A.A., 2014.
Stoichiometric imbalances between terrestrial decomposer communities and
their resources: mechanisms and implications of microbial adaptations to their

http://refhub.elsevier.com/S0038-0717(16)30185-7/sref1
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref1
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref1
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref2
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref2
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref2
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref2
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref2
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref3
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref3
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref3
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref3
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref4
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref4
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref4
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref4
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref5
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref5
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref5
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref5
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref5
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref6
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref6
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref6
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref6
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref6
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref6
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref7
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref7
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref7
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref8
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref8
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref8
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref8
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref9
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref9
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref9
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref9
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref10
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref10
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref10
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref10
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref11
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref11
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref11
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref11
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref11
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref11
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref11
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref12
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref12
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref12
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref13
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref13
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref13
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref13
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref13
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref14
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref14
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref14
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref15
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref15
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref15
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref15
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref15
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref16
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref16
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref16
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref17
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref17
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref17
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref17
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref18
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref18
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref18
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref18
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref18
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref19
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref19
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref19
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref20
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref20
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref20
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref20
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref21
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref21
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref22
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref22
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref22
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref22
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref22
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref23
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref23
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref23
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref23
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref23
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref23
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref23
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref23
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref24
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref24
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref24
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref24
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref24
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref24
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref24
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref25
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref25
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref26
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref26
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref26
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref26
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref27
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref27
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref27
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref27
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref27
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref28
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref28
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref28
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref78
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref78
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref78
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref78
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref29
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref29
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref29
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref29
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref29
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref29
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref79
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref79
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref79
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref79
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref30
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref30
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref30
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref30
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref30
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref31
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref31
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref31
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref32
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref32
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref32
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref32
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref33
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref33
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref33
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref33
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref33
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref33
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref34
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref34
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref34
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref34
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref34
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref35
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref35
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref35
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref36
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref36
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref36
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref37
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref37
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref37
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref37
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref38
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref38
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref38
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref38
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref38
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref39
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref39
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref39
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref39
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref40
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref40
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref40
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref41
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref41
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref41
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref42
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref42
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref42
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref43
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref43
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref43
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref43
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref44
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref44
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref44
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref44
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref45
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref45
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref45
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref46
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref46
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref46
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref46
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref47
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref47
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref47
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref47
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref48
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref48
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref48
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref48
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref49
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref49
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref49
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref49
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref49
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref49
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref49
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref49
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref50
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref50
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref50
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref50
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref51
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref51
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref51
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref51
http://dx.doi.org/10.1002/9780470015902.a0000384.pub2
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref53
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref53
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref53
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref53


I. K€ogel-Knabner / Soil Biology & Biochemistry 105 (2017) A3eA8A8
resources. Front. Microbiol. 5, 22. http://dx.doi.org/10.3389/fmicb.2014.00022.
Müller, K., Kramer, S., Halswimmer, H., Marhan, S., Scheunemann, N.,

Butensch€on, O., Scheu, S., Kandeler, E., 2016. Carbon transfer from maize roots
and litter into bacteria and fungi depends on soil depth and time. Soil Biol.
Biochem. 93, 79e89.

Nelson, P.N., Baldock, J.A., 2005. Estimating the molecular composition of a diverse
range of natural organic materials from solid-state 13C NMR and elemental
analyses. Biogeochemistry 72, 1e34.

Oburger, E., Schmidt, H., 2016. New methods to unravel rhizosphere processes.
Trends Plant Sci. 21, 243e255.

Ohm, H., Marschner, B., Broos, K., 2011. Respiration and priming effects after fruc-
tose and alanine additions in two copper- and zinc-contaminated Australian
soils. Biol. Fert. Soils 47, 523e532.

Ota, M., Nagai, H., Koarashi, J., 2013. Root and dissolved organic carbon controls on
subsurface soil carbon dynamics: a model approach. J. Geophys. Res. Biogeosci.
118, 1646e1659.

Pisani, O., Lin, L.H., Lun, O.O., Lajtha, K., Nadelhoffer, K.J., Simpson, A.J., Simpson, M.J.,
2016. Long-term doubling of litter inputs accelerates soil organic matter
degradation and reduces soil carbon stocks. Biogeochemistry 127, 1e14.

Preston, C.M., Trofymow, J.,A., 2015. The chemistry of some foliar litters and their
sequential proximate analysis fractions. Biogeochemistry 126, 1978e2209.

Preston, C.M., Trofymow, J.A., Sayer, B.G., Niu, J.N., 1997. C-13 nuclear magnetic
resonance spectroscopy with cross-polarization and magic-angle spinning
investigation of the proximate-analysis fractions used to assess litter quality in
decomposition studies. Can. J. Bot. 75, 1601e1613.

Rumpel, C., K€ogel-Knabner, I., 2011. Deep soil organic matter e a key but poorly
understood component of terrestrial C cycle. Plant Soil 338 143e158.

Santin, C., Doerr, S.H., 2016. Fire effects on soils: the human dimension. Philos.
Trans. .Royal Soc. B e Biol. Sci. 371 (1696), 20150171.

Sayer, E.J., Heard, M.S., Grant, H.K., Marthews, T.R., Tanner, E.V., 2011. Soil carbon
release enhanced by increased tropical forest litterfall. Nat. Clim. Change 1,
304e307.

Schmidt, M.W.I., Skjemstad, J.O., Gehrt, E., K€ogel-Knabner, I., 1996. Charred organic
carbon in German chernozemic soils. Eur. J. Soil Sci. 50, 351e365.

Schmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I.A.,
Kleber, M., K€ogel-Knabner, I., Lehmann, J., Manning, D.A.C., Nannipieri, P.,
Rasse, D.P., Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic matter as
an ecosystem property. Nature 478, 49e56.
Scholes, M.C., Powlson, D., Tian, G., 1997. Input control of organic matter dynamics.
Geoderma 79, 25e47.

Simpson, A.J., Simpson, M.J., Smith, E., Kelleher, B.P., 2007. Microbially derived in-
puts to soil organic matter: are current estimates too low? Environ. Sci. Technol.
41, 8070e8076.

Skjemstad, J.O., Clarke, P., Taylor, J.A., Oades, J.M., McCLure, S.G., 1996. The chemistry
and nature of protected carbon in soil. Aust. J. Soil Res. 34, 251e271.

Spielvogel, S., Prietzel, J., Leide, J., Riedel, M., Zemke, J., K€ogel-Knabner, I., 2014.
Distribution of cutin and suberin biomarkers under forest trees with different
root systems. Plant Soil 381, 95e110.

Timonen, S., Bomberg, M., 2009. Archaea in dry soil environments. Phytochem. Rev.
8, 505e518.

Van Soest, P.J., 1963. Use of detergents in the analysis of fibrous feeds. II. A rapid
method for the determination of fiber and lignin. J. AOAC 46, 829e835.

Vogel, C., Babin, D., Pronk, G.J., Heister, K., Smalla, K., K€ogel-Knabner, I., 2014.
Establishment of macro-aggregates and organic matter turnover by microbial
communities in long-term incubated artificial soils. Soil Biol. Biochem. 79,
57e67.

von Lützow, M., K€ogel-Knabner, I., Ekschmitt, K., Matzner, E., Guggenberger, G.,
Marschner, B., Flessa, H., 2006. Stabilization of organic matter in temperate
soils: mechanisms and their relevance under different soil conditions - a re-
view. Eur. J. Soil Sci. 57, 426e445.

von Lützow, M., K€ogel-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, 111e124.

Waksman, S.A., 1938. Humus: Origin, Chemical Composition and Importance to
Nature. The Williams Wilkins Company, Baltimore.

Wardle, D.A., 1992. A comparative assessment of factors which influence microbial
biomass carbon and nitrogen levels in soil. Biol. Rev. Camb. Philos. Soc. 67,
321e358.

Wiesmeier, M., Hübner, R., K€ogel-Knabner, I., 2015. Stagnation of crop yields: an
overlooked risk for the carbon balance of agricultural soils? Sci. Total Environ.
536, 1045e1051.

Zhang, D., Yan, M., Niu, Y., Liu, X., van Zwieten, L., Chen, D., Bian, R., Cheng, K., Li, L.,
Joseph, S., Zheng, J., Zhang, X., Zheng, J., Crowley, D., Filley, T.R., Pan, G., 2016. Is
current biochar research addressing global soil constraints for sustainable
agriculture? Agric. Ecosyst. Environ. 226, 25e32.

http://dx.doi.org/10.3389/fmicb.2014.00022
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref55
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref55
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref55
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref55
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref55
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref55
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref56
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref56
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref56
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref56
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref57
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref57
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref57
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref80
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref80
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref80
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref80
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref58
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref58
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref58
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref58
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref59
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref59
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref59
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref59
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref60
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref60
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref60
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref61
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref61
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref61
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref61
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref61
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref82
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref82
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref82
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref82
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref82
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref62
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref62
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref62
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref83
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref83
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref83
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref83
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref63
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref63
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref63
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref63
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref64
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref64
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref64
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref64
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref64
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref64
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref65
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref65
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref65
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref66
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref66
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref66
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref66
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref67
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref67
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref67
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref68
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref68
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref68
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref68
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref68
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref69
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref69
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref69
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref70
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref70
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref70
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref71
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref71
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref71
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref71
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref71
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref71
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref72
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref72
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref72
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref72
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref72
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref72
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref73
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref73
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref73
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref73
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref73
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref73
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref74
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref74
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref75
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref75
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref75
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref75
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref76
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref76
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref76
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref76
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref76
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref77
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref77
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref77
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref77
http://refhub.elsevier.com/S0038-0717(16)30185-7/sref77

	The macromolecular organic composition of plant and microbial residues as inputs to soil organic matter: Fourteen years on
	1. Introduction
	1.1. Blending structural information with analytical techniques

	2. Amount and quality of litter input
	3. Sources of organic matter input to soils
	4. Microbial residues as input to SOM formation
	Acknowledgements
	References


