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the european Science Foundation (eSF) is an independent, non-governmental organisation of national research 
organisations. 
our strength lies in the membership and in our ability to bring together the different domains of european sci-
ence in order to meet the scientific challenges of the future. eSF’s membership currently includes 77 influential 
national funding agencies, research-performing agencies and academies from 30 nations as its contributing 
members. 
Since its establishment in 1974, eSF, which has its headquarters in Strasbourg with offices in Brussels and 
ostend, has assembled a host of research organisations that span all disciplines of science in europe, to create 
a common platform for cross-border cooperation. 
We are dedicated to supporting our members in promoting science, scientific research and science policy 
across europe. through its activities and instruments eSF has made major contributions to science in a global 
context. the eSF covers the following scientific domains:
• Humanities
• Life, Earth and Environmental Sciences
• Medical Sciences
• Physical and Engineering Sciences
• Social Sciences
• Marine Sciences
• Nuclear Physics
• Polar Sciences
• Radio Astronomy Frequencies
• Space Sciences

Cover picture:
Palsa mire in Northern Norway (Photo: Bert Drake)  
overlaid with a lignin structure
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Introduction

Soil organic matter (SOM) represents the largest ter-
restrial carbon (C) reservoir. This C is stored in the form 
of a highly complex mixture of organic molecules. A 
wide range of plant molecules enters the soil system, 
from soluble amino acids to structural lignin polymers, 
from labile starch to recalcitrant tannin structures, from 
hydrophilic sugars to hydrophobic alkanes. Depend-
ing on their properties, such as size, structure and 
functional group content, as well as soil and climatic 
conditions, these molecular structures undergo (i) 
abiotic reactions, (ii) are directly adsorbed on mineral 
surfaces, or (iii) assimilated by soil microbes. New 
chemical structures are produced, such as microbial 
amino sugars and phospholipid fatty acids. The molec-
ular nature of these various compounds is therefore a 
determining factor for C stabilisation in soils. Certain 
compounds might be strongly adsorbed on soil min-
eral surfaces and become directly stabilised. Other 
compounds will be quickly assimilated by the microbial 
biomass. The growth yield efficiency of soil microbes, 

i.e. their ability to maximise C assimilation versus CO2 
losses, also depends on the molecular structure of 
the assimilated compounds. Multiple non-biotic reac-
tions can further alter the molecular composition of soil 
organic matter. 

Molecular tracers are records of the origin and 
history of chemical transformations of soil organic 
compounds. Small variations in the chemical com-
position of plant molecules can yield important clues 
about the plant species and organs from which they 
originate The 13C isotopic signature of plant molecular 
families is characteristic of the type of photosynthetic 
pathway used by the vegetation. In soils under vege-
tation-type transitions, the resulting isotopic contrast 
at the molecular level provides us with a powerful tool 
to investigate the turnover rate of these compounds in 
the soil environment. Microbial activities affecting these 
compounds can also be traced with molecular methods. 
The alteration degree of certain molecules tells us about 
the environment in which they have evolved. MOLTER 
promotes the investigation of the molecular mecha-
nisms controlling C fluxes in terrestrial ecosystems.

The story of C stabilisation in soils is one of complex 
molecular transformations. However, up to now, the 
wealth of information on carbon cycling contained in the 
chemical structure of the soil organic matter remained 
little exploited for lack of appropriate methodology. This 
is now changing rapidly due to the development of envi-
ronmental isotopic and organic chemistry techniques. 
Examples of these techniques are 13C and 15N nuclear 
magnetic resonance, chemolyse and multiple pyroly-
sis systems associated with gas chromatography and 
compound specific isotope ratio mass spectrometry 
(IRMS), as well as thermal analyses coupled to mass 
spectrometers (MS) and IRMS. 

MOLTER focuses on five major research themes in 
order to stimulate and develop knowledge on natural 
molecular structures and their role as drivers and trac-
ers of terrestrial C fluxes:
1.  Molecular composition and turnover time of soil 

organic matter
2.  Plant molecular structures as drivers of C 

stabilisation in soils
3.  Fire transformations of plant and soil molecular 

structures
4.  Molecular markers in soils
5.  Dissolved organic molecules in soils: origin, 

functionality and transport

The running period of the ESF MOLTER Research Net-
working Programme is five years from March 2008 to 
February 2013.

What is MOLTER?

Natural Molecular Structures as Drivers and Tracers 
of Terrestrial C Fluxes (MOLTER) is an ESF Research 
Networking Programme aimed at stimulating Euro-
pean research on isotopic and organic chemistry 
exploration of carbon stabilisation and biogeochem-
istry in terrestrial ecosystems and soils in particular.

Our understanding of the formation, stabilisation 
and decomposition of complex organic compounds 
in the environment (e.g. organic matter in plants, lit-
ter, soils and water) is currently being revolutionised 
by advanced techniques in identification, quantifi-
cation, and origin tracing of functional groups and 
individual molecules. 

MOLTER promotes exchanges of ideas on 
emerging concepts and paradigms in this field of 
research. In particular, MOLTER recognises the need 
to further promote research on:
1.  the continued development of new analytical 

techniques,
2.  the inter-comparison of results from different 

techniques,
3.  the creation of molecular databases on studied 

ecosystems,
4.  the development of molecular modelling from 

soil to ecosystem levels. 
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Research Themes

Theme 1: Molecular composition  
and turnover time of soil organic matter

Molecularly uncharacterised organic matter comprises 
most organic C in soils and other terrestrial systems. 
Contrasting molecular structures display contrasting 
properties that ultimately govern their fate in natural 
environments and also control major soil functions. 
SOM molecular properties that relate to soil functions 
are not only the concentration of organic matter, but 
also its hydrophobic or hydrophilic character that con-
trols the soil water-holding capacity. The affinity of SOM 
to the soil mineral matrix is decisive for the formation of 
soil structure. The origins, reactions and fates of these 
ubiquitous organic materials are relatively obscure, in 
large part because the rich vein of chemical information 
that typically derives from detailed structural and stere-
ochemical analysis is yet to be tapped. 

But molecular investigations have recently played 
a key role in the understanding of SOM by providing 
molecular-level details about its composition. New 
advanced techniques in organic and isotopic chem-
istry, both spectrometric and spectroscopic, are now 
giving us the capacity to probe for specific molecular 
structures of specific origin in soils and other natural 
environments. For example, 13C Nuclear Magnetic 
Resonance (NMR) spectroscopy provides unsurpassed 
detail on the distribution of molecular functional groups 
within soils. 

Pyrolysis (Py) coupled to mass spectrometry (MS) 
and isotope mass spectrometry (IRMS) allow us to 
analyse the distribution and turnover time of molecular 
structures and moieties within soil samples. Thermo-
gravimetry and differential scanning calorimetry (TG/
DSC) coupled to IRMS allow us to explore the turnover 
time of SOM across operationally defined fractions. 

Research Theme 1 supports activities aimed at 
unravelling the molecular composition and respective 
turnover times of soil organic matter components.

Theme 2. Plant molecular structures  
as drivers of C stabilisation in soils

Plant molecular structures from above-ground resi-
dues and root activities represent the largest flux of C 
to the soil system. Only a small fraction of this large C 
input is eventually stabilised in soils. Understanding the 
molecular origin of this stabilised C is crucial in help-
ing maximise energy output from plant residues while 
increasing C storage in soils. For a long time, the lack 
of appropriate in situ methods meant that the fate of C 
derived from specific molecular structures was probed 
through laboratory incubations. 

These studies have heavily emphasised short-term 
mineralisation rather than long-term C stabilisation, 
while the latter gives the relevant information in terms 
of C storage in the context of global change studies. 
This overemphasis on short-term mineralisation has 
led to misinterpretations. For example, lignin has long 
been considered as a major contributor to stable soil 
organic C because of its short-term chemical recalci-
trance to mineralisation, while recent studies suggest 
that its long-term stabilisation is not especially high. 
These recent studies are based on combined chemi-
cal (MS) and isotopic (IRMS) determination of molecular 
structures, which are isolated from soils either by wet 
chemistry or by pyrolysis. Models of the molecular-
C flux on the field scale are being adapted to these 
emerging datasets. As a result, a new paradigm for the 
stabilisation of plant C derived from specific molecular 
structures is currently emerging. Recent investigations 
have addressed, among others things, macromolecules 
such as lignin, polysaccharides, tannins, cutins and 
suberins, and simpler molecules such as sugars and 
amino acids. 

Research Theme 2 supports activities aimed at 
deriving a comprehensive picture of molecular C 
fluxes in the plant-soil continuum, from frontier meth-
ods in organic chemistry as well as from modelling 
and database development. 
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Figure 1. Soil in a burned Nothofagus-Araucaria ecosystem  
in southern Chile

Figure 2. Structure  
of a condensed tannin
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Theme 3. Fire transformations of plant  
and soil molecular structures

Wildfires have a substantial bearing on the long-term 
sequestration of C and N in forest soils. Some fire-
affected ecosystems may act as sinks for atmospheric 
C, because fire events transfer C from high-turnover 
vegetation pools to refractory C pools displaying long-
term geological turnover in soils. Most studies probing 
the formation of refractory C have focused on thermal 
degradation of lignocellulosic material. 

Laboratory experiments have proved that forest 
fires or controlled burnings of crop residues induce a 
series of inter- and intra-molecular reactions leading to 
condensed materials with chaotic structure and a close 
resemblance to humic or kerogen-like matter. In addi-
tion, other biomolecules, such as peptides or lipids, may 
experience major alterations during heat exposure.

The simultaneous occurrence of different processes 
during forest fires makes it extremely difficult to accu-
rately describe SOM transformations in burned areas. 

These may range from the total loss of SOM in the 
top soil or the surface of swamps and peat deposits, to 
an increase in the passive SOM pool due to the incor-
poration of necromass from fire-affected vegetation, 
but also partially and heavily charred plant remains 
(highly refractory organic matter collectively referred to 
as ‘black carbon’) on the ground. 

Nevertheless, laboratory simulation experiments 
have unambiguously documented the selective destruc-
tion of humus fractions, the chemical alteration in SOM 
properties, and external inputs of charcoal and charred 
ligno-cellulose from the burned vegetation. 

Research Theme 3 supports activities aimed at 
studying refractory molecular structures formed dur-
ing fire events and the contribution of these structures 
to long-term soil C storage. 

Theme 4: Molecular markers in soils

Biomarkers are a powerful tool to unravel the processes 
that govern organic matter transformations in soils. 
Among these, microbially driven processes are central. 
Knowing which microorganisms are active is essential for 
biogeochemical research. Since most microorganisms 
cannot be cultured (easily) in the laboratory, alternative 
molecular techniques have been developed, based on 
observations that specific biomarker molecules, char-
acteristic of a specific type of microorganism present in 
an ecosystem, can be isolated and quantified. Linking 
these molecular biomarker techniques with compound-
specific stable isotope techniques (e.g. GC-c-IRMS and 
LC-c-IRMS) provide additional advantages. 

Labelled substrates can be introduced in an eco-
system via stable isotopes probing (SIP), e.g. via (13CO2) 
pulse labelling of the vegetation. Transfer of 13C via root 
exudates to active microorganisms makes it possible to 
identify metabolically active microorganisms according 
to the isotopic composition of their respective biomar-
kers. Because of the great specificity and structural 
diversity of the phospholipid fatty acid (PLFA) building 
blocks of cell membranes and because of their insta-
bility after necrosis, PLFAs are an ideal proxy for the 
microbial biomass.

Cell walls of fungi, bacteria and actinomycetes are 
partially constructed from amino sugars (AS) which can 
be used as biomarkers for microbial necromass. The 
relative and absolute amounts of AS in soil, together 
with their individual δ13C values can be used to deter-
mine turnover times and contribution to C-sequestration 
of microbial soil communities. These state-of-the-art 
approaches in isotope and environmental ecology are 
essential to link microbiological ecology to biogeo-
chemistry.

Biomarkers are also used to probe the origin and 
alteration degree of soil organic matter. For example, the 
biomarker potential of root- and shoot-derived aliphatic 
macromolecules (suberin and cutin) is currently under 
investigation in order to trace the origin of soil organic 
carbon. The acid-to-aldehyde ratio of soil lignin struc-
tures is a function of the lignin alteration degree, which 
can be soil formation specific and thereby help deter-
mine the origin of SOM, e.g. in sedimentary systems. 

Research Theme 4 supports activities on soil 
biomarkers aimed at unravelling the microbial trans-
formations and decomposition processes affecting 
soil organic matter, as well as tracing its origin in 
terms of plant species and organ type. 

©
 M

ar
ie

 A
le

xi
s

Figure 3. Wildfire destroying vegetation
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Figure 4. Runoff from a Norwegian agricultural field 

MOLTER will organise and/or support several activi-
ties addressing one or more of the above research 
themes:
•  Conferences. For the five-year period two interna-

tional science conferences are planned.
•  Summer schools. One MOLTER summer school will 

be held, providing training to PhD students in relevant 
fields of research. 

•  Scientific workshops. Five workshops are planned 
for the five-year period, focusing on specific MOLTER 
research topics.

•  Exchange grants (long- and short-term), to visit 
institutions in other participating countries in order to 
foster the exchange of knowledge at the European 
level. 

Calls for selected activities will be opened twice a year, 
with application deadlines on 31 March and 30 Septem-
ber of each year. For more and up-to-date information 
please visit the MOLTER webpage: www.molter.no

All scientists actively focusing on any of the MOLTER 
Research Themes are encouraged to apply. Applica-
tions will be selected according to scientific excellence 
and in agreement with ESF priority rules (see “Guide-
lines for Management of ESF Research Networking 
Programmes”, www.esf.org/RNP-guidelines).

Planned Activities

Theme 5: Dissolved organic molecules  
in soils: origin, functionality and transport

Dissolved organic molecules in the soil solution 
comprise a wide variety of compounds relating to their 
molecular mass or their hydrophilic/hydrophobic char-
acter. Some compounds, such as complex-forming 
organic ligands and siderophores, probably carry sig-
nificant physiological and ecosystemic functions. 

High-molecular mass molecules, operationally 
defined as humic acids, have been suggested to be 
supramolecular associations. The sources of dissolved 
organic molecules are mainly litterfall, root litter, root 
exudates and microbial production. Their sinks are 
adsorption and precipitation in the soil, mineralisa-
tion to CO2 and leaching out of the soil. Investigating 
molecular structures helps us evaluate interactions in 
the plant-mycorrhiza-bacteria-soil system, and their 
impact on the ecosystem C balance. By using molecular 
techniques such as Liquid Chromatography coupled to 
Tandem Mass Spectrometry (LC-MS/MS) or Inductively 
Coupled Plasma Mass Spectrometry (LC-ICP-MS) for 
studying complexation with metals, molecules of sig-
nificance can be determined. Also near-edge structure 
spectroscopy (XANES) is used to study complexation 
with sulphur-containing molecules, and NMR tech-
niques are used for identification of functional groups. 
By these and other techniques, the fate of dissolved 
organic molecules in the plant-soil-water continuum 
can be followed, which helps us understand its signifi-
cance for terrestrial ecosystem functioning. 

Research Theme 5 supports activities aimed at 
identifying, quantifying and fate-tracing of dissolved 
organic molecular structures in terrestrial environ-
ments.

Research Themes
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ESF Research Networking Programmes are principally 
funded by the Foundation’s Member Organisations on 
an à la carte basis. MOLTER is supported by:
•  Fonds zur Förderung der wissenschaftlichen 

Forschung in Österreich (FWF) 
Austrian Science Fund, Austria

•  Fonds voor Wetenschappelijk Onderzoek – 
Vlaanderen (FWO) 
Research Foundation – Flanders, Belgium

•  Centre National de la Recherche Scientifique 
(CNRS) 
National Centre of Scientific Research, France

•  Institut National de la Recherche Agronomique 
(INRA) 
French National Institute for Agricultural Research, 
France

•  Deutsche Forschungsgemeinschaft (DFG) 
German Research Foundation, Germany

•  Norges Forskningsråd (RCN) 
The Research Council of Norway, Norway

•  Consiliul National al Cercetarii Stiintifice din 
Invatamantul Superior (CNCSIS) 
National University Research Council, Romania

•  Consejo Superior de Investigaciones Científicas 
(CSIC) 
Council for Scientific Research, Spain

•  Ministerio de Ciencia e Innovación (MICINN) 
Ministry of Science and Innovation, Spain

•  Forskningsrådet för miljö, areella näringar och 
samhällsbyggande (FORMAS) 
Swedish Environmental Research Council, Sweden 

•  Natural Environment Research Council (NERC) 
United Kingdom

Funding
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