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Abstract

Photosynthetically fixed CO. is converted into terrestrial bio(macro)molecules and
sequestered as soil organic matter (SOM) by (bio)chemical and physical stabilization
processes. SOM is generally divided in arbitrary pools for modeling SOM dynamics.
Biochemically recalcitrant SOM fractions are enriched with alkyl carbon (C) structures
and resist decomposition due to intrinsic molecular properties. The proportion of alkyl C
and the mean age of SOM increase with increase in soil depth. Precursors of these
recalcitrant bio(macro)molecules such as glycerides, waxes, and terpenoids occur in
plants, microorganisms and animals. The intrinsic biochemical stability of naturally
occurring recalcitrant aliphatic biomacromolecules may enhance the terrestrial storage of
atmospheric CO,. Also, aliphatic macromolecules may be formed in soils upon non-

enzymatic polymerization of low-molecular-weight lipids. In this review we propose that
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increasing the soil organic carbon (SOC) pool by land-use and management practices
should also include strategies to increase the proportion of aliphatic compounds in the
belowground biomass. Thus, collaborative research is needed to study the fate of plant-,
microbial- and animal-derived aliphatic C as precursors for stabilized aliphatic SOC

fractions, in particular in deeper soil horizons.

Keywords: Recalcitrant bio(macro)molecules; Alkyl carbon; Aliphatic compounds; Plant

lipids; Microbial lipids; Animal lipids; Soil carbon sequestration

1. Introduction

The lithosphere is the biggest C-reservoir (>75,000,000 gigatons (Gt) C), comprising
more than the oceans (>38,000 Gt C), and the terrestrial biosphere (>2,500 Gt C)
(Falkowski et al., 2000; Lal, 2004a). Atmospheric CO2, however, exchanges rapidly on a
geological timescale only with reservoirs in terrestrial ecosystems and oceans.
Specifically, the primary producers (i.e., plants, cyanobacteria) remove CO, from the
atmospheric pool by photosynthesis, and fix C in a range of compounds constituting the
living biomass. Globally, only 4% to 6% of the 120 Gt C fixed annually remains in the
terrestrial biosphere (Schimel et al., 2001). In the terrestrial biosphere, the soil organic
carbon (SOC) pool is the largest (>1500 Gt C to 1-meter (m) or >2300 Gt C to 3-m)
(Jobbagy and Jackson, 2000). The processes governing stabilization of CO; into
biochemically recalcitrant biomacromolecules are, however, not fully known (Kramer

and Gleixner, 2006; von Litzow et al., 2006).
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Biomacromolecules in soils are stabilized against biodegradation by selective
preservation due to biochemical recalcitrance and physical protection (Christensen,
1992). The chemical recalcitrance may be an inherent property of the molecular structure
(e.g., alkyl C chains in lipids, aromatic structures in aromatics and phenolics), but can
also be attained through formation of cross linkages between biomacromolecules which
inhibits enzymatic degradation, and by non-enzymatic polymerization of low-molecular-
weight compounds into macromolecules (Gleixner et al., 2001; de Leeuw et al., 2006).
Coating of organic matter (OM) with hydrophobic compounds that contain aliphatic
groups may contribute to SOC stabilization (Piccolo et al., 1999; Doerr et al., 2005).
Furthermore, spatially separating decomposers from biomacromolecules contributes to
SOC stabilization by entrapping organic compounds inside soil microaggregates within
macroaggregates (Six et al., 2002). Quantitative modeling approaches group SOM into
fractions with varying residence times, e.g., active (residence time 1 to 5 years), slow (20
to 40 years) and passive (400 to 2000 years) SOM fractions in the CENTURY model
(Parton et al., 1987). Furthermore, the proportion of the stable pool and the mean
residence time of SOC increase with increase in soil depth (Lorenz and Lal, 2005). In
view of the increasing atmospheric concentrations of CO», there is a strong need to
enhance our understanding of how terrestrial processes can be used to sequester
atmospheric CO2 in biochemically recalcitrant compounds in particular in deeper soil
horizons.

Plant tissues and soil microorganisms are the primary sources of SOC (Figure 1) (Kdgel-
Knabner, 2002; Kramer and Gleixner, 2006). Soil animals, on the other hand, contribute

less than 1% to the SOC pool but the C flux through the soil food web is not well
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understood (Wolters, 2000; Osler and Sommerkorn, 2007). Major components of plant
tissues are polysaccharides, lignin, tannins and proteins, while soil bacteria and fungi
consist mainly of homo- and heteropolysaccharides (e.g., chitin, peptidoglycan,
lipopolysaccharides), and animals mainly of carbohydrates, proteins and lipids. During
decomposition, 10-20% of the biomass is transferred to stable SOC fractions, but only
1% of the biomass ultimately remains buried in sediments on geological timescales (de
Leeuw and Largeau, 1993, Hedges and Oades, 1997), so that large amounts of C are
returned to the atmosphere as CO..

Processes governing transformations of biomass compounds into stable long-term C
pools are poorly understood (Hedges et al., 2000). Principal unknowns are the biological,
chemical and physical transformation of complex OM in natural environments, and the
role of microorganisms and animals in these processes. Despite recent progress, the
detailed chemical composition of over half of all OM on Earth is not known (Kdgel-
Knabner, 2000). The role of microbial and faunal processes in the preservation of
recalcitrant biomacromolecules, and their role in long-term accumulation of SOC are
actively-debated issues (Ekschmitt et al., 2005; Albers et al., 2006; Six et al., 2006;
Pollierer et al., 2007). However, SOC fractions derived from plant biomacromolecules
(e.g., cutin and suberin (Winkler et al., 2005)), from microbial processes (e.g., microbial
lipids (Nierop et al., 2005b)), and from soil animals (e.g., chitin and proteins (Ekschmitt
et al., 2005; Nierop et al., 2005a)) are commonly found in soils. Recalcitrant SOC
fractions, which may constitute 15-50% of the SOC pool, are the least dynamic organic C
pools in terrestrial ecosystems, and may be a very long-term CO- sink with estimated

ages of several hundred to several thousand years (Falloon and Smith, 2000).
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Therefore, the objectives of this review are to: (i) describe biochemically recalcitrant
(macro)molecules or fractions in the pedosphere and their relationship to possible
precursor compounds in terrestrial plants, soil microorganisms and animals, and (ii)
propose management options for increasing the proportion of recalcitrant
biomacromolecules in deeper soil horizons. Reviews and hypotheses about other
mechanisms on transformation of bio(macro)molecules and their stabilization in SOM

can be found elsewhere (e.g., von Liitzow et al., 2006; Kleber et al., 2007).

2. Recalcitrant bio(macro)molecules

2.1. Precursor bio(macro)molecules of recalcitrant SOC

The intrinsic resistance of biomacromolecules against biodegradation may partially be
related to essential supportive or protective functions (van Bergen et al., 2004). Table 1
gives an overview of potentially recalcitrant compounds in terrestrial plants, and
microbial and animal biomass (Killops and Killops, 2005). By comparing
biomacromolecule structures preserved in fossil fuels and fossil plant remains for
thousands to millions of years with those stored for thousands of years in sediments and
soil profiles, precursors in the terrestrial biomass with potentially high residence times
can be identified. Compounds resisting humification and, in particular, sedimentation and
diagenesis are therefore likely to contribute to long-term CO> sinks. Compounds in the
terrestrial plant biomass like cutans, cutins, glycolipids, lignins, resinous polyterpenoids,

sporopollenins, suberans, suberins and tannins have been proposed as potentially
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recalcitrant (de Leeuw and Largeau, 1993; Kolattukudy, 2001; de Leeuw et al., 2006).
Glycolipids and the more recalcitrant lipopolysaccharides are part of the bacterial cell
membrane. Other identified potentially recalcitrant compounds are steranes derived from
regular steroids, and hopanes derived from the triterpenoid compounds hopanoids

(Gleixner et al., 2001, Killops and Killops, 2005).

2.2. Fate of recalcitrant aliphatic compounds in the terrestrial environment

In soils, only a few organic compounds have high intrinsic resistance to enzymatic attack
(Ekschmitt et al., 2005). Recalcitrant biomacromolecules occur only in small amounts in
living organisms, and are selectively enriched in the stable SOC pool during
biodegradation (Krull et al., 2003). Furthermore, recalcitrant macromolecules may be
formed by non-enzymatic polymerization of low-molecular-weight precursors (de Leeuw
et al., 2006). Even trace inputs of recalcitrant compounds and their precursor compounds
may therefore significantly contribute to the stable SOC pool (Hedges et al., 2000).

According to the older “humic” concept of SOM, recalcitrant lignin-derived aromatics
were the source of the main structural framework for humic substances, and thus, the
bulk of stabilized SOM (Stevenson, 1994). Humic substances may, however, not be a
distinct chemical category as modern multidimensional nuclear magnetic resonance
(NMR) approaches indicate (Kelleher and Simpson, 2006). Instead, the vast majority of
operationally defined soil humic material may be a very complex mixture of faunal,
microbial and plant biopolymers and their degradation products. Proteins, lignin,

carbohydrates and aliphatic biopolymers are the major components of the mixtures.
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Otherwise, it was hypothesized previously that lignin is a recalcitrant biomacromolecule,
and thus should accumulate in SOM relative to other more labile compounds. Soil fungi,
however, decompose lignin, and actinomycetes and bacteria alter lignin in soil (Table 2;
de Boer et al., 2005; Dignac et al., 2005). Furthermore, the previously widely-used
proximate analysis for “lignin” (i.e., the acid-insoluble residue), originally developed for
wood chemistry and forage digestibility is not suitable to determine lignin as the residue
also contains other compounds, e.g., cutin and tannin (Preston et al., 1997; 2006). Further
evidence for the relative decomposability of lignin arises from the observation that lignin
phenols are not enriched in soil profiles relative to suberin and cutin compounds in
temperate and tropical organic and mineral (sub)soil horizons (Zech and Guggenberger,
1996; Nierop, 2001; Nierop and Verstraten, 2003; Rumpel et al., 2004). Thus, lignin is
not preserved in subsoil horizons in forest and grassland ecosystems (Rumpel et al.,
2004; Feng and Simpson, 2007). Compound-specific stable-isotope analyses indicate that
soil lignin consists of a rapid decomposing pool (turnover time <1 year, 93% of total
lignin) derived from fresh-litter lignin, and a slow decomposing pool of lignin stabilized
in SOM (turnover time 17 years, 7% of total lignin; Glaser, 2005; Rasse et al., 2006).
Thus, a relatively rapid turnover of lignin compounds in soil is likely (Nierop and Filley,
2007).

In contrast to lignin-derived aromatics, alkyl C visible by *C-NMR accumulates over the
time scale of soil formation (Baldock et al., 2004). Alkyl C visible by NMR is mainly due
to CH> units in alkyl chains and terminal CHs groups (Preston et al., 1997). Among the
few published *C-NMR studies of soil profiles, some reported higher contributions of

alkyl C to subsoil OM than to surface SOM (e.g., Beyer et al., 1992; Baldock et al., 1997,
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Dai et al., 2001; Skjemstad et al., 2001; Rumpel et al., 2002; Ussiri and Johnson, 2003).
In grassland soil profiles, suberin biomarkers identified by chemolysis and gas
chromatography/mass spectrometry (GC/MS) increased with soil depth while cutin
biomarkers decreased (Feng and Simpson, 2007). In the subsoil, 17-47% of the identified
SOM consisted of suberin biomarkers, and suberin/cutin ratios in subsoils not affected by
eluvation were higher than those in surface horizons. In sandy subsoils, both extractable
and ester-bound lipids in the form of suberin increased upon acidification and age (10.2%
and 12.6% of SOM weight derived from extractable lipids and suberin, respectively)
(Nierop and Verstraten, 2003).

In ecosystems dominated by non-woody species such as grasslands, suberin is a good
tracer of root biomass (Rasse et al., 2005). Otherwise, in a forest profile which was also
not affected by eluvation bulk SOM was 1700 years older in 50-80 cm depth than in 0-5
cm depth (Rumpel et al., 2004). Furthermore, the percentage of alkyl C in the 0.2-2 pym
fraction increased from 39% in 0-5 cm depth to 48% in 50-80 cm depth. The fine
particle-size fractions in this soil profile were generally older than the bulk soil, and
cutin/suberin-derived hydroxyalkanoic acids were preserved in fine particles. In a study
of an Andosol catena, the relative accumulation of alkyl compounds in subsoils may have
been caused by higher contributions of suberin-containing root litter although
preferentially decay of other compounds may have also contributed to the relative
accumulation of aliphatics (Buurman et al., 2007). More aliphatics were found in
Ecuadorian Andosols, especially in subsoil horizons where SOM was ca. 2000 years old
(Nierop et al., 2007). In summary, inputs of suberin from root tissue to the subsoil where

SOC is stored for long periods of time are potential sinks of atmospheric CO».
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2.3. Formation of recalcitrant aliphatic soil organic matter fractions

Alkyl C as in polymethylenic compounds is among the biologically most stable forms of
SOC in aerobic soils (von Litzow et al.,, 2006). In anaerobic sediments, aliphatic
biomacromolecules, beside lignin and black C, also contribute to OM (Dickens et al.,
2006). Fossil remains of recalcitrant aliphatic biomacromolecules are also frequently
observed (Nip et al., 1986; Mosle et al., 1998; Hedges et al., 2000). Studies have shown
recently that in the absence of resistant aliphatic precursors (e.g., cutan), relatively labile
alkyl C compounds can be the source of the insoluble aliphatic component of fossil OM
(Gupta et al., 2007). In addition to the selective preservation of resistant aliphatic
biomacromolecules (Gleixner et al., 2001; Krull et al., 2003), non-biological aliphatic
geomacromolecules can be formed in soils (de Leeuw et al., 2006). Specifically, highly
aliphatic and resistant geopolymers may be formed in soils upon oxidative
polymerization of low-molecular-weight membrane and other (presumably unsaturated)
lipids (de Leeuw, 2007). Thus, non-enzymatic processes may also contribute to the
formation of recalcitrant SOM fractions in the oxidative depositional soil environment.
Experimental evidence for processes governing the formation of aliphatic SOM indicate
that chemically-labile lipids are preserved in soils (Nierop et al., 2003). For example,
SOM in sandy soils with higher lipid and suberin contents was older according to
radiocarbon (**C) dating models than SOM in sandy soils with lower lipid and suberin
contents (625 years B.P. vs. ‘modern’; Nierop, unpublished results). Furthermore,

aliphatic hydrocarbons more than 10000 year old were found in upland soils, persistent
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due to low biodegradability of long-chain n-alkanes (Huang et al., 1999). Recalcitrant
SOM fractions in forest subsoil horizons were older (505-3385 years B.P.) than bulk
SOM, and mainly composed of alkyl C whereas lignin phenols were present only in small
amounts (Mikutta et al., 2006). The importance of alkyl C relative to lignin for the slower
or stabilized SOM pool, however, so far has not been adequately addressed as many
models simulating SOM dynamics are still based on proximate analysis with acid-

insoluble residue incorrectly called “lignin” (e.g., Shibu et al., 2006).

3. Management options to increase recalcitrant biomacromolecules in terrestrial

ecosystems

3.1. Plant species

Highly aliphatic biomacromolecules derived from plant tissues may contribute stabilized
aliphatic hydrocarbons to SOM. Cutin is the major lipid polymer in plants making the
leaves water- and air-tight, and protecting the plant against microbial attack (Heredia,
2003). Furthermore the highly aliphatic and resistant biopolymer cutan makes leaf
cuticles watertight in drought-adapted CAM plants (Boom et al.,, 2005). Suberin
comprises both aliphatic and aromatic domains, and covers all belowground plant tissues
but occurs also in cork tissues, and bundle-sheath cells in C4 plants making the cell wall
water- and air-tight (Bernards, 2002). Breeding and cultivating plant species rich in the
aliphatic biopolymers cutin, cutan and suberin is, therefore, a potential but not-yet-

studied option to increase proportions of recalcitrant biomacromolecules in terrestrial
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ecosystems. Plants with a large amount of belowground parts will increase the suberin
concentration in the mineral soil. Breeding plants with high concentrations of aliphatic
biomacromolecules in root tissue may also strengthen cultivation of biomass as a carbon-
neutral renewable resource for the production of bioenergy and biomaterials (Ragauskas
et al., 2006).

One pre-requisite for promoting plant biomass rich in aliphatic biomacromolecules as C
sink are studies of the C transfer from these compounds to stable SOC fractions. For
example, the thickness, composition and structure of the plant cuticle may be criteria to
select appropriate cultivars for SOC sequestration as these properties vary widely among
plant species and tissues (Nawrath, 2006). Recently, phenotypes of Arabidopsis mutants
that have alterations in their cuticle have been characterized, and this information may
help to identify genes responsible for the regulation of the biosynthesis of cuticular
components. Transgenic plants with a defined altered cutin composition may then be
engineered. For example, the overexpression of certain genes in wax biosynthesis leads to
an increase in wax load and altered properties of the cuticular membrane in Arabidopsis
(Nawrath, 2006).

By contrast, knowledge about suberin biosynthesis is scanty, but a hypothetical pathway
for suberin and cutin biosynthesis in Arabidopsis was proposed by Franke et al. (2005).
Accordingly, the precursors for suberin and cutin are supplied by the pool of Ci6 and Cis
carboxylic acids derived from fatty acid biosynthesis. The biosynthesis of long-chain
fatty acids of potato suberin follows a conventional pathway (Yan and Stark, 2000). Yet,
it needs to be tested if manipulation of suberin and cutin biosynthesis affects the

biosynthesis of other compounds sharing the same precursors. The acetate-malate
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pathway leads via lipid-synthesis to cutin and cutan (de Leeuw et al., 2006). Storage and
membrane lipids are, however, also derived from fatty acids whereas isoprenoids and
terpenoids (Table 1) have the same precursors as fatty acids (i.e., acetyl CoA).

Data on concentrations of glycerides, waxes and terpenoids of plant tissues, especially for
crop residues would also help to foster the cultivation of plants as sources for recalcitrant
SOC fractions. Concentrations of biomacromolecules in forest and crop residues, and
their molecular composition indicated by relative intensities in solid-state *C NMR
spectroscopy vary considerably (Table 3) (Kdgel-Knabner, 2002). Woody species tend to
have higher proportions of alkyl C (e.g., in bark) compared to agricultural species, and
plant roots have high proportions of alkyl C (Lorenz and Lal, 2005). Thus, woody plants
and/or plants with high root-to-shoot ratios are potential sources of recalcitrant
biomacromolecules in soils. The importance of root-derived C as primary source of SOC
due to inherent recalcitrance of root OM and root-induced stabilization mechanisms has,
however, received less attention than the importance of aboveground plant residues (Gale
et al., 2000; Puget and Drinkwater, 2001; Rasse et al., 2005). In particular, contributions
of roots to SOC in agricultural soils have not been extensively studied. The data base
even for the more comprehensive studied forest ecosystems is scanty. For example,
globally there are only 56 reports describing complete tree root profiles (Schenk and

Jackson, 2005).

3.2. Soil microorganisms
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Relatively little is known about the metabolic capabilities and composition of most soil
microorganisms, largely because of their resistance to culture under standard laboratory
conditions (Six et al., 2006). Furthermore, little is known about the fate of the multitude
of microbial components in the soil (Kdgel-Knabner, 2002). Recently, it was shown for
Andosols that microbial OM replaced plant-derived components in SOM at faster rates
than observed in other soil types (Nierop et al., 2005a; Buurman et al., 2007). Towards a
complete understanding of the SOC cycle, more studies incorporating microbial
processes are therefore urgently needed.

Archaea are ubiquitous in soils and transcriptionally active, but their total biomass in soil
is not known (Weijers et al., 2006). Archaea together with bacteria are the most
metabolically diverse of all soil microorganisms (Leininger et al., 2006). Membrane
lipids of archaea have recently been detected in a variety of globally-distributed soil
samples (Weijers et al., 2006). In archaeal lipids, branched-chain hydrocarbons are linked
to glycerol by ether bonds, and diether lipids and tetraethers containing long-chain
hydrocarbons are also found in archaea (van de VVossenberg, 1998). Ether lipids cannot
easily be degraded, and tetraether lipids occur in rigid membranes nearly impermeable to
ions and protons. Thus, archaeal ether and tetraether lipids are potential sources of the
recalcitrant SOC fraction.

Bacterial amino sugars may turn over in 3 to 90 years in soil but no literature is available
on the turnover of other bacterial compounds (Glaser et al., 2006). Bacteria produce
melanins, waxes, terpenoids, and tetrapyrrole pigments that may be biochemically

recalcitrant and resistant to biodegradation in soil (Gleixner et al., 2001).
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The non-hydrolyzable melanins of fungi consist of proteins, carbohydrates, lipids, and a
polymer built from phenolic, indolic, quinone, hydro-quinone and semi-quinone
monomers (Kogel-Knabner, 2002). Melanins are highly resistant to decomposition and
considered biochemically recalcitrant due to their aromatic structure but structural
differences among them lead to great differences in their stability in soils (Martin et al.,
1982). Melanins protect fungal cell walls against microbial decomposition but their fate
in soil is not known (von Lutzow et al., 2006). Sporopollenins are found in fungal spores
(Killops and Killops, 2005). They consist of p-coumaric acid units with some
contribution of ferulic acid (Boom, 2004), and exhibit high resistance under natural
conditions but the alteration of their chemical structure in soil has not been widely
studied (Derenne and Largeau, 2001). The steroid ergosterol is a highly specific
biomarker for fungi but its stability in soil remains to be investigated (H6gberg, 2006).
For example, in contrast to previous assumptions of a rapid turnover, a half-life of

ergosterol in soil of ca. 3-5 months was reported (Mille-Lindblom et al., 2004).

3.3. Animals

Soil animals significantly affect SOC pools and fluxes (Osler and Sommerkorn, 2007).
Specifically, soil animal food webs seem to be mainly based on root exudates, litter and
recalcitrant SOM as C sources (Ruf et al., 2006). Living plants, however, most strongly
affect C flows through the food web. Thus, increasing plant cover as food source for
animals may increase the proportions of potentially recalcitrant bio(macro)molecules in

animal residues (Table 1). Faunal biomacromolecules with potential resistance to
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decomposition are lipids and waxes. Chitin occuring in soil invertebrates and molluscs,
and, hardened by the protein sclerotin, in arthropod cuticles may also be a recalcitrant
compund (Briggs et al., 1998; Wolters, 2000). Although arthropods contain no
biochemically-recalcitrant aliphatic compounds, in situ polymerization probably
preserved aliphatic components in arthropod fossils, but the importance of this process
for soil fauna decomposition needs to be investigated (Gupta et al., 2007). Chitin may
also be gradually replaced by an aliphatic geopolymer produced from lipids upon
oxidative polymerization (Gupta et al., 2006). In temperate mineral soils, however, chitin
is almost completely recycled but probably not in volcanic ash soils (Gooday, 1990;
Nierop et al., 2005a; Buurman et al., 2007).

Highly-ordered and cross-linked faunal proteins such as keratin, fibrinogen and collagen
are less accessible to extracellular enzymes and may resist decomposition in soil, in
particular when they are located within a mineral matrix such as bone (Ekschmitt et al.,
2005; Killops and Killops, 2005). In particular collagen contributes to protein in human
remains preserved in peat bogs by tanning reaction with sphagnan (Painter, 1991;
Stankiewicz et al., 1997). Besides directly increasing recalcitrant bio(macro)molecules
from animal growth by increased plant cover, animal metabolism may alter recalcitrant
bio(macro)molecules in plant residues. For example, during passage through the animal
gut, litter may loose sterols, short-chain fatty acids, triacyclgycerols, amino acids and
polysaccharides but accumulate triterpenoids, wax esters and aromatic-C (Hopkins et al.,
1998; Rawlins et al., 2006). However, C transfer from stable to more labile SOC pools
during gut passage is also observed (Fox et al., 2006). Soil animals indirectly alter the

chemical composition of litter through their grazing activity on bacteria and fungi
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(Chapin et al., 2002). The major effect of the soil fauna on chemical alteration of litter
and SOM occurs, however, through enhancement of microbial activity by fragmentation
(Wolters, 2000). Furthermore, predators may indirectly cause the accumulation of total
phenolics in leaf litter but the loss of cellulose and condensed tannins (Hunter et al.,

2003).

3.4. Soil management

Soil management practices which increase the SOC pool (i.e., by SOC sequestration)
may also increase the proportion of recalcitrant biomacromolecules because these are
selectively enriched during biodegradation and recalcitrant geomacromolecules are
produced upon polymerization from low-molecular-weight membrane and other lipids
(Krull et al., 2003; Lal, 2004a; de Leeuw et al., 2006; de Leeuw, 2007). Therefore, the
recalcitrant SOC pool may be increased by increasing OM inputs into the ecosystem by
growing appropriate species, adopting recommended management practices, returning
residues to the soil (e.g., mulch farming, during forest harvesting and site preparation),
maintaining a continuous vegetation cover, growing cover crops during the off-season,
and applying manure, compost and biosolids (Lal, 2004b; Lal, 2005). For example, forest
residues (e.g., bark, roots) are high in lipids and alkyl C, and should be left on the soil for
biodegradation at the forest site (Table 3). Suppressing biodegradation and controlling
erosion may also reduce net SOC losses, and enhance the terrestrial sink of atmospheric
CO2 in recalcitrant SOC pools. This may be accomplished by adopting conservation

tillage, agroforestry, diverse cropping systems, controlled grazing, afforestation and
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restoration of degraded soils and ecosystems (Lal, 2004b). Soil microorganisms and
animals benefit from increase in plant biomass inputs, and increase in SOC
concentrations through adoption of soil management strategies (Kramer and Gleixner,
2006). Thus, the proportion of recalcitrant (i.e., highly aliphatic) biomacromolecules in
the SOC pool derived from microorganisms and animals may also increase (Lorenz and

Lal, 2005).

3.5. Saturation of the recalcitrant soil organic carbon pool

The storage capacity of the SOC pool depends on the physicochemical characteristics
inherent to soils and the formation of biochemically stabilized SOM fractions (Six et al.,
2002). However, a mechanistic understanding governing transfer of C to the
biochemically recalcitrant SOC pool is still at an elementary level. Furthermore, the
maximum protective capacity for the recalcitrant pool may be defined by inherent soil
properties but it is not known if increasing biochemically-recalcitrant organic residue
input can be used to manipulate the size of this pool. That the transient state of SOC
pools is not adequately accounted for in SOM models was recently highlighted by
Wutzler and Reichstein (2007). In particular, very old soils still accumulate carbon
because of slowly ongoing accumulation of the slowest pool. The size of the recalcitrant
SOC pool in subsoil horizons can probably also manipulated, as a decadally-reactive
SOC pool below 50-cm depth was recently observed in grassland soil profiles (Baisden
and Parfitt, 2007). This deep, reactive SOC may react to land-use or vegetation changes,

and respond to different processes than the reactive SOC in overlying horizons. Yet, it
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needs to be tested if through increasing input of recalcitrant aliphatic C derived from
plants, microorganisms and animals, and through increasing input of lipid precursors for
non-enzymatic polymerization processes, a higher proportion of the recalcitrant in

relation to the total SOC pool can be achieved in particular in the subsoil.

4. Conclusions

Fossil fuel use will continue to increase for several decades (Lincoln, 2005). At least until
CO:2 emission reduction technologies take effect, terrestrial sequestration of CO. will
remain to be an important strategy. Due to considerable importance for SOC
sequestration, it needs to be studied in detail whether increases in radiocarbon age with
depth correlate with increases in the proportion of recalcitrant SOC, and if land-use and
soil management can be used to increase this fraction. The adoption of recommended
land-use and soil management techniques to increase the SOC pool may be accompanied
by increasing contributions of plant-derived aliphatic compounds (e.g., cutin, cutan,
suberin) and aliphatic compounds derived from microorganisms and animals, especially
in deeper soil horizons. Traditionally, forest and agricultural land-uses are primarily
aimed at maximizing the aboveground growth. For promoting the cultivation of plants
which increase and stabilize the SOC pool, the data base on the composition of organic
resources must be strengthened by including data for aliphatic bio(macro)molecules
(Palm et al., 2001). The biological flow of C through soil is a research priority (Janzen,
2006), and studies on the fate of C derived from aliphatic compounds in recalcitrant SOC

fractions are needed. Recalcitrant compounds are much more abundant in soil than easily
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degradable compounds but effects of climate change on their turnover are unknown
(Davidson and Janssens, 2006). More information is required on the origin of alkyl C
compounds in soils and the involved mechanisms, e.g, the proportion of aliphatic
compounds derived from plants that is transformed by the microbial and animal
metabolism vs. the proportion subject to non-enzymatic polymerization before being
stored in aliphatic SOC fractions. Transformations of plant, microbial and animal alkyl
(and other) C can be studied by compound-specific techniques, but these can only relate
to compounds that can still be identified. Interdisciplinary studies, comprising plant
biochemists, microbiologists and organic geochemists, are needed to manage the intrinsic
chemical stability of naturally occurring recalcitrant bio(macro)molecules and their

formation to enhance the terrestrial sequestration of atmospheric CO-.
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Fig. 1. C-flux through wet chemically identifiable compounds (small arrows), and
relative enrichment of alkyl C (visible by NMR) (large arrow) during biodegradation of
terrestrial biomass, and approximate residence times of C in plant, microbial and soil
pools. Relative proportions of biomacromolecules/C-structures are indicated by different
font sizes. Molecular composition and residence times are cited from Mahieu et al.

(1999), Kdgel-Knabner (2002), and Mikutta et al. (2006).
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Table 1
Potentially recalcitrant bio(macro)molecules in terrestrial plants, microorganisms and animals (Killops and Killops, 2005; Madigan

and Martinko, 2006; Rillig et al., 2007)

Chemical class Occurrence Bio(macro)molecule
Carbohydrates Plant cell wall Cellulose, hemicellulose, pectin
Fungal cell wall Chitin
Bacterial cell wall Murein or peptidoglycan, lipopolysaccharides;

Arthropod exoskeleton, molluscs radula ~ Chitin

Amino Ubiquitous in plants, microorganisms, Glycoproteins, peptidoglycan, glomalin, hydrophobins,
acids/polypetides/proteins and animals in structural and catalytic chaplins, sclerotin, collagen, fibrinogen, keratin, enzymes
proteins
Lipids: Glycerides Plant cell (chloroplast) membrane Phospholipids, glycolipids
Bacterial cell membrane Glycolipids, ether lipids

Energy storage in animals, cell integrity ~ Triglycerides, phospholipids

Lipids: Waxes Plant cuticula Wax esters



Lipids: Terpenoids

Lipids: Tetrapyrrole

Plant tissue

Fungal cell walls

Bacterial cell wall

Animal coatings
Protective agents in plants
Plant cell membrane
Fungal antibiotics in plants

Bacteria

Fungi

Protective coating of plant pollen and
fungal spores (sporopollenin)

Animal cell membranes and lipoproteins
Vitamin-A production in animals

Primary and accessory photosynthetic,

Cutin, suberin; cutan, suberan

Hydrocarbons

Heigh-molecular-weight waxy molecules

Wax esters

Di-, tri-, tetra-, and polyterpenoids; (tetrapyrroles?)
Steroids

Sesquiterpenoids

Sesqui-, di-, tri-, tetra-, and polyterpenoids; steroids;
tetrapyrroles

Tri-, tetra-, and polyterpenoids; steroids

Tetraterpenoids

Steroids, polyterpenoids

Tetraterpenoids

Chlorophylls, cytochromes, phytochrome
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pigments

Phenolics

and regulatory pigments in plants
Primary and accessory photosynthetic
pigments in bacteria

Oxygen transport and electron transfer in
animals

Plant cell walls

Protective agents in plants

Fungi

Chlorophylls, bacteriochlorophylls, cytochromes, phycobilins

Haem, cytochromes

Lignin
Tannins; flavonoids; anthraquinones

Styrylpyrones; anthraquinones
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Table 2

Turnover of plant and microbial bio(macro)molecules/fractions based on §*C analyses

Chemical class

Possible origin

Bio(macro)molecule/fraction

Residence time (yr)

References

Proteins,
carbohydrates
Carbohydrates

Lipids

Lipids: Glycerides

Phenolics

Plants, bacteria,
fungi
Plants, bacteria,

fungi

Bacteria, fungi

Plants

Bacteria, fungi,
protozoa

Plants

Proteins/amino acids/chitin

Cellulose, hemicellulose,
pectins, chitin,
peptidoglycan,
lipopolysaccharides
Amino sugars

n-Alkanes, n-carboxylic acids

Phospholipid fatty acids

Lignin
Lignin

21-101

22-125

6-90
21-35

13-50

21-101

0.5, 17, and 19 (litter, soil,
and total)

Gleixner et al. (2002)

Gleixner et al. (2002)

Glaser et al. (2006)
Wiesenberg et al.
(2004)

Burke et al. (2003)

Gleixner et al. (2002)
Dignac et al. (2005),
Rasse et al. (2006)
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Table 3

Bio(macro)molecules/C fractions in plant biomass

Species Cutin Suberin ~ Carboxyl  Aromatic O- Alkyl
alkyl
(Mg M?2)--=- e (%0.C.)-----------—----

Fagus Leaves 629 5 16 54 25
sylvatica L.

Wood 2 13 83 2
Picea abies  Needles 833-859 6 17 60 19
(L.) Karst.

Wood 5 19 62 14

Coarse 593 4 20 69 6

Roots

Fine 6 20 63 11

roots
Pseudotsuga Needles 7 18 61 25
menziesii
Zeamays L. Leaves 3 11 77 9

Roots 3 9 78 10
Triticum Roots 6 18 69 8
aestivum L.

Straw 5 13 71 11
Brassica Stems 6 5 76 13
napus L.

Roots 5 8 75 12

References: Matzke and Riederer (1991), Gregorich et al. (1996), Rowell et al.
(2001), Trinsoutrot et al. (2001), Kogel-Knabner (2002), Rosenberg et al. (2003),
Lorenz et al. (2004), Wang et al. (2004), Helfrich et al. (2006).



