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Stellingen

1

Humificatie kan pas goed begrepen worden alszowelde locale geschiedenis
alsdemoleculaire samenstelling van devegetatie bekend is.
(dit proefschrift)

2

Het,totnutoe,grotendeels ofzelfs geheel overhethoofd zien van alifatische
componenten inhet meesteonderzoek aanbodemorganische stofgeeft aan dat
dezeonderzoekstak nog indekinderschoenen staat.
(dit proefschrift)

3

Deaan ligninetoegeschreven resistentie tegen microbieleafbraak isaan hevige
devaluatie onderhevig.
(dit proefschrift)

4

Chemische stabiliteit van biopolymeren alszodanig isgeen maatvoor hun
resistentie inbodems.
(dit proefschrift)

5

Schnitzer's omschrijving van 'humic substances' ispure speculatie,en
bovendien nietszeggend.
'Humic substances, whichconstitute 70-80% oforganic matter inmineral
soils, aredark-colouredpartly aromatic,acidic, hydrophilic, molecularly
flexible polyelectrolyte materials.'
(M. Schnitzer (1986)Binding ofhumic substances bysoil mineral colloids.In:
P.M.Huang andM. Schnitzer (Editors),Interactions ofsoil mineralswith
natural organics and microbes. SSSA Special publication 17,Madison, Wise,
pp. 77-101)

6

Zonder chemiegeen bodemkunde, zonder bodemkundewelchemie.

7

Veel standaard karakterisatie methoden gebruikt omorganische stof kwaliteit
te bepalen (Klason-lignin, 'polyphenols' etc.)zijn, chemisch gezien,
misleidend.
(C.A.Palm andA.P.Rowland (1997)Aminimum dataset for characterization
ofplant quality for decomposition. In:G.Cadish andK.E.Giller (Editors),
Driven byNature; PlantLitter QualityandDecomposition. CAB International,
Wallingford, pp. 379-392)

8

Deopbrengst van dePostcode Loterij zal grotendeelstenietgedaan worden
wanneer hetdoor haarhuis-aan-huis verspreide reclamemateriaal zodanig
verwerktwordtdathetvoldoet aanhun doelstelling omtot 'een betereen
schonere wereld' te komen.

9

Hetbelangvanburocratievoor dewerkgelegenheid magniet worden
onderschat.

10 Het istypischNederlands omnegatief geachte eigenschappen van
Nederlanders als 'typischeNederlands' te typeren.
11 Dat eenovergrote meerderheid van devoetballiefhebbers zich fan noemtvan
Ajax, Feyenoord ofPSV geeft aandat dezeclubsrelatief weinig echte (club-)
supporters bezitten.
12 Vrouwelijke intuitieiseencontradictio interminis.
(J.H.Donner,Vrouwen enschaken. In:DeNederlander enanderekorte
verhalen)
13 'Uitzonderingen bevestigen deregeP iseen uitzondering opderegel dateen
spreekwoord ofgezegde eenkernachtige waarheid bevat, aangezien
uitzonderingen deregelsjuist niet bevestigen.
14 Humor ispas echtehumor alsdeze slechtsdoor eenbeperkt aantalmensen
gewaardeerd kan worden.

Stellingen behorende bijhet proefschrift 'Origin and fate oforganic matter
in sandy soils alongaprimary vegetation succession'.
KlaasNierop, 16maart 1999.
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hem binnen kon vallen en hij dan meteen een luisterend oor had ondanks zijn 263 andere
functies en bezigheden.
Van grootbelang waren ook demensen vanhet lab.Met nameBarend vanLagen met zijn
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Frans Lettink, Neel Nakken en Eef Velthorst voor hun bijdragen en het gedogen van mijn
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Alsje deenigeinWageningen bentdiedittypeonderzoek doet,iskennisnodigvan buiten
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beschikking hadden over Py-GC/MS apparatuur, kon ik met vragen altijd bij hem terecht en
gezien de flinke brok aan pyrolsye data in dit boekje is veel direct of indirect te danken aan
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Een chemietje tussen de bodemologen en geofielen is een raar gezicht. Voor jullie,
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vreemd kereltje zijn geweest. Maar weest gerust, ik vindjullie niet veel normaler. Ondanks
de grote cultuur- en wetenschapsverschillen, heb ik uiteindelijk goed kunnen aarden in deze
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INTRODUCTION
More than 99.9% of all carbon in the earth's crust is stored in sedimentary rocks (Berner,
1989). About 20% of this (15 000 000 Gt) is organic and mainly in the form of kerogen
(Hedges and Oades, 1997).Only around 1600Gt Cispresent as soil organic matter, and still
smaller amounts present inlivingvegetation (610Gt) and the atmosphere (750Gt) (Schimel,
1995).Although negligible as areservoir, soil organic matter plays amajor role in the global
carbon cycle. The annual net primary terrestrial production is about 60 Gt and equals the
amount of litterfall and the annual exchange of C between the earth's surface and the
atmosphere (Hedges and Oades, 1997). Most of the (dead) plant, animal and microbial
material decomposes intoCO2andrecirculates within afew yearstotheatmosphere.Aminor
part is assimilated in microbial tissues or converted into soil organic matter, with a longer
residencetime.

OBJECTIVES
Organicmatterplaysanimportant roleinmanyphysical,chemical andbiological processesin
soils through its water holding capacity,cation exchangecapacity, its ability to complex with
metal ions and as a nutrient source for plants. Vegetation influences soil development among
others via its litter and roots. In its turn, soil properties strongly influence vegetation
composition andnetprimaryproductivity.Notwithstanding thecloserelationships between soil
andvegetation andtheimportantrolesoilorganiccarbon playinthisinteraction,relatively little
is known about the chemical nature of soil organic matter and its relationship to the extant
vegetation.Theobjective ofthisthesisistoextendtheinsightintheseinteractions.
Studies dealing with soil organic matter are generally concentrated on well-developed soils
with alongclimateandvegetativehistory.Insuchsoils,causal relationsbetweenvegetation and
organic matter can hardlybe established, whereas temporal and vertical aspects are difficult to
unravel. A relatively simple soil-vegetation system may provide a better insight in organic
matter build-up and effects of vegetation on the chemical composition of soil organic matter.
The area of the Hulshorster Sands and the Leuvenum Forest is an example of such a simple
system:asandysoilwithawell-knownvegetativehistory.
In the Leuvenum Forest, in the early stages of vegetation succession, the composition of
organic matter depends directly on its origin, the plant species. Extensive research has been
carried out on the vegetation succession and the development of humus profiles (Fanta, 1986;
Prach, 1989;Emmer, 1995a).

PRIMARY SUCCESSIONS
The species composition of most forests in the Netherlands is strongly influenced by
management. Therefore, relations between vegetation and humus profile development are
diffuse. A primary vegetation succession is undisturbed, and has developed on a substrate,
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which hasnotbeen influenced byformer soildevelopment. Oneexample isthe succession on
wind-blown sandsoftheHulshorster SandandLeuvenumForest.
Thevegetation succession ofthisareahasbeen studiedindetail (Fanta, 1986;Prach, 1989,
seealsoFigure 1).Thesuccession startswith Corynephorus canescens (L.)Beauv.(greyhairgrass). Also algae may be the colonizers, although their role is not fully understood (Prach,
1989). In time, Corynephorus is joined by Spergula morrisonii (L.) Boreau (pearlwort
spurrey) and Festuca ovina L. (sheep's fescue). Adjacent to these, the moss Polytrichum
piliferumHedw.isgenerally found onrelatively moist places facilitated byalgae.The mosses
arepartly succeeded by Calluna vulgaris (L.)Hull, (heather).Thefirst pines (Pinus sylvestris
L.) appear in the grass sites, but eventually all species are succeeded by these trees, which
ultimately form a semi-closed canopy. Under the pines, the former ground vegetation is first
replaced by lichens. These are followed by Deschampsia flexuosa (L.) Trin. (wavy hairgrass), which is a very dominant species in the pine forest. Deschampsiais accompanied by
the mosses Dicranumscoparium Hedw. and Hypnumcupressiforme Hedw.. Later on, these
mosses are followed by Pleurozium schreberi Hedw., which may even outcompete
Deschampsia in later stages.Pleurozium improves thecircumstances for theestablishment of
Empetrumnigrum L. (crowberry), Vaccinium myrtillusL. (blueberry) and Vaccinium vitusideaeL. (cowberry). Meanwhile trees like QuercusroburL. (common oak),Betulapendula
(L.) Roth (silver birch) respectivelypubescens(L.)Ehrh. (downy birch) and Fagus sylvatica
L.(beech)establish. Finally,theforest becomescompletelydominated bybeech.

Pinus +
Vaccinium myrt.

Corynephorus

Pinus
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Algae
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Vaccinium vit.
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Deschampsia

Fagus

i
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\
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introduction of
Quercus,
Betula, Fagus

Figure 1. Simplified scheme ofthe vegetation sequence in theHulshorster Sand and Leuvenum Forest.
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Under the first grass vegetation there is hardly any soil formation, even though the large
root system of Corynephorus,which dies annually, supplies organic matter into the soil.
Under Calluna and the young pines an ectorganic layer appears, which becomes thicker with
vegetation development. Also an Ah horizon is formed as a result of abundant roots in this
layer. Eventually, when a pine forest has established, an ectorganic humus layer develops,
with three main horizons, namely an L (litter), an F (fragmentation) and an H (humification)
horizon. These three horizons reflect increasing decomposition of plant litter from top (L) to
bottom (H).After about one century of forest development, the amount of organic matter in
each of these horizons under pine has reached an almost constant value: a dynamic
equilibrium between litter input and organic matter decay is reached (Emmer, 1996).
Differences in humus profiles under pine with or without coverage of grasses or shrubs are
relatively small,buttheundergrowth canmodify thehumus form development of the organic
horizons:blueberry, andespecially crowberry,promote theaccumulation of organic matterin
the ectorganic layer more so than grasses (Emmer, 1995a). Macromorphological
investigations showed that the F layer under crowberry and blueberry was mainly composed
of remnants of this vegetation, while thelowest part of this horizon contained predominantly
decayed residues of Deschampsia (Emmer, 1995a). This indicates that crowberry and
blueberry indeed stimulate organic matter accumulation and do not preferably settle at
humus-rich locations. Yet, the humus profile does play a crucial role in the establishment of
plants. Deschampsia roots mainly in the F horizon. After development of an H horizon,
crowberry and blueberry can establish, and will eventually outcompete Deschampsia. These
shrubshave roots intheFaswell asintheHhorizon,whilerhizomesof blueberry aremainly
found intheHhorizon (Emmer, 1996).

PODZOLIZATION
With increasing soil formation, pHdecreases,eventually resulting into adecrease of biological
activity and a lowering of thedecomposition rate.Appreciable accumulation of organic matter
and initial podzolization features arethe consequences. The first traces of podzolization, such
asamini Ehorizon, arefound after about 100years.There areindications thatthe vegetation
influences podzolization. Crowberry, for instance, promotes, besides organic matter
accumulation, alsopodzolization (Emmer, 1994).
Podzols arecharacterized bytheexistence of ableached eluvial Ehorizon, which overlies
an illuvial Bhorizon resulting of accumulated organic matter incombination with iron and/or
aluminium derived from overlying horizons (Petersen, 1976;De Coninck, 1980;Buol et al,
1989).Thistypeofsoil isthethird intermsof surface area(14.8%) andhas anorganic carbon
pool of 0.37 Gt (Andreux, 1996). Climatic (zonal) podzols are found in the tundras and on
acid parent rocks in mountain areas, degradation (intrazonal) podzols appear in Europe's
temperate areas, and tropical podzols exist in South America, Africa, Asia and Oceania
(Andreux, 1996).
Several mechanisms of podzolization have been proposed. In the classicalfulvate theory
(e.g.Petersen, 1976)fulvic acidsrelease metal ionsfrom primary and secondary minerals and
move as soluble chelates through the E and Bhs horizons.When acritical Al or Fe to fulvic
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acid ratio is reached the complex precipitates, causing the formation of the Bs horizon,
resulting into precipitation. Farmer's proto-imogolite theory includes a combination of
soluble Al and Si in theE horizon togive apositively charged Al/Si colloid, which elutes to
the Bs horizon where it is precipitated as pH increases on negatively charged sites at the
mineral surfaces (Farmer et al, 1980, 1982; Anderson et al, 1982). After that fulvic acids
move through the E horizon and precipitates on the allophane. The low molecularweight
(LMW)organicacid theory suggests that strong, small acids transport the Al and Fe to the
subsoil and that precipitation of Al andFeis caused bybreakdown of the carrier (Lundstrom
etal, 1995).
The role of the organic matter playing in the podzolization process is far from clear. The
vegetation influences the state and rate of podzolization (Hanrion et al, 1975; Buurman,
1984; Emmer, 1994). Recently, the hypothesis has been put forward that exudation of LMW
acidsby ectomycorrhizal fungi play an important role in the formation of boreal podzols (van
Breemen etal, 1998).Podzol Borganic matterhasbeen extensively studied, butuntil recently
this research was severely limited by the available analytical instruments and techniques.
Organic matter in the B horizons is dominated by fulvic and related acids from other mineral
horizons that were purified of polysaccharides (Schnitzer, 1970; Malcolm, 1990). Especially
organic C from the Bh horizon was found to be dominantly aromatic (Burges et al, 1964;
Buurman and Zech, 1994). However, also highly aliphatic fulvic acids were found in e.g. a
Scottish podzol (Anderson and Russell, 1976). Information about non-extractable organic
matter in podzol B horizons is scarce. Theng etal. (1992) observed that this inert humus is
highly aliphatic andattached toclay asexternal and internal complexes. Itwas suggested that
the aliphatic substances were derived from the upper organic horizons and transported
downwardsbywater(Schulten etal 1996).Buurman(unpublished data)notedthattheorganic
matterinhydromorphicpodzolsismorealiphaticthaninwell-drainedones.
Detailedmolecular information abouttheorganicmattercomposition inpodzolBhorizonsis
rare. Using pyrolysis-FIMS characteristics of polysaccharides, alkylaromatics, lipids, lignin
monomers and dimers were observed in Canadian podzols (Sorge et al, 1994). Recently
Wilcken etal.(1997)found thatthespodicBhorizons innorthern Germanyconsistedmainlyof
alkyl Cand O-alkylC(13C-NMR),independent of ageof podzolization. Py-FIMS showed that
weak podzolization was characterized mainly by signals from polysaccharides, phenols, lignin
monomers,fatty acidsandplant waxesintheBhorizon, whileHaplicPodzols weredominated
bysignalsfrom lignindimers,long-chain lipidsandsterols(Wilcken etal, 1997).

SOILORGANICMATTER
Soil organic matter comprises a mixture of above- and below-ground plant, animal and
microbial residues and so-called 'humic compounds', which are usually described as
microbially andchemically resynthesized molecules.Complete separation of humic and nonhumic substances is non-existent, because organic matter is present in a continuum of
different stages of humification. Despite of that, several organic matter fractionations have
been developed in order to study decomposition and humification processes. Common
fractionations include the classical humus fractionation, density and particle size separations

13

Chapter1

and selective chemical treatments (extraction of lipids, hydrolysis of proteins,
polysaccharides, cutin, suberin). The classical chemical approach, and still most widely
applied, is based on the solubility of humus in water at varying pH's. Huminis insoluble in
base (pH 13), the remaining soluble part is subjected to pH 2 and divided into a fraction
insoluble in acid (humicacid) and a fraction soluble in acid (fulvic acid). Based on these
operationally defined fractions, humic substances areclassified according to the IHSS and as
such used in 'humic substances' studies. Due to this limited definition, humus studies are
mainly concentrated on the NaOH soluble fractions thereby excluding plant debris, which is
primarily found in the humin fraction, and consequently their role in soil, whereas in 'soil
organicmatter' research allorganic substancesareincluded.
Perhapsbecause of this artificial boundary between the studyof 'humic substances' andof
'soil organic matter', humification processes are far from clear. Many pathways of humus
formation have been proposed. In general, two contrasting models can be distinguished: the
biopolymer degradation model ('organic matter view') and the abiotic condensation theory
('humic substances view'). The biopolymer degradation type includes the lignin-protein
theory from Wacksman (1930's), in which lignin is considered as the core of humic
substances. In Hatcher and Spiker's (1988) modified degradation version, refractory
biopolymers are preserved selectively and form the basic elements of humus.Besides lignin,
also otherpolymers such asaliphatic macromoleculesparticipate. In this theory, humin isthe
most recalcitrant fraction, which evolves through the humic acid fraction to the fulvic acid
fraction with increasing humification. The abiotic condensation model, including the
polyphenol theory, postulates that all plant polymers depolymerize into their monomeric
units, followed byrepolymerization of (mainly) phenols and quinones into humic substances
(Hedges, 1988; Stevenson, 1994). In terms of classical humus fractions, the humification
degree is the opposite of the polymer degradation model: humus is formed from fulvic acids
viathehumic acidsintothe 'hard core' humus,humin.
In favour of the latter theory is the fast polymerization of quinones under environmental
conditions (Hedges, 1988).Againstthistheory,istheshortlife-time of smallbiomolecules in
the presence of microbes. A strong point for the biopolymer degradation model is the
discovery of the non-hydrolyzable aliphatic polymers present in plant cuticles (Nip et al.,
1986a, b; Tegelaar et al., 1993) and barks (Tegelaar et al., 1995). They appear to be
diagenetically and microbially resistant and are selectively preserved with hardly or no
alteration (Nip et al., 1986a, b; Tegelaar, 1989b). Furthermore, the general trend in which
aliphatic compounds residually accumulate with respect to e.g. lignin and polysaccharides
implies a selective preservation mechanism rather than polymerization by condensation
reactions. However, most likely both processes occur simultaneously (Hatcher and Spiker,
1988). A model of Kogel-Knabner (1992) based on recent discoveries and developments
includes a combination of direct transformation, microbial resynthesis and selective
preservation processes.
The main problem of organic matter research until the early '80s was lack of appropriate
fractionation and analytical techniques. Most studies were based only on extractable humus
(humic and fulvic acids) and investigated with some gross physical and chemical methods
such asUV (E4/E6ratio),titrations (functional groups),elemental analysis and IR (Schnitzer
and Khan, 1972; Flaig et al., 1975). Recently developed fractionations based on physical
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separations and/or sequential chemical treatments together with advanced analytical methods
including solid state Nuclear Magnetic Resonance (NMR),pyrolysis-MS and -GC(/MS), and
chemical degradation methods (CuO oxidation, basic and acidic hydrolysis etc.) has lead to
new insights inthecomposition andformation of organic matter.For example, 13CNMR and
pyrolysis techniques have shown that aromaticity inorganic matter hasbeen overestimated in
the past, while the role of aliphatics appears to be much more important than recognized
previously (Hatcher et al, 1981a, b; Kogel-Knabner et al, 1988; Kogel-Knabner and
Hatcher, 1989; Tegelaar et al, 1989a; Kogel-Knabner et al, 1992a, b; Hempfling et al,
1987; Hempfling and Schulten, 1989; Krosshavn et al, 1992a, b; Amaltifano et al, 1995;
Zechetal, 1987;Nipetal, 1986a,b;Beyer, 1996;Baldocketal, 1997).

PARENTMATERIALS OFSOILORGANICMATTER
In addition to its classical morphological feature, plants species have particular chemical
characteristics. From a chemical point of view, biodiversity is reflected by unique
combinations of certain biopolymers and smaller molecules. Because fresh plant material is
themain sourceof organic matter input, abrief review of most important biomacromolecules
isinorder.Knowledge oftheinitial composition isnecessary tounderstand thechanges atthe
molecular level of organic matter. Additionally, some specific compounds, biomarkers, may
serve as molecular tracers of the influence of particular species. The main components of
plants are polysaccharides, proteins, (poly)phenols, lignin, lipids, hydrolyzable (cutin,
suberin) andnon-hydrolyzablealiphaticpolymers (cutan,suberan).

Polysaccharides
About 70-75% of the dry weight of plants originates from polysaccharides (Higuchi, 1997).
Polysaccharides function either as storage material, thereby serving as carbon and energy
supplier, or as structural component (de Leeuw and Largeau, 1993). Around 50% of wood
consist of cellulose, which is also the main constituent in other plant tissue types. Alkalisoluble polysaccharides, a mixture of hetero- and homo-polysaccharides, are defined as
'hemicellulose' (Cheshire, 1979). Both cellulose and hemicellulose are structural
carbohydrates. Other well-known polysaccharides such as starch serve as energy supply for
theplant. Animals and microorganisms alsocontain specific polysaccharides. In soil organic
matter,polysaccharides from manysources occurtogether.
Glucose is the most abundant building block of polysaccharides. It is present in e.g.
cellulose, starch and glycogen. Other important monosaccharides are mannose, galactose,
arabinose, xylose, ribose, fucose, rhamnose and fructose. Apart from these neutral sugars,
sugar alcohols,sugaracidsandaminosugarsoccurinnaturetoo,but inmuchloweramounts.
All important monosaccharides may be present in plants as well as in microorganisms
(Cheshire, 1979).Several studiesestablishedthathigh amounts of galactose,mannose,ribose,
fucose andrhamnosewereduetomicrobes,whereasrelativelyhigh abundances of xyloseand
arabinose were indicative for aplant origin (Cheshire, 1979;Murayama, 1984;Oades, 1984;
15
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Moers et al., 1990). Oades (1984) suggested that a ratio of mannose+galactose (hexoses or
Ce) over arabinose+xylose (pentoses or Ce) > 2 is indicative of microbial sugars, whereas a
ratio of < 0.5 points to an important direct contribution of plant material. In addition,
Murayama (1984) used the ratio of rhamnose+fucose/arabinose+xylose to discriminate
between microbial sugars ('high' ratio) and plant-derived sugars ('low' ratio). Furthermore,
Cowie and Hedges (1984) reported high amounts of xylose and low concentrations of
mannoseinangiosperms,whilegymnospermsexhibited theoppositetrend.

Proteins
Proteins, polymers composed of oc-amino acids, generally are build from a set of 20 amino
acids. Because proteins have various functions and appearances in nature, such as enzymes,
transporters and regulators, they occur in many different shapes. Similar to polysaccharides,
they are easily depolymerized. Because of their relatively low concentrations in plants,
proteins are not considered an important source of organic matter. On the other hand, the
polyphenol theory postulates that nitrogen compounds condense with phenolic or quinonic
groups yielding 'humic substances' consisting of high molecular weight, amorphous, partly
aromaticcomponents (KellyandStevenson, 1997).

(Poly)phenols
A suite of phenolic compounds, of low and high molecular weight, can be present in plants.
Low molecular weight phenols include a.o. catechol, stilbenes, quinones and flavonoids
(Harborne, 1997). Polyphenols comprise mainly lignin, hydrolyzable tannins and condensed
tannins. Mosses lack lignin, but do contain tannins. Hydrolyzable tannins consist of a
polyhydroxy core esterified with a large number of (mainly) gallic acid (3,4,5trihydroxybenzoic acid) units. Condensed tannins are composed of polyhydroxy flavan-3-ol
units (de Leeuw and Largeau, 1993).Phenolic constituents fulfill a variety of roles in living
plants (Harborne, 1997).Someofthemareresponsible for colourthereby protecting theplant
against ultraviolet radiation. Especially the tannins have antiherbivory and antimicrobial
properties through interactions with proteins (deLeeuw and Largeau, 1993;Harborne, 1997).
Furthermore, tannins may have a strengthening function in plants devoid of lignin, such as
mosses (Wilson etal., 1989).It is speculated that tannins have arelatively resistance against
decomposition, and thus may have an important contribution in organic matter formation
(Wilson andHatcher, 1988;deLeeuw andLargeau, 1993).

Lignin
After carbohydrates, lignin isthemost abundant component inplants.Itmakes up20-30%of
thetotal dry matter in wood (Higuchi, 1997),and about 10-15%in other tissues. It occurs in
the cell walls of vascular plants, but not in mosses, algae, and microorganisms (Higuchi,
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1997) and serves as a biogeochemical tracer for vascular plants in terrestrial and marine
environments. Lignin is the result of a combination of three monomers, coniferyl alcohol,
synapyl alcohol and coumaryl alcohol. It occurs exclusively in cell walls, where it has a
structural and protective function, providing rigidity to plants and trees. Gymnosperm lignin
almost exclusively consists of polymerized coniferyl alcohol moieties, while angiosperms
have both coniferyl alcohol and synapyl alcohol units in approximately equal amounts,
whereas grass-lignin iscomposed of allthreemonomers.Duetothebiosynthesis of ligninby
coupling of oxidation-induced radicals, several stable carbon-carbon and ether bonds are
present, giving lignin a heterogeneous, complex nature.Therefore, it is almost impossible to
isolatethepurepolymer(e.g.vanderHage,1995).

Lipids
Lipids aredefined asthose compounds that are soluble inapolar organic solvents (Solomons,
1984). In contrast to other compounds or polymers, there is no structural uniformity within
this group of compounds, although they all have a highly aliphatic character. Lipids may be
composed of alkanes, alcohols, ketones, fatty acids, terpenoids and sterols, solely or in
combinations, as in waxes, triglycerides and phospholipids. Waxes protect plants against
drying out, triglycerides may serve as storage material, and phospholipids are a main
constituent in cell membranes. Lipids are generally easily decomposable, and are therefore
notconsideredtobeamainorganicmattercomponent (deLeeuw andLargeau, 1993).

Aliphaticbiopolyesters(cutin, suberin)
Twomajor types of biopolyesters can bepresent inplants.Cutin,present in theplant cuticle,
serves as thebarrier between theaerial parts of higher plants,where no secondary thickening
occurs, and their environment (Kolattukudy, 1980). Suberin serves as a barrier against
unfavourable external influences in roots and in physically damaged surfaces. Cutin is
composed of o>-hydroxy Ci6 and Cig fatty acids with epoxy and hydroxy mid-chain
funcionalities (Kolattukudy, 1980; Kolattukudy and Espelie, 1985; de Leeuw and Largeau,
1993). These monomeric units are also present in suberin, accompanied by ca-hydroxy fatty
acids, a,ft>-dicarboxylic acids, fatty acids and 1-alcohols with chain lengths of > C20
(Kolattukudy, 1980; Holloway, 1983). Phenolic acids, such as p-coumaric acid and ferulic
acid,maybeattached tobothpolymers.

Non-hydrolyzable aliphaticpolymers(cutan, suberan)
Quite recently, aliphatic biopolymers have been identified as important constituents of algae,
bacteria, plant cuticles,barks and sporopollenin (McKinney etai, 1996,and references cited
therein). The chemical composition of these polymers is poorly understood. Cutan and
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suberan produce homologous series of n-alkenes, n-alk-1-enes and n-a,a>-alkadienes upon
pyrolysis (Nipetal, 1986a,b;Tegelaar etal, 1995).TMAHthermochemolysis yieldsmainly
a homologous series of fatty acid methyl esters and methyl ethers and esters of phenols
(McKinney et al, 1996). A proposed tentative structure consists of a core of two
phloroglucinol units linked together, which are connected to very long fatty acids through
ester bonds (McKinney etal, 1996). Although their concentrations in fresh plant tissues are
low,cutan andsuberan becomemoreimportant with increasing humification duetotheirvery
high selective preservation potential (Tegelaar, 1989b; de Leeuw and Largeau, 1993; SaizJimenez, 1996).

ANALYTICAL METHODOLOGY
l3

CNMR

About 50%of all isotopes haveanucleus with amagneticmoment.In astrongmagnetic field
such nuclei will orient with respect to that field. When simultaneously irradiated by
electromagnetic energy,thenuclei mayadsorbenergythrough theprocess known asmagnetic
resonance. The energy required to resonate is different for each isotope. In principle each
single, for example 13C, isotope will have equal resonance energy. However, the atoms
connected to aparticular 13Cdetermine theelectron density around that 13C, thus the amount
of resonance energy associated with that particular atom. NMR makes use of such small
differences in resonance energy to analyse thedifferent types of functional groups in agiven
sample.
Because only about 1% of all C atoms is a 13C isotope, 13C NMR is intrinsically
insensitive and requires a lot of (expensive) instrument time to produce a spectrum. To
overcome this problem, amethod called Cross Polarization Magic Angle Spinning (CPMAS)
is used to speed up the measurements. Themain disadvantage of this trick is that spectra are
onlysemi-quantitative. Despitethat, NMRspectraprovide agoodoverview of the abundance
ofdifferent Ctypes.

Chemicaldegradation
To obtain specific information about the composition of a given type of compound, the
polymeric molecules have to be depolymerized into the monomers that can be analyzed and
possibly quantified. In particular, easily hydrolyzable, chemically labile polymers such as
carbohydrates, proteins,cutin andsuberin canbeanalyzed thisway.
Inseveralchaptersofthisthesis,polysaccharides havebeen analyzedtogather information
about the origin, occurrence and fate of the polysaccharide fraction. Hydrolysis under acidic
conditions is a relatively simple chemical reaction. Problems, however, are the different
degrees of stability of the glycoside bonds and their rates of hydrolysis. A sufficiently long
reaction time or very strong acidic conditions promote complete hydrolysis. Too drastic
conditions,however, may alsocausepartial degradation ofthereleased monosaccharides, and
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consequently bias the polysaccharide picture. According to Amelung etal.(1996) hydrolysis
of polysaccharides with 4 M of trifluoroacetic acid is recommended in favour to other
procedures because it has the highest yields of non-cellulosic monosaccharides, whereas
cellulose ishardly affected bythisagent.
After hydrolysis, the sugars have to be derivatized prior to analysis by gas
chromatography. One reason is the high polarity of the sugar monomers and the consequent
bad separation on the GC column. A second reason is the different appearances of the
monomers in aquatic (reaction) environments, alsoknown asmutarotation.Agiven C6orC5
monosaccharide has five principally different structures: the open chain form, two furanose
and two pyranose structures (both include an a- and /?-anomer), and hence also five
compounds representing only one specific sugar upon analysis. Together with the fact that
monosaccharides with equal molecular mass (the hexose or pentose families) have almost
equal retention times, separation and identification of the various sugar moieties is
complicated, if not impossible. To reduce thenumber of structures, the monosaccharides are
oximized resulting into two isomers. The equilibrium between those two isomers is
considered to be constant, implying that only one monomer, or peak in case of
chromatography, is necessary to detect, identify and quantify the sugar (Andrews, 1989).
Furthermore, the polar hydroxyl groups are silylated to obtain less polar compounds, thereby
enhancingresolution andseparationupon gaschromatography.

Pyrolysis
Complex, heterogeneous high molecular weight compounds are rarely analysed at the
molecular scale in their polymeric form. They are usually investigated after splitting the
macromolecules intosmall pieces of uptoafew hundred Daltons,which can be subsequently
analysed. For example, polysaccharides and proteins can be gently hydrolysed into
monosaccharides and amino acids, respectively, and further analysed by aGC, as mentioned
in the previous section. However, polymers, such as lignin or 'humic substances' resist such
gentledepolymerization steps,andcannotbeanalysedlikewise.
Pyrolysis offers an alternative to chemical depolymerization. Upon pyrolysis, a given
sample is rapidly heated in an inert environment, and due to the large amount of energy
received, anymacromoleculespresent willbe fragmented.
Principally, two pyrolysis techniques can be distinguished. The first is temperatureresolved, in which a sample is heated at a certain rate to a final temperature. The pyrolysis
products are evaporated and immediately brought into a MS so that no material is lost. A
disadvantage is the low resolution: different compounds with equal mass fragment(s) cannot
be separated. The second method involves the use of metal wire with a given Curie point
temperature. The sample is 'immediately' heated to the Curie temperature and maintained
there for several seconds. The pyrolysis products are led into and separated on a GC(/MS).
Contrary to temperature-resolved pyrolysis, all compounds are separated and can be
identified. However, polar and oligomeric compounds may condense in the glass liner of the
GC, and never reach the column. Flash pyrolysis of polymers does not give the monomers
solely, but produces a large number of other products due to numerous cleavages,
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dehydrations and rearrangements. For example, pure cellulose, consisting of glucose units
connected through only one bond type (/3-1~*4) gives upon pyrolysis 96 GC amenable
products,such asfurans, pyrans,anhydrosugars,carbonyl compounds, acidsandmethyl esters
(PouwelsefaZ., 1989).
To improve the amount of GC amenable compounds, in situ methylation using
tetramethylammonium hydroxide(TMAH)hasbeenapplied.Becausethemechanisms arenot
only thermolytic, but also chemolytic, the procedure is specified as thermochemolysis. Other
compounds rather than strictly methylated pyrolysis fragments are produced (de Leeuw and
Baas, 1993). E.g. pyrolysis of the aliphatic biopolymer cutan gives alkadiene/alkene/alkane
triplets, whereas methyl esters of fatty acids are generated using TMAH (McKinney et al.,
1996).

SCOPEANDOUTLINEOFTHISTHESIS
Asmentioned earlier,organicmatterresearch onthewind-blown sandsoftheLeuvenumForest
hasseveraladvantages:
-

thefull vegetation sequenceisknown
itisaprimarysuccession,without antecedentsoil formation
theforest ecosystemisrelatively simple,withfew species
organic matter build-up can be monitored from the bare sand to the 200 years old forest
through thepresenceofintermediatestages
- initialpodzolization stagesmayprovidebetterinsightsintothemechanismofpodzolization
The following items are focal points to increase the knowledge on the molecular level of
organicmatterbehaviour asafunction ofvegetation(succession):
-

characterizingthechemicalcomposition oftheplanttissuesofthepresentvegetation
elucidatingtheeffects ofvegetationonchemicalcompositionoforganicmatter
investigatingthecontribution ofrootstosoilorganicmatter
figuring outwhathappenstowatersolubleorganicmatterinthesoil
evaluatingthetemporalandverticaltransformations oforganicmatter

Chapters 2 and 3 describe the organic matter development during the first stages of
vegetation succession at the wind-blown sand area of the Hulshorster Sand. Relations
between vegetative above- and below-ground input and the organic matter at and in the soil
areconsidered.Furthermore, acomparison ismadebetween thecomposition of water soluble
organic matter and the bulk organic matter to trace possible relationships. In Chapter 4, H
horizons of three forest profiles with different vegetation and stages of podzolization have
been fractionated and characterized to find differences in composition associated with the
covering species.With support of pollen analysis,thecharacteristics arediscussed intermsof
humification andvegetative influences. Chapter5considers theinfluence of vegetation onthe
chemical composition of the ectorganic layers, and shows the importance of root litter as
20
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organic matter source. Chapter 6 treats the water soluble organic matter from L, F and H
horizons as illuviated matter and is related to the accumulated organic matter in B horizons
andhumus fibers. Chapter 7dealswith theinsolubleorganic matterfractions inBhorizonsof
five profiles with different vegetative coverings. To elucidate the origin of this insoluble
material, the samples are further fractionated and analysed. In Chapter 8, the contribution of
root material to soil organic matter and the possible origin of aliphatic compounds in
particular is proven bycomparing thechemical composition of roots with that of the mineral
soil. Finally, Chapter 9 synthesizes all previous chapters and comprises the total organic
matter development along the vegetation succession at the Hulshorster Sand and the
LeuvenumForest.
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ABSTRACT
Differences in organic matter composition in consecutive soil profiles (under algae, grass,
moss, heather and pine) froui a primary vegetation succession (central Netherlands) were
investigated byCPMAS13CNMR, chemical degradation (acid hydrolysis of polysaccharides)
and pyrolysis-GC/MS in relation to the vegetation. All mineral soil horizons had lower
contents of polysaccharides than the ectorganic layer and/or the fresh plant material as
suggested by the diminishing O-alkyl peaks by NMR. The monosaccharide distribution
pointed to an increase of microbial sugars in the soil, accompanied by a significant
contribution of carbohydrates from mosses in the first stages. Fresh litter and ectorganic
layersunderheather andpine had similarcontents of aromatics,but thecontribution of lignin
(guaiacols and syringols) was lower in the ectorganic horizons. The degree of oxidation, as
determined by the acid/aldehyde ratio, increased with progressive humification. All Ah
horizons contained less aromatics, more oxidized lignin remnants and higher amounts of
aliphatic compounds than the litter. One or two macromolecules, that produced w-alkenes/nalkanes and branched alkenes/alkanes upon pyrolysis and were derived from mosses, were
mainly responsible for the accumulation of aliphatics in soil, although other aliphatic
polymers,such assuberin,mightalsoplayanimportantrole.

INTRODUCTION
Soil organic matter plays an important role in biological processes and influences soil
properties. Decomposition and humification is determined by many factors, such as
temperature, moisture,oxygen, litter quality and nutrient status of the soil (Stevenson, 1994).
Although the importance of vegetation and its organic matter for soil development processes
is generally recognized, detailed information about the (organic) compounds responsible for
thoseprocessesisscarce.
Understanding of organic matter development is usually hindered by the complexity of
(most) soilsystems,causedbye.g.bioturbation, human disturbance andcomplex orunknown
history. Therefore, causal relations between vegetation and organic matter formation are
difficult to unravel. Primary vegetation successions provide a good opportunity to study
interactions between vegetation, organic matter and soil formation, because antecedent soil
development is lacking. The Hulshorster Sand and Leuvenum Forest (central Netherlands) is
a wind-blown sand area, which is now covered by such a primary vegetation succession.
These poor sandy soils have unfavorable decomposition conditions, leading to appreciable
accumulation of organic matter in the surface layer, and, eventually, podzolization. The
primary vegetation succession of the area has been studied extensively (Fanta, 1986; Prach,
1989) and using this vegetation sequence, it may be possible to follow the organic matter
build-up inrelation to vegetation andpodzolization. Figure 1shows the simplified vegetation
sequence of the Hulshorster Sand and the Leuvenum Forest. The natural succession starts
with algae (profile 0),followed bygrass (profile 1)and mosses (profile 2).Mosses arelocally
succeeded by heather (profile 3), but ultimately all vegetation are replaced by pine trees
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(profile 4). Initial podzolization appears under Pinus +Deschampsia,and continues in the
nextstages.

Pinus+
Vaccinium myrt.

Corynephorus

Pinus

profile1

profile4

,

Pinus+
Vaccinium vit.

fc

Fagus

\

Algae

\

t

i

/
profile0

Pinus+
Deschampsia

\

\

\

Polytrichum
profile2

t

^

Pinus+
Empetrum

Calluna
profile3

introductionof
Betula Fagus

Figure 1.Vegetation sequence of theLeuvenum Forest. The profiles inthedashed box are subject of this study.

Inthispaper, an inventory is made of theorganic matter at the molecular level in theprepodzol stages (profiles 0-4) in order to relate the composition to the vegetation succession.
Besides above-ground litter,alsothebelow-ground litter (roots)isanalyzed totracetheorigin
of the organic matter in the soil. Complementary chemical analyses, which are used for this
study, includeCrossPolarization-Magic AngleSpinning(CPMAS)13CNMR, monosaccharide
determination after acid hydrolysis, and pyrolysis-gas chromatography/mass spectrometry
(Py-GC/MS).

MATERIALS ANDMETHODS
Vegetation, soilprofiles
The following soil profiles represent the most important vegetation in the first stages of
vegetationdevelopmentonwind-blownsand.Profile 0consistsonlyof athinmatof algae(0.5
cm).Profile 1,under sparse Corynephorus canescens (L.)Beauv.(grass),has anAh horizon (2
cm)withafewfinerootsandabundantmossleavesandalgaeremnants,whichabruptlyoverlies
aChorizon.Profile 2,underPolytrichumpiliferum Hedw.(moss),hasanAhl horizon (0.5cm)
with moss rhizoids, and an Ah2 horizon (2-3 cm) without rhizoids. These two horizons were
sampled asonelayer. Profile 3,covered by Calluna vulgaris (L.)Hull with some Polytrichum,
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has an F layer (1cm) of which the upper part consists of Calluna litter and the lower partof
Polytrichumandothermossremnants,overlyinganAhhorizon (6cm)withabundantfineroots.
Profile 4, under a solitary Pinussylvestris L., has an L (2 cm) and an F (4 cm) layer, both
dominatedbypineneedlesandtwigs,andanAhhorizon (10cm)withabundantfinerootsanda
few remnants of needles, mosses and grasses. Table 1summarizes the C and N contents, the
C/NratiosandpHvaluesfor allprofiles.

Table 1.Cand Nmassfractions, C/N massratios and pHvalues of profiles 0-4.
Profile Vegetation Horizon

C (%)

N (%)

C/N

pH (H 2 0) pH (KC1)

0

Algae

A

1.04

0.07

14.4

4.8

4.2

1

Grass

A
C

0.43
0.07

0.04
0.01

10.0

5.0
4.5

4.3
4.5

A
C

0.39
0.07

0.03
0.01

13.0

4.2
4.4

3.8
4.6

F
A
C

33.80
1.18
0.07

1.29
0.06
0.01

26.2
19.7

nd
4.2
4.6

nd
3.7
4.7

L
F
A
C

52.13
26.26
2.17
0.10

1.55
1.00
0.12
0.01

33.6
26.3
18.1

nd
nd
4.0
4.1

nd
nd
3.2
4.6

2

3

4

Moss

Heather

Pine

-

-

-

nd= not determined

Samplepretreatment
-Bulksamples
Fresh plant materials (leaves, needles, flowers, woody stems, roots) and organic horizons (L,
F)wereanalysed after freeze-drying andballmilling.After freeze-drying and sieving (2mm),
the Ah horizons were shaken for 5minutes in a 0.5 M NaOH solution (sample:solution ratio
1:2(w/w)). After decantation of the solution including soluble and insoluble organic matter,
theresidue (sand)waswashedwith wateruntil allorganic matterwas separated from thesand
(colour of water almost clear). The combined 'solutions', containing both soluble and
insoluble organic matter, was shaken with HC1/HF (ratio 1:3) at pH 1-2 for 24 h„ dialysed
and freeze dried. Less than 5% of the initial organic matter was lost during dialysis. The
residual sandcontained virtuallynoorganicCaccording toCanalysis.
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-Selective enrichmentofaliphaticbiopolymers
To obtain specific information about the aliphatic biopolymers, sequential enrichment steps
were performed to yield a chemically resistant residue (Tegelaar etal., 1995;van Heemstet
al., 1996).Freeze-dried and ball-milled fresh tissues of mosses (Polytrichum andBryumsp.)
were extracted for 48 h. with CH2Cl2/methanol (1:1) in a Soxhlet apparatus to remove
extractable lipids.After drying,theresiduewas saponified with 1%KOHinmethanol for 2h.
under reflux. The obtained residue was acidified with HC1,centrifuged, washed with water
(twice), water/methanol, methanol (twice) and CH2CI2 (3 times) and dried. To remove
polysaccharides,thesamplewasthen subjected toacidhydrolysis bystanding in concentrated
sulphuric acid for 2h.,followed bydilution to 1 M withwater and subsequent refluxing for5
h. After centrifugation, the residue was washed with water until pH 6-7 and finally freezedried.

Chemicalanalysis
-CNandpH
Carbon and nitrogen were measured with an Interscience Elemental Analyser EA1108; pH
(H2Oand 1 MKC1) inasample:solutionratioof 1:5.
-13CNMR
CrossPolarization-Magic AngleSpinning(CPMAS)wasusedfor theNMRmeasurements,and
performed on a Bruker AMX 400 operating at 100.628 MHz. The used parameters were: a
spinningrateof4.5KHz;anacquisition timeof0.033 s;apulsetimeof4 u,s;acontacttimeof
0.8msandalinebroadeningof50Hz.
- Monosaccharides
Determination of the monosaccharide composition of the non-cellulosicpolysaccharides was
performed by the method of Amelung etal.(1996). Duplicates of 10-100 mg, depending on
the C content, were hydrolyzed with 4 M trifluoroacetic acid (TFA) at 105°C for 4 h. The
hydrolysate was purified using XAD-7 and Dowex 50 W X8. Monosaccharides were
oximized with O-methylhydroxylammoniumhydrochloride inAf-methylpyrrolidone (NMP)at
75°C for 1h. and further derivatized with bis(trimethylsilyl)trifluoroacetamide (BSTFA) at
75°C for 5min (Andrews, 1989).Separation of thereaction products wasperformed on aCE
gas chromatograph with a J&W DB-5 column (30m, film thickness 1.00 u.m,i.d. 0.25 mm)
connected toaFisonsMD 800mass spectrometer (massrangem/z50-450,cycletime0.50s).
After 4 min at 160°C,the GCtemperature wasraised at arate of 8cC/minto 180°C (2min),
after which itwasfurther raisedby l°C/min to 195°C(2min),andfinally increased to 255°C
at 10°C/min and maintained there for 5 min. Quantification was carried out using myoinositol asinternal tracer and O-methylglucoseasinternal standard. Thestandarderrordidnot
exceed 10%for individual sugars, except for sugars in ver low concentrations (less than 0.5
mg/gC),whichmayhaveerrorsupto50%.
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- Pyrolysis-GC/MS
Pyrolysis was carried out on a Horizon Intruments Curie-Point pyrolyser. Samples were
heated for 5sat610°C.Thepyrolysis unit wasconnected toaCEgaschromatograph andthe
products were separated on a fused silica column (Chrompack, 25 m, 0.25 mm i.d.) coated
with CP-Sil 5 (film thickness 0.40 |im), with helium as carrier gas. The initial oven
temperature was40°C. After that it washeated at arate of 7°C/min to 320°C and held for 20
min. The end of the GC column was coupled to a Fisons MD 800 mass spectrometer (mass
rangem/z45-650,cycletime 1s).Pyrolysis-methylationwasperformed byaddingoneortwo
drops of a solution of tetramethylammonium hydroxide in water (25%) onto the sample,
followed bydryingfor 1-2 minutes,andimmediatepyrolysis.

RESULTS
13

CNMR

Peak assignments of Cross Polarization-Magic Angle Spinning (CPMAS) 13C NMR spectra
are performed with data from literature (e.g. Hatcher, 1987; Kogel et al., 1988; KogelKnabner, 1992; Kogel-Knabner, 1997). Chemical shifts around 62, 72 and 103 ppm,
characteristic for polysaccharides, dominate the spectra of all profiles, but are particularly
stronginsamplesfrom algae (Figure2)andfrom profiles 1 (notshown) and2(Figure3).
In the alkyl C range (0-50 ppm), the signal at 21 ppm is associated to methyl carbons,
whereas resonances at29 and 32ppm aretypical for methylene carbons. Themajor sourceof
these carbons arelipids and aliphatic biopolymers (Tegelaar etal., 1989a; Kogel-Knabner et
al., 1992a,b).Inthespectraof theAhhorizons undergrassand moss,the intensity of alkylC
is higher with respect to the fresh plant material. The algae have virtually no aromatic
moieties (see Figure 2). Small but distinct peaks are observed in the aromatic region of the
other spectra. Inprofile 1(not shown),thegrasses have signals at 119, 128and 148ppm,and
together with the shoulder at 56 ppm (methoxy), they are lignin-derived carbons. In mosses
thearomatic carbons (e.g. 117and 143ppm) arederived from tannins.Inthearomaticpartof
profiles 3 and 4, the ectorganic horizons under pine have one broad signal at 148 ppm,
whereas underheather twopeaks canbedistinguished at 144and 153ppm.This difference is
due to the composition of lignin: lignin of pine is mainly composed of coniferyl alcohol,
while heather lignin also contains synapyl alcohol. In addition, tannins may also resonate in
the aromatic region. In the Ah horizons of profiles 1 and 2, the aromatic signals almost
disappear. A similar trend is observed in profiles 3 and 4. Whereas the spectra of the roots
have considerable signals in the aromatic region, the Ah horizons have much lower amounts
of aryl carbons (see for profile 3, Figure 4). The high signal at 128 ppm is a spinning side
band from thecarbonyl peak at 172ppm,just liketheone at217ppm. Inthe spectrum of the
mossleaves,aclear signal at206ppmisobserved, andmaybeduetoamidesorketones.
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Figure2. 13C-NMRspectrum of algae (profile 0).

250

200

150

100

50

0

6 (ppm)

Figure 3. ' C-NMR spectrum of mossvegetation and Ah horizon under moss(profile 2).
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Flowers +leaves
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Figure 4. 13C-NMR spectrum of flowers + leaves,woody stems of Calluna, Fhorizon, Callunaroots and theAh
horizon (profile 3).
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Monosaccharides
Table 2presents themost important monosaccharides released from fresh plant materials and
the different soil horizons by hydrolysis with 4 M TFA. Hydrolysis with this agent liberates
non-cellulosic sugars from soil and has a negligible effect on cellulose (Amelung et al.,
1996).Theratios C6/C5(mannose+galactose/xylose +arabinose) and deoxy/Cs (rhamnose+
fucose/xylose + arabinose) are used to discriminate between polysaccharides predominantly
derived from plants (low ratios, C6/C5 < 0.5) and microbial input (high ratios, C(JCs >2)
(Oades, 1984;Murayama, 1984;Guggenberger etal.,1994).
The algal mat shows high amounts of the deoxysugars rhamnose and fucose, which are
mainlysynthesized bymicrobes (Moersetal.,1990). Under grass, the distribution of the
monosaccharides in roots and soil differs substantially. The sugars in the soil have relatively
highCfJCs anddeoxy/Csratios,suggestinganimportantmicrobial contribution.
Themonosaccharide distribution inflowers +leaves of heather resembles that of the stem
wood, except for a large contribution of xylose,prominently present in wood. Calluna roots
exhibit a somewhat different polysaccharide composition. The Fas well asthe Ah horizon is
much more abundant inrhamnose, fucose, mannose and galactose; both sugar ratios increase
incomparison withthefresh plantmaterials.
Pine needles contain more sugars hydrolysable with 4M TFA than pine roots. Especially
hexoses are more abundant in the needles, giving atwice ashigh C(JCs ratio. The F horizon
has a composition similar to that of the L horizon, except for lower concentrations of C(,
sugars in thefirst. Incomparison with thefresh needles, adecrease of all monosaccharides is
found in the L and F horizons. The main difference between roots and the Ah horizon is the
lowerquantityofpentoses inthelatter.

Pyrolysis-GC/MS
Figures 5-7 show the Py-GC traces of the algae (profile 0),roots from and Ah horizon under
Corynephorus(profile 1) and leaves, branches, roots and F and Ah horizons of Calluna
(profile 3).Identified peaks arelisted inTable3.
- Polysaccharides
Typicalpyrolysis products of polysaccharides are acids (peaks 1and 3),carbonyl compounds
(peaks 4, 11, 20 and 21),furans andreduced furans (peaks 2,6, 9, 10, 12, 15,16, 17,32and
37),pyrans (peaks 18,24,28,34and43) and anhydrosugars (peaks 22,27,35,36, 41, 53,57
and 61)(Pouwels etal., 1987, 1989;Pouwels and Boon, 1990).Ofthese,peaks 18,36and41
werefound tobecharacteristic for pentoses,22 and24for deoxysugars andpeaks 27,28, 35,
43, 53, 57 and 61 for hexoses (Pouwels et al., 1989; van Smeerdijk and Boon, 1987).
Products attributed to sugars dominate the pyrolysate of the algae (Figure 5). Particularly
abundant arepeaks 9, 12, 17, 18,22,35,36,57 and 61,suggesting that avariety of different
polysaccharides is present. All these compounds have also been found in pyrolysates of
marine algae (van Heemst etal., 1996).Inpyrolysates of theAhhorizons under grass (Figure
6), under moss, andof mosstissue (bothnotshown), thesamecompounds are presentin a
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Figure 5.Pyrolysis-GCtrace of algae (profile 0).

Corynephorus canescens

Roots
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Figure6.Pyrolysis-GC tracesofprofile 1,rootsof Corynephorus(a)andAh horizon (b).
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Table3.Listofmainpyrolysisproducts.
No.

Compound

Source

M+

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Formicacid
2-Methylfuran
Aceticacid
2-Butenal
Benzene
2,5-Dimethylfuran
Pyrrole
Toluene
(2H)-Furan-3-one
3-Furaldehyde
2,4-Pentadienal
2-Furaldehyde
C2-Benzene
Vinylbenzene(styrene)
2-Acetylfuran
2,3-Dihydro-5-methylfuran-2-one
5-Methy1-2-furaldehyde
4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one
Phenol
2,3-Dimethylcyclopent-2-en-1-one
2-Hydroxy-3-methyl-2-cyclopenten-1-one
Dianhydrorhamnose
2-Methylphenol
4-Hydroxy-5-methyl-5,6-dihydro-(2H)-pyran-2-one
3/4-Methylphenol
Guaiacol
Levoglucosenone
2-Methyl-3-hydroxy-(4H)-pyran-4-one
Benzylcyanide
Dimethylphenols
Ethylphenols
5-Hydroxymethyl-2-tetrahydrofuraldehyde-3-one
4-Methylguaiacol
3,5-Dihydroxy-2-methyl-(4H)-pyran-4-one
l,4:3,6-dianhydro-a-D-glucopyranose
Anhydropentose?
5-Hydroxymethyl-2-furaldehyde
Dihydroxybenzene(catechol)
4-Vinylphenol
4-Ethylguaiacol
Anhydropentose
Indole
1,4-Dideoxy-D-gfycero-hex-1-enpyranos-3-ulose
4-Methylcatechol

Ps
Ps
Ps
Ps
Pp
Ps
Pr
Pp
Ps
Ps
Ps
Ps
Pp
Pp
Ps
Ps
Ps
Ps
Pp/Lg/Pr
Ps
Ps
Ps
Pp/Lg/Pr
Ps
Pp/Lg/Pr
Lg
Ps
Ps
Pr?
Pp/Lg
Pp/Lg
Ps
Lg
Ps
Ps
Ps
Ps
Pp/Lg
Pp/Lg
Lg
Ps
Pr
Ps
Pp

46
82
60
70
78
96
67
92
84
96
82
96
106
104
110
98
110
114
94
110
112
128
108
128
108
124
126
126
117
122
122
144
138
142
144
132
126
110
120
152
132
117
144
124
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45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
T
O

•
•

•

+

4-Vinylguaiacol
Syringol
4-(l-Propenyl)guaiacol (eugenol)
4-Propylguaiacol
Methylindole
4-Formylguaiacol (vanillin)
(4?)-Ethylcatechol
cis 4-(2-Propenyl)guaiacol
Anhydrohexose
4-Methylsyringol
trans 4-(2-Propenyl)guaiacol
4-Acetylguaiacol
Anhydrohexose (mannose?)
4-(Propan-2-one)guaiacol
4-Ethylsyringol
4-Vinylsyringol
Anhydroglucosan (levoglucosan)
4-(1-Propenyl)syringol
4-Propylsyringol
cis 4-(2-Propenyl)syringol
4-Formylsyringol
trans 4-(2-Propenyl)syringol
Biphenol
4-Acetylsyringol
1-Pristene
4-(Propan-2-one)syringol
Phytadiene
Phytadiene
Oleicacid (C18:l FA)
Docosanol (C22OH)
Tetracosanol (C24OH)
Stigmast-2-ene
Stigmasta-2,5-diene
Stigmastatriene
Stigmasta-3,5-diene
Friedoolean-2-ene
Friedoolean-14-en-3-one (taraxerone)
Friedoolean-14-en-3/J-ol (taraxerol)
Stigmasta-3,5-dien-7-one
Stigma-4-en-3-one
n-Alkenesandn-alkanes
Branched methyl-alkenesand -alkanes
Fatty acids
Alcohols
2-Methylketones
n-Alkanes

Lg
Lg
Lg
Lg
Lg
PP
Lg
Ps
Lg
Lg
Lg
Ps
Lg
Lg
Lg
Ps
Lg
Lg
Lg
Lg
Lg
PP
Lg
Lg

Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp/Abp
Lp/Abp
Lp
Lp
Lp
Lp

Legend:Ps:polysaccharides, Pp:polyphenols, Pr: proteins, Lg: lignin, Lp: lipids,Abp:aliphatic biopolymer.
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150
154
164
166
131
152
138
164
162
168
164
166
162
180
182
180
162
194
196
196
182
194
186
196
266
210
278
278
254
326
354
398
396
394
396
410
424
426
410
412
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slightly different distribution. Grass roots themselves have a completely different
polysaccharide composition than the organic matter in the Ah horizon (Figure 6), thereby
confirming the results of chemical degradation (acid hydrolysis of polysaccharides). Under
Calluna (Figure 7),the relative abundance of polysaccharide pyrolysis products is low in the
above-ground plant tissues, and higher in the roots. In pyrolysates of both the F and Ah
horizons,sugars seemmore intense,and muchricherin anhydrosugars attributed to galactose
and mannose than those of the fresh plant material. Similar trends arerecognized underpine,
butlesspronounced (notshown).
-Aromatics
Peaks 5, 8, 13, 19, 23, 25 and 39 are the major aromatic compounds identified in the
pyrolysate of the algae (Figure 5). Of these,phenol (19) and 2-(23),3-and4-methylphenols
(25) have the most intense signals. They may derive from polyphenolic macromolecules,
which have also been found in marine algae (van Heemst et al., 1996). However, a protein
origin may not be excluded (van Heemst et al., 1998). The same alkylbenzenes and
alkylphenols are also the main aromatics present in the pyrolysate of Polytrichumtissue.In
addition to alkylphenolic compounds, both grass leaves and roots produce methoxyphenols
upon pyrolysis. Yet, hardly any methoxyphenols are observed in the pyrolysate of the Ah
horizon under grass (Figure 6).Similar low abundances of methoxyphenols arepresent inthe
pyrolysates oftheAhhorizon undermoss.
In the pyrolysate of Callunaflowers + leaves (Figure 7), important signals are found of
phenol (19) and methylphenols (23, 25), and especially of catechol (38), 4-methylcatechol
(44)and,toalesserextent,ethylcatechol (51).Pyrolysis of stemwood givesthese compounds
in low abundance.Thewood pyrogramis dominated by guaiacols (26,33,40,45,47,48,50,
52,55,56and58) and syringols (46,54,59,60,62-66,68and70),typical pyrolysis products
of angiosperm lignin (van der Heijden et al., 1994). Compared with the stems, flowers +
leaves have syringols in much lower abundance than their guaiacolic counterparts. The F
horizon is a mixture of flowers + leaves, wood and mosses. This is reflected in the
abundances of phenols, catechols, guaiacols and syringols, being a mixture of those several
inputs. The lignin composition of Callunaroots differs substantially from that of the above
groundparts,inhavingalowcontentof syringols. Similarlytoflowers +leaves,phenols and
catechols are important pyrolysis products of roots. The distribution of aromatics in the
pyrolysate of theAh horizon resembles that of the roots, although phenol and methylphenols
arehigher andthemethylcatechols arelowerinabundance withrespect totheguaiacols.Pine
lignin is almost exclusively composed of coniferyl alcohol units, and produces merely
guaiacols upon pyrolysis, with very small traces of syringol and 4-vinylsyringol.Therelative
abundanceof allmethoxyphenols asdetermined bypyrolysis islowerinroots than inneedles.
Consequently, this corresponds with a lower concentration of methoxyphenols in the
pyrolysateoftheAhhorizon thaninthoseoftheLandFhorizons.
To find any trends in composition or alteration of the phenolic and lignin compounds,
calculations werecarried outusingthepeakareasofphenolspluscatechols (P),guaiacols (G)
and syringols (S) to determine the ratios of G/P, (G+S)/P and S/G. In addition, pyrolysis in
thepresenceofTMAHwasusedtodetermine theacid/aldehyderatios (Ac/Al)ofeachtypeof
phenol (Hatcher etal.,1995).Theresults arepresented inTable4.
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Table 4. Ratios of phenols, guaiacols, syringols and of their acids and aldehydes (Ac/Al) of fresh plant tissues
and soil horizons.
Profile

Horizon

Tissue/sample

G/P

(G+S)/P

S/G

Ac/Al
G

Ac/Al
S

Profile 1
Grass

Ah

roots
total

3.54
0.45

4.43
0.54

0.25
0.19

0.67
1.68

0.51
2.86

Profile 2
Moss

Ah

leaves
total

0.00
0.13

0.00
0.15

nd
0.13

1.60
2.19

nd
1.12

flowers + leaves
stemwood
total
roots
total

0.29
1.97
0.67
0.47
0.40

0.41
4.37
0.93
0.55
0.46

0.41
1.22
0.39
0.16
0.10

2.04
1.31
3.67
2.64
6.04

1.93
0.26
1.59
1.35
2.92

needles
total
total
roots
total

1.11
1.34
1.21
0.82
0.61

1.11
1.34
1.22
0.82
0.62

0.00
0.00
0.01
0.00
0.02

0.94
2.44
2.90
1.15
3.82

nd
nd
nd
nd
nd

Profile 3
Heather
F
Ah
Profile 4
Pine

L
F
Ah

Abbreviations: P: phenols+catechols, G: guaiacols, S: syringols, Ac: acid, Al: aldehyde and nd: not determined.
Values aremean (n=2),relative standard deviation of ratios G/P, (G+S)/Pand S/G: 4-7%, and of Ac/Al ratios:35%.

Profiles 1and 3 show the usual lignin degradation trend with decreasing S/G ratios. The
high (G+S)/Pratiosof Calluna wood and grassroots give arough indication of therelatively
high abundance of lignin inrelation to non-lignin (poly)phenols. Incontrast, Callunaflowers
+ leaves and roots seem to have the highest amounts of (poly)phenols. The Ac/Al ratio of
guaiacols increases from fresh plant tissue tohumus and withdepth in allprofiles. In profiles
3 and4,the increase of that ratio intheAhhorizons withrespect tothe roots is stronger than
that of the F horizon in comparison with the above-ground litter. As far as could be
determined, increasing Ac/Al ratios for syringols are found in all profiles. The presence of
guaiacol and syringol acids in pyrolysates of fresh material is probably due to cleavage and
oxidation of lignin by TMAH (Hatcher and Minard, 1995).In moss the aldehydes and acids
are probably derived from (poly)phenols, which may produce 3,4-dimethoxybenzaldehyde
and 3,4-dimethoxybenzoic acid methyl ester after pyrolysis-methylation. Such may also
happen in other samples, e.g. thehigh Ac/Al ratios of flowers + leaves and roots of Calluna
in comparison with the stem wood is accompanied by higher amounts of phenols and
catechols.
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Figure 8. Partial mass chromatogram (m/z 55+57+59+60) showing the aliphatic 'fraction' of the Ah horizons
of profile 1-4. For symbol legend, see Table 3. The numbers indicate the carbon chain lengths of the straightchain alkenes/alkanes.
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-Aliphatics
As shown by NMR, alkyl C accumulates in the Ah horizons. Figure 8 shows the partial
summed masschromatograms(m/z 55+57+59+60) of theAhhorizons ofprofiles 1-4. Several
seriesof different aliphatic compounds areidentified, including fatty acids (mainly C14,Ci6:i,
Ci6, Ci8;i and Cis), n-alkene/alkane pairs (C7-C34) and branched alkene/alkane pairs (C20C32).All these compounds are also observed in pyrolysates of the F layers under heather and
pine. The straight-chain alkenes/alkanes are a common phenomenon in pyrolysates of plant
tissues (Nip et al., 1986a, b; Tegelaar et al., 1991, 1995) and of soil samples (Augris etal.,
1998; Kogel-Knabner et al., 1992a, b). In contrast, branched alkene/alkane pairs have never
been observed.
Pyrolysis of the lowest part of the F layer of profile 3, dominated by moss with a few
heather litter, revealed a higher abundance of the branched aliphatics than in the upper,
heather dominated, part of the F horizon (not shown). In moss plants themselves, these
aliphatics were hardly detectable. However, after chemical treatment of the mosses
Polytrichumand Bryum,including Soxhlet extraction with CtkCk/MeOH, saponification in
basic methanol and hydrolysis with concentrated H2SO4, straight-chain as well as branched
alkenes/alkanes couldbeobserved clearly inpyrolysates (Figure9).

Retention time

Figure 9. Partial pyrolysis-GC trace of Polytrichum after extraction with Cl^CVmethanol, saponification and
acidhydrolysis.For symbollegend, seeTable3.

Thedistribution of both homologous seriesisvery similartothose found inpyrolysatesof
allAhhorizons andintheectorganic layers under Calluna andpine.This implies that mosses
have an important, persistent and chemically recognizable contribution to the organic matter
intheseAhhorizons.
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Apart from fatty acids,high amounts of alkanes are observed in thepyrolysate of Calluna
flowers +leaves,mainly C31 andC33 with smaller contributions of C27 and C29.The aliphatic
fraction of the stem wood is composed of fatty acids (Ci6 and Cis), 2-methylketones
(dominated by odd-numbered carbon chain lengths of C25-C31), C22 and C24 alcohols and
smalltracesof alkene/alkanepairs (C17-C33arevisible,butmostprobablylowerchain lengths
arealsopresent).Ofthelatter series,theC22 andC24 alkenesarerelatively abundant.
This is due to esterified alcohol moieties, which produce their alkene analogues upon
pyrolysis (van Smeerdijk and Boon, 1989). Except for the alkene/alkane pairs, all these
aliphatics arelikely to originate from, or adsorbed on,the biopolyester suberin present in the
outer bark of the Callunastems (van Smeerdijk and Boon, 1989).The alkenes/alkanes point
tothenon-hydrolyzablealiphaticbiopolymer suberan (Tegelaar etal.,1995).
Under pine, typical conifer lipids, such as abietic acid and pimaric acid, are identified in
thepyrolysates.Asinresults from Dijkstra etal.(1998),theydecreasewithdepth.

DISCUSSION
The algal mat ispredominantly composed of polysaccharides asrevealed by 13CNMR, sugar
analysis andpyrolysis.Aromatics arevirtually absent inthe NMR spectrum, whereas asmall
contribution of aliphatics is noticed. According to Oades (1984),the ratio of C(JCs should be
>2for microbialpolysaccharides,butthisisnottruefor thealgaeinthis study(1.09).
The organic matter of profile 1, under grass, is dominated by O-alkyl carbon (mainly
polysaccharides) as determined by NMR. Lignin is hardly present in the Ah horizon: no
characteristic lignin aromatic signals are assigned in the NMR spectrum, and very low
amounts of lignin-derived products areobserved in thepyrolysate.The overall distribution of
monosaccharides as well as both sugar ratios {C(JCs and deoxy/Cs) of the Ah horizon under
grass are comparable to those of the algae, suggesting that the organic matter is mainly
derived from algae. This is compatible with the vegetation sequence, because the grass
vegetation is very sparse and establishes itself in the algal mat. The algal input is
accompanied by that of mosses, as indicated by the presence of branched and unbranched
alkenes/alkanes in the pyrolysates. The total Py-GC-trace of Ah horizon under grass more
closely resembles the pyrogram of the Ah horizon under moss than that of the algae. The
moss organic matter originated probably from elsewhere and was transported by wind
together with the sand, because mosses follow grasses instead of preceding them. Anyway,
theAhhorizon ofprofile 1 hasalowinputofthecurrentplantmaterial.
TheAh horizon under moss has an increase of alkyl Cand a simultaneous decrease ofOalkyl Cwith respect tofresh plants as determined byNMR. Pyrolysis results suggest that the
increase of aliphatic Cis mainly dueto hitherto unknown branched and unbranched aliphatic
biopolymer(s). Up to now, it is not clear whether there is one aliphatic polymer, which
produces branched as well asunbranched alkene/alkane pairs upon pyrolysis,or two separate
ones, a branched and an unbranched one. Whatever the molecular structure may be, those
aliphatics exhibit, already inthese youngprofiles, ahigh selectivepreservation potential. The
aromatic peaks in the NMR spectrum of moss tissue, at 117, 128, 143 and 161ppm, are not
from lignin, because this polymer is not present in mosses (no methoxyphenols are detected
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by pyrolysis), and is further substantiated by the absence of the shoulder at 56 ppm. These
aromatic carbons will result therefore from tannins or other phenol-containing compounds
(Wilson etal., 1989).Also therelatively broad signal around 103ppm suggests the presence
of tannins, in addition to a contribution of anomeric polysaccharide carbons (Wilson and
Hatcher, 1988).The small traces of lignin in the Ahhorizon are most probably derived from
earlier grasses. In the Ah horizon of profile 2, a similar monosaccharide distribution with
respecttofresh mossmaterial isobserved, although theC6/C5 ratioislower andthedeoxy/Cs
ratio is higher. These trends may be due to remnants of algae, from an earlier succession
stage.FreshPolytrichum tissuehasahighCfJCs ratio (2.65),implying that ahigh CelCs ratio
isnotalwaysduetomicrobialpolysaccharides.
TheFhorizon under Calluna(profile 3) is composed of (partly) humified flowers, leaves,
woodybranches andmosses.Thepyrolysateofthishorizon reflects thiscombination, suchas:
a high amount of Cig:i fatty acid, indicative for mosses; 2-methylketones from toCalluna
bark; and C31 and C33alkanes, derived from the flowers + leaves of Calluna. Both sugar
ratios are higher in the Fhorizon in comparison with the input materials. Part of this willbe
duetomicrobial sugars,but themainreason willbe most likely thepresence of moss litterin
F horizon. Lignin, however, can be used to determine the degree of humification: the S/G
ratio is lower in the F horizon than in the fresh tissue types and also the Ac/Al ratios of
guaiacol and syringol are higher in the ectorganic layer, indicative of considerable
degradation.
Callunaroots appear to have a much lower syringyl content in the above-ground plant
tissues. Figure 7 shows that the relative intensities of guaiacols in comparison with, e.g.,
levoglucosan andthe aliphatic compounds, arelowest for roots andhighest for wood (stems),
whichgives anindication ofthelignin concentration in the several Calluna parts.This seems
at variance with the lignin contents in Calluna wood (33.4%) than in flowers + leaves
(40.3%) and roots (40.6%) as described by van Vuuren (1992). However, these
determinations werebased on 'Klason lignin', theresidue after extraction of lipidsbyethanol
andpolysaccharides byconcentrated sulphuric acid. Suchresidues donot contain lignin only,
but also polyphenols and aliphatic biopolymers. As shown in Figure 5, the pyrolysates of
Callunaflowers + leaves and roots contain significant amounts of phenols and catechols,
indicative for aconsiderable (poly)phenol content (Galletti and Reeves, 1992).Also aliphatic
compounds are more abundant in these pyrolysates than in that of wood. Both raise the
'lignin' concentrations. Besides this, wood contains in general (much) higher amounts of
lignin than non-woody tissues (Higuchi, 1997).NMR showed that aromatic signals decrease
significantly from root to soil, implying a low input, or a fast decay of lignin and tannin in
soil. Furthermore, the larger differences in Ac/Al ratios between Ah horizon and roots
compared tothedifferences of theseratiosbetween above-ground litter andFhorizon suggest
afaster decayoflignin inthesoilthanonthesoil.
The lipid fraction of Callunaroots has a composition similar to that of Calluna stem
wood. This suggests that roots will have a comparable suberin/suberan composition. The
great similarityof thePy-GCtracesoftheroots andAhhorizonreflects theimportant inputof
roots.Butalsomossremnants arepresent asindicated bythebranched alkenes/alkanes.
Going from needles to L horizon (profile 4), the increases of the alkyl/O-alkyl ratio
(NMR),the C(JCs and deoxy/Cs ratios (monosaccharides), andtheAc/Al ratio of Gall imply
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(rapid) decay of fresh needles.From LtoFhorizon, however, the alkyl/O-alkylratio andthe
C6/C5ratio decrease, whereas the deoxy/Cs and Ac/Al ratios increases slightly. Apparently,
decomposition is not fast, or no discrimination takes place among the participating
compounds.IntheFandAhhorizons theaccumulation of unbranched alkenes/alkanes points
to, again, moss litter. Because practically no moss remnants are present in the Ah horizon,
mosses appeartobestronglydecayed,leavingthehighlyresistant aliphaticsinthesoil.

CONCLUSIONS
All profiles show progressive decay phenomena from plant materials to soil horizons,
although such trends arenotclearbetween LandFhorizons under pine.Most evident trends
areincreases inalkylCcontentswithhumification accompanied withadecrease of O-alkylC
as determined with 13C NMR. Also Py-GC/MS reveals the increasing contribution of
aliphatics insoil.Thetrends arecausedbydecomposition of polysaccharides, the mostlabile
biopolymer(s), andresidual accumulation of veryresistant aliphatic polymers,mainly derived
from mosses. Aromaticity decreases towards the Ah horizons. Within the aromatic fraction,
lignin is degraded and non-methoxyphenolics are accumulated. In relation to the extant
vegetation, the organic matter intheprofiles is dominated bythe covering plants, except that
under grass, which organic matter is clearly affected by algae and mosses. Besides
recognizable moss influence, the organic matter of the Ah horizons under heather and pine
haveasignificant rootinput,andabove-ground littercontribution isof negligibleimportance.
Additionally, theresults alsoshow that parameters, such asC6/C5anddeoxy/Csfor sugars
and,to alesser extent, theAc/Alratios for aromatics,commonly used todescribe theorganic
matter composition and humification may be influenced strongly by input of earlier
vegetation. Knowledge of vegetation history is therefore indispensable when trying to
interpret suchparameters.
Acknowledgement - This study was supported by the Netherlands Geosciences Foundation
(GOA)withfinancial aidfrom theNetherlands Organization for Scientific Research(NWO).
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CONCLUSIONS
All profiles show progressive decay phenomena from plant materials to soil horizons, although
such trends arenotclearbetween LandFhorizons under pine.Mostevident trends are increases
in alkyl C contents with humification accompanied with a decrease of O-alkyl C as determined
with 13C NMR. Also Py-GC/MS reveals the increasing contribution of aliphatics in soil. The
trends are caused by decomposition of polysaccharides, the most labile biopolymer(s), and
residual accumulation of very resistant aliphatic polymers, mainly derived from mosses.
Aromaticity decreases towards the Ahhorizons.Within the aromatic fraction, lignin is degraded
and non-methoxyphenolics are accumulated. In relation to the extant vegetation, the organic
matterintheprofiles isdominated bythecovering plants,exceptthat under grass,which organic
matter isclearly affected byalgae and mosses.Besides recognizable moss influence, the organic
matteroftheAhhorizonsunderheather andpinehaveasignificant root input, and above-ground
littercontribution isof negligibleimportance.
Additionally, the results also show that parameters, such as C(JCs and deoxy/Cs for sugars
and, to a lesser extent, the Ac/Al ratios for aromatics, commonly used to describe the organic
matter composition and humification may be influenced strongly by input of earlier vegetation.
Knowledge of vegetation history is therefore indispensable when trying to interpret such
parameters.
Acknowledgement - This study was supported by the Netherlands Geosciences Foundation
(GOA)withfinancial aidfrom theNetherlands Organization for Scientific Research (NWO).
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ABSTRACT
Podzols tend to form on drift sands in the Netherlands given sufficient time. Differences in
organic matter composition related to vegetation succession were investigated on a soil
chronosequence on drift sand that evolves eventually into a micro-podzol. We examined the
relation between the water soluble organic matter (WSOM) and the total organic matter
composition in the Ah horizons of the first vegetation stages, under grass (Corynephorus
canescens), moss (Polytrichumpiliferum), heather (Calluna vulgaris) and pine (Pinus
sylvestris),as determined by Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS)
and analysis of polysaccharides after acid hydrolysis. Polysaccharides dominated the organic
matter in the Ah horizons under grass andmoss.Lignin and aliphatic compounds were minor
compounds in these profiles, but were more important under heather and pine. The Py-GC
traces of the WSOM under grass and moss contained abundant products derived from
polysaccharides.The water soluble fraction wasenriched inphenolic and aliphatic compounds
in comparison with their contents in pyrolysates of the total organic matter. Li the WSOM
fractions under heather and pine, phenols dominated the pyrolysates, whereas lignin-derived
methoxyphenols were rare. Remarkably large amounts of alkenes and alkanes were present in
thepyrolysatesofthesewatersolublefractions, mostlikelyderivedfrom aliphaticbiopolymers.
Their presence in water might be explained through the formation of colloids, which were
stabilizedbymicelle-likearrangements.

INTRODUCTION
Podzolsarecharacterizedbyanilluvialhorizon,asaresultof accumulation oforganicmatterin
combination with aluminium and/or iron eluted from overlying horizons. A bleached eluvial
horizon may overlie the illuvial horizon. Anumber of theories have been proposed to explain
podzolization in which the role of organic matter is emphasized. The vegetative cover andthe
organicmatteritproducesplaysanimportantroleinpodzolization andlittleisknown aboutthe
specific effect of different organic compounds. However, the organic matter analyses usually
applied havenot gonebeyond separation of humic andfulvic acids.Furthermore, through lack
ofadvancedanalyticalinstruments,onlysomegeneralcharacteristicsoforganicmatterinvolved
inpodzolization havebeen noticed.Largedifferences in thenature of theorganic matter inthe
illuvial B horizons have been found, varying from highly aromatic to predominantly aliphatic,
dependingonenvironmentalconditionsandvegetation (Andreux,1996).
Onlyfew scientistshaveinvestigatedthemolecularnatureofpodzolorganicmatter.Sorgeet
al. (1994) observed characteristics of polysaccharides, alkylaromatics, lipids, lignin monomers
and dimers, using pyrolysis-Field Ionization Mass Spectrometry (FIMS). Hempfling and
Schulten (1990) also detected these compounds in dissolved organic matter in forest humus
profiles. Recently, Wilcken etal.(1997) elucidated that alkyl and O-alkylCpredominated the
organic matter of podzol Bhorizons,consisting of lipid-derived structures, alkylaromatics and
lignins, while carbohydrate accumulation was site specific. Ambles et al. (1983) and ColinaTejadaetal. (1996)observeddissolvedlipidsinpercolatingwaterandrainwaterleachatesunder
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pine.Because water soluble compounds areconsidered asthemain source of organic matter in
theBhorizonsofpodzols,lipidscanbeexpectedinforest podzolBhorizons.
Most of theresearch onorganic matter hasbeen doneonold, well-developed podzols,with
unknown or complex vegetation history, so that a specific relation between organic matter
composition and vegetation cannot be traced. To study such a relation, we analysed the water
soluble organic matter (WSOM) in ayoung soil (no morethan 200 years old) on drift sandin
the early stages of podzolization. Two factors determine the chemical composition of these
water soluble fractions: the presence of the particular compounds in the original Ah horizons
and their solubility in water. Therefore, we also characterized the total organic matter
composition oftheAhhorizons.

MATERIALANDMETHODS
Vegetation, soilprofiles
The study sites are in the Hulshorster Sands and the Leuvenum Forest (central Netherlands).
The area was originally an inland dune field. About 200 years ago a pioneer vegetation
established itself. Nowadays, the older vegetative parts of the area carry a beech (Fagus
sylvatica L.) forest, while someparts are stillbare,and all other intermediate vegetation stages
are locally present. The vegetation succession is well-documented (Fanta, 1986; Prach, 1989)
andasimplified schemeofthevegetation sequenceisgiveninFigure1.

Pinus+
Vacciniummyrt.

\
\
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/
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/
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i

K

V
\.

^.

Polytrichum
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/
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Empetrum

f

introduction of
Betula Fagus

Figure 1. Simplified scheme of vegetation succession on the Hulshorster Sands/Leuvenum Forest area, modified
after Prach (1989).Theprofiles indicated inthedotted box areinvestigated inthis paper.
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The dunes are first colonized by algae, which form algal mats in moist spots. A sparse
vegetation of the grass Corynephorus canescens(L.) Beauv succeeds algae and the moss
PolytrichumpiliferumHedw. growing at slightly moister sites. Heather (Calluna vulgaris (L.)
Hull) locally follows Polytrichum. Solitarypinetrees (Pinus sylvestris L.)establish themselves
in the preceding vegetation. Under these pines, needles eventually drown a sparse growth of
grasses. When a pine forest is established (spontaneously or by planting), the grass
Deschampsiaflexuosa(L.) Trin. first dominates the undergrowth, accompanied by the moss
Pleurozium schreberi Hedw. This stage is followed by Ericaceae, accompanied by the
spontaneous appearanceofothertrees:BetulapubescensL.(birch),Quercus roburL.(oak)and
Fagussylvatica L. (beech). Eventually, the beech takes over completely, and all undergrowth
disappears. Traces of podzolization appear under Pinus + Deschampsia,and the podzol
morphologyisclearunderEmpetrum andthesubsequentvegetationstages.
Thefollowing profiles areusedinthisstudy:
Profile1(under Corynephorus): Twocmof weaklydevelopedAhhorizon abruptly overlyinga
Chorizon.
Profile2 (under Polytrichum): Half acm of Ah1 horizon with Polytrichum rhizoids overlying
anAh2horizonwithoutrhizoids;sampledasonehorizon.
Profile 3 (under Calluna): OnecmofFlayer,theupperpartof whichconsists of Calluna litter
and the lower part of Polytrichum litter, overlying an Ah horizon of 6cm with abundant fine
roots.
Profile 4(underPinus): TwocmofLlayeron4cmofFlayer,both dominatedbypineneedles
andtwigs.TheFlayeroverliesa 10cmAhhorizonwithabundantfineroots).
In the early vegetation stages,there is little biological activity in the mineral horizons, and
negligible mixing of above-ground litter with the mineral matrix. This implies that organic
matter in B horizons may be (partly) derived from illuviated water soluble organic matter
(WSOM).
Forthisreason,specialattentionispaidtothewatersolubleandthetotalorganicmatter from
the Ah horizons of thefirststages of profile development (grass through to solitary pines, see
Figure 1).The profiles have incipient Ah and organic horizons without signs of podzolization.
Yetthesepre-podzolprofiles mayinfluence latersoildevelopment,becausetheyproduce(water
soluble) organic matter thatmaybeinvolved inpodzolization andidentified intheBh horizons
inthelaterstagesofsoilformation (pine+Deschampsiathroughbeech,seeFigure1).

MATERIALANDMETHODS
Samplepretreatment
-Bulksamples
Soil samples were taken from Ah horizons in March 1996 and frozen until further treatments.
There was too little organic C in the original samples to obtain reliable chromatograms and
massspectrauponpyrolysis.Therefore thesampleswereenrichedbyremoving the sand.Each
samplewasshaken with0.5MNaOHfor twohoursundernitrogen,andthen allowedtostand
for 1 minute.Thesandimmediately sanktothebottom,whilethesolution with dissolved and
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particulate organicmatterremained in suspension atthetop.Thesupernatant waspoured into
an Erlenmeyer, and the procedure was repeated until the solution was colourless, and all the
organic matter was isolated. The addition of NaOH was necessary to isolate all the organic
matter, which wasimpossible solely with water. Thesupernatantswerecombined, acidified to
pH 2-3 with HC1/HF (1:3), shaken for 24 hours, dialyzed against demineralized water and
finally freeze-dried. This was done three times for each Ah horizon, after which the organic
matterobtainedwasthoroughlymixedbeforeuse.
- Watersoluble organicmatter(WSOM)
Water solubleorganicmattercan beobtainedbyseveral methods (Herbert andBertsch, 1995;
Zsolnay, 1996), which can be divided into two main approaches: those collected in the field
(called dissolved organic matter (DOM)) and the others extracted from soil samples in the
laboratory (called water soluble organic matter (WSOM)). Initially, both methods were used
in order to compare the organic matter composition. However, due to insufficient yields of
field-collected DOM, only laboratory-obtained WSOM was used for analysis. Soil samples
from theAhhorizonswereshakenfor24hourswithdistilledwateratasolid:solvent ratioof1:3
byweight.After centrifuging (2200g)for onehour, thesolutions werefiltered through a0.45(xm filter. Thefinal filtrate wasfreeze-dried. Foreach site,thiswasdonefour times.Theyields
were 1-2% basedonorganicmattercontentoftheoriginalsoilsamples.
-Extractions
Low molecular weight (LMW) and high molecular weight (HMW) compounds were
separated byextraction of 100mlof asolution ofWSOM,asobtained above,with 100mlof
(a) dichloromethane (DCM), (b) diethyl ether, (c) DCM followed by diethylether, or (d)
diethyl ether followed by DCM. All extractions were repeated once. The remaining WSOM
inthewaterfractions wasfreeze-dried andsubsequently pyrolyzed.
Chemicalanalysis
-QNandpH
Carbon and nitrogen were measured in duplicate with an Interscience Elemental Analyser
EA1108, pH (H2O and 1M KC1) in a sample:solution ratio of 1:5. The relative error for
carbon was0.3%, for nitrogen0.5%.
- Pyrolysis-GC/MS
Pyrolysis was carried out on a Horizon Intruments Curie-Point pyrolyser. Samples were
heated for 5sat 610°C.Thepyrolysis unit wasconnected toaCEgaschromatograph andthe
products were separated by a fused silica column (Chrompack, 25 m, 0.25 mm i.d.) coated
with CP-Sil 5 (film thickness 0.40 pm). Helium was used as carrier gas. The initial oven
temperature was40°C and maintained for 1minute.Then it was raised at arate of 7°Cmin"'
to 320°C and maintained at that temperature for 20 min. The end of the GC column was
coupled toaFisons MD800mass spectrometer (massrangem/z45-650, ionization energy 70
eV, cycle time 1s). Pyrolysis in the presence of tetramethylammonium hydroxide (TMAH)
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was performed by adding adroplet of a 25%solution of TMAH in water to the sample, after
whichthesamplewasdriedfor 1-2 minutes,andimmediately pyrolyzed.
- Monosaccharides
Hydrolysis of polysaccharides was performed by the method described by Amelung et al.
(1996) and is described in Chapter 2. Briefly, the non-cellulosic polysaccharides in soil
samples and WSOM were hydrolyzed by trifluoroacetic acid. After purification, the
monosaccharides were derivatized byoximation and sylilation, and analysed by GC.The soil
samples wereanalysed inquadruplicate, andtheWSOM samplesinduplicate.

RESULTSANDDISCUSSION
Bydecantingtoconcentrate theorganicmatter,lessthan 5%oftheOMoriginallypresent was
lost during dialysis. The C/N ratios of these treated samples were at most 1unit larger than
those of the untreated bulk samples (see Table 1).The residues (sand) contained < 0.005 %
organiccarbon.

Table 1.Cand N mass fractions, C/N massratios,and pH values of soil,total OM and WSOM.
Profile

Vegetation

Sample

C(%)

N(%)

C/N

pH (H 2 0)

pH(KC1)

1

Grass

Soil
Soil
Total OM
WSOM

0.4
0.4
45.7
32.8

0.04
0.04
4.3
3.7

10.0
10.0
10.6
8.8

5.0

4.3

Moss

Soil
Soil
Total OM
WSOM

0.4
0.4
47.1
35.2

0.03
0.03
3.8
3.1

11.8
11.8
12.5
11.5

4.2

3.8

Heather

Soil
Soil
Total OM
WSOM

1.2
1.2
41.0
21.8

0.06
0.06
2.0
2.6

19.8
19.8
20.4
8.3

4.2

3.7

Pine

Soil
Soil
Total OM
WSOM

2.2
2.2
43.3
20.9

0.12
0.12
2.3
2.1

18.1
18.1
19.0
9.8

4.0

3.2

Of course, the concentration treatment changes the organic matter to some extent. The
main chemical effect of NaOH will be hydrolysis of esters, whereas HC1/HFcan create new
esters. However, these effects appeared to be negligible as determined by pyrolysis for
samples of L, F and H horizons before and after the procedure. Therefore, we assume that
differences in the composition of organic matter from Ah horizons caused by this procedure
arealsosmallandnot significant.
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Table 1 lists the CandNcontents andtheir ratios, and pHvalues of the four profiles. The
C contents in the Ah horizons increases as vegetation develops.The C/N ratios of profiles 1
and 2 differ from those of profiles 3 and 4.Under grass and moss this ratio (10-12) is fairly
low and indicates either highly humified material, and/orimportant contribution of microbial
material. The C/N ratios of the WSOM are less than in of the Ah horizons from which
WSOMwasextracted, andthelargest differences wereinprofiles 3and4.Adecreaseofboth
pHvalues isobserved ongoingfrom profile 1 toprofiles 2and 3andtoprofile 4.
Figures 2-5 show the GC-traces of the pyrolysates of the total organic matter (above) and
theWSOM (below)oftheAhhorizons.Thenumbers andsymbolscorresponding tothepeaks
andtheirassignments aresummarized inTable2.

Polysaccharides
In thepyrolysates of all total organic matter samples many furans (2,6, 9, 10, 12, 15, 16and
17), pyrans (18,23,26,31and 38), a dianhydrodeoxyhexose (21),two anhydropentoses (32,
36), three anhydrohexoses (46,50,54),and other compounds such as formic acid (1), acetic
acid (3), 2-butenal (4), 2,4-pentadienal (11) have been identified. All these compounds have
been found after pyrolysisofpolysaccharides (Pouwels etal, 1987; 1989;Pouwels andBoon,
1990; van Smeerdijk and Boon, 1987). Many of these compounds, especially those with
lower molecular weights, cannot be related to a specific sugar, but some of the larger
fragments are more specific. Compounds 18,32 and 36 are identified as typical markers of
pentose-containing polysaccharides (Pouwels etal, 1987),compounds 21 and 23 are related
to rhamnose (van Smeerdijk and Boon, 1987), whereas the pyrans 26 and 38, and the
anhydrosugars 46, 50 and 54 are attributed as indicators of hexoses (Pouwels et al, 1987,
1989).In theWSOM of all Ah horizons,the same polysaccharide-derived pyrolysis products
are identified as in the total organic matter. A shift from anhydrosugars, which dominate the
polysaccharide-derived pyrolysis products of the total organic matter, to furans,
predominantly present in pyrolysates of the WSOM, is evident. Because pyrolysis is not the
most sensitive method for sugar analysis, monosaccharides released by trifluoroacetic acid
(TFA) were also determined. Quantitative information obtained after acid hydrolysis of
polysaccharides insoil andWSOM samplesispresented inTable3.
Table 3shows thatprofiles 1 and4have similarconcentrations of non-cellulosic sugarsin
the Ah horizons and WSOM, whereas the concentration of those sugars is greater in the
WSOMfractions ofprofiles 2and3withrespecttothebulk soil samples.Pyrolysis aswellas
carbohydrate analysis show that polysaccharides strongly dominate the organic matter in the
Ah horizon under grass, and that their importance decreases from grass viamoss and heather
topine,underwhich theyarerelatively unimportant.
Although specific monosaccharides cannot be attributed as markers for either plant or
microbial species (Cheshire, 1979), pentoses (C5) are important constituents of plants,
whereas deoxyhexoses (deoxy) and hexoses {C$) are considered as being synthesized mainly
bymicrobes (Cheshire, 1979;Murayama, 1984;Oades, 1984;Moers etai, 1990).

51

Chapter3

Vi

C

8
c

O

CO

CO

o

c
o

S

•f=

o

•-

c

• -

DC

I
o

a

o

o

to
u
o
(0
Ansuejuia\ijB|au

52

Comparisonof WSOMand organic matter ondriftsand

2
0)

E
c
o
c
w
o5

CC

£

o
£

5
'5.
£

a.

o

o

hi

U
O

A)|su3;u{ a^!}B|9u

53

Chapter 3

a>
E
c
o
*3
c
at
CC

3

o

o

o
a,

Ansuajuj eftjiBiey
54

ComparisonofWSOMand organic matter ondriftsand

o
CO

E
c
o
c
a>
•ffi

o

o

u
o

AijsusiU!sft|iB|9y
55

Chapter3

Table2.Listofmainpyrolysisproducts.
No.

Compound

Source

M+

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Formicacid
2-Methylfuran
Aceticacid
2-Butenal
Benzene
2,5-Dimethylfuran
Pyrrole
Toluene
(2H)-Furan-3-one
3-Furaldehyde
2,4-Pentadienal
2-Furaldehyde
C2-Benzene
Vinylbenzene(styrene)
2-Acetylfuran
2,3-Dihydro-5-methylfuran-2-one
5-Methyl-2-furaldehyde
4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one
Phenol
2-Hydroxy-3-methyl-2-cyclopenten-1-one
Dianhydrorhamnose
2-Methylphenol
4-Hydroxy-5-methyl-5,6-dihydro-(2H)-pyran-2-one
3/4-Methylphenol
Guaiacol
2-Methyl-3-hydroxy-(4H)-pyran-4-one
Benzylcyanide
Dimethylphenol
Ethylphenol
4-Methylguaiacol
3,5-Dihydroxy-2-methyl-(4H)-pyran-4-one
Anhydropentose
Dihydroxybenzene
4-Vinylphenol
4-Ethylguaiacol
Anhydropentose(xylose?)
Indole
1,4-Dideoxy-D-glycero-hex-1-enpyranos-3-ulose
4-Vinylguaiacol
Syringol
4-(l-Propenyl)guaiacol (eugenol)
4-Propylguaiacol
Methylindole
4-Formylguaiacol (vanillin)

Ps
Ps
Ps
Ps
Pp
Ps
Pr
Pp/Pr
Ps
Ps
Ps
Ps
Pp
Pp/Pr
Ps
Ps
Ps
Ps
Pp/Lg/Pr
Ps
Ps
Pp/Lg/Pr
Ps
Pp/Lg/Pr
Lg
Ps
Pr
Pp/Lg
Pp/Lg
Lg
Ps
Ps
Pp/Lg
Pp/Lg
Lg
Ps
Pr
Ps
Lg
Lg
Lg
Lg
Pr
Lg

46
82
60
70
78
96
67
92
84
96
82
96
106
104
110
98
110
114
94
112
128
108
128
108
124
126
117
122
122
138
142
132
110
120
152
132
117
144
150
154
164
166
131
152
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45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
T
O

•

•

+

cis 4-(2-Propenyl)guaiacol
Anhydrohexose (galactose?)
4-Methylsyringol
trans 4-(2-Propenyl)guaiacol
4-Acetylguaiacol
Anhydrohexose (mannose?)
4-(Propan-2-one)guaiacol
4-Ethylsyringol
4-Vinylsyringol
Anhydroglucosan (levoglucosan)
4-(l-Propenyl)syringol
4-Propylsyringol
cis 4-(2-Propenyl)syringol
4-Formylsyringol
trans 4-(2-Propenyl)syringol
Biphenol*
4-Acetylsyringol
1-Pristene
4-(Propan-2-one)syringol
Phytadiene
Phytadiene
Oleic acid (Cig:iFA)
Eicosanol (C2oOH)
Docosanol (C22OH)
Stigmast-2-ene
Stigmast-2,5-diene
Stigmastatriene
Stigmast-3,5-diene
Friedoolean-2-ene
Friedoolean-14-en-3-one (taraxerone)
Friedoolean-14-en-3(3-ol(taraxerol)
Stigmasta-3,5-dien-7-one
Stigmast-4-en-3-one
n-Alkeneandn-alkane (doublet)
Branched methyl-alkeneand -alkane (doublet)
Fatty acid
2-Methylketone
2,4-Diketone

Lg
Ps
Lg
Lg
Lg
Ps
Lg
Lg
Lg
Ps
Lg
Lg
Lg
Lg
Lg
Pp
Lg
Lg

Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp
Lp/Abp
Lp/Abp?
Lp
Lp
Lp

164
162
168
164
166
162
180
182
180
162
194
196
196
182
194
186
196
266
210
278
278
254
298
326
398
396
394
396
410
424
426
410
412

Abbreviations: Ps: polysaccharides, Pp: polyphenols, Pr: proteins, Lg: lignin, Lp: lipids, Abp: aliphatic
biopolymer. *the compound tentatively identified as biphenol appeared to be diketodipyrrole (see e.g. Chapter
8).
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Table 3. Non-cellulosic polysaccharide composition of the total OM and WSOM of the Ah horizons after TFA
hydrolysis.

Profile

Sample

1

Total
WSOM
Total
WSOM
Total
WSOM
Total
WSOM

2
3
4

Total
(mg/gC)
513
570
288
577
209
689
139
107

(17)
(44)
(13)
(58)
(7)
(15)
(13)
(12)

C(JC5*
1.14
1.20
1.82
1.09
1.38
0.35
0.76
1.44

Deoxy/C5*
(0.01)
(0.14)
(0.06)
(0.05)
(0.06)
(0.02)
(0.07)
(0.01)

0.50
0.56
0.36
0.29
0.40
0.11
0.28
0.70

(0.02)
(0.03)
(0.01)
(0.04)
(0.02)
(0.01)
(0.03)
(0.06)

*C6/C5= (mannose+galactose)/(xylose +arabinose);deoxy/Cs=(fucose +rhamnose)/(xylose +arabinose).The
standard error is given inparenthesis.

AC6/C5(mannose + galactose)/(xylose + arabinose) ratio < 0.5 is supposed to be indicative
for polysaccharides mainly derived from plants, whereas a high ratio (>2) may suggest that
microbial sugars dominate the carbohydrates (Oades, 1984). Furthermore, the deoxy/Cs
(fucose + rhamnose)/(xylose + arabinose) ratio indicates the origin of the polysaccharides
(Murayama, 1984). High values of CyC5 and of deoxy/C5 imply that the microbial
contribution is fairly important under moss and inWSOM under pine (Table 3).These ratios
donot agree wellbetween soil andWSOMfractions: bothratios arehigher inWSOM thanin
the bulk in profile 4 (pine), whereas the reverse is true in profiles 2 and 3. Mosses, which
have high sugar ratios in their fresh plant material already, could cause these contrasting
trends (e.g. Polytrichum has a C6/C5ratio of 2.65). Mosses dominate profile 2, and are an
important constituent in the litter on profile 3. This may also explain the different trends
observed for the sugar contents of soil and WSOM of profiles 1and 4 on the one hand, and
profiles 2and3ontheotherhand.

Aromatic compounds
Under pine (profile 4, Figure 5a) important signals come from typical gymnosperm lignin
pyrolysisproducts (25,30,35,39,41,42,44,45,48,49and51).IntheAhhorizon ofheather
(profile 3, Figure 4a), an angiosperm, all syringolic counterparts (40, 47, 52, 53, 55-59, 61
and 63) of the guaiacols are present as well. In the grass and moss profiles (1 and 2,Figures
2a and 3a) only small amounts of lignin-derived products are present in the pyrolysates. In
profile 1this may be because most of the organic matter originates from algae and mosses,
which are devoid of lignin. Another possibility may be rapid decay of lignin. The only
methoxyphenols detected in the pyrolysates of all WSOM fractions are guaiacol (25) and 4-
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vinylguaiacol (39). A shift towards guaiacol units with smaller side-chains has been found
withincreasing humification (Dijkstra etal.,1998).
With Py-GC/MS in the presence of TMAH, the carboxylic acids and phenolic hydroxyl
groups are methylated, preventing the acids to decarboxylate (Challinor, 1989). Using this
method on the WSOM fractions reveals the methylated version of vanillic acid as by far the
most abundant pyrolysis product with an aromatic core, whereas only a small peak of
methylated guaiacol is detected. This means that during conventional pyrolysis guaiacol
results mainly from decarboxylated vanillic acid. Thus, lignin is present only in WSOM ina
veryoxidized state.This is in agreement with Guggenberger andZech (1994),who suggested
that lignin isonlysolubleinwaterwhenitishighlyoxidized.
Another series of dominant signals in the GC-traces of all sites are from nonmethoxyaromatics such as alkylbenzenes (5,8, 13 and 14), alkylphenols (19,22,24, 28,29,
34),dihydroxybenzene (33) andbiphenol (60).Thesecan originatefrom lignin (Saiz-Jimenez
and de Leeuw, 1986; van der Hage et al, 1993) and/or from other polyphenols (Harborne,
1997; van der Heijden, 1994). The (non-methoxy) phenols are important compounds in the
pyrolysates of the WSOM fractions, in particular phenol (19) and methylphenols (22, 24).
These compound are most probably derived from the water soluble polyphenols that are
present inplants (Harborne, 1997).

Aliphatic compounds
Severalhomologous seriesof aliphaticcompounds areobserved inthepyrolysates of thetotal
organic matter. Series offatty acids,intherangeof C12-C24,methylketones (C19-C31)and2,4diketones (C25-C31), and some alcohols (67 and 68), terpenoids (73,74 and 75) and steroids
(76 and 77) have been identified. All these compounds are pyrolysis orevaporation products
of lipids and of the biopolyesters cutin and suberin (van Smeerdijk and Boon, 1987). The
presenceof suberin isespeciallypronounced underheather (profile 3).
Palmitic acid (C16)isprominently present inpyrolysates of allWSOM fractions, aswell asin
alltotal organic matter samples.Other fatty acids observed areCu, Ci8 and traces of C20 and
C22-All other aliphatic compounds, such as the long-chain alcohols and ketones, are hardly
present inthepyrolysates ofWSOM.
Other hydrocarbons identified in all profiles are homologous series of w-alkenes and nalkanes (C7-C33) and of branched alkenes and alkanes (C20-C31). Straight-chain alkenes and
alkanes are considered to be derived from non-hydrolyzable aliphatic macromolecules
(Tegelaar et al, 1989, 1995). Methyl-branched alkenes and alkanes are rarely found in
pyrolysates of samples containing aliphatic biopolymers, but have recently been observed in
fresh moss tissues (Chapter 2) and always in combination with the unbranched alkenes and
alkanes. Therefore, it seems that most of the alkenes and alkanes in the pyrolysates of Ah
horizons arederivedfrom mosses.
Acharacteristic of aliphatic compounds is that they are sparingly soluble in water. Hence,
the presence of homologous series of n-alkenes and n-alkanes and branched alkenes and
alkanes in pyrolysates of the WSOM fractions is very remarkable. To find out whether the
alkenes and alkanes were derived from low molecular weight (LMW) or high molecular
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weight (HMW) components, the water soluble fractions of profiles 3 (heather) and 4 (pine)
were extracted bydichloromethane (DCM) and diethylether. LMW compounds are removed
by these extractions, while HMW compounds are not. Extraction of WSOM with DCM
resulted inaprecipitatebetweentheDCMandwaterlayers.
WSOM (untreated)

C20

I

Branchedalkene+alkane

UJJUJW

XM-jMJkjkJLjLy^
WSOM after DCM-treatment andether extraction

WSOM afterether extraction

Retention time-

Figure 6. Alkene and alkane distribution (m/z55+57) relative to 3- and 4-methylphenol peak (*) (m/z 108) in
pyrolysates of WSOM of the Ah horizon under Callunavulgaris (a),the precipitate (b), and theresidual water
soluble fractions after DCM-treatment (c), after DCM-treatment and ether extraction (d) and extraction with
ether (e).
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Thisphenomenon wasobserved before upon thecharacterization of thecuticles ofSymplocos
paniculata(Tegelaar etal.,1993)andtheouterbark tissues of someangiosperms(Tegelaaret
ai, 1995). Pyrolysis of the precipitate revealed the presence of almost exclusively cutan, a
non-hydrolyzablealiphaticbiopolymer inplantcuticles (Tegelaar etai, 1993),and suberan,a
macromoleculeanalogueof cutanpresent insuberized plant tissues (Tegelaar etai, 1995).In
our samples, pyrolysis shows that the precipitate is enriched in alkene and alkane pairs in
comparison with other compounds, such as methylphenols, which are also present in the
precipitate (Figures 6aandc).Forclarity,themasschromatograms of thealkenes and alkanes
(m/z55+57) and of 3- and 4-methylphenol (m/z 108,used as 'internal standard') are used to
show the changes in abundances.The residual organic matter in theWSOM fraction showed
theoppositetrendtothat observedfor theprecipitate:thepeaksofthealkenes and alkanesare
much lower (Figure 6b).Extractions withether, before or after the 'DCM-treatment', did not
induce much difference (Figures 6d and e). Thus, DCM effects the behaviour of the
biopolymer that gives rise to alkenes and alkanes upon pyrolysis, while ether does not.
Therefore, we conclude that the alkenes and alkanes are not likely to be LMW compounds,
butpyrolysisproducts of aliphaticbiopolymers.Theformation of aprecipitate between DCM
and water, and the absence of such a phenomenon between water and ether, may be
characteristicfor thealiphaticbiopolymers.
Becauseof theirpoor solubility in water,the aliphatic biopolymers areprobably present in
water as colloidal components in micelle-like structures (Piccolo et ai, 1996a, b), or
associated with hydrophilic compounds in 'pseudomicelles' (Engebretson and von
Wandruszka, 1994). Aliphatic biopolymers have rarely been found in Py-FTMS spectra of
dissolved organic matter fractions in forest soils (Hempfling and Schulten, 1990;
Guggenberger and Zech, 1994) and podzol B horizons (Sorge et al., 1994; Wilcken et ai,
1997). A reason for this may be the insensitivity of Py-FIMS in detecting these aliphatic
polymers (Tegelaar etai, 1989),incontrast withPy-GC/MSthatweused.
The compounds found in the water soluble fractions are, in principle, the first contributors
leading to podzolization. The dominant compounds in pyrolysates of WSOM under heather
and pine, phenols and aliphatics, were found to be major constituents in podzol B horizons
(Sorge et al, 1994; Wilcken et ai, 1997). Nevertheless, no indications of podzolization are
found in the Ah horizons of profiles 1-4. One reason may be that little WSOM is produced.
Only afew percent of thetotal organic matter,which isalsoafew percent of thebulk,canbe
extracted with water.Sothesepotential agentsof podzolization makeuponlyabout 0.01%of
thetotal soil,andamajor partofitmaybedecomposedbefore itcancause podzolization.

CONCLUSIONS
In this study, a comparison is made between soil organic matter from Ah horizons and their
WSOM fractions under young vegetation on wind-blown sand. This young vegetation is the
first stage of a chronosequence, in which the soil eventually develops into a podzol. In the
pre-podzol stages investigated here, the first organic matter progenitors may already be
present,whichcouldberecovered inlater(podzol)stages.
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Table4presents therelative water solubilities of themost important groups of compounds
obtained by pyrolysis, as relative 'shifts' from total to WSOM fractions. Polysaccharidederived furans, (alkyl) phenols and alkenes and alkanes dominate the pyrolysates of the
WSOM fractions of all profiles. Products derived from polysaccharides aremore abundantin
pyrolysates of WSOMunder grass and mossthan inthose ofWSOMunderheather andpine.
Thesoil organic matterunder heather andpine (profiles 3and4)exhibits aclear influence of
thecoveringvegetation, andtherefore differs substantially from each other.
Table4. Relative 'shifts' inabundances of pyrolysis products inpyrolysates ofWSOM withrespect tothe total
organic matter.
Furans

Profile 1

+

Profile 2

+

Profile 3

+

Profile 4

=

Pyrans

Anhydrosugars

Phenols

Guaiacols Fatty acids Alkenes Alcohols,
and
and
ketones,
syringols
alkanes terpenoids
and
steroids

Explanation: +: abundance higher in WSOM than in total organic matter, =: little or no differences, and -:
abundance lower inWSOM than intotal organic matter.

In sharp contrast, the composition of the WSOM fractions upon pyrolysis appears to be
largely independent of thevegetation, showing agreat uniformity. However, the composition
of thepolysaccharides intheWSOM, as determined after TFA hydrolysis,differs completely
between heather andpine.
With increasing development of the vegetation, lignin, (poly)phenols and aliphatic
compoundsexceedthepolysaccharides intheAhhorizons.InWSOM,phenol-containing and
aliphatic components become more important as the vegetation develops. Although visible
signs of podzolization are still lacking, the compounds identified in the WSOM fractions
havebeen found asmajor constituents inBhorizons of well-developed podzols.This implies
that the organic matter in thepre-podzol stages may indeed play arole in the initialization of
podzolization.
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(GOA) with financial aid from theNetherlands Organization for Scientific Research (NWO).
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ABSTRACT
In a primary vegetation sequence on wind blown sands in the Netherlands, podzolization
becomes evident under pine forest with various undergrowth and is moreexpressed under the
subsequent beechforest. Recognizable podzol-Bhorizons appeartogether with H(humified O)
horizons. In order to investigate whether the vegetation influences Hhorizon composition and
the water-soluble fraction of this horizon, H horizons of three subsequent succession stages
(Pinus/Empetrum-Fagus/Vaccinium -Faguswithoutundergrowth)weresampled, fractionated,
and analysed with 13CCPMAS-NMR,pyrolysis-GC/MS,andbypollen analysis.Water soluble
and NaOH soluble fractions of the three H horizons were very similar, suggesting that the
humified materialintheHhorizon wasformed exclusivelyfrom pinelitter andthatbeechlitter,
yearly added to the soil surface in large amounts, did not influence the composition of the H
horizon.That input ofbeech litterintotheHhorizonunderbeech was small,was supportedby
verylowamountsofFaguspolleninallHlayers.Huminfractions ofthethreeHhorizonswere
remarkably different, which was mainly due to varying amounts of beech root litter. The
similarity of the water soluble organicmatter fractions suggested that adirect relation between
vegetation andorganicmattermobilizedbyhumification intheHhorizon onlyexistsunderpine
forest. Hence, increased podzolization under beech was probably not due to changing organic
matterinput,buttothefactortime.

INTRODUCTION
Soilorganicmatteriscomposedofavarietyofcompoundsofplant,animal andmicrobialorigin
(Schnitzer and Kahn, 1972; Stevenson, 1994). Degradation and transformation of these
compounds, together with input of fresh litter and biological homogenization, makes soil
organic matter a very complex system. Furthermore, the understanding of humification is
complicated inmostcasesbyantecedent soildevelopment andcomplex orunknown vegetation
history.Althoughinteractionsbetweenvegetation andsoilhavebeenrecognized, -e.g.pineand
Ericaceae accelerate podzolization (Petersen, 1976; Emmer, 1995a), - there is only little
information about suchrelationships.Therefore, primaryvegetation successions,which haveno
antecedent soildevelopment,provideagoodopportunitytostudyvegetation-soil organicmatter
relationships.
The primary vegetation succession at the Leuvenum Forest (central Netherlands) has been
studied extensively and is well-documented (Fanta, 1986; Prach, 1989). Originally, the area
consisted of sand dunes. About 200 years ago, reforestation and gradual colonization began.
Nowadays, the area is largely covered by vegetation, and all vegetation succession stages are
stillpresent.Thevegetation startswithalgae,whicharesuccessivelyreplacedby Corynephorus
canescens (L.) Beauv.,Polytrichumpiliferum Hedw. and widely spaced Pinussylvestris L.As
the pine vegetation becomes denser, the undergrowth is dominated first byDeschampsia
flexuosa (L.) Trin., which is later succeeded by Ericaceae. The undergrowth transition from
Deschampsia toEricaceae isfound underpinetreesof similar age.Meanwhile,deciduoustrees
appear, such as QuercusroburL., Betula pubescensL. and Fagus sylvaticaL.. Finally, the
forest iscompletely dominated byFaguswithout undergrowth. In this sequence, podzolization
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starts under pine trees with Deschampsia and is clearly developed under pine with Ericaceae
andinthelaterstagesunderbeech.
Under pine with Deschampsia, the first traces of an H horizon are found. This H horizon
becomes thicker inthenext stages.Itappears toplay acrucial role in the competition between
grasses and Ericaceae, in favour of the latter (Emmer, 1995a). Furthermore, the simultaneous
appearance and development of the H horizon and podzolization suggests a relation between
thesetwo.
To investigate whether any vegetation-podzolization relation is affected by the chemical
composition of the H horizon, the organic matter of the H horizon was fractionated and
subsequently characterized. Usually, soil organic matter is fractionated into a fulvic acid, a
humic acid and a humin fraction. However, the most important source of podzol B organic
matter from the upper organic horizons is water soluble organic matter. Therefore, the water
soluble organic matter was extracted from the Hhorizons, which were subsequently extracted
with0.5MNaOHtoseparatetheNaOHsolubleandinsolublesubstances.
The purpose of the present study is to characterize the organic matter, with C NMR and
flash pyrolysis-GC/MS, to get a better insight in the chemical composition of the obtained
fractions from three sites with increasing vegetation succession and podzolization degree.
Additionally,pollen analysisoftheHhorizonwasperformed toidentify presence orabsenceof
biological mixing.In acidmedia, such aspodzol HandBhorizons,pollen grains arepreserved
over time spans of centuries to millennia. If an H horizon that was formed under pine is
'fossilized' under thefollowing beech vegetation, i.e.,nobiological mixing hastaken place,the
pollen content will only reflect the pine forest with its local undergrowth. In this case, theH
horizon has only changed through decay and through addition of soluble organic matter from
overlying litter. If, on the other hand, biological mixing under beech strongly affects the
previously formed Hhorizon,thepollen spectrum will reflect thechange in vegetation, andthe
organicmatteroftheHhorizon willbeamixtureofinputsfrom bothpineandbeech forest.

MATERIALSANDMETHODS
Vegetation, soilprofiles
The profiles chosen for this study are from three sites with comparable soil profiles (Cambic
Arenosols,accordingtoFAO(1988)),butwithdifferent vegetation.
Profile 1 has pine trees (Pinussylvestris,about 100 years) with dominant undergrowth of
crowberry (Empetrum nigrum).Profile 2 consists of beech (Fagussylvatica) vegetation with
remnants of Vaccinium myrtillus, and pine trees in the surroundings. Profile 3 has only beech
trees.
All profiles have a thin L horizon, a considerable F horizon and a 1-2 cm thick H horizon
overlying a bleached E and an illuvial Bh horizon. Biological homogenization in the whole
mineral soil is virtually zero.Thecollected Hhorizons of profiles 1,2and 3willbementioned
assample 1,2and 3,respectively.Becausethevegetation sequence isalsoatimesequence,the
Hhorizonbecomesconsiderablyolderfrom profile 1 to3.
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Fractionation
- Water soluble organic matter:
After removal of roots, field-moist samples were shaken with distilled water (sample:solvent
ratio 1:4)for 16-20hours.The solution was centrifuged, and theresidue was shaken for 4 hours
with distilled water (1:2). After centrifugation, both solutions were combined, filtered over a
0.45 um filter, and freeze-dried. The yields were0.1-0.5% (dry weight).
-NaOH soluble organic matter:
The residue after water extraction was shaken with 0.5 M NaOH (sample:solution ratio 1:20)
under nitrogen for 24 hours. The solution was centrifuged, and the residue was shaken with
distilled water for 2 hours. After centrifugation the combined solutions were filtered over a 0.45
um filter, acidified with cone. HC1to pH=l, dialysed against distilled water, and freeze-dried.
The yields were 45-55% (dry weight).
-Humin (NaOH insoluble organic matter):
The residues after extraction with NaOH were washed several times with distilled water until
pH 7 and freeze-dried. The yields were 45-55% (dry weight). (Aliquots of the residues after
removal of the NaOH-solution which were subsequently acidified, dialysed and freeze-dried
gave similar results upon pyrolysis as the residues which were only washed with water. This
means that the time-consuming acidification and dialysis steps were not necessary).
Chemical analysis
- C, NandpH
Carbon and nitrogen are measured with an Interscience Elemental Analyser EA1108, pH (H2O
and 1 M KC1) in a sample:solution ratio of 1:5.
- ,3C NMR spectroscopy
Cross Polarization-Magic Angle Spinning (CPMAS) was used for the NMR measurements, and
performed on a Bruker AMX 400 operating at 100.628 MHz. The used parameters were: a
spinning rate of 4.5 KHz; an acquisition time of 0.033 s; a pulse time of 4 us; a contact time of
0.8 ms and a linebroadening of 50 Hz.
-Pyrolysis-gas chromatography andpyrolysis-gas chromatography/mass spectrometry
Samples were pressed onto flattened ferromagnetic wires with a Curie temperature of 610°C.
Pyrolysis was carried out by inductive heating of the wires to their Curie temperature, held for
10 s using a high frequency generator (Fischer 9425) and a FOM-4LX pyrolysis unit. The
pyrolysis products were separated by a HP 5890 series II gas chromatograph equipped with a
fused silicacolumn (25 m, 0.32 mm i.d.) coated with CP-Sil 5 (film thickness 0.45 um). Helium
was used as carrier gas. The initial oven temperature was 0°C and kept for 5 minutes after
injection. Then it was raised with a rate of 3°C /min to 320°C and held for 20 min. The end of
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the column was coupled to a FID detector (Py-GC) or, the EI ion source of a VG Autospec
Ultima mass spectrometer (mass range: m/z45-800; cycle time 2 s; ionization energy 70 eV)
(Py-GC/MS).
Pollenanalysis
Preparation of samples for pollen analysis were performed according to Faegri and Iversen
(1964).Samples from theHhorizons wereboiled for afew minutes in a 10%KOHsolution in
water. The solutions were sieved over 300 (im and centrifuged, after which the residues were
washed with water. After centrifugation, the obtained residues were boiled in a solution of
concentrated HF/HC1,andtheresidues after centrifugation werewashed twice with water.The
final residues were stained with basic fuchsine in glycerine. When enough pollen grains were
present,200treepollenwerecounted.

RESULTSANDDISCUSSION
General
Table 1 showsthatthecarbon contents ofthefractions areindependent of thevegetation, while
the nitrogen concentrations increase strongly from humin through the NaOH soluble to the
watersolublefractions, andalsofrom sample 1 to2and3for all fractions.
Table 1.Cand Nmassfractions,atomicC/N ratiosandashcontents ofthethree fractions
ofsamples 1,2and3.

Sample/fraction

C(%)

N(%)

C/N

Ash (%)

45.3
50.4
49.1

1.92
1.55
1.00

27.5
37.9
57.3

7.4
4.9
11.7

2 (beech + Vaccinium remnants
Water
44.6
NaOH
51.7
Humin
49.0

2.14
1.95
1.33

24.3
30.9
43.0

7.0
5.4
12.9

3(beech)
Water
NaOH
Humin

2.44
2.39
1.60

21.2
25.2
36.1

9.3
4.8
6.0

1 (pine + Empetrum)
Water
NaOH
Humin

AAA
51.6
49.5
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Consequently, the C/N ratios decrease accordingly, with the strongest trend for the humin
fractions. This suggests aprolonged decomposition of C with respect to N from the youngest
sample, 1,totheoldest,3.

"CNMR
TheNMRspectraofthedifferent watersolublefractions closelyresembleeachother.Similarly,
the spectra of NaOH soluble fractions are comparable, and so are the spectra of the humin
fractions.

a Water soluble fraction

250

200

150

100

50

0

5(ppm)

Figure 1.CPMAS 13CNMR spectra of water soluble (a)NaOH soluble (b) and humin fractions (c) of sample 2
(beech +blueberry remnants).
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Assignments ofthepeaksarebased ondatareported byNimz etal.(1981),Hatcher (1987),
Kogel etal.(1988),Wilson andHatcher (1988),andPreston (1992).Thechemical shift at217
ppm is due to a spinning sideband of the carbonyl carbon peak (173 ppm). Also part of the
signal at 128 ppmiscausedbysidebandspinning.
PeaksintheO-alkylcarbon rangedominatethespectraofthewater solublefractions (Figure
la). Signals at around 72, 74, 80 and 83 ppm are attributed to C2,C3,C4,and C5(in caseof
hexose)ofthesugarunit.Theshoulder at63ppmandthepeakat 103ppmarederivedfromC$
(pentose) or C6 (hexose) and the anomeric Ci, respectively. Spectra of the NaOH soluble
(Figure lb) andhuminfractions (Figure lc)alsohavethesepeaksderivedfrom polysaccharides,
butrelatively lessabundantcomparedtothewatersolublefractions.
Inthewater soluble fraction an important signal is observed at 106ppm.Besides lignin,the
aromatic fraction of soil organic matter can also contain tannins. Considerable amounts of
tannins are soluble in water (Harborne, 1997)and the signal at 106ppm may be derived from
tannins(Wilson andHatcher, 1988).
In the NaOH soluble fractions the aromatic peaks (115, 130, 148 and 152 ppm) are more
abundant than in the other fractions. Theshoulder at 115ppm isdueto unsubstituted aromatic
carbons orthoorpara to O-substituted carbons. C-substituted aromatic carbons appear at 130
ppm. The signal at around 148 ppm is assigned to O-substituted (OH and OMe groups)
aromatic carbons of guaiacol, while the resonance at 152 ppm may be derived by aromatic
carbons connected to methoxy groups in syringol units. Also the signals of aldehydes and
ketones (197ppm),carboxylic acids and amides (173ppm) and methoxy groups (56 ppm) are
moreintenseintheNaOHsolublefractions. Thesignalsinthearomaticregiontogetherwiththe
methoxy group are unambiguously due to lignin, mainly composed of coniferyl alcohol
(guaiacyl-lignin).
The humin fraction has the most intense alkyl carbon signal at 30 ppm and is attributed to
methylene groups. Most of these will be derived from lipids and aliphatic polymers, like the
(hydrolyzable)polyesterscutinandsuberin,andthenon-hydrolyzablecutanandsuberan (Nipet
al, 1986a;Tegelaar etal, 1989b, 1995).The aliphatic signals havethelowest intensities in the
water soluble fractions. Thechemical shift at 26ppm in theNMR spectrum of this fraction is
probablyduetomethylgroups.
Theseresults arein linewith findings ofFriind and Liidemann (1991),who studied arange
of soils. These authors found, however, an increase of polysaccharides in the NaOH soluble
fractions incomparison withthehumin fractions.
Using NMR, integrated peaks or areas are directly related to the amounts of the measured
carbon types. However, experiments with CPMAS are not appropriate for absolute
quantification because a range of factors change the relative intensities of peaks or areas in
different regions of the spectrum (Kinchesh etal. 1995a,b).Because similar types of samples
donotdiffer muchintypesofcarbon,relativechangesinquantitiesofthosecarbontypescanbe
obtained using the integrals.The spectra are divided in thecommonly used groups of carbons:
alkyl C(0-50ppm),O-alkylC(50-110ppm),aromatic C(110-160ppm) andcarbonyl C(160220 ppm). The integrated areas and the ratios of alkyl/O-alkyl, carbonyl/aromatic and
carbonyl/alkylarepresentedinTable2.
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Table2.Integrated areasandratiosofdifferent carbon
Sample/
fraction

Carbonyl

typesmeasured by13C-NMR.

Aromatic

O-alkyl

Alkyl

Alkyl/
O-alkyl

Carbonyl/
aromatic

Carbonyl/
alkyl

1 (pine + Empetrum)
Water
16
NaOH
17
Humin
9

16
19
12

43
38
45

24
26
33

0.56
0.69
0.74

0.98
0.90
0.73

0.66
0.65
0.27

2 (beech + Vacciniumremnant
Water
14
NaOH
18
Humin
12

16
19
14

48
40
43

22
23
31

0.47
0.58
0.71

0.91
0.93
0.84

0.65
0.77
0.39

3(beech)
Water
NaOH
Humin

16
18
14

46
40
40

22
25
34

0.49
0.67
0.85

1.01
0.92
0.84

0.71
0.68
0.35

16
17
12

In all samples and fractions, the O-alkyl C resonances have the highest integrals. The
integratedareasinthealkylCrangeincreasefrom thewatersolublefractions through theNaOH
solublefractions tothehuminfractions, andthecontribution ofaromaticCandcarbonylicCare
the lowest for the humin fractions. The alkyl/O-alkyl ratio is increasing from water soluble
through NaOH soluble to humin fraction. The ratio between carbonyl C and aromatic C
diminishesfrom watersolubletroughNaOHsolubletohumin,although incaseofsample2this
ratio is somewhat higher for the NaOH soluble fraction in comparison with that of the water
soluble organic matter. This suggests a higher solubility for aromatic moieties containing
oxygen-rich functional groups. Thecarbonyl/alkyl ratio is much lower for the humin fractions
than for the water soluble and NaOH soluble fractions. A reason for this is most probably the
presence of long-chain aliphatic components in the humin fractions, whereas both soluble
fractions haveconsiderablyloweramountsofaliphatics.

Pyrolysis-GCandpyrolysis-GC/MS
Thepyrolysis-GCtracesofthewatersolublefractions areverysimilar.Thesameisvalidforthe
NaOH soluble fractions. In contrast, thepyrolysates of thehuminfractions differ substantially,
particularlyinthealiphaticpart.
-Polysaccharides
Aseries polysaccharide-derived products is noticed inpyrolysates of all fractions (see Figure
2for sample 2).The relative abundance of theseproducts increases from the humin fractions
through the NaOH soluble fractions tothe water soluble fractions. The low concentrations of
polysaccharides in pyrolysates of the huminfractions contrasts the significant amount of
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Water solublefraction
G

Q

PS
PS
£>

PS

PS

'8
J2

PSr

PS

UAJV

u

lljJljjuiJj^^

NaOHsolublefraction

PS
PS
PS

JwW

7 7 7 , 7 7, • r.T

C,6:1 FA

PS

^VKMK

G G*

PS

Huminfraction

•

¥
Retentiontime

Figure 2.Partial Py-GC traces ofpyrolysates ofwater soluble, NaOH soluble andhumin fractions of sample 2
(beech +blueberry remnants).(PS:polysaccharide;P:(alkyl)phenol; G:guaiacol;• : methylketone; • : (saturated)
fatty acid;• : alkene/alkane;• : alcohol).
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polysaccharide pyrolysis products in such fractions as found by Saiz-Jimenez and de Leeuw
(1986b), whereas Fabbri et al. (1996) noticed a higher abundance of polysaccharides in
humin fractions than in the humic acid fraction. The differences may be related to the
different typesof soils investigated.
-Phenols
Phenol andthethree isomersofmethylphenol (ortho, metaandpara)areimportant compounds
in the pyrolysates of the water soluble fractions. Ethyl- and dimethylphenols, catechol (1,2
dihydroxybenzene) and 4-vinylphenol are encountered in much lower amounts, while C3substituted phenols arerare.Thesephenolic compounds areobserved alsointhepyrolysatesof
theNaOHsolublefractions. Theirdistribution resembles thatofthewater solublefractions (see
mass chromatograms inFigure 3),although catechol and4-vinylphenol aresomewhat lowerin
intensity.Thehuminfraction showsadifferent distribution of alkylphenols.C2-andC3-phenols
areveryabundantinthesefractions, especially4-ethylphenoland4-vinylphenol areprominently
present.Notracesofcatecholareobserved.
(Alkyl)phenols may have several origins, such as lignin (e.g. Saiz-Jimenez and de Leeuw,
1986a;van der Hage, 1995) and tannins (e.g.van derHeijden, 1994;Tegelaar etal, 1995).4Vinylphenol is also found as the decarboxylated product from esterified coumaric acid in
cuticles (Tegelaaretal, 1989a).Veryrecently,vanHeemstetal. (1998)found thatalkylphenols
are also produced upon pyrolysis after subsequently basic and acid hydrolysis of samples
containingproteins andpolysaccharides.Thedistribution ofphenolswassimilartothoseshown
inFigure 3.However, alsopyrolysates of dissolved organic matter, notchemically treated,had
comparable phenolic compositions (van Heemst etal, 1998).Up to now, it is not possible to
discriminate whether differences in the phenolic distribution of the fractions after NaOH
treatmentandsubsequent acidification reflect thenaturalsituation,oranartificialone.
-Methoxyphenols
A series of typical pyrolysis products of gymnosperm lignin is found in the GC-traces of the
pyrolysates of allfractions (seemass chromatograms inFigure4).In thewater soluble fraction
the most prominent peaks represent guaiacol (1),4-methylguaiacol (2),4-vinylguaiacol (4),4acetylguaiacol (11),4-propan-2-oneguaiacol (12),vanillic acid(14)and4-propan-l-oneguaiacol
(15).Thelatterthreecompoundsareespecially abundant.Minorcompounds are4-ethylguaiacol
(3), eugenol (6), 4-propylguaiacol (7), vanillin (8), cis (9) and transisoeugenol (10). Small
tracesofsyringol (5)areobserved.
The pyrolysates of the NaOH soluble fractions contain more 4-ethylguaiacol, 4vinylguaiacol, eugenol, cisand transisoeugenol and4-propan-2-oneguaiacol than those of the
watersolublefractions, butlessvanillin andespecially4-acetylguaiacolandvanillicacidplus4propan-1-oneguaiacol.
In the pyrolysates of the humin fractions, all guaiacol units with oxidized side-chain are
lower in intensity than in theNaOH soluble fractions, whereas the syringyl compounds (5and
13)aremorepronounced. Inrelation to (alkyl)phenols, themethoxyphenols aremore abundant
in the pyrolysates of NaOH soluble fractions and even more in the pyrolysates of the humin
fractions thaninthoseofthewatersoluble fractions.
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Biodegradation of lignin is most rapidly performed by Basidiomycetes (Kirk and Farell,
1987), leading to oxidation and cleavage of the propanoid units, mainly at C a and Cp(SaizJimenez and deLeeuw, 1984).Theobservation of4-acetylguaiacol,vanillic acid and4-propan1-oneguaiacol asrelatively prominent pyrolysisproducts in all water soluble fractions suggests
that the humification degree is the highest in these fractions. Furthermore, compounds like 4vinylguaiacol and trans isoeugenol as important products in the pyrolysates of the humin
fractions point to slightly alterated lignin (Saiz-Jimenez and de Leeuw, 1986b) and is in line
with results of Ertel and Hedges (1984). Compared to guaiacyl-lignin, the contribution of
syringyl-lignin is very small. Their abundance increases from sample 1to samples 2 and 3.
Becauseplant litter is mainlyfound inthehumin fraction, and the syringols aremore abundant
inthehuminfractions, differences inpresenceof syringyl-lignin intheHhorizons areprobably
due to undecomposed plant litter (Beyer, 1996).Because biological mixing is virtually absent,
roots are probably the most important source of fresh litter input (Emmer, 1995a). So even
under beech forest, theHhorizon almost exclusively containsgymnospermlignin.Therelative
abundance of aromatics in the fractions as determined by NMR coincides with the relative
intensities of (methoxy)phenols in the pyrolysates: it increases from humin fractions through
watersolublefractions toNaOHsoluble fractions.
- Lipids
Aliphatic pyrolysis compounds, mainly fatty acids, alkenes and alkanes, are present in the
pyrolysates of the water soluble fractions in low abundances. In the pyrolysates of the NaOH
solublefractions thecontribution of aliphaticpyrolysisproducts iseven lowerthan in thewater
solublefractions, while the composition is very similar. Differences between samples arevery
small.Thefatty acidsintheNaOHfractions maybereleasedfrom (poly)estersduringextraction
withNaOH,resultinginanenhancedsolubility.
Notwithstanding the great similarity of water soluble and NaOH soluble products, major
differences are found among the humin fractions of the three investigated samples (see mass
chromatograms,Figure 5).As shown inFigure2,thealiphatic compounds arepresent inmuch
higherquantitiesinthehuminfractions, inaccordancewiththeNMRdata.
Fattyacids(FA's)areobservedintherangeC4-C22, andaredominatedbythosewithaneven
numberofcarbons.In samples 1 and2Ci6fatty acidisdominating,whileinsample 3this fatty
acidhassimilarconcentrations astheotherfatty acids.Unsaturatedfatty acids,oneCi6:iFAand
atleast four C\ea FA's, aredecreasing from sample 1 through 2to 3.Simultaneously, asimilar
increaseisfound withrespecttolong-chain alcohols(C22andC24).
All these compounds are pyrolysis products from (extractable) lipids, like waxes and
triglycerides, and from monomers released during hydrolysis (NaOH treatment) of the
polyesters cutin and suberin (Tegelaar etal., 1991, 1995). Cutin is composed of hydroxy and
epoxy fatty acids with predominant chain lengths of Ci6 and Cig and forms the extracellular
membrane between theaerialpartsof plantsandtheirenvironment (Kolattukudy, 1977,1980).
Relatively high amounts of phenolics,ft)-hydroxyfatty acids,dicarboxylic acids and long-chain
alcohols (>Cig) distinguishes suberin from cutin (Kolattukudy, 1980). The relatively high
abundance of Cig, C20and C22fatty acids in relation to Ci6fatty acid in the pyrolysate of the
humin fraction ofsample 3pointstoahigherconcentration of suberinintheoriginal Hhorizon.
The C22 and C24 alcohols are evaporation products rather than pyrolysis products. After
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extractions withmethanol/dichloromethanethosealcohols arehardlypresent inthepyrolysates.
Pyrolysisof theuntreated samplesof Hhorizons ofprofiles 1,2and3revealed intense signals
of C22 and C24alkenes and minor amounts of the corresponding alcohols (Chapter 5). The
relative amounts of these alkenes and alcohols werethe lowest in sample 1and the highest in
sample 3, a similar trend as found for the alcohols in the humin fractions. The alkenes are
derived from esterified alcohol moieties (van Smeerdijk andBoon, 1987;deLeeuw andBaas,
1993).This means that most of the alcohols in the humin fractions were originally present as
esters.These areprobably hydrolysed duringtheextractions with NaOH, and sinceno increase
is found for the C22 and C24alkenes, the hydrolysis is almost completely. Suberin of beech
contains both C22 and C24 alcohols (Holloway, 1983; Matzke and Riederer, 1991), and the
increase of these alcohols coincides with the increase of beech root input from sample 1to
sample3. Figure5alsoshowsahomologousseriesofalkenes/alkanes.Theyareabundantinthe
pyrolysates of humin fractions, though they also appear in the pyrolysates of the water soluble
and NaOH soluble fractions, in much smaller amounts (see Figure 2). They indicate the
presence of aliphatic polymers, such as cutan (Nip et ai, 1986), or suberan (Tegelaar et ai,
1995).However, also salts of fatty acidsproduce alkenes and alkanes upon pyrolysis (Hartgers
etai, 1995).This last phenomenon may be important in the pyrolysis of the humin fractions,
because these fractions are only washed with water after extraction with NaOH, and are not
acidified, so that saponified fatty acids can be anticipated in the final residue. However, upon
pyrolysisthenon-acidified samplesappearedtobeverysimilar acidified samples,implyingthat
thealkenesandalkanesareindeedfrom aliphaticbiopolymers
Methylketones are observed in the pyrolysates of the humin fractions ranging from C19to
C33,with anoddoverevenpredominance.Asymmetrical distribution isobserved, withthetop
at C27and C29in sample 1,and at C29for sample 2, whereas for sample 3only C29is highly
abundant. After extractions, these ketones are removed, implying that they are evaporated
during pyrolysis. The origin of the ketones is most probably the suberin matrix as found for
rootsinCalluna (vanSmeerdijk andBoon, 1987),andwhichmayalsobetrueforEmpetrum.

Pollenanalysis
Pollen analysis wasappliedtoestablish whethertheHhorizonscouldreallyhaveformed under
pine forest and be preserved without biological mixing under beech. The results concerning
pollen analysis oftheHhorizons arepresented inTable 3,which isdivided intotwoparts.The
first part contains the data about tree pollen (AP), and the second part deals with the non-tree
species.
The Pinus pollen dominate in all H horizons. Under crowberry (sample 1) only a small
percentage of Ericaceae pollen isnoticed. Similarly, in samples 2and 3under beech, verylow
amounts ofFaguspollen arecounted,butrelativelyhigh amountsofpollen from Ericaceaeand
Gramineae. Therefore, the absence of beech pollen in H horizons under beech indicates the
absence of biological mixing. This, together with the strong chemical resemblance of the H
horizons under beech with those under pine, and the obvious chemical difference with beech
litter, indicates thattheHhorizon thatisnowfound underbeech wasalreadyformed before the
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beechvegetation wasestablished andcanbeconsidered as'fossilized', notwithstanding thehuge
annualadditionofbeechleaflitter.
Pollen decay inleaf mold is similar for Betula, Fagus, Pinusand Quercus (Havinga, 1984).
Thus,the relative low amounts of beech pollen in the Hhorizons of soils under beech canopy
areprobably not due to selective preservation of the other pollen types.This means that theH
horizons are formed under pine forest and reflect the vegetation at the time of formation.
Mixingof leaf mold of subsequent vegetation withtheHhorizon thatformed underpine forest
doesnotoccur.
Table 3.Pollen analysis (in duplicate) of samples 1,2 and 3.

Sample 1
Pollen type
Trees
Alnus
Betula
Carpinus
Cornus
Corylus
Fagus
Pinus
Quercus
Ulmus
Others
Cerealia
Chenopodiaceae
Compositae
Cyperaceae
Ericaceae
Filices
Gramineae
Unidentified
Sum AP grains
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Sample 2
% with respect to arboreal pollen

Sample 3
(AP)

0
9
0
0
4
0
82
5
0

4
12
0
0
1
2
76
5
0

2
9
0
1
0
1
84
2
1

1
12
1
0
1
3
80
2
0

5
22
1
0
2
3
59
8
0

0
8
0
0
2
5
79
6
0

127
0
0
0
9
0
23
0

4
2
0
4
5
0
26
4

1
0
0
0
3
0
17
6

3
0
1
1
4
0
13
1

5
1
1
0
28
1
18
8

6
0
0
1
2
0
15
3
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CONCLUSIONS
Organic matter intheHhorizon of thethreeinvestigated stages,under pine andcrowberry (1),
beech with remnants of blueberry (2) and without undergrowth (3) appeared to be mainly
derived from pine litter: pyrolysis showed an almost exclusively gymnosperm character of
lignin andpollen analysissupportedtheevidence.Onlythehuminfractions showarelation with
the current vegetation. The composition of the aliphatic part of the humin fractions differ
substantially: from sample 1 to3theabundance anddistributions ofunsaturatedC\e fatty acids,
methylketones and C22and C24alcohols in pyrolysates differ. The differences can be related to
suberin,anditspresencemaybeassociatedtotheinputofbeechrootlitter.
ThewatersolubleaswellastheNaOHsolublefractions aresimilarfor allsamplesandseem
to be dependent of the previous (pine) vegetation. These fractions, and especially the water
solublefractions, areimportant sourcesfor podzolBhorizon organicmatter.Therefore adirect
relationship between the present vegetation and organic matter composition in the H horizon
and the underlying Bh horizon is only expected under pine vegetation. The large amounts of
beech leaf litterthatareyearlydeposited onthesoil surface donotinfluence thecompositionof
the Hhorizon or of the water soluble fraction. Most probably such arelation may be found in
theupper(LandF)horizons.
Acknowledgements - Part of this work was supported by the Netherlands Geosciences
Foundation (GOA)withfinancial aidfrom theNetherlands Organization for Scientific Research
(NWO).Theauthors alsothank B.vanLagenfor theNMR measurements, andM.Dekkerand
W.Poolfortheirassistancewithpyrolysis.
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Organic matter composition in ectorganic horizons
asaffected by vegetation
in a primary succession ondrift sand
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ABSTRACT
The origin and nature of organic matter in the ectorganic layers from four profiles from
different stages of aprimary vegetation succession ondrift sandhasbeen usedtoevaluatethe
impact of the vegetation on organic matter formation. With depth, and thus increasing
humification degree,thecontribution ofpolysaccharides decreased, thecontents of lignin and
tannins remained approximately constant and aliphatic compounds accumulated relatively,
partly due to cutan/suberan and partly to cutin and suberin. The bulk of the ectorganic
horizons in thepine forest seemed hardly affected bythe understorey. The aliphatic fraction,
however, clearly showed the input of the undergrowth by its cutin and suberin composition.
Using the distribution of the cutin and suberin building blocks, an inventory was possibleof
above- and below ground litter asorganic matter sources. Especially the Fl and F2 horizons
had distinct input of undergrowth-derived organic matter. In the beech forest, the L and F
horizons were mainly composed of above-ground beech litter, whereas the H horizons
appeared tobe largely derived from pine litter of theprevious vegetation stages.Beechroots,
however, most clearly contributed to the organic matter in the H horizons as observed for
beech-suberin, which contents increased from younger to olderbeech stands.Lignin wasnot
useful asbiomarkerintheinvestigated profiles becauseof itsrelative fast decomposition, and
cutinand suberin appeared tobebettertracers oftheorganicmatter origin.

INTRODUCTION
Organic matter development on drift sand has been studied in the past as a function of
primary vegetation succession (Fanta, 1986; Prach, 1989), with emphasis on humus forms
and soil development (Emmer, 1995a) in the Leuvenum Forest (central Netherlands). During
the succession, the initial vegetation of grasses, mosses and herbs makes wayfor Scots pine
andbeech forest. Thedominant forest undergrowth iswavyhair-grass (Deschampsiaflexuosa
(L.) Trin. but the formation of an H horizon appears to be crucial for EmpetrumnigrumL.
and Vaccinium myrtillusL.toestablish andoutcompeteDeschampsia (Emmer, 1995b).When
the pine forest is about 100 years old, organic matter input and decomposition reach an
equilibrium (Emmer and Sevink, 1994). Pines dominate the development of the ectorganic
layer,but theshrubshave amodifying effect. Forinstance,Empetrumandto someextentalso
Vaccinium,positively affect accumulation of organic matter in the ectorganic layer (Miles,
1985; Emmer, 1994). The L and Fl horizons have significantly higher decomposition rates
than the underlying F2 and H horizons (Emmer, 1995a). The undergrowth roots
predominantly in the ectorganic layers, suggesting that a decay continuum with depth is not
occurring, although the increasing fragmentation from L to H horizons would indicate such
continuum (Emmer, 1995a).
Little is known about the organic matter formation at the molecular level in the research
area of the Hulshorster Sand and Leuvenum Forest. Organic chemical characterization
methods have been proven to be a useful tool to increase the knowledge of origin and
occurrence of organic matter, thus providing additional information concerning development
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of soil organic matter. To investigate if and to what extent above- and below-ground
understorey litter contributes to the ectorganic horizons and thus verifying the hypothesis
about decay continuum or not, the organic layers of four profiles from different stages of a
primary vegetation succession are analyzed for its organic chemical composition using a
combinational approach including 13C NMR spectroscopy, chemical degradation (acid
hydrolysis ofpolysaccharides),pyrolysis andthermochemolysis.

MATERIALS ANDMETHODS
Vegetation, profiles
Profiles 1 and 2 are under Pinus sylvestris L. with Deschampsia flexuosa and Empetrum
nigrum, respectively, as dominant understorey vegetation. Profile 3 is under beech trees
{Fagus sylvatica L.), with some V. myrtillus, and profile 4 is under beech without
undergrowth (seealsoFigure 1).Descriptions oftheprofiles aresummarized inTable 1.Prior
to analysis, the samples were air-dried and milled. Prior to pyrolysis and thermochemolysis,
samples were extracted with methanol/dichloromethane (1:1) in a Soxhlet apparatus to
removelipids.

Pinus+
Vaccinium myrt.

Pinus +
Deschampsia
profile1

Pinus+
Vaccinium vit.

Algae
Pinus+
Empetrum
profile2
Potytrichum
introductionof
Quercus,
Betula, Fagus

Figure 1. Simplified scheme of vegetation succession at Hulshorster Sand and Leuvenum Forest. Profiles 1-4
areindicated inthedashed box.
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Chemicalanalysis
-CNandpH
Carbon and nitrogen were measured in duplicate with an Interscience Elemental Analyser
EA1108, pH (H20 and 1 M KC1) in a sample:solvent ratio of 1:5. The relative standard
deviationforcarbonwas0.3%,fornitrogen0.5%.Theresults aresummarized inTable1.
-,3CNMR
Cross Polarization-Magic AngleSpinning (CPMAS)-NMR measurements wereperformed ona
BrukerAMX300operatingatafrequency of75.48MHz,with anacquisitiontimeof0.033 s;a
pulsetimeof4 us;acontact timeof 0.8 ms; spinningrate 3.375 KHz and alinebroadeningof
50Hz.
-Monosaccharides
The monosaccharide composition of the non-cellulosic polysaccharides was analysed
according to Amelung et al. (1996). Duplicates of 10-100 mg, depending on the C content,
were hydrolyzed with 4M trifluoroacetic acid (TFA) at 105°C for 4 h. The hydrolysate was
purified using XAD-7 and Dowex 50 W X8. Monosaccharides were oximized with Omethylhydroxylammonium hydrochloride in yV-methylpyrrolidone (NMP) at 75°C for 1hr.
and further derivatized withbis(trimethylsilyl)trifluoroacetamide (BSTFA) at75°C for 5min
(Andrews, 1989). The reaction products were separated on a Interscience GC8000 with a
J&W DB-5 column (30 m, film thickness 1.00 |Xm,i.d. 0.25 mm) connected to aFisonsMD
800 mass spectrometer (mass range m/z 50-450, cycle time 0.50 s). The GC temperature
started at 160°C for 4min, next wasraised atarate of 8°C/min to 180°C.After 2min. itwas
further raised by l°C/min to 195°C (2min), and finally increased to 255°C at 10°C/min and
maintained there for 5 min. Quantification was carried out using myo-inositol as internal
tracer and Omethylglucose as internal standard. The standard error did not exceed 10% for
individual sugars, except at concentrations below 0.5 mg/g C, where errors reach 50%.The
errorsoftheratios (C6/C5anddeoxy/Cs)arebelow 6%.
-Pyrolysis-GC/MSandthermochemolysis
Pyrolysis wascarried outonaHorizon Instruments Curie-Point pyrolyser. Sampleswereheated
for 5sat610°C.Thepyrolysis unitwasconnected toaCEgaschromatographandtheproducts
wereseparatedbyafused silicacolumn (Chrompack,25m,0.25 mm i.d.) coated withCP-Sil
5 (film thickness0.40 (xm).Heliumwasusedascarriergas.Theovenwasinitiallykeptat40°C
for 1 minute, next it was heated at a rate of 7°C/min to 320°C and maintained at that
temperature for 20 min. The end of the GC column was coupled to a Fisons MD 800 mass
spectrometer (mass range m/z 45-650, ionization energy 70 eV, cycle time 1 s).
Thermochemolysis (J.W. de Leeuw, pers.com.) was performed by adding a droplet of a25%
solution of tetramethylammonium hydroxide (TMAH) in water to the sample, after which the
sample was slightly dried, and immediately pyrolyzed using the same the GCprogram aswith
pyrolysis.

85

Chapter5

RESULTS
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CNMR

The spectra ofL,Fl, F2andHhorizons ofprofile 1(Figure 2)aredominated bypeaks inthe
O-alkyl region (62,72 and 104ppm) and indicate thepresence of carbohydrates (e.g.KogelKnabner, 1992, 1997).IntheLandFl horizons alkylpeaks (around 30-33ppm)havemoreor
less the same intensity but are distinctly lower than the O-alkyl peaks. Alkyl peak intensity
increaseswithdepth tovalues similartothoseof theO-alkylsintheHhorizon.

250

200

150

100

50

Figure2. l3CNMR spectra ofprofile 1 (underpineand Deschampsia).
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The aromatic andcarbonylic peaks hardly change in all spectra, which is substantiated bythe
integrated valuesofthedifferent carbon typesaspresented inTable2.

Table2.Integrated values and alkyl/O-alkylratio of carbon types asdetermined by ' C-NMR.

Sample

Carbonyl Aromatic

O-alkyl

Alkyl

AlkyVO-alkyl

Profile 1
Pine+Deschampsia

L
Fl
F2
H

6
6
8
6

12
12
12
13

56
55
51
45

26
26
29
35

0.47
0.48
0.57
0.77

Profile 2
Pine+Empetrum

L
Fl
F2
H

6
8
8
7

12
14
13
14

51
50
49
44

31
29
30
35

0.61
0.57
0.61
0.80

Profile 3
Beech

L
F
H

8
9
10

10
14
14

60
51
43

22
26
33

0.37
0.51
0.77

Profile 4
Beech

L
F
H

9
9
11

11
14
14

57
53
44

23
24
31

0.40
0.45
0.70

Carbonyl = 220-160ppm;aromatic = 160-110ppm; O-alkyl = 110-50ppm and alkyl = 50-0 ppm.

The alkyl/O-alkyl ratio is supposed to indicate the degree of decomposition (Baldock etal.,
1997). For profile 1these values suggest comparable degrees of decomposition in the L and
Fl, and extents of decomposition intheF2andHhorizons.Forprofile 2,thespectra of L,Fl
andF2horizonscloselyresembleeachother,whereastheHhorizon ismuchricherinalkylC.
Under beech (see Figure 3) the profiles differ from profiles 1 and 2 in that alkyl carbons
regularly increase with respect to the other carbon types from L through F to H horizon,
whereas the aromatic signals remain approximately constant. Accordingly, the alkyl/O-alkyl
ratioincreasesfrom LviaFtoHinprofiles 3and4.
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Figure3. CNMR spectra of profile 4 (under beech).

Polysaccharides
Table 3 presents the data dealing with the occurrence and origin of carbohydrates in the
ectorganic layers. The L and Fl horizons of profile 1 and 2 have similar amounts of
monosaccharides, which decrease with depth in the F2 and H layers. The lower ratios in
profile 1compared with therespective layers in profile 2is mainly due to higher amountsof
xylose, probably derived from the Deschampsia litter. The contents of non-cellulosic sugars
are much higher in the L horizon (profiles 3 and 4) than profiles1 and 2. Their contents
decrease with depth into the F and H horizon. High ratios of C^/Cs
(galactose+mannose/arabinose+xylose) and
deoxy/Cs
ratio
(fucose+rhamnose/

Effect ofvegetationonorganic matter composition

arabinose+xylose) point to an important microbial influence, whereas 'low' ratios mark a
predominant plant origin (Oades, 1984; Murayama, 1984). In all profiles both ratios hardly
differ between LandFhorizons,butaremuchhigherintheHhorizons.

Table 3.Total amounts of non-cellulosic sugars inmg/gramC,
C6/C5*and deoxy/C5*ratios of ectorganic layers.
Sample

Total

C(/C5

Deoxy/Cs

Profile 1
L
Fl
F2
H

343
337
173
141

0.36
0.30
0.44
0.95

0.07
0.06
0.10
0.20

Profile 2
L
Fl
F2
H

195
161
236
78

0.60
0.80
0.67
1.13

0.14
0.17
0.17
0.24

Profile 3
L
F
H

619
264
97

0.21
0.39
1.07

0.09
0.13
0.25

Profile 4
L
F
H

605
244
111

0.23
0.39
0.78

0.08
0.12
0.23

*Q.dQ-i ratio:(galactose+mannose/arabinose+xylose)and
deoxy/Csratio: (fucose+rhamnose/arabinose+xylose).

Pyrolysis
- Vegetation
The pyrolysates of pine needles and fresh leaves of Deschampsia, Empetrumand Fagusare
dominated by alkylphenols and methoxyphenols (guaiacols and syringols), typical pyrolysis
products of lignin (Figure 4 and Table 4 for peak identifications). In agreement with usually
observed for grass-lignin, 4-vinylguaiacol is by far the dominant lignin-derived pyrolysis
product (Saiz-Jimenez and de Leeuw, 1986; van Bergen et al., 1997; Huang et ai, 1998).
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Table4.Main pyrolysis products.

No.

Compound

Origin

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Toluene
2-Furaldehyde
5-Methyl-2-furaldehyde
Phenol
Methylphenol
Guaiacol
Levoglucosenone
4-Methylguaiacol
Catechol
4-Vinylphenol
4-Ethylguaiacol
Methylcatechol
4-Vinylguaiacol
Syringol
4-(Prop-1-enyl)guaiacol (eugenol)
Vanillin
cis 4-(2-Propenyl)guaiacol
4-Methylsyringol
trans4-(2-Propenyl)guaiacol
4-Acetylguaiacol
4-Vinylsyringol
Levoglucosan
4-(Prop-1-enyl)-syringol
cis 4-(2-Propenyl)syringol
trans4-(2-Propenyl)syringol
4-Acetylsyringol
Diketodipyrrole
Phytadiene

Pr/Pp
Ps
Ps
Pp/Pr/Lg
Pp/Pr/Lg
Lg
Ps
Lg
Pp
Lg/Pp
Lg
Pp
Lg
Lg
Lg
Lg
Lg
Lg
Lg
Lg
Ps
Ps
Lg
Lg
Lg
Lg
Pr/Pep

Abbreviations and symbols:Pr: protein,Pp:(poly)phenol, Ps: polysaccharide,
Lg: lignin, Pep: (poly)peptide.

Pyrolysates of leaves of Empetrum and Fagus have abundant signals of 4-vinylphenol,
catechol andmethylcatechol,which likelyoriginatefrom tannins (Galletti andReeves, 1992).
Other important pyrolysis products in all pyrolysates are derived from polysaccharides
(e.g.Pouwels andBoon, 1990)andfatty acids(Ci6:1, Ci6andCi8:i)- Pineroots appeartohave
a much higher content of tannins than the needles as suggested by the intense signals of
phenols and catechol. Apart from alower abundance of 4-vinylguaiacol and almost complete
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lack of lipids, the pyrolysates of Deschampsia roots (not shown) are very similar to thoseof
theleaves.Incontrast toDeschampsia, roots ofEmpetrum andFagusdiffer substantially from
the respective above-ground tissues. The pyrolysates of roots of Empetrumand Fagushave
almost nosyringyl-lignin, ahighabundanceof4-vinylguaiacolandhardly any4-vinylphenol.
- Profiles
The pyrolysates of the ectorganic layers of profile 1and 2 (see Figure 5 for profile 1) are
dominated by pyrolysis products of polysaccharides (2-furaldehyde, 5-methyl-2-furaldehyde,
levoglucosenone, anhydrosugars),tannins (phenol,methylphenols,catechol),lignin (guaiacol,
4-methylguaiacol,4-vinylguaiacol, vanillin, transisoeugenol,4-acetylguaiacol).Syringols are
hardly present in all pyrolysates of profiles 1and 2. The distribution of compounds in the
pyrolysates of L and Fl horizons is very similar to each other, and resembles that of pine
needles (see also Figure 4), and the transition from Fl via F2 to H is marked by a relative
increase of levoglucosenone, vanillin and 4-acetylguaiacol, and decreases of 4-vinylphenol,
catechol,methylcatechol, eugenol,cisandtransisoeugenol.
Inboth profiles under beech, the pyrolysates are dominated by syringols and guaiacols, as
shown for profile 4 in Figure 6. Also phenol, methylphenol, catechol, levoglucosan, Ci6and
Ci8:i fatty acids, and a series ofra-alkenes/alkanesare distinct pyrolysis products in the L
horizon.Thelatteralkene and alkanepairs indicatethepresence of macromolecules likecutan
(e.g. Nip et al., 1986). From L through F to H horizon, the concentration of syringols
decreases. Along the same sequence, catechol and the three propenylguaiacol isomers
decrease, a trend coinciding with increases of 4-acetylguaiacol, diketodipyrrole, Ci8:i fatty
acid, and the alkenes and alkanes. Especially pronounced are the increases in C22 andC24
alkenes andC22alcohol.Thesecompounds arepresent inconsiderable amounts in pyrolysates
ofprofile 3,butareparticularly prominent inthoseofprofile 4.

Thermochemolysis
- Vegetation
Thermochemolysis yields mainly two sets of products. The first set includes aromatic
compounds, such as methylated versions of guaiacol, catechol, three isomers of
trihydroxybenzene, vanillin, vanillic acid, syringaldehyde, syringic acid, coumaric acid,
ferulic acid and twoisomers of 4-(2-hydroxyethylene)guaiacol. These compounds are mainly
derived from lignin (Clifford et al., 1995; Hatcher and Minard, 1996) and tannins (van der
Heijden, 1994). The second set contains several series of methyl esters and ethers of fatty
acids, (mono, di and tri)hydroxy fatty acids, dioic acids and alcohols, which are all derived
from cutin (deLeeuw andBaas, 1993)orsuberin (Nierop,1998).
Table 5 shows the most important cutin- and suberin-derived products upon
thermochemolysis in needles, leaves and roots from the vegetation. Although it is not clear
whether, and to what extent,/7-coumaric and ferulic acid are connected to cutin and suberin,
theyareincluded inthistable.
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Figure 6. Pyrolysis-GC traces of profile 4 (Fagus). Numbers correspond to compounds listed in Table 4. FA:
fatty acid; (e.g.) Cig:i indicates number of C atoms and, if necessary, the number of double bonds; T :
alkene/alkane pair.
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aromatic moieties
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Needle and leaf cuticles contain the biopolymer cutin which predominantly consists of (Ohydroxy Ci6 and Cis fatty acids, mostly with a mid-chain double bond or functional groups
such as hydroxyl or epoxy (Kolattukudy, 1980). Additionally, straight-chain fatty acids and
small contributions of p-coumaric and ferulic acid may be present. Pine needles appear to
have mainly Ci6 monomers, but also contain considerable amounts of hydroxy Cn and Cu
fatty acids. These hydroxy fatty acids have also been measured in cutin of Picea abies
(Matzkeand Riederer, 1991).Deschampsia andEmpetrum cutin mainly have theCi6andCi8
monomers, whereas Fagus cutin has a prominent contribution of fatty acids with chain
lengthsgreaterthanCis,inadditiontotheCi6andCisbuildingblocks.
Suberin is the cutin-analogue in roots. Apart from the building blocks present in cutin,
suberin mayhave important contributions of fatty acids,ft)-hydroxyfatty acids, alcohols with
chain lengths > C20and alkanedioic acids (Ci6- C22)(Kolattukudy, 1980). Suberin ofPinus
has high concentrations of unsaturated Cis constituents, namely oleic acid and 18-hydroxy
fatty acid. In contrast to the high amounts of di- and trihydroxy fatty acids in the leaves of
Deschampsia, these building blocks are hardly present in their roots. Empetrum roots
resemble Pinus in the composition of suberin, but the distribution differs. The
thermochemolysate of beech roots has prominent signals from C22and C24alcohols, which
are very characteristic for Fagussuberin (Holloway, 1983;Matzke and Riederer, 1991), and
from 9,10,18-trihydroxyoctadecanoicacid and9,10-epoxy-18-hydroxyoctadecanoicacid.
- Profiles
Figure 7 shows that in theLhorizon ofprofile 1,coumaric acid, ferulic acid, Ci8:i fatty acid,
Ciahydroxyfatty acid, 9/10,16-dihydroxyhexadecanoicacids,C16-C24fatty acidsarethemost
abundant cutin- and suberin-derived building blocks.Compared totheLhorizon,theFl hasa
much lower concentration of Cis:i fatty acid, but a much higher abundance of hydroxy Ci6
fatty acid, 9/10,16-dihydroxyhexadecanoic acids, and 9,10,18-trihydroxyoctadecanoic acid.
With depth,coumaric andferulic acid decreases intheF2andeven more inthe Hhorizon.In
the H horizon di- and trihydroxy fatty acids also decrease, while C20 and C22 fatty acids
increase.
Fatty acids (C16-C28)and hydroxy fatty acids (Ci6,Cis:i)dominate the thermochemolysate
of the L horizon in profile 2. Towards the F2 horizon, the fatty acids, in particular C22,
increase relative to the hydroxy fatty acids with depth. In the H horizon, the aliphatic
composition resemblesthatofthepineneedles.
In profiles 3 and 4, aliphatic compounds derived from beech leaves dominate the
thermochemolysate of the L.In theFhorizon, di- and trihydroxy fatty acids are predominant
whereas traces of the C22 and C24 alcohols are observed, especially in profile 4. The H
horizon differs completely from the L and F horizon, in having high contributions of 16hydroxy fatty acid, Ci6 dioic acid, 9/10,16-dihydroxyhexadecanoic acids, Ci8:i fatty acid,
9,10,18-trihydroxy fatty acid, C22 alcohol, C22fatty acid, C22 hydroxy fatty acid and C24
alcohol. The contribution of the alcohols is much higher in the thermochemolysate of profile
4thaninthatofprofile 3,suggesting amuchhighercontribution ofbeech suberininprofile 4.
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In general, vanillic acid clearly increases with depth in comparison with vanillin,
suggesting a progressive oxidation of lignin (Ertel and Hedges, 1985; Hedges et al, 1988;
Clifford and Hatcher, 1995;Hatcher et al., 1995). This confirms the trend suggested by the
results of conventional pyrolysis of oxidized lignin increasing with respect to non-oxidized
lignin fragments from LtoHhorizon.

DISCUSSION
Thegreat similarity of NMR spectra, sugarcomposition andpyrolysis databetween Land Fl
horizons in profiles 1and 2 strongly suggests that the initial litter decomposes slowly. The
organicchemical datareveal important changes between Fl and F2and especially towardsH
horizon implying a pronounced humification. This is in strong contrast with interpretations
about decomposition based on morphological observations as well as experimental data on
the decomposition of organic matter in the Leuvenum Forest (Emmer, 1995a). Emmer
(1995a) observed significantly higher decomposition rates in the L and Fl than in the
underlying F2 and Hhorizons inpine stands withunderstorey of Deschampsia. The apparent
discrepancy between decomposition andchemical datamaybeexplained asfollows: theFl is
extensively rooted by the undergrowing species, thus supplying fresh litter to this layer.
Because the organic chemical data averages all organic matter -fresh and decomposed -, the
decomposed,partlyhumified material intheFl isdiluted withundecomposed 'fresh' rootsof
theundergrowth.
The lignin composition in the Fl horizon in profile 1 closely resembles that of the L,
especially in comparison with the F2 and Hhorizons, byhaving a very low syringyl content
and lacking a dominant of 4-vinylguaiacol peak typical of pyrolysates of theDeschampsia
litter. This suggests preferential decay of Deschampsiaover pine litter, leaving pine litter
more or less untouched. Deschampsiadecomposes faster than Calluna(van Vuuren, 1992)
and probably also more rapidly than Empetrumand Pinus (Emmer, 1994; Dijkstra et al.,
1998).
Inprofiles 3and 4, beech leaves dominate the organic matter in L and F horizons. TheH
horizon, however, is devoid of syringyl lignin, confirming earlier results that above-ground
inputintothesehorizons isalmostexclusively derivedfrom pinelitter (Nieropetal.,1998).

Lignin
Most of the soil science literature, as well as models describing litter decomposition
emphasizes lignin as the recalcitrant fraction, which in particular determines the
decomposition rate in the later phases of the decay process (e.g. Parton et al, 1987, Cadisch
andGiller, 1997).Atwo-phase decomposition pathway withlignin astherecalcitrant fraction
was suggested by Emmer (1995a) for the ectorganic layer under pine and undergrowth, and
supported byanincreaseoflignin (determined according toKlason lignin) with depth.
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However, theNMR spectra gaveno support for aresidual enrichment of lignin with depth
in the ectorganic layer in any of the investigated profiles. With increasing depth, O-alkyl
carbon decreases, aromatic carbon remains approximately constant, and alkyl carbon
increases. The discrepancy between the results of Emmer (1995a) and this study must be
ascribed to the fact that Klason 'lignin' - thepart of organic matter after removal of ethanol
soluble substances (lipids) and polysaccharides - contains tannins and aliphatic biopolymers
(cutin and suberin, cutan and suberan) in addition to lignin. Especially the aliphatic
biopolymers accumulate as decomposition proceeds. Zech et al. (1987) observed a
considerable amountof aliphaticcarbon inNMR spectra of Klason lignin of sprucelitter,and
the aliphatic fraction increased compared with the aromatic carbons in spectra of Klason
lignin ofdecomposed litter(after 1106days).
Pyrolysis and thermochemolysis give evidence for a progressive alteration of the lignin
macromolecules from L to H horizon, although differences between L and Fl in profiles 1
and 2 are minimal. The general composition of lignin in the first two profiles suggests that
lignin is mainly derived from pine. This may be due in part to chemical reasons, e.g.
demethoxylation or selective degradation of syringyl-lignin leaving mainly guaiacyl-lignin
(van der Heijden etal, 1994).On the other hand thepredominance of coniferous lignin may
have aphysical/biological cause: as easily decomposable vegetation tissues are removed the
morerecalcitrant pine litter accumulates residually. Inprofiles 3and 4,theLandFlayers are
dominated by beech litter remnants and so is the organic matter composition, but the H
horizon is mainly derived from pine litter. Thus, with depth a decrease of syringyl-lignin is
noticed, but mainly due to different amounts of contributing vegetation litters than due to a
selectivedegradation of syringyl-lignin (Nieropetal, 1998).
Theprogressive oxidation of lignin withdepth in allprofiles, asobserved bypyrolysis and
thermochemolysis, isacommonfeature (e.g.Kogel, 1986;Kogel etal, 1988;Kogel-Knabner
etal, 1991;Guggenberger and Zech, 1994) and implies (fungal) degradation of lignin (SaizJimenezanddeLeeuw, 1984;Gofii etal, 1993; Hatcher etal, 1995).

Cutin andsuberin:impactofroots
Becausebark contributes very little to theorganic matter, Iassume that all suberin is derived
from roots.Furthermore,decomposition ratesofcutin andsuberin arepresumed tobemoreor
less similar. Although Riederer et al. (1993) suggested that suberin may be degrading
somewhat slower than cutin, until now no real evidence for a difference in decomposition
rates has been found. Riederer etal (1993) suggested that cutin uniformly decomposes, i.e.
all monomers have similar decomposition rates.However, this was only analysed for the five
mainconstituents ofbeechcutin,alldi-,tri-andtetrafunctionalized monomers.Nierop (1998)
observed a non-uniform decomposition of beech suberin with a relative increase of the
trihydroxyoctadecanoic acid with respect to some mono- and difunctionalized monomers.
Nevertheless these differences in distribution of the constituents between fresh and humified
suberin were not too striking, and made it possible to indicate the importance of the several
cutins andsuberinsinsoil.
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Although grass roots are frequently present in the Fl and F2 horizons of profile 1, they
appeartohavenoeffect onthechemical composition asreflected bypyrolysis,i.e.thetypical
grass-lignin signature is absent. However, thermochemolysis reveals the presence of grass
leaf cutin and suberin by characteristic compounds such as 9,10,18-trihydroxyoctadecanoic
acid and ferulic acid. The very intense peak of ferulic acid can also be derived from pine
needles which input is suggested by the presence of C,2 and C14 hydroxy fatty acids, and
typical pine cutin monomers as C16 hydroxy fatty acid and 9/10,16-dihydroxyhexadecanoic
acids.From Fl through F2totheHhorizon, thegrasscutin and suberin biomarkersdecrease,
whereas pine suberin (roots) become more important, as indicated by C2o and C22fatty acids
and pine cutin. The presence of suberin from pine in the L horizon will be mainly derived
from bark (exception of theassumption),whichispresent inrelativelyhighamounts (seealso
Table1).
Under Empetrum,the aliphatic part is dominated by cutin monomers, such as 16-hydroxy
fatty acid, and 9/10,16-dihydroxyhexadecanoic acids. The C20 and C22 fatty acids point to
suberin. From L to F2,the C20and C22fatty acids increase relatively, implying an increasing
root input. Whether this is due to pine roots or those of Empetrumis not clear due to their
similar suberin composition. The Hhorizon differs completely, and has a close resemblance
topinecutin,therebysuggesting alowroot contribution.
L and F layers of both beech profiles are dominated by cutin derived from beech leaves.
Suberin from beech isbrought tolight intheFhorizons,but much morepronounced in theH
horizons, especially in profile 4. Also cutin and suberin from pine is present in the H
horizons,butisexceededbysuberinofbeech.Thus,beechrootshaveanincreasingimpacton
theorganic matteroftheHhorizons,but,yet,beechleavesdonot.

CONCLUSIONS
Progressive decomposition andhumification inallprofiles isreflected byresidual enrichment
of alkyl C relative to aromatic C and O-alkyl C, by increasing CfJCsand deoxy/Cs sugar
ratios, and increases inoxidized lignin fragments. Although there is asignificant contribution
of root litter in theF and Hhorizons, and thus supply of fresh litter, root input at depth does
notgreatly disturbthe 'decaycontinuum' pattern sketchedabove.
Influence of Deschampsia and Empetrum (profiles 1 and 2, respectively) seems to be
mainly restricted to cutin and suberin, and especially in Fl and F2 horizons, whereas other
biopolymers derived from these species are decomposed extensively. In the H horizon, the
contribution ofsuberinoftheunderstoreyissmall,especiallyunderEmpetrum.
The transition from pine to beech forest is reflected by the changing organic matter
composition at different depth: in profiles 3 and 4 the organic matter composition of the L
and Fhorizons isdominated bybeech litter, whereas theHhorizons aremainly composed of
pine litter, although beech root litter input increasingly contributes to the composition of H
horizons, from profile 3 to 4. Cutin and suberin appear to be more stable in the organic
horizons than lignin, and therefore the two aliphatic biopolyesters are more useful as
biomarkersthanlignin.
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ABSTRACT
To study the fate of the water soluble organic matter (WSOM) in incipient podzols in sandy
soils, a comparison was made of the composition of the WSOM from L, F and H horizons
with the bulk of the Bh horizons and fibers of three profiles. WSOM appeared to have
significant contributions of ligno-cellulose and proteins, but these biopolymers were hardly
present intheBhhorizons.Thefibers, however,showed agreatresemblance withtheWSOM
composition thereby suggesting that in these soils most of the WSOM was transported
through the B horizon and accumulated hardly changed in thin bands when the water
movement stopped. This implied that in the early steps of podzolization, accumulation of
organicmatterintheBhorizon wasnotlikelycausedbywatersolublematerial.

INTRODUCTION
Podzols are among the most studied soils. They are the dominant soil types in the boreal
forest zone, where they occur on a wide range of parent materials. Outside the boreal zone,
they are restricted to poor sandy soils and wet climates. They consist of a thick, dark
ectorganic surface layer,overlying ableached eluvial Ehorizon, followed byadark illuvialB
horizon that is enriched in organic matter, Al and Fe in comparison to theE and C horizons.
Part of the organic matter is not precipitated in the B horizon and moves through the B
horizon to deeper horizons. This organic matter may precipitate when the waterfront stops
moving, forming thin, dark fibers. Such fibers are very common in sandy, well-drained
podzols.
Several mechanisms for the podzolization process have been proposed. All of them, the
classical fulvate theory (e.g.Petersen, 1976),theproto-imogolitetheory (Farmer etal, 1980;
Anderson et al, 1982) and the low molecular weight (LMW) organic acids theory
(Lundstrom et al, 1995) explain precipitation of organic matter-metal complexes in the
podzol Bhorizon,butnoneaddresses thefate oftheorganic matterprecipitated in fibers.
Although organic matter of podzol B horizons has been investigated intensively in the
past, only some general characteristics were noticed, there is little consensus about its
composition, and descriptions vary from 'highly aromatic' to 'predominantly aliphatic' (see
for areview Andreux, 1996).However, onthedetailed molecular level,only afew studiesof
podzol B organic matter have been reported. Using Pyrolysis-Field Ionization Mass
Spectrometry (Py-FIMS),Sorgeetal.(1994)analyzed thetotal soil andparticle-size fractions
of a Canadian podzol B horizon. In the total soil as well as in the silt and clay fractions,
organic matter was dominated by signals from lipids, alkylaromatics, carbohydrates, and
intact and altered lignins, whereas in the sand fraction mainly carbohydrates, phenols/lignin
monomers and dimers were identified. Spodic B horizons from northern Germany consisted
mainly of alkyl C and O-alkyl C (l3C-NMR), independent of podzolization age (Wilcken et
al, 1997). By Py-FIMS, Wilcken et al. (1997) elucidated that incipient podzol B horizons
were characterized by signals predominantly from polysaccharides, phenols, lignin
monomers,fatty acidsandplant waxes,whilst well-developed Haplic podzolBhorizons were
dominated by signals from lignin dimers, long-chain lipids and sterols. In general, all these
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compounds in young and old podzols were also detected in dissolved organic matter in
percolating water from podzol profiles (Hempfling and Schulten, 1990).
Virtually nothing is known about the organic matter in fibers. 13C signatures of bulk
organic matter in well-developed podzols in central Netherlands appear to indicate a
difference between B horizon and fibers (Buurman et al., 1998). Does the material in these
fibers (below the B horizon) differ from that of the B horizons? Were fibers formed from
dissolved organic matter that passed through the B horizon? These questions were studied as
part of a research project dealing with organic matter and soil development in relation to the
vegetation succession at the wind-blown sand area of the Leuvenum Forest. In the course of
this succession, the soil develops towards a podzol. Because all succession stages from bare
sand to beech forest with podzolic features are currently present, the initial steps of
podzolization can be monitored. In this paper, we try to unravel the relationships between the
WSOM of organic layers, organic matter in B horizons and fibers of three profiles, in
subsequent development stages: which compounds are transported, accumulated or leached
away? We compare the organic chemical composition of the organic matter as characterized
by combining 13 C-NMR and pyrolysis-GC/MS techniques.

MATERIALS AND METHODS
Sites, profiles
The studied soil profiles are from three sites with comparable soil profiles, but with progressive
podzolization and under different vegetation. Although the soils show distinct podzolization
features, they areclassified as Cambic Arenosols (FAO).
Profiles 1 and 2 have pine trees (Pinus sylvestris L., about 100 years) with dominant
undergrowth of wavy hair-grass (Deschampsia flexuosa (L.) Beauv.) and crowberry (Etnpetrum
nigrum L.), respectively. Profile 3 has only beech (Fagus sylvatica L.) trees. Biological
homogenization in the mineral soil is virtually zero. For detailed information, including layer
thicknesses, C, N,C/N ratios and pH, seeTable 1.
Sample pretreatment
- Water soluble organic matter (WSOM)
Field-moist L, F and H horizons were shaken with distilled water (sample solution ratio 1:4
(w/w)) for 24 h. After centrifugation, the solution was decanted, and the residue was shaken
for 2 h. with water and subsequently centrifuged. The combined solutions were filtered over a
0.45 (im filter and freeze-dried.
-B horizons and fibers
Samples of B horizons and fibers were freeze-dried and sieved over a 2 mm sieve. For NMR
and pyrolysis, the organic matter was concentrated. Samples were shaken with 0.5 M NaOH
(sample solution ratio 1:2) for 5 minutes. After decanting of the 'solution', including all
insoluble (organic) material, the residue (sand) was washed several times with water until the
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supernatant was clear. The combined 'solutions' were acidified with HC1/HF (1:3), shaken
for 24 hours, dialysed and freeze-dried. (For detailed information, see Nierop and Buurman,
1998).
Chemicalanalysis
-QN.pH, Aland Fe
Carbon andnitrogenweremeasuredwithanInterscienceElementalAnalyserEA1108,pH(H2O
and 1 MKC1) inasample:solution ratioof 1:5.AmorphousAlandFecontentsweredetermined
asacid-oxalateextractablemetals(Buurmanetal, 1996).
-13CNMR
CrossPolarization-Magic AngleSpinning(CPMAS)-NMR measurements wereperformed ona
BrukerAMX300operatingatafrequency of75.48MHz,withanacquisition timeof0.033s;a
pulse time of4 us; acontact timeof 0.8 ms; spinning rate 3.375kHz and alinebroadening of
50Hz.
-Pyrolysis-gaschromatography/massspectrometryandthermochemolysis
Samples were pressed onto flattened ferromagnetic wires with a Curie temperature of 610°C.
Pyrolysis wascarried outbyinductiveheatingofthewirestotheirCurietemperature,heldthere
for 5susingaHorizon Intruments Curie-Point pyrolyser. Thepyrolysis unit wasconnected to
a Carlo Erba gas chromatograph and the products were separated by a fused silica column
(Chrompack, 25m,0.25 mmi.d.)coated withCP-Sil 5(film thickness0.40 urn).Helium was
used as carrier gas. The initial oven temperature was 40°C, followed by heating at a rateof
7°C/min to 320°C and held for 20 min. The end of the GC column was coupled to a Fisons
MD 800 mass spectrometer (mass range m/z45-650, cycle time 1s). Pyrolysis-methylation
(thermochemolysis) was performed by adding one or two drops of a solution of
tetramethylammonium hydroxide (TMAH) in water (25%) on the sample, which was briefly
dried andpyrolyzed immediately afterwards (J.W.deLeeuw,pers. com.).

RESULTS
,3

CNMR

All 13CNMR spectra ofWSOM from theL,FandHhorizons of allprofiles are very similar.
The spectra of WSOM from profile 3 (Figure la-c) show resonances at 25 and 33 ppm,
indicative of methyl and methylene carbons, respectively. Furthermore, high signals are
present intheO-alkylrange,centered around72ppm.Together with thechemical shift at 105
ppm,these signals areascribedtopolysaccharides (Kogel etal, 1988;Kogel-Knabner, 1997).
The peak at around 172ppm, derived from carboxylic acids or esters, has two spinning side
bands, at 128 and 216 ppm. Only weak signals are found of aromatic carbons, at 153 and
'under' thesideband,which resonates at 128ppm. TheBhorizons (cf. Figure Id)givemuch
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Figure 1. I3C NMR spectra of water soluble organic matter (WSOM) from L (a), F (b) and H (c) horizons and
total organic matter inthe Bhorizon (d) and fiber (e) ofprofile 3.
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Figure 2. Total ion current chromatograms of pyrolysates of water soluble organic matter (WSOM) from L, F
and H horizons of profile 3.
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higher signals of alkyl C (0-50 ppm), and lower intensities of the other carbon types than
thoseof theWSOM of L,FandHhorizons.Inthe spectraof thefiber (cf. Figure le), alkylC
andO-alkylCpredominate andaromaticCisrelatively abundant.
Pyrolysis-GC/MSandthermochemolysis
-WSOM
Pyrolysis results of the WSOM fractions of profiles 1, 2 and 3 are rather similar for each
horizon (L, F, and H). Polysaccharide-derived products identified in the pyrolysates of
WSOM obtained from L, F and H horizons are furans (1, 2, 5, 10-12, 17, 18) and
anhydrosugars (25, 39, 43, 44). From L to F, (2H)-furan-3-one (10), 2-furaldehyde (12), 5methyl-2-furaldehyde (18), dianhydrorhamnose (21) and the anhydrohexoses (39, 43, 44)
increase relatively, while the other compounds show the opposite trend or hardly any change
(Figure 2 for profile 3). Table 2 lists identified peaks and symbols. Other prominent
compounds inthepyrolysates of WSOM arelignin-derived 2-methoxyphenols (guaiacols 24,
28, 31,34, 37, 41,42 and 46) and 2,6-dimethoxyphenols (syringols 35,40, 45, 48 and 49).
Thesyringols areonlypresentinWSOMofprofile 3,andnotinprofiles 1 and2.After in situ
methylation usingTMAH,alsoknown asthermochemolysis, thefar most dominating product
is the methylated version of vanillic acid, whereas methylated syringic acid is also relatively
important.
Nitrogen-compounds, encountered in the pyrolysates of the water soluble fractions, are
(alkyl)pyrroles (peaks 6, 8, 13 and 14), pyridine (7) and (alkyl)indoles (32, 36). Their
abundance decreases from L to F and H horizon. Together with (part of) toluene, styrene,
phenol and methylphenols, all N-compounds may be derived largely from proteins. Indoles
are thought to be pyrolysis products from proteins including tryptophan (Tsuge and
Matsubara, 1985). Pyrroles have been identified as pyrolysis products of proline and
hydroxyproline, whereas pyridine is related to alanine, amino sugars or even to amino acidpolysaccharide complexes (Stankiewicz et at, 1996; van Bergen et ai, 1998; Bland et al,
1998,andreferences citedtherein).Inaddition,phenol andmethylphenol,toluene andstyrene
have been identified as degradation products of the amino acids tyrosine and phenylalanine,
respectively (TsugeandMatsubara, 1985).
Thealiphaticfraction isofminor importanceinWSOM.Thealiphatics aredominated bya
series of fatty acids and terpenoids, and small traces of alkenes and alkanes. Upon
thermochemolysis, the most prominent compounds aremethyl esters of fatty acids (Q4-C28),
followed bymethylesters ofdehydroabietic acidandaditerpenoic acid.
-B horizons
Thepyrolysates of all Bhorizons (Figure 3) are dominated by acetic acid (3),toluene (9),2furaldehyde (12),styrene (16), 5-methyl-2-furaldehyde (18),phenol (19),methylphenols (22,
23), guaiacol (24) and 4-vinylphenol (30). Other important pyrolysis products are pyridine
(7), pyrrole (8), ethylphenols (27), indole (32), 4-vinylguaiacol (34), vanillin (37),
levoglucosan (44), 4-acetylguaiacol (42), vanillic acid (46), diketodipyrrole (DKDP),
unsaturated fatty acids (Ci6andCi8) andhomologous seriesof 1-alkenesandalkanes (C7110
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Figure3.Total ioncurrent chromatograms ofpyrolysates oforganic matter inBhorizons ofprofiles 1-3.
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Table 2.List ofmain pyrolysis products.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
T
•

Compound

Furan
2-Methylfuran
Acetic acid
Benzene
2,5-Dimethylfuran
N-methylpyrrole
Pyridine
Pyrrole
Toluene
(2H)-furan-3-one
3-Furaldehyde
2-Furaldehyde
2-Methylpyrrole
3-Methylpyrrole
C2-benzene
Vinylbenzene (styrene)
2,3-Dihydro-5-methylfuran-2-one
5-Methyl-2-furaldehyde
Phenol
2-Hydroxy-3-methyl-2-cyclopenten-1-one
Dianhydrorhamnose
2-Methylphenol
3/4-Methylphenol
Guaiacol
Levoglucosenone
Dimethylphenols
Ethylphenols
4-Methylguaiacol
1,2-Dihydroxybenzene (catechol)
4-Vinylphenol
4-Ethylguaiacol
Indole
4-Methylcatechol
4-Vinylguaiacol
Syringol
Methylindole
4-Formylguaiacol (vanillin)
Dimethylnaphtalene
Anhydrohexose
4-Methylsyringol
trans 4-(2-Propenyl)guaiacol
4-Acetylguaiacol
Anhydrohexose
Anhydroglucosan (levoglucosan)
4-Vinylsyringol
4-Carboxyguaiacol (vanillic acid)
Trimethylnaphtalene
trans 4-(2-Propenyl)syringol
4-Acetylsyringol
1-Pristene
Stigmastatriene
Stigmasta-3,5-diene
Friedoolean-2-ene
Stigmasta-3,5-dien-7-one
n-Alkene and n-alkane (doublet)
Fatty acid
Alcohol
DKDP Diketodipyrrole

•

Source
Ps
Ps
Ps
Pp
Ps
Pr
Pr
Pr
Pp/Pr
Ps
Ps

Ps
Pr
Pr
Pp/Pr
Pp/Pr
Ps
Ps
Pp/Lg/Pr
Ps
Ps
Pp/Lg/Pr
Pp/Lg/Pr
Lg
Ps
Pp/Lg
Pp/Lg
Lg
Pp/Lg
Pp/Lg
Lg
Pr
PP
Lg
Lg
Pr
Lg
Ps
Lg
Lg
Lg
Ps
Ps
Lg
Lg
Lg
Lg
Lp
Lp
Lp
Lp
Lp/Abp
Lp
Lp

68
82
60
78
96
81
79
67
92
84
96
96
81
81
106
104
98
110
94
112
128
108
108
124
126
122
122
138
110
120
152
117
124
150
154
131
152
156
162
168
164
166
162
162
180
168
170
194
196
266
394
396
410
410

Abbreviations: Ps: polysaccharides, Pp: polyphenols, Pr: proteins, Lg: lignin, Lp: lipids, Abp: aliphatic
biopolymer.
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Figure 4. Total ion current chromatograms of pyrolysates of water soluble organic matter (WSOM) from H
horizon and of total organic matter infiber from profile 2.
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C32).The relatively high abundance of alkenes and alkanes indicates a major contribution of
aliphatic biopolymers, such as cutan (Nip et al., 1986a). The other products indicate
contributions of (little) amounts of lignin,proteins and polysaccharides. Diketodipyrrole may
have originated from peptides including hydroxyproline (van Bergen et al., 1998). The
similarity between profile 1and 2 is clear, except for a difference in abundance of ligninderived methoxyphenols. The pyrolysate of profile 2 has a higher concentration of guaiacol,
4-vinyl- and 4-acetylguaiacol as the main lignin indicators than that of profile 1, and in
particular, that of profile 3.Inaddition,the latterprofile underbeech has C22andC24alkenes
andthecorresponding alcohols asdistinctpyrolysisproducts.
- Fibers
The pyrolysates of the (bulk) organic matter in the fibers resemble those of the WSOM, in
particular of the Hhorizon, remarkable well, as shown in Figure 4.The dominating products
identified in the pyrolysates are toluene (9), phenol (19), methylphenols (22, 23), guaiacol
(24), catechol (29), 4-vinylguaiacol (34), 4-acetylguaiacol (42). Other prominent pyrolysis
products are acetic acid (3), 2-furaldehyde (12), C2benzenes (15), styrene (16), 5-methyl-2furaldehyde (18),4-methylguaiacol (28),4-vinylphenol (30),vanillin (37),levoglucosan (44),
vanillic acid (46), trans4-(2-propenyl)guaiacol (48) and 1-pristene (50).Furthermore, traces
offatty acid, alkenes andalkanesarefound. Incaseofprofile 3,nosyringols aredetected.
As in WSOM, the thermochemolysis data of the fibers reveal vanillic acid as dominating
product. Other distinct compounds are 1,2,4- and 1,3,5-trimethoxybenzene, (methylated)
vanillin and 4-acetylguaiacol, a series of methyl esters of fatty acids (C14-C30) and 16hydroxyhexadecanoic acid.

DISCUSSION
In all horizons, amorphous aluminium and iron contents are (very) low, and differences
between horizons may be not significant. However, an iron maximum in the B horizons and
an aluminium maximum in the C horizons for the mineral soil (Table 1) are also found by
Emmer (1995). No big differences in C, Al and Fe contents could be expected in these
incipientpodzols.

WSOMvs.total(bulk) horizons
WSOM has lower C/N ratios than the corresponding bulk horizons and may reflect the
relative high water solubility of compounds containing hetero atoms, such as nitrogen and
oxygen.
In the bulk horizons, the syringols decrease with respect to the guaiacols from L to F
horizon and arealmostcompletely goneintheHhorizon.Verylow syringyl contents intheH
horizons are mainly due to the fact that this horizon is built-up of pine litter and to low
mixingofbeech-derived organicmatterintotheHhorizons (Nierop etal.,1998).
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Figure 5. Partial mass chromatogram of guaiacols and syringols in pyrolysates of the F horizon and its water
soluble fraction (profile 5).
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Furthermore, the relative increase of oxidized guaiacol parts, such as vanillin, 4acetylguaiacol andvanillic acid, andthesimultaneous declineof trans4-(2-propenyl)guaiacol
with depth, indicates a progressive alteration of lignin. A similar trend can be found for
syringols,from LtoFhorizon.Figure 5compares theWSOM with thebulk organic matterin
terms of lignin pyrolysis products: from bulk to WSOM increases of guaiacol, 4acetylguaiacol andvanillic acid anddecreasesof othercompounds, inparticular 4-methyl-,4vinyl- and trans 4-(2-propenyl)guaiacol, within the 2-methoxyphenol family. A similar
tendency is observed for the syringols in the L and F horizons of profile 3. The WSOM
demonstrates a shift towards lower syringol/guaiacol ratios with respect to the bulk horizons
as observed in the pyrolysis data (Figure 5). All these results suggest greater alteration of
lignin inthewater soluble fractions thaninthebulk and inagreement with ahigher solubility
ofincreasingly oxidized lignin (Guggenberger andZech, 1994).
High amounts of lignin-derived compounds in WSOM relative to the bulk horizons,
contrast with observations from soils in the earlier vegetation succession where we found
hardly anysignals of lignin inWSOMextracted from bulk (Ah)horizons in which lignin was
prominently present (Nierop and Buurman, 1998). A possible reason for this is that other
degradation processes, or with other rates, take place in the ectorganic layers (L, F and H)
than inmineral (Ah)horizons.

WSOMvs.Bhorizon
TheNMR spectraofBhorizons show amuchhighercontentof aliphaticsthan intheWSOM.
Furthermore, pyrolysis clearly shows that the chemical composition of WSOM differs
completely from that of the Bhorizons: lignin-derived methoxyphenols, which dominate the
pyrolysates of WSOM, arenot important intheBhorizons,while aliphatic compounds, such
as alkenes, alkanes, fatty acids and alcohols are prominent in the pyrolysates of the B
horizons,butalmost absentinthoseoftheWSOM.Areason for thislackof resemblancemay
be that WSOM does not accumulate in the Bhorizon, but passes through the Bhorizon and
precipitates whenthewatermovement stops,forming thinbands,theso-called fibers.
Nitrogen-containing compounds are relatively abundant in the pyrolysates of the WSOM
fractions, and their abundance decreases from Lto H horizons. This decline is supported by
the increase of the C/N ratios with depth. In addition, these N-containing compounds are
identified in the B horizons, although in relatively lower amounts. By contrast,
diketodipyrrole is virtually absent in theWSOM,but relatively abundant inpyrolysates of the
Bhorizons.
The organic matter composition of the B horizons shows a remarkable resemblance with
that of soils from the Broadbalk Wilderness from the Rothamsted Classical Experiment (van
Bergen et al, 1997). The main differences are the lower abundances of N-compounds and
higher amounts of levoglucosan inourpyrolysates.Van Bergen etal.(1997)observed atrend
in which 'high' lignin contents came along with alow soil pH and vice versa, and stated that
lignin rapidly changes diagenetically in high pH environments. However, in our case the pH
is around 3.8, thus ahigh lignin content would be anticipated then, but, as mentioned, lignin
was (very) low inabundance.Lignin isdegraded predominantly bywhite-rot fungi, anddecay
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is the fastest when pH lies between 3.5 and 5.5 (Kirk and Farrell, 1987) and may therefore
explain thelow lignincontentsobserved inourBhorizons.
The resemblance of the B horizons from Leuvenum Forest with the completely different
soils from Rothamsted indicates that the organic matter in the B horizon does not originate
from illuviation, but is humified material directly derived from plant litter. Indeed, in a
parallel study, we found that an important source of organic matter in the B horizons was
derivedfrom root material (Nierop, 1998;andChapter7) and,apparently, isthevirtually only
source.

WSOMvs.fibers
The NMR spectra of WSOM suggest a higher amount of O-alkyl C and a lower amount of
alkyl Cand aromatic Ccompared to the fibers. Both pyrolysis and thermochemolysis dataof
WSOM remarkably resemble those of the fibers. This suggests that WSOM leaches through
the soil and accumulated as such in the fibers. NMR data point to arelative accumulation of
aliphatic and aromatic materials in fibers. These materials may be relatively resistant to
decomposition, or, insusceptible to resolublize and subsequent transport downwards due to
their hydrophobicity. It should be noted that the resemblance between WSOM and fiber in
profile 3is restricted toWSOM from theHhorizon, because thefiber lacks syringols, which
are important constituents of the WSOM from L and F horizons. This may suggest that
WSOMfrom theHhorizon isthemain sourceoftheorganic matter inthe fiber.
Prominent products in the pyrolysates of WSOM and fibers are the N-containing
compounds. Their presence in fibers also points to the WSOM from the H horizon as the
sourcematerial.

CONCLUSIONS
WSOMcontainsmoreoxidized OMthanthecorresponding bulk horizons
- There is little evidence of appreciable accumulation of WSOM in the (incipient) B
horizon asassumedbycurrentmodelsof podzolization
WSOM resembles the OM in fibers suggesting they are made up of WSOM which
undergoes littleselectivedecomposition after precipitation
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Insoluble organic matter fractions
inincipient podzolBhorizons:
preservation ofaliphatic biopolymers from roots

KlaasG.J.Nierop andPeter Buurman

Chapter 7

ABSTRACT
Organic matter inpodzol Bhorizons is generally considered as the result of illuviation from
upper horizons. This illuviated organic matter is thought to be largely, if not completely,
extractable by sodium pyrophosphate. In incipient podzols from the Leuvenum Forest, 1737% of the B organic matter remained insoluble after extraction with NaOH. Extraction of
these insoluble fractions by sodium pyrophosphate hardly enlarged the amounts of soluble
organic matter. Combining pyrolysis,thermochemolysisand SEM revealed that the insoluble
organic matter consisted almost completely of root remnants. It appeared to be highly
aliphatic, being composed of suberin and a 'suberan-like' polymer, whereas lignin and
polysaccharides were virtually absent. This suggested that the aliphatic biopolymers were
(highly) selectively preserved, nottransported byilluviation and thatroot organic matter isan
importantconstituent inBhorizons.

INTRODUCTION
Humin is defined as the organic residue after extraction of soils and sediments with 0.5M
NaOH or other basic solutions (e.g. Schnitzer and Kahn, 1972). It may consist of fresh or
slightly altered plant materials, clay-organic matter complexes, fungal melanins and highly
condensed humic matter. The latter is sometimes called the 'real humin' (Stevenson, 1994).
Becauseof lackofpropermethods toseparatetheseveral components, theconcepts aboutthe
origin of this material are equivocal: on one hand it is considered as the final product of the
humification process in the condensation theory, whereas on the other hand, in the
degradative biopolymer model,huministhestartingmaterial (Hatcherand Spiker, 1988).The
main chemical characteristics of the humin faction are less controversial: it has generally a
highly aliphaticcomposition (Beyer, 1996).
Large portions, 50-90%, of organic matter in podzol B horizons can be extracted with
NaOH (MokmaandBuurman, 1982),and thus constitute fulvic and humic acid fractions. Up
to 50% remains insoluble. 0.1 M of sodium pyrophosphate (NajPaO?) is considered to be
more effective in extracting organic matter from podzols. In general, no humin fractions are
obtained, using asample:solution ratio of 1:100 (w:w) (Mokma and Buurman, 1982).This is
due to the ability of Na^Oz to complex with Fe and Al, leaving the organic matter
previously associated withthesemetals assolubleremnants.
In a study about the nature and origin of organic matter in a vegetation sequence, it
appeared that the organic matter in incipient podzol Bhorizons was predominantly aliphatic.
Furthermore, we found that about 17-37% of the organic matter was not soluble in NaOH.
FTIR and DRIFT spectroscopic data of these 'humin' fractions revealed that considerable
amounts of clay was present in those fractions (Buurman et al., unpublished results). The
organic matter in the humin fraction proved to be highly aliphatic. Also Theng et al. (1986)
and Schulten etal.(1996)found thatorganicmatterassociated withclayinpodzol Bhorizons
was predominantly aliphatic. So, clay-organic matter complexes may be present in the
insoluble fractions oftheincipientBhorizons.
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To determine the origin of the organic matter, the humin fractions were subjected to
further fractionation todistinguish between organic mattercomplexed with metals, associated
with clay, or present as plant residues. Extracts and residues were analyzed bypyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS) inthe absence orpresence of TMAH, while
theywerealsostudiedbySEM.

MATERIALS ANDMETHODS
Profiles
The B horizons were sampled from sites at the Leuvenum Forest. This is a drift sand area,
which is nowadays largely covered by aforest. Samples 1,2and 3were collected from sites
inthe same Scots pine (Pinussylvestris L.) stand, that differed inundergrowth: Deschampsia
flexuosa (L.)Trin., VacciniummyrtillusL.andEmpetrum nigrum L.,respectively. Underpine
and Deschampsia, weakly developed podzols occur, whereas under the Ericaceae,
podzolization ismorepronounced (Emmer, 1994).Whendeciduous trees are introduced, they
eventually tease away the pines and undergrowth. Sample 4 is under beech (Fagus sylvatica
L.) with pines in the surroundings, and sample 5 is from a site with only beech. Both beech
sites have a more developed podzol profile than in sites 1-3. All B horizons had only a few
(living)roots.
Fractionation
Before use, the soil samples were air-dried and sieved (2 mm) to remove roots. Next, they
were fractionated according to the scheme shown in Figure 1. About 100 g of soil was
extracted with 1 Lof 0.5M NaOH for 24h.under nitrogen.After centrifugation, the solution
was decanted and the residue was shaken again with 0.5 M NaOH for 24 h. under nitrogen.
The residue after centrifugation and decantation (residue 1)was acidified with HC1,washed
several times until pHwas neutral,and freeze-dried. Carbon contents weredetermined bydry
combustion usinganInterscience Elemental AnalyzerEA1108.
Aliquots of the humins were subjected to extraction with 0.1 M of sodium pyrophosphate
(Na4P207),(C:solvent ratio 1:50 (w:w)).After 15minutesofultrasonictreatment, the samples
were shaken for 24 h. After centrifugation, both solution (extract 2) and precipitate (residue
2)wereacidified with HC1,dialysed,and freeze-dried.
To destroy clay, aliquots of residue 2weretreated for 24 h. with HF/HC1(3:1 v/v). After
centrifugation, the solid phase was extracted by 0.5 M NaOH for 24 h. Centrifugation,
acidification of the solution, and freeze-drying, yielded residue 3a. Similar procedures were
carried out on aliquots of residue 2 using refluxing HF/HC1, followed by NaOH extraction,
giving extract 3b and residue 3b,and refluxing in 0.5 M NaOH, resulting into extract 3cand
residue 3c.These 'hot' stepswerealsodoneafter ball-milling aliquots ofresidue2.
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residue 1
(humin)

1.HF/HCI(cold)
2. NaOH

1.HF/HCI(refl.)
2. NaOH

NaOH(red.)

Figure 1.Fractionation scheme of organic matter inBhorizons.

Pyrolysis-GC/MSandthermochemolysis
Pyrolysis was carried out on a Horizon Intruments Curie-Point pyrolyser. Samples were
heated for 5sat610°C.Thepyrolysis unit wasconnected toaCEgaschromatograph andthe
products were separated by a fused silica column (Chrompack, 25 m, 0.25 mm i.d.) coated
with CP-Sil 5 (film thickness 0.40 |j.m). Helium was used as carrier gas. The initial oven
temperature was40°C.After pyrolysis,theovenwasheated atarateof7°C/min to320°Cand
held for 20 min. The end of the GC column was coupled to a Fisons MD 800 mass
spectrometer (mass range m/z 45-650, cycle time 1 s). Pyrolysis-methylation
(thermochemolysis) was performed by adding one or two drops of a solution of
tetramethylammonium hydroxide (TMAH) in water (25%) onto the sample, dried for 1-2
minutes, and immediately followed by pyrolysis, using the same GC program as with
conventional pyrolysis (J.W.deLeeuw,pers.com.).
SEM
Scanning Electron Microscope (SEM) analyses were performed with a Philips 535 SEM at
IPO-DLOWageningen.
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RESULTS
Fractionation
Between 17 and 37% of the total organic matter present in the B horizons appears to be
insoluble in 0.5 M NaOH (see Table 1). Further extraction of these humin fractions by
Na4P2C>7 removes another 1-2% (samples 1-3) or 3-4% (samples 4 and 5) of the total C
originallypresent.
Virtually no yields are obtained when treating residue 2 with HF/HC1 to destroy the
mineral matrix to set free the clay-bound organic matter. From this it can be concluded that
the amounts of organic matter bound to clay is negligible. The final residue 3a is therefore
similartoresidue2andwillnotbediscussed further.
When residue 2isboiled inHF/HC1 for 1 hour,theorganic matter doesnot dissolve atall,
and after adding NaOH the solution remains colourless: thus no significant amounts are
soluble.Alsowhen residue 2isrefluxed in0.5MNaOHfor 1 hour, the organic matter isstill
in the residue. However, the organic matter in ball-milled aliquots of residue 2 almost
completely dissolves in0.5MofNaOH.
Table 1. Carbon contents (mass fractions of air-dried soil) and distribution of extractable and residual C (mass
fraction of total C) inB horizons ofprofiles 1-5.

C
%

NaOH
extract 1
%

residue 1
%

Na4P 2 0 7
extract 2
%

residue 2
%

0.27
0.40
0.41
0.44
0.80

79
64
63
83
68

21
36
37
17
32

1
2
2
3
4

20
34
35
14
28

Profile no

1
2
3
4
5

Humins (residue 1)
Figure 2 shows the pyrolysis-GC traces of thehumin fractions of samples 1and 5. Pyrolysis
results of the humin fractions of samples 2 and 3 are similar to that of sample 1. Dominant
signals inthepyrolysateof sample 1,2and 3can beattributed topolysaccharides (peaks 1,2,
4, 6,8, 10, 13and 16),benzene derivatives (peaks 3,5 and 7),phenols (peaks 9, 11and 14),
methoxyphenols (peaks 12 and 15) and aliphatic compounds such as fatty acids and
alkene/alkane pairs (consult Table 2 for the identified peaks). The latter are supposed to be
pyrolysis products derived from highly aliphatic biopolymers, such ascutan and suberan (Nip
etal, 1986a,b;Tegelaar etal.,1995;Augrisetal.,1998).
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Very abundant pyrolysis products in the humin fraction of sample 5 are C22 and C24
alcohols, derived from suberin of beech (Holloway, 1983; Matzke and Riederer, 1991;
Tegelaar etal., 1995).These alcohols are also identified in the Py-GC trace of sample 4,but
in lower amounts.Benzene and phenol derivatives (peaks 3,5, 7, 9, 11) and alkenes/alkanes
areencountered aswell intheinsolubleorganicmatterof samples4and5.

Sample 1

T

„

C22

CD

IT
C 2 ! OH

Sample 5
CaOH

C, 6 FA

Retentiontime
Figure 2. Pyrolysis-GC traces of humin fractions (residue 1) of samples 1 and 5. Numbers and symbols
correspond tocompounds listed inTable2.

NCI4P2O7extracts (extract2)andresidues2
Fattyacidsareenriched intheNaJ^O? solublefractions (extracts 2)compared totheresidues
2obtained from samples 1,2and3(seeFigure3for sample1).
Similarly, samples 4 and 5(Figure 4for sample 5)have arelatively high concentration of
fatty acids in their NaJ^Orextracts. In addition, higher amounts of polysaccharide-derived
pyrolysis products have been found in pyrolysates of extract 2 than in those of residue 2.
Apart from the C22 and C24 alkenes and the corresponding alcohols, the pyrolysate of the
residue 2 contains phenols, especially 4-vinylphenol and 4-vinylguaiacol, levoglucosan and
alkene/alkane pairs. Both vinylic compounds are most probably pyrolysis products from
esterified /7-coumaric acid and ferulic acid (de Leeuw and Baas, 1993), linked to e.g.
polysaccharides, lignin and suberin (Kolattukudy, 1980; de Leeuw and Largeau, 1993). The
alcohols (C22andC24)areimportant inextract2,andevenmoresoinresidue 2.Thepresence
of relatively highpeaks of C22 andC24 alkenes, indicative for esters ofthe corresponding
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Table 2.Major identified pyrolysisproducts.

No. Compound
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
T
•
•

M

Furan
Aceticacid
Toluene
(2H)-Furan-3-one
Dimethylbenzene
2-Furaldehyde
Styrene
5-Methyl-2-furaldehyde
Phenol
4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one
Methylphenol
Guaiacol
Levoglucosenone
4-Vinylphenol
4-Vinylguaiacol
Levoglucosan
n-Alkene/n-alkanedoublet
Fattyacid
Alcohol

68
60
92
84
106
96
104
110
94
114
108
124
126
120
150
162

Extract2

5

B

8

Residue 2

8

13
9+10

12
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Figure 3.Pyrolysis-GCtraces ofNa4P207-soluble(extract 2)and insoluble (residue 2)fractions of sample 1.
Numbers and symbols correspond tocomDOundslisted inTable 2.
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Figure 4. Pyrolysis-GC traces of N^PiC^-soluble (extract 2) and insoluble (residue 2) fractions of sample 5.
Numbers and symbols correspond tocompounds listed inTable2.
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Figure 5. Thermochemolysis-GC traces of residue 2of samples 1 and 5.For symbol legend, seeTable 3.
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alcohols inthepyrolysates of both theextract astheresidue,suggests that three days of basic
treatment (twice with NaOH and once with Na^Oz) hydrolyses the ester bonds far from
completely.
Thermochemolysis
Pyrolysis with insitu methylation using tetramethylammonium hydroxide (TMAH) has been
recently proven to be complementary to conventional pyrolysis in the analysis of polymers
(Challinor, 1989), cutin (de Leeuw and Baas, 1993),lignin (Clifford etal, 1995;Hatcher et
al, 1995;McKinney etal., 1995),cutan (McKinney etal., 1996),humic substances (del Rio
etal., 1994, Hatcher and Clifford, 1994) and peat (van der Heijden, 1994). Relatively polar
pyrolysis products are poorly chromatographable as such, but can be separated well by GC
after methylation inthepresence ofTMAH asmethyl esters and/or methyl ethers methylated.
Because the reactions are chemolytic rather than pyrolytic (de Leeuw and Baas, 1993), the
procedure is more often referred to as thermochemolysis (McKinney etal., 1995; Clifford et
al, 1995).
All thermochemolysis-GC traces of the residues 2, after NaOH and Na4P207 extractions,
are dominated by methyl esters and/or ethers of fatty acids (C12-C28),tt)-hydroxyfatty acids
(C12-C24)and GjfiO-alkanedioic acids(C16-C24).Sample4,and inparticular sample 5(Figure5
and Table 3), have abundant signals of methyl ethers and/or esters of 1-alcohols (C22 and
C24), 9,16- and 10,16-dihydroxyhexadecanoic acid and 9,10,18-trihydroxyoctadecanoic acid.
Alsotheft)-hydroxyfatty acidsanda,tw-alkanedioicacidsaremoreimportant intheGCtraces
of samples 4 and 5than in those of samples 1-3. Only small traces of other compounds are
present, confirming the results of conventional pyrolysis that the residues are predominantly
aliphatic. All aliphatic compounds mentioned above can be related to the biopolyester
suberin, present in the periderms that cover secondary stems, wounds and secondary roots
(Kolattukudy, 1980;Matzke andRiederer, 1991;Riederer etal, 1993;Tegelaar etal, 1995),
with the 1-alcohols (C22and C24)in samples 4 and 5 as marker of beech suberin in the soil.
Although data about thechemical composition of suberin inroots are lacking,the ratio of the
C22to C24alcohol of about 2 resembles that of values measured in suberin from beech bark
(Holloway, 1983).
Furthermore, the relatively high abundance of 22-hydroxydocosanoic acid,
hexadecanedioic acid and 9,10,18-trihydroxyoctadecanoic acid refers to suberin derived from
beech (Holloway, 1983;Matzke and Riederer, 1991).The relatively high contributions in the
pyrolysates ofmethylated versionsofp-coumaricandferulic acidinrelation toother aromatic
compounds suggestthattheseacidsarederivedfrom, oresterified with suberin.
Fatty acids with chain lengths < C20are uncommon constituents of suberin (Kolattukudy,
1980; Holloway, 1983). Therefore, they will have originated from other compounds, most
probably from triglycerides or waxes. The alkene/alkane patterns observed in the Py-GC
traces of all residues are not encountered after thermochemolysis. This resembles the
pyrolytic and thermochemolytic behaviour asencountered for the aliphatic biopolymer cutan
from thecuticle ofAgaveamericana. Itgaveahomologous series of alkadiene/alkene/alkane
triplets upon pyrolysis,whereas, amongothers aseries of fatty acid methyl esters (FAMEs) is
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obtained after thermochemolysis (McKinney etal., 1996).Thus, the FAMEs obtained in the
residues can to some extent also be derived from an aliphatic polymer similar to cutan or
suberan.
In addition to the FAMEs, McKinney et al. (1996) identified also a number of aromatic
compounds, mainly 1,3,5-trimethoxybenzene derivatives and, in lower amounts, 1,2,3trimethoxybenzene derivatives anddimethoxybenzoic acidmethyl esters.Wedid not observe
1,3,5-trimethoxybenzenes,whereas 1,2,3- and 1,2,4-trimethoxybenzeneswereclearlypresent.
It cannot be excluded that these trimethoxybenzenes are indeed derived from a suberan-like
aliphatic biopolymer with building blocks similar to those of cutan from Agaveamericana,
butstructurally different.
Table 3.Major identified thermochemolysis products.

No. Compound
a
b
c
d
e
f
g
•
•
©
•

1,2,3-Trimethoxybenzene
1,2,4-Trimethoxybenzene
3,4-Dimethoxybenzoic acid,methylester
3-(4-Methoxyphenyl)-2-propenoic acid,methylester
3-(3,4-Dimethoxyphenyl)-2-propenoic acid,methylester
9,16and 10,16-Dimethoxyhexadecanoicacid,methylester
9,10,18-Trimethoxyoctadecanoicacid,methylester
Fatty acid,methylester (FAME)
<w-Methoxyfatty acid,methylester
a,oAlkanedioicacid,dimethylester
1-Methoxyalkane

M
168
168
196
192
222
330
388

ScanningElectronMicroscope (SEM)
SEM (not shown) was applied to assess whether the observed chemical data obtained with
pyrolysis and thermochemolysis derive from recognizable plant remnants orfrom completely
humified, i.e.unrecognizable amorphous material.
In the humin fractions, intact and partly altered plant fragments are recognized by SEM.
Some of the fragments can be identified as parts from roots, but all fragments consisted
predominantly of cell walls without inner cell material. N a ^ C ^ extractable organic matter
(extracts 2) does not contain such remnants, but forms fibrous and flagged structures, most
likely caused by freeze-drying. As thehumin fractions, the residues 2contain predominantly
plant structures, albeit moredegraded than inthehumin fractions. Apparently extraction with
Na4P2C>7 removesparts of (degraded)planttissue.
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DISCUSSION AND CONCLUSIONS
Pyrolysis, thermochemolysis and SEM results all point to a predominantly root origin of the
insoluble organicmatter. Emmer (1995b)determined therelative root densities of the species
present at sites 1-3.Except for Empetrum, all species haveroots in the mineral horizons.The
similarity of thehumin fractions, theextracts 2and theresidues 2of theorganic matter inthe
B horizons of theprofiles 1,2 and 3strongly suggests that the (root) input is independent of
the understorey vegetation. In profiles 4 and 5, later stages in the vegetation sequence, the
influence of beech as indicated by the C22 and C24 alcohols is clearly present in the B
horizons. The relative increase of mono, di and trihydroxy fatty acids and a, ft)-alkanedioic
acids inthepyrolysates of thetwo samples under beech points to an increasing concentration
of suberin in the Bhorizon. According to SEM, theorganic part of the residues is composed
of intact or partly altered cell walls. About half a century ago, Kononova (1943, cited by
Kononova, 1961)established the rapid degradation of medullary rays,cambium, phloem and
parenchyma of theprimary cortex in humified lucerne roots, leaving theperiderm and xylem
vessels unaffected. As determined bypyrolysis,polysaccharides and lignin arehardly present
in the residues 2, suggesting that xylem is almost completely decomposed. This means that
the periderm layer (suberin and a suberan-like polymer) of the cell wall are selectively
preserved, giving rise to the predominant aliphatic character of the organic matter in the B
horizons,andintheinsoluble fractions inparticular.
Considering the vegetation sequence and history of the Leuvenum Forest, pine trees and
other species have abundant fine roots in the Ah horizon during the first succession stages.
Withtime,theectorganic layerdevelops andbecomes themain rootingcompartment. Theold
and dead roots originally present in the Ah horizon remain in the newly formed E and B
horizons. Upon decay, microbial readily decomposable compounds, such as polysaccharides
and lignin, decompose, while theless accessible aliphatics selectively preserve. Under beech,
not only roots from previous species contribute to the organic matter in the B horizons, but
also roots from the current trees. This is clearly manifested in samples 4 and 5, where the
presence of typical beech root components, such as the already mentioned C22 and C24
alcohols, isestablished. Site 5has older beechtrees than site4, but with the same amount of
living roots. Hence, the relatively higher concentration of e.g. the C22 and C24alcohols in
sample5ismost likelyderivedfrom agreateraccumulation ofdeadbeechroots.
In principle it could be possible that part of suberin in the B horizons is derived of
illuviation of water soluble organic matter. However, the solubility of suberin in water is
negligible (Kogel-Knabner et a/., 1989), which is also shown in Chapter 6 for the WSOM
fractions of the investigated profiles here. In very old podzols (e.g. millions years old) the
possiblecontribution of suberin inBhorizonsduetoilluviation maybesignificant, but within
thetime span of twocenturies inthe soilsof theLeuvenum Forest illuviation of suberin may
beneglected.
Assuming that NaOH does not dissolve Al- and Fe-organic matter complexes, increasing
amounts of NaJ^Cb extractable C in the sequence from sample 1to sample 5, suggest that
effects of podzolization also increase in that direction. Nevertheless, metal-organic matter
complexes seem to be of minor importance in these incipient podzols. Na4P2(>7 soluble
fractions also contain aliphatic compounds. As seen with SEM, the residues after Na4P207
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extraction exhibitmoredegraded plantremnants,whereaspyrolysis suggeststhatthe alcohols
aretosomeextentpresent asestersinthesefractions. Thisprobably meansthat, inaddition to
metal-organic matter complexes, some polymerized parts are solubilized in 0.1 M of
Na4P207.
Cold treatment with HF/HC1,followed by NaOH extraction of residue 2 does not induce
much effect in dissolving organic matter. This most likely means that little of the organic
matter was bound to clay. Neither hot treatment with HF/HC1 followed by extraction with
NaOH gives a soluble fraction, nor hot NaOH only. However, when prior to treatment with
hotNaOHresidues2areball-milled, thebulkoftheorganicmatterbecomes soluble.Thiscan
beexplained by anincreasing surface areaoftheplant fragments intheresidues 2,sothatthe
base-catalyzed hydrolysis ofesterbondsofthesuberinpolymerstakesmuchfaster place.
In conclusion, in incipient podzol B horizons, the organic matter appears to be highly
aliphatic, particularly the more recalcitrant, insoluble fractions. These fractions mainly
contain outer ceil wall remnants without inner cell wall material. Pyrolysis and
thermochemolysis confirm this, showing that this material is practically devoid of lignin and
polysaccharides, and mostly consisted of aliphatics, which can be related to a suberan-like
polymer andthebiopolyester suberin,presentintheperidermlayerofthecell wall.Periderms
have a protective function in living plant roots - and apparently this function still exists -,
whileotherplantcomponents containingbiopolymers,such aspolysaccharides and lignin,are
virtually absent. Hence, these root remnants seem to be a more important source of carbon
sink intheincipientBhorizonsthan theilluvialorganicmattercausedbypodzolization.
Acknowledgements - Part of this work was supported by the Netherlands Geosciences
Foundation (GOA) with financial aid from the Netherlands Organization for Scientific
Research (NWO).WethankA.Clerkx (IPO-DLO)for performing theSEManalysis.
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ABSTRACT
The aliphatic organic matter fraction in a forest soil in the Leuvenum Forest (central
Netherlands) was examined by pyrolysis-GC/MS and thermochemolysis. In addition, roots
were analyzed for their aliphatic composition. Pyrolysis of soil organic matter and the roots
revealed an alkene and alkane pattern, usually attributed to cutan or suberan, whereas
thermochemolysis elucidated the presence of suberin. The origin of the soil organic matter
couldbelargelyascribedtorootinput.

INTRODUCTION
Soil organic matter (SOM) is composed of a mixture of residues of plant, microbial and/or
animal origin. Mineralization and humification change the composition in general as well as
at the molecular level. Originally, research focused on extractable organic matter, i.e. the
fulvic and humic acid fractions. Based on these earlier studies the structure of humic
substances (often defined asorganic matter minus recognizable plant-derived molecules) was
considered to be composed of an aromatic core formed through random condensation
reactions of (poly)phenols and quinones, both mainly derived from lignin, together with Ncontaining compounds (Stevenson, 1994). The application of solid state ' C NMR on total
soil samples has changed the view on organic matter formation drastically. These data
indicate that aliphatic moieties accumulate when decomposition proceeds, whereas the
contents of aromatic compounds increases, decreases or remains unchanged. (For a review,
seeBaldock etal, 1997).Threemain sourcesof aliphaticcompoundsderivedfrom plantscan
bedistinguished: (i)(extractable) lipids,(ii)thebiopolyesters cutin and suberin, and(Hi) nonhydrolyzable biopolymers, such as cutan and suberan (Tegelaar et al, 1989). The latter
biomolecules are suggested to be responsible for the relative enrichment of aliphatic
compounds in soil (Tegelaar et al, 1989, Augris et al, 1998), because both lipids and
biopolyesters are considered to have a low preservation potential compared to cutan and
suberan (de Leeuw and Largeau, 1993).Thecontribution of cutan, suberan or other resistant
aliphatic macromolecules in soils is based on the presence of alkene/alkane doublets in
pyrolysates (Tegelaar et al, 1989; Kogel-Knabner et al, 1992a, b; van Bergen et al, 1997;
Augrisetal, 1998).
Inthepresent study, sandy soilsfrom theLeuvenumForest area(central Netherlands) have
been examined with respect to their aliphatic composition. These nutrient-poor soils have a
pH of about 3.8, which implies that biological homogenization is virtually absent and is
furthermore reflected in well-defined profiles with thick, dark litter layers that have a sharp
transition tothegray/white mineral layers (Emmer, 1995a).Duetothelowmixing,rootsmay
bethemost important input of organic matter inthesemineral horizons.Initial 13CNMR data
have revealed that the organic matter is dominated by alkyl carbon, whereas O-alkyl carbon
and aromaticcarbon arelessabundant (Chapter6).
The objectives of the present study are to elucidate the chemical composition of the
aliphatic fraction of soil organic matter, andto what extent material from roots contributes to
the organic matter in the soil. Pyrolysis-gas chromatography/mass spectrometry and
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thermochemolysis (pyrolysis in the presence of TMAH) are applied to analyse soil samples
and(fresh) roots.

MATERIALS ANDMETHODS
The soil samples were taken from a Cambic Arenosol (FAO-Unesco, 1988), with incipient
podzolization,from theLeuvenumForest (central Netherlands).TheareaiscoveredbyFagus
sylvaticaL. (beech), which succeeded Pinus sylvestrisL. (Scots pine) (Fanta, 1986; Prach,
1989). The soil profiles consist of an ectorganic layer (10-12 cm thick) overlying a
white/grayish EAh horizon (8cm, 0.7% C) and a brown/yellow Bhorizon (12 cm, 0.8%C).
The B horizons were used for this study. The soil samples were freed from (the few) living
roots by hand-picking, subsequently dried at 50°C, and sieved (2 mm; 10times) to remove
litter material. For analyses, the samples were shaken in 0.5 M NaOH (1:1, w/w) for 5
minutes and allowed to stand for 1minute. While gently shaking, the solution containing
dissolved and particulate organic matter was decanted. The residual sand was washed with
distilled water and this was decanted (5 times). All 'solutions', including all insoluble
material, were combined, acidified to pH 2 with a solution of 0.1M HC1and 0.3 M HFand
shaken for 24 hours and finally dialysed and freeze-dried. Roots (< 1mm) (from Calluna
vulgaris(L.) Hull, Pinus sylvestrisL., Deschampsiaflexuosa (L.) Trin. and Fagus sylvatica
L.)weretaken from thesoil atdifferent locations intheLeuvenum Forest and theHulshorster
Sand, dried and ground (ball-mill).Prior topyrolysis,roots wereextracted with MeOH/DCM
(1:1)for 24hours inaSoxhlet apparatus.
Samples were pyrolyzed at 610°C on a Horizon Instruments Curie-Point pyrolyser
connected to a CE gas chromatograph. The products were separated on a fused silica column
(Chrompack, 25 m, 0.25 mm i.d.) coated with CP-Sil 5 (film thickness 0.40 |0.m). After
pyrolysis, the GC was heated from 40°C at arate of 7cC/min to 320°C and maintained at that
temperature for 20 min. The end of the GC column was coupled to a Fisons MD 800 mass
spectrometer (massrangem/z45-650,ionization energy70eV,cycletime 1 s).Pyrolysis inthe
presence oftetramethylammonium hydroxide (TMAH)wasperformed byadding adroplet ofa
25% solution of TMAH in water to the sample, after which the sample was dried, and
immediatelypyrolyzed.

RESULTS ANDDISCUSSION
The Py-GC trace of the soil sample is shown in Figure 1.The most abundant non-aliphatic
pyrolysis products are toluene, 2-furaldehyde, 5-methyl-2-furaldehyde, phenol, 2-, 3- and 4methylphenols, 2-methoxyphenol, levoglucosan (LG) and diketodipyrrole (DKDP). They
indicate thepresence ofpolysaccharides (e.g.Saiz-Jimenez and deLeeuw, 1986a;vanBergen
etal., 1997),proteins/peptides (van Bergen etah, 1998),tannins (Galletti and Reeves, 1992)
and (verylittle)lignin (e.g.Saiz-Jimenez anddeLeeuw, 1986a,b;vanBergen etal.,1997).
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Figure 1. Py-GC trace of soil sample (under beech).Legend: LG= levoglucosan; DKDP: diketodipyrrole; T : nalk-1-ene; X: n-alkane; • : fatty acid; • : 1-alcohol.

The aliphatic fraction of the pyrolysate consists of a homologous series of alkenes and
alkanes ranging from Cn to C29,and two long-chain alcohols (C22and C24).The relatively
high signals of the C22 and C24 alkenes are thought to be pyrolysis products from the
corresponding esterified alcohols (van Smeerdijk andBoon, 1987).Thepyrolysate resembles
that of soils from Broadbalk Wilderness, Rothamsted (van Bergen et al, 1997). The main
differences were the relatively high abundance of nitrogen-containing compounds, and the
absence of relatively high peaks of C22and C24alkenes and the C22and C24alcohols in the
Py-GCtraces oftheRothamsted soils.
The alkenes and alkanes are commonly attributed to be derived from insoluble, nonhydrolyzable aliphatic polymers, such as cutan (Nip et al, 1986; Tegelaar et al, 1993) and
suberan (Tegelaar etal, 1995).However, until now,these polymers have onlybeen observed
in above-ground plant tissues, such ascuticles andbarks (deLeeuw and Largeau, 1993).It is
therefore somewhat surprising to observe these compounds in the soil, because input of
above-ground litterisnegligible atthissiteduetotheabsenceofbiological mixing.
To find out whether roots contained macromolecules, which released a similar
alkene/alkane distribution, fine roots from the main vegetation (C. vulgaris,P. sylvestris, D.
flexuosa and F. sylvatica) in the Leuvenum Forest were pyrolyzed after extraction with
MeOH/DCM. This results, in all cases, in the presence of the alkene/alkane doublets in the
pyrolysates of the roots.Their relative abundance is highest in roots of Calluna, followed by
pineandDeschampsia. Forbeechroots,thealkenes andalkanesarehardlyvisibleduetovery
intensiveC22 andC24 alkenepeaks.
In Figure 2, the mass chromatogram, m/z 83 + 85, clearly reveals the alkene/alkane
doublets in the pyrolysate of Calluna roots. The alkene/alkane (C10 - C31) pattern is
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dominated by the C22 and C24alkenes, whereas C22 and C24alcohols are also prominently
present.

C22 alkene

C22OH

C24 alkene
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u
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Figure 2. Summed mass chromatogram (m/z 83 + 85) of pyrolysate of Callunaroot. Legend: • : n-alk-1-ene;
K: n-alkane; • : fatty acid; • : 1-alcohol;Cnindicates chain lenght of identified compound.

The homologous series of alkenes and alkanes indicate that acutan or suberan-like polymer
may be present in the roots. Van Smeerdijk and Boon (1987) postulated that an aliphatic
biopolymer, which gave alkenes/alkanes upon pyrolysis, was present in the cell walls of the
endodermis and exodermis of the cortex of fossilized Ericaceae rootlets. The C22 and C24
alcohols and their pyrolysis products C22 and C24 alkenes in the pyrolysates of the soil
samples, Callunaroots and Fagus roots suggest the presence of the polyester suberin (van
Smeerdijk andBoon, 1987;Holloway, 1983;MatzkeandRiederer, 1991).
Recently, pyrolysis in the presence of TMAH (actually thermochemolysis) has been
successfully usedtostudythepolyester cutin(deLeeuw andBaas, 1993).Here, soil androots
were subjected to the same procedure to determine the significance of the biopolyester
suberin in SOM.Figures 3and4 show theTICof the thermochemolysis of Fagusroots,and
ofthesoil sample,respectively.
Both consist primarily of two sets of compounds: the first part of the chromatograms is
dominated by methylated phenols (methoxybenzenes) and 2-methoxyphenols (1,2dimethoxybenzenes), which are mainly lignin-derived products (Clifford etal.,1995).The
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lignin-derived products
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Figure 3. TIC of thermochemolysis products of beech root. Legend: • : fatty acid, methyl ester; O: ft)-methoxy
fatty acid, methyl ester + : a,a>-alkanedioicacid, dimethylester; • : 1-methoxyalkane;C„indicates chain length of
identified compound.
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Figure 4. TIC of thermochemolysis products of soil sample. Legend: • : fatty acid, methyl ester;d: &>-methoxy
fatty acid, methyl ester +: a,o-alkanedioic acid, dimethylester; • : 1-methoxyalkane; Cnindicates chain length of
identified compound.
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second part reveals methyl esters and/or methyl ethers of fatty acids (C16-C30), (W-hydroxy
fatty acids (C16-C26), a,co-alkanedioic acids (C16-C24), alcohols (C22 and C24), 9,16- and
10,16-dihydroxyhexadecanoic acid and 9,10,18-trihydroxyoctadecanoic acid. These
compounds are well-known constituents of suberin (Kolattukudy, 1980; Holloway, 1983;
Matzke and Riederer, 1991), and thus these results provide unequivocal evidence for the
contribution ofrootorganicmaterial toSOM.
The distribution of the compounds differs between Fagusroots and the soil sample. This
may be due to the fact that Fagusis not the only vegetation contributing organic matter into
themineral soil,but sohaspine,and maybeothers too.Secondly, selective decomposition of
some monomers compared to other building blocks may have taken place, the relative
decrease of e.g. the 1-alcohols and Cis:i fatty acid compared to 9,10,18trihydroxyoctadecanoic acid may be explained in that sense. The mono functionalized
hydrocarbons are at terminal positions of the polymer, and will therefore be depolymerized
upon natural decomposition infavour of thetrihydroxyfatty acid,which forms thecore ofthe
macromolecules.
These data clearly show that alkenes and alkanes are not restricted to pyrolysates of
cuticles and periderms of above-ground plant parts, but can also be derived from roots. In
addition, thermochemolysis reveal the building blocks of suberin in roots. Pyrolysis and
thermochemolysis data of the soil samples reveals unambiguous evidence for the presenceof
suberin and a suberan-like polymer, and clearly show the importance of root material to
SOM.
Acknowledgements - This work is supported by the Netherlands Geosciences Foundation
(GOA) with financial aid from theNetherlands Organization for Scientific Research (NWO).
Iwould like tothank Pirn F.van Bergen for his constructive comments on an earlier version
ofthe manuscript.
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Inthepreceding chapters,theorganic chemical composition of plant tissues (leaves,needles,
roots etc.),organic (L,F and H) and mineral horizons (Ah,E and Bh), water soluble,NaOH
soluble and insoluble fractions in different stages of the vegetation succession (see Figure 1
in Chapter 1) has been analyzed. In this chapter I want to put together and, where possible,
solvethepuzzlemadeupofthepiecesfrom theearlierchapters.

THEORGANICLAYERS INTHECOURSEOFTHESUCCESSION
In the first successional stages, when algae, grasses and mosses cover the sand, the input of
litter does not exceed decomposition of organic matter, and thus no organic horizons are
formed. Under heather or pine trees an ectorganic layer is developed. Heather primarily
succeeds the mosses, whereas pines mainly develop on the dryer, grassy sites. Under
Calluna, the influence of mosses is clearly present, in the ectorganic layer as well as in the
endorganic layer. Especially pronounced are the aliphatic macromolecules derived from
mosses (Chapter 2). Also the contributions of flowers, leaves and woody branches from the
Callunaitself are chemically evident. Similarly, the pine soils have primarily needle-derived
material in the L and F horizons. The young age of these early successional Calluna and
Pinus profiles is reflected by the low humification degree: polysaccharides dominate the
organicmattercomposition, with smallcontributions of lignin,tannins,cutin and suberin.
Later on in the vegetation sequence, in the pine forest, ectorganic layers of 10-15 cm
develop.With depth, from Lto Hhorizon, thetypical humification trends are observed with
NMR: contents of O-alkyl C decrease, aromatic C remains constant and alkyl C increases
relatively. Despite the dominant undergrowth of Deschampsiaand Empetrum in the older
pine forest, thebulk of the organic matter composition asdetermined by NMR and pyrolysis
seems hardly affected by the understorey. E.g. lignin-derived pyrolysis products are
dominated by guaiacols, and products derived from angiosperms are hardly present,
suggesting that soil organic matter is predominantly pine-derived. Thermochemolysis,
however, reveals some influence of the undergrowth by the presence of cutin and suberin
building blocks from grasses and dwarf shrubs. The impact of their roots is especially
pronounced intheFl andF2horizons (Chapter5).
In the beech forest, NMR reveals the same trend as in the pine forest: with increasing
depth alkyl C increases relatively to aromatic C and O-alkyl C. The L and F horizons are
dominated bybeech leaves andthebulkorganic mattercomposition isdominated bybeech as
well (Chapter 5). The deeper H horizons however, appear to be mainly derived from pine
litter (Chapter 4); the difference between the young and old beech forest is mainly reflected
by the presence of suberin derived from beech roots. Although no clear differences are
observed inroot density between theyoung andold sites,thecontribution of beech suberin is
much higher intheolderstands (Chapter4).
All L horizons are, of course, mainly composed of fresh plant material and consist of
polysaccharides, and smaller amountsof lignin,tannins,cutinsetc.With depth,towardstheH
horizons, the polysaccharide contribution decreases, aromatic compounds remain constant,
and aliphatic compounds such as, cutin, suberin, cutan and suberan become the dominant
fraction (Chapters4and5).
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THEMINERAL LAYERSINTHECOURSEOFTHESUCCESSION
The organic matter in the mineral soil has three possible sources: i) below-ground litter
(roots),ii)above-ground litterthathasbeen mixed in,and Hi) illuviated watersoluble organic
matter.Becausebiological activity isverylow,mixingisprobablynegligible.
Inthe first stage,when the algaeestablish themselves inthe sand, the little organic matter
in the soil is, no wonder, completely determined by these algae. The organic matter in the
mineral soil consists primarily of polysaccharides and some phenolic and aliphatic
compounds. In the next stage, when grasses appear, the algae still have the greatest
contribution to the organic matter, although a clear influence of mosses is also present
(Chapter 2). Polysaccharides still dominate the soil organic matter, lignin is hardly present,
and the aliphatics are mainly derived from mosses. Under mosses, the organic matter is
almostexclusively derivedfrom thecoveringvegetation.
The negligible biological mixing is reflected by the fact that the organic layer is directly
related to above-ground plant tissues, while, the organic matter in the Ah horizon is mainly
derived from root material. Similarly, this is valid for the young pine stands, where organic
matter derived from pineroots dominates theAhhorizon. In addition, aliphatics from mosses
of aprevious successional stage contribute to the Ah under both Callunaand pine. Because
roots are abundant in the mineral layers, the supply of fresh organic matter is high, and the
organic matter has a relatively low humification degree: polysaccharides are the most
important fraction, whereas lignin and aliphatics arepresent inrelatively small amounts.The
humification degree is higher in the Ah than in the ectorganic horizons, e.g. lignin is more
oxidized (Chapter2).
Inthe incipient podzols,theEandBhorizons under both thepine and beech forest appear
to be richer in aliphatics than the ectorganic layers. The similarity in organic matter
composition of E and B horizons is observed with NMR, pyrolysis and thermochemolysis
(not shown in this thesis).Both appear tobe strongly aliphatic,partly by acutan or suberanlike macromolecule and partly by suberin (Chapters 7 and 8), whereas polysaccharides and
lignin arehardlypresent.
ORIGIN,OCCURRENCEANDFATEOFPOLYSACCHARIDES
Polysaccharides form the main fraction (60-70%) of initial plant litter. They form the most
common food source of microbes, and are easily decomposable. Hence their relative
contribution to soil organic matter decreases as decomposition c.q. humification proceeds.
Microbial carbohydrates are present in small amounts but their relative concentration in the
total sugar pool increases upon humification. Thus the concentration of microbial sugars
provides an indication of the humification degree of the organic matter. Although all
monosaccharides arepresent inplants aswell asinmicroorganisms, several indicators,based
on sugar monomers, have been proposed to determine the origin of polysaccharides in soil
samples. One isthe ratioof mannose +galactose to arabinose +xylose, another is the fucose
+ rhamnose to arabinose + xylose ratio. The higher these ratios, the higher the microbial
sugar contribution.
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Thecontent oftotal andplantsugarsdecreases inthedirectionfresh litter>L>F>H,due
tothepreferential decomposition ofthesecompounds.Thecomposition of polysaccharides in
the Hhorizons is similar inthe oldest pine and in the still older beech forest, implying asort
of steady statefor thishorizon duringthesestagesof development.TheAh,EandBhorizons
have higher relative concentrations of microbial sugars than the overlying organic layers,
whereas the (main) source material (leaves, needles, roots etc.) have comparable
compositions. This suggests that the carbohydrates have been more strongly transformed in
themineral layersthan intheorganichorizons.
ORIGIN,OCCURRENCE ANDFATEOFLIGNIN
Lignin is characteristic for vascular plants; it is absent in algae and mosses, but present in
grasses, shrubs and trees.Three different building blocks are available for the assemblage of
the macromolecule: coumaryl alcohol, coniferyl alcohol and synapyl alcohol. Gymnospermlignin hasvirtually onlyconiferyl alcohol as amonomer, (dicotyledonous) angiosperms have
proximately equal amounts of coniferyl and synapyl alcohol, and grasses have all three
building blocks. However, this is only true for above-ground tissues: roots of both
gymnosperms and angiosperms have onlyconiferyl alcohol intheir lignin (Chapter 5).Grass
roots and leaves appear to have a similar lignin composition. In a given soil (sample) the
distribution of the lignin monomers provides information about the origin of the organic
matter. However, degradation of lignin,e.g. demethoxylation, results intoatransformation of
dimethoxyphenols (syringols or synapyl alcohol) into monomethoxyphenols (guaiacols or
coniferyl alcohols).Hence, the lignin signature ischanged by such processes and may givea
biasedpictureoftheorigin oftheorganicmatterandoflignin inparticular.
As expected, no lignin is observed in the soil under the algae. Under the first grasses,
lignin is present, but only in small amounts. In the ectorganic layer of the Calluna profile a
clear angiosperm signature of thelignin-derived organic matter ispresent. Inthe Ah horizon,
hardly any syringyl components aredetected,becauseoftheminimal above-ground input and
thus mainly 'gymnosperm-like' root input. Under the initial sparse pines only the
characteristic gymnosperm lignin is present. In the pine forest withDeschampsia, Empetrum
and Vaccinium,the L and to some extent the Fl have very small amounts of angiosperm
lignin, but predominantly gymnosperm lignin, which is the only lignin-derived material
present in the underlying organic and mineral horizons. The L and F horizons under beech
haveclearcontributions of syringyl-lignin.
In the youngest profiles, under Calluna and pine,lignin isclearly oxidized with respect to
the fresh lignin in tissues. In the older profiles, in the pine and beech forest, signs of lignin
degradation increase with depth: oxidation, thus relative increase of carboxylic acid and
ketonic groups with respect to non-oxidized side-chains, and decreasing chain length of side
groups.
The lignin degradation pattern seems to be different for the ectorganic layer and for the
endorganic layer. In the early stages under Callunaand pine, the concentration of lignin is
lower intheendorganic than intheectorganic horizons (Chapter 2),accompanied by ahigher
degree of oxidation in the mineral layers. In the course of the succession, such differences
between organic and mineral layers increase remarkably. In the ectorganic layers of in the
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pine and beech forest lignin concentrations aremoreorless similar tothose inthefresh plant
materials, whereas in the E andBhorizons, lignin remnants are hardly present and only in a
very oxidized state (Chapter 5vs.Chapters 6,7and 8).This may suggest adifferent pathway
or process of lignin degradation. 'In' the soil, the rate of lignin humification seems to be
muchhigher than 'on' thesoil,assumingthattheageof organicmatter ismoreorless similar
inect-andendorganichorizons.
ORIGIN,OCCURRENCE ANDFATEOFALIPHATIC BIOPOLYMERS
In the early stages, biopolymers derived from mosses that give homologous series of nalkenes and n-alkanes together with aseries of branched alkenes and alkanes upon pyrolysis
(Chapter 2) contribute significantly to the aliphatic fraction. In later stages, moss-derived
aliphatics havedisappeared (atleastthebranched alkenes/alkanes arenot detectable anymore
in pyrolysates), but the series of n-alkenes and n-alkanes become more important during the
succession in organic as well as in mineral layers. It is not certain from which species the
cutan or suberan macromolecules are derived, but beech leaves and roots are an important
source,although alsootherplantsmayaddthesealiphaticpolymerstothesoil(Chapter8).
Another family of aliphatic biopolymers, cutin and suberin, plays a role in the selective
accumulation of aliphatic compounds upon decomposition. In the ectorganic layers this is a
combination ofcutin and suberin mainlyderivedfrom leaves,needles androotsfrom boththe
trees and the undergrowth, whereas inthe mineral soil this is mainly suberin from treeroots.
Inthesesoilscutin andsuberin actasbiochemical tracerfor theorganicmatterorigin.

PODZOLIZATION
In the course of the succession, the soil develops towards a micro-podzol. Pyrolysis and
NMR of organic matter from different horizons in podzols may help increase the knowledge
about the podzolization process, which is still a matter of debate. Current theories about the
organic matter accumulation propose that soluble material move from upper layers (e.g.
organic horizons) through the soil until it is precipitated by complexation with Al and Fe.
This suggests that functional groups such ascarboxyl and hydroxyl, capable to interact with
metals,wouldbeacharacteristic for theorganicmatter.
The water soluble organic matter (WSOM) from ectorganic layers, as source for the
podzol B organic matter, appears to have an important polysaccharide and lignin
composition, whereas aliphatic compounds are hardly present. The organic matter in the B
horizons,however, ishighly aliphatic,derivedfrom suberin andcutan/suberan-likepolymers.
Polysaccharides and lignin are very minor compounds. Thus, there is little resemblance
between WSOM and B horizon organic matter. However, in the pre-podzol stages the
WSOM appeared tohave animportant aliphatic contribution (Chapter 3).InChapter 2itwas
discovered that these aliphatic compounds aremainly derived of mosses. The distribution of
alkenes and alkanes, especially thepresence of branched alkenes and alkanes, in pyrolysates
did not resemble that of the B horizons. Thorough analysis of the B horizon organic matter
indicated that roots arethe main source of organic matter, and that little or noorganic matter
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was metal-or clay-bound (Chapter 7). However, thecomposition of the organic matter in the
fibers below the B horizons appeared to have a composition similar to that of the WSOM
(Chapter 6)! Apparently WSOM from the ectorganic horizon passes through the B horizons
and accumulates when the water stops moving, forming the organic fibers in these incipient
podzols. Hence, Bhorizon organic matter in the initial podzolization stages are root-derived
andnotformed byilluviation ofAl-andFecomplexedorganicmatter.

THEMAINOBSERVATIONS ANDCONCLUSIONS
canbesummarized asfollows:
Mosses haveacutan/suberan-likealiphaticmacromoleculethatproduces straight-and
(methyl)branched-chainalkeneandalkanedoubletsupon pyrolysis
Thesealiphaticpolymers appeartohavearemarkable 'solubility' inwater
H horizons under different vegetation in incipient podzols are mainly derived from
pinelitterandonlyrootsofcovering speciescontributetoorganicmatter
L and F horizons in thepine forest with different undergrowths have a gymnospermlignin composition, but the cutin and suberin composition relates directly to current
vegetation andtheirparts (needles,leaves,roots)
In all organic horizons the polysaccharide fraction decreases with depth, the lignin
and tannin concentration remain approximately constant, and the contribution of
aliphaticpolymers increases relatively
In the mineral layers, polysaccharides and aromatic compounds are both almost
completely disappeared resultingintoaveryhighcontentof aliphatics
Humification in terms of composition seems to follow different pathways in ect- and
endorganic layers:
intheectorganic horizon:polysaccharides <lignin andtannins <aliphatic polymers
and in the endorganic horizon: polysaccharides = lignin and tannins « aliphatic
polymers
Organicmatterinincipient podzolBhorizonsismainlyderivedfrom roots
Water soluble organic matter moves through the soil forming organic matter fibers
below theBhorizons
Origin of alkene/alkane pairs in pyrolysates is not restricted to above-ground plant
tissues,butmayalsobederivedfrom roots

144

References
Amalfitano, C , Quezada, R.A., Wilson, M.A. and Hanna, J.V. (1995) Chemical composition
of humic acids: a comparison with precursor 'light fraction' litter from different
vegetations using spectroscopic techniques. Soil Science, 159, 391-401.
Ambles, A., Jacquesy, R., Tejada, A., Jambu, P. and Fustec, E. (1983) Origin and dynamics
of lipids in a podzol soil. In: C. Novak (Editor), Transactions of 8th International
Symposium of Humus et Planta, volume I. Research Institute of Crop Production, Prague,
pp. 11-12.
Amelung, W., Cheshire, M.V. and Guggenberger, G. (1996) Determination of neutral and
acidic sugars in soil by capillary gas liquid chromatography after trifluoroacetic acid
hydrolysis. Soil Biology and Biochemistry, 28, 1631-1639.
Anderson, H.A. and Russell, J.D. (1976) Possible relationship between soil fulvic acid and
polymaleic acid. Nature, 260, 597.
Anderson, H.A., Berrow, M.L., Farmer, V.C., Hepburn, A., Russell, J.D. and Walker, A.D.
(1982) A reassessment of podzol formation processes. Journal of Soil Science, 33, 125136.
Andreux, F. (1996) Humus in world soils. In: A. Piccolo (Editor), Humic substances in
terrestrial ecosystems. Elsevier, Amsterdam, pp. 45-100.
Andrews, M.A. (1989) Capillary Gas-Chromatographic analysis of mono-saccharides:
improvements and comparisons using trifluoroacetylation and trimethylsilylation of sugar
O-benzyl-and O-methyl-oximes. Carbohydrate Research, 194, 1-19.
Augris, N., Balesdent, J., Mariotti, A., Derenne, S. and Largeau, C. (1998) Structure and
origin of insoluble and non-hydrolyzable, aliphatic organic matter in a forest soil. Organic
Geochemistry, 28, 119-124.
Baldock, J.A., Oades, J.M., Nelson, P.N., Skene, T.M., Golchin, A. and Clarke, P. (1997)
Assessing the extent of decomposition of natural organic materials using solid-state 13C
NMR spectroscopy. Australian Journal of Soil Research, 35, 1061-1083.
van Bergen, P.F., Bull, I.D., Poulton, P.R. and Evershed, R.P. (1997) Organic geochemical
studies of soils from the Rothamsted Classical Experiments - 1 . Total lipid extracts, solvent
insoluble residues and humic acids from Broadbalk Wilderness. Organic Geochemistry
26, 117-135.
van Bergen, P.F., Flannery, M.B., Poulton, P.R. and Evershed, R.P. (1998) Organic
geochemical studies of soils from the Rothamsted Classical Experiments III. Nitrogencontaining macromolecular moieties in soil organic matter from Geescroft Wilderness. In:
B.A. Stankiewicz and P.F. van Bergen (Editors), Nitrogen-containing macromolecules in
the bio- and geosphere. ACS Symposium Series, 707, Oxford University Press, New
York, (in press).
Berner, R.A. (1989) Biogeochemical cycles of carbon and sulfur and their effect on
atmospheric oxygen over Phanerozoic time. Palaeogeography,
Palaeoclimatology,
Palaeoecology, 73,97-122.

References

Beyer, L. (1996) The chemical composition of soil organic matter in classical humic
compound fractions and in bulk samples-a review. Zeitschriftfur Pflanzenernahrung und
Bodenkunde, 159,527-539.
Bland, H.A., van Bergen, P.F., Carter, J.F. and Evershed, R.P. (1998) Early diagenetic
degradation processes of proteins and carbohydrates in ancient propagules. In: B.A.
Stankiewicz and P.F. van Bergen (Editors), Nitrogen-containingmacromoleculesinthe
bio-andgeosphere. ACSSymposium Series,707,Oxford University Press,New York,(in
press),
vanBreemen, N.,Lundstrom,U.S.andJongmans,A.G.(1998)Doplants drive podzolization
viamycorrhizalfungi? Geoderma (submitted).
Buol, S.W., Hole, F.D. and McCracken, R.J. (1989) Soil genesis and classification.Iowa
StateUniversity Press,Ames,IA.
Burges, N., Hurst, H. and Waldken, B. (1964) Thephenolic constituents of humic acid and
theirrelation tothelignin oftheplantcover.Geochimica etCosmochimicaActa,28, 15471554.
Buurman, P. (Editor) (1984) Podzols. Van Nostrand Reinhold Soil Science Series, New
York.
Buurman,P.andZech,W. (1994)Organicmatterinpodzol-Bhorizons -changes with profile
development. In: Transactionsof the 15' World Congress of Soil Science, Acapulco,
Mexico,Volume6b,International SocietyofSoil Science,pp.137-138.
Buurman, P., van Lagen, B. and Velthorst, E.J. (Editors) (1996) Manualfor Soil andWater
Analysis.BackhuysPublishers,Leiden,pp.49-52.
Buurman, P.,Velthorst, E.J., Looyaard, A.andMeier, H.A.J. (1998) 13Cisotope fractionation
and organic matter chemistry in podzols. 9th Meeting International Humic Substances
Society,Adelaide (Abstract).
Cadisch, G. and Giller, K.E. (Editors) (1997) Driven by nature; Plant litter quality and
decomposition.CABInternational, Wallingford.
Challinor, J.M. (1989) A pyrolysis-derivatisation-gas chromatography technique for the
structural elucidation of some synthetic polymers. Journal of Analytical and Applied
Pyrolysis,16, 323-333.
Cheshire,M.V.(1979)NatureandOrigin ofCarbohydrates. AcademicPress,London.
Clifford, D.J., Carson,D.M., McKinney,D.E.,Bortiatynski,J.M. andHatcher, P.G. (1995)A
newrapidtechniquefor thecharacterization of lignin invascularplants:thermochemolysis
withtetramethylammonium hydroxide (TMAH).Organic Geochemistry 23, 169-175.
Colina-Tejada, A.,Ambles, A.and Jambu,P.(1996) Nature and origin of soluble lipids shed
into the soil by rainwater leaching aforest cover of Pinusmaritimasp.European Journal
ofSoilScience, 47, 637-643.
De Coninck, F. (1980) Major mechanisms in formation of spodic horizons. Geoderma,24,
101-128.
Cowie, G.L. and Hedges,J.I. (1984) Carbohydrate Sources in acoastal marine environment.
Geochimica etCosmochimicaActa,48, 2075-2087.
Dijkstra, E.F.,Boon,J.J., andvanMourik,J.M.(1998) Analytical pyrolysis of asoil profile
under Scotspine.EuropeanJournalofSoilScience, 49,295-304.
Emmer, I.M. (1994) Humus form characteristics in relation to undergrowth vegetation in a
Pinussylvestris forest.Acta Oecologica, 15,677-687.

146

References

Emmer, I.M. (1995a) Humus form and soil development during a primary succession of
monoculture Pinussylvestrisforests on poor sandy substrates. Ph.D.-thesis, University of
Amsterdam, TheNetherlands.
Emmer, I.M. (1995b) Humus form development and succession of dwarf shrubs in grass
dominated monoculture Pinus sylvestris forests. Annates des Sciences Forestieres, 52,
561-571.
Emmer, I.M. and Sevink, J. (1994) Temporal and vertical changes in the humus form profile
duringaprimary succession ofPinussylvestris. PlantandSoil167,281-295.
Emmer, I.M. (1996) Ontwikkeling van de strooisellaag als sturende factor in de primaire
successievaneen Grove-dennenbos. SC-DLOrapport,pp.17-27.
Engebretson, R.R. and von Wandruszka, R. (1994) Microorganization in dissolved humic
acids.EnvironmentalScienceandTechnology, 28,1934-1941.
Ertel, J.R. and Hedges, J.I. (1984) The lignin component of humic substances: Distribution
among soil and sedimentary humic, fulvic, and base-insoluble fractions. Geochimica et
CosmochimicaActa,48,2065-2074.
Ertel, J.R. and Hedges, J.I. (1985) Sources of sedimentary humic substances: vascular plant
debris.Geochimica etCosmochimicaActa49,2097-2107.
FAO-Unesco (1988)Soil mapoftheworld (revisited legend).ISRICTechnical paper20.
Fabbri,D.,Chiavari,G. andGalletti,G.C.(1996)Characterization of soilhuminby pyrolysis
(/methylation)-gas chromatography/mass spectrometry: structural relationships withhumic
acids.JournalofAnalyticalandAppliedPyrolysis, 37, 161-172.
Faegri,K.andIversen,J.(1964)TextbookofPollenAnalysis. Munksgaard,Copenhagen.
Fanta, J. (1986) Primary forest succession onblown-out areas in the Dutch drift sands. In: J.
Fanta (Editor), Forest dynamics research in Western and Central Europe. Pudoc,
Wageningen, pp. 164-169.
Farmer, V.C., Russell, J.D. and Berrow, M.L. (1980) Imogolite and proto-imogolite
allophane in spodic horizons:evidence for amobile aluminium silicate complex in podzol
formation. JournalofSoilScience, 31,673-684.
Farmer, V.C. and Fraser, A.R. (1982) Chemical and colloidal stability of sols in theAI2O3Fe203-Si02-H20system:theirrole inpodzolization.JournalofSoilScience, 33, 737-742.
Flaig, W., Beutelspacher, H. and Rietz, E. (1975) Chemical composition and physical
properties of humic substances. In: J.E. Gieseking (Editor), Soil components, Volume1,
Organic Components. Springer-Verlag,New York,pp. 1-211.
Friind, R. and Liidemann, H.D. (1991) Quantitative characterization of soil organic matter
and its fractionation products by solid state high resolution C-13(CPMAS) spectroscopy.
ZeitschriftfiirNaturforschung, 46c,982-988.
Galletti, G.C. and Reeves, J.B. (1992) Pyrolysis/gas chromatography/ion trap detection of
polyphenols (vegetable tannins): preliminary results. Organic Mass Spectroscopy, 27,
226-230.
Gofii, M.A., Nelson, B., Blanchette, R.A. and Hedges, J.I. (1993) Fungal degradation of
wood lignins: Geochemical perspectives from CuO-derived phenolic dimers and
monomers.GeochimicaetCosmochimicaActa57,3985-4002.
Guggenberger, G. and Zech, W. (1994) Composition and dynamics of dissolved
carbohydrates and lignin-degradation products in two coniferous forests, N.E. Bavaria,
Germany.SoilBiologyandBiochemistry, 26,19-27.

147

References

van der Hage, E.R.E. (1995) Pyrolysis mass spectrometry of lignin polymers. Ph.D. Thesis,
University of Amsterdam, The Netherlands,
van der Hage, E.R.E., Mulder, M.M. and Boon, J.J. (1993) Structural characterization of
lignin polymers by temperature-resolved in-source pyrolysis-mass spectrometry and
Curie-point pyrolysis-gas chromatography/mass spectrometry. Journal of Analytical and
Applied Pyrolysis, 25, 149-183.
Hanrion, M , Toutain, F., Bruckert, S. and Jacquin, F. (1975) Etude des composes organiques
hydrolysables presents dans un sol brun acide et dans podzol sous Hetre I. Evolution
comparee. CEcologia Plantarum, 10, 169-185.
Harborne, J.B. (1997) Role of phenolic secondary metabolites in plants and their degradation
in nature. In: G. Cadish and K.E. Giller (Editors), Driven by Nature; Plant Litter Quality
and Decomposition. CAB International, Wallingford, pp. 67-74.
Hartgers, W.A., Sinninghe Damste, J.S. and de Leeuw, J.W. (1995) Curie-point pyrolysis of
sodium salts of functionalized fatty acids. Journal of Analytical and Applied Pyrolysis, 34,
191-217.
Hatcher, P.G. (1987) Chemical structural studies of natural lignin by dipolar dephasing solidstate 13C nuclear magnetic resonance. Organic Geochemistry, 11,31-39.
Hatcher, P.G., Maciel, G.E. and Dennis, L.W. (1981a) Aliphatic structure of humic acids; a
clue to their origin. Organic Geochemistry, 3,43-48.
Hatcher, P.G. Schnitzer, M., Dennis, L.W. Maciel, G.E. (1981b) Aromaticity of humic
substances in soils. Soil Science Society ofAmerica Journal, 45, 1089-1094.
Hatcher, P.G. and Spiker, E.C. (1988) Selective degradation of plant biomolecules. In: F.H.
Frimmel and R.F. Christman (Editors), Humic substances and their role in the
environment. John Wiley & Sons, New York, pp. 59-74.
Hatcher, P.G. and Clifford, D.J. (1994) Flash pyrolysis and in situ methylation of humic acids
from soil. Organic Geochemistry, 21, 1081-1092.
Hatcher, P.G. and Minard, R.D. (1995) Comment on the origin of benzenecarboxylic acids in
pyrolysis methylation studies. Organic Geochemistry, 23,991-994.
Hatcher, P.G., Nanny, M.A., Minard, R.D., Dible, S.D. and Carson, D.M. (1995) Comparison
of two thermochemolytic methods for the analysis of lignin in decomposing gymnosperm
wood: the CuO oxidation method and the method of thermochemolysis with
tetramethylammonium hydroxide (TMAH). Organic Geochemistry, 23,881-888.
Hatcher, P.G. and Minard, R.D. (1996) Comparison of dehydrogenase polymer (DHP) lignin
with
native
lignin from
gymnosperm
wood
thermochemolysis
using
tetramethylammonium hydroxide (TMAH). Organic Geochemistry 24, 593-600.
Havinga, A.J. (1984) A 20-year experimental investigation into the differential corrosion
susceptibility of pollen and spores in various soil types. Pollen et Spores, XXVI, 3-4, 541558.
Hedges, J.I. (1988) Polymerization of humic substances in natural environment. In: F.H.
Frimmel and R.F. Christman (Editors), Humic substances and their role in the
environment. John Wiley & Sons, New York, pp.45-58.
Hedges, J.I., Blanchette, R.A., Weliky, K. and Devol, A.H. (1988) Effects of fungal
degradation on the CuO oxidation products of lignin: A controlled laboratory study.
Geochimica et Cosmochimica Acta 52, 2717-2726.

148

References

Hedges,J.I. and Oades,J.M. (1997) Comparative organic geochemistries of soils and marine
sediments.Organic Geochemistry, 27,319-161.
van Heemst, J.D.H., Peulve, S. and de Leeuw, J.W. (1996) Novel algal polyphenols
biomacromolecules as significant contributors to resistant fractions of marine dissolved
andparticulate organicmatter. Organic Geochemistry, 24,629-640.
vanHeemst,J.D.H., vanBergen,P.F.,Stankiewicz,B.A. anddeLeeuw,J.W. (1998)Multiple
sources of alkylphenols produced upon pyrolysis of DOM, POM and recent sediments.
JournalofAnalyticalandAppliedPyrolysis (accepted),
vanderHeijden, E.(1994) Acombined anatomical andpyrolysismassspectrometric studyof
peatified planttissues.Ph.D.thesis,UniversityofAmsterdam,TheNetherlands,
vanderHeijden, E.andBoon,J.J. (1994) Acombinedpyrolysis mass spectrometric andlight
microscopic study of peatified Calluna wood isolated from raised bog peat deposits.
OrganicGeochemistry, 22,903-919.
Hempfling, R., Ziegler, F., Zech, W. and Schulten, H.-R. (1987) Litter decomposition and
humification in acidic forest soils studied by chemical degradation, IR and NMR
spectroscopy and pyrolysis field ionization mass spectrometry. Zeitschrift fiir
Pflanzenernahrung undBodenkunde, 150,179-186.
Hempfling, R. and Schulten, H.-R. (1989) Selective preservation of biomolecules during
humification of forest litter studied by pyrolysis-field ionization mass spectrometry.
ScienceoftheTotalEnvironment, 81/81,31-40.
Hempfling, R. and Schulten, H.-R. (1990) Direct chemical characterization of dissolved
organic matter in water by pyrolysis-field ionization mass spectrometry. International
JournalofEnvironmentalandAnalytical Chemistry, 43, 55-62.
Herbert, B.E. and Bertsch, P.M. (1995) Characterization of dissolved and colloidal organic
matter in soil solution: areview. In:W.W. McFee (Editor), Carbon FormsandFunctions
in ForestSoils.SoilScienceSocietyofAmerica,Madison,Winsconsin, pp.63-89.
Higuchi,T.(1997)Biochemistryandmolecularbiologyofwood. Springer-Verlag,Berlin.
Holloway, P.J. (1983) Some variations in thecomposition of suberin from thecork layersof
higherplants.Phytochemistry22,495-502.
Huang, Y., Eglinton, G., van der Hage, E.R.E., Boon, J.J., Bol, R. and Ineson, P. (1998)
Dissolved organic matter and its parent material in grass upland soil horizons studied by
analytical pyrolysis techniques.EuropeanJournalofSoilScience49, 1-15.
Kelly, K.R. and Stevenson, F.J. (1997) Organic forms of N in soil. In: A. Piccolo (Editor),
Humicsubstances interrestrialecosystems. Elsevier, Amsterdam,pp.407-427.
Kinchesh, P.,Powlson, D.S.and Randall,E.W. (1995a) 13CNMR studies of organic matterin
wholesoils:I.Quantification possibilities.EuropeanJournalofSoilScience, 46,125-138.
Kinchesh, P.,Powlson, D.S. and Randall, E.W. (1995b) 13CNMR studies of organic matterin
wholesoils:U. AcasestudyofsomeRothamstedsoils.EuropeanJournalofSoilScience,46,
139-146.
Kirk, T.K. and Farrell, R.L. (1987) Enzymatic 'combustion': the microbial degradation of
lignin.AnnualReviewofMicrobiology, 41,465-505.
Kogel, I. (1986) Estimation and decomposition pattern of the lignin component in forest
humuslayers.SoilBiologyandBiochemistry 18,589-594.
Kogel-Knabner, I. (1992) Forest soil organic matter: structure and formation. Bayreuther
BodenkundlicheBerichte, 1A,1-103.

149

References

Kogel-Knabner, I. (1997) 13C and 15N NMR spectroscopy as a tool in soil organic matter
studies. Geoderma, 80, 243-270.
Kogel, I., Hempfling, R„ Zech, W., Hatcher, P.G. and Schulten, H.-R. (1988) Chemical
composition of the organic matter in forest soils. I. Forest litter. Soil Science, 146, 124136.
Kogel-Knabner, I., Zech, W. and Hatcher, P.G. (1988) Chemical composition of the organic
matter in forest soils. III. The humus layer. Zeitschrift fiir Pflanzenernahrung und
Bodenkunde, 151, 331-340.
Kogel-Knabner, I. and Hatcher, P.G. (1989) Characterization of alkyl carbon in forest soils
by cpmas 13C NMR spectroscopy and dipolar dephasing. The Science of the Total
Environment, 81/82, 169-177.
Kogel-Knabner, I., Ziegler, F., Riederer, M. and Zech, W. (1989) Distribution and
decomposition pattern of cutin and suberin in forest soils. Zeitschrift fiir
Pflanzenernahrung und Bodenkunde, 152,409-41.
Kogel-Knabner, I., Hatcher, P.G. and Zech, W. (1991) Chemical studies of forest soil humic
acids: aromatic carbon fraction. Soil Science Society ofAmerica Journal 55, 241-247.
Kogel-Knabner, I., de Leeuw, J.W. and Hatcher, P.G. (1992a) Nature and distribution of
alkyl carbon in forest soil profiles: implications for the origin and humification of aliphatic
biomacromolecules. The Science of the Total Environment, 117/118, 175-185.
Kogel-Knabner, I., Hatcher, P.G., Tegelaar, E.W. and de Leeuw, J.W. (1992b) Aliphatic
components of forest soil organic matter as determined by solid-state 13C NMR and
analytical pyrolysis. The Science of the Total Environment, 113, 89-106.
Kolattukudy, P.E. (1977) Biosynthesis and degradation of lipid polymers. In: M. Trevini and
H.K. Lichtenthaler (Editors), Lipids and Lipid Polymers in Higher Plants. Springer Verlag
Berlin, Heidelberg, New York, pp.271-292.
Kolattukudy, P.E. (1980) Biopolyester membranes of plants: cutin and suberin. Science, 208,
990-999.
Kolattukudy, P.E. and Espelie, K.E. (1985) Biosynthesis of cutin, suberin, and waxes. In: T.
Higuchi (Editor), Biosynthesis and biodegradation of wood components. Academic Press,
London.
Kononova, M.M. (1961) Soil organic matter. Its nature, its role in soilformation and in soil
fertility. Permagon Press.
Krosshavn, M., Kogel-Knabner, I., Southon, T.E. and Steinnes, E. (1992a) The influence of
humus fractionation on the chemical composition of soil organic matter studied by solidstate 13C NMR. Journal of Soil Science, 43,473-483.
Krosshavn, M., Southon, T.E. and Steinnes, E. (1992b) The influence of vegetational origin
and degree of humification of organic soils on their chemical composition, determined by
solid-state 13C NMR. Journal of Soil Science, 43,485-493.
de Leeuw, J.W. and Baas, M. (1993) The behaviour of esters in the presence of
tetramethylammonium salts at elevated temperatures; flash pyrolysis or flash chemolysis.
Journal ofAnalytical and Applied Pyrolysis 26, 175-184.
de Leeuw, J.W. and Largeau, C. (1993) A review of macromolecular organic compounds that
comprise living organisms and their role in kerogen, coal, and petroleum formation. In:
M.H. Engel and S.A. Macko (Editors). Organic Geochemistry, Principles and
Applications. Plenum Press, New York, pp. 23-72.

150

References

Lundstrom, U.S., van Breemen, N., Jongmans, A.G. (1995) Evidence for microbial
decomposition of organic acids during podzolization. European Journal of Soil Science, 46,
489-496.
Malcolm, R.L. (1990) Evaluation of humic substances from spodosols. In: J.M. Kimble and
R.D. Yeck (Editors). Characterization, classification, and utilization of spodosols.
Proceedings of the 5 th International Soil Correlation Meeting, pp. 200-210.
Matzke, K. and Riederer, M. (1991) A comparative study into the chemical constitution of
cutins and suberins from Picea abies (L.) Karst., Quercus robur L., and Fagus sylvatica L.
Planta, 185,233-245.
McKinney, D.E., Carson, D.M., Clifford, D.J., Minard, R.D. and Hatcher, P.G. (1995) Offline thermochemolysis versus flash pyrolysis for the in situ methylation of lignin: is
pyrolysis necessary. Journal ofAnalytical and Applied Pyrolysis, 34, 41-46.
McKinney, D.E., Bortiatynski, J.M., Carson, D.M., Clifford, D.J., de Leeuw, J.W. and
Hatcher, P.G. (1996) Tetramethylammonium hydroxide (TMAH) thermochemolysis of the
aliphatic biopolymer cutan: insights into the chemical structure. Organic Geochemistry,
24, 641-650.
Miles, J. (1985) The pedogenic effects of different species and vegetation types and the
implications of succession. Journal of Soil Science 36, 571-584.
Moers, M.E.C., Baas, M., de Leeuw, J.W., Boon, J.J. and Schenck, P.A. (1990) Occurrence
and origin of carbohydrates in peat samples from a red mangrove environment as reflected
by abundances of neutral monosaccharides. Geochimica et Cosmochimica Acta, 54, 24632472.
Mokma, D.L. and Buurman, P. (1982) Podzols and podzolization in temperate regions. ISM
monograph 1,International Soil Museum, Wageningen.
Murayama, S. (1984) Changes in the monosaccharide composition during the decomposition
of straws under field conditions. Soil Science and Plant Nutrition, 30, 367-381.
Nierop, K.G.J. (1998) Origin of aliphatic compounds in a forest soil. Organic Geochemistry
29, 1009-1016.
Nierop, K.G.J, and Buurman, P. (1998) Comparison of soil organic matter and water soluble
fractions under young vegetation on drift sand, central Netherlands. European Journal of
Soil Science, 49, 605-615.
Nierop, K.G.J., Buurman, P. and de Leeuw, J.W. (1998) Effect of vegetation on chemical
composition of H horizons in incipient podzols as characterized by ' C NMR and
pyrolysis-GC/MS. Geoderma (in press)
Nimz, H.H., Robert, D., Faix, O. and Nemr, M. (1981) Carbon-13 NMR spectra of lignins, 8.
Structural differences between lignins of hardwoods, softwoods, grasses and compression
wood.Holzforschung, 35, 16-26.
Nip, M., Tegelaar, E.W., de Leeuw, J.W., Schenck, P.A. and Holloway, P.J. (1986a) A new
non-saponifiable highly aliphatic and resistant biopolymer in plant cuticles.
Naturwissenschaften, 73,579-585.
Nip, M., Tegelaar, E.W., Brinkhuis, H., de Leeuw, J.W., Schenck, P.A. and Holloway, P.J.
(1986b) Analysis of modern and fossil plant cuticles by Curie point Py-GC and Curie
point Py-GC-MS: Recognition of a new, highly aliphatic and resistant biopolymer.
Organic Geochemistry, 10,769-778.

151

References

Oades, J.M. (1984) Soil organic matter and structural stability: Mechanisms and implications
for management. Plant and Soil, 76, 319-337.
Parton, W.J., Schimel, D.S. Cole, C.V. and Ojima, D.S. (1987) Analysis of factors controlling
soil organic matter levels in great plains grasslands. Soil Science Society of America
Journal 51, 1173-1179.
Petersen, L. (1976) Podzols and podzolization. DSR Forlag, Copenhagen.
Piccolo, A., Nardi, S. and Concheri, G. (1996) Macromolecular changes of humic substances
induced by interaction with organic acids.European Journal of Soil Science, 47, 319-328.
Piccolo, A., Nardi, S. and Concheri, G. (1996b) Micelle-like conformation of humic
substances as revealed by size-exclusion chromatography. Chemosphere, 33, 595-602.
Pouwels, A.D., Tom, A., Eijkel, G.B. and Boon, J.J. (1987) Characterization of beech wood
and its holocellulose and xylan fractions by pyrolysis-gas chromatography-mass
spectrometry. Journal ofAnalytical and Applied Pyrolysis, 11,417-436.
Pouwels, A.D., Eijkel, G.B. and Boon, J.J. (1989) Curie point pyrolysis-capillary gas
chromatography-high-resolution mass spectrometry of microcrystalline cellulose. Journal
ofAnalytical and Applied Pyrolysis, 14, 237-280.
Pouwels, A.D. and Boon, J.J. (1990) Characterization of beech wood samples, its milled
wood lignin and polysaccharide fractions by Curie point and platinum filament pyrolysismass spectrometry. Journal ofAnalytical and Applied Pyrolysis, 17,97-126.
Prach, K. (1989) Primary forest succession in sand dune areas. De Dorschkamp, Research
Institute for Forestry and Landscape Planning, Report 544, Wageningen.
Preston, C M . (1992) The application of NMR to organic matter inputs and processes in forest
ecosystems of thePacific Northwest. TheScience of the Total Environment, 113, 107-120.
Preston, C M . (1996) Applications of NMR to soil organic matter analysis: history and
prospects. Soil Science, 161, 144-166.
Riederer, M., Matzke, K., Ziegler, F. and Kogel-Knabner, I. (1993) Occurrence, distribution
and fate of the lipid plant biopolymers cutin and suberin in temperate forest soils. Organic
Geochemistry 20, 1063-1076.
del Rio, J.C., Gonzalez-Vila, F.J., Martin, F. and Verdejo, T. (1994) Characterization of
humic acids from low-rank coals by 13C-NMR and pyrolysis-methylation. Formation of
benzenecarboxylic acid moieties during the coalification process. Organic Geochemistry,
22,885-891.
Saiz-Jimenez, C. (1996) Humus in world soils. In: A. Piccolo (Editor). Humic substances in
terrestrial ecosystems. Elsevier, Amsterdam, pp. 1-44.
Saiz-Jimenez, C. and de Leeuw, J.W. (1984) Pyrolysis-gas chromatography-mass spectrometry
of isolated, synthetic and degraded lignins. Organic Geochemistry, 6,417-422.
Saiz-Jimenez, C. and de Leeuw, J.W. (1986a) Lignin pyrolysis products: their structures and
their significance asbiomarkers. Organic Geochemistry, 10,869-876.
Saiz-Jimenez, C. and de Leeuw, J.W. (1986b) Chemical characterization of soil organic matter
fractions by analytical pyrolysis-gas chromatography-mass spectrometry. Journal of
Analytical andApplied Pyrolysis, 9, 99-119.
Schimel, D.S. (1995) Terrestrial ecosystems and the carbon cycle. Global Change Biology, 1,
77-91.
Schnitzer, M. (1970) Characteristics of organic matter extracted from podzol B horizons.
Canadian Journal of Soil Science, 50,199-204.

152

References

Schnitzer, M. and Khan, S.U. (1972) Humic substances in the environment. Marcel Dekker,
New York.
Schulten, H.-R., Leinweber, P. and Theng, B.K.G. (1996) Characterization of organic matter
in an interlayer clay-organic complex from soil by pyrolysis methylation-mass
spectrometry. Geoderma, 69, 105-118.
van Smeerdijk, D.G. and Boon, J.J. (1987) Characterisation of subfossil Sphagnum leaves,
rootlets of ericaceae and their peat pyrolysis-high resolution gas chromatography mass
spectrometry. Journal ofAnalytical and Applied Pyrolysis, 11, 377-402.
Solomons, T.W.G. (1984) Organic Chemistry, 3 rded. John Wiley, New York.
Sorge, C , Schnitzer, M. Leinweber, P. and Schulten, H.-R. (1994) Molecular-chemical
characterization of organic matter in whole soil and particle-size fractions of a spodosol by
pyrolysis-field ionization mass spectrometry. Soil Science, 158, 189-203.
Stankiewicz, B.A., van Bergen, P.F., Duncan, I.J., Carter, J.F., Briggs, D.E.G. and Evershed,
R.P. (1996) Recognition of chitin and proteins in invertebrate cuticles using analytical
pyrolysis/gas chromatography/mass spectrometry. Rapid Communications in mass
spectrometry, 10, 1747-1757.
Stevenson, F.J. (1994) Humus chemistry. Genesis, Composition, Reactions, 2 n ed. John
Wiley, New York.
Tegelaar, E.W., de Leeuw, J.W. and Saiz-Jimenez, C. (1989a) Possible origin of aliphatic
moieties in humic substances. Science of the Total Environment, 81/82, 1-17.
Tegelaar, E.W., de Leeuw, J.W., Derenne, S. and Largeau, C. (1989b) A reappraisal of
kerogen formation. Geochimica et Cosmochimica Acta, 53,3103-3106.
Tegelaar, E.W., de Leeuw, J.W. and Holloway, P.J. (1989c) Some mechanisms of flash
pyrolysis of naturally occurring higher plant polyesters. Journal ofAnalytical and Applied
Pyrolysis, 15,289-295.
Tegelaar, E.W., de Leeuw, J.W., Largeau, C , Derenne, S., Schulten, H.-R., Mtiller, R., Boon,
J.J., Nip, M. and Sprenkels, J.CM. (1989d) Scope and limitations of several pyrolysis
methods in the structural elucidation of a macromolecular plant constituent in the leaf
cuticle of Agave americana L., Journal ofAnalytical and Applied Pyrolysis, 15, 29-54.
Tegelaar, E.W., Kerp, H., Visscher, H., Schenck, P.A. and de Leeuw, J.W. (1991) Bias of the
palaeobotanical record as a consequence of variations in the chemical composition of
higher vascular plant cuticles. Paleobiology, 17, 133-144.
Tegelaar, E.W., Wattendorff, J. and de Leeuw, J.W. (1993) Possible effects of chemical
heterogeneity in higher upland plant cuticles on the preservation of its ultrastructure upon
fossilization. Review of Palaeobotany and Palynology, 11, 149-170.
Tegelaar, E.W., Hollman, G., van der Vegt, P., de Leeuw, J.W. and Holloway, P.J. (1995)
Chemical characterization of the periderm tissue of some angiosperm species: recognition
of an insoluble, non-hydrolyzable, aliphatic biomacromolecule (Suberan). Organic
Geochemistry, 23, 239-251.
Theng, B.K.G., Tate, K.R. and Becker-Heidmann, P. (1992) Towards establishing the age,
location, and identity of the inert soil organic matter of a spodosol. Zeitschrift fur
Pflanzenernahrung und Bodenkunde, 155, 181-184.
Tsuge, S. and Matsubara, H. (1985) High-resolution pyrolysis-gas chromatography of
proteins and related materials. Journal ofAnalytical and Applied Pyrolysis, 8,49-64.

153

References

van Vuuren, M.M.I. (1992) Effects of plant species on nutrient cycling in heathlands. Ph.D.
Thesis,University ofUtrecht,TheNetherlands.
Wilcken, H., Sorge, C. and Schulten, H.-R. (1997) Molecular composition and chemometric
differentiation and classification of soil organic matter in Podzol B-horizons,Geoderma,
76, 193-219.
Wilson, M.A. and Hatcher, P.G. (1988) Detection of tannins in modern and fossil barks and
in plant residues by high-resolution solid-state nuclear magnetic resonance. Organic
Geochemistry, 12,539-546.
Wilson, M.A., Sawyer, J., Hatcher, P.G. and Lerch III, H.E. (1989) 1,3,5-hydroxybenzene
structures inmosses.Phytochemistry, 28,1395-1400.
Zech,W., Johansson, M.B.,Haumaier, L. and Malcolm, R.L. (1987) CPMAS 13CNMR and
IR spectra of spruce and pine litter and of the Klason lignin fraction at different stagesof
decomposition.Zeitschriftfur Pflanzenerndhrung undBodenkunde, 150, 262-265.
Zsolnay, A. (1996) Dissolved humus in soil waters. In: A. Piccolo (Editor), Humic
Substances inTerrestrialEcosystems. Elsevier, Amsterdam, pp.225-264.

154

Summary
Until now little is known about the role vegetation plays in the organic matter formation,
particularly at the molecular level. Most ecosystems have a long history, which is unknown
ortoocomplex tofind distinct relations between vegetation and the chemical composition of
soil organic matter. To gain a better insight in such relationships, the relative simple soilvegetation system of the Hulshorster Sands and Leuvenum Forest is used. The complete
vegetation succession hasbeeninvestigated, makingitpossibletomonitortheorganic matter
development. During the succession, thus with time, the pH decreases, the ectorganic layer
becomesthicker andthesoil developstowards amicro-podzol.
Chapter 2 describes the organic matter composition and relation to the first stages of
vegetation development in the pre-podzol phase. In the Ah horizon under grass
(Corynephoruscanescens),the organic matter has virtually no contribution of the covering
vegetation. Algae, from an earlier stage, and mosses (Polytrichumpiliferum andBryumsp.),
from adjacent spots, arethe main suppliers.Under mosses,the organic matter is very similar
tothat of the original species.An aliphaticbiopolymer, derived from mosses,that producesa
series of methyl-branched alkene/alkane doublets (C20-C32) together with a homologous
series of n-alkenes and n-alkanes (C10 up to C34) upon pyrolysis, appears to be very
recalcitrant in the first stages of succession. In the vegetation stages following mosses, these
aliphatic macromolecules are still an important source of the aliphatic part of organic matter.
Apart from the aliphatic moss contribution, the organic matter under Callunavulgarisand
Pinussylvestrishas aclose relationship with thecontributing plant parts:flowers, leaves and
branches dominate the organic layer under Calluna, needles predominate the ectorganic
horizon under pines, and the soil organic matter in the Ah horizons in both cases is almost
completely determined byroots.
In Chapter 3 the water soluble organic matter (WSOM) of the Ah horizons is compared
with the bulk horizons. The WSOM contains little lignin, also when this compound was
present in significant amountsintheAh horizons.Incontrast, themoss-derived aliphatics are
prominently present in the WSOM.Their presence in water isprobably dueto the formation
of micelle-like arrangements in which the hydrophobic parts are inside ahydrophilic mantle
resultinginto 'soluble' aliphatics.
Chapter 4deals withthefractionation ofthreeHhorizons underdifferent vegetation inthe
forest with incipient podzolization: awater soluble fraction, aNaOH soluble fraction andthe
residue, the insoluble fraction (humin). The water soluble fractions are very similar to each
other with regard to their chemical composition, and so are the NaOH soluble factions. The
insoluble fractions differ in particular in their aliphatic part. During beech forest
development, an increasing amount of suberin, mainly derived from beech roots,is observed.
The bulk of the organic matter in the H horizons, however, appears to have a pine origin as
concluded from thechemical data.Pollen analysis supportsthatbeech litter didnot contribute
totheHhorizons.
Chapter 5 addresses the analysis (NMR, composition of polysaccharides, pyrolysis and
thermochemolysis) and theunraveling of theorigin of theectorganic layers in the succession
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from pine to beech forest. Under pine,the bulk organic matter shows only little effect of the
ground vegetation Deschampsiaand Empetrumrespectively. The chemical composition of
the L and Fl horizons are very similar toeach other, but towards the Hhorizons an increase
of aliphatics, a decrease of polysaccharides and a more or less constant fraction of aromatic
compounds isnoticed. Thelignin composition isdominated by guaiacol building blocks,and
hardly any angiosperm-lignin is present in the ectorganic layers implying no significant
contributions of the undergrowth. This contrasts with macromorphological analyses, because
abundant above- and below-ground parts of Deschampsia and Empetrumare present in the
organic horizons suggesting an important input of the understorey. The composition of the
aliphatic fraction also shows an effect of the undergrowth. The distribution of cutin and
suberin building blocks as measured upon thermochemolysis reveals the clear impact of
Deschampsiaand Empetrumin addition to pine, especially in the Fl and F2 horizons. The
transition towards the beech forest is characterized by a more distinct influence of beech
litter. From L to H horizons polysaccharide contents decrease clearly, aromatics remain
constant andtheamountsof aliphaticcompoundsincreaserelatively.Furthermore,with depth
a clear decrease of syringyl lignin compared with guaiacyl lignin is observed. The latter is
mainly due to a decrease of beech litter towards the Hhorizon: the L consists only of beech
litter, the F is also dominated bybeech litter in addition tobeech roots, and the Hhorizon is
virtually only derived from pine litter. Nevertheless, the composition of the H horizons is
affected by beech through their roots, which is clearly marked by the presence of beechsuberin, andthecontentsofthatbiopolymer increasesfrom youngertoolderbeech stands.
In Chapter 6 the WSOM fractions from L, F, and H horizons are compared on their
chemical composition with those of the bulk of B horizons and fibers of incipient podzols.
The WSOM shows hardly any resemblance with the B horizons, whereas it appears to be
very similar to the fibers. This strongly suggests that in the initial phases of podzolization
almost allWSOMmoves through theBhorizons and accumulates when the water movement
stops resulting into the formation of humus fibers. In Chapter 7 it is elucidated that the
organicmatter intheBhorizons ismainly composed of root-derived material, whereashardly
any organic matter is complexed with metals or clay. The organic matter in B horizons is
highly aliphatic, consisting partly of suberan-like polymers and partly of suberin, whereas
lignin andpolysaccharides arevirtually absent.InChapter 8,thechemical implications of the
negligible organic matter sources of both illuviation as mixing of above-ground litter is
described.Theclearchemical evidenceof root-derived organicmattercouldbeestablished.
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Samenvatting
Tot nu toe is nog weinig bekend van de rol die vegetatie speelt in the vorming van bodem
organische stof, met name op het moleculaire niveau. Het probleem is dat veel ecosystemen
een lange geschiedenis hebben, die meestal onbekend is of veel te complex om duidelijke
relaties tussen vegetatie en organische stof samenstelling te kunnen vinden. Om toch een
poging te wagen is gebruik gemaakt van het relatief eenvoudige bodem-vegetatie systeem in
het stuifzandgebied van het Hulshorster Zand en het Leuvenumse Bos. Hiervan is de
complete vegetatie geschiedenis bekend, en is het mogelijk stap voor stap de ontwikkeling
van de organische stof te volgen. Gedurende de successie daalt de pH in de bodem met als
gevolg een toenemende accumulatie van organische stof opdebodem, diezelf ontwikkelt in
derichtingvaneenmini-podzol.
Hoofdstuk 2beschrijft deorganische stof samenstelling indeeerste stadiavande vegetatie
successie als er nog geen podzolisatie te zien is. In de Ah horizont onder het gras
Corynephorus canescens heeft de organische stof vrijwel geen enkele bijdrage van die
vegetatie, maar is voornamelijk afkomstig van de algen die in een eerdere fase aanwezig
waren. Verder is ook een bijdrage te merken van mossen zoals Polytrichum piliferum en
Bryumsp.,die in de nabijheid groeien. Onder diezelfde mossen is de organische stof geheel
afkomstig van de dekkende plant. In de eerste stadia van de vegetatie successie blijkt een
alifatisch biopolymeer afkomstig van de mossen zeer recalcitrant te zijn. Dit polymeer
vertoont onder pyrolyse omstandigheden naast een homologe serie van n-alkenen and nalkanen (Cio tot aan C34) een tweede homologe serie van vertakte (methyl) alkenen en
alkanen (C20-C32),die zeer karakteristiek is voor mossen. Deze alifatische verbindingen zijn
onder vegetatie volgend opdemossen, metnameonder Calluna vulgaris en Pinussylvestris,
nog steeds zeer nadrukkelijk aanwezig. Afgezien van deze mos-invloed heeft de organische
stof in de profielen onder Callunaen Pinus een zeer duidelijke en directe relatie met de
huidige vegetatie:bloemen, blaadjes en takjes bepalen deorganische stof samenstelling inde
ectorganische laag onder de heide, terwijl de organische horizonten onder de den vrijwel
geheel door dennenaalden bepaald worden. De organische stof in minerale Ah horizonten is
inbeidegevallen geheel afkomstig van wortels,naastenigeinbrengvanmossen.
In Hoofdstuk 3 wordt de wateroplosbare organische stof (WSOM) van de Ah horizonten
uit bovenstaande profielen qua chemische samenstelling vergeleken met die van de
oorspronkelijke (totale) Ah horizonten. De WSOM bevat zeer weinig lignine-fragmenten,
ook al was dat polymeer in behoorlijke hoeveelheden aanwezig in de Ah horizonten.
Opmerkelijk was de aanwezigheid van de alifatische componenten afkomstig van mossen.
Hun aanwezigheid in water is het best te verklaren door de vorming van micel-achtige
ordeningen, waarbij de hydrofobe delen afgeschermd worden van het water door een
hydrofiele mantel,waardoor dealifatische componenten 'wateroplosbaar' worden.
Hoofdstuk 4 beschrijft de fractionering en karakterisering van drie H horizonten uit de
latere stadia van vegetatie successie, waarbij sprake is van beginnende podzolisatie. Deze
horizonten zijn gefractioneerd in een wateroplosbare fractie, een NaOH oplosbare fractie en
een residu, de onoplosbare fractie. De wateroplosbare fracties zijn vrijwel gelijk aan elkaar
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qua organische stof samenstelling, en hetzelfde kan gezegd worden van de NaOH oplosbare
fracties. Alleen tussen de verschillende onoplosbare fracties kunnen duidelijke verschillen
waargenomen worden, en dan met name in het alifatische deel. Van dennenbos naar
beukenbos gezien is een toename te bemerken van het suberine afkomstig van de beuk. De
chemische samenstelling suggereert dat de overige organische stof van alle H horizonten
vrijwel geheel afkomstig is van dennenstrooisel. Met behulp van pollen analyse blijkt
inderdaad dat de H horizonten gevormd zijn toen vrijwel alleen den als vegetatie aanwezig
was.
Hoofdstuk 5behandelt de chemische analyse van de ectorganische lagen in de overgang
van dennen- naar beukenbos met behulp van NMR, suiker analyse, pyrolyse en
thermochemolyse. In het dennenbos met ondergroei van bochtige smele (Deschampsia
flexuosa) en kraaiheide (Empetrum nigrum) lijkt het alsof de bulk van de organische stof
nauwelijks beinvloed wordt door de grondvegetatie. Tussen L en Fl horizonten is vrijwel
geen verschil te vinden in chemische samenstelling, maar gaande naar de H horizont is
duidelijk tezien dathetgehalte aanpolysacchariden daalt,dearomatische fractie min ofmeer
constant blijft en dat er een relative aanrijking is van alifatische componenten. De lignine
samenstelling in alle horizonten heeft een 'dennen-achtig' karakter, dat wil zeggen dat
vrijwel alleen guaiacyl eenheden aanwezig zijn en dat syringyl bouwstenen, dominant
aanwezig in Deschampsia en Empetrum, nauwelijks aanwezig zijn evenals typische graslignine componenten. Dit zou suggereren dat de ondergroei weinig tot niets bijdraagt aan de
organische stof.Echter, macromorfologisch gezien,bevatten deectorganische lagen duidelijk
boven- en ondergrondse plantendelen afkomstig van de ondergroei. Analyse van het
alifatische deel van de organische stof aan de hand van de data verkregen met
thermochemolyse geeft duidelijk deinvloed vandeondergroei aan,blijkens de aanwezigheid
van cutine- en suberine-eenheden afkomstig van de verschillende plantendelen, zowel van
den als de grondvegetatie. Met namedeFl en F2horizonten blijken een belangrijke bijdrage
van zowel boven- als ondergrondse plantendelen vanDeschampsia respectievelijk Empetrum
te bevatten. De overgang van dennenbos naar beukenbos wordt gekarakteriseerd door een
overduidelijke bijdrage van beukenstrooisel in de chemische samenstelling van de L en F
horizonten. De H horizonten zijn echter vrijwel geheel afkomstig van de vorige
dennenvegatatie, zoals al in Hoofdstuk 4 was ontdekt. Het beuken-suberine, ook al
opgemerkt in Hoofdstuk 4, neemt toe in de H horizonten van jonge naar oude beuken
locaties. Van L naar H horizont is de bekende humificatie trend te zien: afname van de
koolhydraten, gelijk blijven van het gehalte aan aromatische verbindingen en een relatieve
stijging van de alifatische fractie. Verder daalt het gehalte aan syringyl lignine ten opzichte
van guaiacyl lignine met toenemende diepte. Dit heeft meer te maken met de afnemende
bijdrage van beukenstrooisel dan met een selectieve afbraak van het syringyl lignine.
Tenslotte kan geconcludeerd worden dat cutine en suberine een uitstekende rol als
biomarkers kunnen vervullen, eniniedergevalbeterdanlignine.
In Hoofdstuk 6 wordt de chemische samenstelling van wateroplosbare organische stof
(WSOM) van L, F en H horizonten vergeleken met die van de totale organische stof in B
horizonten en van humus fibers. Het blijkt dat deWSOM geheel anders is samengesteld dan
de B horizonten, maar zeer veel gelijkenis vertoont met de fibers. Dit suggereert dat in de
eerste fasen van hetpodzolisatie proces vrijwel al hetWSOM door deBhorizonten loopt,en
neerslaat als het water transport stopt resulterende in humus fibers. In Hoofdstuk 7 blijkt dat
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de organische stof in B horizonten vrijwel geheel afkomstig is van wortels, en dat vrijwel
geen organische stof gecomplexeerd wordt door metalen of klei. Daarnaast is de organische
stof van een zeer hoog alifatisch gehalte, deels als cutan/suberan-achige polymeren en deels
alssuberine en dat suikers en lignine inslechts zeerkleinehoeveelheden terugtevinden zijn.
Hieruit blijkt dat lignine in deze zure bodems veel minder resistent is dan men altijd heeft
gedacht en dat het veel labieler geachte suberine veel stabieler lijkt tezijn. Alswe inspoeling
en biologische menging van bovengronds materiaal kunnen verwaarlozen als bronnen van
organische stof in de minerale lagen, kunnen we duidelijk aantonen aan de hand van de
chemische gegevens dat wortelseen duidelijke rol spelen alsorganische stof bron (Hoofdstuk
8). Bovendien blijkt dat de aanwezigheid van alkeen/alkaan doubletten in pyrolysaten niet
automatisch wijst op cutan of suberan uit bovengrondse plantendelen, maar dat wortels
evenzeereenbron vanditsoort alifatische biopolymeren kandienen.
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