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ANNEXE B

LA MO SEDIMENTAIRE D ROCHES MERES PETROLIERES, ROCHES RESERVOIR A
HYDROCARBURES ET CHARBONS

Ces travaux dZveloppZs dans le cadre de ma thes e, de contrats avec des industriels (TOTAL,
IFP) ou de projets europZens ont ZtZ menZs en grande partie avant mon recrutement au CNRS.
Sont listZes ici les thZmatiques abordZes, les collaborations et les publications correspondantes
(voir annexe C pour les numZros des publications).

l. Les roches-meres pZtrolieres B

=> Origine et mode de formation des huiles dans un bassin gazZ«er e du PalZozosque (Bassin
de Sbaa, AlgZrie). DZveloppement de la spectro-fluorimZtrie appliquZe ~ 104tde de la maturitZ
thermique de la MO algaire de ces bassins.

¥Collaborations : P. Bertrand (ISTO, actuellement EPOC), directeur de la thes e avec B.
Alpern ; L. Martinez, B. Pradiier (ISTO), A. Chaouche (SONATRACH, AlgZrie) ; S. Beuf
(BEICIP, Paris) ; F. Behar, A.Y. Huc (IFP, Rueil Malmaison).

¥Publications correspondantes : nj 1, 2, 4, 6

=> PotentialitZs pZtrolige nes des sZdiments cZnamo-turoniens du bassin de Thiss -Diam
(SZnZgal). Comparaison avec I@vZnement anoxique cZnomano-turonien = Tarfaya (Maroc).
¥Collaborations : Thes e P. Nzoussi, J.R. Disnar et M. Boussafir (ISTO), N. Khamli
(UniversitZ de TZtouan, Maroc)
¥Publications correspondantes : nj 27, 31

=> Milieux de dZp™tet degrZ de maturitZ de la MO du KimmZridgien du bassin dOAkuyu

(Turquie). Application ” la reconstitution tectonique de la Cha’ne du Taurus.
¥Collaborations : O. Monod (ISTO), F. Baudin (UniversitZ Paris VI)
¥Publications correspondantes : 7, 19

I. Les roches rZservoirs ~ hydrocarbures B

=> Origine des pyrobitumes et distribution dans la microporositZ des roches rZservoir
pZtroliers : approche expZrimentale et confrontation avec des sZries naturelles (Oman, Angola)
¥Collaborations : Thes e de A. Mort, J. Trichet (ISTO), J.N. Rouzaud (CRMD), A.Y. Huc,
I. Kowaleski, B. Carpentier (IFP)
¥Publications correspondantes : 22

1. Les charbons D

=> VariabilitZ du potentiel pZtroligen e de charbons miocen es. Exemple du bassin de la
Mahakam, IndonZsie.
¥Collaborations : B. Pradier (ISTO, actuellement TOTAL), E. Brosse (IFP)
¥Publications correspondantes : 12 (actes de colloque : 4)

=> Physico-chimie et ultra-structure des vitrinites, constituants majeurs des charbons humiques.
Relations avec leurs conditions de genes e et influence sur leur pouvoir rZflecteur. Projet EU
ISTO/INCAR (Coord. I. Suarez-Ruiz).
¥Collaborations : E. Lallier-Verges (ISTO), |. Suarez-Ruiz (INCAR, Oviedo, Espagne), F.
Goodarzi (Geological Survey of Canada, Calgary), T. Gentzis (CDX, Calgary, Canada)
¥Publications correspondantes : 8, 10, 11, 17, 18, 23, 24, 25, 26, 34, 38, 44 (actes de
colloque: 1, 2,3,5,7,8,9, 13, 14, 15, 16, 18, 19, 21)

=> Stockage artificiel du CO, dans les charbons. ExpZrimentation et modZlisation de 10Zkange
de gaz (CO,/CH,4), ANR CHARCO (Coord., E. Gaucher).
¥Collaborations : Thes e P. Defossez, J.R. Disnar (ISTO), E. Gaucher (BRGM)
¥Publications correspondantes : 56 (actes de colloque : 29)




ANNEXE C

PRODUCTION SCIENTIFIQUE D LISTE EXCAUSTIVE

PUBLICATIONS DANS DES REVUES A COMITE DE LECTURE

RZpertoriZes sous ISl Web of Knowledge

¥ 1988 - 1992

1.

PRADIER B., BERTRAND P., MARTINEZ L., LAGGOUN F., PITTION J.-L. (1988). Microfluorimetry
applied to organic diagenesis study. Org. Geochem., vol. 13, Nj 4-6, pp. 1163-1167.

LAGGOUN-DEFARGE F. (1989). Diagensse de la matisre organique des sZries
palZozoeques du bassin de Sbaa (AlgZrie). Aspects gZochimiques et pZtrologiques. Bull.
Soc. gZol. France, 8, t.V, nj5, pp. 957-966.

BROSSE E., RIVA A., SANTUCCI S., BERNON M., LOREAU J.P., FRIXA A., LAGGOUN-DEFARGE F.
(1989). Sedimentological and geochemical characterization of the various microfacies of
the Noto formation (Sicily). Org.Geochem., vol. 16, Nj 4-6, pp. 715-734.

PRADIER B., BERTRAND P., MARTINEZ L., LAGGOUN-DEFARGE F. (1991). Fluorescence of
organic matter and thermal assessment. Org. Geochem., vol. 17, Nj4, pp. 511-524.

CHATEAUNEUF J.-J., FARJANEL G., LAGGOUN-DEFARGE F., PEZERIL G., BIKWEMU G. (1991).
Petrological and physico-chemical properties of some african peats in relation to their
suitability for carbonisation. Bull. Soc. gZol. France, 8, t. 162, nj 2, pp. 423-435.

LAGGOUN-DEFARGE F., PRADIER B., PITTION J.-L. (1992). DZtection et caractZrisation des
huiles naturelles dans la microstructure des roches rZservoir par leurs propriZtZs de
fluorescence. C. R. Acad. Sci. Paris, t. 314, SZrie |l, pp. 291-297.

¥ 1994

7.

10.

BAuDIN F., MoNoD O., BEGOtEN V., LAGGOUN-DEEFARGE F., PERSON A. (1994).
CaractZrisation et diagenese de la matisre organique du Jurassique supZrieur du Taurus
occidental (Turquie  mZridionale). Reconstitution palZoenvironnementale et
consZquences tectoniques. Bull. Soc. gZol. France, t. 165, nj 2, pp. 135-145.

LAGGOUN-DEFARGE F., LALLIER-VERGES E., SUAREZ-RuUIZ |., COHAUT N., JIMENEZ-BAUTISTA A.,
LANDAIS P., PRADO J.G. (1994). Evolution of vitrinite ultrafine structures during artificial
thermal maturation. Amer. Chem. Soc. Symposium Series, vol. 570, pp. 194-205.

GAsSE F., DISNAR J.-R., FERRY L., GIBERT E., KissSeL C., LAGGOUN-DEFARGE F., LALLIER-
VERGES E., SAOS J.-L., SIFEDDINE A., TAIEB M., TUCHOLKA P., VAN CAMPO E., WILLIAMSON D.
(1994). Un enregistreur continu de l'environnement au Quaternaire SupZrieur en
hZmisphere sud: le Lac Tritrivakely (Madagascar). C. R. Acad. Sci. Paris, t. 318, sZrie
1, pp. 1513-1519.

SUAREZ-RUIZ |., JIMENEZ A., IGLESIAS M.J., LAGGOUN-DEFARGE F., PrRADO J.G. (1994).
Influence of resinite on huminite properties. Energy & Fuels, 8, pp. 1417-1424.

¥ 1995

11.

12.

13.

IGLESIAS M.J., JIMENEZ A., LAGGOUN-DEFARGE F., SUAREZ-RUIZ |. (1995). FTIR study of
pure vitrains and their associate coals. Energy & Fuels, 9, pp. 458-466.

LAGGOUN-DEFARGE F., PRADIER B., BROSSE E., OUDIN J.-L. (1995). Microtextural analysis
of organic sediments of the Mahakam (IndonZsie) P Relationships with the depositional-
environments. C. R. Acad. Sci. Paris , t. 320, sZrie. lla, pp. 1055-1061.

SIFEDDINE A., LAGGOUN-DEFARGE F., LALLIER-VERGES E., WILLIAMSON D., GASSE F., GIBERT E.
(1995). Lacustrine organic sedimentation in the southern tropical zone in the last
36000 years (Lake Tritrivakely, Madagascar). C. R. Acad. Sci. Paris , t. 321, sZrie lla,
pp. 385-391.

¥ 1996



14. MONGENOT TH., TRIBOVILLARD N.-P., DESPRAIRIES A., LALLIER-VERGES E., LAGGOUN- DEFARGE
F. (1996). Trace elements as palaeoenvironmental markers in strongly mature
hydrocarbon source rocks: the Cretaceous La Luna Formation of Venezuela.
Sedimentary Geology, 102, pp. 23-37.

¥ 1997

15. BOURDON S., LAGGOUN-DEFARGE F., CHENU C. (1997). Effets de la diagenese prZcoce sur
la matisre organique sZdimentaire d'origine palustre. Exemple du Lac Tritrivakely
(Madagascar). Bull. Soc. gZol. France, tome 168, nj 5, pp. 565-572.

¥ 1998

16. SIFEDDINE A., BERTAUX J., MOURGUIART P., MARTIN L., DISNAR J.-R., LAGGOUN-DEFARGE F.
(1998). Etude de la sZdimentation lacustre d@n site de forst d@ltitude des Andes
centrales (Bolivie). Implications palZoclimatiques. Bull. Soc. gZol. France, tome 169, nj
3, pp.395-402.

17. JIMENEZ A., IGLESIAS M.J., LAGGOUN-DEFARGE F., SUAREZ-RuUIZ |. (1998). Study of physical
and chemical properties of vitrinites. Inferences on depositional and coalification
controls. Chem. Geol, Vol. 150/3-4, pp. 197-221.

¥ 1999

18. JIMENEZ A., IGLESIAS M. J., LAGGOUN-DEFARGE F., SUAREZ-Ruiz |. (1999). Effect of the
increase in temperature on the evolution of the physical and chemical structure of
vitrinite. Journal of Analytical and Applied Pyrolysis,.Vol. 50, pp. 117-148.

19. BAUDIN F., TRIBOVILLARD N., LAGGOUN-DEFARGE F., LICHTFOUSE E., MoNOD O., GARDIN S.
(1999). Depositional environment of a Kimmeridgian carbonate Oblack band O (Akkuyu
Formation, south-western Turkey). Sedimentology, 46, 4, pp. 589-602

20. GIBERT E., TARDI Y., MASSAULT M., CHERNET T. BARBECOT F., LAGGOUN-DEFARGE F. (1999).
Comparison between carbonate and organic AMS '*C ages in Lake Abiyata sediments
(Ethiopia): hydrochemistry and palaeoenvironmental implications Radiocarbon, Vol. 41,
Nj 3, pp.271-286.

¥ 2000

21. BOURDON S., LAGGOUN-DEFARGE F., MAMAN O., DISNAR J.-R., GUILLET B. DERENNE S.,
LARGEAU C. (2000). Organic matter sources and early diagenetic degradation in a
tropical peaty marsh (Tritrivakely, Madagascar). Implications for environmental
reconstruction during the Sub-Atlantic. Organic Geochemistry, Vol. 31, pp.421-438.

22. Huc A.Y., NEDERLOF P., DEBARRE R., CARPENTIER B., BOUSSAFIR M., LAGGOUN-DEFARGE F.
(2000). Pyrobitumen occurrence and formation in a Cambro-Ordovician sandstone
reservoir, Fahud Salt Basin, North Oman. Chem. Geol., Vol. 168, pp. 99-112.

¥ 2001

23. IGLESIAS M. J., CUESTA M J., LAGGOUN-DEFARGE F., SUAREZ-RuIZ |. (2001). The influence
of impregnation by hydrocarbons on coal structure during its thermal evolution. Journal
of Analytical and Applied Pyrolysis, Vol. 58-59, pp. 841-871.

¥ 2002

24. IGLESIAS M. J., DEL RI0 J. C., LAGGOUN-DEFARGE F., CUESTA M J., SUAREZ-RuIZ |. (2002).
Control of the chemical structure in perhydrous coals by FTIR and Py-GC/MS. Journal of
Analytical and Applied Pyrolysis, Vol. 62, pp. 1-34.

¥ 2003

25. LAGGOUN-DEFARGE F., RouzauD J.-N., IGLESIAS M. J. SuAReEz-Ruiz |., BuiLuiT N., J.-R.
DISNAR (2003). Coking properties of perhydrous low-rank vitrains. Influence of pyrolysis
conditions. Journal of Analytical and Applied Pyrolysis, Vol. 67, pp. 263-276.



26. IGLESIAS M. J., DEL Ri0 J. C., LAGGOUN-DEFARGE F., CUESTA M J., SUAREZ-RuIz |. (2003)
Chemical-structural characterization of solvent and thermal extractable material from
perhydrous vitrinites. Journal of Analytical and Applied Pyrolysis, Vol. 68-69, pp. 387-
407.

27. Nzoussi-MBASSANI P., DISNAR J.R., LAGGOUN-DEFARGE F. (2003). Organic matter
characteristics of Cenomanian-Turonian source rocks: Implications for petroleum and
gas exploration onshore Senegal. Marine and Petroleum Geology. Vol. 20, pp. 411-427.

28. CHAPMAN S., BUTTLER A., FRANCEZ A.-J., LAGGOUN-DEFARGE F., VASANDER H., SCHLOTER M.,
CoMBE J., GROSVERNIER P., HArRMS H., EPRON D., GILBERT D., MITCHELL E. (2003).
Exploitation of northern peatlands and biodiversity maintenance: a conflict between
economy and ecology. Front. Ecol. Environ., 1(10): 525-532.

¥ 2004

29. MIRAS Y., LAGGOUN-DEFARGE F., GUENET P., RICHARD H. (2004). Multi-disciplinary
approach to changes in agro-pastural activities since the Sub-Boreal in the surroundings
of the Onarse d@&spinasse O (Puy de D™ne, French Massif Central). Vegetation History
and Archaeobotany, 13 : 91-103.

30. CoPARD Y. DISNAR J.-R., BECQ-GIRAUDON J.-F., LAGGOUN-DEFARGE F. (2004). Erroneous
coal maturity assessment caused by low temperature oxidation.. International Journal
of Coal Geology, 58 : 171-180.

¥ 2005

31. Nzoussi-MBASSANI _P., KHAMLI N., DISNAR J.-R., LAGGOUN-DEFARGE F., BOUSSAFIR M.
(2005). Cenomano-Turonian organic sedimentation in North-West Africa: A comparison
between the Tarfaya (Morocco) and Senegal Basins. Sedimentary Geology, 177 : 271-
295.

32. KARROUM M., GUILLET B., LAGGOUN-DEFARGE F., DISNAR J-R., LOTTIER N., VILLEMIN G.,
ToOUuTAIN F. (2005). Evolution morphologique des litieres de hetre (Fagus sylvatica L) et
transformation des biopolymeres, lignine et polysaccharides, dans un mull et un moder,
sous climat tempZrZ (foret de Fougeres, Bretagne, France). Canadian J. of Soil Science
85 : 405-416.

33. DISNAR J.-R., STEFANOVA M., BOURDON S., LAGGOUN-DEFARGE F. (2005). Sequential fatty
acids analysis of a peat core covering the last two millennia (Tritrivakely lake,
Madagascar): Diagenesis appraisal and consequences on palaeoenvironnemental
reconstruction. Organic Geochemistry, 36: 1391-1404.

¥ 2006

34. IGLESIAS M. J., CUESTA M J., LAGGOUN-DEFARGE F., SUAREZ-RUIZ |I. (2006). 1D-NMR and
2D-NMR analysis of the thermal degradation products from vitrinites in relation to their
natural hydrogen enrichment. Journal of Analytical and Applied Pyrolysis, Vol. 77, pp.
83-93.

35. MAGNY M., AALBERSBERG G., BEGEOT C., BOSSUET G., DISNAR J.-R., HEIRI O., LAGGOUN-
DEFARGE F., MILLET L., PEYRON O., RUFFALDI P., VANNIERE B., WALTER- SIMONET A.-V. (2006).
Environmental and climatic changes in the Jura mountains (eastern France) during the
Last Glacial-Holocene transition: a multi-proxy record from Lake Lautrey. Quaternary
Science Review. Vol. 25 : 414-445.

36. SEBAG D., OGIER S., MESNAGE V., DI GIovANNI C., LAGGOUN-DEFARGE F., DURAND A.
(2006). . Inventory of sedimentary organic matter in modern wetland (Marais Vernier,
Normandy, France) as source-indicative tools to study Holocene alluvial deposits (Lower
Seine Valley, France). International Journal of Coal Geology, 67: 1-16.

37. COMONT L., LAGGOUN-DEFARGE, F., DISNAR, J.R. (2006) Evolution of organic matter
indicators in response to major environmental changes: the case of a formerly cut-over
peatbog (Le Russey, Jura Mountains, France). Organic Geochemistry, 37, 1736-51.
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Tetramethylammonium hydroxide thermochemolysis for the analysis and quantification
of cellulose and free carbohydrates in a peatbog. Journal of Analytical and Applied
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Organic matter sources and early diagenetic degradation in a
tropical peaty marsh (Tritrivakely, Madagascar). Implications
for environmental reconstruction during the Sub-Atlantic
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Abstract

Peat samples from a one metre core and living Cyperaceae, collected in Tritrivakely marsh in Madagascar, were
studied to determine the organic matter (OM) composition and extent of OM degradation in this core. The study was
carried out combining light microscopy observations, bulk analyses, infra-red spectroscopy, hydrolyses of sugars, oxi-
dation of lignin and pyrolyses. In the surface peat, organic matter derived from Cyperaceae undergoes extensive
degradation of its basic cell wall components, morphologically revealed by destructuration of plant tissues and their
transformation into reddish amorphous organic matter occurring in large amounts all along the core. Two ratios
(cinnamic units/lignin and xylose+arabinose/total sugars) were determined as markers of Cyperaceae. It appeared that
the vegetation of the marsh remained probably unchanged during the considered accumulation period, i.e. the last 2300
years B.P. Rhamnose, mannose and non-cellulosic glucose probably have a common origin and are mostly derived
from bacteria. In contrast, galactose is likely to be a marker of algal source, especially of the diatoms that occur only in
the upper part of the core (O+ca. 50 cm). Acid/aldehyde ratios of syringic and vanillic monomers (index of lignin oxi-
dative depolymerisation) and mannose-+rhamnose+non-cellulosic glucose/total sugars ratios (re ecting bacterial
degradation of hemicelluloses) are positively correlated, and can thus be considered as markers of microbial degrada-
tion of the Cyperaceae tissues. The-alkane/h-alk-1-ene doublets that dominate the pyrolysates of hydrolysed peat
samples re ect the contribution of B. braunii algaenan and higher plant suberans, and of condensed lipids mostly
derived from higher plants and microalgae. The upper part of the core is characterised by a greater dilution of Cyper-
aceae-derived compounds by organic matter from microalgae when compared with deeper samples, as recorded by peat
bulk features, hydrolysable sugars, lignin oxidation products and pyrolysis products. Two accumulation periods can
thus be distinguished in the core: a peaty phase between 2300 years B.P. and ca. 1500 years B.P. (low watertable and
strongly limited microalgal growth); a waterlogged marsh, from ca. 1500 years B.P. to the present time, in which a higher
water table was longer lasting with a substantial algal production. The environmental variation thus recorded could
correspond to a regional climatic change occurring around 1500 years B.B. 2000 Elsevier Science Ltd. All rights
reserved.
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Lignin oxidation; Pyrolyses
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1. Introduction

Various components of organic matter (OM) in sedi-
ments and soils can be used as phytoecological indica-
tors for the reconstruction of palaeoenvironments and
palaeoclimates (e.g. Hedges and Mann, 1979; Pelet and
Deroo, 1983; Huc, 1988). Interpretation of OM records
for such a purpose requires the identi®cation of OM
sources, information on their diagenetic alteration and
estimation of their contribution to total OM. In peats
and lacustrine sediments, the main primary sources of
OM are (1) planktonic and benthic algae, (2) terrestrial
plant remains and soil OM reworked from the catch-
ment area and (3) submerged and/or emergent vascular
plants which may colonise lake margins or the whole
water-body in the case of mires and marshes. During
transport to the lake or to the marsh as well as during
deposition and early diagenesis, many processes may
alter the original characters of organic sources. In peat-
lands, OM preservation is favoured by an anoxic envir-
onment and rapid burial (Clymo, 1983). However,
anaerobic bacterial processeqi.e. fermentation, sul-
phate reduction and/or methanogenesis) may sig-
ni®cantly modify elemental, molecular and isotopic
composition of residual OM (Colberg and Young, 1982;
Benner et al., 1984). Studies of lipid biomarkers in peat
were recently performed to reconstruct higher plant
inputs so as to derive new climatic change proxies (Far-
rimond and Flanagan, 1995; Ficken et al., 1998).

Peat precursors are mainly terrestrial higher plants,
except forSphagnunpeat. OM in peat is therefore, mostly
composed of products derived from lignin, hemi-
celluloses and cellulose. It may also comprise plankton-
derived OM which contains a signi®cant fraction of
carbohydrates, even if their amount is lower when com-
pared with vascular plants (Hamilton and Hedges,
1988). Depending on OM sources (terrestrial or plank-
tonic) and types of vascular plant tissues, monomer
components of these polysaccharides exhibit distinctive
compositional patterns (Moers et al., 1990a; 1990b).

Lignin which is a major component of vascular plant
tissues, is a highly-branched phenol polymer that is
present in diverse molecular associations. Variations are
due to di€erent proportions of coniferyl, sinapyl and p-
coumaryl alcohol-derived compounds in gymnosperm,
di- and monocotyledon angiosperm lignins. The dis-
tribution of lignin-derived monomeric phenolic com-
pounds can be determined through oxidative hydrolysis
of the lignin polymer, generally performed by CuO in
alkaline medium. Monomer distributions have been
used for the characterisation of di€erent vascular plants
and tissue types (Hedges and Mann, 1979) and for the
determination of the sources and degradation intensity
of OM in soils and sediments (Ertel and Hedges, 1984).
To date, only a few attemps have been made to use lig-
nin-derived compounds to examine changes in terres-
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trial vegetation type resulting from variations of
palaeoenvironmental conditions (Hedges et al., 1982;
Ishiwatari and Uzaki, 1987; Orem et al., 1997; Maman
et al., 1998), especially in hydromorphic environments
such as peatlands.

This study aims to characterise the nature and early
degradation processes of OM from a continental peaty
marsh (Tritrivakely lake, Madagascar) in order to deter-
mine OM sources and to emphasise changes in depos-
itionnal conditions that occurred during the past two
millenia. At the present time, this marsh is colonised by
Cyperaceae. Peat samples from the upper metre of the
deposit were compared with material isolated from fresh
Cyperaceae Cyperus madagariensis, Cyperus papyrus
and Heliocharis equisetinpnow growing at the site, and
changes in peat characteristics with depth were also
examined in this section. Bulk characterisation, in terms
of C/N ratio, hydrogen index and micromorphological
features, of peats and fresh material were carried out
®rst. Secondly, speci®c signatures of carbohydrates as
well as lignin-derived phenolic compounds were used to
provide indications as to sources and preservation state
of peat OM through comparison with fresh material.
Finally, the chemical composition of ““hydrolysed peat"
(insoluble material obtained after extraction by organic
solvents and hydrolysis by dilute acid) isolated from two
selected levels was examined by analysis of “"o€-line"
pyrolysates via combined gas chromatography/mass
spectrometry (GC-MS) in order to complete the infor-
mation given by the products released upon hydrolysis.

2. Experimental
2.1. Modern setting and sampling

Tritrivakely lake (19 47°S, 46 55, 1778 m) is located in
the central part of the Ankaratra Plateau (Madagascar).
This plateau consists of trachyte and rhyolite domes of
Pliocene age and Quaternary basaltic "ows covering a
metamorphic basement (Besairie, 1946). The lake is a maar
about 600 m wide and 50 m deep. As revealed by piston-
core examination, sedimentary in®ll represents a more
than 40 m thick accumulation of lacustrine and paludal
sediments that have probably recorded the last climatic
cycle (Gasse et al., 1994; Sifeddine et al., 1995; Gasse and
Van Campo, 1998). The uppermost 3 m of sediment con-
sist of peat accumulated during the late Holocene (Burney,
1987; Gasse et al., 1994).

The regional climate, controlled by latitude and
topography (Donque, 1975), is of the mountain tropical
type (mean annual precipitation about 1600 mm/year;
mean annual temperature about 16C) with a warm and
wet summer and a dry and cool winter (Chaperon et al.,
1993). The lake has no surface outlet. Changes in water-
level are, therefore, directly controlled by the precipita-
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tion/evaporation ratio. As a consequence, the water-
table varies considerably; the lake was almost dry in
November 1992, while the maximum watertable reached
0.6 m in January 1992, and up to 2 m after an extremely
rainy season in May 1994. Water is fresh, oligotrophic
(electric conductivity about 20.6 n8 cn¥?Y), slightly
acidic (pH from 5.5 to 6.3), and has a'“C activity of
98.14% corresponding to an apparent age of about 1000
years (Gasse et al., 1994). The waterbody is presently
colonised by aquatic and emergent plants. The ora
mainly consists of CyperaceaeQyperus madagariensis
dominant, and Cyperus papyrusandHeliocharis equise-
tina) with some Poaceae species likeeersia hexandra
Rice and corn are cropped on the slopes of the crater.

The present study is concerned with the uppermost
metre of peat which has accumulated for 2300 years
B.P. in the maar (Bourdon et al., 1997). The studied
core was taken in 1994 near the center of the marsh.
Samples were taken with a spacing of 5 cm for Rock-
Eval pyrolyses and LECO analyses; the other studies
were performed on core sections (1+4 cm thick). Cyper-
aceae living in the marsh were also examined. They
consisted of Cyperus madagariensis, Cyperus papyrus
and Heliocharis equisetinastems. All samples were kept
at 4 C until they were prepared for microscopy and
geochemical analyses.

2.2. Bulk analyses

Total organic carbon (TOC) contents and hydrogen
index (HI) values were obtained by Rock-Eval pyrolysis
and C/N ratios with LECO CNS. Elemental analysis (C,
H, O, N and ash) was carried out on two samples
selected for detailed analysis, including pyrolysis of the
insoluble residue from acid hydrolysis. Morphological
identi®cation and quanti®cation of peat constituents
were carried out by transmitted light microscopy.

2.3. Sugar analysis

The labile sugars, including hemicellulosic glucose,
were released by hydrolysis at 10€ during 3 h with 0.5
N HCI (hydrolysis 1). The insoluble solid residues thus
obtained were further hydrolysed with 12 N HCI at
room temperature during 12 h then, after dilution of
the acid to 0.5 N, hydrolysed again under the same
conditions as above (hydrolysis Il). This second treat-
ment was carried out to remove resistant sugars, begin-
ning with cellulosic glucose (e.g. Sighe 1996). After
each hydrolysis, a known quantity of inositol, used as
an internal standard, was added to the supernatant.
Thereafter, water and HCI were eliminated under vac-
cuum in a rotary evaporator. After drying 24 to 48 h in
a desiccator, in the presence of KOH, the dried sugars
were dissolved in pyridine containing 0.2 % (w:v)
lithium perchlorate. The mixture was kept at 40C dur-
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ing 2 h in order to reach the anomeric equilibrium
(Bethge et al., 1966). Then, sugars were silylated at
(1 h) with Tri-sil* Fluka (1:2 ; viv). The silylated sugars
were analysed by means of a DI 700 Delsi gas chro-
matograph equipped with a CP sil 5 CB column (0.32
mm i.d. 30 m) (®Im thickness 0.2%5m), a ame ioni-
sation detector (300C), and a split/splitless capillary
injector maintained at 300C and used in the splitless
mode (valve reopened 1 min after injection). After being
held 1 min at 60 C, the oven temperature was increased
from 60 to 120 C at 30 C/min, and then from 120 to
300 C at 3 C/min. The eeciency of sugar release by
hydrolyses | and Il was tested, on material from living
Cyperaceae and on two peat samples (0+1 cm and 50+54
cm) by infra-red spectroscopy of solid residues.

2.4. Lignin analysis

The release of lignin-derived phenols was achieved via
CuO oxidation (Hedges and Ertel, 1982). Vanillic and
syringic compounds are derived from the oxidation of
the coniferyl and sinapyl moieties of lignin, respectively,
and they consist of ketones, aldehydes and acids. The
vanillic (V) and syringic (S) units correspond to the sum
of such products. The ferulic and p-coumaric acids
linked to cellulose by ester-bonds and composing the
cinnamic unit (C) were generated from the cinnamyl
alcohol-derived moieties p-Hydroxybenzoic compounds
were also identi®ed but this unit (H) can be partly
derived from other sources than lignin. Total lignin is
calculated as the sum of vanillic, syringic, cinnamic and
p-hydroxybenzoic units.

About 50 mg of bulk peat, in duplicate, were hydrolysed
with NaOH (8%) at 170 C during 4 h, in the presence of
CuO and Mohr salt (Hedges and Ertel, 1982). After cool-
ing, a known quantity of 2, 4, 5-trimethoxybenzoic acid
was added as internal standard. After acidi®cation at pH
=1 with HCI (6 N) and centrifugation, lignin phenols were
extracted with peroxide free diethylether. After ether eva-
poration in rotary evaporator, lignin phenols were redis-
solved in methanol and kept under N in a tightly closed
vessel until analysis. The separation of lignin monomers,
i.e. 11 phenolic aldehydes, ketones and acids, was per-
formed by capillary zone electrophoresis according to
Maman et al. (1996) with a P/ACE 5510 system (Beckman)
equipped with a silica capillary (57 cm 50 mm). Afterals
injection and separation, phenols were determined by UV
detection at 214 nm through the capillary, at 50 cm from
the injection point.

2.5. Pyrolyses

“"O%€-line" pyrolyses were performed on the insoluble
residues of two selected peat samples (3034 and 79+80
cm). Residues were obtained after three successive
treatments. First, bulk peat was extracted with CHCI, /
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methanol (2:1; v:v) at room temperature to remove free
lipids. Then the solvent-extracted material was hydro-
lysed during 3 h at 100C with 0.5 N HCI to remove the
most labile polysaccharides. Finally, a second extraction
was performed with CH,Cl,:methanol (2:1; viv) to
remove bound lipids released after hydrolysis. The solid
residues thus obtained were submitted to “"o€-line" pyr-
olyses (Largeau et al., 1986) via successive heating at
300 C for 20 min and at 400 C for 1 h under a helium
“ow. After each pyrolysis, the residue was extracted with
CH,Cly/methanol (2:1; v:v). The pyrolysis products
formed at 400 C and trapped in cold chloroform aty 5 C
were analysed by GC/MS. GC/MS was carried out on a
Hewlett+Packard 5890 gas chromatograph interfaced to
a 5989A HewletttPackard mass spectrometer operated
at 70 eV with a mass rangem/z 40+600. The gas chro-
matograph was equipped with a 25 m CPSil 5 CB column
(®Im thickness: 0.4m). Helium was the carrier gas. The
oven was heated from 100 to 30@ at 4 C min¥ 2.

2.6. Infra-red spectroscopy

Fourier transform infra-red (FTIR) analysis was car-
ried out with PerkintElmer 16 PC apparatus. Untreated
materials and insoluble residues from hydrolyses and
pyrolyses were examined in order to characterise the
loss of labile compounds and the chemical changes
occurring upon acid treatment and thermal stress.

3. Results and discussion
3.1. Bulk characterisation

Light microscopy enabled two main organic fractions
to be distinguished in the peat : (1) a major fraction (80
90%) composed of reddish amorphous OM "akes [Plate
1(a)] that is present throughout the series and (2) a
minor fraction (5+10 %) formed by algal OM, namely
from Botryococcus[Plate 1p)] and diatoms [Plate 1¢)].
Unlike Botryococcus diatoms are only present in the
upper part of the pro®le @ 55 cm depth). In addition,
the samples of ““surface peat"4( 10 cm) contain sub-
stantial proportions (5 to 15 %) of well-preserved plant
tissues, especially from Cyperaceae [Plated]) The
large predominance of amorphous OM "akes from the
®rst centimetre and throughout the series, indicates that
extensive destructuration and alteration of plant tissues
occur immediately after the incorporation of senescent
plant remains into the peat (Bourdon et al., 1997).
Nevertheless, transmission electron microscopy (TEM)
observations showed that such “akes contain, in addi-
tion to a fraction which appears amorphous even at a
nanoscopic scale, preserved biological structures (lami-
nae) probably inherited from plant tissues (Laggoun-
Defarge et al., 1999). TEM observations also showed
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bacterial and/or fungal bodies associated with degraded
plant tissues.

Total organic carbon (TOC) content remains high
throughout the series, i.e. between 45 and 50% (Fig. 1),
as usually observed for the accumulation of OM of ter-
restrial origin, in the absence of notable inorganic
inputs. However, hydrogen index (HI) values, which
range between 460 and 580 mg HC/g TOC, are higher
than expected for a material believed to be mainly from
ligno-cellulosic tissues (Espitalfeet al., 1985). In fact,
fresh cyperaceae tissues yield a HI value of 360 mg HC/
g TOC. These high HI values in peat can partly be
explained by a substantial contribution of hydrogen-rich
algal OM that is consistent with the above microscopic
observations. The relatively high C/N ratio of 23
observed in the upper 1 cm of the peat suggests incom-
plete degradation of Cyperaceae tissues (C/N ratio of
41). Below, complete Cyperaceae degradation and algal
OM contribution probably explain the observed C/N
ratios of 14+18.

The downward evolution of the above mentioned
parameters allows two parts, 050 cm and 50+100 cm, to
be distinguished in the series (Fig. 1). The samples from
the 0+50 cm zone, when compared with deeper samples,
exhibit higher HI values and lower C/N ratios, thus
suggesting a higher algal contribution in the upper part
of the pro®le. This evolution should re ect changes in
accumulation conditions of the peat, probably related,
as discussed later on, to a regional climatic change.

3.2. Hydrolysable organic matter

3.2.1. Sugars

The esciency of sugar hydrolysis was examined by
Fourier transform infra-red (FTIR) spectroscopy on
three samples : stems of living Cyperaceae, 0+1 cm and
50+54 cm depth peats. The FTIR spectra of the starting
materials [1(A), 2(A), 3(A); Fig. 2] are compared with
those of the corresponding insoluble residues isolated
after the two successive hydrolyses [1(B), 2(B), 3(B); Fig.
2]. All these spectra exhibit intense absorptions around
1040 cny 1 (u C-0) which are assigned to cellulosic sugars
(Given et al., 1984). When compared with the untreated
materials, some decrease in the relative intensity of these
bands is observed in the corresponding solid residues.
However, this relative decrease is less pronounced in liv-
ing Cyperaceae [1(A) and 1(B), Fig. 2] suggesting that
cellulosic sugars occur in more resistant polymers in liv-
ing Cyperaceae than in the peat samples. Such a di€er-
ence may re ect the extensive destructuration and
alteration of plant tissues observed, as discussed above,
from the surface of the peat by light microscopy.

As expected, the labile sugars appear to be almost
entirely released by hydrolysis |, since the sugars
obtained via hydrolysis Il are much less abundant and
mostly correspond to cellulosic glucose (Table 1). In the
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Plate. 1. Micrographs of peat samples from Tritrivakely marsh, Madagascar, obtained by transmitted light microscopya): Amor-
phous organic matter “akes derived from destructuration and alteration of higher plant tissues and occurring in large amount
throughout the peat pro®le. p) and (c): Algal organic matter composed ofBotryococcus(b) (arrow) and diatoms (c) (arrow) which
occurs as a minor fraction in the half upper part of the peat pro®le.d): Well-preserved plant tissues of Cyperaceae occurring in sub-
stantial proportions in the surface peat 4 10 cm depth). Scale bar=15mm.
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Fig. 1. Comparison of TOC concentrations, Rock Eval
hydrogen index (HI) values and organic matter atomic C/N
ratios in fresh Cyperaceae stems ) and peat samples from
Tritrivakely marsh, Madagascar.

material from the living Cyperaceae and in the surface
horizon of the peat (0+1 cm), about 50% of the organic
carbon corresponds to polysaccharides. The larger
amounts of labile glucose (glucose 1) in the surface hor-
izon than in the Cyperaceae sample (71.5 mg/g vs. 52.8
mg/g) suggests a contribution from another source to
the peat, e.g. from microbiota. The rather low amounts
of cellulosic glucose (glucose Il) released by the material
from the living Cyperaceae (Table 1), can be explained
by incomplete hydrolysis. This is supported by the
above mentioned strong relative intensity of cellulose
bands in the FTIR spectra of the hydrolysis residue of
Cyperaceae material (Fig. 2). Nevertheless, the amount
of cellulosic glucose recovered upon hydrolysis Il shar-
ply decreases between the latter material and the 0+1 cm
horizon (Table 1), although more escient hydrolysis is
achieved from peat samples as shown by FTIR obser-
vations. Accordingly, it appears that cellulose is rapidly
and extensively altered upon deposition and the bulk is
degraded as early as the surface horizon of the peat.

In the peat, the total sugar content roughly decreases
from ca. 510 mg/g at 0+1 cm to ca. 100 mg/g at 2+5 cm
depth (Table 1). Below, the amount of sugars remains
roughly constant all along the series. These results,
which re”ect strong microbial degradation in the surface
horizon of the peat, are consistent with previous results
obtained on a red mangrove swamp (Moers et al.,
1990b).

The relative abundances of the monosaccharides
released following the two hydrolyses are listed in Table 2.
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Fig. 2. FTIR spectra of (1) fresh Cyperaceae stems, (2) surface
peat (0+1 cm depth) and (3) deep peat (50+54 cm depth) from
Tritrivakely marsh, Madagascar. (A) indicates untreated mate-
rial and (B), insoluble residues from successive hydrolyses with
0.5 N HCl and 12 N HCI.
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The living Cyperaceae are characterised by high amounts
of hemicellulosic sugars (xylose arabinose > glucose

1) compared with cellulosic glucose released by hydro-
lysis Il. An abundant presence of xylose is common for
macrophytes since Wicks and his collaborators (1991)
found about 50% of xylose in the total sugars ofJuncus
e€usus, Carex walterianand Spartina alterni ora.

In the ““surface peat" @ 10 cm), xylose and arabi-
nose inherited mainly from the Cyperaceae are still
abundant. In addition, large amounts of galactose and
non-cellulosic glucose are observed (Table 2).

With increasing depth, while the amounts of arabi-
nose and cellulosic glucose (glucose Il) decrease, those
of galactose and non-cellulosic glucose (glucose |I)
increase slightly (Table 2). These latter sugars might
indicate a contribution of other sources, corresponding

Table 1

Total sugar yields (mg of C. sugars/g Org. C.) from the two
successive hydrolyses: hydrolysis | carried out with 0.5 N HCI,
and hydrolysis Il carried out with 12 N HCI; and total glucose
yields (mg of C. glucose/g Org. C.) from these two hydrolyses.
Hydrolysis Il was carried out to remove especially cellulosic
glucose (glucose 1)

C-sugars C-sugars C-glucose C-glucose

| Il | 1l
Cyperaceae  449.0 50.5 52.8 43.6
01 cm 496.4 10.6 715 7.6
2+5cm 95.1 7.9 24.2 6.7
9+12 cm 79.3 5.2 18.9 4.7
13+15cm 75.9 1.8 15.3 1.1
19+21 cm 68.0 + 14.7 0.0
30+£34 cm 78.4 2.3 17.1 1.7
50+54 cm 56.8 2.5 11.0 1.6
59+60 cm 48.4 1.2 11.7 0.8
79+80 cm 55.2 35 12.5 1.8
96+99 cm 74.9 4.2 135 2.8
Table 2
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to microalgae and/or microbiota. A microbial contribu-
tion might also account for the relatively high propor-
tions of mannose, fucose and rhamnose. Non-cellulosic
glucose is a very common constituent in many organ-
isms, e.g. vascular plants, phytoplankton and bacteria.
On the other hand, galactose and mannose are fre-
quently related to bacterial or algal sources in soils
(Trouvéhet al., 1996), mangrove peat (Moers et al.,
1990b) and lake sediments (Boschker et al., 1995), while
a bacterial source is also commonly considered for the
deoxihexoses fucose and rhamnose as it was observed in
trap sediments by Hicks et al. (1994).

The close correlation between arabinose and xylose
[Fig. 3(A)] con®rms that both these compounds are
derived from hemicellulosic tissues of Cyperaceae. In the
same way, the correlations between rhamnose and man-
nose [Fig. 3(B)], and between glucose () and mannose
[Fig. 3(C)] suggest that these monosaccharides probably
have a common origin and are chie'y derived from bac-
teria. The excess of non-cellulosic glucose (ca. 8%) obse-
rved in [Fig. 3(C)] probably re ects a vascular plant
source.

The evolution of total sugar content along the pro®le
indicates that extensive degradation of polysaccharides
only occurs in the surface peat (the ®rst cm depth; Table
1). Below, no clear downward evolution is detected for
sugars. This might indicate a low in situ microbial
activity for sugar degradation, as previously observed in
a mangrove swamp (Moers et al., 1990b). The outcome
is a remarkable biological stability of the poly-
saccharidic associations along the pro®le which is the
speci®city of hydromorphic environments such as peat-
lands, compared with aerobic soil environments.

3.2.2. Lignin-derived phenols

The material from the living Cyperaceae shows an
unusually high lignin content (ca. 140 mg/g C; Table 3),
higher than the value (ca. 95 mg/g C) previously

Monosaccharide concentrations (w% of total sugars) of fresh Cyperaceae stems compared to those of peat samples from Tritrivakely

marsh, Madagascar

Xylose Arabinose Mannose Galactose Glucose | Glucose Il Fucose Rhamnose Ribose
Cyperaceae 56 17 1 4 11 9 1 1 0
0+l cm 35 20 4 18 14 1 5 2 0
2+5cm 22 12 8 18 24 7 5 6 0
9+12 cm 17 9 8 15 22 6 11 5 6
13+15cm 25 9 7 13 20 1 16 6 3
19+21 cm 14 7 6 27 22 0 14 5 5
30+34 cm 15 7 7 26 21 2 14 5 2
50+54 cm 13 7 7 23 19 3 15 5 7
59+60 cm 19 10 8 11 24 2 17 7 2
79+£80 cm 17 8 9 14 21 3 14 8 6
96+99 cm 31 14 6 12 17 3 9 5 2
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Fig. 3. Relationships between (A) xylose and arabinose, (B)

mannose and rhamnose, and (C) mannose and non-cellulosic
glucose (glucose I) in peat samples from Tritrivakely marsh,

Madagascar. The excess of non-cellulosic glucose content
probably originates from a vascular plant source.

obtained by Maman (1997) with two tropical Poaceae:
Hyparhenia sp. and Imperata cylindrica. As usual, for
monocotyledons, Cyperaceae lignin is dominated by
cinnamic units (56% of total lignin) composed of both
p-coumaric and ferulic acids (Table 3), and the other
most abundant lignin degradation products are syringic
and vanillic aldehydes (25% of total lignin; Table 3).

By comparison with the fresh plants, the amount of
lignin substantially decreases in the upper centimeter of
the peat (78.5 mg/g vs 139.2 mg/g in the material from
the living Cyperaceae; Table 3). This decrease continues
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Table 3

Total yield of lignin (mg/g Org. C.) and relative concentrations
of lignin CuO oxidation products (% of lignin total weight) in
fresh Cyperaceae stems and peat samples from Tritrivakely
marsh, Madagascat

Total Aldehydes
lignin

Acids Cinnamic

units

Ketones

S VvV PSVPS VPC F

Cyperaceae 139.2 14 11 3 31 25 1 3 38 18
0+1 cm 7854 22 16 6 54 26 3 1 22 11
2+5cm 610519 15 7 75 49 3 2 19 9
13+15cm 5312 19 15 7 87 69 5 2 17 5
31+34cm 3159 18 15 9 91159 2 2 12 9
50+54cm 5091 19 14 8 88 79 5 5 12 7
59+60cm 4165 16 11 8 98 79 4 2 14 10
79+80cm 3568 16 13 8 97 6 11 4 3 14 9
96+99cm 6400 17 14 7 86 59 3 3 18 10

2 S: syringic phenols, V: vanillic phenols, Pp-hydroxybenzoic
phenols, C: coumaric acids, F: ferulic acids.

downward and a value of ca. 30 mg/g is noted at 31+34
cm (Table 3). Below, the amount of lignin increases,
especially in the deepest sample (64 mg/g at 96+99 cm).
The decrease observed in the upper part of the studied
section should chie'y originate from the progress of
lignin alteration and also from increasing dilution by
algal material. The trend observed in the lower part
probably re"ects increasing relative inputs of lignin due
to lower dilution by non-ligneous material like phyto-
plankton, in agreement with HI and C/N values dis-
cussed above.

All along the section, the abundances of vanillic, syr-
ingic and cinnamic units are well-correlated with the
total amount of lignin [Fig. 4(a), (b), (c)]. Such a lack of
signi®cant changes in lignin composition indicates that
no substantial changes in higher plant sources took
place during the deposition of the studied peat section.
In contrast, there is no tight correlation between p-
hydroxybenzoic units and total lignin [Fig. 4(d)]. Some
of the p-hydroxybenzoic compounds are thus probably
derived from additional source(s) such as phyto-
plankton, as demonstrated by Hedges et al. (1988b) for
samples collected in sediment traps in a marine bay. The
latter authors demonstrated that thep-hydroxybenzoic
acid and the p-hydroxybenzaldehyde in these samples
chiey originated from sources other than lignin, such
as plankton, whereas thep-hydroxyacetophenone was
mainly derived from lignin. Our data (Table 3) can be
interpreted in the same way.

In addition, the acid/aldehyde ratio of vanillic and
syringic units is inversely correlated with the amount of
total lignin (Fig. 5). The latter feature suggests that the
depolymerisation of lignin is initiated by the oxidation
of aldehydes which leads to the production of benzoic
acids such as vanillic and syringic acids which are
rapidly mineralised. In subaerial terrestrial environment,
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Fig. 4. Relationships between total lignin content and vanillic (A), syringic (B), cinnamic (C) ang-hydroxybenzoic (D) monomers of

lignin in peat samples from Tritrivakely marsh, Madagascar.

Fig. 5. Relationship between total lignin content and the acid /
aldehyde ratio of syringic and vanillic monomers of lignin in
peat samples from Tritrivakely marsh, Madagascar.

such degradation is generally mediated by white-rot
fungi (Hedges et al., 1988a; Higuchi, 1990). At present,
in Tritrivakely marsh, important seasonal variations of
the watertable occur and drying of the surface peat was
observed, for example in November 1992. During such
dry periods an escient degradation of lignin by white-
rot fungi may have occurred, essentially at the top of the
pro®le. Then, translocation of the resulting soluble acid
monomers or oligomers of lignin down to deeper hor-

izons of the peat may have occurred, followed by
mineralisation by anaerobic bacteria (Young and Fra-
zer, 1987).

Acid/aldehyde ratio of syringic and vanillic mono-
mers thus appears as an index of lignin oxidative depo-
lymerisation, and hence as a criterion of alteration
intensity of initial plant tissues. This alteration essen-
tially results from microbial activity which can be fungal
and bacterial for lignin, as discussed above, but which is
mainly bacterial in the case of hemicelluloses. The bac-
terial degradation of hemicelluloses is re ected by the
formation of sugars such as mannose, rhamnose and
non-cellulosic glucose. Indeed, the (mannose+rhamno-
se+non cellulosic glucose/total sugars) ratio is posi-
tively correlated with the (acid/aldehyde).s ratio (Fig.
6). These two ratios can be, therefore, considered as
markers of degradation of the tissues of the Cyperaceae
by microbial activities.

3.3. Pyrolysis of hydrolysed peats (hp)

The insoluble materials obtained after lipid extraction
and acid hydrolysis of two peat samples from the upper
part (3034 cm section) and the lower part (79+80 cm
section) of the pro®le, representing the intervals above
and below the 1500 years timeline, termed hp-1 and hp-
2, respectively, were submitted to “"o€-line" pyrolyses.
The trapped products, generated at 40@, were identi-
®ed by GC/MS. This study was performed in order to
compare the molecular information recorded by hp-1
and hp-2 and by the hydrolysable components examined



430

Fig. 6. Relationship between acid/aldehyde ratio of syringic
and vanillic monomers (index of lignin oxidative depolymer-
isation) and (mannose+rhamnose+non-cellulosic glucose)/
total sugar ratio (re'ecting bacterial degradation of hemi-
celluloses) in peat samples from Tritrivakely marsh, Mada-
gascar.

above. In addition, the two peat samples were examined
by elemental analysis and FTIR before any treatment.

3.3.1. Elemental analysis

The low amount of ash in both peat samples re ects
the large predominance of OM over mineral matter in
this material (Table 4). According to light microscopy
observations the mineral matter mainly consists of bio-
genic silica (diatom tests and spicules of sponges). O/C
and H/C atomic ratios show high oxygen and hydrogen
contents for the two peat samples, consistent with the
immaturity of this material. The values of the H/C ratio,
which appear rather high for continental peats, could at
least partly be explained by the admixture of aliphatic
algal components. This interpretation is consistent with
the presence of algae shown by microscopic observa-
tions. In agreement with HI and C/N values previously
discussed, suggesting a larger contribution of aliphatic
algal components in the upper part of the section, a
higher H/C ratio is noted for sample-1.

3.3.2. Infra-red spectroscopy

The IR spectra of both peat samples (Fig. 7, sample-
1-A and sample-2-A) display numerous absorption
bands indicative of the presence of various functional
groups as expected for immature OM. The two spectra
show the same general pattern and main absorptions.

The strong bands at 1040 and 3400 cht should at
least partly be related to polysaccharidesuC-O and uO-
H, respectively). The band at 1040 cth® also shows the
characteristic shoulders of cellulose, the main poly-
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Table 4

Elemental composition (wt%) and atomic ratios of the two
peat samples from Tritrivakely marsh, Madagascar, selected
for pyrolytic studies

Ash C H N O O/C H/C

Sample 1 (30+34 cm) 105 46.7 6.1 4.1 326 0.52 1.56
Sample 2 (79+80cm) 9.3 489 6.2 3.6 319 049 151

saccharide of ligno-cellulosic cell walls of higher plants
(Given et al., 1984). The relative intensity of the typical
bands of aliphatic groups at 2850 and 2920 cht is
unusually high for peat samples. This is most probably
due to the presence of the hydrogen-rich algal material
mentioned above. Based on the relative importance of
these bands and of those characteristic of cellulose,
sample-1 (30+34 cm) appears relatively enriched in ali-
phatic moieties compared with sample-2 (79+80 cm),
which is in agreement with the above discussion on H/C
ratios and HI values, whereas the relative abundance of
cellulose is lower.

Another di€erence between the two peat samples is
concerned with the absorptions at 1635, 1547 and 1226
cm¥ 1 which can be ascribed to proteins (Disnar and
Trichet, 1980; Gerasimowicz et al., 1986). The higher
relative intensity of these bands in sample-1 than in
sample-2 is consistent with a higher protein content in
the former. Such a di€erence is also supported by N
contents of 4.1 and 3.6 wt%, respectively, and by a
lower C/N ratio for sample-1.

The spectra of sample-1 and sample-2 obtained after
free lipid extraction and acid hydrolysis [(Fig. 7, sample-
1(B) and sample-2(B)] show that the removal of poly-
saccharides was more eecient in the former, as indi-
cated by the greater decrease in the relative intensity of
the 1040 and 3400 cth' bands when compared with the
absorptions of the aliphatic moieties at 2850 and 2920
cm¥ 1, Due to the relatively mild hydrolysis conditions
used, the removed polysaccharides most probably cor-
responded to the easily hydrolysable hemicelluloses and
to sugars from the cell wall of bacteria and microalgae.
Indeed, the strong absorptions of cellulose still observed
around 1040 cn¥! and the importance of the bands
ascribed to proteins indicate that both types of moieties
are resistant to the rather mild conditions used for the
hydrolysis. In addition, the relative intensity of the 1040
cm¥ 1 band in spectra 1-B and 2-B shows that cellulose
content is higher in sample-2. This higher relative
abundance, despite burial at a greater depth, can be
explained by original sedimentary inputs richer in cellu-
lose for sample-2, due to a lesser dilution of vascular
plant components by aliphatic algal constituents in the
deeper part of the peat pro®le.

After pyrolysis at 300 C [Fig. 7, sample-1(C) and
sample-2(C)], the strong absorptions corresponding to
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Fig. 7. FTIR spectra of the two peat samples selected for pyrolytic studies (sample-1, 30+34 cm section; sample-2, 79+80 cm section).
(A) bulk peats, (B) solid residues after lipid removal and acid hydrolysis, (C) solid residues after pyrolysis at 3@) (D) solid residues

after pyrolysis at 400C.

cellulose and proteins are no longer observed, as a result

of the thermal cracking that occurs at such a tempera-
ture (Disnar and Trichet, 1984). The absorption of bio-
genic amorphous silica ( 1110 cn¥ 1), so far hidden by
the absorption of polysaccharides, now appears. The
intensity of this band is more important in the case of
sample-1, thus re ecting a higher quantity of silica. This
is con®rmed by mass calculations indicating that sam-
ple-1 and sample-2 contain ca. 36 and 20% of amor-
phous silica, respectively. Protein removal unmasks the
bands due to aromatic components at ca. 1510 and 1620
cm¥l. The latter bands and the intense absorption
retained at 3400 cri! probably re"ect the presence of
phenolic groups from lignins. In fact, as shown by the
analysis of the pyrolysates obtained at 40@, see below,
such groups survived the treatment at 30@ along with
aliphatic moieties.

The spectra of the insoluble residues obtained after
pyrolysis at 400C [Fig. 7, sample-1(D) and sample-
2(D)] are dominated by bands at ca. 1600 and 1100
cm¥ ! that correspond to aromatic groups and silica,
respectively. Phenolic and aliphatic moieties have been
eliminated during the second thermal treament.

3.3.3. Analysis of pyrolysates

GC£MS analysis of the trapped fraction obtained by
pyrolysis at 400C of sample-1 and sample-2 showed
three major types of products :n-alkanes, n-alk-1-enes
and phenols. In both cases, the total ion current (TIC)
trace of the pyrolysate is dominated byn-alkane/n-alk-
1-ene doublets up to G,, with no signi®cant odd- or
even-carbon-number predominance (Fig. 8). Such series
of doublets with no predominance are commonly
observed in pyrolysates of sedimentary OM (e.g.
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Fig. 8. Total ion current (TIC) traces of pyrolysis products obtained at 400C from insoluble residues after lipid removal and acid
hydrolysis of the two selected peat samples (sample-1, 30+34 cm section; sample-2, 79480 cm section). Structures of major phenolic
compounds are indicated. Numbers indicate chain length afi-alkane/n-alk-1-ene doublets.
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Largeau et al.,, 1986) and they are derived from the
homolytic cleavage of unbranched alkyl chains. Two
origins can be considered for these polymethylenic
chains in sample-1 and sample-2 :

Firstly, lipidic components that have been incorpo-
rated to the insoluble material as a result of condensa-
tion reactions. Such reactions are known to be
important during early diagenesis (Tissot and Welte,
1984) and extensive condensation processes, resulting in
the incorporation of various lipids into insoluble
refractory structures, were observed, for example, upon
diagenesis of microalgal biomass (Derenne et al., 1997).
Based on the unbranched nature of their alkyl chains,
these condensed lipids may originate from microalgae
(Weete, 1976; Meyers and Ishiwatari, 1993) and/or from
higher plants (Tulloch, 1976; Meyers and Ishiwatari,
1993). In contrast, a bacterial origin is unlikely since a
number of bacterial lipids are characterised by the pre-
sence of branched chains (Albro, 1976).

Secondly, insoluble refractory macromolecular com-
ponents of microalgae or higher plants based on a net-
work of polymethylenic chains. The occurrence of
highly aliphatic, non-hydrolysable, biomacromolecules,
termed algaenans (Tegelaar et al.,, 1989a), has been
recognised in the cell walls of a number of microalgae
(reviewed in Derenne et al., 1992; de Leeuw and Lar-
geau, 1993). As already mentioned, light microscopy
observations showed the presence of diatoms and of
green microalgae Botryococcus braunii) in the Tri-
trivakely section. Diatoms only occur in the upper part
of the section, furthermore recent studies indicate that
such microalgae are probably unable to produce algae-
nans (Gelin et al., 1999). In contrast,B. braunii is well
known for its conspicuous production of algaenan
(Berkalo€ et al., 1983; Kadouri et al., 1988; Derenne et
al., 1989) and a low but signi®cant contribution ofB.
braunii was observed throughout the section. Highly
aliphatic, refractory, macromolecular components have
also been identi®ed in the cuticles and periderm layers of
a number of higher plants (Nip et al., 1986; Tegelaar et
al., 1989b, 1995). Such non-hydrolysable biomacromo-
lecules were termed cutans and suberans, respectively
(Tegelaar et al., 1989a)B. braunii algaenans, as well as
cutans and suberans, produce large amounts of-
alkanes andn-alk-1-enes upon pyrolysis (Largeau et al.,
1986; Nip et al., 1986; Kadouri et al., 1988; Tegelaar et
al., 1989c, 1995). Furthermore, the doublets thus gener-
ated exhibit an extended carbon range and a large con-
tribution of C 5o, compounds. Cutans, suberans and
algaenans are characterised by a very high resistance to
diagenetic degradation and their chemical composition
can remain almost unaltered following fossilisation, as
demonstrated, for example, by comparison of algaenans
isolated from extant B. braunii and of organic matter in
Botryococcusrich immature sedimentary rocks (e.g.
Largeau et al., 1986; Derenne et al., 1997). The presence
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of such refractory macromolecules is also associated
with an excellent preservation of morphological fea-
tures, as noted for cutan-containing cuticles (e.g. Nip et
al., 1987). Similarly, the morphological features ofB.
braunii colonies are also perfectly retained in the fossil
record, in a number of deposits (e.g. Largeau et al.,
1990; Derenne et al., 1997), since the algaenan-com-
posed cell walls build up the matrix of these colonies
and are responsible for their typical shape (Berkalo€ et
al., 1983). The occurrence of well-preserved colonies of
B. braunii throughout the section indicates that such
walls were not signi®cantly a€ected under the diagenetic
conditions encountered during deposition in the marsh.
Furthermore, histochemical staining techniques in TEM
revealed in the OM "akes bioresistant lipo-poly-
saccharidic laminae probably inherited from higher
plants (Laggoun-Ddarge et al., 1999), especially from
periderm tissues. Accordingly, it appears that then-
alkane/n-alk-1-ene doublets in the pyrolysates of sam-
ple-1 and sample-2 originate from the cracking of not
only B. braunii algaenan but also of higher plant sub-
erans.

Further information on the origin of these doublets
and on the di€erences between the two peat samples was
provided by their distributions. Substantial di€erences
in n-alkane/n-alk-1-ene distribution are noted in the two
pyrolysates; long chain compounds are relatively more
abundant in the case of sample-2 (Fig. 8). Indeed, the
C23tCs, components account for ca. 40% of the total
doublets for the latter against ca. 28% in the trapped
pyrolysate from sample-1. Such a di€erence suggests,
®rstly, that B. braunii algaenan and higher plant sub-
erans were not the major source of the doublets since, in
that case, similar distributions should be observed.
Accordingly, alkyl chains from condensed lipids are
probably an important sources for both residues. Sec-
ondly, the above di€erences in doublet distribution
probably re ect di€erences in the relative contribution
of microalga and higher plant components to the con-
densed lipids. Indeed, the lipids of most microalgae
(such as hydrocarbons, fatty acids and fatty alcohols)
are characterised by shorter alkyl chains when com-
pared to the corresponding lipids of higher plants (Tul-
loch, 1976; Weete, 1976). Thus, for example, ., fatty
acids are commonly observed in vascular plants whereas
such long chain compound are usually absent in micro-
algae. Accordingly, the doublet distributions observed
in the two pyrolysates and their di€erences suggest that
(i) the contribution of moieties derived from higher
plants to the condensed lipids was relatively higher in
sample-2 than in sample-1, as shown by the above
mentioned higher relative abundance of &. com-
pounds in n-alkane/n-alk-1-ene doublets and (ii) micro-
algae were, nevertheless, major contributors to the
condensed lipids in both cases, as shown by the pre-
dominance of C,3. compounds in these doublets. Some
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diatoms can accumulate especially large amounts of
lipids, especially fatty acid derivatives (Aaronson et al.,
1980). Therefore, a part of the condensed algal lipids
probably originated from diatoms in the case of sample-
1 which contains, as shown by light microscopy obser-
vations, a signi®cant amount of diatoms. Other species
of microalgae were also probably living in the lake at
the time of deposition of both peat samples and their
lipids were probably incorporated during the condensa-
tion processes. However, unlike diatoms an@. braunii,
the latter species were devoid of mineral exoskeleton
and of algaenan-composed cell walls and none of their
morphological features were retained.

The TIC trace of both pyrolysates also shows rela-
tively intense peaks corresponding to phenol and sub-
stituted phenols (Fig. 8). The alkyl phenols, identi®ed by
mass fragmentogramm/z 107, are dominated by a peak
corresponding to the co-elution of meta and para-cre-
sol. In the trapped products from sample-2 pyrolysis,
the latter peak is, in fact, the most intense one on the
TIC trace (Fig. 8, sample 2). The abundance of the alkyl-
phenols rapidly decreases with the number of alkyl car-
bons and the G-homologues only occur in negligible
amount. Methoxyphenols, catechols (dihydroxybenzenes)

and vinylphenols were also identi®ed in the two
pyrolysates (Fig. 9). Alkylphenols, along with methox-
yphenols and catechols, are typical pyrolysis products of
lignin (e.g. Saiz-Jimenez et al., 1987; Hatcher and Spi-
ker, 1988). Furthermore, 4-vinylphenol and 4-vinyl-
methoxyphenol in pyrolysates are considered as markers
of lignin from monocotyledon plants like Cyperaceae
(Saiz-Jimenez and de Leeuw, 1986) since they are
derived from cinnamic units. All the above phenolic
compounds exhibit similar relative abundances in both
pyrolysates. Such similarities con®rm previously dis-
cussed results on lignin composition, derived from CuO
oxidation; no signi®cant changes in lignin composition
and hence in higher plant sources took place during
deposition of the studied section. It is well documented
that methoxy groups tend to be eliminated during
diagenetic alteration of lignin (Saiz-Jimenez and de
Leeuw, 1986; Nip et al., 1987; Saiz-Jimenez et al., 1987;
Hatcher and Spiker, 1988; Hatcher and Cli€ord, 1997).
Accordingly, the above observations, on the phenolic
constituents of the two pyrolysates, indicate a sub-
stantial contribution of lignin with a low degree of
alteration in sample-1 and sample-2. However, in
agreement with previous indications on the relative

Fig. 9. Partial TIC trace of pyrolysate of sample-2 (79+80 cm section) showing phenolic compounds.
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Fig. 10. Correlations between cinnamic monomers of lignin
and hemicellulosic sugars (xylose and arabinose) vs depth. The
dashed line separates the two accumulation periods related to
the environmental variation that occurred ca. 1500 year B.P.

contributions of Cyperaceae and microalgae, this lignin
fraction appears relatively more abundant in the case of
sample-2. This di€erence is illustrated by higher phenol/
n-heptadecane and vinylphenoli-heptadecane ratios in
hp-2 pyrolysate (1.16 instead of 0.6 and 0.49 instead of
0.26, respectively).

4. Conclusions

The main results concerning OM sources and OM
degradation in the one metre core from Tritivakely
Marsh, obtained by a combination of light microscopy
observations, bulk analyses, infra-red spectroscopy,
hydrolysis of sugars, oxidation of lignin and pyrolyses,
are as summarised below:

The lignin of the Cyperaceae that live in the marsh
at present is characterised by high contents of
cinnamic units. The saccharides in these plants
reveal high amounts of xylose and arabinose
which are the main components of hemicelluloses.
Peat recorded these speci®c signatures since
abundances of cinnamic units and of xylose+ar-
abinose are tightly correlated (Fig. 10) (correla-
tion coeecient=0.96). Such a correlation, added
to the lack of signi®cant changes in lignin com-
position indicated by CuO oxidation and pyr-
olyses, suggests that the ~oristic composition of
the vegetation probably remained unchanged
during the considered deposition period, i.e. from

2,300 years B.P. Fig. 10 also illustrates pro-
nounced changes that took place ca. 1500 years
B.P. (i.e. around 50 cm depth) and which prob-
ably re"ect, as described later on, a regional cli-
matic change.

The correlations observed between rhamnose and
mannose and between mannose and non-cellulosic
glucose indicate that these monosaccharides
probably have a common origin and are mostly
derived from bacteria.

Sugar analysis showed high proportions of galac-
tose, especially in the upper part of the pro®le
(4 50 cm depth) where a substantial diatom con-
tent was observed by light microscopy. Moreover,
galactose, whose presence is usually attributed to
bacterial activity (Oades, 1984; Guggenberger et
al., 1994), is not correlated with mannose or
rhamnose. Accordingly, galactose is likely to be a
marker of algal source in the core, especially of
diatoms.

The n-alkane/n-alk-1-ene doublets that dominate
the trapped pyrolysates of hydrolysed peat sam-
ples reect the contribution of (1) B. braunii
algaenan and higher plant suberans (2) condensed
lipids mostly derived from microalgae (probably
including diatoms in the upper part of the pro®le),
and to a lesser extent from higher plants.
Degradation mainly takes place at the top of the
peat. As shown by microscopic observations, this
extensive early diagenetic alteration leads to a
complete destructuration of the ligno-cellulosic
tissues of the Cyperaceae which are transformed
into reddish amorphous aggregates that account
for the bulk of total OM all along the core,
including the 0+1 cm layer.

Cellulose and total polysaccharides are highly
degraded as early as the ®rst centimetres of the
core but they do not undergo further extensive
degradation in deeper samples.

Lignin is also strongly degraded, although to a
lesser extent than polysaccharides, in the ®rst
centimetres of the core

Acid/aldehyde ratios of syringic and vanillic
monomers (index of lignin oxidative depolymer-
isation) and mannose+rhamnose+non cellulosic
glucoseftotal sugars ratios (re ecting bacterial
degradation of hemicelluloses) are positively cor-
related. Both ratios can thus be considered as
markers of degradation of the Cyperaceae tissues
by microbial activities.

The upper part of the core (0+ca. 50 cm) is char-
acterised by a more important dilution of Cyper-
aceae-derived compounds by OM from microalgae
when compared with deeper samples. Such a dif-
ference was recorded in peat in several ways: bulk
features, hydrolysable sugars, lignin oxidation
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products and pyrolysis products from hydrolysed
samples.

The above di€erence probably re ects changes in
environmental conditions and two accumulation
periods can be distinguished in the core. The ®rst
one, between 2300 years B.P. and ca. 1500 years
B.P. (100£ca. 50 cm depth), was a peaty phase in
which the mean watertable was low and micro-
algal growth strongly limited. The second period,
from ca. 1500 years B.P. to the present time, cor-
responds rather to a waterlogged marsh, in which
a higher watertable was, if not permanent, at least
longer lasting and allowed for a substantial pro-
duction of algal biomass. The environmental var-
iation thus recorded could correspond to a
regional climatic change occurring around 1500
years BP.
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Abstract

To assess whether the biochemical characteristics of peat can provide clues for past ecosystem changes or not, a study
was carried out combining elemental analysis, micro-morphological counts and neutral monosaccharide determination
of peat organic matter (OM) and the dominant living plants from a formerly cut-over peat bog in the Jura Mountains.
Peat pro“les (up to 50 cm depth) from two distinctive zones (bare peat, FRA and a regenerating stage, FRC) were com-
pared with the reference pro“le (FRD) taken from an unexploited area of the bog. The results show contrasting OM
composition along the pro“les. In the upper sections of the FRD and FRC pro‘“les, high C/N ratios and sugar contents
(in the same range as in the source plants) and the large predominance of well preserved plant tissues indicate good
preservation of primary biological inputs. In contrast, in peat from the FRA pro“le and deeper levels of the FRC pro-
“le, lower C/N ratios, lower amounts of sugars and a predominance of amorphous OM and mucilage suggest more
extensive OM degradation. These features delineate a clear threshold between an uppermost esnewse regenerating peat
section and an eeolde catotelm peat below. Nevertheless, even in the latter, the sugar contents remain relatively high
(>80 mg/g) compared with other organic and mineral soils. Analysis of typical peat-forming plants and of bulk peat
and “ne grained fractions allowed identi“cation of the following source indicators: xylose and arabinose for Cyperaceae;
rhamnose, galactose and mannose for mosses; and ribose (and to a lesser extent, hemicellulosic glucose) possibly for
microbial synthesis.

2006 Elsevier Ltd. All rights reserved.

1. Introduction inated ones) have frequently been perturbed
by man to obtain fossil fuel (Linna et al., 2004;
The potential of pristine peatlands to act as car- Orjala et al., 2009, animal bedding, growth sub-
bon sinks is now well establishedGorham, 1997). strates for horticulture and agriculture (Camporese
Nevertheless, peat bogs (especialyphagnurrdom- et al., 2004; Caron, 200% and therapies Klo cking
et al., 2004. In several countries, especially in
northern Europe (e.g. Finland, Russia) and Can-
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long term carbon storage. Thus, much work has
been carried out to encourage the re-establishment
of peat-forming vegetation, especially Sphagnum
mosses Campeau and Rochefort, 1996; Grosver-
nier et al.,, 1997; Rochefort et al., 1997; Bulttler
et al., 1998a; Boudreau and Rochefort, 1999; Tuit-
tila et al., 1999; Lavoie et al., 2003; Price et al.,
2003; Petrone et al., 2004 However, the outcome
of this approach with respect to carbon balance
remains dicult to predict ( Francez et al., 2000;
Waddington et al., 2003. Thus, in order to moni-
tor peat re-accumulation and long term carbon
sequestration in formerly exploited peatlands, it is
essential to consider a wide range of indicators
such as vegetation, gas "uxes, microbial communi-
ties and physicochemical properties of peat organic
matter (OM) (Chapman et al., 2003.

Carbon dynamics in peatlands have been
approached mainly by way of processes occurring
at the surface, notably through measurements of
CO, and CH, "uxes (Harriss et al., 1985; McNeil
and Waddington, 2003 but little work has been
done to ascertain vegetation degradation occurring
at depth. In this work, we applied bulk and molec-
ular indicators to infer plant inputs and to identify
biopolymer (bio-)degradation in response to natu-
ral and anthropogenic environmental changes.
Given the important part carbohydrates play in
the constitution and metabolism of plants, particu-
lar emphasis was placed on their analysis. Till now
there has been only a small amount of work on
sugar production and preservation in ombro-
trophic peat bogs Morita and Montgomery,
1980; Morita, 1983. In addition, the carbohydrate
content of peat samples was often determined
through gross analytical approaches, such as the
Van Soest method, which only allows the whole
fraction of hemicelluloses and celluloses to be
quanti“ed (e.g. Francez, 199). The few studies
that have been conducted at the molecular level
did not deal with ombrotrophic peatlands. For
example, Moers et al. (1990)determined the neu-
tral monosaccharide abundance and composition
of “ne and gross fractions of red mangrove peat
samples to identify their origin and degradation
route. They also determined the monosaccharide
composition of the organs of the main source
organism, Rhizophora mangle For similar pur-
poses,Bourdon et al. (2000) analysed the neutral
monosaccharide content of sediments from a trop-
ical peaty marsh and the Cyperaceae growing on
its border.
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The present work follows a roughly similar
approach, but focusses on an ombrotrophic bog
where the accumulated peat derives mainly from
mosses and sedges and where environmental condi-
tions, particularly in terms of human impact, are
quite dierent from those of mangroves and
marshes. Based on the carbohydrate composition
of the main plants growing in the bog, the major
aims were “rst, to obtain information on the sugar
content of plants that contributed to peat forma-
tion and second, to determine the fate of carbohy-
drates during the early stages of diagenesis. At the
site, Le Russey, a formerly cut-over bog, where
spontaneous regeneration took place, both peat
cores (up to 50 cm depth) and dominant living
plants have been analysed. OM characteristics
from two distinctive zones of the bog (bare peat
and a regenerating stage) were compared to a ref-
erence pro‘le taken from an unexploited area of
the peatland.

2. Experimental
2.1. Study site and sampling

The Le Russey peatbog is located in the French
Jura Mountains, at 820 m elevation Fig. 1) on the
Frambouhans and Ecorces communes. The regional
climate is controlled mainly by oceanic, mountain
and continental in"uences (acroix et al., 1999,
with a mean annual precipitation of 1349 mm and
strong annual changes in temperatures (around
14.6 C in July and 2.4 C in January). The total
surface of the bog covers ca. 27 ha, of which more
than 19 ha occur as a wooded bog. Active peat cut-
ting (around 700...1000 ffyear) started in 1968 and
was stopped in 1984. Subsequently, spontaneous
regeneration took place and, at present, communi-
ties dominated by Sphagnum sp.Polytrichum stric-
tum, P. commune Eriophorum vaginatumand E.
angustifolium have developed at various times on
di erent parts of the site.

The uppermost 50 cm of the peat were cored in
two distinctive zones of the bog: a bare peat area
(FRA) and a regenerating stage (FRC). These were
compared with a reference pro“le (FRD) taken
from an intact area of the bog where no peat extrac-
tion occurred (Fig. 1). The cores were taken in
November 2003, using a sampler which allowed
undisturbed cores to be obtained Buttler et al.,
1998h. In the three zones, triplicates were taken
and six slices (5 cm thick) were sampled at di erent
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depths in each core (0...5cm, 5...10 cm, 12.5...17.5 cmand quanti“ed using gas chromatography (GC).
22.5...27.5¢cm, 32.5...37.5cm and 42.5...47.5 cm). Hand'he living moss and sedge samples were analysed

picked samples of the dominant vegetation, com-
posed of Sphagnhum fallax Polytrichum strictum,
Eriophorum vaginatumand E. angustifolium were
isolated. All samples were stored at 4C until
analysis.

Half of each core section was wet sieved at
2001 m under a positive pressure using water circu-
lation (Gobat et al.,, 199]). The “ne grained frac-
tions (<200l m) were recovered, dried and
weighed. The latter fractions, as well as bulk peat,
were subjected to elemental analysis (C, N), whereas
only bulk peat samples were analysed using micros-
copy. The cellulose and hemicellulose sugars of both
bulk peat and “ne grained fractions were identi“ed

in the same way.
2.2. C and N analysis

C and N contents were determined by combus-
tion of dried and crushed samples at 1100C, using
a CNS-2000 LECO apparatus. Due to the absence
of carbonate, total carbon was assumed to be total
organic carbon (TOC). C/N ratios were corrected
for C and N atomic weights. The elemental compo-
sition of bulk peat was determined for the three rep-
licates, whereas only the replicates selected for
molecular studies were analysed for the “ne grained
fractions.
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2.3. Micromorphological analysis

Micromorphological identi“cation and quanti“-
cation of peat micro-remains was carried out using
a DMR XP Leica photonic microscope under trans-
mitted light. Wet bulk samples were mounted as
smear slides and analysed with 20 and- 50 objec-
tives. The surfaces of the main categories were
counted (in relative numerical frequency) through
a grid used as a surface unit and placed under the
microscope; 3000...5000 items per sample were
counted, with an estimated error of ca. 10% Noél,
2001).

2.4. Sugar analysis

Neutral sugar analysis was carried out in two
steps according to a procedure adapted from
previous work (Bethge et al., 1996; Oades et al.,
1970; Modzeleski et al., 1971; Cowie and Hedges,
1984. The “rst step, which comprises a phase of
soaking with 24 N H,SO,, allows hydrolysis of
both cellulose and hemicellulose(s). The second,
consisting of the same procedure without 24 N
H,SO, treatment, yielded only hemicellulose mono-
mers. Consequently, the cellulose content was cal-
culated by subtraction of the results obtained for
the “rst step from those obtained for the second
step.

The operating procedure for total sugar analysis
can be summarized as follows: 1 ml of 24 N HSO,
was added to 30 mg of plant material or 100 mg of
dried sediment in a Pyrex tube. After 12 h at room
temperature, the samples were diluted to 1.2 M
H,SO,. The tubes were closed tightly under vacuum
and heated at 100 C for 4 h. After cooling, deoxy-
6-glucose (400 g in water) was added as internal
standard (Wicks et al., 199). The samples were sub-
sequently neutralised with CaCQ. The precipitate
was removed by centrifugation and the supernatant
was evaporated to dryness. Then, the sugars were
dissolved in CH;OH and the solution was puri‘ed
by centrifugation. After the solution was transferred
to another vessel, the solvent was evaporated under
vacuum. The sugars were dissolved in pyridine, sily-
lated (Sylon BFT, Supelco) and analysed immedi-
ately using a Perkin...Elmer gas chromatograph
“tted with a 25 m - 0.25 mm i.d. CPSIil5CB column
(0.251 m “Im thickness) and a "ame ionization
detector. The oven temperature was raised from
60 C to 120 C at 30 C min *, maintained there
for 1 min, and raised to 240 C at 3 Cmin * and
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“nally at 20 Cmin * to 310 C, at which it was
maintained for 10 min. The injector split was o at
the start and turned on after 2 min. The injector
was maintained at 240C and the detector at
300 C. A mixture of eight monosaccharides (ribose,
arabinose, xylose, rhamnose, fucose, glucose, man-
nose and galactose) was used as external standard
for compound identi“cation through peak retention
times and for individual response coe cient deter-
mination. Replicate analyses gave an analytical
precision <5% for neutral sugar analysis of
plant material and between 10% and 15% for peat
samples.

3. Results
3.1. C and N contents

TOC contents are high throughout the sample
set (46...56%able 1), as usually observed for ter-
restrial OM accumulation without any signi“cant
dilution by inorganic inputs. In the bare peat situa-
tion (FRA), the C/N atomic ratios of the bulk peat
remain rather constant, around 30, along the pro“le
(Fig. 2). Compared to the bulk peat, the “ne
grained fractions display high ratios, especially
around a depth of 15 and 25 cm where they exceed
40. In the regenerating stage (FRC), as well as in
the reference pro“le (FRD), C/N ratios are much
higher in the uppermost levels (> 50) but decrease
downwards to 20...30. This decrease is sharper in
FRC than in FRD ( Fig. 2). The ratios for the “ne
grained fraction remain nearly constant along these
two pro‘les.

3.2. Micromorphological characteristics

Light microscopy observations of the bulk peat
smear slides show various fragments of plant
organs, amorphous material and microorganisms
(Fig. 3; Plate 1):

a. The primary plant remains either derive from
vascular plants, particularly Cyperaceae -cell
walls (Plate 1c), or mosses Rlate 1a and d). The
latter consist mainly of (i) characteristic Sphag-
num leaf tissues with still well recognisable trans-
luscent chlorocysts and hyalocystsRlate 1a) and
(i) polytric-derived leaf tissues characterised by
dark brown elongated polygonal cells Plate
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Table 1
C and N contents of bulk peat and “ne-grained fraction in three pro“les (FRA bare peat, FRC regenerating stage, FRD reference) from
Le Russey bog

sition and cell wall structure, the morphology of
tissues may be more or less a ected by biodegra-
dation during early diagenesis. Thus, based on
morphological features, two classes of tissues
are distinguished: well-preserved tissuegPlate
la...d) with unaltered original biostructure and
structureless tissuefPlate If) where the cell wall
structure is less apparent.

. Undetermined plant tissues without characteris-
tic biostructures that can be attributed to speci“c
plant sources. They may be either well preserved
(Plate 1b) or structureless Plate If).

Situation Size fraction Depth (cmf* TOC (%) TOC Total N (%) Total N Atomic C/N
standard error standard error
FRA bare peat Bulk peat 25 50.6 0.3 1.8 0.1 324
7.5 51.3 0.8 1.8 0.0 33.0
15 51.3 1.0 1.7 0.3 36.7
25 52.1 0.5 1.7 0.1 36.7
35 52.9 0.2 1.8 0.2 34.4
45 53.5 0.7 1.8 0.2 34.4
Fine grained 25 48.8 15 37.0
fraction (<2001 m) 7.5 50.4 14 41.3
15 50.3 1.2 48.0
25 50.5 1.2 48.8
35 52.4 1.6 39.3
45 52.3 1.4 43.3
FRC regenerating stage Bulk peat 25 43.7 0.9 0.6 0.1 89.5
75 60.0 2.1 0.8 0.1 84.8
15 50.7 1.2 2.7 0.1 22.1
25 53.4 2.1 2.7 0.1 23.1
35 54.8 0.6 2.5 0.2 26.0
45 56.5 0.5 2.3 0.1 28.3
Fine grained 25 nd nd nd
fraction (<2001 m) 7.5 45.5 2.3 229
15 46.9 2.5 21.6
25 51.8 2.1 28.4
35 50.1 1.9 30.1
45 53.5 1.9 33.5
FRD reference Bulk peat 2.5 48.2 3.6 11 0.0 51.5
7.5 51.1 0.3 1.7 0.5 37.6
15 50.8 1.8 2.1 0.5 28.7
25 51.9 0.5 2.7 0.2 22.6
35 53.4 0.4 2.0 0.2 31.7
45 55.0 1.3 1.9 0.1 33.6
Fine grained 25 47.8 15 38.5
fraction (<2001 m) 7.5 48.1 2.0 27.6
15 49.2 2.0 28.6
25 49.1 2.2 25.8
35 51.8 1.7 35.5
45 52.1 1.6 39.1
& Mean depth of 5 cm thick core section.
1d). According to their intrinsic chemical compo- c. Amorphous organic matter Plate 1g...h) consist-

ing of structureless intracellular precipitates of
humic colloid gels Styan and Bustin, 1983 and
of plant tissues whose structural characteristics
have been completely lost.

. Mucilage (Plate l1e, h) consisting of slimy,

gummy and translucent substances present as
organic lining with no internal structure and
“nely dispersed over the slides. The mucilage is
likely synthesised, at least partly, from the
in situ microbial community. In fact, in many
environments, it has been identi“ed as extracellu-
lar polysaccharide secretions from bacteria, fungi
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Fig. 2. Mean depth pro“les of atomic C/N ratio for the three studied areas (dotted line = “ne grained fraction and full line = bulk peat).

and/or plant roots (Leppard et al., 1977; Decho,
1990; Ddarge et al., 1996; Laggoun-Déarge
et al., 19993.

e. Abundant tangled masses of melanised fungal
hyphae (Plate le) often associated with decayed
plant rootlets. They are more abundant at depth,
particularly in the bare peat pro‘le.

f. Microorganisms represented mainly by algae and
amoebae Plate le) and, more rarely, by diatoms
and zooclast remains.

The depth related changes in the proportion of
the above organic macrofossils are presented in
Fig. 3. In the bare peat (FRA) section, the peat is
mainly composed of amorphous OM and undeter-
mined structureless tissues in the uppermost
15 cm. It is dominated by morphologically degraded
tissues derived from Sphagna about the middle of
the pro‘le and by rather high proportions of
inferred microbial secretions, namely mucilage, in
the lower levels. These morphological characteris-
tics indicate a highly humi“ed peat. In the regener-
ating pro“le (FRC), there is a clear threshold
between an uppermost section (0...15cm) corre-
sponding very likely to a esnewee regenerating peat
and an eeoldee catotelm humi“ed peat below. The
esnewsee peat is characterised by the presence of well
preserved tissues derived from mosses and vascular

plants, i.e. Sphagna, polytrics and Cyperaceae. In
contrast, the underlying ¢soldes peat shows features
characteristic of intensive OM degradation, with
high proportions of amorphous OM and mucilage.
This morphological composition is similar to that
of the FRA pro“le. In the reference FRD pro‘le,
the uppermost peat OM is composed mainly of well
preservedSphagnumderived tissues gradually being
replaced downcore by structureless tissue and then
by mucilage. This likely indicates greater diagenesis
with increasing depth.

3.3. Sugar contents and distributions

3.3.1. Peat forming plants

The carbohydrate composition of the main
plants growing in the Le Russey peatland was deter-
mined for two mosses Polytrichum strictum and
Sphagnum fallay and two sedges K. vaginatum
and E. angustifolium). The results are presented in
Fig. 4. Total sugars correspond to the sum of all cel-
lulose and hemicellulose monosaccharides, glucose
being the highly dominant or even the exclusive
component of cellulose. The total sugar contents
of the mosses are slightly higher (around 400 mg/
g) than those of sedges (around 300 mg/g). In con-
trast to the two mosses, which are richer in hemicel-
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Fig. 3. Mean depth evolution of % of organic micro remains in bulk peat using photonic microscopy (transmitted light; FRA = bare peat,
FRC = regenerating stage, FRD = reference). P = well preserved tissue. S = structureless tissue.

luloses than in cellulose (ca. 210...290 mg/g vs. 110.
140 mg/g), the sedges are much richer in cellulose
than in hemicellulose (ca. 220 mg/g vs. 60...100 mg/
g). The distribution of the hemicellulose monosac-
charide content (wt%,Fig. 4) also shows a clear dif-
ference between these plants. The dominant
hemicellulose monosaccharides are galactose
(28 wt%) and rhamnose (13 wt%) inSphagnum fal-
lax [as in eight other Sphagnumspecies (N. Lottier,
unpublished data)], mannose (42 wt%) inPolytri-

..chumand xylose (48...52 wt%) and to a lesser extent
arabinose (12...1 wt%) in the two Cyperaceae species.

3.3.2. Peat samples

In the FRC and FRD cores, both bulk peat sam-
ples and the corresponding “ne-grained fraction
(<2001 m) were analysed for their neutral mono-
saccharide compositions. In the FRA core, only
the “ne grained fraction was analysed as it was
dominant (45 wt% vs 12 and 19 wt% for FRC and
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Plate 1. Main organic micro remains identi“ed using photonic microscopy in transmitted light for bulk peat samples of Le Russey bog: (a)
well preserved tissue derived fronSphagnumleaf tissue showing characteristic chlorocysts and hyalocysts; (b) undetermined tissue; (c)
Cyperaceae tissue; (dpolytrichum leaf tissue showing characteristic elongated cells; (e) mucilage (m), amoebae (am) and fungal hyphae
(h); (f) slightly degraded undetermined tissue and amorphous OM (aom); (g, h) amorphous OM "akes (aom) and mucilage (m).
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Fig. 4. Identi“cation and guanti“cation of sugars in the dominant peat forming plants (Sphagnum Polytrichum and Eriophorumspecies)
from Le Russey bog: (a) abundance of total sugars (mg/g); (b) distributions of hemicellulose sugars (H-glucose, xylose, arabinose,

mannose, rhamnose, ribose, fucose and galactose in wt%).

FRD, respectively). The sugar contents of the
coarse-grained fraction (>200 m) were calculated
as the dierence between those of the bulk peat
and the “ne grained fraction (Table 2, Fig. 5). The
upper section (0...5cm depth) of the FRC core is
missing, due to sampling problems.

In the bare peat (FRA), the total sugar contents
of the “ne grained fraction vary from 195 mg/g at
the top to 165.2 mg/g at the bottom of the core
(Table 2). Although these values are slightly lower
than those for the FRC and FRD cores in the
uppermost sections, they are much higher in the
deeper part of the core. Relative and absolute hemi-
cellulose sugar contents show almost constant val-
ues all along the pro“le (Fig. 5), except at 25 cm
depth where a slight increase in the amount of
xylose and total cellulose sugars is observed.

In the regenerating pro“le (FRC), the total sugar
content of the bulk peat samples strongly decreases
from ca. 432 mg/g at 5...10 cm to ca. 210 mg/g at
12.5...17.5 cniT@ble 2). Below, the amount of sug-

ars continues to decrease with increasing depth,
but more gradually. In the reference pro“le
(FRD), the total sugar content “rst decreases pro-
gressively from 294 mg/g to 174 mg/g between O...
5cm and 22.5...27.5cm. Then, it increases slightly
to 225 mg/g near the base of the pro“le Table 2).

In both the FRC and FRD cores, bulk peat samples
contain higher amounts of total sugars than the “ne
grained fractions (around 50% in FRC and 30% in
FRD). Moreover, total hemicellulose contents are
higher than those of total cellulose sugars in the
bulk peat and the “ne grained fractions (Table 2).
However, the relative percentages of individual
hemicellulose sugars (wt%fig. 5) show dierent
features when comparing the coarse and the “ne
grained fractions. The latter are slightly richer
in H-glucose, rhamnose, galactose, mannose and
ribose and contain lower amounts of arabinose
and xylose than the coarse grained fractions. Down-
wards, a high variability in the distribution of indi-
vidual sugars is observed for the FRC pro‘le,



Table 2
Depth evolution of neutral sugar yields and concentrations in bulk peat and “ne grained fraction in three areas of Le Russey bog

Situation Size Depth Total Total Total Hemicellulosic Xylose Arabinose Mannose Rhamnose Ribose Fucose Galactose
fraction (cm) sugars cellulosics hemicellulosics glucose (%) (%) (%) (%) (%) (%) (%) (%)
(mg/g of (mg/g of (mg/g of
sample) sample) sample)

FRA bare peat Fine 25 195.0 63.2 131.9 49.4 18.2 2.3 8.7 7.8 0.9 1.7 111
grained 7.5 175.1 52.3 122.8 50.0 17.8 21 8.7 8.0 0.5 21 10.9
fraction 15 184.6 69.9 114.7 49.8 18.5 1.8 8.3 8.2 0.5 2.1 10.7
(<200Im) 25 190.1 99.6 90.5 44.6 21.6 2.2 9.0 8.3 0.5 2.2 115
35 155.5 447 110.8 49.6 16.8 1.9 9.1 7.4 0.8 3.2 11.3
45 165.2 47.8 117.4 52.1 18.9 1.7 7.6 6.7 0.5 1.9 10.5

FRC Bulk 25 nd nd nd nd nd nd nd nd nd nd nd
regenerating 7.5 432.0 198.0 234.0 18.5 32.7 12.6 7.5 6.5 0.6 35 18.1
stage 15 210.7 54.8 155.9 37.8 211 8.0 10.6 5.8 0.7 3.2 12.8
25 179.9 64.6 115.3 36.4 25.0 7.2 9.6 6.3 0.5 2.7 12.4
35 137.1 51.2 85.9 39.6 22.9 6.0 9.9 6.5 0.6 2.6 11.9
45 139.3 32.9 106.4 43.7 23.6 3.7 8.3 6.7 0.5 2.6 10.9

Fine 25 nd nd nd nd nd nd nd nd nd nd nd
grained 7.5 206.2 73.3 132.9 28.4 25.2 13.0 9.7 6.5 0.3 0.0 16.9
fraction 15 134.3 26.4 107.9 45.0 14.6 4.8 11.6 6.5 0.3 3.7 13.6
(<200l m) 25 92.7 253 67.5 42.9 17.0 4.5 10.8 8.6 1.0 29 12.3
35 79.8 20.4 59.4 43.8 17.4 4.3 10.2 8.6 0.9 25 12.3
45 83.8 16.7 67.1 43.3 225 3.8 8.1 8.5 0.8 2.0 11.0

Coarse 25 nd nd nd nd nd nd nd nd nd nd nd
grained 7.5 461.4 214.2 247.2 17.2 33.7 12.6 7.2 6.5 0.7 39 18.2
fraction 15 310.0 91.7 218.3 28.5 29.5 12.0 9.4 5.0 1.3 25 11.8
(>200Im) 25 331.2 132.8 198.3 25.1 38.8 11.9 7.5 2.4 0.0 2.3 12.4
35 199.3 84.6 114.7 351 29.0 7.8 9.5 4.2 0.2 2.7 114
45 162.5 39.7 122.8 43.8 241 3.7 8.3 5.9 0.4 2.9 10.9
FRD reference Bulk 2.5 293.9 119.3 174.5 24.6 17.5 6.9 13.6 9.4 0.5 3.2 24.2
7.5 235.3 85.8 149.5 29.6 17.2 8.1 15.0 6.3 0.5 3.4 19.8
15 200.0 56.0 143.9 40.2 14.6 4.6 135 6.2 0.5 3.3 17.1
25 174.4 45.0 129.4 41.7 19.6 3.7 11.0 7.1 0.7 25 13.7
35 207.1 79.6 127.5 41.2 27.8 3.3 8.2 55 0.6 1.7 11.7
45 225.4 87.3 138.1 42.4 27.3 35 7.4 6.0 0.4 1.6 115
Fine 25 227.6 72.3 155.3 26.7 16.2 7.5 12.6 10.2 0.5 3.2 23.2
grained 7.5 160.0 44.3 115.7 345 12.6 6.5 16.4 6.2 0.7 51 17.9
fraction 15 162.7 38.7 123.9 39.2 12.3 4.0 14.7 7.2 0.6 4.0 18.1
(<200lm) 25 129.3 27.9 101.4 44.4 13.3 3.2 12.5 8.4 0.8 3.0 14.5
35 125.2 222 102.9 46.7 19.7 2.3 9.7 6.6 0.2 21 12.7
45 132.2 24.2 108.1 48.9 20.7 2.5 8.0 6.3 0.2 2.0 11.4
Coarse 25 348.5 158.0 190.3 23.0 18.6 6.4 145 8.8 0.5 3.2 25.0
grained 75 253.3 95.7 157.6 28.4 18.3 8.5 14.7 6.3 0.5 3.0 20.3
fraction 15 235.9 72.7 163.2 41.3 16.7 5.2 12.5 5.2 0.4 2.6 16.2
(>200Im) 25 215.7 60.6 155.0 39.2 254 4.3 9.7 5.9 0.6 2.0 13.0
35 262.8 118.6 144.2 375 33.3 3.9 7.2 4.7 0.9 14 11.0
45 280.3 124.5 155.8 38.6 31.1 4.1 7.0 5.8 0.6 1.3 11.5
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Fig. 5. Depth pro“les of total cellulose and hemicellulose (mg/g) and distributions of hemicellulose sugars (H-glucose, xylose, arabinose,
mannose, rhamnose, ribose, fucose, wt%) in “ne fraction (dotted line) and coarse fraction (full line) in the three areas of Le Russey bog

(FRA = bare peat, FRC =regenerating stage, FRD = reference).

whereas a downcore increase in xylose and H-glu-
cose and a decrease in mannose and arabinose are
recorded in the FRD pro“le, for both fractions.

4. Discussion
4.1. Carbohydrate dynamics

Most of the carbohydrates of plants, including
the peat forming plants studied here, occur as the
common structural polymers cellulose and hemicel-
lulose (Fig. 4). In contrast to cellulose, which is
dominantly or even exclusively made up of glucose,
hemicelluloses are usually copolymers of at least

two of the following monosaccharides: glucose,
galactose, mannose, xylose, arabinose, rhamnose,
and fucose Aspinall, 1983). Despite the rather lim-
ited number of combinations that can be made with
these few compounds, the variation in the composi-
tion of hemicellulose from one species to another
can provide a plant source signature. This assess-
ment is illustrated by the results of the carbohydrate
analyses of the main plants of the bogKig. 4). The
richness of sedges in xylose has already been under-
lined in several studies\(Vicks et al., 1991; Bourdon
et al., 200Q. However, to our knowledge, onlyPop-
per and Fry (2003) mentioned the occurrence of
high proportions of monosaccharides such as galac-
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tose, rhamnose and mannose in the hemicellulose of
the primary cell walls of bryophytes.

For the three cores, sugar analysis was performed
on the “ne fraction (<2001 m). The rationale for
such an analytical choice is that “ne fractions
should give a clearer picture of organic matter
dynamics than coarse fractions mostly made up of
only slightly degraded plant debris. In contrast, “ne
particles should represent a rather advanced stage of
biodegradation of inherited material, admixed with
products of secondary microbial production. These
points are further discussed in the following section.
However, to avoid major uncertainties about the
di erences that can exist between the bulk and the
“ne fractions, sugars were determined for both types
of samples from two out of the three cores, namely
FRD and FRC.

A striking result is the high level of total (cellu-
lose and hemicellulose) sugars in all the samples.
Total sugar content ranges from 500 to 80 mg/g,
the highest values being found in the coarse fraction
from upper peat sections and the lowest ones in the
“ne fraction from deep samples Table 2, Fig. 5).
For comparison, these “gures are much higher than
those (< 80 mg/g) determined byMorita and Mont-
gomery (1980)for Canadian peats. Such a good
preservation contradicts paradigms regarding the
rapid consumption of carbohydrates in the sedimen-
tary environment, peatbogs included (e.gPancost
et al., 2003.

The high sugar contents (in the same range as the
plant sources) in the upper sections of both FRD
(reference) and FRC (regenerating stage) cores
reveal a high preservation of biological inputs
(Table 2). In these two cores and all along the pro-
“les, the total sugar contents is about twice as high
in the coarse than in the “ne fraction, indicating
increasing carbohydrate consumption with plant
material fragmentation. This degradation process
is also responsible for a preferential decrease in cel-
lulosic sugars relative to hemicellulose ones. This
preferential consumption is observed “rst in the “ne
fractions relative to the coarse ones and second with
increasing depth in the “ne fraction of both cores
(Table 2). Accordingly, a rather good preservation
of plant debris can explain high amounts of sugars
with high proportions of cellulose in the coarse frac-
tion from deep sections, especially in the reference
FRD pro“le. The apparently faster degradation of
cellulose sugars relative to hemicellulose ones indi-
cates that cellulose structural decomposition pre-
cedes its consumption. Between both processes,
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the destructured cellulose probably contributes to
an apparent enrichment in the hemicellulose carbo-
hydrate pool, particularly hemicellulose glucose.
Also contributing to the apparent hemicellulose

pool are carbohydrates of microbial origin, mainly

in the form of (glucose-rich) extracellular polysac-
charidic secretions (eppard et al.,, 1977; Decho,
1990; Dearge et al., 1996; Laggoun-Déarge et al.,

19993.

These conclusions partly disagree with those of
Moers et al. (1989, 199Q)who argued that the dif-
ferences in relative sugar contents between the
coarse grained and “ne grained peat fractions could
be explained by the balance of microbial vs. vascu-
lar plant input. The same authors interpreted the
relatively large amounts of total cellulose sugars
and the high proportions of xylose and arabinose
in the coarse fraction as inherited from vascular
plant polymers, whereas the relatively high propor-
tion of rhamnose, galactose, mannose, fucose,
ribose and hemicellulosic glucose in the “ne fraction
was probably due to bacteria, algae and/or fungi.
Our data are in good agreement with these assess-
ments when considering xylose and arabinose as
indicators of Cyperaceae input. However, in the
Le Russey peat, sugars such as galactose, rhamnose
and mannose are primarily markers of mosses
(Fig. 4) rather than of microbial species, as in the
Florida peat of Moers et al. (1989) Thus, the higher
relative amounts of these compounds in the “ne
fractions (Fig. 5) probably re”ect a greater propor-
tion of carbohydrates inherited from mosses relative
to sedges (xylose and arabinose) rather than micro-
bial input. If so, galactose and rhamnose, produced
by Sphagnummosses, and mannose, produced in
high proportions by Polytrichum mosses Fig. 4),
cannot be used as microbial markers in peat bogs.
Similarly, glucose is at least partly inherited from
cellulose eedestructurisationes, such that only fucose
and ribose can con“dently be used to evaluate
in situ microbial production. Another notable
result of this study is that the di erential biodegra-
dation of cellulose and hemicelluloses makes the
ratio of the two biopolymers a good indicator of
biodegradation.

4.2. Depth evolution of organic matter indicators

The higher C/N values in the “ne fractions than
in the bulk peat samples of all cores Table 1) are
possibly due to the loss of soluble N species during
the isolation of the “ne fractions by wet sieving.
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This explanation is fully supported by the determi-
nation of rather high amounts of NH 3 in the inter-
stitial water of a few samples (Comont and Gautret,
unpublished data). Because of this loss of part of the
total N content, the C/N value for the “ne fractions
are not considered further. Nevertheless, it is worth
noting that the greatest discrepancy in the C/N ratio
between a bulk sample and the equivalent “ne frac-
tion occurs in the uppermost section of the regener-
ating stage (FRC core;Fig. 2).

The high C/N values in the bulk fraction of the
uppermost level of the reference FRD pro‘“le (>50;
Table 1; Fig. 2) are typical of inherited plant mate-
rial rich in non N-containing compounds such as
the polysaccharides cellulose and hemicellulose(s).
In the same way, the progressive decrease in bulk
peat C/N values with increasing depth is likely due
to the degradation of these biopolymers Ertel and
Hedges, 1985; Bourdon, 1999; Kristensen et al.,
1999; Laggoun-Ddarge et al., 1999b; Miller and
Mathesius, 1999; Ortiz, 2003 This classical expla-
nation is consistent with the results of carbohy-
drate analysis (cf. above) and is fully supported
by micromorphological observations Fig. 3); the
latter are characterised by a decrease in the pro-
portion of well preserved Sphagnumtissue from
80% at 0...5cm to 14% at 12.5...17.5 cm. Downcore,
this plant tissue is gradually replaced “rst by
structureless tissue and later, mainly by mucilage.
This evolution is accompanied by the progressive
decrease in cellulose sugar content in the coarse
fraction (Fig. 5). These OM indicators complement
the results of carbohydrate dynamics and depict
typical OM diagenetic evolution with increasing
depth. At 25 cm, a relatively low amount of total
cellulose sugars (61 mg/g) is recorded for the
coarse fraction, and the bulk peat contains high
amounts of amorphous OM and mucilage. In
addition, unlike the upper sections, this level
contains a very low content of Sphagnuraderived
tissue Fig. 3) and a relatively high amount of
xylose (ig. 5), which is characteristic of Cypera-
ceae plants Fig. 4). These features likely indicate
a change in vegetation and extensive OM degrada-
tion, which might have been provoked by a lower-
ing of the water table during peat exploitation in a
nearby part of the bog.

In the bare peat FRA pro“le, the C/N ratio
remains constant and much lower (about 35) than
that in the upper sections of the two other pro“les
(Fig. 2), clearly re"ecting the absence of the most
recent peat layers. Despite a change in vegetation
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(and thus also in environment) revealed by the pres-
ence of higher proportions ofSphagnuraderived tis-
sues between 10 cm and 30 cm, the predominance of
structureless tissue, mucilage and amorphous OM
"akes all along the core is diagnostic of uniformly
intensive OM degradation Fig. 3). The sugar con-
centration pro“les show very limited variation with
depth; exceptions are xylose and total cellulose con-
tents, which display higher values around 25 cm.

In contrast to the FRA pro“le, the bulk peat
from the upper part of the FRC pro“le displays
high C/N ratio values comparable to those found
in the reference pro“le (FRD) or even higher, i.e.
up to ca. 80 (ig. 2). However, a much lower value
(30) occurs in the immediately underlying level at
15 cm. This considerable change indicates that these
two sections are located roughly on either side of the
boundary between the old catotelm peat and
the material accumulated since the beginning of the
regeneration. The minor degradation of the upper
section peat is highlighted by microscopic observa-
tions which show abundant well preserved tissue
derived from Sphagnum Polytrichum and Cypera-
ceae plants Fig. 3). This regenerated peat thus
appears more heterogeneous than the upper section
of the reference pro“le (FRD), which is mostly
made of Sphagnumderived tissue. These elemental
analysis data and micromorphological observations
are fully supported and supplemented by the results
of the sugar analysis. In particular, the evolution
with depth of total cellulose sugars con“rms the
subdivision of the FRC pro“le into two distinct sec-
tions with higher sugar content in the senewees peat
than in the seolde* one Fig. 5).

Despite the large di erence in the amounts of cel-
lulose and hemicellulose carbohydrates between the
coarse and the “ne fractions in both the FRC and
FRD cores, there are only limited dierences in
the distribution of individual hemicellulose sugars
(Table 2). However, these di erences probably do
re"ect true compositional dierences between the
two fractions; for example, in the reference FRD
pro“le, slightly higher relative amounts of xylose
and arabinose occur in the coarse fraction, consis-
tent with the greater lability of these compounds
than other (dehydroxy-) sugars in Cyperaceae
tissues Opsahl and Benner, 199Pand other peat-
forming plants. Thus, the discrepancy in sugar com-
position between FRC coarse- and “ne-grained
fractions is mostly attributable to more limited
alteration of the plant-inherited material, beginning
with Cyperaceae tissue.
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5. Conclusions

Combined carbohydrate analysis, C/N ratio
determinations and micromorphological observa-
tions conducted on the peat pro“les from a formerly
cut-over peat bog allowed us to obtain insights into
changes in OM sources and the dynamics of inher-
ited biopolymers during natural regeneration. The
most signi“cant observations are as follows:

The whole sample set contains high amounts of
total (cellulose and hemicellulose) sugars (80...
500 mg/g). This result contradicts accepted ideas
about the fast consumption of carbohydrates in
modern environments, peatlands included. Such a
good carbohydrate preservation provides additional
information on past environmental changes in bogs
and their consequence in terms of OM recycling or
storage.

The di erential biodegradation of cellulose and
hemicelluloses with increasing depth between both
size fractions makes the ratio of the two biopoly-
mers a good indicator of diagenetic alteration.

In contrast to the hemicellulose xylose and arab-
inose, already identi“ed as indicators of Cyperaceae
input to peat, the study showed that galactose,
rhamnose and mannose are mostly inherited from
mosses in ombrotrophic peatbogs. In such a case,
these latter compounds must not be attributed to
(in situ) microbial production. In contrast, fucose
and ribose, present at low levels but in relatively
higher proportions in the “ne fraction, could be pos-
sible markers of microbial synthesis.

In regenerating areas, depth patterns of bulk and
molecular OM composition show a clear threshold
between an uppermost esnewee peat and an esoldes
catotelm peat below. The upper section is character-
ised by high C/N ratios and sugar contents and a
predominance of well preserved plant tissues,
whereas the deeper one is characterised by lower
C/N ratios and sugar amounts and a predominance
of amorphous OM and mucilage, indicating more
pronounced degradation.
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Summary

1. Cut-over peatlands cover large surfaces of high potential value for enhancing biodiversity and
carbon sequestration if successfully restored. Unfortunately, evaluation of restoration success is not
straightforward. We assessed the bioindicator value of organic matter (OM), testate amoebae
(protozoa) and bacteria in peat from two regeneration stages and a reference site of a cut-over bog.
2. Contrasting biochemical signatures of peat OM were observed along the regenerating probles,
allowing clear differentiation between the newly regenerated peat and the old peat. Where peat
macrofossils were absent sugar biomarkers were used to infer peat botanical origin and OM
alteration.

3. Over the succession, the OM composition of the new peat differed. Peat from the more recent
stage was dominated bgphagnuraderived tissues and characterized by lower carbohydrate preserva-
tion and higher bacterial biomass than the advanced regeneration stage.

4. Surface testate amoeba communities also changed from the recent to the advanced stages of
regeneration, indicating a shift from wet and moderately acidic conditions to drier and more acidic
conditions. Over this regeneration sequence (i) the biomass and average size of species declined but
were higher at the unexploited site and (ii) species richness and diversity increased but density
declined.

5. Synthesis and applicationélthough secondary succession in the cut-over bog led to an ecosystem
similar to that of the reference site in terms of surface vegetation, OM and testate amoebae con-
tinued to ref3ect disturbances associated with peat harvesting. Nevertheless, the described dynamics
of both microbial and biochemical variables over the succession showed similarities between the
advanced stage and the reference site: a higher testate amoeba diversity was associated with
better carbohydrate preservation and a more heterogeneous botanical composition of the peat. The
inferred water table depth and pH based on testate amoebae indicators proved to be an alternative
approach for assessing restoration processes, in contrast to labour-intensive repeated measurements
in the beld. The botanical and biochemical composition of peat OM provided additional information

on past anthropogenic perturbations of the bog and could be used for restoration monitoring. The
combination of several indicators therefore provides a more complete assessment of ecological
conditions that could be valuable for the management of cut-over peatlands.

Key-words: biomarkers, botanical composition of peat, micro-organisms, RECIPE, estoration
ecology, secondary successio8phagnum
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Introduction

Regenerating peatlands may act as carbon sinks and can be
important for rare and endangered species (Chapmaet al.
2003). Therefore much effort is directed to encouraging the
re-establishment of peat-forming vegetation, in particular
Sphagnummosses (Grosvernier, Matthey & Buttler 1995;
Gorham & Rochefort 2003; Lavoieet al. 2003). However, the
outcome of these restoration efforts with respect to carbon
balance remains difpcult to predict and, in many cases, local
conditions may not allow net accumulation of carbon to
occur (Francez, Gogo & Josselin 2000; McNeil & Waddington
2003).

Most of the work on carbon dynamics in peatlands has
been approached by measurement of processes occurring
either on the surface or in the peat, in most cases by estimating
surface Ruxes of C@and CH, (Harrisset al. 1985:Knowles &
Moore 1989; Moore & Knowles 1989; McNeil & Waddington
2003). Little is known about the quality of the organic matter
(OM) and the characteristics of the microbial communities
responsible for its biochemical transformation, in natural
peatlands in general and cut-over sites in particular. Studies
suggest that these aspects have important implications for the
functioning of the ecosystem. Indeed, the physiochemical
and botanical properties of the underlying peat have been
shown to affect strongly (i) the growth of Sphagnunmosses
(Grosvernier, Matthey & Buttler 1997; Buttler, Grosvernier &
Matthey 1998) and (ii) gas Ruxes to the atmosphere (Buttler,
Dinel & LZvesque 1994; Charman, Aravena & Warner 1994)
while microbial communities have been shown to respond to
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of peat OM; (ii) the bacteria carbon biomass at different
depths; and (iii) the abundance, diversity and community
structure of testate amoebae living in th8phagnumnmosses at
the surface. Our aims were to assess how these different
variables were correlated and identify specibc indicators of
changes in the structure or functioning of the ecosystem.
Because of clear changes that can be observed directly from
the structure of the vegetation along a regeneration sequence,
we hypothesized that both the accumulated OM and the
related microbial indicators would also differ, but we could
not predict how the different data sets might compare and to
what extent they would ref3ect ecosystem recovery. Our results
illustrate how a single type of indicator may not sufbce to
assess the state of an ecosystem.

Materials and methods

STUDY SITE AND SAMPLING

La Chaux dOAbel, a cut-over peatland in the Jura Mountains,
Switzerland (47409N,6456 E; altitude 1020 m a.s.l.), was sampled
in November 2001. The mean annual precipitation and temperature
are 1463 mm and 6824, respectively. The site was abandoned after
active peat cutting ceased in 1963, with only a small area remaining
intact. Subsequently, spontaneous regeneration took place and, at
present, moss and vascular plant communities have developed for
variable lengths of time on different parts of the site (Matthey 1996).
Dendrochronological investigations on the largest trees showed that
at sites 1 and 2 (Table 1), which are contiguous, the time for regen-
eration to occur since peat cutting stopped has been about 29 years,
assuming a lag time of 7 yearfer tree establishmentA. Siegenhaler,

ecological gradients as well as ecosystem perturbations, such asunpublished data). At sites 3 and 4, regeneration time has ranged

nitrogen input and elevated atmospheric CQconcentrations
(Gilbert et al. 1998a,b; Mitchellet al. 2003).

Clearly, in order to rePne management strategies for cut-
over peatlands, more information is needed on (i) the patterns
of changes in the community structure of different taxonomic
groups and in the biochemical characteristics of the peat OM,
and (i) the processes controlling long-term carbon sequestra-
tion during peatland regeneration. These are two of the main
goals of the European Union (EU)-funded project RECIPE
(reconciling commercial exploitation of peat with biodiver-
sity in peatland ecosystems; Chapmaet al. 2003). Our focus
is on testate amoebae (Protista), bacteria and biochemical
characteristics of peat OM. These indicators are not generally
considered together in peatland restoration studies but they
may react faster than other indicators to changes occurring
during peatland regeneration and are likely to provide valuable
information on processes occurring in the soil (Warner &
Chmielewski 1992; Chapmaret al. 2003). In addition, the
shells (test) of testate amoebae are preserved in peat, thus
allowing comparison of modern assemblages with pre-
disturbance assemblages and showing changes in communities
through time (Buttler et al. 1996; Davis & Wilkinson 2004).

We studied the abiotic and biotic aspects of peat in a suite
of secondary plant communities situated on a cut-over
peatland in the Swiss Jura Mountains: (i) the depth-related
changes of biochemical and micromorphological charactistics

between 51 and 58 years. Therefore two regeneration stagtes
1D2 and sites 3D 4) were selected by taking into account the age of
abandonment and plant composition in relation to peat-forming
key-species, i.eSphagnumand Eriophorum species (Table 1). A
referencesite representing an unexploited area in the same peat bog
was also selected.

Three replicate peat cores, 13 cm in diameter, were extracted in
each community, totalling 15 cores. The 60D70-cm long cores were
cut into 2-cm thick slices. One part of each subsample was used for
chemical analyses after air-drying, pulverizing into a powder and
storage at 4°C, and the other part was used for micromorphology
and bacteria analyses after fixation in a 2% glutaraldehyde solution
and storage at 4°C. The uppermost 3 cm of living plants were
analysed for testate amoebae, whereas OM and bacteria analyses
were conducted on the whole profile (10D13 samples per profile).

LABORATORY AND DATA ANALYSES

Testate amoebae

Testate amoebae were extracted from the samples by sieving through
20pm and 300um meshes without boiling (Hendon & Charman
1997). Both living and dead shells were identified and counted under
a microscope at 208 and 400x magnifications. Biovolumes of each
living (active and encysted) species were estimated by assuming geo-
metrical shapes and were converted to carbon using the conversion
factor 1 um?® = 141 18"pg C (Weisseet al. 1990). Nomenclature for
testate amoebae followed Meisterfeld (2000a,b).

© 2007 The Authors. Journal compilation © 2007 British Ecological Societyournal of Applied Ecology45, 716 727
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Table 1. Characteristics of the sampling sites in La Chaux dOAbel peatland, Swiss Jura Mountains

Site General description Vegetation (dominant plants) Age (years)*

Site 1 Regenerating zone in a part of the mire where noPolytrichum strictum, Polytrichum commung Early stage €. 29)
intact portion remains. Fen vegetation Sphagnum fallax Carex nigra, etc.

Site 2 Same zone as stage 1, but different dominant Eriophorum vaginatumSphagnum fallax etc. Early stage €. 29)
plants species

Site 3 Regenerating zone at the base of a peat extractionEriophorum vaginatumSphagnum fallaxBetula  Advanced stage (51D58)
wall, open mixed forest of birch and pine pubescensPinus rotundata etc.

Site 4 Same zone, but drier and with different Polytrichum strictum Polytrichum commung Advanced stage (51D58)
dominant plant species Sphagnum fallax Betulasp., Pinus rotundata etc.

Unexploited Intact raised bog, but under the inBuence of  Pinus rotundataPicea abiesVaccinium uliginosum

lateral drainage from the peat cutting wall.
Tall pine forest with dense shrub cover

Moss layer dominated by nonSphagnunmosses,
with discontinuous Sphagnunpatches

*Mean ages of regeneration estimated from local surveys and dendrochronology.

We compared the sampling sites for a set of five general variables
derived from the testate amoeba data: total density (living + dead),

solution, one after previous soaking with 24 NHSO, (12 h at room
temperature) and the other without previous soaking. After hydrolysis

percentage of living species, carbon biomass, species richness andand adequate sample treatment, individual sugars were silylated and

the Shannon-Wiener diversity indexHi , using the base 2 logarithm).
The average values were compared using an followed by
comparison of all pairs (TurkeybKramer HSD). To assess how
communities changed during the regeneration sequence, we inferred
the water table depth (WTD) andpH using atransfer function based
on a data set from an earlier study in the same region (Mitchedt al.
1999, 2001). The calculations were performed using the software
- (Line, ter Braak & Birks 1994). The resulting values were
used to draw a plot of inferred depth to water table (DWT) vs. pH
for the samples.

Bacterial density

Bacteria were stained with DAPI (4,6 diamino 2 phenylindol), filtered
on 042am black membrane filters and examined by epifluorescence
microscopy at 100& magnification for all peat levels. The images
were recorded using a digital camera. Bacteria numbers and sizes
were estimated in a minimum of 10 random fields for each sample.
Bacterial biovolumes were estimated by assuming geometrical
shapesand converted to carbon using the conversion factor im*

= 5a6x 1(P"ug C (Bratbak 1985).

Organic matter: carbon, nitrogen, micromorphological and
sugar analyses

Total carbon (C) and nitrogen (N) were determined by combustion at
1100°C with a LECO CNS 2000 (Lakehead University Instrumentation
Laboratory) apparatus on dried and pulverized samples. Because of the
absence of inorganic carbon (carbonates), the determined total carbon
represents the total organic carbon and was used for C/N calculations.

Light microscopy observations enabled organic components
(plant organ-derived tissues, amorphous material and micro-
organisms) to be identified and quantified. Bulk peat samples were
mounted as smear slides and examined at28nd 50« magnification.
The surfaces covered by the main organic microremains were
estimated with a grid reticule in the eyepiece of the microscope. A
total of 3000D5000 items per sample were counted to calculate
relative frequencies with an estimated error of about 10%.

A detailed procedure for sugar analysis is given in Comont,
Laggoun-DZfarge & Disnar (2006). Briefly, two aliquots €. 100 mg)
of a given sample are hydrolysed (4 h at 10C) in 142 H,SO,

quantified by gas chromatography using an internal standard, the
individual compound response coefficients being determined
independently with a mixture of eight common monosaccharides.
The two hydrolyses release the total and hemicellulosic sugars,
respectively. The cellulosic sugars are determined by difference.
Replicate analyses gave an analytical precision of 10015%. Sugar
analyses were first conducted on characteristic peat-forming plants
sampled from Le Russey peatland, in the French Jura, about 15 km
away from the study site (Comont, Laggoun-DZfarge & Disnar
2006).The following plant source signatures were identified: xylose and
arabinose for Eriophorum vaginatuni. and Eriophorum angustifolium
Honck., mannose for Polytrichum strictum Menz. Ex. Brid. and
rhamnose and galactose forSphagnum fallax (H. Klinggr.) H.
Klinggr. Together with microscopic investigations of peat samples,
which enabled in some cases a OdirectO identification of the botanical
composition of the peat, these specific signatures were also used to
reconstruct past vegetation changes in the underlying peat.

Results

TESTATE AMOEBAE

A total of 22 testate amoeba taxa were observed in the sam-
ples (Table 2). Signibcant differences in species richness were
found among the pve sites. The highest species richness was
found at site 3 and the unexploited site, while the two recent
succession sitegsites 1 and 2) had low species richness
(Table 3). The pdtern of diversity (H) was similar to that of
species richness (Table 3).

The percentage of living and encysted testate amoebae was
higher at sites 1 and 2 (63D64%) than in the other three sites
(49D52%) but this difference was not signibcant. The highest
overall densities were observed at sites 1 and 2, and carbon
biomass was signibcantly higher at these sites than at the other
sites and lower at site 4 than at the unexploited site (Table 3).
The differences between the density and carbon biomass
results were due taehange in communitystructure: smaller
species such a&ssulina muscorurand Nebela tinctaincreased
at the expense of the larger speciklyalosphenia papilioThe
signibcantly higher biomass recorded at the unexploited site

© 2007 The Authors. Journal compilation © 2007 British Ecological Societyournal of Applied Ecology45, 716 727



Organic matter and micro-organisms in bog¥19

Table 2. Overall density and relative frequency of testate amoebae taxa identibed in Sghagnurmsamples from La Chaux dOAbel peatland

Overall density (individuals/g dry wt) Overall relative frequency (%)
Taxon n Mean SE Minimum Maximum Mean SE Minimum Maximum
Archerella Bavurti 4 1438 691 0 7704 2435 1419 0400 26416
Arcella catinus 7 357 141 0 1531 1400 0446 0400 10400
Assulina muscorum 15 3146 954 274 15406 18471 4359 0426 73448
Assulina seminulum 8 459 231 0 2914 1462 1402 0400 23403
Bullinularia indica 5 136 79 0 1166 0471 0442  0&a00 9421
Centropyxis aculeata 3 119 109 0 1636 0425 0410 04a00 1489
Centropyxis aerophilavar. sphagnicola 1 9 9 0 136 0401 0401  0a00 0416
Corythion dubium 11 978 518 0 8044 4440 1410 0400 24431
Euglypha ciliatatype 11 746 206 0 2693 4583 1429  0&00 19479
Euglypha compressa 5 150 78 0 919 0451 0421 04&00 3481
Euglypha laevis 3 45 25 0 273 0406 0402 0400 0437
Heleopera sylvatica 7 311 138 0 1996 1423 0446 0400 9452
Heleopera rosea 10 318 138 0 2045 0463 0414  0a00 2436
Hyalosphenia elegans 3 219 129 0 1572 0a27 0412  0&ao00 1487
Hyalosphenia papilio 13 30556 8542 0 91693 33482 7420 0400 91443
Hyalosphenia subRava 1 7 7 0 98 0402 0401  0a00 0433
Nebela militaris 12 1087 651 0 10089 2410 0455 0400 11465
Nebela penardiana 1 41 41 0 615 0404 0403 0400 0465
Nebela tincta 14 4888 1139 0 12815 20485 4458 0400 86413
Nebela tinctavar. major 14 3067 959 0 10756 4469 1404  0a00 19452
Phryganella acropodia 9 446 218 0 3136 1432 0443 0400 8494
Trigonopyxis arcula 5 64 29 0 333 0459 0420 0&00 3413

*Synonym Amphitrema Ravum
Includes Euglypha rotunda.

was because of the presence of large species Bufjinularia eration stages (respectively 1491, 1444 and 1491 in the upper
indica) and the dominance of medium-sized taxa (e.jebela 25 cm and 0481, 1413 and 0461 mg C g di} low 25 cm
tincta). depth at sites 1B3) while it was more stable in the top 40 cm,
Clear differences in communities were found along the with a rise at lower levels in the advanced regeneration stage
regeneration sequence (Fig. 1). The recent stages were domi- (site 4) and the unexploited site. As a consequence of these
nated byHyalosphenia papilipa species indicative of wet con-  vertical patterns, bacterial biomass was signibcantly higher in
ditions (Mitchell et al. 1999). At site 3 Archerella Ravuman the upper peat (top 25 cm) of sites 1D3 than in the upper peat
indicator of wet, acidic conditions (Mitchell etal. 1999), of site 4 ( with FisherOs protected least-square differ-
reached its highest abundance, and two indicators of drier ences, respectivelf? = 040009P = 04029 and® = 04002) and
and more acidic conditionsNebela tinctaand Assulina mus-  in the upper peat of sites 1 and 3 compared with the upper
corum increased in abundance. This site was also the most peat of the unexploited site (respectivellp = 04018 and® =
heterogeneous, based on the position of individual samplesin 04025). In contrast, in the lower sections of the cores the
the inferred water table depthx pH biplot. Site 4 was domi-  differences were no longer correlated with the regeneration
nated by Nebela tincta Assulina muscorunand another dry ~ sequence. However, bacterial biomass was positively cor-
and acidic indicator, Corythion dubium(Mitchell et al. 1999).  related with the C/N ratio and the relative percentage of
In the inferred water table depthx pH biplot, the samples  Sphagnunremains in the peat (Fig. 3).
were aligned from the recent to advanced succession stages,
suggesting a continuous trend towards drier and more acidic
conditions (Fig. 1). lllustrations of the key testate amoeba
indicator species are given in Fig. 4.

PEAT ORGANIC MATTER

Carbon and nitrogen contents

Overall, total organic carbon contents were high (40D51%).

At the unexploited site, C/N ratios varied little with depth
Bacterial density and biomass averaged 44840 cells and  (60D80) except at 20025 cm and 48962 cm, where they signi-
1424 mg C g dry weigltt (d wt) of peat, respectively, and were  bcantly decreased (30D40), revealing higher OM degradation
not signibcantly different among the sites. Bacterial biomass and/or changes in the OM sources (Fig. 3). In contrast, in for-
tended to decline from the recent to the advanced regenera- merly exploited zones (sites 1 and 4), a contrasting pattern
tion stages but this trend was not signibcant (Fig. 2). Biomass occurred between two sections, the upper section (0 to 25 cm
decreased with depth in the top 40 cm in the recent regen- depth), corresponding with the Onew® regenerated peat, and

BACTERIA
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Table 3. Summary data for testate amoebae extracted fro@phagnunmsamples taken in the Pve plant communities in La Chaux dOAbel peatland, Switzerland

Site 2 Site 3 Site 4 Unexploited All sites

Site 1

[{e]
~

32
343
0410 0&a02

049
042
143

Minimum  Maximum
4
149 045
5546 247
4846 944
0454
1243

C
C

SE

Mean
a

0487 bc 1048
0435 b

1415

2442 b

Mean SE
ac 14
246
52
1643
0445
1841

Mean SE
b 10 142
2al 042
50 243
749 485
0408
549

144
043
948

Mean SE
14&7
a 247
a 49
53

Mean SE
743 3485 a
049 043
64 548
84 12

143
043
249

Mean SE*
8a3
141
63

Species richness
H diversity index
% living and encysted

104

b
0405 b
141

17

743
0483 04a12

83
1444

Density (1¢ ind. g d wi®)
C biomass (mg g d wt})

1437
2347

0402
3410

0404 bc
144

a 043

042

140
1345

a

3477

b

ab

ac 947

042

ac

045

Average biovolume per individual amoeba (10um®3

3in all cases.
Lowercase letters indicate signibcant differences among sites in the

*Standard errors; n

and TurkeybKramer HSD comparison among pairs of sites.

the Ooldd catotelm peat (Fig. 3). The latter horizon was
characterized by rather low C/N ratios (20D30, particularly at
site 1), unlike the regenerated peat where the ratios were much
higher (60D100).

MICROMORPHOLOGICAL CHARACTERISTICS

Characteristic tissues deriving from vascular plants, particu-
larly from CyperaceadFig. 4g) and mosses (Fig. 4hbj), were
quantiped in the peat samples. Most of the observed
Sphagnum and Polytrichum-derived tissues consisted of
characteristic leaf cell walls (Fig. 4hDj). Well-preserved
and degaded tissues were counted as two distinct classes
(Fig. 4gbo). Amorphous OM Rakes (Fig. 4l-0) present in
various proportions consisted of a complete amorphization
of the cell walls. Another OamorphousO component, namely the
mucilage (Fig. 4k,n,0), was also present as slimy and trans-
lucent substances with no internal structure. This component is
more likely to be derived, at least partly, fronin situmicrobial
syntheses of bacteria, fungi and/or plant roots (Decho 1990;
DZfargeet al. 1996; Laggoun-DZfargeet al. 1999). Many
tangled masses of melanized fungal hyphae (Fig. 40), often
associated with decayed plant rootlets, were also presentin
the so-called OoldO peat. Micro-organisms (Fig. 4abf,j) were
represented by algae, testate amoebae, diatoms and the rotifer
Habrotrocha angusticollis

The depth evolution of the relative abundance of these
organic microremains showed contrasting sighatures
between the probles (Fig. 3). At the unexploited zone, peat
was mostly composed of morphologically well-preserved
Sphagnuntissues, except at the two levels (depth of 2025 cm
and 48D62 cm) where the C/N ratios signibcantly decreased.
These two levels were characterized by (i) a higher degradation,
as revealed by the abundance of structureless plant tissues,
amorphous OM and mucilage, and (ii) the occurrence of
well-preserved Cyperaceae tissues. The OM composition in
these two levels may indicate events such as natural and/or
anthropogenic drainage phases, which would have allowed
the establishment of specibc vascular plants such as sedges.
The peat OM composition of the probles from formerly
exploited sites (sites 1 and 4Fig. 3) conbrmed the C/N
results. Two sections werdistinguished: a deeper Oold0 peat
characterized by strong OM degradation, as shown by high
amounts of amorphous OM, structureless plant tissues and
mucilage, and an upper Onewddenerated peat composed
mainly of well-preserved plant tissues. According to the
regeneration stage, the new peat showed diféet OM com-
positions: site 1 was composed exclusively dphagnum
mosses, while its composition was more heterogeneous at the
more advanced regeneration stage (site 4) (Fig. 3a).

SUGAR CONTENTS AND DISTRIBUTIONS

The results of sugar analyses from characteristic peat-
forming plants as reported previously (Comont, Laggoun-
DZfarge & Disnar 2006) are summarized in Table 4. The
guantitative and qualitative evolution of peat carbohydrates
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Fig. 1. Changes in testate amoeba com-
munity structure and inferred water table
depth and pH in the regenerating vegetation
and non-harvested bog. The water table and
pH were inferred using a transfer-function
from the Jura Mountains (Mitchell et al
1999, 2001). Sample codes are as follows: 1D1,
site 1 replicate 1; ... 4B3, site 4 replicate 3;
Unex, unexploited.

Fig. 2. Depth evolution of bacteria biomass in the recent and
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in the peat probles of two regeneration stages (sites 1 and 4)
and the unexploited site are presented in Fig. 5.

At site 1 (and to a lesser extent at site 4), the depth-related
changes in total sugar yields allowed two peat sections to be
distinguished along the probles. The uppermost peat (0D20/
25 cm depth) contained high sugar content250D 400 mg®)
that were in the same range as those found in living plants:
282, 326, 400 and 357 m¢PYfor Eriophorum angustifolium,
Eriophorum vaginatum, Polytrichum stricturand Sphagnum
fallax, respectively (Comont, Laggoun-DZfarge & Disnar
2006). In contrast, in the underlying peat sugar yields strongly
decreased down t@. 70 mg §*at site 1 anct. 160 mg §*at site
4; at the bottom of the latter proble, they increased up to
300 mg §* (Fig. 5). At the unexploited site, the amounts of
sugars progressively decreased with increasing depth from
327 to 200 mg § except at 20025 cm and 48D62 cm, where
they decreased slightly to 200 and 147 m§grespectively.

In the whole proble, the total hemicellulose content was
higher than that of total cellulose sugars (Fig. 5). Moreover, a
greater discrepancy between their amounts occurred only
in the upper sections of sites 1 and 4.(200D300 mg®j for
hemicelluloses vs. 500100 mg'gfor cellulose, respectively).
However, both in the deeper peat and throughout the
unexploited site proble they showed similar patterns (Fig. 5).

The relative percentages of individual hemicellulose sugars
(wt%) also differed amongst the three probles. At sites 1 and

advanced regenerating stages (sites 1,2 and 3,4, respectively) and the4, mannose, and to a lesser extent galactose and rhamnose,

unexploited site.

were present in a relatively high proportion in the surface peat
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Fig. 3. Depth probles of atomic C/N ratio,
relative percentages of organic microremains
and bacterial biomass in the recent regener-
ation stage (site 1), the advanced regeneration
stage (site 4) and the unexploited site of La
Chaux dOAbel peatland. The dotted line
delineates the threshold between the upper-
most Onew® regenerating peat and the Oold®
catotelm peat. AOM, amorphous organic
matter; Mb, Cut, Sp, membranes, cuticles,
spores; GD, OD, gelibed debris, oxidized
debris.

(< 20 cm; mannose up to 40% at site 4). In contrast, xylose in a cut-over peatland where the surface is in different stages

and arabinose concentrations, which were relatively low in

of regeneration. Both biological and biochemical indicators

this peat section, signibpcantly increased below between 20 were consistent in showing clear differences between the
and 45 cm depth (Fig. 5). At the unexploited site, relative probles from the unexploited part of the peatland and those
hemicellulose sugar contents showed almost constant values from its regenerating parts.

along the pioble, except at (i) 20 cm depth, where rhamnose and
mannoseslightly decreased and increased, respectively, and
(i) c. 32 cm depth, where xylose signibcantly increased.

Discussion

To our knowledge this is the brst study to compare variation
in microbial, biochemical andmicromorphological indicators

TESTATE AMOEBAE AND BACTERIA INDICATORS

Testate amoebae can be identibed to species level and can be
related to regional ecological calibration data sets developed
for palaeoecological studies (Charman & Warner 1992;
Charman 1997, 2001; Booth 2001, 2002; Lamentowicz &
Mitchell 2005; Payne et al. 2006). This represents a clear
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Fig. 4. Characteristic taxa of testate amoebae and main organic components identiPe&phagnunmosses and bulk peat samples, respectively.
(a) Hyalosphenia papilio (b) Assulina muscorum(c) Nebela tincta (d) Archerella Ravum (e) Corythion dubium (f) Nebela militaris[scale bars

= 50 um except forC. dubium(10um)]; (g) Cyperaceae-derived leaf tissues; (Rplytrichum-derived leaf tissues; (iBphagnuraderived led
tissues; (j) shell of the bdelloid rotifeHabrotrocha angusticollighab) associated witfSphagnuraderived leaf tissues; (k) degradeSiphagnum
derived leaf tissues and mucilage (mu); (I) structureless unspecibed plant tissue and an amorphous OM (AOM) Rake; (m) AOM Rahkds
Cyperaceae-derived sheath tissue; (n) mu and structureless unspecibed plant tissue; (0) fungal hyphae, mu and an AOM Rake.

advantage of using testate amoebae as management tools for et al. (1996) observed that testate amoebae responded rapidly
peatland resources (Mitchell, Charman & Warner 2008). The to changes occurring at the surface. This study also provided
guantitative inference of water table depth and pH based data on recent stages of succession not included in this study.
on testate amoebae indicators represents an alternative to The authors observed a convergence of vegetation and testate
labour-intensive repeated measurements of these variables in amoeba community structure in the advanced regeneration
the Peld (Charmaret al. 2004). stage, regardless of the initial conditions.

Nevertheless, to date testate amoebae have only rarely been In this study, we observed clear differences in species
included in studies of cut-over peatland regeneration (Buttler richness, diversity, density, biomass and average species size.
et al. 1996; Davis & Wilkinson 2004). In a study of naturally ~ Species richness and diversity increased but density declined
regenerating cut-over bogs in the Jura Mountains, Buttler from the recent to the advanced regeneration stages and the
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Table 4. Yields of total sugars, cellulosics and hemicellulosics (m§and concentrations of hemicellulosic sugars (wt%) for characteristic peat-
forming plants collected in Le Russey, a peatland near La Chaux dOAbel in the Jura (modibed from Comont, Laggoun-DZfarge & &i8006)

S. fallax P. strictum E. vaginatum E. angustifolium
Total sugars (mg §) 357 401 326 282
Total cellulosics (mg §% 142 112 224 218
Total hemicellulosics (mg §) 215 289 102 6445
Hemicellulosic glucose (wt%) 2743 3046 1345 1542
Xylose (wt%) 1642 434 52a4 4749
Arabinose (wt%) 441 246 1641 1149
Mannose (wt%) 1141 41485 445 647
Rhamnose (wt%) 1247 541 342 540
Ribose (wt%) 044 140 046 040
Fucose (wt%) 144 049 047 144
Galactose (wt%) 2746 1348 849 1149

Fig. 5. Depth evolution of total sugar, cellulosics and hemicell-
ulosics yields (mg 8) and concentrations (wt%) of moss and

unexploited site. This result is in agreement with patterns of
community assembly of various groups of organisms during
primary and secondary succession (Odum 1971). However,
recent studies of testate amoeba diversity and community
structure in chronosequences, and relationships between
plant and testate amoeba diversity, have shown contrasting
responses, suggesting that testate amoebae might not respond
in the same way as larger organisms (Ledeganck, Nijs & Beyens
2003; Wanner & Xylander 2005. In the cut-over peatland
secondary succession sequence, we found shifts in community
composition, rather than simply an addition of new taxa as
observed by Wanner & Xylander (2005) in sand dunes.
However, peatlands are quite different from sand dunes and
mineral soils in their evolution. It can be assumed that the
changes in ecological conditions (e.g. moisture and pH)
associated with the development of a new, actively growing
peat layer acts as a strong ecological Plter that causes early
colonizers to disappear from the community.

Biomass and the average size of species declined over the
regeneration sequence but were higher in the unexploited
site of the peatland. These changes also agree well with the
changes in ecological conditions over the regeneration sequence.
Testate amoebae are aquatic organisms and respond to soil
moisture content in a size-specibc way: larger species are
more stimulated by wet conditions than smaller ones (Lousier
1974). However, larger species are also less numerous and
heavier than smaller ones and therefore they are less likely to
be transported over long distances. In a broader context, it has
been suggested that testate amoebae larger than 100150
may not be cosmopolitan (Wilkinson 2001). The processes
responsible for such biogeographical patterns probably affects
the recolonization of secondary habitats at a Pner scale.
Therefore we would not expect large species to colonize
favourable habitats very quickly. This hypothesis is supported
by the available data on primary succession. In a series of
primary colonization experiments in mineral soils, Wanner
and co-workers have observed that all successional stages are
dominated by small Euglyphid testate amoebae, while larger
taxa characteristic of forest humus only occur in late succession
stages (Wanner & Dunger 2001; Wanner & Xylander 2005).

Cyperaceae markers in the recent and advanced regenerating stages Such differences in the sizand quality of the testae popula-

(sites 1 and 4) in comparison with the unexploited site.

tion may serve as predictors of the rate and directions of
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change as the regenerating peat community becomes more composition but differential preservation because of the

established. Beyond the quantitative inference of key ecological
variables, the structure of the testate amoeba community

conditions of the sites at the onset of regeneration
Atthe unexploited site, the irregular but overall progressive

might provide information on the degree of OnaturalnessO of decrease of total sugars with increasing depth depicts typical

a site.
Bacterial biomass is a relatively crude measure of microbial
activity in ecosystems including secondary succession in

diagenetic evolution. Nevertheless, the high and nearly
constant C/N ratio values (i.e. 60D80) recorded along the peat
proble, and the abundance of well-preserved tissues mainly

cut-over peatlands. Nevertheless clear changes were observed.derived from Sphagnunmosses, are typical of rather well-

Beyond biomass, changes in bacterial community structure

preserved inherited plant material. In contrast, the two sections

and associated processes can be expected. A community taken between 20D25 and 48D62 cm depth that display much

approach for bacteria was beyond this study. However, low
densities of bacteria were recorded during the apparently

drier phases (see below) and in the more advanced regenera-

tion stages (albeit not signibcant). Similarly, Gilbert (1998)
observed lower chemoheterotrophic assimilation (mainly
bacterial) during the dry period of mid-summer in &phagnum
dominated peatland. This apparent negative effect of dry
conditions on bacteria density and production parallels the
pattern of testate amoeba density where low numbers were
found in the more advanced, drier secondary sites and in the
unexploited site. Testate amoebae feed on a broad range of
micro-organisms, thus the lower density of testate amoebae in

lower C/N ratios, lower total sugar yields and OM dominated

by decomposed plant tissues, suggest an increasing degrada-
tion of OM. At the top of these two sections well-preserved
Cyperaceae-derived tissues replaced ti&phagnuraderived
tissues. These features suggest a change in vegetation and
environmental conditions that might have been provoked by
drier phases in the history of the bog. Such a dry event would
have shifted the competition betweeSphagnunand Eriophorum

in favour of the latter and increased peat mineralization. The
causes of these two dry phases are uncertain but drainage from
peat cutting is most likely to be responsible for changes recorded
in the upper peat. Taken together, these results illustrate well

the drier sites matches the density patterns of at least some of the fact that, although this part of the bog has not been exploited

their prey (the bacteria) and microbial secondary production
(Yeates & Foissner 1995; Gilberet al. 2000). These results

for peat, drainage relded to peat hanesting affected the
vegetation and therefore the botanicatomposition of the

could also suggest that the larger species of testate amoebaepeat. These changes were well recorded in the existing peat.

that are characteristic of the unexploited site may be less
directly dependant on the abundance of bacteria and instead
feed more (or perhaps exclusively) on fungi. Such an
assumption is commonly made, although there is still little

reliable data on the feeding habits of most testate amoeba
species.

ORGANIC MATTER AND BIOCHEMICAL INDICATORS

The high preservation of organic material in peat that results
from low pH and anoxia make the peat archives particularly
useful for palaeoenvironmental reconstructions. Nevertheless,
to date the biochemical composition of peat OM has rarely
been used as an indicator for past environmental conditions, par-
ticularly in ombrotrophic peatlands (Morita & Montgomery
1980;Nott et al. 2000; Pancoset al. 2002; Nicholset al. 2006),
and none of these studies concern formerbut-over sites.
Recently, a study of a regenerating cut-over bog in the Jura
Mountains allowed Comont, Laggoun-DZfarge & Disnar (2006)
to obtain insights into changes in the OM sources and dynamics
of inherited biopolymers along the regeneration sequence.

In the regenerating sites (sites 1 and 4), vertical patterns of
OM composition revealed a limit between the upper Onew®
peat and the lower OoldO catotelm peat. The latter, especially at
site 1, was characterized by a pronounced OM degradation,
as attested by relative low C/N ratios and sugar contents and
a predominance of amorphous OM and mucilage. In contrast,
the new regenerated peat was dominated by moss-derived
tissues. This was conbrmed by distributions of individual
hemicellulose sugars displaying high proportions of mannose
and, to a lesser extent, galactose compounds typical for
mosses (Comont, Laggoun-DZfarge & Disnar 2006). The new
peat also exhibited much higher yields of total hemicellulosics
in comparison with total cellulosic sugars. Such a discrepancy
might reRect a higher contribution of moss to the peat, these
plants being richer in hemicellulosic sugars than sedges
(Comont, Laggoun-DZfarge & Disnar 2006). However, a
relative enrichment of the hemicellulosic carbohydrate pool
as a result of cellulose destruction cannot be excluded.
Neverthelessthe amount of total sugars recorded in this peat
layer, which were in the same range as in living plants, are
indicative of a good OM preservation. Surprisingly, although

Field observations did not suggest that the Oold® peatthe vegetation coer is currently dominated by mosses and
beneath the regenerated peat was different between the recent sedges, no evidaze of any Cyperaceae-derived material, and/

and advanced regeneration stages. However, from detailed
microscopic observations the proportion ofSphagnunteither
well-preserved or not) was higher in the catotelm peat of the

or related sugar biomarkers, was identiped by analyses. In
fact, sugar markers ofCyperaceae, i.e. xylose and arabinose
(Bourdon et al. 2000, were not present in the new peat but in

advanced stage than of the recent stage. In the recent stage, inthe upper levels of the old catotelm peat (Fig. 5). This overall

contrast, the peat contained a higher proportion of uniden-
tibable remains. However, the biochemical signature revealed
that, in both stage, the new peat was of comparable origin.
We interpret this as an indication of a similar original

lack of Eriophorumrecord in the new peat can be attributed
to its higher decomposability compared with Sphagnum
mosses(Coulson & Butterbeld 1978; Clymo & Hayward
1982; Chague-Goff & Fyfe 1996).
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Over the secondary succession, a close examination of
organic composition of the new peat revealed changes from
the recent to the advanced stages. At site 1 (the recent stage)
the peat was dominated bysphagnunremains, while at site 4
(the advanced stage) it had a more heterogeneous botanical
composition, with better carbohydrate preservation ¢
337 mg §*vs.c. 243 mg §at site 1). In addition to the original
botanical composition, such contrasting composition might
also be related to abiotic factors, i.e. trophic conditions inducing
differences in biodegradation processes between the two sites.
The surface vegetation suggests that the environmental
conditions of the recent regenerating stage (site 1) are probably
more minerotrophic and consequently more favourable to
microbial activity than the more advanced regenerating
stage (site 4) (E. Samaritani, A. Siegenthaler, Y. M. li-PetSys,
A. Buttler, P.-A. Christin and E. A. D. Mitchell, unpublished
data). This explanation was supported by (i) the bacterial
biomass, which was about twice as high in the new peat of the

in bogs and their consequence in terms of OM recycling and
storage.

Understanding ecosystem dynamics in secondary eco-
systems is challenging because we rarely have accurate
information on the nature of the ecosystem prior to disturb-
ance and a detailed account of human impact. It is valuable
to compare independent lines of evidence to determine such
characteristics of the site. A multidisciplinary assessment
approach may therefore prove useful for the management of
abandoned cut-over peatlands.
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unexploited site, and (ii) a shift in testate amoebae from a fen
community towards a more acidic, drier bog community. In
the same way, when considering the whole probles (new and
old peat), it appeared that the highest bacterial biomass was
recorded in the Sphagnurdominated peat layers and the
lowest in the highly decomposed and deeper peat layers. This

was interpreted, at least at site 1, as a consequence of drainage

phases during peat extraction.

CONCLUSIONS AND IMPLICATIONS FOR MANAGEMENT

Our aims were to assess how testate amoebae, bacteria and
peat OM were correlated and to identify specibc indicators of
changes in the structure or functioning of the ecosystem.
While bulk chemical OM characterization allowed the newly
regenerated peat to be differentiated from old peat, OM
indicators (carbohydrates and botanical composition of the
peat) combined with heterotrophic bacteria biomass and
testate amoebae diversity revealed contrasting signatures
between the recent and advanced stages of regeneration. At
the natural unexploited site, specibc OM indicators provided
information on past changes in vegetation and related environ-
mental conditions, well recorded in the accumulated peat.
This study illustrates how biochemical markers and testate
amoebae could provide additional information on the
functioning of the ecosystem as well as the observation of the
present vegetation, which is commonly used to assess the state
of the ecosystem. Testate amoebae appear to be particularly
useful because (i) they provide information on the soil biota,
(ii) they are preserved in the peat deposits, thus allowing
palaeoenvironmental reconstruction, and (iii) their analysis
does not require expensive equipment or consumables.
Indicators from OM also appear useful because they allow
the botanical and biochemical composition of even quite
decomposed peat to be determined. Unlike accepted ideas
regarding the rapid consumption of carbohydrates in modern
environments, their good preservation in peats provides
additional information on past anthropogenic perturbations
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Abstract In a context of climate change peatlands driest conditions. In these conditions, decay was
may switch from a sink to a source of carbon (C). The shown by a loss of diagenetic sensitive oxygen-rich
induced positive feedbacks are closely linked to C OM, probably leached by water table Ructuations.
dynamics, and thus to the fate of organic matter (OM) Decay intensity was also shown by the high ribose
in the underlying peat. Our aims were to determine and lyxose contents at the peat surface, where
how moisture conditions in &phagnurdominated microscopic observations also revealed relatively
peatland affect the dynamics of diagenetic sensitive large quantities of fungal hyphae. The sugars could
OM which is thought to be the most reactive to have arisen from microbial synthesis, primarily
warming effects. The approach was based on the protozoan and fungal activity. These results suggest
identibcation of combined bulk and molecular bioin- that water level changes preferentially impact bio-
dicators of OM sources and decay of peat probles (upchemical changes in diagenetic sensitive OM,
to 50 cm in depth) from two moisture conditions of believed to be sensitive to drought events.

the Le Forbonnet peatland (Jura Mountains, France).

The (xylose? arabinose)/(galactose rhamnose? Keywords Bioindicators Carbohydrates

mannose) ratio derived from the analysis of neutral Labile organic matter Peat botanical composition
monosaccharides was used to obtain indications onPEATWARM RockbEval pyrolysis

the botanical origin of the peat and tended to indicate

a greater contribution o€yperaceaan the deepest  Abbrevations

parts of the peat. Most bioindicators showed that OM AOM Amorphous organic matter

decay increased with depth and was higher in the Ar Arabinose

C Carbon

Ga Galactose

HC Hydrocarbons

HI Hydrogen index

Ma Mannose
F. Delarue & ) F. Laggoun-Déarge Ol Oxygen index
J. R. Disnar N. Lottier S. Gogo ) OoM Organic matter
UniversitedOOrans, Universid-raniois RabelaisN PPI Pyrophosphate index
Tours, CNRS/INSU. Institut des Sciences de la Terre Rh Rhamnose
dOOrans UMR 6113, Campus<®@sciences, 1A, rue de la .
Faollerie, 45071 Orans cedex 2, France TOC  Total organic carbon
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Introduction xylose and arabinose fo€yperaceaeinputs, and
galactose, rhamnose and mannose for moss inputs.
Peatlands act as carbon (C) sinks as a result of coolOther sugars such as lyxose and allose were also
and anoxic conditions favourable to reduced rates of quantibed but their origins remained unclear. These
decay (Clymo1983 Moore and Knowles1990. authors also attributed ribose and fucose to a likely
Northern hemisphere peatlands contain 1/3 of the microbial synthesis whereas Jia et a009 indi-
worldOs soil C stock (Gorharh99]) in an area  cated that fucose could be a potential indicator of
accounting for only 3D5% of total terrestrial surface Sphagnunderived OM. Bulk organic geochemical
(Maltby and Immirzi 1993. Sphagnurdominated  analyses also proved to be efpcient in revealing both
peatlands are primarily situated in northern and the botanical origin of the OM and the degradation
subarctic zones where climate changes are expectedhrocesses that these precursors underwent, particu-
to be strongly marked (Gor#983 Bridgham et al.  |arly in peat horizons. For example, light microscopy
2001, Houghton et al.2001). These changes would observations and counting have been successfully
impact C sequestration and change peatlands into aused on whole peats to describe the sources of plant-
net source of C (Waddington and Roulé®96 derived tissues as well as the status of decomposition
Bubier et al.1999 Dorrepaal et al2009 providing in different horizons (Laggoun-Barge et al.1999
positive feedback (Kirschbau 1995. C sequestra-  Bourdon et al.200Q Comont et al.2006. Another
tion in peatlands is closely linked with spatial bulk measure often used as a classibcation tool in
variability in their habitats due to different wetness peatlands is pyrophosphate index (PPI) (Kdi&56
conditions (Belyea and Malme2004. The high C  Clymo 1983. PPl is a method allowing humiped OM
pool in peatlands is mainly due to high water levels to be semi-quantitatively estimated (Gobat et al.
and consequent anoxia. As such, the sequesteredi98. Schnitzer {967 showed that it partially
organic matter (OM) in peatlands is labile, i.e. made reRected the amounts of humibPed compounds as it
of biochemically unstable organic compounds, and was correlated only with fulvic acids. RockDEval
sensitive to changes in environnemental conditions. pyrolysis is a commonly used technique developed to
Many studies have shown the impact of wetness diagnose oil-producing hydrocarbon source rocks by
conditions on gas exchanges (e.g. Waddington andmeasuring the amounts of hydrocarbonaceous and
Roulet1996 Christensen et a00Q Heikkinen etal.  oxygenated compounds cracked during the pyrolysis
2002 Strack et al.2006 Bortoluzzi et al. 2009, cycle and by determining the temperature of maxi-
primary production (e.g. Pederseb975 Gerdol mum hydrocarbon cracking (Espitalét al. 19853 b;
1995 Gunnarssor2009 or C losses due to microbial  Lafargue et al.1998. The technique was further
respiration and leaching of water-soluble compounds adapted to assess the biochemical quality of soil OM
(e.g. Johnson and Dammad®91;, Hogg et al.1994 (Di-Giovanni et al.1998 Disnar et al.2003 Sebag
Belyeal996. However, only a few studies have dealt et al. 2006. Disnar et al. 2003 showed that RockD
with the in situ dynamics of peat decomposition and Eval parameters can reveal the chemical evolution of
have described the fate of labile OM in early decay the OM during the process of humibcation. In the
phases, particularly in ombrotrophic peatlands. In present study, two parameters (R400 and R330) were
these ecosystems, the fate of OM has been studieddetermined through decomposition of the pyrolysis
primarily by using molecular indicators, e.g. carbo- S2 peak recorded during programmed pyrolysis in an
hydrates, as they have been identiPed as a major OMinert atmosphere (). These parameters were par-
pool in the studied peats (Comont et @006 Jia ticularly used to assess qualitative changes that affect
et al. 2008 Laggoun-Déarge et al. 2008. The OM, chieRy its thermolability, from two hydrological
amounts and the distributions of carbohydrates in sites and with increasing humibcation in the peat
peats, soils and sediments have been used to identifyprobles of the peatland.
speciPc signatures of phyto-inheritance and in situ  The aim of the present study was to assess how
microbial synthesis (Hamilton and Hedge988 moisture conditions affect the dynamics of peat OM,
Moers et al. 1990. Thus, Comont et al. 2006 especially the labile component as it is the most
combined bulk and molecular indicators in a cut-over sensitive to changes in environmental conditions. We
peatland to determine plant source indicators such asprst determined the impact of botanical variability on
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biochemical OM signatures to be able to subse- limosa Among shrubs,Calluna vulgaris is also
guently interpret their variations in terms of differ- found (Bailly 2005. Two sites in the peatland were
ential decay of OM. In addition to carbohydrate selected in relation to their hydrology and functional
amounts and distribution, we used bulk organic groups of plants: (i) a transitional poor fen site named
geochemical analyses (PyroPhosphate Index, opticalODOWETOO characterised by the |1&ckrafgellanicum
microscopy and RockbEval pyrolysis) to determine and small quantities oE. vaginatum,(ii) an open
the biochemical and morphological characteristics of bog site named OODRYOO with mixed vegetation
peat probles (50 cm long) at sites at different (Sphagnum fallaxS. magellanicum, E. vaginatum
hydrological conditions (WET and DRY) from Le and Vaccinium oxycoccys (Buttler, unpublished
Forbonnet peatland in the French Jura Mountains. data). Existing data do not allow us to assess the
annual mean water table level at these two sites. The
distinction between these sites was therefore based on

Materials and methods vegetation composition as it is largely determined by
water level (Wheeler and Proct@800Q kland et al.
Study site and sampling 2007). S. fallax which is considered as a hollow

and lawn species dominates the WET site, whereas
The Forbonnet peatland (40%35°N; 6 1020°E, S. magellanicunwhich is particularly characteristic
altitude 836 m a.s.l.) is an undisturbed ombrotrophic of hummocks is present only in the DRY site
Sphagnurdominated mire situated in eastern France, (Pedersenl1975 Gerdol 1995 Francez 2000. In
in the French Jura mountains, near Frasne (Doubsaddition, the so-called DRY site is characterised by
Department; Figl). The mean annual precipitation the abundance &. vaginatunspecies and associated
and temperature are 130001500 mm and P8 hummocks where the water level is lower than in
respectively. The peatland is protected by the EU hollows (Johnson and Dammad®91).
Habitat Directive of Natura 2000 and has been  Three replicates of 13 cm diameter peat cores
classibped as a Regional Natural Reserve for morewere extracted in June 2008 from each of the two
than 20 years. sites for a total of six cores (D1, D2, D4 in the DRY
The moss cover dominated §phagnum fallax  site and W7, W11, W12 in the WET site). The bfty
S. magellanicunand S. warnstorpis about 85D95% cm long cores were cut into 2.5 cm slices that were
while the cover of herbaceous plants is about 60%. subsampled for various analyses. One subsample was
Vascular plants are primarily represented Byio- dried and grinded and then stored atuhtil used for
phorum vaginatum, Scheuchzeria palustris, Androm- chemical analyses. Another subsample was kept wet
eda polifolia, Vaccinium oxycoccosand Carex for micromorphological analysis. Cores D1 and W12,
located at the extremity of the DRY and WET sites,
respectively, were exhaustively analysed. In contrast
in cores D2, D4, W7 and W11 the analyses were
focused on the three successive upper levels (2.5b
10 cm depth) and only selected samples at depth.
Sugar analyses were performed only on two cores, D1
and W12 with a similar sampling as for D2, D4, W7
and W11.

Methods
TOC analysis
Total Organic Carbon analysis was determined by

Fig. 1 Location of the studied area within Le Forbonnet Co_mbUStion of dried and crushed samples at 1000
ombrotrophic bog (Jura Mountains, France) using a CNS-2000 LECO apparatus. Because of the
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absence of carbonates, total carbon was assumed to bby online infrared detectors. The RockDEval parame-

Total Organic Carbon (TOC). ters used for this study are the following: (i) Total
Organic Carbon (TOC, wt%) accounts for the quantity
Micro-morphological analysis of organic carbon present in the sample and is

calculated by addition of the amounts of all the
Light microscopy observations enabled organic com- efuents of pyrolysis and oxidation (S1, S2,
ponents (plant organ-derived tissues, amorphousS3C( ; see above); (ii) the Hydrogen Index (HI, in
material, microbial secretions and micro-organisms) mg HC g * TOC) is the amount of hydrocarbon
to be identibped and quantibed. Wet bulk peat samplesproducts released during pyrolysis (S2), normalized to
were mounted as smear slides and examined at 20TOC; (iii) the Oxygen Index (Ol RE6, in mg Qg *
and 5@ magnibcations. The surfaces covered by the TOC) is similarly calculated from the amounts of gO
primary organic micro-remains were estimated with a and CO released during pyrolysis (S3¢£&hd S3CO),
reticulated eyepiece. A total of 3000D5000 items per normalized to TOC. In addition, we also used the R400
sample were counted to calculate relative frequencies parameter which represents the part of the S2 signal

with an estimated error of about 10% (Ndz001). produced below 40@ (Disnar et al2003 Fig. 2) and
we similarly introduced the R330 parameter which
RockbEval pyrolysis corresponds to the part of the S2 signal produced below

330 C (Fig. 2). According to previous work (Disnar
These analyses were carried out on ca. 30 mg of et al.2003 Sebag et al2006 R330 and R400 should
powdered dry peat with a OOTurboOO RockBEval roughly express the proportions of the most thermo-
(Vinci Technologies). The full description of the labile compounds and of the biopolymers (namely
method can be found in Espitalé al. (L9853 b) and cellulose and lignin; Disnar et a2008).
Lafargue et al. 1999. Briely, the samples brst
undergo programmed pyrolysis (undeg)Mrom 200 Pyrophosphate index
to 650 C at a rate of 30C min" %, then the residue of
pyrolysis is oxidized under air in a second oven. The The pyrophosphate index was determined by the Kaila
amounts of hydrocarbons released at the start andmethod (956 and calculated following Gobat et al.
during the pyrolysis phase [S1 and S2, respectively; in (1986. Humic compounds were extracted from peat
mg hydrocarbons (HC) d] are quantibed thankstoa (0.5 g) with 0.025 M sodium pyrophosphate over-
Rame ionisation detector; the CO and theZ€eased  night. The mixtures were Pltered (Whatman, 2 V) and
during the pyrolysis and oxidation phases (S3CO/ the bltrates were diluted to 250 ml with deionised
S3CQ and S4C0O/S4CgQrespectively) are quantiped water. The absorbance of the solution was measured at

Fig. 2 R330 and R400
parameters of RockDEval
pyrolysis. The whole pick
(S2, expressed in mg of
hydrocarbons per g of
sample) corresponds to the
quantity of hydrocarbons
released during pyrolysis,
The R400 ratio represents
the part of the S2 signal
produced below 40@
compared to the total S2
signal. The R330 ratio is the
part of the S2 signal
produced below 33@
compared to the total S2
signal
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550 nm with a Hitachi U1100 spectrophotometer. The Results
pyrophosphate index was obtained by multiplying the
measured absorbance by 100. Carbon contents

Carbohydrate analysis Total organic carbon contents are high (42.4D%8.3
Fig. 3a) showing no signibcant dilution by inorganic
The detailed method has been described elsewherdanputs (Bourdon et al200Q Laggoun-Déarge et al.
(Comont et al.2006. The analysis is carried out in  2008. TOC contents systematically increased with
two independent steps to release hemicellulosic andincreasing depth (42.5D48a Overall, the TOC in
total (i.e. hemicellulosic and cellulosic) sugars, the DRY situation was higher than WET TOC. Itis to
respectively. Both steps comprise polysaccharide be noted that this difference was observed in the pbrst
hydrolysis with dilute acid solution, but only after 25 cm, where DRY TOC contents were in the range
previous soaking with concentrated acid for total of 45.1945.7%, compared to WET values of 42.5B
sugar analysis. Thus, the operating procedure for total43.5% (Fig.3a). Below 25 cm depth, the difference
sugar analysis can be summarized as follows: 1 ml of between DRY and WET is less marked (46.7D48.2%
24 N H,SO, was added to 20D30 mg of dry peat in a vs. 44.3D47.0%, respectively).
Pyrex tube. After 16 h at room temperature, the
samples were diluted to 1.2 M J80,. The tubes
were closed tightly under vacuum and heated at Micro-morphological characteristics
100C for 4 h. After cooling, deoxy-6-glucose
(0.4 mg mi * in water) was added as internal stan- The observed organic micro-remains were present as
dard (Wicks et al.1991). The samples were subse- (i) well-preserved tissues (11D89%; Fig) and
guently neutralised with CaGQThe precipitate was  structureless tissues (7D56%) derived from vascular
removed by centrifugation and the supernatant was plants and mosses, (ii) mucilage (up to 30%; Fif)
evaporated to dryness. The sugars were then dis-partly derived from in situ microbial syntheses by
solved in CHOH and the solution was puribped by bacteria, fungi and/or plant roots (LaggouréB@e
centrifugation. After transferring the solution to etal.1999. Three other minor components were also
another vessel, the solvent was evaporated underpresent as (i) amorphous OM (0B7%; Hg), (i)
vacuum. The sugars were dissolved in pyridine tangled masses of melanised fungal hyphae (0.2D3.6%;
containing 1 wt% LICIQ and left 16 h at 60C for Fig. 4d) often associated with decayed plants and
anomer equilibration (after Bethge et 4996, then amorphous OM and (iii) microorganisms (0D1.4%)
they were silylated (Sylon BFT, Supelco) and ana- represented by algae, testate amoebae and diatoms. In
lysed using a PerkinDEImer gas chromatograph bttedboth WET and DRY sites, the relative abundance of
with a 25 m9 0.25 mm i.d. CPSil5CB column well-preservedtissues decreased with increasing depth
(0.251 m PIm thickness) and a Rame ionization (from 89 to 32% in WET and 66 to 11% in DRY,
detector. The oven temperature was raised from 60 Fig. 4a) while mucilage contents increased (from 1 to
to 120 C at 30C min 1, maintained there for 1 min, 19% in WET and 7 to 30% in DRY; Figlb). These
and raised to 24@ at 3C min' ! and Pnally at  features documenttypical diagenetic OM changes with
20 C min 'to 310C, at which it was maintained for  increasing depth. These two major families of compo-
10 min. The injector split was off at the start and nents exhibited contrasting proportions between WET
turned on after 2 min. The injector was maintained at and DRY sites, the well-preserved tissues being more
240 C and the detector at 300. A mixture of ten abundant in the WET site while mucilage was lower
monosaccharides (ribose, arabinose, xylose, rham-and even absent at the peat surface.
nose, fucose, glucose, mannose and galactose, lyxose The percentages of amorphous organic matter
and allose) was used as external standard for (AOM) remained relatively constant with depth
compound identiPcation through peak retention times (0B7%; Fig4c). There was no marked difference
and for individual response coefbcient determination. between WET and DRY sites, except that AOM was
Replicate analyses gave an analytical precision absent in the most superbcial levels in the WET
between 10 and 15%. condition. The relative abundance of mycelial hyphae
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Fig. 3 Depth evolution ofa total organic carbon (TOC, %),
b pyrophosphate index (PPI, arbitrary unitshydrogen index
(H1, mg HC g TOC), d oxygen index (Ol, mg @g TOC)
and the two ratios calculated from RockbBEval pyrolysis

Fig. 4 Depth evolution of relative percentages of organic
micro-remains of bulk peat using transmitted light microscopy:
a well-preserved tissuedy mucilage, c amorphous organic

varied irregularly with depth (Figdd) but in globally
lower proportions in the WET than in the DRY
conditions, especially in the brst 15 cm (0.2D0.8% vs.
1.2D3.6%).

123

parameterse R400 andf R330 EeeFig. 2). Standard devia-
tion n= 3 (WET: cores 7, 11 and 12; DRY: cores 1, 2
and 4). Without standard deviation= 1 (DRY: core 1; WET:
core 12)

matter,d fungal hyphae. Standard deviation= 3 (WET: core
7, 11 and 12; DRY: core 1, 2 and 4). Without standard
deviationn = 1 (DRY: core 1; WET: core 12)

RockbEval pyrolysis parameters

HI values were relatively high throughout the series,
i.e. between 370 and 454 mg HC 4TOC (Fig. 3c),
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as expected for a material believed to have arisen glucose, changed concomitantly with total sugar

primarily from terrestrial plants (Espitadieet al.
19853 b). Even so, the behaviour of this parameter
differed between WET and DRY conditions. In the
WET site, there was little HI change with depth (400D
410 mg HC g! TOC) while in DRY it decreased
from 427 to 386 HC g* TOC at 25 cm, and then

contents (Fig5), namely from 26.7 to 177.4 mg ¢
and from 66.1 to 161.5 mg d in the WET and DRY
sites, respectively (Tablg). Hemicellulose sugars
varied little in the brst ca. 30 cm of the analysed cores,
their total concentration amounting to about
200 mg g ! in the brst 30 cm, regardless of wetness

remained stable in the deepest levels. The behaviourconditions (Tablel). Below 30 cm depth, hemicellu-

of the Ol also differed with depth. In the WET
conditions, it decreased considerably from 263 to
186 mg Q g ! TOC (Fig. 3d), whereas the decrease
in DRY conditions was lower (1939169 mg @ *
TOC) and occurred from a depth of 25 cm (F8gl).
R400 and R330 ratios showed distinctive trends with
depth in the DRY and WET sites, particularly in the

ca. 30 cm uppermost peat. As for the Ol parameter,

lose sugar contents tended to slightly decrease, espe-
cially in the DRY site (210.6D142.0 mg § Fig. 5,
Table 1). Changes in the levels of galactose, rhamnose
and mannose paralleled those of total hemicellulose
sugars (Fig5). The WET and DRY sites could be
differentiated by their arabinose contents and not by
those of galactose, rhamnose and mannose. This
distinction involved lower contents of arabinose at

depth-related changes in these ratios are morethe WET than at the DRY site, particularly in the
pronounced in the WET site, where R400 decreaseduppermost 25 cm peat layer (TakleFig. 5). Below

from 0.71 to 0.62 (Fig3e), and R330 from 0.37 to
0.28 (Fig.3f). However, in the DRY site, R400 was

25 cm depth, the two sites could no longer be
distinguished by these sugar contents (FEg.Xylose

constant in the uppermost ca. 30 cm peat (ca. 0.64) contents exhibited no particular different trends with
and R330 increased only slightly (0.27D0.30). Below depth and so could not be used to differentiate the WET
that depth, both R400 and R330 ratios decreasedfrom the DRY sites (Fig5h).

(0.64D0.59 and 0.32D0.25, respectively)
approached the same values as in the WET site.

Pyrophosphate index

and The ratio of (xylose? arabinose)/(galactosg

rhamnose? mannose) increased with depth and
was slightly lower in the WET than in the DRY site
in superpcial peat (Figh). The contents of hemicel-
lulose glucose (Tabld), a ubiquitous monomer,

The pyrophosphate index (PPI) was more or less decreased with depth, with no noticeable difference

constant in the brst 30 cm at both WET and DRY
sites (Fig.3b) but increased below that depth from

6.0 to 8.0 in the WET site and from 8.4 to 12.0 in the
DRY one. The PPl in WET was lower than in DRY,

the difference being evident especially in the brst
30 cm (5.8D5.9 in WET vs. 8.3D9.3 in DRY).

Carbohydrate contents and distributions

between the WET and DRY sites (Fig).

The contents of fucose, allose, ribose, and lyxose
were low (Tablel) especially when compared to the
above-mentioned monomers. Fucose amounts varied
little with depth except in the deepest layer where
values reached their maximum (Fig). However, the
contents of this compound were lower in the WET
site than in the DRY one (Tabl&). There were no
depth-related changes of allose, lyxose and ribose.

Quantitative data on sugars and their monomers Ribose and lyxose enabled WET and DRY sites to be
(Table 1, Fig. 5) show that total sugar contents varied distinguished in the brst 2530 cm, since the amounts
between the two conditions studied. In the WET of these compounds were low in WET conditions
conditions, total sugar contents decreased with depthwhereas higher values were found at certain depths in
(381.8D284.7 mg'd), while in DRY, they varied the DRY situation (Tablel; Fig. 5). Allose contents
from 232.8 to 395.4 mg g with no clear-cut trend  changed little with depth in both conditions (Fif),
along the probles. Sugars comprise cellulose andexcept at 2.5D5 cm and 30D32.5 cm in WET condi-
hemicellulose monomers. Regardless of wetnesstions where concentrations were 2B3 times higher
conditions, cellulose sugars, largely dominated by than in the DRY site.
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Fig. 5 Depth probles of the amounts of total neutral, cellulose rhamnose, mannose, fucose, allose, ribose and lyxose) and the
and hemicellulose sugars, and distribution of hemicellulose (Xy ? Ar)/(Ga? Rh? Ma) ratio. All yields are expressed in
sugars (Hemicellulosic-glucose, xylose, arabinose, galactose,mg g * of dry peat.n = 1 (DRY: core 1; WET: core 12)

Discussion botanical source indicators, provided that the original
plants have distinctive hemicellulosic sugar composi-
Biochemical signatures of OM precursors tions. Previous work has shown thayperaceaere

rich in xylose (Wicks et al1991, Bourdon et al2000

One of the major difpculties with certain biochemical as well as in arabinose (Moers et 41989 199Q
OM markers is that they are indicators of both plant Comont et al2006. Conversely, galactose, mannose
sources and OM decay. To overcome this difpculty, it and rhamnose are adequate indicators of mosses, in
is advisable brst to determine the impact of botanical particularSphagnum sp@ndPolytrichum spp(Pop-
variability on biochemical OM signatures to be able per and Fry2003 Comont et al2006. Accordingly,
to subsequently interpret their variations in terms of Comont et al. 200§ used the (Xy? Ar)/(Ga?
differential decay of OM. Rh? Ma) ratio to reconstitute the respective parts

The amounts of carbohydrates, and especially of played by these two major botanical sources in peat
hemicellulose sugars, are relatively high and almost formation. The slight increase with depth in the
constant in the prst 25 or 30 cm in both DRY and WET (Xy ? Ar/(Ga? Rh? Ma) ratio in the probPles
situations, denoting high preservation of these bio- examined (Fig5), indicates a greater contribution
polymers (Tablel). In a brst approximation these from vascular plants (i.e Eriophorum spp)with
compounds can therefore be considered as goodincreasing age. In fact, microscopic observations
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showed higher proportions of tissues frddypera- et al. 1999. Although this depth-related trend is
ceae especially at proble depths where the contents of observed in both environmental conditions, OM
these sugars are the highest, namely at 25927.5 cm andegradation is lower in the WET than in the DRY
40b42.5 cm in the DRY situation and at 30D32.5 andsite. This is evidenced by the overall higher propor-
47.5 cm at the WET site (results not shown). These tions of well-preserved tissues and the lower per-
Pndings agree with and support the previous observa-centages of mucilage in the WET site, and also by the
tions by Comont et al.2006 reported above. Other presence of more abundant fungal hyphae in the DRY
possibilities that we discarded are that the changes insite, especially at 21, 36 and 44 cm depth (Fd).
the considered ratio values with depth could rather OM degradation is obviously faster in the upper
reBect a preferential degradation 8phagnum spp. 25 cm in the DRY site while it is much more
and/or changes in environmental conditions. However, progressive in the WET condition. However, except
Sphagnunmosses are well-known for their refractory in the superbcial levels where there is slightly more
character, this point being further discussed later, and amorphous OM in the DRY than in the WET
moreover, peatland evolution involves a number of condition, this type of particulate material (much
dynamic stages characterised by a specibc watermore probably inherited from plant tissues than from
regime and specibc plant communities. A fen is thus otherNe.g. microbialNsources; Laggoun-Berge
characterised by water supplied from the underlying et al. 1999, does not enable a distinction between
water table and by the predominance@fperaceae  the two sites in the investigated depth interval.
spp (Manneville et al.1999 Payette and Rochefort Bourdon et al. 2000 reported the total loss of
2001). Changes to a fen may occur up to the optimal structure of ligno-cellulosic tissues dfyperaceae
stage of abog. In the current state of understanding, thewith the concomitant formation of amorphous OM,
OOForbonnetOO peatland is situated between a trapséferentially in the superbcial peat levels in a rather
tional fen and a raised bog with primarily an ombro- comparable way to what we observe here in the DRY
trophic supply with vegetation dominated by situation. This and other results show that the
Sphagnum spp communities. Changes in the destructuring of plant tissues depends on water table
Xy ? An/(Ga? Rh? Ma) ratio with depth could  Ructuations: in DRY conditions, it occurs primarily
thus reRRect and document this typical change in in superbcial peat while in WET conditions it affects
environmental conditions. However, given the analyt- tissues throughout the probles analysed (B&).
ical errors (15%), the difference in the considered ratio Furthermore and in contrast to the conclusions of
value at both sites (DRY and WET) might notbe really Bourdon et al. 2000, our results show that the
signibcant. It cannot therefore be assumed that theredestructuring of plant tissues is not accompanied by
was a greater abundance @fperaceaen the DRY an increase in AOM regardless of the environmental
situation even if arabinose contents are signibcantly condition (Fig.4c). The amorphisation of inherited
higher in the DRY than in the WET site (Fi§). In plant tissues is thus not a major discriminatory
turn, if the differences between both sites are not really process of the early diagenesis affecting OM, even in
discriminatory in terms of original plantinput, they can the DRY condition in which degradation is greater
be attributed with even greater conbdence to OM decay especially when considering the relatively low pro-
and consequently to the impact of different environ- portions of well-preserved plant tissues all along the
mental conditions between DRY and WET situations. analysed peat section.
TOC increases with depth particularly in the WET

OM decay in WET and DRY sites site (Fig.3a). In the absence of signibcant mineral

matter contribution the downward TOC rise can only
Micro-morphological observations show increasing be explained by the progressive loss of other organic
transformation of plant tissues with depth (F&. As elements. As the HI remains relatively constant along
already observed elsewhere (Bourdon eR80D0 the the probles, the major contributor to the TOC
decrease in the proportions of non-degraded plantincrease certainly arises from the loss of oxygen as
tissues is counterbalanced by an increase in those ofexpressed by decreasing Ol values with increasing
mucilage which is considered to be partly derived depth. OM decay would thus preferentially affect the
from in situ microbial syntheses (Laggoundamye most oxygenated compounds that would thus form
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the most diagenetic sensitive OM pool. The differ- relative changes in their proportions were investi-
ences in TOC observed in the upper 25 cm betweengated in order to assess in situ production by
WET and DRY sites could thus be explained by a microbial syntheses.

preferential loss of oxygen compounds in the DRY In full agreement with previous conclusions of
condition, presumably because of more pronounced Comont et al. 2006, high total sugar contents
Ructuations of the water table at this location. The (between 210 and 395 mg § show their overall
greater loss of diagenetic sensitive OM in the DRY preservation regardless of wetness situation. The
situation is also shown by the lower R400 and R330 slight decrease in total sugars with depth at the WET
ratios in DRY compared to WET conditions site reveals a constantly and slightly increasing
(Fig. 3dbe) particularly in the upper peat section degradation (Fig5) consistently with results
(0b25 cm). Heat-vaporisable substances (R330) andbbtained with other bioindicators. In the DRY
the most thermolabile biopolymers (R400) are thus conditions, this degradation is more chaotic: the
specibcally affected during the earliest stages of substantial variations in cellulose sugars that are the
diagenesis. There are few differences between bothstructural sugars of plant tissues, explain most
these parameters, most variations in the R400 signalchanges in total sugars that appear to be a prime
being explained by changes in the proportions of target of botanical precursor degradation (Table
compounds released below 380 (and thus taken  Accordingly, the latter degradation would seem to
into account in the R330 parameter). CelluloseN occur primarily by the loss of cellulose tissue
which decomposes at around 380 (Disnar and  structure. Again, this bnding agrees with the results
Trichet1984 Disnar et al2003 Sebag et al200N of Comont et al. 2006, although in our case,

is relatively unaffected by the early diagenesis destructured cellulose does not apparently contribute
processes in the WET condition in contrast to the to any enrichment in the hemicellulose carbohydrate
DRY site where it undergoes more intense degrada- pool, primarily hemicellulose glucose (Fi§).

tion. Nevertheless and in the present state of knowl-  Our results show the increase in the (XyAr)/
edge, it can be assumed that the most diagenetically(Ga? Rh? Ma) ratio with depth, either because of
sensitive OM fraction, released below 380 is made changes in environmental conditions or by a prefer-
of biological macromolecules with low thermal and ential degradation ofSphagnum sppThe latter
biological resistance, typical of fresh plant material hypothesis is improbable since peat moss is consid-
(Disnar et al2003 Sebag et al200§. Consequently, ered to be inherently degradation-resistant (Van
a such organic component could be considered as aBreemen 1995. In fact, aside from this intrinsic
labile C pool. The progress of humibcation as resistance Sphagnumspp. induces local conditions
expressed by the pyrophosphate index (PPI; Bi. unfavourable for the development of microorganisms
is the opposite of the behaviour of labile OM seen by (Painter1991). In addition, many authors (Coulson
R330. In addition to a clear distinction between both and Butterbeld1978 Clymo and Hayward1982
sites, the increase in the PPl with increasing depth Chague-Goff and Fyf@996 Laggoun-Béarge et al.

shows greater humibcation at the DRY site. 2008 have also shown thabphagnum sppis less
degradable thanCyperaceae Thus, as discussed
Carbohydrate dynamics in WET and DRY sites above, increasing (X¢ Ar)/(Ga? Rh? Ma) ratio

with depth could reRect typical changes in commu-
Recent peat OM is composed of more or less altered nities (from sedges in the bottom of the proble to
inherited biochemical compounds such as hemicel- Sphagnum spm the top of the peat layer) induced by
lulose and cellulose, and additionally of products of changes in environmental conditions.
in situ microbial syntheses, i.e. mainly exopolysac- In addition to the monomers used as markers of
charides. Depending on OM sources and degradation,botanical sources, four other sugars, namely ribose,
the carbohydrate monomers exhibit distinctive com- fucose, allose and lyxose, were present, albeit in
position patterns. In this work, we therefore used the smaller proportions (Tablé). Ribose has previously
abundance of individual monosaccharides to identify been assumed to be a microbial marker in peat bogs
specibc signatures of phyto-inheritance and to trace (Comont et al.200§. As a matter of fact ribose is a
original plant contributions to the peat. In addition, constituent of RNA and additionally of some
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molecules involved in metabolic activity. Comont

et al. 00§ also assigned fucose to an enzymatic
degradation product, but few studies have so far
ascribed the presence of this sugar to microbial input.
Jia et al. 2008 on the contrary showed that fucose is

a constituent of peat moss, present at concentrations

between 1.8 and 5.6 mg § depending on the
Sphagnunprecursor considered. In our work fucose
varied within the same range of concentration (1.0D
6.0 mg g %; Table1), but independently of ribose

variation. Therefore, its precise source remains €

unelucidated in the peat probles studied. Ribose
concentrations in the prst 25 cm peat section ana-
lysed show that microbial activity is indeed higher in
DRY conditions (Tablel) as assumed after the
evidence of a greater degradation at this site (e.g.
higher percentages of mycelial hyphae; FHg).
Allose and lyxose which are rarely investigated in
peatlands were present in low and variable quantities
in our samples (Fig5; Table 1). Allose, whose origin
remains unknown, was present in relatively high
contents (ca. 5 mg'd) in only two peat levels of the
WET site. According to Khoo et al1096 lyxose can

be found in mycobacteria (actinomycetes). The
analysis of phospholipid fatty acids (PLFASs) carried
out on the same peat showed that PLFAs 1862
common in many species of fungi, were detected only

between 5 and 15 cm depth (Grasset, unpublished

data) where lyxose concentrations were higher and
microscopic observations revealed high proportions
of fungal hyphae. Taken together, these results

suggest that lyxose can be used as a marker of fungal

activity.

Conclusion

Combined carbohydrate indicators and bulk organic
matter (OM) analyses (RockbEval pyrolysis, micros-

copy and pyrophosphate index) conducted on peat

probles of 50 cm depth from Le Forbonr&ihagnum
peatland allowed us to obtain information on changes
in OM sources and their early diagenetic transforma-
tion in relation to different hydrological conditions.
The main results are as summarised below:

€ Most bioindicators showed that OM decay
increased with depth in both DRY and WET sites.
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€

In comparison to DRY condition, OM degrada-
tion was lower in the WET site as evidenced by
higher proportions of well-preserved tissues, and
lower mucilage percentages and pyrophosphate
index values. The progress of OM decay with
depth was gradual in the WET condition while it
appeared to be faster in the upper 25 cm peat
layer of the DRY site probably as a consequence
of more pronounced water table Ructuations in
the latter site.

RockbEval pyrolysis results showed that the most
diagenetically sensitive OM fraction, released
below 330C, was made of biological macromol-
ecules with low thermal and biological resistance,
typical of fresh plant material. In addition, this
OM fraction which was made of the most
oxygenated compounds would preferentially be
affected by decay processes. In the DRY site,
decay was shown by a loss of this OM fraction
which effectively appeared to be the most labile
OM.

Carbohydrate dynamics in both DRY and WET
sites allowed us to identify ribose and lyxose as
markers of bacterial and/or fungal activities in
peat bogs.

€

Overall, our results suggest that water level
changes preferentially impact biochemical changes
of labile oxygenated-OM, believed to be the most
sensitive to hydrological variations, particularly to
drought events whose frequency may increase in the
oncoming climate changes. It is therefore essential to
biochemically characterise labile OM in order to
provide suitable tools for accurate estimations of
C losses in peatlands.
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