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Preservation of biomolecules in sub-fossil plants from raised peat bogs
- a potential paleoenvironmental proxy
TOMASZ KUDER and MICHAEL A. KRUGE
Department of Geology, Southern Illinois University, Carbondale, IL 62901, U.S.A.

Abstract — The relationship between changes of peat bog hydrology and the
mechanisms of decomposition suggests that the chemical modification of biopolymers
of peat macrofossils might be used in paleoenvironmental reconstructions. A series of
sedge (Eriophorum vaginatum) macrofossils from an Upper Holocene peat profile has
been studied by analytical pyrolysis (Py-GC/MS). The major diagenetic changes of
biopolymers included loss of ester-bound ferulic and coumaric acids, an increase of
oxidation (particularly due to Ca ketones) and shortening of alkyl side-chains,
demethylation of meth- oxy groups of the lignin/polyphenol fraction, loss of pentosan
polysaccharides and modification of cellulose (relative increase in the pyrolytic yield of
anhydroglucose). The yield of oxidized methoxy- moieties (particularly of Ca ketones)
and shortening of alkyl side-chains of methoxyphenols were suggested as the best
indicators of oxidative degradation. Statistically significant differences in chemical
composition between samples from individual depth increments occur, in part in
agreement with a sequence of wet and dry phases determined by paleobotanical
analysis. The paleoenvironmental significance of the chemical record of degradation
and relationship of paleohydrology reconstructed by the present technique and by means
of botanical analysis is discussed. The former was proposed to respond primarily to the
frequency of seasonal droughts.
Key words — pyrolysis-gas chromatography-mass spectrometry, peatification, raised
bog, lignin, paleohydrology, Eriophorum vaginatum, paleoenvironment
INTRODUCTION
Applications of advanced organic geochemical tools to paleoenvironmental
aspects of terrestrial environments are regrettably few (Boon et al., 1986; Li, 1994;
Farrimond and Flanagan, 1996; Ficken et al., 1997), considering the number of
occurrences of organic-rich facies. Peat deposits occur extensively over the Northern
Hemisphere. The reasonable continuity of the record over the last several thousand years
and the diversity of potentially informative features make them a point of interest for
paleoenvironmental research. In the present study we seek to test another possible
source of information, i.e., the molecular composition of plant remains as a proxy for the
past conditions of degradation.
The rationale for such an approach is the relationship of the hydrology and
the mechanisms of decomposition of peat (Fig. 1). A characteristic feature of a welldeveloped ombrotrophic bog is that its hydrologic budget depends on rainfall as the
only source of recharge (Ingram, 1983). The depth of the water table oscillates
according to the balance between precipitation, evapotranspiration and outflow.
Variations of the water table are due to the bog's relief and to external (e.g. climatic)
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forcing.
High quality chemical preservation of biopolymers in peat (and thus — the
phenomenon of excess of production of plant organic matter over decomposition) is
primarily attributed to the slow rate of biodegradation in an anoxic, water-saturated
environment (Clymo, 1983). Oxygen abruptly disappears at the groundwater/air
boundary, as diffusion is unable to compensate for the rapid respiration of degrading
organisms. The deeper, permanently saturated layers of peat (below the minimum height
of groundwater level) are dominated by bacterial fermentative/methanogenic degradation.
In the top- most layer, with free access of oxygen the most active organisms are fungi.
The efficiency of degradation in an anoxic environment is lower and polysaccharides are
utilized preferentially over lignin (Kirk and Farrell, 1987; Young and Frazer, 1987;
Beguin and Aubert, 1994). On the other hand, fungi can degrade both polysaccharides
and lignin (Kirk and Farrell, 1987). Changes of elevation of the water table result in the
introduction or sup- pression of aerobic activity in a given interval of peat. Identification
of a cumulative effect of exposure to aerobic processes on the chemistry of plant
biopolymers could lead to reconstruction of past peat surface wetness.
The paleoclimatic proxy aspect of peatland hydrologic change was
recognized in the early studies on peatland stratigraphy. Botany and degradation
(humification) were commonly applied (e.g., a major part of evidence for the BlyttSernander division of Holocene climates comes from peatland stratigraphy). In
contradiction to the widespread view that peat stratigraphy records mostly the
authigenic processes of bog development, the pre- sent ideas in the field also stress the
contribution of external climatic/anthropogenic factors (Barber, 1981; Moore, 1984,
1991). Applications in paleoenvironmental studies resulted from this approach. In a
number of studies, degradation — expressed by yield of extracts of humic acids (HA)
from bulk peat — was used as the main paleoclimatic proxy (Aaby, 1976; Blackford and
Chambers, 1995). A dilemma may appear during interpretation: what is the primary
factor governing humic acids generation? As the main peat-forming plants differ in
degradation susceptibility and products, the amount of HA generated will depend on
what plant type has decayed. The degradation-dependent part of the signal may well
become obscured by a botany- dependent one. Sphagnum moss is chemically resist- ant
to degradation (van der Heijden, 1994; Verhoeven and Liefveld, 1997), unlike Ericaceae
(van der Heijden and Boon, 1994). Presence of well- preserved Sphagnum together with
poorly preserved Ericaceae in the profile under investigation suggests that this scenario is
not impossible. If the decomposition of a single genus or species is studied instead, the
taxonomic variation difference disappears (the principle utilized in diagenetic studies,
e.g., Boon et al., 1989; van Bergen et al., 1994a).
Analytical pyrolysis is a powerful tool for asses- sing the molecular chemical
composition of complex organic materials such as the Holocene peats (e.g. Boon et al.,
1986; van Smeerdijk and Boon, 1987; Stout et al., 1988; van der Heijden, 1994). This
composition depends on: (1) the original botanical composition of peat, and (2) the extent
of degradation of biopolymers. Analysis of a single taxon was applied here to eliminate
interspecific variation. Analytical pyrolysis is able to operate upon sub-milligram
quantities of material, permitting analysis of single plant fragments of known affinity (cf.
van Smeerdijk and Boon, 1987; Stout and Boon, 1994; van Bergen et al., 1994a,b).
The objective of the present study is to identify the chemical parameters, which
best indicate exposure to oxic post-mortem conditions, and to test the hypothesis that
changes in these parameters will mirror the paleobotanic record.

2

EXPERIMENTAL
Locations - environmental setting
The samples in this study came from the Rownia pod Sniezka bog. It is one of
several small peat blankets (the sampled site has a diameter of ca. 300 m) situated on
a flat water divide at the elevation of 1400 m, in the main range of the Karkonosze Mts.,
at the border between Poland and the Czech Republic (Fig. 2), within the Karkonosze
Mts. National Park. The morphology of the peat surface is of the characteristic hollow/
hummock type. Erosional processes are common, and peat is dissected down to the
granitic bedrock in few places. The immediate vicinity of eroded pits was avoided when
sampling site was chosen. The core was taken from a site now overgrown by Sphagnum,
with the water level at the surface (in July, 1996).
Climatic conditions favoring peat deposition in this area (Tolpa, 1985) include
high precipitation (more than 1500 mm/year), distributed mostly over the spring-summer
season, and high humidity of 85-95% in summer, which increases the water budget by
40% by condensation. The period without night frost is only about 3 months. Initiation
of peat accumulation was facilitated by the occurrence of springs, often associated with
peat blankets. Measured pH was 3 in the Sphagnum hollow, and 3.5 in the pool.
Deposition was initiated about 3500 BP (radiocarbon date, Tolpa, 1985). The maximum
peat thickness is less than 100-150 cm.
The type of vegetation reflects the oligotrophic status of the environment (Tolpa, 1985).
Four main associations have been identified:
(1) Flat, wet parts covered by Sphagnum-sedge (Cyperaceae) complex (including
Sphagnum spp., Trichophorum caespitosum, Carex limosus and subordinate Eriophorum
vaginatum).
(2) Elevated parts, drier than type 1, with E. vaginatum and ericaceous shrubs
(including Vaccinium spp., Oxycoccus spp., Calluna vulgaris) and mosses Polytrichum
strictum and Sphagnum.
(3) Dry elevations, with pine (Pinus mugo), Vaccinium, E. vaginatum, P. strictum
and Sphagnum.
(4) Depressions with open water, with algae. Mosses (Sphagnum spp.,
Drepanocladus fiuitans) and sedges (C. limosus and C. rostratus) grow around pools.
Sampling
Cores of peat were collected with a Russian (D- barrel) corer, which allows
extraction of undisturbed profiles of peat. Subsamples of ca. 4 cm3 from a continuous
series of intervals with distinct visual humification or composition (estimated by color
and fibrosity) were preserved for more detailed study. The maximum depth of
sampling was ca. 110 cm (few cm short of the bedrock). Sampling resolution was 2-5 cm
per interval. Sedge macrofossils, i.e., distinct bundles of structural fibers from the plant
shoots (Fig. 3) were hand- picked under a binocular microscope from 11 intervals of the
core (Fig. 4). Also, fresh tissues of the analyzed taxon were collected from the same location. Samples were frozen and vacuum dried to prevent further decomposition. The
botanical com- position of peat was described to identify the details of stratigraphy. SEM
images were obtained from several specimens.
Analytical pyrolysis
Single fibers of sedges were used for pyrolysis, from 0.1 to 0.4 mg per analysis.
Triplicate analyses were run for each interval. All analyses were performed on a
quadrupole HP5970B apparatus coupled with a HP5890 chromatograph and a CDS120
Pyroprobe with a resistivity heated filament. The sample in a quartz glass tube was
inserted into a quartz glass liner directly above the entrance of chromatographic column.
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Analysis conditions were as follows: the injector temperature was 275°C; temperature
of pyrolysis was 612°C; volatile products of pyrolysis and evaporation were swept to
column by helium flow; an HP-1 chromatographic column (50 m, 0.2 mm i.d., 0.33 µm
film thickness) was used; temperature program was from 40 to 300°C, rate 5°C/min;
interface to MS temperature was 300°C; eluting compounds were ionized at 70 eV EI;
scan range was from 34 to 434 Da; scan frequency was 1.07 scans/s.
GC/MS data were processed with HP software. Compounds were identified with
help of a compilation of publications on lignin and carbohydrates pyrolysis (Boon et al.,
1987; Pouwels et al., 1987, 1989; van Smeerdijk and Boon, 1987; Ralph and Hatfield,
1991; van der Hage et al., 1993) and an on-line library of mass spectra (Wiley). To
diminish coelution problems all quantifications have been made on integrated base ion
peaks, mathematically converted to TIC using appropriate MS response factors.
Statistical processing of data was performed with JMP 3.2 software (SAS Institute).
RESULTS AND DISCUSSION
Stratigraphy - paleobotany
To reconstruct the vegetation change, samples from all intervals were examined
under a binocular microscope and their main botanical components identified (Fig. 4).
Sphagnum (several species) was well preserved, often as stems with leaves still attached.
Apart from Sphagnum two other mosses were noted — Polytrichum strictum and
Drepanocladus fiuitans. The most common sedge remains were shoot bases — bundles
of thick structural fibers (Fig. 3), often with epidermis (outer layer of protective cells).
They are characteristic of Eriophorum vaginatum and, tentatively, of the related
Trichophorum caespitosum. At the site today the latter species occurs with Sphagnum
mosses in wet hollows, the former is most abundant in drier parts. Sporadic sedge seeds
were identified. Ericaceae were represented by wood and periderm (bark). In several
cases only the periderm was left after the wood was completely degraded (particularly
in interval 7). No attempt to identify the specific affinity of wood was made. A
significant portion of peat was composed of fine rootlets, <1 mm in diameter, often
well-preserved and with root hairs. They were omitted from analyses as they are
evidently penetrating from upper layers. Amorphous matter — a degradation product,
of unidentifiable botanical affinity, was observed in most of the intervals, particularly
in those rich in Ericaceae remains. Volumetrically minor, but omnipresent was Pinus
mugo pollen, particularly in the dark peats rich in amorphous matter, perhaps
concentrated there due to low deposition rate of peat. In interval No. 6 particles of
iron sulfide were seen, and an intense smell of H2S was noted in the fresh sample.
The relative frequency of the botanical com- ponents was indicated on a 3 degree
scale (1. single fragments; 2. common; 3. very common — main component, Fig. 4).
More precise quantification was considered pointless due to small size of sample and
the heterogeneity of the peat composition. Additionally an approximate content of
amorphous organic matter was given. On the basis of that com- position, 3 principal
associations were identified, equivalent to the modern ones: (1) Sphagnum dominated
with subordinate E. vaginatum; (2) E. vaginatum with subordinate Sphagnum; (3)
Ericaceae with subordinate sedges and Sphagnum.
The reconstructed sequence of botanical change includes a number of transitions
from the association dominated by Sphagnum with the addition of sedges to the one
dominated by Ericaceae with sedges (Fig. 4). The transitions between the associations
appear gradual rather than sharp, with the exception of those between intervals 9/10
and 23/ 24, where the differences in botanical composition of peat are sharply
contrasting. The amount of the amorphous matter corresponds fairly well with the
4

Ericaceae-rich intervals. An exception from the rather monotonous sequence is a 4 cm
thick layer of Polytrichum strictum (interval 13), situated within ericaceous peat. The
remains of P. strictum are remarkably well preserved and no amorphous matter has
formed in this interval. The base of the profile in addition to sedges had a significant
contribution of Drepanocladus moss, today occur ring near the pools.
Characterization of pyrolyzates
For quantification and interpretation only lignin/ polyphenols and polysaccharides
pyrolysis products were considered (Fig. 5). Cutin-derived aliphatics were omitted
because of their homogeneity. Quantified compounds are listed in Table 1. Table 2
summarizes the quantifications.
Major differences in chemical composition were associated with the fresh/subfossil transition. The sub-fossil specimens were rather similar in composition over the
entire sequence, but certain variation between intervals occurred (Fig. 6). The diagenetic
changes as seen in the pyrolyzates involved loss of non-lignin polyphenols, modification
of side-chains of lignin monomers (oxidation, cleavage of alkyl chains, demethylation of
methoxy groups), loss of pentosan hemicellulose and modification of the cellulose
polymer (without an apparent loss). The overall good chemical preservation is in
agreement with the well preserved morphology (Fig. 3) of the analyzed sedge fibers.
In monocotyledons the two principal sources of methoxyphenols in pyrolyzates
are lignin, a polymer of (methoxy)propylphenol alcohols linked predominantly via 𝛽 -O4 bonds and the esterified fraction of ferulic and coumaric acids (Lewis and
Yamamoto, 1990). Methoxyphenols produced by pyrolysis of these fractions are
shown, for fresh [Fig. 7(a)] and sub-fossil samples [Fig. 7(b)]. 2,6- Dimethoxy
(syringyl) units prevail over 2-methoxy (guaiacyl) units in undegraded lignin. Around
10% of lignin was derived from p-hydroxyphenyl units as indicated by 4-prop-2enylphenol (trans) (59a). No primary coniferyl or sinapyl alcohols were detected.
Pyrolytic dehydroxylation of these alcohols produced methoxy- (63, 67, 73) and
dimethoxypropenylphenols (85, 87, 89) (van der Hage et al., 1993). More advanced
pyrolytic degradation produced daughter compounds with cleaved alkyl side-chains (such
as guaiacol 38, syringol 60, methyl- 49, 71, ethyl- 56, 79 and vinyl- 59, 82 guaiacol/syringol). Pyrolytic decarboxylation of ferulic and coumaric produced primarily
vinyl-substituted moieties, i.e., vinylguaiacol (59) and vinylphenol (51). These compounds are typical of pyrolyzates of monocot lignin (van der Hage et al., 1993;
Morrisson and Mulder, 1994). Another compound, 2,6-dimethoxy-4-vinyl- phenol (82),
may have in part a similar origin. It is normally considered a lignin pyrolysis product,
but in the analyzed samples the yield of (82) was much higher from fresh than from subfossil material [Table 2(10)]. Such behavior would be consistent with diagenesis of
cinnamic acids rather than with that of lignin (see below). A presence of sinapic acid may
be tentatively suggested. There were a number of compounds with oxygen substitution
of the alkyl side-chains such as mono- and dimethoxyphenol C𝛼 and C𝛽 ketones (74, 84,
90, 93; 78, 92), C𝛼, C𝛽 and C𝝌 aldehydes (66, 86; 72, 88; 91, 94) and C𝛼 acids/ester
(77, 81). The distribution of oxygen functionality depended on the extent of polymer
degradation and on the original substitution of alkyl carbons. Non-methoxy aromatics
besides alkyl-dihydroxybenzenes (47, 54, 57, 65) included several alkylphenols (29,
33, 35, 43, 45) and alkylbenzenes (19, 20, 22, 23). The presence of dihydroxybenzenes
in fresh tissues may be linked with non-hydrolyzable tannins (Galletti, 1991; Graven et
al., 1996; Stankiewicz et al., 1997; van Bergen et al., 1997b). A high content of phenol in
pyrolyzates can be associated with free phenolic acids (cf. van Bergen et al., 1994b).
Comparison of the relative abundance of aromatic moieties in the pyrolyzates of
fresh and peatified monocots allows one to notice a sharp decrease in the relative yield of
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vinylguaiacol [Table 2(9)], vinylphenol, and as previously stated, of vinylsyringol — an
indication of preferential degradation of the ferulic, coumaric (cf. van Bergen et al.,
1997a) and possibly sinapic acids. This process takes place in the first stage of
degradation, directly after deposition and was detected in full extent in the shallowest
samples. Afterwards the yield of products with vinyl side-chains stabilizes. In a study of
E. vaginatum (by alkaline hydrolysis), a similar decrease of ferulic and coumaric acids
was noted in the earliest stage of diagenesis (Karunen and Kalviainen, 1988). Two other
compounds characteristic particularly of the fresh tissue are 2-methoxyphenol (guaiacol)
and 2,6-dimethoxyphenol (syringol) — it is suggested that their excess is similarly
produced from a non-lignin phenolic fraction, similarly lost in the first stage of
diagenesis [Table 2(11); Fig. 7]. Abundant syringol has been observed in pyrolyzates of
several monocotyledon genera (van Bergen, pers. comm.; Kuder et al., unpublished, both
syringol and guaiacol). One tentative source assignment can be flavonoids, free or
condensed, e.g., the B-ring of tricin, ubiquitous in sedges (Harborne, 1971), should give
syringol upon pyrolysis.
Changes of oxygen functionality of the alkyl chain of the methoxyphenols
include an overall increase of products with oxidized side-chains (Fig. 7). C𝛼
oxidation was more prevalent than that of C𝛽 or C𝝌. The increase of oxidation in the
guaiacyl and syringyl units of lignin in peatified tissues was primarily due to 2methoxy- [Fig. 6(A); Table 2(1)] and 2,6-dimethoxy-4-acetylphenol [Fig. 6(B); Table
2(4)], respectively (74, 90). Other ketones, although increasing in relative abundance
upon diagenesis, occurred in lesser absolute quantities. The contribution of 2-methoxy-4formylphenol (66) to the total C𝛼 oxidation was very high in fresh material [note a large
contribution of 2-methoxy-4-formylphenol in the recent samples, Table 2(2)]. A similarly
high content of 2-methoxy-4-formylphenol was observed in the pyrolyzates of other
extant monocots, but not in woody angiosperms from the same deposits (Kuder,
unpublished). It appears that this represents the original high content of the compound
in some fresh plant tissues. 2,6-dimethoxy-4-formylphenol (86) remained in a more
constant ratio to C𝛼 ketones [but the increase of its abundance in degraded plants lagged
behind that of 2,6-dimethoxy-4-acetylphenol, Table 2(5)]. The pathway of lignin
biodegradation by fungal enzymes (white-rot Basidiomycetes, the most efficient known
lignin degraders) includes an intermediate stage of oxidation of the C𝛼 site of the lignin
monomers (Tuor et al., 1995). The increased abundance of the acetyl groups in the
pyrolyzates is a probable effect of this process. Pyrolytic studies of woods degraded by
fungi consistently register a similar increase in abundance of acetyl groups and of other
oxygen-substituted moieties (in woody dicotyledons, e.g., Mulder et al., 1991; van der
Heijden and Boon, 1994; Terron et al., 1995; also in conifers, Saiz-Jimenez and de
Leeuw, 1984).
A less frequent occurrence of compounds with C3 alkyl side-chains could be
expected in pyrolyzates of degraded material (Mulder et al., 1991; van der Heijden and
Boon, 1994; Terron et al., 1995). In the present study the samples of fresh tissues
yielded only low concentrations of such products [Table 2(3), (6)]. It seems that the high
initial content of non-lignin polyphenols results in pyrolytic production of extra
methoxyphenols, reducing the relative abundance of propyl-substituted methoxyphenols
below expected levels. However, if peatified samples are considered exclusively, the
trend of the changes generally correlates with that suggested by
(di)methoxyacetylphenols [Fig. 6(C), (D)], in that the samples with more oxidation of
side chains are depleted in methoxyphenols with propenyl chains.
Other changes of the lignin/polyphenol complex involve demethylation of the
methoxy groups, seen as an increase of 1,2-dihydroxy- and 2-methoxy-6-hydroxyphenols
[Fig. 6(E), Table 2(8)] A preference towards preservation of guaiacyl vs syringyl lignin
in sub-fossil material was noted [Table 2(7)]. The apparent low level of lignin
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depolymerization and good structural preservation of the fibers suggests that the syringyl
depletion is rather due to removal of the remaining tissue from the original plant than
due to selective degradation on the sub-cellular level. The overall composition of fresh
sedge specimens may well be different from the single structural fibers. Secondary cell
walls of monocotyledons are known to contain mainly guaiacyl units, whereas
parenchyma (not preserved, but present in fresh sedge) has more syringyl (Lewis and
Yamamoto, 1990). An apparent depth trend of increasing dihydroxy- and methoxyhydroxyphenols [Fig. 6(E)], a phenomenon that was not observed for other products of
lignin pyrolysis, indicated that demethylation of methoxy groups occurs also in anaerobic
conditions (Young and Frazer, 1987). Alkylbenzenes and alkylphenols (except
vinylphenol) did not show distinct differences between fresh and sub-fossil samples.
The polysaccharide fraction of the sedge fibers did not appear heavily
degraded. No significant relative decrease in polysaccharide-derived vs aromatic
compounds (including methoxyphenols, dihydroxybenzenes, phenols and benzenes) was
observed in pyrolyzates apart from the last interval [Table 2(12)]. Most of the
polysaccharide-derived products are indicative of cellulose, the most abundant component
in the plant structures. Anhydroglucose (levoglucosan, 75) and a portion of lower weight
compounds are produced from cellulose (Pouwels et al., 1987, 1989). Some products are
derived from hemicelluloses (e.g., an unknown pentosan, 42; xylose markers, 30, 52),
some of which, e.g., anhydromannose (68) and rhamnose markers (36, 37), may be of
exotic origin. They were found in trace amounts in fresh tissues and became relatively
abundant in peatified material. Penetration by fungal hyphae (Fig. 3) which are known to
contain mannans (de Leeuw and Largeau, 1993) could explain this observation. The ratio
of pentosans to hexosans [Table 2(14)] decreases from fresh to ancient samples (cf. Stout
et al., 1988; van der Heijden and Boon, 1994).
Low molecular weight polysaccharide pyrolysis products are in most part more
abundant in fresh plant pyrolyzates (e.g. 5, 6, 9-12). There is an apparent inverse
correlation between the levoglucosan (75) [Table 2(15)] and the low molecular weight
products, particularly acetic acid (6). A similar effect of greater pyrolytic production of
levoglucosan from sub-fossil material was observed (cf. Stout et al., 1988; van Bergen,
1994; van Bergen et al., 1995; Stankiewicz et al., 1997) and a number of explanations
were proposed. Because contamination by exotic polymers in the extent necessary to
achieve such a dominance of anhydroglucose is improbable with the material used in the
present study, it is rather the mechanism of pyrolysis of (modified) cellulose that favors
production of anhydroglucosan units (cf. van Bergen, 1994).
The oldest analyzed interval shows an increase in the relative intensity of furan
moieties (e.g. 2, 7, 14, 83, but not 21), and a decrease of the relative yield of
anhydroglucose, suggesting more extensive cellulose alteration [Table 2(13) vs (15)]. A
similar effect is known from older materials (Eemian Sphagnum, van der Heijden, 1994;
Lower Holocene monocots, Kuder, unpublished).
Chemical indices of degradation as proxy indicators of paleohydrology
Apart from selecting an appropriate chemical characteristic, the answer to the
question of the use- fulness of organic geochemical techniques in paleoecological studies
depends on the ability to obtain data consistent within and representative of a given depth
interval of the profile. This is not a simple matter, as decomposition is heterogeneous,
and the nature of peat involves mixing of material of different ages (e.g. root
penetration). A sampling bias cannot be completely excluded in this type of study either.
Selection of appropriate material is the first step — sedge shoots do not penetrate deeply
into older peat, so the remains retrieved from a given depth are of nearly the same age.
The higher the number of analyses from the same depth or the more specimens that are
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homogenized before analysis, the greater the chance of obtaining valid information. Here,
a triplicate run from each interval was considered to be a necessary minimum. An
ANOVA processing of the chemical data was used to test if there was a significant
difference between intervals. For several tested chemical parameters the result was
below or around the level 0.05 [good probability of a real difference, e.g., the ratios from
Table 2(1) and (3)]. In the case of the ratios based on syringyl [Table 2(4) and (6)] the
outcome was less convincing, probably because of problems with reproducibility
(syringyl lignin is less abundant in sub-fossil samples).
Linear regression of the aromatics data listed in Table 2 on depth did not provide
significant results, with the exception of the alkyl-dihydroxybenzenes [Fig. 6(E)]
(R2=0.16; probability of the first power component on the level of 0.02). Data were
processed without the fresh plant analyses to remove the strong signal of the
transformation from the first post-mortem changes. Lack of linear fit by depth supports
the conclusion that lignin (after the initial degradation in the oxic top layer) remains inert,
perhaps with the exception of demethylation of methoxy groups. The initial variation
attributable to different degrees of aerobic decay should therefore remain identifiable.
Considering the peat-bog hydrology, inorganic oxidation adds to oxidation mediated by
microbial enzymes.
A degradation index is here understood as a ratio of a group of products
associated primarily with degraded material vs products derived from undegraded
material [as in Table 2(1)]. To be useful in estimating aerobic degradation, such an
index should be clearly attributable to the very first stage of degradation — above the
groundwater level - and remain unchanged after the peat reaches the anoxic state.
The usefulness of polysaccharides as proxy indicators is suspect because they are
known to be degradable by anaerobes. Polysaccharide products are dominated by
anhydroglucosan (a possible pyrolytic artifact) and there may be large increase in
pyrolytic production of furans in older samples.
More promising results were provided by analysis of lignin-derived pyrolysis
products [Fig. 6(A)-(D)]. As discussed above, the modification of lignin — changes of
oxygen functionality (particularly at the C𝛼) and reduction of alkyl side-chain length may
be connected with fungal activity. No effect of anaerobic degradation on these
parameters was observed.
Although there are some inconsistencies between the signals obtained from the
various parameters [Fig. 6(A)-(D)], they are expected to become less prominent when
more analyses (or homogenization of a larger number of particles) will be applied to
narrower depth intervals. In this pilot study, a coarse 4 cm interval was used, which
represents well over a century of deposition, assuming a constant accumulation rate since
onset of peat deposition.
Paleobotany vs chemical degradation
A sequence of alternating botanical phases associated with dry and wet
microenvironments may be identified in the profile (Fig. 4), equivalent to a number of
hydrologic events (possibly of climatic origin). It must be stressed, however, that a
reconstruction of changes of hydrology from a single core cannot be confidently
interpreted. Any difference of hydrology may be strictly local, associated with bog relief,
rather than being a more extensive feature associated with external climatic forcing
(termed Kleinform vs Grossform, Moore, 1984). Also vegetation heterogeneity due to
non-hydrologic factors may occur — study of continuous outcrops or multiple cores is
recommended if results are to be satisfactory (Barber, 1981).
The composition of lignin is in part consistent with the above scheme (Fig. 6). A
sequence of alternating events of lower and higher degradation similar to that resulting
8

from macrofossil analysis occurs at intervals 7, 9, 12 and 14. Results from the intervals
from 18 to 34 are partly inconsistent with paleobotany, which may be explained either
by a bias of the method or by vegetation change responding to different environmental
factors than degradation does. It seems that the sampling bias is not the correct
explanation — the chemical differences (in modification of the lignin side chains)
between intervals are statistically valid (tested with ANOVA) and represent a real
difference in diagenesis.
A model of regulation of degradation similar to that discussed in the papers of
Blackford (1993) and Blackford and Chambers (1995) may provide a base for
interpretation of the observed chemical variation. Within the constraints set by local
hummock/hollow relief on the hydrology (depth of permanent saturation zone), there are
seasonal oscillations of the water table (Fig. 1) and temperature — reflecting weather
conditions in a particular year. Any change of frequency of periods of drought will
affect the cumulative exposure of deposited peat to oxygen. The resulting degradation
will be recorded in the chemistry of biopolymers. In northern climates temperature can be
important in explaining slow degradation — prolonged frost periods suppress activity of
degrading organisms (Tate, 1995). Additionally, the preserved remains are typically of
organs which penetrated down into older peat near the water table — in this way
differences between hollows and hummocks are further reduced. Only if the water level
falls so significantly that the upper layer of peat is exposed to oxidation for an extended
time period (as could be the case of interval No. 12), the chemistry of a macrofossil can
show values distinctly different from the average. On the other hand, a change of
vegetation will occur only after the stress due to frequent droughts or inundation
exceeds the buffering capacity of ecosystem (for discussion of the paleoecological
aspects of response of vegetation to climatic change, see Delcourt and Delcourt, 1991). If
the paleobotany of peat represents the past hydrology in terms of a hummock/hollow
contrast, the paleoenvironmental significance of the chemistry of an individual sub-fossil
species would be more linearly related to the frequency of drought/frost periods.
The present findings support the conclusions drawn when a similar technique was
applied to material from two New Zealand restiad bogs (Kuder et al., unpublished). In
both studies, there is an apparent relationship between peat geochemistry and the past
hydrology — an increased modification of lignin was observed at sites presumed to be
subject to lowered water table over its history.
SUMMARY AND CONCLUSIONS
The major diagenetic changes of biopolymers included loss of ester-bound ferulic
and coumaric acids, increase of oxidation (particularly due to C𝛼 ketones), shortening of
alkyl side-chains and demethylation of methoxy groups of the lignin/ polyphenol
fraction, loss of pentosan polysaccharides and modification of cellulose (apparent in a
drastic increase in the pyrolytic yield of anhydroglucose). The yield of oxidized
methoxyphenols (particularly of C𝛼 ketones) and shortening of alkyl side-chains of
methoxyphenols are proposed as the best indicators of oxidative degradation. The
variance of results for 11 intervals of peat shows a statistically valid difference between
intervals.
Using chemical characterization of degradation of sub-fossil plant biopolymers
as a proxy of peat bog paleohydrology is possible if several conditions are met:
(1) A single type of plant is used to eliminate taxonomic differences in diagenetic
behavior.
(2) The material that is analyzed was deposited at or near to the peat surface, in the
zone affected by seasonal changes of hydrology.
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(3) A chemical parameter is used which is unaffected once the anoxic conditions
are reached.
Results of the present study show that small scale variations in chemistry did
occur. Consistent results were generated, as far as lignin modification is concerned. The
lignin in these samples have apparently been degraded by fungi — oxidative
modification of alkyl side-chains is similar for both the guaiacol and syringol fractions of
lignin, further supported by variation in length of the alkyl chains. The intensity of lignin
damage is proposed as a measure of cumulative fungal (oxic) decay — a proxy for
hydrologic state ( surface wetness'') of a bog.
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Table 1. List of compounds identified in pyrolyzates. *Value taken from reference; PS,
polysaccharides; HEX, hexosans; PENT, pentosans; RHA, rhamnose; MAN, mannan; LPP, lignin/ polyphenols.
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Table 2. Summary of relative abundances and ratios of pyrolysis products (values
represent averages for a given depth interval*)
G, 2-methoxyphenol; S, 2,6-dimethoxyphenol; -Cx, all types of alkyl side-chains; Ca,
1,2-dihydroxybenzenes and 2-methoxy-6-hydroxybenzenes; PS, sum of
polysaccharide-derived compounds.
*See figure 4 for stratigraphic position of the intervals.
†,‡ Calculated without vinyl moieties.
§The G/S ratio calculated using all methoxyphenols, with the exclusion of those with
vinyl side chain, in fresh tissues the value indicated with an asterisk calculated with Gand S-propene only, to exclude overlap with methoxyphenols of non-lignin origin.
¶Calculated without G-CHO.
||
Calculated without syringol.
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Fig. 1. A schematic diagram of hydrologic relations of an ombrotrophic peat bog.

Fig. 2. Map of the sampling site.
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Fig. 3. SEM images of sub-fossil Eriophorum vaginatum (from interval 26). Scale bar
— 0.05 mm. (A) Individual structural fibers; (B) Structural fibers, an arrow points to a
fungal hypha; (C) A fiber with visible outlines of individual cells (right) and a cuticle
(left).
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Fig. 4. Summary of paleobotany of the profile. * Solid, Sphagnum; checkered,
Polytrichum (interval 13) or Drepanocladus (intervals 31-34).
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Fig. 5. Total ion current traces. (A) fresh; (B) sub-fossil sedge from interval 26.
Numbered peaks are listed in Table 1
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Fig. 6. Ratios of key pyrolysis products of modern and sub-fossil sedges. Diamonds,
values of individual analyses; lines, trends for data averaged by depth intervals.
Schematic reconstruction of botanical change in profile given for reference. G, 2methoxyphenol (guaiacol); S, 2,6- dimethoxyphenol (syringol); Ca, sum of all
dihydroxybenzenes and methoxy-dihydroxybenzenes. Numerical values are listed in
Table 2. (A) 2-methoxy-4-acetylphenol to the sum of 2-methoxyphenols (except 2methoxy-4-vinylphenol); (B) 2,6-dimethoxy-4-acetylphenol to the sum of 2,6dimethoxyphenols (except 2,6-dimethoxy-4-vinylphenol); (C) guaiacol to 2-methoxy4-propenephenols; (D) syringol to 2,6-dimethoxy-4-propenephenols; (E) sum of all
dihydroxybenzenes and methoxy-dihydroxybenzenes to the sum of
(di)methoxyphenols, dashed line represents a linear regression trend.
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Fig. 7. Partial ion chromatograms of methoxyphenols (m/z 109, 123, 124, 135, 137, 138,
139, 150, 151, 152, 153, 154, 164, 165, 166, 167, 168, 178, 179, 180, 181, 182, 194,
196, 208, 210). (A) Fresh sedge; (B) Sub-fossil sedge, interval 26. Numbered peaks are
listed in Table 1. Note that peaks 57 and 59 are off-scale.
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