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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 profiles 

(up to 50 cm depth) from two distinctive zones (bare peat, FRA and a regenerating stage, 

FRC) were compared with the reference profile (FRD) taken from an unexploited area of the 

bog. The results show contrasting OM composition along the profiles. In the upper sections of 

the FRD and FRC profiles, 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 profile and deeper 

levels of the FRC profile, 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 “new” regenerating peat section and an 

“old” 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 fine grained fractions allowed identification 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. 

1. Introduction 

The potential of pristine peatlands to act as carbon sinks is now well established (Gorham, 

1991). Nevertheless, peat bogs (especially Sphagnum-dominated ones) have frequently been 

perturbed by man to obtain fossil fuel ( [29] and [40] ), animal bedding, growth substrates for 

horticulture and agriculture ( [9] and [10] ) and therapies (Klöcking et al., 2004). In several 

countries, especially in northern Europe (e.g. Finland, Russia) and Canada where peat 

harvesting was very active, much effort is now deployed in reappraising these sites for their 

specific biodiversity and suitability for 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] , [Grosvernier et al., 1997] , [Rochefort 

et al., 1997] , [Buttler et al., 1998a] , [Boudreau and Rochefort, 1999] , [Tuittila et al., 1999] , 

[Lavoie et al., 2003] , [Price et al., 2003] and [Petrone et al., 2004] ). However, the outcome 

of this approach with respect to carbon balance remains difficult to predict ( [Francez et al., 

2000] and [Waddington et al., 2003] ). Thus, in order to monitor 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 fluxes, microbial communities 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 CO2 and CH4 fluxes ( [Harriss et al., 1985] and 

[McNeil and Waddington, 2003] ) but little work has been done to ascertain vegetation 

degradation occurring at depth. In this work, we applied bulk and molecular indicators to infer 

plant inputs and to identify biopolymer (bio-)degradation in response to natural and 

anthropogenic environmental changes. Given the important part carbohydrates play in the 

constitution and metabolism of plants, particular emphasis was placed on their analysis. Till 

now there has been only a small amount of work on sugar production and preservation in 

ombrotrophic peat bogs ( [Morita and Montgomery, 1980] and [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 quantified (e.g. Francez, 1991). 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 neutral monosaccharide abundance and composition of 

fine 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 purposes, Bourdon et al. (2000) analysed the 

neutral monosaccharide content of sediments from a tropical peaty marsh and the Cyperaceae 

growing on its border. 

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 

conditions, particularly in terms of human impact, are quite different from those of mangroves 

and marshes. Based on the carbohydrate composition of the main plants growing in the bog, 

the major aims were first, to obtain information on the sugar content of plants that contributed 

to peat formation and second, to determine the fate of carbohydrates 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 reference profile 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 influences (Lacroix 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 cutting (around 700–1000 m
3
/year) started in 1968 and 

was stopped in 1984. Subsequently, spontaneous regeneration took place and, at present, 

communities dominated by Sphagnum sp., Polytrichum strictum, P. commune, Eriophorum 

vaginatum and E. angustifolium have developed at various times on different parts of the site. 



 

Fig. 1. : Location of study site: (a) within France and Jura Mountains; (b and c) Le Russey 

peat bog within Jura peatlands; (d) exploited area within Le Russey peat bog; (e) location of 

sampling areas FRA and FRC (bare peat and regenerating area, respectively). FRD = 

unexploited area (modified from Lacroix et al., 1999). 



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 profile 

(FRD) taken from an intact area of the bog where no peat extraction occurred (Fig. 1). The 

cores were taken in November 2003, using a sampler which allowed undisturbed cores to be 

obtained (Buttler et al., 1998b). In the three zones, triplicates were taken and six slices (5 cm 

thick) were sampled at different depths in each core (0–5 cm, 5–10 cm, 12.5–17.5 cm, 22.5–

27.5 cm, 32.5–37.5 cm and 42.5–47.5 cm). Hand picked samples of the dominant vegetation, 

composed of Sphagnum fallax, Polytrichum strictum, Eriophorum vaginatum and E. 

angustifolium, were isolated. All samples were stored at 4 °C until analysis. 

Half of each core section was wet sieved at 200 μm under a positive pressure using water 

circulation (Gobat et al., 1991). The fine grained fractions (< 200 μm) 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 microscopy. The cellulose and 

hemicellulose sugars of both bulk peat and fine grained fractions were identified and 

quantified using gas chromatography (GC). The living moss and sedge samples were analysed 

in the same way. 

2.2. C and N analysis 

C and N contents were determined by combustion of dried and crushed samples at 1100 °C, 

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 composition of bulk peat was determined for the three replicates, 

whereas only the replicates selected for molecular studies were analysed for the fine grained 

fractions. 

2.3. Micromorphological analysis 

Micromorphological identification and quantification of peat micro-remains was carried out 

using a DMR XP Leica photonic microscope under transmitted light. Wet bulk samples were 

mounted as smear slides and analysed with × 20 and × 50 objectives. 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% (Noël, 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] and 

[Cowie and Hedges, 1984] ). The first step, which comprises a phase of soaking with 24 N 

H2SO4, allows hydrolysis of both cellulose and hemicellulose(s). The second, consisting of 

the same procedure without 24 N H2SO4 treatment, yielded only hemicellulose monomers. 

Consequently, the cellulose content was calculated by subtraction of the results obtained for 

the first 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 

H2SO4 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 H2SO4. The tubes were 

closed tightly under vacuum and heated at 100 °C for 4 h. After cooling, deoxy-6-glucose 



(400 μg in water) was added as internal standard (Wicks et al., 1991). The samples were 

subsequently neutralised with CaCO3. The precipitate was removed by centrifugation and the 

supernatant was evaporated to dryness. Then, the sugars were dissolved in CH3OH and the 

solution was purified by centrifugation. After the solution was transferred to another vessel, 

the solvent was evaporated under vacuum. The sugars were dissolved in pyridine, silylated 

(Sylon BFT, Supelco) and analysed immediately using a Perkin–Elmer gas chromatograph 

fitted with a 25 m × 0.25 mm i.d. CPSil5CB column (0.25 μm film thickness) and a flame 

ionization detector. The oven temperature was raised from 60 °C to 120 °C at 30 °C min
−1

, 

maintained there for 1 min, and raised to 240 °C at 3 °C min
−1

 and finally at 20 °C min
−1

 to 

310 °C, at which it was maintained for 10 min. The injector split was off at the start and 

turned on after 2 min. The injector was maintained at 240 °C and the detector at 300 °C. A 

mixture of eight monosaccharides (ribose, arabinose, xylose, rhamnose, fucose, glucose, 

mannose and galactose) was used as external standard for compound identification through 

peak retention times and for individual response coefficient determination. 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%; Table 1), as usually observed for 

terrestrial OM accumulation without any significant dilution by inorganic inputs. In the bare 

peat situation (FRA), the C/N atomic ratios of the bulk peat remain rather constant, around 30, 

along the profile (Fig. 2). Compared to the bulk peat, the fine 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 profile (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 fine grained fraction remain nearly constant along 

these two profiles. 

Table 1. C and N contents of bulk peat and fine-grained fraction in three profiles (FRA bare 

peat, FRC regenerating stage, FRD reference) from Le Russey bog 

Situation Size fraction Depth 

(cm)
a
 

TOC 

(%) 

TOC 

standard 

error 

Total 

N (%) 

Total N 

standard 

error 

Atomic 

C/N 

FRA bare peat Bulk peat 2.5 50.6 0.3 1.8 0.1 32.4 

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 

fraction (<200 

μm) 

2.5 48.8 – 1.5 – 37.0 

7.5 50.4 – 1.4 – 41.3 

15 50.3 – 1.2 – 48.0 

25 50.5 – 1.2 – 48.8 

http://www.sciencedirect.com/science/article/pii/S0146638006002099#ref_tblfn1


Situation Size fraction Depth 

(cm)
a
 

TOC 

(%) 

TOC 

standard 

error 

Total 

N (%) 

Total N 

standard 

error 

Atomic 

C/N 

35 52.4 – 1.6 – 39.3 

45 52.3 – 1.4 – 43.3 

FRC 

regenerating 

stage 

Bulk peat 2.5 43.7 0.9 0.6 0.1 89.5 

7.5 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 

fraction (<200 

μm) 

2.5 nd – nd – nd 

7.5 45.5 – 2.3 – 22.9 

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 1.1 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 

fraction (<200 

μm) 

2.5 47.8 – 1.5 – 38.5 

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 
a
 Mean depth of 5 cm thick core section. 

http://www.sciencedirect.com/science/article/pii/S0146638006002099#ref_tblfn1


 

 

Fig. 2. : Mean depth profiles of atomic C/N ratio for the three studied areas (dotted line = fine 

grained fraction and full line = bulk peat). 



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 (Plate 1a and d). The latter consist mainly of (i) characteristic 

Sphagnum leaf tissues with still well recognisable transluscent chlorocysts and hyalocysts 

(Plate 1a) and (ii) polytric-derived leaf tissues characterised by dark brown elongated 

polygonal cells (Plate 1d). According to their intrinsic chemical composition and cell wall 

structure, the morphology of tissues may be more or less affected by biodegradation 

during early diagenesis. Thus, based on morphological features, two classes of tissues are 

distinguished: well-preserved tissues (Plate 1a–d) with unaltered original biostructure and 

structureless tissues (Plate 1f) where the cell wall structure is less apparent. 

b.  Undetermined plant tissues without characteristic biostructures that can be attributed to 

specific plant sources. They may be either well preserved (Plate 1b) or structureless (Plate 

1f). 

c.  Amorphous organic matter (Plate 1g–h) consisting of structureless intracellular 

precipitates of humic colloid gels (Styan and Bustin, 1983) and of plant tissues whose 

structural characteristics have been completely lost. 

d.  Mucilage (Plate 1e, h) consisting of slimy, gummy and translucent substances present as 

organic lining with no internal structure and finely 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 identified as extracellular polysaccharide secretions from 

bacteria, fungi and/or plant roots ( [Leppard et al., 1977] , [Decho, 1990] , [Défarge et al., 

1996] and [Laggoun-Défarge et al., 1999a] ). 

e.  Abundant tangled masses of melanised fungal hyphae (Plate 1e) often associated with 

decayed plant rootlets. They are more abundant at depth, particularly in the bare peat 

profile. 

 

f.

  

Microorganisms represented mainly by algae and amoebae (Plate 1e) and, more rarely, by diatoms and zooclast 

remains. 

 

 

 

 

 

 



 

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. 

 



 

Plate 1. : Main organic micro remains identified using photonic microscopy in transmitted light for bulk peat 

samples of Le Russey bog: (a) well preserved tissue derived from Sphagnum leaf tissue showing characteristic 

chlorocysts and hyalocysts; (b) undetermined tissue; (c) Cyperaceae tissue; (d) Polytrichum 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 flakes (aom) and mucilage (m). 

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 undetermined structureless tissues in the 

uppermost 15 cm. It is dominated by morphologically degraded tissues derived from Sphagna about the middle of 

the profile and by rather high proportions of inferred microbial secretions, namely mucilage, in the lower levels. 

These morphological characteristics indicate a highly humified peat. In the regenerating profile (FRC), there is a 



clear threshold between an uppermost section (0–15 cm) corresponding very likely to a “new” regenerating peat 

and an “old” catotelm humified peat below. The “new” 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 “old” 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 profile. In the 

reference FRD profile, the uppermost peat OM is composed mainly of well preserved Sphagnum-derived 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 determined for two 

mosses (Polytrichum strictum and Sphagnum fallax) and two sedges (E. vaginatum and E. angustifolium). The 

results are presented in Fig. 4. Total sugars correspond to the sum of all cellulose 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 

contrast to the two mosses, which are richer in hemicelluloses 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 monosaccharide content (wt%, Fig. 4) also shows a clear difference between 

these plants. The dominant hemicellulose monosaccharides are galactose (28 wt%) and rhamnose (13 wt%) in 

Sphagnum fallax [as in eight other Sphagnum species (N. Lottier, unpublished data)], mannose (42 wt%) in 

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

 

Fig. 4. : Identification and quantification of sugars in the dominant peat forming plants (Sphagnum, Polytrichum 

and Eriophorum species) 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%). 



 

3.3.2. Peat samples 

In the FRC and FRD cores, both bulk peat samples and the corresponding fine-grained fraction (< 200 μm) were 

analysed for their neutral monosaccharide compositions. In the FRA core, only the fine grained fraction was 

analysed as it was dominant (45 wt% vs 12 and 19 wt% for FRC and FRD, respectively). The sugar contents of 

the coarse-grained fraction (>200 μm) were calculated as the difference between those of the bulk peat and the 

fine grained fraction (Table 2, Fig. 5). The upper section (0–5 cm depth) of the FRC core is missing, due to 
sampling problems. 

 

 

Table 2. Depth evolution of neutral sugar yields and concentrations in bulk peat and fine grained fraction in three 

areas of Le Russey bog 

Situatio

n 

Size 

fracti

on 

Dep

th 

(cm) 

Total 

sugar

s 

(mg/g 

of 

sampl

e) 

Total 

cellulos

ics 

(mg/g 

of 

sample

) 

Total 

hemicellulo

sics (mg/g 

of sample) 

Hemicellul

osic 

glucose 

(%) 

Xylo

se 

(%) 

Arabin

ose (%) 

Mann

ose 

(%) 

Rhamn

ose (%) 

Ribo

se 

(%) 

Fuco

se 

(%) 

Galact

ose 

(%) 

FRA 
bare peat 

Fine 
graine

d 

fracti
on 

(<200 

μm) 

2.5 195.0 63.2 131.9 49.4 18.2 2.3 8.7 7.8 0.9 1.7 11.1 

7.5 175.1 52.3 122.8 50.0 17.8 2.1 8.7 8.0 0.5 2.1 10.9 

15 184.6 69.9 114.7 49.8 18.5 1.8 8.3 8.2 0.5 2.1 10.7 

25 190.1 99.6 90.5 44.6 21.6 2.2 9.0 8.3 0.5 2.2 11.5 

35 155.5 44.7 110.8 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 

regenerat
ing stage 

Bulk 2.5 nd nd nd nd nd nd nd nd nd nd nd 

7.5 432.0 198.0 234.0 18.5 32.7 12.6 7.5 6.5 0.6 3.5 18.1 

15 210.7 54.8 155.9 37.8 21.1 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 

graine
d 

fracti

on 
(<200 

μm) 

2.5 nd nd nd nd nd nd nd nd nd nd nd 

7.5 206.2 73.3 132.9 28.4 25.2 13.0 9.7 6.5 0.3 0.0 16.9 

15 134.3 26.4 107.9 45.0 14.6 4.8 11.6 6.5 0.3 3.7 13.6 

25 92.7 25.3 67.5 42.9 17.0 4.5 10.8 8.6 1.0 2.9 12.3 

35 79.8 20.4 59.4 43.8 17.4 4.3 10.2 8.6 0.9 2.5 12.3 

45 83.8 16.7 67.1 43.3 22.5 3.8 8.1 8.5 0.8 2.0 11.0 

Coars

e 
graine

d 

fracti
on 

(>200 

μm) 

2.5 nd nd nd nd nd nd nd nd nd nd nd 

7.5 461.4 214.2 247.2 17.2 33.7 12.6 7.2 6.5 0.7 3.9 18.2 

15 310.0 91.7 218.3 28.5 29.5 12.0 9.4 5.0 1.3 2.5 11.8 

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 35.1 29.0 7.8 9.5 4.2 0.2 2.7 11.4 

45 162.5 39.7 122.8 43.8 24.1 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 13.5 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 2.5 13.7 

35 207.1 79.6 127.5 41.2 27.8 3.3 8.2 5.5 0.6 1.7 11.7 

45 225.4 87.3 138.1 42.4 27.3 3.5 7.4 6.0 0.4 1.6 11.5 

Fine 2.5 227.6 72.3 155.3 26.7 16.2 7.5 12.6 10.2 0.5 3.2 23.2 



graine

d 

fracti
on 

(<200 

μm) 

7.5 160.0 44.3 115.7 34.5 12.6 6.5 16.4 6.2 0.7 5.1 17.9 

15 162.7 38.7 123.9 39.2 12.3 4.0 14.7 7.2 0.6 4.0 18.1 

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 22.2 102.9 46.7 19.7 2.3 9.7 6.6 0.2 2.1 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 

Coars

e 

graine
d 

fracti

on 
(>200 

μm) 

2.5 348.5 158.0 190.3 23.0 18.6 6.4 14.5 8.8 0.5 3.2 25.0 

7.5 253.3 95.7 157.6 28.4 18.3 8.5 14.7 6.3 0.5 3.0 20.3 

15 235.9 72.7 163.2 41.3 16.7 5.2 12.5 5.2 0.4 2.6 16.2 

25 215.7 60.6 155.0 39.2 25.4 4.3 9.7 5.9 0.6 2.0 13.0 

35 262.8 118.6 144.2 37.5 33.3 3.9 7.2 4.7 0.9 1.4 11.0 

45 280.3 124.5 155.8 38.6 31.1 4.1 7.0 5.8 0.6 1.3 
 

 

Fig. 5. : Depth profiles of total cellulose and hemicellulose (mg/g) and distributions 

of hemicellulose sugars (H-glucose, xylose, arabinose, mannose, rhamnose, ribose, 

fucose, wt%) in fine fraction (dotted line) and coarse fraction (full line) in the three 

areas of Le Russey bog (FRA = bare peat, FRC = regenerating stage, FRD = 

reference). 

 



In the bare peat (FRA), the total sugar contents of the fine 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 

hemicellulose sugar contents show almost constant values all along the profile (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 profile (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 cm 

(Table 2). Below, the amount of sugars continues to decrease with increasing depth, 

but more gradually. In the reference profile (FRD), the total sugar content first 

decreases progressively from 294 mg/g to 174 mg/g between 0–5 cm and 22.5–27.5 

cm. Then, it increases slightly to 225 mg/g near the base of the profile (Table 2). In 

both the FRC and FRD cores, bulk peat samples contain higher amounts of total 

sugars than the fine 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 fine grained fractions (Table 2). However, the relative 

percentages of individual hemicellulose sugars (wt%; Fig. 5) show different features 

when comparing the coarse and the fine 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. Downwards, a 

high variability in the distribution of individual sugars is observed for the FRC 

profile, whereas a downcore increase in xylose and H-glucose and a decrease in 

mannose and arabinose are recorded in the FRD profile, 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 hemicellulose (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 limited number of combinations that can 

be made with these few compounds, the variation in the composition of 

hemicellulose from one species to another can provide a plant source signature. This 

assessment is illustrated by the results of the carbohydrate analyses of the main plants 

of the bog (Fig. 4). The richness of sedges in xylose has already been underlined in 

several studies ( [Wicks et al., 1991] and [Bourdon et al., 2000] ). However, to our 

knowledge, only Popper and Fry (2003) mentioned the occurrence of high 

proportions of monosaccharides such as galactose, rhamnose and mannose in the 

hemicellulose of the primary cell walls of bryophytes. 

For the three cores, sugar analysis was performed on the fine fraction (< 200 μm). 

The rationale for such an analytical choice is that fine fractions should give a clearer 

picture of organic matter dynamics than coarse fractions mostly made up of only 

slightly degraded plant debris. In contrast, fine particles should represent a rather 

advanced stage of biodegradation of inherited material, admixed with products of 
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secondary microbial production. These points are further discussed in the following 

section. However, to avoid major uncertainties about the differences that can exist 

between the bulk and the fine 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 (cellulose 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 

fine fraction from deep samples (Table 2; Fig. 5). For comparison, these figures are 

much higher than those (< 80 mg/g) determined by Morita and Montgomery (1980) 

for Canadian peats. Such a good preservation contradicts paradigms regarding the 

rapid consumption of carbohydrates in the sedimentary environment, peatbogs 

included (e.g. Pancost et al., 2002). 

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 

profiles, the total sugar contents is about twice as high in the coarse than in the fine 

fraction, indicating increasing carbohydrate consumption with plant material 

fragmentation. This degradation process is also responsible for a preferential 

decrease in cellulosic sugars relative to hemicellulose ones. This preferential 

consumption is observed first in the fine fractions relative to the coarse ones and 

second with increasing depth in the fine 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 fraction from deep sections, 

especially in the reference FRD profile. The apparently faster degradation of 

cellulose sugars relative to hemicellulose ones indicates that cellulose structural 

decomposition precedes its consumption. Between both processes, the destructured 

cellulose probably contributes to an apparent enrichment in the hemicellulose 

carbohydrate pool, particularly hemicellulose glucose. Also contributing to the 

apparent hemicellulose pool are carbohydrates of microbial origin, mainly in the 

form of (glucose-rich) extracellular polysaccharidic secretions ( [Leppard et al., 

1977] , [Decho, 1990] , [Défarge et al., 1996] and [Laggoun-Défarge et al., 1999a] ). 

These conclusions partly disagree with those of [Moers et al., 1989] and [Moers et 

al., 1990] , who argued that the differences in relative sugar contents between the 

coarse grained and fine grained peat fractions could be explained by the balance of 

microbial vs. vascular 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 proportion of rhamnose, galactose, mannose, fucose, ribose and hemicellulosic 

glucose in the fine fraction was probably due to bacteria, algae and/or fungi. Our data 

are in good agreement with these assessments 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 fine fractions (Fig. 5) probably 

reflect a greater proportion of carbohydrates inherited from mosses relative to sedges 

(xylose and arabinose) rather than microbial input. If so, galactose and rhamnose, 

produced by Sphagnum mosses, and mannose, produced in high proportions by 
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Polytrichum mosses (Fig. 4), cannot be used as microbial markers in peat bogs. 

Similarly, glucose is at least partly inherited from cellulose “destructurisation”, such 

that only fucose and ribose can confidently be used to evaluate in situ microbial 

production. Another notable result of this study is that the differential biodegradation 

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 fine 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 

fine fractions by wet sieving. This explanation is fully supported by the 

determination of rather high amounts of NH3 in the interstitial 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 fine 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 fine fraction occurs in the uppermost section of the 

regenerating stage (FRC core; Fig. 2). 

The high C/N values in the bulk fraction of the uppermost level of the reference FRD 

profile (>50; Table 1; Fig. 2) are typical of inherited plant material 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] , [4] , 

[Kristensen et al., 1999] , [Laggoun-Défarge et al., 1999b] , [Müller and Mathesius, 

1999] and [Ortiz, 2004] ). This classical explanation is consistent with the results of 

carbohydrate analysis (cf. above) and is fully supported by micromorphological 

observations (Fig. 3); the latter are characterised by a decrease in the proportion of 

well preserved Sphagnum tissue from 80% at 0–5 cm to 14% at 12.5–17.5 cm. 

Downcore, this plant tissue is gradually replaced first 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 Sphagnum-derived tissue (Fig. 3) and a relatively 

high amount of xylose (Fig. 5), which is characteristic of Cyperaceae plants (Fig. 4). 

These features likely indicate a change in vegetation and extensive OM degradation, 

which might have been provoked by a lowering of the water table during peat 

exploitation in a nearby part of the bog. 

In the bare peat FRA profile, the C/N ratio remains constant and much lower (about 

35) than that in the upper sections of the two other profiles (Fig. 2), clearly reflecting 

the absence of the most recent peat layers. Despite a change in vegetation (and thus 

also in environment) revealed by the presence of higher proportions of Sphagnum-

derived tissues between 10 cm and 30 cm, the predominance of structureless tissue, 

mucilage and amorphous OM flakes all along the core is diagnostic of uniformly 

intensive OM degradation (Fig. 3). The sugar concentration profiles show very 

limited variation with depth; exceptions are xylose and total cellulose contents, which 
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display higher values around 25 cm. 

In contrast to the FRA profile, the bulk peat from the upper part of the FRC profile 

displays high C/N ratio values comparable to those found in the reference profile 

(FRD) or even higher, i.e. up to ca. 80 (Fig. 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 observations which show abundant well preserved tissue derived from 

Sphagnum, Polytrichum and Cyperaceae plants (Fig. 3). This regenerated peat thus 

appears more heterogeneous than the upper section of the reference profile (FRD), 

which is mostly made of Sphagnum derived 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 confirms the subdivision of the FRC profile into two distinct sections with 

higher sugar content in the “new” peat than in the “old” one (Fig. 5). 

Despite the large difference in the amounts of cellulose and hemicellulose 

carbohydrates between the coarse and the fine fractions in both the FRC and FRD 

cores, there are only limited differences in the distribution of individual 

hemicellulose sugars (Table 2). However, these differences probably do reflect true 

compositional differences between the two fractions; for example, in the reference 

FRD profile, slightly higher relative amounts of xylose and arabinose occur in the 

coarse fraction, consistent with the greater lability of these compounds than other 

(dehydroxy-) sugars in Cyperaceae tissues (Opsahl and Benner, 1999) and other peat-

forming plants. Thus, the discrepancy in sugar composition between FRC coarse- and 

fine-grained fractions is mostly attributable to more limited alteration of the plant-

inherited material, beginning with Cyperaceae tissue. 

5. Conclusions 

Combined carbohydrate analysis, C/N ratio determinations and micromorphological 

observations conducted on the peat profiles from a formerly cut-over peat bog 

allowed us to obtain insights into changes in OM sources and the dynamics of 

inherited biopolymers during natural regeneration. The most significant 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 differential biodegradation of cellulose and hemicelluloses with increasing depth 

between both size fractions makes the ratio of the two biopolymers a good indicator 

of diagenetic alteration. 

In contrast to the hemicellulose xylose and arabinose, already identified as indicators 
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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 fine 

fraction, could be possible markers of microbial synthesis. 

In regenerating areas, depth patterns of bulk and molecular OM composition show a 

clear threshold between an uppermost “new” peat and an “old” catotelm peat below. 

The upper section is characterised 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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