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Abstract Currently, more than 10,000 ha of fens

have been rewetted to re-establish their function as

nutrient sinks in NE Germany. However, field

investigations reveal that porewater concentrations

of P, dissolved organic carbon (DOC) and ammonium

in rewetted fens are orders of magnitude larger than

under pristine conditions. Hence, the objective of this

study was to investigate the reasons behind enhanced

P, organic carbon (OC) and ammonium mobilisation

due to rewetting by means of a long-term incubation

experiment. Highly, moderately and slightly decom-

posed peat of a drained fen (polder Zarnekow) was

incubated under waterlogged conditions. A time

course of concentrations of P, DOC, ammonium,

sulphate and other dissolved substances was investi-

gated by means of permanently installed dialysis

samplers during 54 weeks of incubation. Simulta-

neously, the concentrations of these dissolved sub-

stances were investigated after rewetting of the field

site. Before, and at the end of the incubation study,

the amounts of bicarbonate–dithionite (BD) and

NaOH soluble P and OC of incubated peat samples

were determined by a sequential extraction proce-

dure. The highest mobilisation of P, OC and ammo-

nium occurred in the highly decomposed peat. Final

concentrations of P, DOC and ammonium reached

about 143 mM, 46 and 1.9 mM, respectively. The

initial sulphate concentrations in the rewetting exper-

iment, as well as in the field investigations, were

extremely high and ranged between 3 and 13 mM;

however, a complete consumption of sulphate was

only observed in highly decomposed peat. In conclu-

sion, the reasons for enhanced P, OC and ammonium

mobilisation are increased amounts of redox sensitive

substances and enhanced availability of decompos-

able organic matter in the upper highly decomposed

peat horizon. These results should be considered in

future rewetting management strategies.
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Introduction

Originally, about 10% of NE Germany were covered

by minerotrophic peatlands (=fens). The drainage of

these areas, mainly for low-intensity agricultural use

and peat harvesting, began during the eighteenth

century. Agricultural use was intensified at the end of

the 1960s by complex dewatering systems and

embankment. At present, more than 95% of fen areas

are drained or have suffered from lowered ground

water tables within their catchment. An obvious

consequence has been the degradation and shrinkage

of peat (Pfadenhauer and Klötzli 1996; Schindler

et al. 2003). Furthermore, the change from anoxic to
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oxic conditions led to the decomposition of refractory

organic substances due to the activation of oxidizing

and hydrolytic enzymes (Freeman et al. 2001).

Hence, elevated emissions of carbon dioxide, oxida-

tion of iron sulphides to form Fe(III)-hydroxides and

sulphates, and transformation of organic bound phos-

phorus, nitrogen and sulphur to inorganic substances

have taken place (Lenz et al. 1992; Pfadenhauer and

Klötzli 1996; Lamers et al. 1998; Schlichting et al.

2002; Litaor et al. 2004). Consequently, drained fens

have lost some of their functions as nutrient sinks. In

addition, due to seasonally induced and repeated

drying/rewetting cycles, these fens act as sources of

phosphorus, dissolved organic carbon (DOC) and

nitrate which leach into adjacent surface waters (Lenz

et al. 1992; Olde Venterink et al. 2002; Aldous et al.

2005; Worrall and Burt 2005).

Recently, more than 10,000 ha of drained fens in

the state of Mecklenburg-Vorpommern (NE Ger-

many) were rewetted to re-establish their ecological

functions. Due to an extended drainage history, a re-

establishment of their original state is not expected in

the short-term. Thus, enhanced concentrations of P,

DOC and ammonium can be found in the porewater

of rewetted fens at a level of one to three orders of

magnitude above pristine systems (Rupp et al. 2004;

Zak et al. 2004; Tiemeyer et al. 2005). It can be

assumed that the extent of peat mineralisation during

drainage and varying geochemical conditions are

decisive for the intensity of mobilisation processes

after rewetting. Since upper peat horizons are most

strongly affected by peat degradation, a characteristic

vertical gradient from highly to slightly decomposed

peat is formed in drained fens (Stegmann and Zeitz

2001; Schlichting et al. 2002; Schindler et al. 2003).

Past studies have pointed out that microbially

induced redox reactions are important for the mobil-

isation of dissolved substances in rewetted fens

(Lamers et al. 2002; Lucassen et al. 2004; Shenker

et al. 2005). Therefore, we hypothesise that the upper

highly decomposed peat layer is mostly responsible

for the high mobilisation of P, DOC and ammonium

due to enhanced supply of both oxidizing substances

[Fe(III)-hydroxides, sulphate] and decomposable

organic matter (OM) as electron donors.

To test this hypothesis, highly, moderately, and

slightly decomposed peat samples of a drained fen

were sampled and incubated under waterlogged

conditions for the survey of P, OC and ammonium

mobilisation. Results were compared with those from

field measurements taken after the rewetting of the

sampling site.

Methods

Study site

The study site ‘‘polder Zarnekow’’ (about 500 ha,

latitude 538520N, longitude 128530E) is situated 8 km

west of the town of Demmin in the valley of the River

Peene in Mecklenburg-Vorpommern (NE Germany,

Fig. 1). The climate is continentally influenced with a

mean annual precipitation of 544 mm and a mean

annual temperature of 8.18C. The mean daily tem-

perature is -0.88C in January and 16.78C in July

(meteorological station Teterow, 24 km southwest of

the sampling site). According to Joosten and Succow

(2001), the studied fen can be classified as a river

valley mire system consisting of spring mires at the

valleys edge, wider percolation mires dominated by

groundwater flow and a strip of flood mires along the

River Peene. The fen is a carbonate buffered system

and the peat is degraded to different degrees, which

was determined by the ‘‘von Post-scale’’ (Puustjärvi

1970). The upper horizon is highly decomposed (0–

0.3 m), followed by moderately decomposed peat

until 1 m and a deep layer of slightly decomposed

Fig. 1 Study site polder Zarnekow (rewetted since October

2004) in the valley of the River Peene (NE Germany)
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peat up to a maximum depth of 10 m. Drainage and

low-intensive agricultural use began in the eighteen

century (Lenschow et al. 2003) and land-use change

to pastures and grassland was intensified by a

complex dewatering system, embanking and a pump

station to lower the groundwater tables in the mid-

1970s.

Due to peat mineralisation and agricultural use,

peat shrinkage of several decimetres took place.

Therefore, after rewetting (October 2004), during the

course of an EU-funded conservation project

(European Agriculture Guidance and the Guarantee

Fund) a larger area of the polder Zarnekow is now

permanently flooded, with a water table depth of

*0.1–0.5 m above peat surface.

Peat sampling and incubation study

Before the rewetting of the study site, altogether

about 0.45 m3 of disturbed peat was extracted from

three subsequent horizons of peat with differing

degrees of peat decomposition (sampled horizons:

0.1–0.2 m with highly decomposed peat, 0.5–0.6 m

with moderately decomposed peat, and 1–1.2 m with

slightly decomposed peat). An overview of selected

peat characteristics, including chemical data, is given

in Table 1. Altogether, nine water-tight 96 L vessels

(PVC-boxes: 0.6 · 0.4 · 0.4 m3) were filled with

consistently about 40 kg of fresh peat (*0.05 m3)

from the above mentioned peat horizons (triplicates

of highly, moderately and slightly decomposed peat

samples). After water-logging the peat a water level

of *5 cm above the peat surface was adjusted. This

simulated rewetting was done with a sodium chloride

solution (3.4 mM NaCl) to be in accordance with the

average ionic strength of fen feeding groundwater

and to prevent osmotic stress of micro-organisms in

the rewetted peat. The water level of 5 cm was

maintained by replenishment of evaporation loss with

deionised water to guarantee waterlogged conditions

in the peat throughout the experiment. The incubation

experiment was carried out at water stagnant condi-

tions and at a constant temperature of 208C in a

climate chamber. The porewater was taken in a

passive way by permanently installed dialysis sam-

plers according to Jacobs (2002). This sampling

technique allows a non-disturbed monitoring of the

course of dissolved substances in the porewater over

several months. The applied one-chamber-sampler

(about 0.05 L volume) was installed in the peat at a

depth of 1–11 cm. For porewater sampling, the

chamber water was extracted completely using

pipettes (Multipette Eppendorf1) and then was

directly renewed by oxygen free de-ionised water to

avoid oxygen input into the anoxic porewater. Due to

the small volume of the chamber water compared

to the total peat porewater (0.05 L vs. *24 L) a

dilution effect could be neglected. The sampling

regime was biweekly for 8 weeks and monthly

thereafter for a total of 54 weeks of incubation. Quick

sampling and the fixation of samples with hydro-

chloric acids (2 M HCl) prevented the oxidation and

subsequent precipitation of redox-sensitive sub-

stances like ferrous iron and the co-precipitation of

DOC. Soluble reactive phosphorus (SRP) was

directly fixed by the chemical agents for P analysis

(see below) and measured within the same day. To

deal with the strong supersaturation of the porewater

with respect to CO2, air tight vessels were filled

completely with non-diluted samples for the deter-

mination of dissolved inorganic carbon (DIC) imme-

diately after collection of porewater.

Table 1 Selected peat characteristics and total contents of carbon (Ct), nitrogen (Nt) phosphorus (Pt), iron (Fet) and calcium (Cat) of

peat from three subsequent peat layers of the sampling site polder Zarnekow (mean, n = 3)

Sampling site Peat layers (m) Peat parent material dbdb

(g cm-3)

Hc OMd Ct Nt Pt Fet Cat

(%) (mmol g–1 DW)

Polder Zarnekow 0.1–0.2 Amorphousa 0.30 10 76 33 2.4 0.04 0.46 0.78

0.5–0.6 Tall-sedge 0.18 6 84 37 2.0 0.02 0.39 1.00

1.0–1.2 Tall-sedge 0.12 3 89 40 1.9 0.01 0.15 0.70

a Not identifiable
b Dry bulk density calculated from the dry matter according to Scheffer and Blankenburg (1993)
c Degree of peat decomposition according to von Post-scale (Puustjärvi 1970)
d Organic matter in % of dry weight determined by loss on ignition
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Field measurements

After 2 weeks of the rewetting of the polder

Zarnekow the in-situ monitoring of dissolved sub-

stances in the porewater was started. Contrary to the

laboratory study, non-rechargeable dialysis samplers

with 14 spaced chambers were used according to

Hesslein (1976). Always three dialysis samplers

were inserted into the peat close to the sampling

point of the peat used for the incubation study. New

samplers were introduced in the same sampling slits

to neglect effects of peat heterogeneity. The sam-

pling interval was monthly and the sampling depth

was restricted to 0.7 m (length of the dialysis

sampler). Sampling in accordance to the incubation

study, after 10, 14 and 54 weeks after rewetting, was

not possible due to ice cover during winter. The

sampling procedure is described in detail by Zak

et al. (2004). Accordingly, a homogenised composite

sample of the 14 chambers (over the whole sampling

horizon) was obtained for further analysis. In one

case study only, a 56 chambers sampler (1 cm

spaced chambers) was taken to yield the vertical

profiles of SRP, DOC and ammonium after 42 weeks

of rewetting.

Chemical analysis

For the determination of total P, C, N, Fe, and Ca

contents (Pt, Ct, Fet, Nt, and Cat) of the incubated

highly, moderately and slightly decomposed peat,

always three samples (*20 g) were dried to a

constant weight at 1058C and homogenised in a

stainless steel mill. Pt content of peat was determined

as SRP after acid digestion in a solution of 2 ml 10 M

H2SO4, 2 ml 30% H2O2 and 20 ml deionised water at

1608C for 6 h. Ct and Nt contents of peat were

measured with a CN-Analyser (Vario EL, Elementar,

Mt Laurel, NJ, USA). The Fet, Alt and Cat contents

were analysed after digestion with ‘‘aqua regia’’ in a

high pressure microwave oven (MLS GmbH) by

flame atomic absorption spectrometry. Dry weight

(dw) of peat was determined by drying three trials of

each sample at 1058C until constant weight. The

content of OM of the dry samples was measured as

loss on ignition (5508C, 4 h).

Before, and at the end of the incubation study, the

amount of bicarbonate–dithionite (BD) and NaOH

soluble P and OC of the highly, moderately and

slightly decomposed peat was determined using a

sequential extraction procedure slightly modified

from Psenner et al. (1984). Contrary to the ‘‘Psenner

method’’, the HCl step was done prior to the NaOH

extraction to release P and OC bound to Fe or Al

oxides, or calcium bound P, similar to Ivanoff et al.

(1998). Accordingly, the BD fractions consist of

reductant soluble P and OC mainly bound to Fe(III)-

hydroxides (Lijklema 1980; Buffle 1988), and NaOH

release labile, semi-labile and refractory P and OC

substances such as phosphormonoester, poly-P, fulvic

and humic acids (Hupfer et al. 1995; Ivanoff et al.

1998).

P concentrations in the BD and NaOH extracts

were measured after above mentioned acid digestion

to exclude analytical interferences with humic acids.

Hence, from now on the inorganic and organic forms

of P will not be distinguished between.

Soluble reactive phosphorus in the digested

extracts and in the porewater samples was measured

photometrically by the molybdenum blue method

(Varian, Cary 1E) according to Murphy and Riley

(1962) and ammonium in the porewater by the

indophenol method (Flow Solution III, Perstop).

DOC concentrations in the BD and NaOH extracts

and in the porewater samples and DIC porewater

concentrations were analysed with a C-Analyser

(TOC 5000, Shimadzu, Kyoto, Japan). Iron and

calcium concentrations in the porewater samples

and iron concentrations in the BD extracts were

determined by flame atomic absorption spectrometry

(Perkin-Elmer, 3300), sulphate and chloride pore-

water concentrations by ion chromatography

(Shimadzu). Porewater pH was measured by means

of probes (WTW1) as well as redox potential (Eh)

using a Pt electrode with Ag/AgCl reference elec-

trode. Hence, measured values were adjusted to

standard hydrogen potential and pH = 7 (E7 in V)

according to Galster (2000).

Saturation indices of mineral phases were com-

puted from the major dissolved species: Ca (2+), Fe

(2+, 3+), N (3-), Cl (1-), S (6-), P (5+), C (4+) in

porewater of rewetted peat according to the pH and

Eh using PHREEQC, Version 2 software (Parkhurst

and Apello 1999).

The computer program SPSS 9 for Windows

was used for statistical analysis (Repeated Mea-

sures Analysis of Variance and Post Hoc-Scheffé-

test).
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Results

BD and NaOH fractions of peat

An overview of the amount of BD and NaOH soluble

substances before and after the incubation experiment

(time: 54 weeks) is given in Table 2. The (initial)

amount of redox-sensitive Fe(III)-hydroxides (BD–

Fe) was significantly enhanced with increasing

degree of peat decomposition. Likewise, the highest

portion of BD–P was found in the highly decomposed

peat; on average fivefold higher than in moderately

decomposed peat and about 30-fold higher than in

slightly decomposed peat. The portions of BD–OC

were similar in highly and moderately decomposed

peat, but fivefold higher than in slightly decomposed

peat. Similar to the BD fractions, the amount of

NaOH soluble P and OC was related to the degree of

peat decomposition (see Table 2).

The molar ratios of Fe and P and OC of the BD

and NaOH fractions are summarised in Table 2. The

(initial) Fe : P ratios (BD-fractions) were lowest in

the highly decomposed peat (*15) compared to

moderately and slightly decomposed peat (44–94).

The lowest OC : P ratios (NaOH-fractions) were

found in the highly decomposed peat (734–831);

approximately twice as much in moderately decom-

posed peat (1,336–1,754) and three times as much in

slightly decomposed peat (1,845–2,674).

Overall, only slight decreases, or in some cases

also minor increases, of Fe, P and OC of the BD and

NaOH fractions and were found during incubation

regardless of the degree of peat decomposition

(Table 2). For example, for highly decomposed peat,

after 54 weeks of incubation, BD–P and NaOH–P had

diminished by 7 and 4%, respectively. However, all

changes were not significant (Repeated Measures

Analysis of Variance, p > 0.05).

Changes of redox potential and pH in the

porewater

The waterlogged conditions after rewetting led to a

continuously lowering of the redox potential (E7) in

the porewater of incubated peat layers, as well as

under in-situ conditions within the first 20 weeks of

rewetting (Fig. 2a). Lowest values of about 0.1 V

were reached in highly decomposed peat, somewhat

higher values in moderately decomposed peat as well

as in the field and highest values of about 0.3 V in

slightly decomposed peat. The initial pH of 5.5–6.0,

with lowest values in slightly decomposed peat,

increased to final values of 6.5–6.8 in porewater of all

incubated peat layers (Fig. 2b). Contrary to the

Table 2 Amount of bicarbonate/dithionite (BD) soluble Fe, P

and organic carbon (OC) and of NaOH soluble P and OC, and

molar ratios of Fe:P (BD fractions) and of OC:P (NaOH

fractions) before/after the rewetting and incubation (time:

54 weeks) of highly, moderately and slightly decomposed peat

according to von Post-scale (Puustjärvi 1970) (mean ± SD,

n = 3)

Highly decomposed Moderately decomposed Slightly decomposed

Before After Before After Before After

BD–Fe

(mmol g-1 DW)

107 ± 14a 108 ± 3a 81 ± 1b 77 ± 9b 20 ± 1c 16 ± 5c

BD–P

(mmol g-1 DW)

7.1 ± 0.9a 6.6 ± 1.0a 1.2 ± 0.6b 0.7 ± 0.2b 0.3 ± 0.02c 0.2 ± 0.01c

NaOH–P

(mmol g-1 DW)

15.1 ± 0.5a 14.5 ± 3.0a 6.9 ± 2.4b 5.4 ± 0.6b 2.4 ± 0.3c 2.5 ± 0.5c

BD–OC

(mmol g-1 DW)

2.0 ± 0.1a 2.6 ± 0.8a 2.2 ± 0.2a 2.3 ± 0.2a 0.5 ± 0.1b 0.7 ± 0.1b

NaOH–OC

(mmol g-1 DW)

11.8 ± 0.4a 14.3 ± 3.0a 10.6 ± 2.1a 10.3 ± 0.9a 5.2 ± 0.6b 5.4 ± 0.6b

Fe : P 15 ± 0.3a 17 ± 3a 73 ± 26b 110 ± 19b 73 ± 6b 86 ± 24b

OC : P 783 ± 48a 985 ± 2a 1,595 ± 227b 1,901 ± 97b 2,192 ± 411c 2,191 ± 181c

Different letters in columns indicate significant differences (before versus after incubation: Repeated Measures Analysis of Variance

and the effect of the degree of peat decomposition: Post Hoc-Scheffé-test, p < 0.05)
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incubation study, an increase of pH was not observed

in the field study. After rewetting, pH shifted to the

bicarbonate buffering range so all values became

6.6–7.1.

Trends of porewater sulphate and iron

concentrations

The beginning of rewetting was characterised by

extremely high sulphate concentrations, both in all

incubated peat layers and in-situ, in the range of 3–

13 mM (Fig. 2c). However, a rapid decrease of

sulphate concentrations was only observed in the

incubated highly decomposed peat layer. After

22 weeks of rewetting, sulphate disappeared almost

completely, whereas only slight decreases were found

in moderately decomposed peat and continued to

increase slowly for the slightly decomposed peat

during the whole incubation period. A strong

decrease of sulphate concentrations was also

observed under field conditions after 26 weeks of

rewetting, but the concentrations remained on a high

level of about 3 mM until the end of the investigation.

Iron concentrations were below 0.01 mM in all

incubated peat layers at the beginning and about

0.1 mM under in-situ conditions after 4 weeks of

rewetting (Fig. 2d). Highest concentrations were

found in the porewater of highly decomposed peat

and under in-situ conditions after 22 weeks of

rewetting (2.5 and 1.7 mM, respectively). Subse-

quently, a distinct decrease of iron concentrations

occurred in highly decomposed peat until 30 weeks of

Fig. 2 a–f The changes in

the redox potential (E7) and

the pH and the trends of

sulphate (SO4
2-), iron (Fe),

calcium (Ca) and dissolved

inorganic carbon (DIC)

concentrations in porewater

of incubated peat layers

with different degrees of

peat decomposition (highly,

moderately and slightly)

according to von Post-scale

(Puustjärvi 1970) and of in-

situ measurements

(mean ± SD, n = 3). No in-

situ porewater samples

could be obtained after 10,

14 and 54 weeks of

rewetting because of ice

cover during winter
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incubation and until 34 weeks under in-situ condi-

tions. The iron concentrations started to increase

again in the porewater of highly decomposed peat,

but not in-situ (Fig. 2d). Somewhat lower increases

of iron concentrations were found in the porewater of

moderately decomposed peat until a mean value of

1.2 mM was reached after 34 weeks of rewetting.

Only a minor increase of iron concentrations was

measured in slightly decomposed peat, resulting in a

final mean concentration of about 0.1 mM.

Trends of porewater calcium and DIC

concentrations

The highest increases of calcium and DIC concen-

trations were found in the porewater of incubated

highly decomposed peat and under in-situ conditions

(Fig. 2e, f). Again, somewhat lower increases were

measured in moderately decomposed peat and zero or

only minor increases in the porewater of slightly

decomposed peat. According to computed saturation

indices, the precipitation of siderite (FeCO3), arago-

nite (CaCO3) and other Ca and Fe containing

minerals took place after 22 weeks of rewetting in

porewater of highly decomposed peat as well as

under field conditions.

Trends of porewater P, DOC and ammonium

concentrations

The porewater concentrations of P, DOC and ammo-

nium were low at the beginning of the rewetting both

in the incubation and in the field study (Fig. 3a–c).

Generally, the highest increases of these dissolved

substances were measured in the porewater of highly

decomposed peat. Increases in P concentrations took

Fig. 3 a–c The trends of

soluble reactive phosphorus

(SRP), DOC and

ammonium (NH4
+)

concentrations in porewater

of incubated peat layers

with different degrees of

peat decomposition (highly,

moderately and slightly)

according to von Post-scale

(Puustjärvi 1970) and of

in-situ measurements

(mean ± SD, n = 3). No

in-situ porewater samples

could be obtained after 10,

14 and 54 weeks of

rewetting because of ice cap

during winter. d–f The

vertical profiles (1 cm

resolution) of in-situ

porewater concentrations of

SRP, DOC and NH4
+ in

polder Zarnekow fen after

42 weeks of rewetting. The

sampled horizon of (0–

60 cm) consisted of two

peat layers with different

degrees of peat

decomposition: highly

decomposed peat (H 7–10),

and moderately

decomposed peat (H 5–6)
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place until 50 weeks of rewetting, resulting in a final

P concentration of 143 mM. In comparison, the in-situ

P concentrations were about twofold lower during the

whole rewetting period. Almost no increases in P

concentrations could be found in porewater of

moderately and slightly decomposed peat (Fig. 3a).

Likewise, the highest in-situ P concentrations were

found in the upper highly decomposed peat layer and

significantly lower concentrations in the underlain

moderately decomposed peat layer (Fig. 3d). How-

ever, the in-situ P concentrations in the porewater of

the highly decomposed peat layer were two times

smaller, and of moderately decomposed peat a

hundred times larger, when compared to the incuba-

tion study.

The highest increases in DOC concentrations were

found in the highly decomposed peat up to 14 weeks

of rewetting (Fig. 3b). Subsequently, concentrations

varied between 38 and 46 mM until the end of the

investigation. DOC concentrations in moderately

decomposed peat and in-situ increased until 30 weeks

of rewetting and reached values about two to three

times lower than in highly decomposed peat. The

initial porewater DOC concentrations of slightly

decomposed peat declined from about 1.5 mM to a

final mean value of 1.1 mM. The vertical in-situ

measurement of the DOC concentrations after

42 weeks of rewetting showed a slight gradient of

minor increasing concentrations up to 20 mM until a

depth of 15 cm (Fig. 3e). Thereafter, the porewater

DOC concentrations were about two times lower in

highly decomposed peat and similar in moderately

decomposed compared to the incubation study

(Fig. 3b).

The ammonium concentrations at the beginning of

rewetting were below 0.2 mM both in the incubation

and the field study. Highest increases up to final mean

concentrations of 1.9 mM were measured in pore-

water of incubated highly decomposed peat compared

to 0.3 and 0.03 mM in moderately decomposed peat

and slightly decomposed peat, respectively (Fig. 3c).

Likewise high increases were found in the field study

until 30 weeks of rewetting. Subsequently mean

concentrations ranged between 0.7 and 0.8 mM. The

vertical in-situ measurement of the ammonium con-

centrations after 42 weeks of rewetting showed a

distinct gradient of increasing concentrations up to

0.5 mM until a depth of 10 cm (Fig. 3e). Below, the

concentrations ranged between 0.4 and 0.6 mM.

Thereafter, the porewater ammonium concentrations

were about three times lower in highly decomposed

peat and slightly higher in moderately decomposed

compared to the incubation study (Fig. 3c).

Discussion

Rewetting of long-term drained peatlands has been

shown to increase porewater concentrations of P,

DOC and ammonium (van Dijk et al. 2004; Zak

et al. 2004; Tiemeyer et al. 2005; Worrall and Burt

2005), which was also recorded for the site under

investigation in this study (polder Zarnekow). Pore-

water is also characterised by high sulphate concen-

trations in the initial stage of rewetting (Fig. 2c) and

is due to sulphide oxidation during the desiccation

period, as demonstrated for other fens in northern

Central Europe (Lamers et al. 1998; Gelbrecht et al.

2002; Lucassen et al. 2004). Specifically, sulphate

can be stored as gypsum (CaSO4) in the calcareous

peat of the investigated fen, which will be dissolved

after rewetting. Surprisingly the initial sulphate

porewater concentrations of incubated slightly

decomposed peat were also found to be high,

probably caused by sulphate leaching from upper

degraded peat horizons and/or seepage of sulphate

rich groundwater.

Our hypothesis that the upper highly decomposed

peat layer is mostly responsible for the high mobil-

isation of P, OC and ammonium after rewetting of

fens was confirmed by the results. Highest concen-

trations of P, DOC and ammonium were found in

porewater of highly decomposed peat (Fig. 3a–c).

Following processes must be taken into account to

explain the high increases of P, DOC and ammonium

concentrations:

• ion-exchange reactions between solid and aque-

ous phase (Olila et al. 1997; Beltman et al. 2000;

Kalbitz et al. 2000; Olde Venterink et al. 2002)

• cleavage of particulate OM by hydrolytic and

fermentation processes (Robinson et al. 1998;

Turner et al. 2003)

• microbial catalysed redox reactions in depen-

dence of the availability of reducible substances

(electron acceptors) and OM as electron donors

(Lamers et al. 2002; Lucassen et al. 2004; Aldous

et al. 2005; Shenker et al. 2005)
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• abiotic redox reactions such as reduction of

Fe(III)-hydroxides by hydrosulphides (Lamers

et al. 2002; Lucassen et al. 2004) or by phenolic

substances (Deiana et al. 1995; Pracht et al. 2001)

The continuously lowering of the redox potential,

coupled with high increases in iron and ammonium

concentrations and rapid decreases in sulphate con-

centrations during the incubation study imply that the

best conditions for microbial decomposition processes

exist in highly decomposed peat (Figs. 2a, c, d, and

3c). Microbial decomposition of OM leads further-

more to a release of CO2 and large concentrations can

be dissolved in the porewater, up to supersaturation

levels and with the potential for dissolving existing

carbonates (e.g. St Louis et al. 2003). Both processes

can explain the high increases in DIC and calcium

concentrations of highly decomposed peat.

Since Fe(III)-hydroxides are known to have high

binding affinities to both P and OC substances

(Lijklema 1980; Buffle 1988; Kalbitz et al. 2000),

the reduction of Fe(III)-hydroxides can explain the

strong increases of P and DOC in porewater of highly

decomposed peat. Hence, we expected a significant

decrease of Fe(III)-hydroxides and of the binding

partners P and OC in highly decomposed peat, which

was not confirmed by the results (Table 2). According

to a simplified calculation (upward diffusion or

microbial uptake not considered) about 8% of BD–

P must be dissolved to reach the final P concentra-

tions of 143 mM (water content of peat: 80%, amount

of BD-P: 4.6 mmol g-1 dw), which is similar to the

measured, but not significant decrease, of BD–P (7%,

Table 2). However, NaOH–P may also be responsible

for P release, since hydrolytic cleavage of particulate

OM is supposed to be an important process for P

mobilisation in peat soils too (Robinson et al. 1998;

Turner et al. 2003). The comparatively low OC : P

ratios of the NaOH-fractions suggest an enhanced

microbial availability of OM in highly decomposed

peat, supporting P mineralisation and/or mobilisation

(Chapin et al. 2003). The minor or non-significant

changes of P and OC fractions reveal that microbial

processes may have significant effects on the pore-

water concentrations of dissolved substances, but

only little or even no effect on the composition of the

solid phase during the incubation period of 54 weeks.

A release of Fe(III)-hydroxide bound substances due

to increasing pH up to maximum values of 7.2

(Fig. 2b) can be neglected, since the zero point charge

of Fe(III)-hydroxides occurs at pH 7.9–8.1 (Buffle

1988).

Strong increases of iron and DOC concentrations

were found in moderately decomposed peat too

(Figs. 2d, 3 b). The surprising lack of an increase

of P concentrations in porewater of moderately

decomposed peat can only be explained by the high

molar Fe : P ratios in the BD extracts of moderately

decomposed peat (*73, Table 2), whereas the ratio

was much lower in highly decomposed peat (*15).

Presumably, iron reduction did not result in a net P

release in the porewater of moderately decomposed

peat because P can be re-adsorbed at free sorption

sites on the remaining excess of Fe(III)-hydroxides

(Lijklema 1980; Jensen et al. 1999).

The lack of increases of P, DOC and ammonium

porewater concentrations reveal that P, C and N

mobilisation processes are of minor importance in

slightly decomposed peat (Fig. 3a–c). The signifi-

cantly lower amount of redox-sensitive bound P and

OC, as well as of NaOH soluble P and OC, may be an

explanation for these findings. In the slightly decom-

posed peat, the consistently very low-DIC concen-

trations over the incubation period, the lack of a

decrease of sulphate concentrations and the high-

OC : P ratios of NaOH extractable organic substances

reveal that microbial decomposition processes are

inhibited. An explanation might be the presence of

phenolic compounds as potent inhibitors of microbial

activity (Freeman et al. 2001).

Conclusions

1. The rewetting and incubation of different peat

layers clearly show the dependency of P, OC and

ammonium mobilisation processes on the degree

of peat decomposition. The significantly

increased supply of oxidising substances

[Fe(III)-hydroxides and sulphate] and the greater

availability of OM as electron donors in highly

decomposed peat, are responsible for the high P,

OC and ammonium mobilisation after fen

rewetting. And, strongly enhanced in-situ P,

DOC and ammonium concentrations in underlain

less decomposed peat layers are caused by

downward diffusion or leaching processes.
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2. The drainage of the studied area led to signifi-

cantly increased quantities of redox-sensitive

bound P and OC and also of NaOH soluble P

and OC substances in highly decomposed peat

layers. The minor decrease of these solid pools

implies that the enhanced P and OC mobilisation

could last for a longer period of time in rewetted

fens. The absence of an increase of P concentra-

tions in moderately decomposed peat, despite

high iron mobilisation, reveals the importance of

the Fe : P ratio of the redox-sensitive solid

phases.

3. The findings of this incubation study are import-

ant for the management of fen rewetting.

According to the results, a removal of the highly

decomposed peat layer is recommended to

reduce the high mobilisation of water polluting

substances after rewetting and to support the

re-establishment of the important ecological

functions of fens.
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