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Introduction 

The majority of fenland soils in Northeast Germany have been drained since the late 18th century. Peat drainage allowed an increasing intensity of agricultural land use until the early 1990s but regular cultivation also resulted in a severe peat degradation. Nowadays considerable efforts have been made to restore such degraded wetland sites (Pfadenhauer and Klötzli 1996). One representative example of restoration is the “Droemling” fen area (Fig. 1), which has experienced rising groundwater tables and significant land use change from intensive agriculture (crop and grassland farming) to unimproved pasture since the early 1990s. However, detailed investigations of the impact of Histosol (FAO classification system: synonyms: peat soils, fens) use and degradation on the nutrient cycle, and of re-wetting on the pollution of freshwater with Phosphorus (P) have been mostly reported from projects in the U.S.. Re-wetted Histosols were shown to be a source of continuous P-release for the next 30 years.

Today, only 36 % of the Droemling area is covered by organic soils (Histosols). Other significant soil types are mollic Gleysols, which lie adjacent to Histosols, and dry sandy soils (Cambisols).

Changing land use is often combined with an elevated nutrient export from soil to groundwater in the first month after implementation of the new land use system (Meissner et al. 1998). Especially phosphorus (P) is a problem for ground and surface waters in the “Droemling” fen area because of the increasing risk of surface water euthrophication. Simultaneously, the quality of groundwater recharge, which is necessary to ensure the drinking water supply for more than 400,000 people, is declining. Currently, the high P loadings in the Droemling catchment, and partly elevated concentrations in ground and surface waters of specific sites under restoration, demand research covering the unknown effects of fen restoration on nutrient dynamics. By contrast, other pollutants do not play an important role in this wetland area (Kalbitz et al. 1998). Therefore, the objectives of our study were

· to identify and quantify the effects of differences in land use intensity and land use change towards fen restoration on phosphorus in the soil solution and groundwater

· to determinate the effects of raising the groundwater table on the form and mobility of nutrients in the soil solution and groundwater. 

Material and methods

In accordance with the Droemling nature park authority, 6 representative sites with different land uses were selected (Fig. 1): 

Site 1:
long-term intensive crop farming with high fertilizer input (mineral soil)

Site 2:
long-term intensive grassland farming with high fertilizer input (mineral soil)

Site 3:
changing land use pattern from long-term intensive crop farming to an unimproved grassland (mineral soil)

Site 4:
unimproved grassland (extensive grassland farming with low input; organic soil)

Site 5:
formerly intensively used grassland in natural succession with a raised groundwater table (organic soil)

Site 6:
alder swamp forest (organic soil)

Since Spring 1996, we sampled topsoil (0 - 25 cm), soil solution at 3 depths (25 cm, 55 cm, 95 cm) by ceramic suction cups (3 replicates) and groundwater at intervals of 3 weeks over a period of 2.5 years. The studies were started immediately before initiation of the land use change at site 3. We analysed plant available phosphorus (PCAL, extraction with calcium lactate; VDLUFA 1991) in topsoil samples. Furthermore, total phosphorus (TP) and soluble reactive phosphorus (SRP) were analysed in all water samples according to German standard methods (DIN 38405, DIN 38406, DIN 38409). Additionally, the redox potential of the groundwater was measured in the field using a platinum electrode. The measured values were converted to the hydrogen electrode.

Results and discussion

The plant available phosphorus content of the soil determined by a standard method (PCAL) was used to characterize a mobile (plant available) P fraction as a possible source for P in the soil solution and groundwater. The highest amounts of PCAL were found in the topsoil of site 3 where maize was planted over a period of several years (Fig. 2). Annual P fertilization exceeded the plant uptake so that the soil was enriched with P. After the land use change to unimproved grassland, there is no opportunity to decrease this P content by plant uptake. In contrast, the other intensively used sites (site 1, 2) show PCAL amounts in the soil were more representative of this land use pattern. By comparison, the amounts of PCAL in the soil are low at the extensively or unused sites with an existing peat layer (site 4 - 6). However, the succession site (site 5) shows significantly higher amounts of PCAL in the topsoil compared to the other two sites (4, 6) containing a peat layer. This is the result of the previous high P-input grassland farming with at site 5 up to the early nineties, whereas site 4 and 6 have never been used for high intensity agriculture.

We did not find any direct effect of the different PCAL amounts in the topsoil on P contents (both TP and SRP) in soil either the solution or the groundwater. Only in the soil solution at 25 cm depth of site 1 (intensive crop farming) were there significantly higher P concentrations than at the other sites. This corresponds to results of Heckrath et al. (1995) showing that P-leaching is more likely to occur where continuously more P fertilizer is used than the crops require. The P contents of the soil solution at site decreased with soil depth up to 55 cm with no further effects of land use and fen restoration. 

Peaks in the TP contents of soil solution occurred after P fertilization. This hints at a possible P leaching mechanism at the intensively used sites getting periodical P amendments (site 1 and 2). At the intensively used grassland site, P concentration increased to 60 and 62 µg L-1 at 55 and 95 cm depths, respectively after P fertilization in spring 1996. Also, at the site with intensive crop farming, the TP concentration increased after P fertilization in spring 1997 and 1998. Maximum values of 175, 64 , and 48 µg L-1 at 25, 55 and 95 cm depths, respectively were measured (Fig. 3). 

TP and SRP concentrations in the groundwater are significantly higher than those of the soil solution at 95 cm depth at all sites (Fig. 3). Increasing P concentrations were observed in soil solution in 95 cm depth compared with 55 cm depth at the site being restored (site 5) and the alder swamp forest (site 6), both with an existing peat layer. This increase was caused by ascending SRP contents. Therefore, the increase in the proportion of SRP in TP is highest at these two sites. Measured redox potentials are lowest at the alder swamp forest site followed by site 5 and site 2, whilst, the soils of site 5 and site 6 had the highest contents of iron oxides (Fig. 4). These results correspond to the higher proportion of SRP at 95 cm depth at site 5 and 6 as described above. The increases in P content and in the SRP portion could be caused by an improved solubility of phosphate at low redox potentials. Fe3+ is converted to Fe2+ at the measured potentials (100 to 200 mV) which results in a greater dissolving of iron oxides and consequently in a mobilization of phosphate bound by these oxides. Sims et al. (1998) show that leaching losses from organic soil depend on sesquioxide content. Significant correlation's between redox potentials and SRP concentrations (and TP) support this hypothesis (Fig. 5). Also, high amounts of carbon available for microbes favor large reduction in the redox potential.

Groundwater P concentrations are significantly lower at site 3 and site 4 compared with our other sites. The proportion of SRP to TP are also lower at site 3 and site 4, whereas the redox potentials are a little higher (site 3: 137 mV, site 4: 149 mV, site 5: 115 mV, site 6: 97 mV). Therefore, the dissolution of phosphate bound by iron oxides should be less pronounced at site 3 and site 4 than at the other sites. 

The decisive influence of the redox potential on P concentration in the groundwater has to be considered when assessing the effects of raising the water table which will result in decreasing redox potentials and hence in increasing P contents. P mobilization will be especially high in soils with high contents of iron oxides and mobile P causing increased euthrophication risk. Mainly soils with an existing peat layer show high contents of oxides, but these soils have to be restored first. Therefore, before restoration can be started, the mobile P content should be decreased by a plant uptake to limit P mobilization. However, it is not known whether decreasing the amount of potentially mobile P is possible. Benke and Hermanspahn (1998) reported that effects of management activities to decrease plant available potassium contents of soils are only successful after 4 to 5 years. Whether this finding is also true for phosphorus needs to be investigated. Restoration of the succession site (site 5) was started with high plant available P contents of the soil. We have to conclude that the already high P contents of soil solution and groundwater at this site will grow if water tables are raised still further. The increase in the water table is necessary to ensure a successful restoration, i. e. to stop peat mineralisation (see previous section). 

Martin et al. (1997) showed that varying moisture conditions (change of drying and water-logging) favor high P contents in the groundwater. In the “Droemling” fen area such varying moisture conditions are especially pronounced at the alder swamp forest site and constitute an additional reason for high P concentrations in soil solution and groundwater. Furthermore, a potential risk of eutrophication increases if a movement of P into surface waters occurs.
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Figure 1. The Droemling Nature Reserve in Saxony-Anhalt, Germany
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Figure 2  Content of plant available phosphorus (PCAL) in the Droemling fen area


Figure 3 TP and SRP concentration (average value and standard deviation) in seepage and groundwater

Figure 4 Redoxpotential in the groundwater of the Droemling sites

Figure 5 Relation between Redoxpotential and P concentration in the groundwater of the Droemling sites
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