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Peatlands cover ~3% of the Earth's land area, but store ~30% of the global soil carbon (C), 10% of the global soil nitrogen (N), and 10% of global fresh water (Joosten and Clarke, 2002; Limpens et al., 2008). Drainage of peatlands induce aerobic conditions, which leads to carbon mineralization, peat degradation and concomitant emissions of carbon dioxide (CO2) to the atmosphere. It is estimated that 15% of global peatlands have been drained and are currently being used for agriculture and forestry (Joosten and Clarke, 2002). The drained fraction can be as high as 95% (e.g., Northern Germany). Drainage leads to subsidence of peat deposits by 0.5–4 m (Wösten et al., 1997; Pronger et al., 2014), and oxidation of peat organic matter from 100 to 20 wt% (Rezanezhad et al., 2016; Liu and Lennartz, 2019), causing a loss in their water storage and water filter function. Little is known about the function of peat soils with respect to water quantity and quality (Baveye et al., 2016; Rabot et al., 2018; Vogel et al., 2018). We combine key properties such as available water capacity and hydraulic conductivity to classify peat soils with respect to their function in the water cycle. We, also, identify soil physical parameters in order to estimate the filter and buffer potential of peat soils. We established a rating scheme that takes soil degradation into account and classifies the water related ecosystem services provided by peat soils. The classification scheme shall be further developed and may serve as a decision support tool for peatland restoration projects.

SOIL STRUCTURE AND HYDRAULIC FUNCTIONS OF PEAT

Pristine peat is formed of decayed plants and characterized by a low density and high organic matter content (e.g., >90 wt%; Figure 1). The most extraordinary feature of pristine peat is its high porosity, which easily exceeds 90 vol% with a dominance of macropores (>50 μm; Figure 2A). These macropores facilitate water movement and solute transport (Quinton et al., 2009; Rezanezhad et al., 2016). Therefore, greater saturated hydraulic conductivity values (Ks) are observed in pristine peat than in degraded peat (Figure 2B). Drainage of peatland accelerates carbon mineralization, resulting in a higher bulk density and a lower porosity. Here, we propose bulk density as a proxy for peat degradation (Liu and Lennartz, 2019). The relationship between physical properties and peat degradation has been studied (Boelter, 1969; Schindler et al., 2003). Macropores in low to moderately degraded peat soils (e.g., bulk density <0.2 g cm−3) are formed by the undecomposed parent plant material, which functions as a channel/pipe system (Figure 1). With increasing bulk density from 0.2 to 1.0 g cm−3, macroporosity remains constant because of the formation of secondary macropores (e.g., root channels; Figure 1; Liu and Lennartz, 2015).
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FIGURE 1. Morphological structure of peat soils at various degradation stages (pristine, moderately degraded, and highly degraded). SOM, soil organic matter; BD, bulk density.
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FIGURE 2. Pore structure (total porosity and macroporosity; A) and saturated hydraulic conductivity (Ks; B) of peat soils along a bulk density gradient. Data source from Liu and Lennartz (2019).



A strong negative linear relationship was observed between total porosity and bulk density (R2 = 0.82, p < 0.001; Figure 2A). In contrast, a power-law relationship was detected between macroporosity (>50 μm) and bulk density (Figure 2A). With an increase in bulk density, from 0.01 to 0.2 g cm−3, Ks decreased dramatically (Figure 2B), because macroporosity is markedly reduced with peatland degradation. A negative linear relationship was observed between log10Ks and bulk density. With increasing bulk density, from 0.20 to 1.0 g cm−3, Ks almost remains constant with a large variance (Liu and Lennartz, 2019).

CLASSIFICATION OF PEAT SOIL HYDRAULIC FUNCTION

We categorized degraded peat soils according to their function in the water cycle. We created five classes of peat soils from pristine (P) to extremely degraded (E). This classification scheme is not based on an expert system (e.g., von Post degradation scheme; Von Post, 1922) but on independently measured bulk density, which assures easy applicability and—more importantly—comparability with different studies.

We suggest a combination of saturated hydraulic conductivity (Ks) with available water capacity as core parameters of soil-water-interactions to characterize a given site in a hydrological sense (Table 1). The available water capacity (AWC) is defined as the volumetric soil water content between matrix potentials at −60 and −15 000 hPa (Schwärzel et al., 2002). It has to be noted that the AWC for peat soils (0.1–0.7 cm3 cm−3) has a broader range than that for mineral soils (0.1 to 0.3 cm3 cm−3; Merdum, 2010). Pristine peat has a low AWC (0.05 to 0.3 cm3 cm−3). However, water storage, defined as the total water content in length units (W = θ*z, with θ = volumetric soil water content and z = considered soil depth) at the actual ground water table, is nonetheless high because the ground water table in pristine peat is always near the surface. In this situation, macroporosity is included as a part of storage capacity. Soil subsidence and the associated loss of water storage is not reflected in the AWC. We employed the AWC because it is the most commonly and readily available parameter in soil science, even though it does not correctly depict water storage. Also, the definition of water storage capacity depends on various assumptions (e.g., soil volume change by shrinkage and subsidence; Price, 2003), which adds uncertainty to any classification scheme.


Table 1. Hydrological classification of degraded peat soils based on saturated hydraulic conductivity (Ks) and available water capacity (AWC, cm3 cm−3).
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Interpretation of the classification scheme must consider current and future management of peatland sites. For instance, if a site is to be rewetted as a restoration measure, minimum requirements of water conductance need to be fulfilled. Difficulty may arise when managing the groundwater table in highly degraded peat soils because of the low hydraulic conductivity.

In cases where water is supplied through storm surges and flooding, as in coastal wetlands, highly degraded peat horizons at the soil surface may hinder water infiltration, causing the formation of shallow lakes. This would mean a system-shift from a (degraded) peatland to a lake ecosystem with severe consequences to bio-geochemical cycling and the biota (Jurasinski et al., 2018). In this context, the derived scheme (Table 1) may help create an appropriate management strategy.

Table 1 indicates that the AWC of pristine and minor degraded peat soils spans a wide range of values (Liu and Lennartz, 2019). High Ks values are only found for pristine and minor degraded peat soils. The high variance in AWC values for pristine and minor degraded peat reflects the presence of a significant fraction of macropores, which easily exceeds 50% of the total porosity. Small changes in pore structure and/or the method of AWC determination may lead to higher or lower values of AWC. Even highly degraded peat soils might have AWC values exceeding 0.5 cm3 cm−3, which makes them an important component in overall landscape water storage. If the degradation is severe and the bulk densities are >0.4 g cm−3, AWC decreases, resulting in a loss of ecosystem service.

Soil function is categorized into three classes (Table 1). Green indicates that the peatland provides maximum ecosystem services in terms of water holding capacity and conductance. Such circumstances are found in pristine, minor degraded and moderately degraded peat soils only. Peat soils having Ks values below 1 or even below 0.01 cm h−1 are limited in the service they can provide because they function as a hydraulic barrier, which hampers restoration efforts. Gabriel et al. (2018) created an evaluation scheme that classifies the hydraulic properties of various peat soils. The classification scheme provided in this study differs from the aforementioned in the way hydraulic properties are combined and the way peat degradation is explicitly addressed.

SOLUTE TRANSPORT AND THE RISK FOR PREFERENTIAL FLOW

The filter and buffer functions of soil are of prime importance in the estimation of ecosystem services. Peatlands play a crucial role in this because they are frequently located in ecosystem transition zones connecting mineral soils with aquatic ecosystems. For instance, in lowland catchment areas, fen peat is often formed along rivers (riparian fen). Surface and groundwater movement between land and water could pass through a fen. In agricultural settings, where mineral soils are intensively used, and fertilizers and pesticides are massively applied, the filter and buffer function of a riparian fen is the sole element protecting water quality. However, depending on the history of the peat (e.g., agricultural usage) and current water management, riparian fens may also act as a source, especially for nutrients such as phosphorus (Zak and Gelbrecht, 2007). Coastal wetlands are another example of transition ecosystems that contain peat soils. Coastal peatlands are found, for instance, along the southern Baltic Sea coast where they form unique habitats (Kreuzburg et al., 2018). Rising sea levels and a sinking coast may increase the frequency of flooding of coastal areas. In cases where dunes and dykes are removed for restoration purposes, coastal peatlands might get frequently flooded with seawater. In such situations, the role of peat soil is two-fold. Seawater might carry pollutants such as micro-plastics, which get filtered out in the peatland. Additionally, peat soils are a source of nutrients and complex organic molecules, which might reach coastal waters either with the retreating seawater or with submarine groundwater fluxes originating from the wetland. In either case, sink or source, physical peat properties will determine the extent of exchange and solute transport.

In peat soils, filter and buffer functions will depend on state variables such as hydraulic head and properties, which determine how homogeneously the soil matrix is penetrated by any given compound. It is well-known that solute transport, including preferential transport, in soils is non-equilibrated (Flury et al., 1994; Jarvis, 2007; Vogel et al., 2010). In such cases, a solute bypasses the soil matrix and retention mechanisms are non-operational. Early arrival of high concentrations of hazardous substances in ground and surface waters is a clear indication of non-equilibrium transport (Heathwaite and Dils, 2000; Jørgensen et al., 2002).

Several studies have suggested that a variety of parameters will help quantify non-equilibrium in solute transport (Lennartz et al., 1997; Kamra and Lennartz, 2005; Koestel et al., 2011). Here we suggest the mobility index (MI) as a parameter to characterize the extent of preferential flow in soils. The MI is the ratio of measured pore water velocity (vmeasure) to fitted pore water velocity (vfit) as obtained from a model (Lennartz et al., 1997; Liu et al., 2017). It should be noted that the solute transport database for peat soils is very limited. Only recently a few studies provided solute transport data, which classified peat soils with respect to solute transport (e.g., Liu et al., 2017). Our results have to be considered in the light of data scarcity.

The macro-pores of undegraded peat soil are part of the primary pore space formed by plant residues and form a highly connected space. The macro-porosity of peat soil differs from those of mineral soils because macro-pores in mineral soils belong to the secondary pore space originating from biological activity (worm burrows, plant roots) and formation of soil peds (aggregation). In mineral soil, the macro-pores are often less connected to the rest of the pore space than in pristine peat soil. In landscapes with pristine peat soil and water tables that are close to the soil surface, macro-porosity is also an indicator of connectivity. It can be expected that macro-porous peat soil (macroporosity >50 vol%) is well-connected to adjacent ecosystems (e.g., mineral soils), because a high saturated hydraulic conductivity ensures (horizontal) water exchange between ecosystem compartments.

We combined macro-porosity with the mobility index, as derived from leaching studies employing conservative tracers [Table 2; data source from Liu et al. (2017)]. This combination is used to assess the potential filter and buffer functions provided by a soil (e.g., ecosystem services). For peat soils, conservative tracers such as bromide, are retarded resulting in MI values > 1 (Boudreau et al., 2009; Liu et al., 2017). No solute transport data is available for pristine peat, which could be related to experimental difficulties in handling pristine peat samples with a porosity above 90 vol%.


Table 2. Classification scheme for the “filter and buffer function” of peat soils as based on the macro-porosity and mobility index (MI).
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In accordance with the scheme for water storage and conductance (Table 1) we developed a system that ranks a peat soil's ability to filter and buffer dissolved compounds. From Table 2, it is evident that extremely degraded peat soils possess a high risk of preferential transport. The risk that these extremely degraded soils are penetrated by compounds from the (permeable) adjacent mineral soils is, however, low because they are not well-connected. A risk for preferential flow might be relevant if a site is to be rewetted. Peat soil may become a source of various compounds. Ground and surface water may become contaminated because mobilized substances are transported along preferential pathways (e.g., DOC, phosphorus etc.). Our classification may help in determining remediation measures; however, the scheme is in the discussion phase and the database needs to be expanded. The suggested approach creates new pathways for creating classification schemes for peat soils.
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