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Abstract

:

In this study, we analyzed Dissolved Reactive Phosphorus (DRP) and Total Phosphorus (TP) concentration dynamics over two years in surface waters of five nested catchments in northeastern Germany. Based on this, we constructed a filter box filled with iron-coated sand for Phosphorus (P) removal at the edge of a tile-drained field. Results of the filter box experiment were used for a model scenario analysis aiming at evaluating the P removal potential at catchment scale. DRP and TP concentrations were generally low but they exceeded occasionally target values. Results of the filter box experiment indicated that 28% of the TP load could be retained but the DRP load reduction was negligible. We assume that DRP could not be reduced due to short residence times and high flow dynamics. Instead, particulate P fractions were probably retained mechanically by the filter material. The scenario analysis revealed that the P removal potential of such filters are highest in areas, in which tile drainage water is the dominant P source. At a larger spatial scale, in which other P (point) sources are likewise important, edge-of-field P filters can only be one part of an integrated catchment strategy involving a variety of measures to reduce P losses.
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1. Introduction


Phosphorus (P) as an essential nutrient for plant production can cause eutrophication with negative ecological and economic consequences when excessively introduced into lakes, rivers and oceans [1]. P pollution of surface water bodies is considered a widespread and serious problem [2]. In Germany, 23,000 t P are discharged into surface waters every year. Although P losses have been reduced by 72% in recent decades, in particular due to technical improvements of wastewater treatment plants, the ecological status of many surface waters is still unsatisfactory [3]. Currently, only 8.2% of German water bodies achieve the “good ecological status” according to the EU Water Framework Directive [4].



Today, agriculture is to be considered the main driver of nutrient pollution in surface waters [5]. In Germany, 50% of the P inputs are attributed to agriculture [6] and artificial drainage can be one of the main P sources in tile-drained areas [7,8]. Artificial drainage as a widespread agricultural practice aims to remove excess water from the soil, promote aeration, and ultimately increase crop yield. On the other hand, there is a high risk for P leaching due to short travel times of water in the unsaturated soil zone [9]. This is evidenced by increased P concentrations in drainage water after runoff events in comparison to baseflow conditions [5,10,11]. Various factors controlling P concentrations in surface waters are discussed, including the P supply of soil [7], the proportion of agricultural land [12], the distribution of arable and grassland [13] and the type of tillage [14]. Studies on the influence of fertilization do not provide any clear dependencies [15,16], but emphasize the site specifics and the role of legacy-P for leaching [8,17].



Against the background of widespread high P inputs in coastal waters, Germany has to reduce annual P inputs into the Baltic Sea by 170 t according to the Baltic Sea Action Plan [18]. Therefore, there is an urgent need to identify P input pathways and to introduce suitable management measures to reduce P losses. A decisive starting point to approach these goals are measures in agricultural areas [19]. Good agricultural practices and land-based measures such as the reduction of P surpluses, optimum fertilizer management and the creation of riparian buffer strips are apparently not sufficient to reduce the P load in surface water bodies to an ecologically acceptable level [14]. A bundle of P removal technologies to treat drainage water exists that potentially can help to achieve the required reductions. However, there is a lack of studies in the field and the long-term performance of these technologies is often still unclear [20]. Those potential technologies in tile-drained fields include, for example, the installation of P filters at the end of drain collectors. While filter technologies and materials have been evaluated in the field in Denmark [21] or Belgium [22], those techniques have only been rarely tested to date at drainage plots in Germany [23]. Based on successful field tests, eco-hydrological models can eventually help to assess the efficiency of P removal technologies at a catchment scale and they can act as support systems for decision makers.



Today there is a basic understanding of the causes, sources and consequences of P input into surface waters and artificial drainage is widely accepted as an important pathway of P [7,8]. However, there is still a lack of long-term site-specific data with a high temporal resolution across various spatial scales. This data are crucial to better understand the spatial P transport mechanisms from the source to the sea and to derive appropriate management strategies. Based on these considerations, the aims of the present study were firstly to analyze the P concentration dynamics across different spatial scales. Secondly, we evaluated the P removal potential of a filter box filled with iron-coated sand installed at the edge of a tile-drained field. Thirdly, we estimated the reduction effect of P filters in catchments of different sizes using the Soil and Water Assessment Tool [24].



For this study, we considered the two most important P forms: Dissolved Reactive Phosphorus (DRP) and Total Phosphorus (TP). The study was conducted in an agricultural lowland river basin in northeastern Germany.




2. Materials and Methods


2.1. Study Site


Five nested catchments in northeastern Germany were investigated (Figure 1, Table 1). The Warnow river basin (WRB) as the largest of the studied catchments is 3041 km² in size and discharges near the city of Rostock into the Baltic Sea. It is characterized by gentle slopes with elevations ranging from sea level at the outlet to 146 m a.s.l. at the basin’s boundary. The WRB is sparsely populated with villages and smaller towns. Mean annual precipitation is 647 mm and a mean annual temperature is 9.1 °C in this area. The region is occasionally covered with snow in winter. Mineral soils with a predominance of hydromorphic soils such as Gleysols and Stagnosols as well as Cambisols and Luvisols are characteristic for the basin. A typical feature of the region is the presence of subsurface tile drains to improve soil moisture conditions. 18% of the catchment is estimated to be drained by tile drainage systems. The second largest watershed is the catchment of the river Zarnow, which is a tributary of the river Warnow. This catchment is 49.6 km² large and intensively agricultural used. As in all investigated catchments, land use is dominated by arable land. The Brook catchment, which is located completely within the Zarnow catchment, is 16.2 km² in size and land use is similar to the Zarnow catchment. For those two catchments, the relatively high proportions of grassland (31%) are remarkable. The Ditch catchment, which is part the Brook catchment, covers an area of 181 ha and consists almost entirely of arable land. 87% of this catchment is tile-drained. The drainage pipes are located at a depth of 1.1 m, with a spacing of 8–22 m due to the heterogeneity of the soil. Predominant soil types in the ditch catchment are Luvisols, Stagnosols and Gleysols. The soil texture was mainly identified as sandy loam, but occasionally, loamy sands, loams, or silt loams were found as well. As expected, the soil hydraulic conductivity (ks) within this catchment varied widely (topsoil: 0.03–4.4 m/day; subsoil: 0.01–0.58 m/day) [16]. The Drainage plot that lies within the Ditch catchment is part of one field with conventional cultivation. Here, the drainage spacing is 8 m. The ks value of the topsoil of the drainage plot was approximately 0.4 m/day, while ks of the subsoil was slightly lower (0.17 m/day) [16]. The drain discharge occurs mainly during the winter period from November to April because of a precipitation surplus caused by lower temperatures and low evapotranspiration rates. During the growth period in summer, generally only small and infrequent flow events take place, and also smaller ditches frequently fall dry [25]. The P-Filter plot is similar to the Drainage plot with regard to size (4.6 ha), land use (same field) and tile-drainage specifications.



Field cards that were provided by the local farmer contain detailed information about P fertilization and P uptake by crops for the Drainage plot, the Ditch, and the Brook catchment. Since the farming practice is typical for the region, it can be assumed that the given numbers are valid for the entire Warnow river basin as well. According to the field cards, P was applied on arable land as mineral and organic fertilizers and ranged depending on agricultural crops from 11 to 75 kg/(ha year. The calculated P output by crop uptake is approximately equal to P input by the fertilizers. The P nutrition status of 50–80 mg/kg plant available P in the top soils, determined by double lactate extraction, can be described as optimal according to the German nutrient classes [26].




2.2. Experimental Setup, Sampling Strategy, and P Analysis


Streamflow data at a daily and P concentration data at a biweekly (Warnow) to monthly (Zarnow) resolution for the rivers Warnow and Zarnow were provided by the State Office for Environment, Nature Conservation and Geology Mecklenburg-Western Pomerania. For the remaining three catchments, data were collected using monitoring stations run by our working group.



At the Brook and at the Ditch, the water levels were permanently recorded using a pressure sensor (Brook) and an ultrasonic sensor (Ditch). We conducted frequent (usually once per week) discharge measurements at these two stations with an inductive flowmeter to develop the rating curves. The discharge at the collector drain outlet of the Drainage plot was recorded automatically using a Venturi flume. All three sampling stations were each equipped with an automatic water sampler (Teledyne Isco, Inc., Lincoln, NE, USA). The samplers were equipped with 24 bottles. In each bottle, a composite sample consisted of two sub-samples taken every three hours, which corresponds to six hours. To obtain a daily sample, the water of four bottles were merged into one composite sample for further analysis. During the winter discharge periods (November–April), we took on average three samples per week and station. During low flow periods (May–October) especially in summer, the sampling density was reduced to ca. two samples per week and station.



The discharge at the P-Filter plot was, identical to the Drainage plot, recorded automatically using a Venturi flume. A cylindrical filter box (height = 200 cm, radius = 45 cm) was installed at the end of the collector drain and before the Venturi flume on this site (Figure 2). The geometry of the filter box is based on discharge measurements in previous years. This box was filled with iron-coated sand (porosity: φ = 0.52), which was a byproduct from drinking water production. The iron-coated sand was washed and sieved in advance (<3.2 mm) to prevent clogging. Laboratory experiments in advance showed a very high P sorption capacity of the iron-coated sand (1247 mg/kg) confirming the suitability of this product as a P filter in the field. The hydraulic residence time (HRT), based on flow rates between 0.4 and 3.0 L/s, ranged from 54 s to 370 s (mean: 165 s) and was calculated according to the following equation:


  H R T =   V ∗ ϕ  Q   



(1)




where HRT is the hydraulic retention time (s), V is the Volume of the filter box (L), φ is the porosity of the filter material (-), and Q is the flow rate (L/s).



During the investigation period, all drainage water passed the filter material. Water samples were taken from January to April 2018 manually once a week before and after the filter box for further analysis.



The collected water samples were subdivided into two subsamples. The subsample for DRP was filtered immediately using a 0.7 μm glass microfibres filter (VWR, Germany, pre-combusted at 450 °C for 4 h). The subsample for TP analysis was unfiltered transferred into a Falcon tube, which was stored at −20 °C until measurement. TP was analyzed in the thawed sample colometrically after oxidation in alkaline medium in a microwave (CEM GmbH, Kamp-Lintfort) followed by DRP analysis using the molybdenum-blue method by colometrically measurement (Specord40 (Analytic Jena, Jena, Germany)).



Daily TP loads were calculated by multiplying streamflow and P concentrations. P concentrations were interpolated for days, at which no measured P concentrations were available. Annual P loads were calculated by summing up daily values.




2.3. Catchment Modeling


We evaluated the potential P removal efficiency of filter boxes in tile-drained areas with the help of a modeling experiment. Preconditions for such an analysis are (i) a reasonable simulation of the P loads for the respective catchments, (ii) knowledge about the P sources, and (iii) the extent of tile-drained areas (Figure 3).



The underlying basis for the simulation experiment was a calibrated eco-hydrological model by using the Soil and Water Assessment Tool (SWAT) for the Warnow river basin and its sub-basins. Details of the model development and simulation results are published in Bauwe et al. [27]. The simulated annual area-weighted TP loads for each catchment were taken from the model output and compared with measured data. The model output provides also different P sources (wastewater treatment plants, surface runoff, tile drainage water, and groundwater) that were checked for plausibility, and these were taken for further analysis.



Based on own results (Section 3.2) and results from a partner project [22], we developed three different scenarios assuming a 30%, 40% and 50% TP reduction efficiency of the filters. For this study, we assumed an extreme scenario meaning that all tile-drained areas are equipped with P filters. The results therefore describe the maximum potential to reduce the overall TP load that P filters at drainage outlets may have in the Warnow river basin.





3. Results and Discussion


3.1. P Concentrations across Different Spatial Scales


DRP and TP concentrations were relatively low in 2017 and 2018 at all scales (Figure 4). Mean DRP and TP concentrations at the Drainage plot, Ditch, Brook, Zarnow and Warnow were 0.021, 0.015, 0.022, 0.066 and 0.045 mg DRP/L and 0.056, 0.064, 0.064, 0.125 and 0.099 mg TP/L. These concentrations are typical for the catchments and have not changed during the last 15 years. An intensive monitoring at the Drainage plot, Ditch and Brook between 2003 and 2006 revealed similar DRP and TP concentrations [16]. Additionally, official monitoring data for the Zarnow and Warnow indicate comparable DRP and TP concentration since the early 2000s [28].



The sampling frequency at the Drainage plot, the Ditch and the Brook was much higher compared to Zarnow and Warnow (Figure 4). That might be the reason for capturing extraordinary high P concentrations recorded at a few days in the drainage and Ditch water. For example, at 13 January 2016, DRP and TP concentrations reached values of 0.56 and 0.72 mg/L in the Ditch. These high concentrations were probably triggered by a snowmelt event leading to surface runoff transporting notable amounts of sediments loaded with P. Another striking event occurred in 2017, which was an extremely wet year, on July 25 with DRP and TP concentrations of 0.46 and 0.67 mg/L in the drainage water. These high P concentrations were presumably triggered by a large storm event of 19.1 mm of rain during that day. In particular, P rich ochre flocs in the drainage pipes can be an important P source during storm events in this area [30]. These two examples underpin the importance of hydro-meteorological events on P losses, at least at small spatial scales and they call for an intelligent sampling design to capture extreme values. At the Zarnow and Warnow, river samples were taken either biweekly (Warnow) or once a month (Zarnow) (Figure 4). Following such a sampling design makes it difficult to capture extreme events and to calculate reasonable annual loads, since a small number of events often controls annual P loads.



The magnitude of P concentrations at the Drainage plot, at which usually no flow occurs in summer (Figure 4), is largely driven by hydrological events, which is typical for tile-drained catchments [11,15]. Instead, P concentrations are controlled to a large degree by season at the higher spatial scales. In these catchments, P concentrations increased under low flow conditions during summer and they decreased under high flow conditions in winter (Figure 4). In particular, during summer, the thresholds for a good ecological status in surface water bodies were frequently exceeded for both DRP and TP (Figure 4). Those seasonal effects in the same catchments have been described by other authors [31]. They are often associated with point sources, which will be diluted during high flows and will be amplified during low flow [32,33]. This might partly explain those effects for the entire Warnow river basin—e.g., 82 wastewater treatment plants are located within the basin—but not for the Zarnow, the Brook and the Ditch sub-catchments, at which point sources do not exist therein. Another explanation might be DRP release from sediment under anoxic conditions in summer [31]. Therefore, it can be assumed that the seasonal patterns for TP are probably controlled by the diluted P fractions. Detailed water analysis at several stations of the Warnow river basin revealed that dissolved P fractions such as DRP (due to sediment release) are dominant forms of TP in summer, whereas particulate P fractions dominate in other seasons [31]. P filters, installed at the end of drain collectors, might help to reduce P concentrations throughout a year. However, these systems need to handle the extremely dynamic flow conditions (Figure 4) in tile-drained catchments.




3.2. Filter Box to Reduce P Losses from Tile-Drained Fields


Figure 5 visualizes the temporal development of discharge and DRP and TP concentrations in front and behind the filter box. As expected, DRP concentrations were notably lower compared to TP concentrations. DRP concentrations at the inlet of the filter ranged from 0.01 to 0.05 mg/L. The range of DRP concentrations after the passage of the filter box was identical. TP concentrations at the inlet ranged from 0.03 to 0.12 mg/L, while TP concentrations were lower after the passage of the filter box and ranged from 0.02 to 0.10 mg/L. There is a very weak tendency for DRP and TP to increase with rising drainage water flow.



The effect of the P filter is best visible when concentrations of the outlet are plotted against concentrations of the inlet (Figure 6). The DRP concentrations at the filter inlet and filter outlet were similar and fluctuated consequently around the 1:1 line. The particulate P fractions were well retained by the filter (Figure 6 right). The TP concentrations at the filter outlet were always smaller than at the filter inlet. The trend line in Figure 6 right indicates that the larger the P concentrations at the filter inlet, the greater the P reduction.



In order to quantify the effectiveness of the P filter box, P loads were calculated for the investigation period by multiplying flow and concentrations for the filter in- and outlet. Between January and April 2018, a total of 62 g DRP/ha and 138 g TP/ha was calculated using the concentrations of the filter inlet. After the passage of the P filter, the loads summed up to 61 g DRP/ha and 99 g TP/ha result. This means constant loads for DRP but a significant load reduction of 28% for TP.



It can be concluded that due to the short residence times of the water in the filter, dissolved P fractions could not be converted into insoluble P compounds by precipitation reactions with the iron-coated sand. Particulate P fractions were probably retained mechanically by the filter material or the filter box. This was demonstrated by the deposition of sediments at the bottom of the box at the end of the runoff period. Therefore, it can be assumed that other filter materials such as sand would also be able to remove particulate P fractions [34]. Our field experiment has shown that P filter boxes at drainage outlets are in principle capable to significantly reduce P loads even at very low P concentrations. Nevertheless, P filter boxes are more efficient when P concentrations are higher. A recent study conducted in Flanders (Belgium) using the same filter material showed the great potential of P filter boxes to remove P from agricultural drainage waters, when boundary conditions are optimal [22]. DRP removal efficiencies of >73% were achieved in a field test, when discharge rates were <7 m³/day and DRP concentrations were >0.1 mg/L. In contrast, discharge rates at our Drainage plot were 86 m³/day on average and DRP concentrations were <0.1 mg/L. In addition, Vandermoere et al. [22] reported on retention times varying from 226 to 2700 s that were much higher compared to our field experiment (54 to 370 s). This leads to the conclusion that the combination of low DRP concentrations and high discharge rates resulting in low residence times were unsuitable conditions to remove DRP. DRP concentrations >0.2 mg/L for an efficient DRP removal are also suggested by other authors [35]. However, researchers still face the challenge to deal with storm events that lead to high discharge rates transporting higher P loads [22,36,37].




3.3. P Removal Potential of Filter Boxes at Catchment Scale


TP loads at the different spatial scales were generally reproduced well by the model (Figure 7). Annual measured and simulated TP loads accounted for 0.09 kg/ha for the Drainage plot. Annual measured TP loads for the Ditch catchment were slightly higher. For this catchment, the model clearly overestimated the annual TP loads. Annual TP loads were lowest for the Brook catchment and modeled loads (0.05 kg/ha) were similar to measured values (0.04 kg/ha). Measured annual TP loads at the Zarnow and Warnow catchment outlets accounted for 0.12 kg/ha and 0.15 kg/ha, respectively, and the modeled values nearly matched the measured ones (Figure 7). While the TP loads for the Drainage plot, Ditch, Zarnow and Warnow catchment ranged from 0.09 to 0.15 kg/ha, it is striking that they were considerably lower in the Brook catchment (0.04 kg/ha). The differences of the TP loads can be attributed to a different discharge behavior. Assuming similar TP concentrations (Figure 4), TP loads are controlled by discharge. Mean annual discharge in the Brook catchment was much lower (65 mm) compared to the other catchments (from 100 to 156 mm) (Table 1), which resulted in comparably low TP loads. At the other end of the spectrum, discharge was highest at the Warnow river basin outlet (156 mm). Together with relatively high TP concentrations (mean value 0.1 mg/L), TP loads were correspondingly higher.



The TP sources differed between the catchments (Figure 7). While TP completely originated from tile drainage water at the Drainage plot, the proportion of drainage water on the overall TP load decreased with increasing catchment size. Instead, other sources come to the fore. For example, the proportion of TP originating from groundwater increased from 2% in the Ditch catchment to 68% for the entire Warnow river basin. The proportion of TP transported via surface runoff was highly variable between the catchments and reached highest values in the Brook catchment (42%), whereas TP from surface runoff played only a minor role for the entire Warnow river basin (4%). Due to the relatively flat topography of the Warnow river basin, this low value seems reasonable, while the model probably overestimated the TP loads transported by surface runoff in the Brook catchment.



The different proportions of TP sources had implications on the removal efficiency of P filters at catchment scale. Apparently, the effect of P filters on TP loads was clearly dependent on the extent of tile-drained areas in the respective catchments (Figure 7). The TP reduction at the Drainage plot was identical with the P removal efficiency of the three filter configurations. That means that, depending on the filter, 30% to 50% TP could be removed here. TP removal for the Ditch catchment was also high, because 72% of TP load in the Ditch originated from tile drainage water. For this catchment, TP loads could be reduced between 21% and 36%. TP reduction for the other three catchments were similar and ranged between 7% and 14%.



The results indicate that under the most optimistic scenario, meaning that all tile-drained areas in the Warnow river basin are equipped with P filters and achieve a P removal efficiency of 50%, a total of 5.7 t TP/year could be retained. This reduction is still less than half of what would be required according to targets of the Baltic Sea Action Plan ([18]; estimated reduction for the Warnow river basin = ca. 13 t TP/year). Considering the economic costs for the filter box installation and manpower for maintenance of the filters, it is hard to believe that the calculated reductions will be achieved in practice. However, the scenario calculations reveal the theoretical potential of P filters in tile-drained areas that can help practitioners to evaluate the optimal setup of different P reduction measures in a catchment. Future research should focus on long-term field studies to optimize the removal efficiency of P filters. P filters should be tested with different filter configurations and materials over longer periods of time capturing varying hydro-climatic conditions to obtain best technical solutions considering the particular characteristics of individual drainage plots.





4. Conclusions


The two-year analysis in five nested catchments in northeastern Germany revealed generally low DRP and TP concentrations. Increased DRP and TP concentrations above target values, probably caused by DRP release from river sediments, were observed in summer in all catchments except at the field scale (Drainage plot). Here, extraordinary high DRP and TP concentrations were triggered by hydrological events. The experimental observations showed clearly that the official monitoring programs need to be adjusted to capture extreme concentration values at high and low flows and to correctly calculate P loads.



The filter box equipped with iron-coated sand was able to reduce substantially losses of particulate P but failed to retain dissolved P fractions such as DRP. Reasons for the limited removal efficiency of dissolved P were the overall low DRP concentrations, short residence times of water in the filter during high flow periods, and highly dynamic flow rates.



The model analysis revealed that the reduction potential of P filters is highest in areas, in which drainage water is the dominant P source such as tile-drained fields. When the catchments get larger, more P sources such as groundwater, surface runoff or point sources become important. In the Warnow river basin with its outlet at the Baltic Sea coastline, P filters in tile-drained fields can only be one part of an integrated catchment strategy involving a suite of measures to achieve the targets according to the EU Water Framework Directive and Baltic Sea Action Plan.
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Figure 1. Study area. 
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Figure 2. Schematic illustration of the P filter box. ICS is iron-coated sand. 
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Figure 3. Extent of tile-drained areas (red) in the Warnow river basin, Zarnow, Brook and Ditch catchment, and the Drainage plot. 
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Figure 4. Discharge (blue lines), Dissolved Reactive Phosphorus (DRP), and Total Phosphorus (TP) concentrations (red dots) for different spatial scales from 1 January 2016 to 31 December 2017. The green areas indicate the good ecological status for DRP (0.07 mg/L) and TP (0.1 mg/L) according to German legislation [29]. 
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Figure 5. Tile drainage flow, precipitation, Dissolved Reactive Phosphorus (DRP) and Total Phosphorus (TP) concentrations at the inlet (red) and outlet (black) of the filter box from 1 January to 30 April 2018. The green areas indicate the good ecological status for DRP (0.07 mg/L) and TP (0.1 mg/L) according to German legislation [29]. 
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Figure 6. Concentrations of Dissolved Reactive Phosphorus (DRP) (left) and Total Phosphorus (TP) (right) at the inlet and outlet of the filter box from 1 January to 30 April 2018 including a linear fitted line (blue). 
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Figure 7. Phosphorus removal for the different spatial catchment scales. The pie charts indicate Total Phosphorus (TP) sources. The bar plots indicate observed and modeled area-weighted TP loads and the TP reduction efficiency of three different filter configurations. 
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Table 1. Characteristics of the investigated catchments.
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	Catchment
	Size (ha)
	Discharge (mm/year)
	Tile-Drained Area (%)
	Arable Land (%)
	Grassland (%)
	Forest (%)
	Rest (%)





	Warnow
	304,140
	156
	18
	58
	13
	21
	8



	Zarnow
	4960
	100
	13
	57
	31
	9
	3



	Brook
	1620
	65
	11
	54
	31
	12
	3



	Ditch
	181
	118
	94
	94
	0
	6
	0



	Drainage plot
	4.2
	129
	100
	100
	0
	0
	0
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