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Abstract

:

Large-scale re-establishment of wetland buffer zones (WBZ) along rivers is regarded as an effective measure in order to reduce non-point source nitrogen (N) and phosphorus (P) pollution in agricultural catchments. We estimated efficiency and costs of a hypothetical establishment of WBZs along all watercourses in an agricultural landscape of the lower Narew River catchment (north-eastern Poland, 16,444 km2, amounting to 5% of Poland) by upscaling results obtained in five sub-catchments (1087 km2). Two scenarios were analysed, with either rewetting selected wetland polygons that collect water from larger areas (polygonal WBZs) or reshaping and rewetting banks of rivers (linear WBZs), both considered in all ecologically suitable locations along rivers. Cost calculation included engineering works necessary in order to establish WBZs, costs of land purchase where relevant, and compensation costs of income forgone to farmers (needed only for polygonal WBZs). Polygonal WBZs were estimated in order to remove 11%–30% N and 14%–42% P load from the catchment, whereas linear WBZs were even higher with 33%–82% N and 41%–87% P. Upscaled costs of WBZ establishment for the study area were found to be 8.9 M EUR plus 26.4 M EUR per year (polygonal WBZ scenario) or 170.8 M EUR (linear WBZ scenario). The latter value compares to costs of building about 20 km of an express road. Implementation of buffer zones on a larger scale is thus a question of setting policy priorities rather than financial impossibility.
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1. Introduction


Human impact has significantly altered every major biogeochemical cycle [1]. In this paper we focus on nitrogen (N) and phosphorus (P) as main triggers of accelerating eutrophication of water ecosystems. The disruption of their global cycles was considered among crossed planetary boundaries [2] as the second most serious global problem after the loss of biosphere integrity due to species extinction. After Haber’s discovery [3], the use of nitrogen fertilizers in agriculture increased worldwide from nearly zero to 100 Tg year−1 during the past century. Simultaneously, the global N use efficiency in agriculture has decreased, leading to a large amount of N escaping into the environment [4]. The ability of streams to remove N from the biogeochemical cycle has been hindered due river training and drainage of riparian wetlands, adding another factor to the deterioration of quality of surface waters. The proportion of non-point source (NPS) pollution from all pollution sources can be relatively high, but it can vary among catchments, for instance, more than half of the N in the examined USA catchments [5], 64% of nitrate load in Ebro River in Spain [6], and 83% of total P in Hanjiang River in China [7]. The necessity of finding a systemic solution for this problem is acknowledged by both researchers and legislators.



The large-scale (re-)establishment of wetland buffer zones (WBZs) is one of the effective solutions in mitigating NPS pollution of water bodies. In some cases, re-establishing WBZs bring the immediate effects of improving water quality, whilst under other environmental conditions, WBZs remain a crucial element of larger strategies tailored to decreasing the risk of eutrophication and pollution [8,9,10]. WBZs represent a variety of ecosystems (for examples please refer to Supplementary S1) that develop in conditions of permanent and high level of soil saturation and remain habitats for phreatophytic vegetation that is capable of interacting with groundwater and surface water. A wetland buffer zone might be less space-efficient than certain types of constructed wetlands [11] but the latter are usually unsuitable for treating NPS pollution. This function as nutrient sinks is based on several different but not exclusive mechanisms. These include microbial processes (nitrification and denitrification), chemical reactions (precipitation of insoluble phosphorous compounds), physical adsorption, sedimentation, and incorporation in plant biomass and food webs, though the quantitative importance of each of these processes needs further detailed consideration (for details see Supplementary S1). Despite numerous legal and practical attempts to reduce nutrient loads reaching rivers in agriculture-dominated catchments, influencing farmers to limit or optimize the use of fertilizers has not been as efficient as expected and time is required to change stakeholders’ perceptions [12].



Hence, without having WBZs restored on a large scale, the goal of the Water Framework Directive (WFD) of the EU achieving “good ecological status” of rivers will likely not be reached [13]. Yet despite the well-established knowledge about their efficiency, nonetheless very few examples exist regarding the systemic implementation of WBZs on the landscape scale. This problem exemplifies the wide-spread tragedy of the commons [14]—individual economic gains from extending (and maintaining) farmland to the very edge of (usually canalised) watercourses normally outweigh societal gains from purifying catchment’s waters by preserved or restored riverine wetlands. In addition to this, implementation of WBZs as a catchment-scale solution is constrained by the problem of spatial mismatch between cause and effect, whereby the consequences of managing riverine buffers in multiple small rivers and streams are perceived downstream in large rivers, reservoirs, and estuaries [15].



Two possible solutions to overcome these problems are (1) regional (catchment) management, such as the use of fiscal instruments and redistribution of resources, possibly combining societal gains from nutrient mitigation with benefits for flood prevention and biodiversity protection, and (2) innovative economies benefiting from wetland restoration programs and providing leverages for upscaling their implementation. One such concept, developed to reduce carbon dioxide emissions from drained peatlands is paludiculture, that is, agricultural production on wet (and particularly rewetted) peatlands, offering high yields of wetland plants that can be harvested as raw materials for energy production and also as fodder [16,17]. The same approach can also be applied to non-peat riparian wetlands, where carbon benefits might be of lesser importance, whereas clear synergies between biomass harvesting and nutrient removal exist [18]. Regardless of whether the large scale application of WBZs is driven by policymakers or local innovators, studies demonstrating the potential for upscaling are urgently needed to facilitate the decision making process regarding WBZ systems.



Several meta-analyses and reviews show high efficiency of riparian buffers [19,20,21,22] but they derive this information from case studies constrained to particular locations (individual buffer zones) and cannot be simply upscaled to whole landscapes. There are several reasons underlying this. Firstly, WBZs cannot always be established along the entire length of a river and a varying amount of agricultural runoff waters will enter the river, bypassing the wetlands. Secondly, the effectiveness of nutrient capture and removal depends on the load, and thus different regions may need different approaches. Thirdly, rewetting of drained peatlands that were formerly under agricultural usage, aside from increasing methane (CH4) emissions, can remobilise N or P, which affects initial and long-term nutrient targets [23]. In general, the need for optimal land use changes for nutrient abatement by introducing natural buffers remains continuously claimed [8,9,10].



The calculation of costs for the establishment and maintenance of WBZs is a further factor that will affect the process of regional analysis. However, the scale of WBZ application is not yet adequate for providing realistic cost–benefit calculations, meaning that we need to rely, at least partly, on hypothetical studies and estimations.



Much effort to extrapolate the results of individual WBZs to a catchment scale were completed for the Mississippi River basin [24,25,26]. Mitsch et al. [24] conducted a regional analysis for the whole catchment comprising around 40% of conterminous area of the USA and concluded that the N load entering the Gulf of Mexico could be reduced by 40% through joint implementation of wetland restoration, regulation of in-farm practices, and improved control of domestic wastewater. Marshal et al. [25] demonstrated two scenarios achieving a 45% reduction of nutrients load to the Gulf of Mexico. They concluded that if the load to the gulf is not the only goal but local/regional water quality targets are also addressed, the localisation of nutrient mitigation efforts must be spread quite evenly in the whole catchment. Regional analyses were also made in Scandinavia. Arheimer [27] showed that creation of 40 wetlands on topographically realistic siting, covering altogether 0.4% of a catchment in Sweden, could potentially reduce N transport to the coast by approximately 6%. Weisner et al. [28] showed how optimisation of WBZ placement and design (around 1000 wetlands of 5300 ha implemented in Sweden in 2007–2013) could improve the effectiveness of nutrient removal and enhance biodiversity of agricultural landscapes. Collentine at al. [29] showed that allocating WBZs in areas defined by the lowest cost of P reduction allowed for the achievement of the largest and most cost-effective P reduction on the whole catchment in Sweden, thus arguing that economic settings should be included in planning WBZ locations. Unique examples of catchment-scale implementation and monitoring of WBZs’ effectiveness come from Denmark, for instance, Windolf et al. [30] calculated 39% N reduction by WBZs in an agricultural Odense River catchment.



The aforementioned regional studies are certainly not sufficient in drawing general conclusions, especially given their different approaches and regional specificity. Moreover, few of them tried to assess the maximum possible nutrient removal without being constrained by politically or economically defined targets or by availability of land. However, these constraints can be removed by administrative, financial, or legal instruments as soon as society/policy demands it. Therefore, we see an urgent need for more studies demonstrating the total, uncompromised potential of purifying waters with WBZs on the catchment scale, as well as the need to assess costs of such scenarios from various parts of the world, as the implementation of WBZs should be undertaken globally on a large scale and fast, if we want to combat the galloping threat of eutrophication.



In our study, we modelled environmental gains arising from catchment-wide implementation of WBZs and calculated costs and benefits of their creation in all ecologically suitable locations. This was completed within the large catchment of the Narew River in north-eastern Poland, which is dominantly cultivated for agricultural usage. Poland provides an interesting landscape for exercising WBZ scenarios, given its large share of agricultural area, small scale land ownership structure, and membership in the European Union (EU). The main areas of legislation relevant for WBZ planning and establishment are Common Agricultural Policy (CAP) and WFD, which can both facilitate and constraint WBZ creation. Polish riverine landscapes have a shorter history of intensive agricultural pressure than the West European equivalents, notably due to the lack of 18–19th century land amalgamation processes, which resulted in low-intensity agriculture persisting in Poland until the late 1990s. Nevertheless, the majority of small rivers have been trained and channelized, along with the drainage of 86% of peatlands [31] and an even higher percentage of other wetlands. Larger rivers, such as Narew, have maintained a more natural hydromorphology along most of their courses, which allows us to hypothesize that part of the natural nutrient removal processes have also been preserved to a large extent. Recent years have witnessed a come-back of river training and dredging works [32], further handicapping their ecological status [33] and nutrient removal capabilities. The present study is also an attempt to argue for diverting these destructive trends.




2. Materials and Methods


2.1. Study Area—Studied Sub-Catchments and Narew Catchment for Upscaling


The River Narew is the most prominent among the right-bank tributaries of the Vistula River. Its length is 484 km (in Poland 448 km), and the basin area is 75,175 km2 (in Poland 53,873 km2). Narew flows out at an altitude of 159 m above sea level in the peatlands at the southeast edge of the Białowieża Forest in Belarus. In Poland, the Narew catchment covers heights (Białostocka, Wysokomazowiecka, Kolneńska, Ciechanowska) and lowlands (Kotlina Biebrzańska, Równina Kurpiowska, Pojezierze Mazurskie) in the north-eastern part of the country. Average annual air temperature in the Narew catchment reaches 7.1 °C, and average annual rainfall is approximately 600 mm [34].



For the upscaling process, we chose one third of the Polish part of the Narew catchment in order to keep a uniform character of the analysed area—the lowland agricultural area. We excluded the Kotlina Biebrzańska and Pojezierze Mazurskie, due to their differing characteristics in comparison to the rest of the catchment—higher naturalness of the landscape, a large number of lakes, high cover by forests and mires, and a lower percentage of agricultural land. We also excluded part of the catchment downstream of Zambski Kościelne because of the presence of a measurement station in Zambski Kościelne closing the modelled catchment hydrologically. The total area of the analysed part of the Narew catchment is 16,444 km2 (Figure 1), that is, around 5% of the area of Poland.



To fully represent the variability of the selected part of Narew catchment, we designated five sub-catchments within its boundaries—catchments of Narew tributaries: Skroda, Łojewek, Ruż, Róż, and Różanica. In the sub-catchments of Skroda, Ruż, and Róż there are relatively large areas of drained fens (Figure 1c). Along the Różanica and Skroda Rivers, some small areas of undrained fen woodlands occur. Łojewek flows from the Kolneńska Height and has a fast-flowing character with mostly mineral river banks. All sub-catchments are covered mostly by agricultural area (Figure 1d). Peatlands were found on the basis of a Polish peatland database [35] and aerial images (Google Earth, CNS/Airbus), whereas agricultural areas were found on the basis of CORINE Land Cover database [36].




2.2. Classification of WBZs


We analysed landscape settings and potential nutrient removal mechanisms in various WBZs in order to prepare the classification of WBZs that can be used further in our work.




2.3. Nitrogen Load Modelling


For each of the test sites, N loads (Nl) were modelled using the following empirical equation [37]:


Nl = 1.124 × exp(−3.080 + 0.758 × lnH − 0.0030 × S + 0.0249 × D)



(1)




where H stands for average annual runoff (mm), S stands for the percentage of sandy soils in the catchment, and D stands for the percentage of agricultural areas within the river catchment. The given algorithm has been successfully applied in European lowland catchments of similar hydrogeological setup and agricultural use [38]. Nitrogen loads were calculated for each individual watershed of each particular WBZ. Boundaries of catchments of particular WBZs were assessed on the basis of digital elevation models. The value of the parameter S was calculated on the basis of the geological map of Poland in the scale of 1:500,000. The value of the parameter D was derived from the land cover map performed on the basis of aerial pictures of the research area. Values of H for each of the test catchments were calculated on the basis of river discharge data available in the public domain for particular rivers studied in our approach from Institute of Meteorology and Water Management—National Research Institute, Poland. Empirical Equation (1), used in this study for nitrogen load calculation, was validated against the measured data for the Narew catchment (at Zambski Kościelne gauging station and water quality monitoring point Narew—Pułtusk, covering 27,800 km2 of the catchment area). Total nitrogen (TN) concentrations and discharge data spanning from 2000 to 2018 was used to calculate the average loadings at the catchment scale and was compared to estimations on the basis of empirical equation. TN load based on measurements was equal to 3.68 kg N/ha, whereas TN load based on empirical equation was equal to 3.98 kg N/ha, which gave the relative difference at a level of 8%, a value we considered acceptable for the purpose of our study.




2.4. Nitrogen Removal Assessment


The assessment of N removal efficiency followed a world-wide meta-analysis of 93 studies by Land et al. [22] with a median removal efficiency of 37% and a maximal efficiency of 93%. Taking into account that the width of the majority of linear WBZs in our analysis was around 2 m, Mayer et al. [16] showed that the average N removal efficiency for a 2 m wide WBZ was 48%. As this value is still not lower than the median value given for a WBZ by Land et al. [22], we continued using the values given in the latter study. It was assumed that from the nutrients that were removed from waters entering a WBZ, the majority would be removed within the first zone [20], which enabled us to refer to the length of a watercourse bordering the WBZ rather than taking the specific WBZ area into account. In the case of floodplain WBZs, we used other methods of calculating N removal. The size of the flooded area of a floodplain is an important factor for calculating the amount of N removed [39]. Following the results of Venterink et al. [39], we assumed that 8 kg N ha−1 year−1 would be removed in floodplains in the “median” variant, and 100 kg N ha−1 year−1 would be removed in floodplains in “maximum” variant.



After summarizing N removal efficiency for all of the WBZs in a sub-catchment (according to scenario 1 or 2), we divided the removed volume of N by the total yearly N load from whole sub-catchment, obtaining the N removal efficiency of WBZs according to the scenario 1 (polygonal WBZs) or 2 (linear WBZs).




2.5. Phosphorus Load, Removal Efficiency, and Risk of Remobilisation from Rewetted Peatlands


Maximal potential P load was estimated as 30% of the N load on the basis of 2018 Polish statistical yearbook data [40] from the proportion of N and P in fertilizer usage in Mazowieckie and Podlaskie voivodeships.



P removal efficiency was calculated similarly to N on the basis of median (46%) and maximal (99%) total P removal efficiency reported by Land et al. [22]. In case of floodplains, we used data obtained by Walling and Blake [41], summarizing P sedimentation in floodplains, a process that is dependent on the size of the floodplain—we used 13 kg P ha−1 year−1 removed in the “median” variant and 116 kg P ha−1 year−1 removed in the “maximum” variant.



Additionally, we assessed the risk of P mobilisation from rewetted fens proposed as WBZs in scenario 1. It was proven elsewhere that a risk of P loss exists if molar iron (Fe) to phosphorus (P) ratios are lower than 10 in upper heavily decomposed soil layers [23,42,43]. To estimate Fe:P ratio, we sampled peat from the large drained fens proposed as being rewetted as a WBZ (Figure 2). A total of 48 sampling points were distributed evenly in 12 sampling transects perpendicular to the river (four transects in the Skroda sub-catchment, three transects in each of the Róż and Ruż sub-catchments, two transects in the Różanica sub-catchment). At each sampling point, peat was sampled from two depths (10–30 cm and 40–60 cm if peat was present until such a depth). Altogether, 91 peat samples were taken for further analyses. Samples were transported cooled (ca. 4 °C) to the laboratory of Leibniz-Institute of Freshwater Ecology and Inland Fisheries in Berlin (Germany) and proceeded for soil analysis within 1 week.



To determine the amount of P and Fe, which can be mobilized under anoxic conditions by biotic or abiotic redox processes, 10 g of fresh (i.e., wet) peat was extracted with a 0.11 mol L−1 bicarbonate dithionite (BD) solution (subsequent to an ammonium chloride extraction step) in accordance with [44]. Because of probable analytical interferences with humic substances in the BD extracts, the dissolved P was measured after acid digestion as soluble reactive phosphorus (SRP). For that purpose, the BD extract was filtered through Sartorius Minisart syringe filters (cellulose acetate membrane; 0.45 µm pore size). To 1 mL aliquot of the filtered extract 2 mL 10 M H2SO4, 2 mL 30% H2O2 and 20 mL deionized water were added and digested at 160 °C for 6 h. Accordingly, inorganic P and organic P were not distinguishable. SRP concentrations were analysed by using the molybdenum blue method (Cary IE; Varian, Darmstadt, Germany) according to [45], and Fe by flame atomic emission spectrometry (Perkin Elmer 3300).



The resulting values from a WBZ were averaged to give a mean Fe:P ratio for the entire WBZ. For WBZs where peat samples were not taken, the Fe:P ratio value was extrapolated on the basis of the average value of all the sampled peat sites in a sub-catchment. For sites with a Fe:P ratio ≤11, we calculated the amount of total P (TP) that could be released after rewetting of the whole area proposed as WBZ type rewetted fen, using the equation modified after [43]:


TPrelease = 0.1313 × (FeBD:PBD)−0.955 [kg ha−1 mm−1] × D [mm year−1]



(2)




where FeBD:PBD is the molar ratio of bicarbonate-dithionite-extractable iron and phosphorus of peat, and D is discharge calculated as 25% of the yearly precipitation in the WBZ catchment.




2.6. Scenarios of WBZ Implementation


Two WBZ implementation scenarios were applied: (1) polygonal WBZs in all ecologically suitable sites, and (2) linear WBZs along all the rivers in all ecologically suitable locations.




2.7. Costs and Benefits Analysis of Potential WBZ Creation


The total costs of interventions necessary for the establishment of each WBZ were calculated using catalogues of engineering works used for investment budgeting [46]. They included unit costs of work per cubic metre (e.g., excavation works), per metre (e.g., stabilization of the sides of newly developed channel), per hectare (e.g., bushes removal), as well as costs of materials, fuel, transport of machines, and labour. Where necessary, land purchase costs were added with the land area appropriate for a given WBZ, assuming unit costs (per hectare) of land purchase representative for a given region of the country. Average costs of arable land of medium quality class were used here following statistic for Poland actual as for June 2019 [47], with accuracy of calculations relevant for the concept phase.



For polygonal wetland buffer zones, we also included indirect cost of their development, connected with their exploitation phase and impacting the WBZ area, for example, changes in the ground water level or changes in frequency of over-bank flows. All of them imply a decrease of intensity of agriculture and changes in types of most profitable crops, resulting in a decreased income of farmers that should be compensated in WBZ development programs. To calculate the required compensation, we compared the income possible after WBZ creation, that is, re-established flooding on mineral soil or rewetting fens (wet grasslands) against the income generated by various kinds of conventional high or medium intensity of farming (maize, canola, fodder, hay, hay silage). The average difference between these two categories of income was taken as a compensation cost. Polish agricultural advisory centres calculate budgets for different kinds of agricultural production [48], which were used as a reference in our calculations of compensation values per hectare per year.



The costs of creation were dependent on the WBZ type selected according to the classification developed in this study. Costs of WBZs that already exist were assumed as being zero. Costs are given in EUR, value added tax (VAT) included.




2.8. Upscaling


Upscaling was carried out in order to extrapolate results obtained in the five sub-catchments to the whole analysed section of the lower Narew catchment. Firstly, the Narew River with its valley was excluded in order to be treated separately, because the studied sub-catchments of small tributaries of the Narew should be extrapolated to catchments of similar size, not to a large river with extensive floodplains such as the Narew. The analysis for the Narew River valley consisted of the designation of natural floodplains on the basis of aerial images (Google Earth, CNS/Airbus) in order to complement the results obtained from the upscaling with potential N and P removal in natural Narew floodplains.



Afterwards, we calculated the potential length of linear WBZs. We manually inspected all the rivers in the Narew catchment from aerial images (Google Earth, CNS/Airbus) in order to identify the shape of their riverbed and meandering rivers. We decided to keep the same percentage of all “meandering rivers” (existing and to be created) as well as WBZ types “two stage channel” and “wetland bank” in all linear WBZ types in studied sub-catchments and in the Narew catchment. After field inspection of the Narew catchment, we found that the straight riverbeds generally do not have wetland banks and two stage channels. Thus, we generalized that all WBZ types of “two stage channel” and “wetland bank” should be created de novo.



Finally, we calculated the area of polygonal WBZs. The percentage of peatlands in the five sub-catchments as well as in the Narew catchment were found to be similar (around 7%; [35]) and both the sub-catchments and the whole Narew catchment consist primarily of agricultural land. Thus, we assumed that the percentage of land covered by WBZs as well as share of different types of potential polygonal WBZs in the Narew catchment are the same as in the sub-catchments.



In our upscaling, we estimated the total N load from the whole analysed part of the Narew catchment following the same methods as those for sub-catchments and WBZs.



Total WBZ establishment costs calculated for each sub-catchment were averaged per kilometre of watercourse (for linear WBZs) or per unit area (for polygonal WBZs), enabling extrapolation over the lower Narew catchment. In the same way, costs of income forgone (per hectare) were calculated for selected polygonal WBZs that were planned for floodplain restoration and also for fen rewetting.





3. Results and Discussion


3.1. Classification of WBZs and Their Delineation in the Sub-Catchments


We classified WBZs into the following seven types—three linear and four polygonal, varying in functionalities and landscape settings promoting each type (Table 1). For the more detailed description of each type, see Supplementary S1. Polygonal and linear WBZs of the appropriate type were then delineated in the five studied sub-catchments in all ecologically suitable locations (Figure 2).




3.2. Nitrogen Load and Removal


In scenario 1, the average N removal in the sub-catchments was 11% of the N load from the whole sub-catchment (maximally 30%) (Table 2). The area of polygonal WBZs in scenario 1 was on average 7% of the sub-catchment area (Table 2). The length of watercourses bordering the designated polygonal WBZs was on average around 30% of the total river length in the sub-catchments. In scenario 2, N removal was higher with an average of 33% (maximally 82%), due to a much higher share of the length of linear WBZs to the total river length (on average 86%) than for polygonal WBZs (Table 2).



In our upscaling, the total yearly N load to the river from the analysed part of the Narew catchment was 12,746 tonnes. It is estimated that Polish rivers deliver annually around 140,000 tonnes of TN and 13,000 tonnes of TP to the Baltic Sea (24% TN and 43% TP of the overall riverine load to the Baltic Sea), including around 98,000 tonnes TN and around 7000 tonnes TP from non-point sources [49]. Given that the analysed part of the lower Narew catchment covers around 5% of the area of Poland, its proportional share in yearly N load to the Baltic Sea is 4900 tonnes TN. This is 39% of the N load calculated in our study from the same area. This is consistent with the estimations that N retention within the surface waters in the Vistula basin reaches around 45%–60% [49]. However, it must be remembered that the data reported by HELCOM [49] are averaged for the whole Vistula basin, which has regionally differentiated agricultural intensity, and thus the TN load from the analysed part of the Narew catchment may be lower than the around 5% of the total riverine TN load from non-point sources to the Baltic Sea from Poland. It is not higher than 13% (12,746 tonnes TN year−1).



We estimated that creation of polygonal WBZs in all suitable locations (scenario 1) would allow for the decrease of N load to the rivers by 11% (or in a maximum variant 30%), whereas creation of linear WBZs in all ecologically suitable sections of the Narew tributaries (scenario 2) would allow for 33% (or in a maximum variant 82%) reduction (Table 2). When the N removal potential of the natural Narew River is also included in the calculations, N loads may be even further reduced, because around 265 tonnes N year−1 may be removed in the Narew floodplains in the “median” variant and around 3315 tonnes N year−1 in the “maximum” variant. However this opportunity to include the Narew floodplains in the calculations would require additional field research in order to reveal the role of a large floodplain in nutrient removal from (mainly flood) waters reaching a particular river stretch of a well-developed and near-natural riparian zone.



According to the HELCOM Baltic Sea Action Plan [50], Poland has to reduce its annual TN load to the Baltic Sea by around 43,000 tonnes TN, which is nearly 50% of TN load from riverine non-point sources in Poland. This goal could be considered feasible if WBZs were established along the majority of small watercourses.




3.3. Phosphorus Load, Removal, and Remobilisation


Soil chemistry varied between analysed peatlands in different sub-catchments, in particular the iron to phosphorous ratio, which acted as a suitable proxy for P risk assessment (Figure 3).



The average, estimated P removal in the sub-catchments was 14% of the P load from the entire sub-catchment (maximally 42%) for scenario 1, with scenario 2 returning an average of 41% (maximally 87%) (Table 3). Our estimates regarding P were more uncertain than our calculations for N. The amount of riverine, non-point source TP load coming to the Baltic Sea from the analysed part of the Narew catchment (5% area of Poland), may be estimated on the basis of HELCOM reports [49] as being around 350 tonnes TP, whereas we assumed it to be around 3800 tonnes on the basis of the proportion of N to P fertilizer use.



The risk of P load to downstream systems is increased if the rewetted, degraded fen has low molar Fe:P ratios (<10). Among WBZs in target sub-catchments, we identified three polygonal WBZs with potential for P mobilization (one in Róż, one in Ruż, and one in Skroda sub-catchment; Figure 3, Table 3). Excessive P loss from rewetted fens can be mitigated downstream by floodplain-type WBZs or prevented in situ by removing the top layer of degraded peat [51].



The creation of floodplain-type WBZs downstream in each sub-catchment (which was included in scenario 1) and protection of the natural, vast Narew floodplains allows for the capturing of phosphate, which will adsorb to mineral particles suspended in water. Soil particles may be deposited on river floodplains during flooding events, building up new sediment layers in low energy parts of the river course. The phosphate can eventually become partly incorporated into local biological cycles and subsequently removed through biomass harvesting. Our estimations show that the amount of P remobilized from rewetted fens in Narew sub-catchments may be around 2–3 kg ha−1 year−1. The potential for P removal in floodplains can be from 13 to 116 kg P ha−1 year−1 [41], and thus the area of floodplain downstream required to compensate for the additional P loading from rewetting of drained fens could be several times smaller than the actual area of rewetted fen itself. In the case of the Róż catchment, we calculated the polygonal WBZs as being able to remove up to 100% of the agricultural P load (Table 3), but their potential of P removal may be even higher, in total, up to 53,720 kg P year−1. Thus, after removing 100% of the agricultural P load, they still have the potential to remove around 9725 kg P year−1, which is more than double of that which would be required to remove the P that is potentially remobilized from rewetted fens in the Róż catchment (4171 kg P year−1, Table 3). This could be possible due to the relatively large floodplain WBZ proposed in the downstream area of this sub-catchment. Additionally, the large P removal could also be achieved in the Narew’s vast, natural floodplains.



Top soil removal from the drained fens prior to rewetting can be a suitable method to re-establish low-nutrient conditions and facilitate the recolonization by peat-forming plants [52]. However, it is a very expensive measure. Costs of such activity were estimated for WBZs using three different case-by-case approaches, considering different transport distances [46]. Costs of topsoil removal would be 200–1500 times higher (when the top soil is transported for a distance of just 10 km) than the cost of rewetted fen WBZ establishment. However, the market for excavated topsoil from degraded peatland exists [53,54], and these costs might be reduced by 10%–36% through sale of the extracted peat, depending on transport distance (50 km and 10 km respectively) (Table 4).




3.4. Overall Costs


In the assumed scenarios, implementing WBZs on 5% of the area of Poland seems very expensive (Table 5). Direct cost estimated for polygonal WBZs (scenario 1) approached 8.9 million EUR, with indirect compensation costs at the level of 26.4 million EUR per year. For linear WBZs (scenario 2), the estimated costs reached the level of 170.8 million EUR.



Analysis of the expenses for projects within the Polish Operational Program “Infrastructure and Environment” for the years 2014–2020 allowed for the comparison of WBZ development scenarios to some expenditures performed under this program. It is co-financed by EU funds, mainly from the Cohesion Fund and the European Regional Development Fund. Analysing financial support aimed at water and wastewater management in agglomerations [55], one can reveal that the value of WBZ development under scenario 1 in the Narew catchment corresponds to 0.2% of the total value of the 357 supported projects. Under scenario 2, it corresponds to 4.6% of the total value. Another valuable comparison for the financial viability of WBZ scenario implementation is to a randomly selected transport project financed under the Operational Program. This shows that the redirection of funds from only 1 out of the 53 projects in the Trans-European Transport Network (e.g., a 42 km long expressway in south-eastern Poland) [55] could make “wetland utopia” in the scale of Narew catchment happen, even at twice the currently planned costs. One can conclude that implementing WBZs therefore remains a matter of choosing appropriate priorities, rather than budgeting problems, as frequently claimed by stakeholders as the primary reason for their indifference towards restoration of valley wetlands. Being ambitious on the subject of WBZs, we believe that budget is not a hindrance, and that wetland restoration for nutrient retention and water quality improvement is possible.



Through analysing expenses on construction works and necessary land purchase, a two channel is the most expensive solution per unit length among linear types of WBZs. Wetland bank construction is cheaper with regard to unit costs—the total expenditure defined in scenario 2 for establishment of this type of WBZ represents 27% of total scenario 2 costs, whereas wetland banks cover almost 90% of the linear WBZ length. Creation of linear WBZs may limit the need for maintenance works (dredging) for small, regulated streams in agricultural landscapes. The broadened riverbed of two stage channel would contain potential floodwater. Furthermore, functional WBZs of this type will allow for spontaneous meandering of the water channel, including vegetation overgrowth and encroachment, augmented with changes in morphology of base flow channel. Thus, costs of annual maintenance works may be reduced. For proposed two stage channels, avoiding the cost of deposited sediment removal yields annual benefits at the level of 90,000 EUR at the sub-catchments’ scale and as much as 1.28 million EUR in Narew catchment scale. Significant savings might also be noted for wetland bank type of designated WBZ—661,000 and 9.31 million EUR, respectively. If summed up, the avoided costs for maintenance works only in one year correspond with 9% of funds needed for scenario 2 implementation.



In this context, the required compensation for farmers’ income decrease driven by changes in the ground water level or changes in the frequency of overbank flows must be also calculated. For this purpose, we compared the income that is possible with water conditions changed by establishment of floodplains on mineral soil or rewetting fens against the income possible with various kinds of conventional production at high or medium intensity of farming. The average difference between these two incomes (291 EUR ha−1 year−1) was taken as a compensation cost (summarized for all WBZ in each sub-catchment and the analysed part of Narew catchment in Table 5). This means, the total cost of compensation might be perceived as high, especially compared to costs of polygonal WBZ construction. However, its level per unit area is comparable to payments dedicated to protection of habitats—semi-natural wet grasslands (214 EUR/ha) and fens (283 EUR/ha) under agri-environment-climate schemes in Poland in the years 2014–2020 [56,57,58].



Costs of creating polygonal WBZs reach 97 EUR ha−1 and additionally 291 EUR ha−1 year−1 of compensation, whereas costs of creation of linear WBZ reach around 27,000 EUR ha−1. If we recalculate it per length of a watercourse bordering the WBZ, the costs of polygonal WBZ creation are around 5000 EUR km−1 plus 15,000 EUR km−1 year−1, whereas linear WBZs would cost around 24,000 EUR km−1. The differences result from the fact that it is technically easier and financially more effective to implement a large rewetted fen than to restore degraded regulated watercourses into rivers with more or less natural wetland banks. Polygonal WBZs are cheaper but they do not capture the whole water reaching rivers, and thus they remove only a part of the total N agricultural load, even if implemented in all available locations. However, polygonal WBZs have an additional carbon storage function and may foster local economies through paludiculture due to the large areas covered. Thus, the most cost-effective solution is to make polygonal WBZs wherever possible and supplement them with the linear forms along the remaining available parts of watercourses.



We combined the one-off costs of establishing WBZs with yearly costs of compensation for landowners and compared them with current status quo maintenance costs (dredging and existing CAP subsidies) using 30 year scenarios (Figure 4; costs re-calculated for the amount of N). The 30 year period was chosen in order to set the end of the scenario for 2050, an important deadline for reaching climate neutrality within the European Green Deal, which also stated the plans of implementing a “zero pollution action plan for air, water and soil” [59]. Distributed over 30 years, high costs of establishing WBZs and even the high costs of topsoil removal applied to mitigate P remobilization from rewetted peats are almost completely counterbalanced by avoided costs of the current status quo maintenance. In the case of linear WBZs, their establishment and management turn out to be far more economical long term, when compared with analysis over shorter time periods.




3.5. Synergies and Co-Benefits


Drained organic soils are a source of substantial emissions of carbon dioxide (CO2) and nitrous oxide to the atmosphere [61]. Rewetting these soils may not only reduce greenhouse gas emissions, but also create a favourable environment for return of the C sink function, which is characteristic of well-functioning organic soils [62,63]. Rewetting increases CH4 emissions [64], which shortly after rewetting tend to rise. However, a meta-analysis of available data shows that CH4 emissions from rewetted peatlands do not differ significantly from undrained ones [65] and are order of magnitude smaller (in CO2 equivalents) than CO2 emissions from drained peat.



Rewetting of fens is a very cost-effective climate change mitigation method. The costs of reducing CO2 emissions by polygonal WBZs on organic soils are lower than the costs of its reduction through implementing biogas or wind power generation [17]. Our calculation follows the German case from Mecklenburg-Western Pomerania region, where 980,000 ha of degraded peatlands under agricultural use release 20 million tonnes of CO2 equivalents per year [62]. Applying these data, rewetting fens in the five analysed sub-catchments of Narew equates to an estimated 142,000 tonnes of avoided emissions of CO2 equivalents. Protection of existing undrained fens and restoration of degraded fens (around 90,000 ha in total) could guarantee avoiding emissions of 1.93 million tonnes of CO2 equivalents per year in Narew catchment. This amounts to 85% of the emissions from Ostrołęka B power plant [66], located in the region and being ranked as 12th among the largest plants in Poland.



The synergy between climate protection and nutrient removal is further enhanced by paludiculture, that is, the productive agricultural use of rewetted peatlands. Paludiculture or, more generally, wetland agriculture, can assist in the process of establishing WBZs in at least two ways. Firstly, this concept allows for the maintenance of agricultural land use after rewetting, thereby removing the need to purchase land from farmers for WBZs, or conversely negating the loss of arable land available to the farmers. Secondly, harvesting plants adds an extra mechanism of nutrient removal, which is important, particularly in the case of P removal in P-polluted areas, such as drained fens with legacies of long agricultural use. However, the idea of paludiculture is still in its early development stage and market niches for paludiculture products are not developed yet. In the shift from dryland agriculture to growing and harvesting wetland plants, much has to change at the farm level—from machinery, through processing technologies, to the new networks of customers. Therefore, stimulation of the change from drainage-based agriculture to wet agriculture needs to be stimulated, for instance, by targeted subsidies within CAP or other financial instruments.



In this study, we did not attempt to quantify other ecosystem services that also come as synergies in riverine wetland restoration programs. Water retention for mitigating droughts and floods is clearly enlarged by WBZ restoration and thus the avoided flood or drought losses should be added on the benefits side. This function of riverine wetlands is especially important as an adaptation to climate change. Widespread (re-)establishment of WBZs along rivers can also help to protect biodiversity, both as habitats of wetland plants and animals, as well as temporary refuges of certain species, for example, sites for fish spawning and rearing of fry, habitats for the larval stage of many insect species, or migration corridors for multiple animals and plants. Last but not least, restoration of wetland buffers changes the outlook of a river and provides new experience-values to people, classified as cultural ecosystem services. According to recent estimates [67], these services are highly valued in Poland, as well as in Germany and Denmark, pointing to a potentially high societal support for riverine restoration programs.




3.6. Implementation Challenges


The majority of European peatlands are currently used for agriculture and forestry purposes [68]. Land use type and land use intensity differ in a wide range, and both are controlled by site-specific factors, as well as regional socio-economic conditions. There is a clear need to strengthen links between the restoration of ecological and biogeochemical functioning of peatlands and their wider benefits to society. Despite the high demand for N retention, there are no examples of a functioning N market so far. First attempts are currently made in Germany, in order to examine to what extent nitrogen trading can be linked to carbon certificates of the MoorFutures project [69]. However, large scale WBZ creation projects are most viable if a farmer owns large, contiguous lands in river valleys or peatland areas. This is hard to find in many European countries, such as Poland, due to the fragmentation of ownership of the landscape. Cooperative agreements between all farmers of a river section would be conceivable, so that a cohesive floodplain area can be rewetted. Thus, the N value could be measured at the inlet and outlet of the rewetted area. Farmers would then be paid according to the size of their land share. In addition, the problem is that if farmers in Europe comply with existing fertilizer ordinances and reduce their livestock down to maximal two units per hectare, there is no reason for them to buy certificates in many areas. Therefore, each farmer could be given an emission value adjusted to his farm, which is limited to, for instance, 80% of the actual output. In order to meet legal requirements, they would need to reduce their N output or mandate someone to withhold N for them to compensate. This is how a market could arise. Furthermore, farmers can be held accountable at the regional level through the “polluter pays” principle. Either farmers give land for the creation of wetlands, or they pay for the creation of a wetland. Moreover, buyers and sellers will not participate in a trading program if the program has no tradable commodity. Pollution caps must be set below key ecological thresholds in order to achieve environmental goals, and market caps must be set at a point that will drive demand for credits to achieve active market trading.



Enabling support for restoration of fens and floodplains in the new EU financial perspective under the reformed CAP would help to implement these solutions aimed at improving surface water quality. Additionally, this would contribute towards climate change mitigation by reducing CO2 emissions from degraded peatlands and aid adaptation to climate change by buffering extreme water flows on floodplains and replenishing soil water.




3.7. Ignorance as a Barrier


Last but not least, an important barrier that should be overcome on the way to implementing WBZs on a large scale is the lack of awareness in society. To overcome this, education on the importance of wild river banks should be introduced at each level of society: all levels of schools (from kindergartens to universities), in mass media (trade as well as popular media), in agricultural adviser’s offices, and in nature protection offices, among others. However, we do believe that an important part of education can also be implemented at the direct stakeholder level. One way to achieve this is through demonstration studies highlighting the high cost-effectiveness of restoring multifunctional wetland buffers.





4. Conclusions


Wetland drainage becomes progressively costlier and simultaneously the negative ecological consequences increase over time. The integration of WBZs in the agricultural landscape is an effective tool for achieving good ecological status of water bodies as required by the European WFD. Specifically, space must be regained for rivers—not those confined to a regulated channel with steep banks, but those whose banks are wet and overgrown by wetland vegetation; rivers that are functionally connected to wetlands in their valleys. Intensification of agriculture has led to the conversion of almost the entire riverine area into fields and intensively used meadows. However, this has led to avalanche eutrophication in aquatic environments. In Poland, N rafting from agriculture constitutes about 70% of the N supplied each year by rivers to the Baltic Sea. Conserving the existing status quo (maintenance work on rivers, EU subsidies for riverside agricultural fields and meadows) is costly and unsuitable. In our work, we showed that the transfer of funds from the maintenance of the currently functioning, flawed system to a large-scale restoration programme of rivers and riverside wetlands is cost-effective and could significantly reduce the loss of N and P from agriculture to surface waters.
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Figure 1. Location of study area: (a) part of the Narew catchment where upscaling was applied in relation to the territory of Poland (please note that the whole catchment of Biebrza was excluded from the analyses); (b) studied sub-catchments in the Narew catchment; (c) peat deposits in sub-catchments [35]; (d) agricultural area in sub-catchments [36]. 
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Figure 2. Wetland buffer zone (WBZ) types delineated in sub-catchments. 
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Figure 3. Extrapolated average molar ratio FeBD:PBD in peatlands in sub-catchments. 
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Figure 4. Costs of creation and functioning of WBZs in scenario 1 (with or without the top soil removal option) and scenario 2; averaged for five sub-catchments; N removal assessed in a “median” variant. (A) Costs re-calculated for the amount of N removed in one year, compensation costs and current status quo maintenance costs spent in one year. (B) Costs re-calculated for the amount of N removed in 30 years, compensation costs and status quo maintenance costs spent in 30 years (assuming maintenance works performed every five years). Agricultural subsidies include current direct payment (319 EUR ha−1 year−1—in a farm of 3–30 ha, with one cow per hectare [60] and agri-environment-climate schemes payment (on average 248 EUR ha−1 year−1). 
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Table 1. WBZ types and their functionalities and landscape settings.
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Functionality

	
Potential for wet agriculture

	
Purification of NP-polluted groundwater

	
Nitrification and denitrification

	
P-eutrophication and remobilisation

	
Precipitation of P, low P loss, conservation of plant diversity

	
Physical sorption of P to mineral particles, deposition by flooding




	
Feature

	
Large area

	
Groundwater exfiltration

	
Water flow through oxic/anoxic soil

	
Rewetting of degraded peat

	
Low decomposition of peat

	
Sufficient flooding potential (water, space)




	
Landscape Settings

	
Extensive fen or floodplain

	
Groundwater seepage site

	
Organic soil

	
Degraded peat

	
Undrained fen

	
Medium and larger rivers in flat valleys




	
WBZ Type

	
Linear

	
Wetland banks/shores

	
NO

	
n.s.

	
YES

	
n.s.

	
n.s.

	
n.s.




	
Two stage channel

	
NO

	
YES

	
n.s.

	
n.s.

	
NO

	
n.s.




	
Meandering channel

	
NO

	
n.s.

	
n.s.

	
n.s.

	
NO

	
YES




	
Polygonal

	
Undrained fen

	
YES

	
YES

	
YES

	
NO

	
YES

	
n.s.




	
Rewetted fen

	
YES

	
YES

	
YES

	
YES

	
NO

	
n.s.




	
Floodplain with organic soil

	
YES

	
NO

	
YES

	
YES

	
NO

	
YES




	
Floodplain with mineral soil

	
YES

	
NO

	
NO

	
NO

	
NO

	
YES
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Table 2. Nitrogen load and removal.






Table 2. Nitrogen load and removal.














	
	Sub-Catchment Size (ha)
	Total N Load (kg year−1) from Whole Sub-Catchment
	Share of Polygonal WBZs Area in the Sub-Catchment Area (%)
	Scenario 1 N Removal in WBZs (% of Total N Load in the Whole Sub-Catchment) Median Efficiency */Maximum Efficiency **
	Share of Length of Linear WBZs to the Total River Length (%)
	Scenario 2 N Removal in WBZs (% of Total N Load in the Whole Sub-Catchment) Median Efficiency */Maximum Efficiency **





	Różanica
	6432
	50,358
	5
	5/13
	79
	34/86



	Róż
	17,879
	146,681
	13
	16/57
	60
	24/61



	Ruż
	32,531
	362,608
	5
	7/19
	87
	31/78



	Łojewek
	14,431
	148,208
	2
	7/20
	89
	30/76



	Skroda
	37,457
	490,061
	7
	13/34
	100
	37/93



	Together
	108,731
	1,197,916
	7
	11/30
	86
	33/82







* median 37% N removal efficiency for groundwater fed polygonal WBZs and for all linear WBZs [22], and 8 kg N ha−1 year−1 removal in floodplain polygonal WBZs [39]; ** maximum 93% N removal efficiency for groundwater fed polygonal WBZs, and for all linear WBZs [22], and 100 kg N ha−1 year−1 removal in floodplain polygonal WBZs [39].
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Table 3. Phosphorus load and removal.
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	Estimated Total P Load (kg year−1) from Whole Sub-Catchment
	Scenario 1 Estimated P Removal in WBZs (% of Total P Load in the Whole Sub-Catchment) Median Efficiency */Maximum Efficiency **
	Scenario 2 Estimated P Removal in WBZs (% of Total P Load in the Whole Sub-Catchment) Median Efficiency */Maximum Efficiency **
	Area of ‘Rewetted Fen’ Type WBZ with Fe:P < 11 (ha)
	P Mobilisation after Fen Rewetting (kg year−1)
	Share of Mobilised P to the Total P Load from Whole Sub-Catchment (%)





	Różanica
	15,107
	7/16
	43/92
	0
	around 0
	around 0



	Róż
	44,004
	27/100
	30/65
	1310
	4171
	9.5



	Ruż
	108,782
	9/26
	39/83
	1509
	3211
	3.0



	Łojewek
	44,462
	10/27
	37/81
	0
	around 0
	around 0



	Skroda
	147,018
	17/40
	46/99
	84
	235
	0.2



	Together
	359,375
	14/42
	41/87
	2903
	7617
	2.1







* median 46% P removal efficiency for groundwater fed polygonal WBZs and for all linear WBZs [22] and 13 kg P ha−1 year−1 sedimented in floodplain polygonal WBZs [41]; ** maximum 99% P removal efficiency for groundwater fed polygonal WBZs, and for all linear WBZs [22], and 116 kg P ha−1 year−1 sedimented in floodplain polygonal WBZs [41].
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Table 4. Costs of top soil removal in rewetted fen WBZs with high P loss risk after rewetting.
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	Surface of WBZ (ha)
	Costs of Rewetted Fen WBZ Creation without Removing Topsoil (EUR)
	Depth of Topsoil Layer to be Removed (m)
	Volume of Removed Top Soil (m3)
	Costs of Excavation Works and 10 km Transportation of Topsoil (EUR)
	Costs of Excavation Works and 50 km Transportation of Topsoil (EUR)
	Possible Reduction of Costs if Topsoil Sold (EUR)





	Róż
	1320
	102,873
	0.6
	7,859,324
	68,923,379
	246,608,667
	24,900,465



	Ruż
	1509
	89,017
	1
	15,087,781
	132,314,280
	473,422,062
	47,802,169



	Skroda
	84
	13,856
	0.4
	337,190
	2,957,032
	10,580,296
	1,068,309



	Sum
	2913
	205,746
	-
	23,284,295
	204,194,691
	730,611,025
	73,770,943
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Table 5. Cost of implementation WBZs in scenario 1 (polygonal WBZs) and in scenario 2 (linear WBZ) in five sub-catchments and upscaled for the whole analysed part of Narew catchment.
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	Type of WBZ
	Total Area/Length of WBZ Type in Five Sub-Catchments
	Total Area/Length of WBZ Type in Narew Catchment
	Total Cost of Creation of WBZs in All Sub-Catchments + Compensation Costs [EUR]
	Total Cost of Creation of WBZs in Narew Catchment [EUR]





	Undrained fen
	Existing: 78 ha
	Existing: 1045 ha
	-
	-



	Rewetted fen
	To be done: 6609 ha
	To be done: 88,506 ha
	600,740 + 1,923,219 year−1
	8,044,660 + 25,755,246 year−1



	Floodplain with mineral soil
	Existing: 323 ha

To be done: 176 ha
	Existing: 4320 ha

To be done: 2354 ha
	63,506 + 51,216 year−1
	850,601 + 685,014 year−1



	Scenario 1
	7186 ha
	96,225 ha
	664,246 + 1,974,435 year−1
	8,895,261 + 26,440,260 year−1



	Two-stage channel
	Existing: 0 km

To be done: 41 km
	Existing: 0 km

To be done: 574 km
	5,481,442
	77,507,705



	Wetland banks
	Existing: 0 km

To be done: 297 km
	Existing: 0 km

To be done: 4190 km
	3,324,404
	46,850,629



	Meandering channel
	Existing: 5 km

To be done: 41 km
	Existing: 206 km

To be done: 443 km
	541,591
	46,470,017



	Scenario 2
	384 km (around 340 ha)
	5413 km
	9,347,437
	170,828,351







No WBZ type “floodplain with organic soil” was delineated in sub-catchments.
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