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Abstract

:

An ecosystem-based management of a large sea can give heterogeneous nutrient load targets for different parts of the sea. Cost effective solutions to heterogeneous nutrient reductions targets based on ecological conditions are compared with the same overall nutrient reductions to the Baltic Sea. To this end, a numerical programming model is used, which includes eight different nutrient abatement measures (fertilizer and livestock reduction, cultivation of catch crops, reduced airborne nitrogen emissions, improved cleaning at sewage treatment plants, construction of wetlands and buffer strips, and mussel farming) in 21 catchments of the Baltic Sea. The results indicate that the cost for the international agreement on maximum load targets to different marine basins amounts to 5.3 billion euro. This is more than twice as large as the cost for the same total nutrient load targets to the Baltic Sea without specific targets for the marine basins. However, the resulting nutrient loads to the different marine basins deviate from the basin targets where the loads are lower for some basins but can exceed that for one basin, Baltic Proper, by approximately 22 per cent. Whether or not the ecological costs and benefits from deviations in basin targets under the Baltic Sea targets exceed the excess abatement cost of 2.9 billion euro for achieving the marine basin targets remains to be verified.






Keywords:


cost-effectiveness; ecosystem-based nutrient load targets; Baltic Sea












1. Introduction


The EU Marine Strategy Framework Directive envisages that the management of marine waters shall be guided by an ecosystem-based approach (EU [1]). The management can then be focused on marine regions or subregions, such as different marine basins in a sea. This could imply different nutrient targets within a sea, which is the case for nutrient load targets for the Baltic Sea [2]. However, movements of nutrients in the sea makes it difficult to target nutrient reductions from land to specific marine basins (e.g., [3]). It is also well-known in economics that detailed targets at the spatial scale imply high costs for reaching a given overall pollutant reduction target (e.g., [4]). If the difference in costs between detailed and overall targets is large, it may be of interest for society to consider overall targets and compare the spatial outcomes with the more detailed ecosystem-based targets. Despite the large literature on cost effective nutrient reductions (e.g., [5,6,7]), there is no study comparing costs and spatial outcomes between overall and ecosystem-based targets.



The purpose of this study is to calculate the difference in costs and spatial nutrient load outcomes for overall and detailed nutrient (nitrogen and phosphorus) targets for the Baltic Sea, which suffers from the world’s largest areas of sea bottoms without any biological life due to eutrophication (e.g., [8,9]). The sources and processes of eutrophication have been known for several decades (e.g., [10]). Mitigation of the damage from eutrophication has been on the agenda for the countries surrounding the Baltic Sea for decades, leading to the collaborative establishment of the Convention on the Protection of the Marine Environment of the Baltic Sea (Helsinki Commission HELCOM) in the late 1980s, working to implement nutrient reductions as determined by several international agreements [2,11,12]. The earliest agreement determined overall target reductions, which were imposed proportionally on each country surrounding the sea [11]. Ecosystem-based nutrient targets were introduced by HELCOM [11,12] for each of the seven marine basins of the sea (Figure A1) with large differences in reduction requirements. For example, phosphorus loads to the largest marine basin, Baltic Proper, needed to be reduced by 60%, while other basins, Bothnian Bay and the Bothnian Sea, faced no reductions in neither phosphorus nor nitrogen. Based on these marine basin targets, HELCOM [11,12] derived country targets for each of the nine counties surrounding the sea.



Several studies have calculated costs for achieving the international nutrient loads targets to the sea [5,6,7,13,14,15,16,17,18,19]. The relatively early models calculated costs of nutrient reductions by 50% as envisaged by the first international agreement in the 1980s [5,6,13]. The 50% targets were imposed on each country and the studies showed that such country specific targets can raise the total abatement cost by threefold, compared with overall nutrient reduction targets. The nutrient targets were later changed to reflect the ecological conditions in different marine basins [2,12]. In addition, country targets were determined based on the marine basin targets. However, as demonstrated by Elofsson [7], the specification of targets for each catchment in each country set by HELCOM [12] would raise costs by almost 1 billion euro (in 2017 prices), or 20%, compared with targets only for marine basins.



It is well-known in economics that detailed specification of targets in time and space raises the cost compared with more general targets for, e.g., a sea such as the Baltic Sea. The reason is that the detailed targets seldom reflect the differences in marginal abatement costs among the involved regions; the higher the variation in marginal abatement cost the larger is the difference in costs between detailed and general targets (e.g., Newell and Stavins [20]). This study calculates costs for overall and spatial nutrient targets based on an updated numerical cost minimization model developed by Gren and Tirkaso [21]. The model rests on recent advances in the calculation of costs and effects of improved cleaning at sewage treatment plants and mussel farming, nutrient transports in the catchments, and the availability of land for wetland restoration [16,21,22,23]. In our view, the main contribution to the literature is twofold; update of calculations of costs for nutrient reduction targets to the Baltic Sea and a comparison of costs and spatial allocation of nutrients loads between overall and ecosystem-based targets.



The paper is organized as follows. The structure of the numerical cost minimization model is presented in Section 2, together with the target formulations. Data is described in Section 3, and results with respect to costs are presented in Section 4. Nutrient loads and deviations from the basin targets are calculated and discussed in Section 5, and conclusions are presented in Section 6.




2. Structure of the Numerical Model


A basic assumption in this study is that a Baltic Sea decision maker minimizes cost for achieving given nitrogen and phosphorus load targets. Although a seemingly simple principle, the manager faces difficulties when considering the various means of nutrient transports media (air, soil, and inland water streams) before they enter the coastal waters. Further, abatement measures located along the transport modes can be connected where, for example, emission from upstream sources affect nutrient abatement by downstream measures, such as wetlands. This transport by several media implies inseparability between different measures reducing the nutrient load to the Baltic Sea.



In order to account for the ecosystem-based nutrient targets at the country and marine basin scales, abatement measures are distinguished by their location in a certain country c = 1, …, n with discharges into a marine basin b = 1, …, l in the Baltic Sea. In this study, the nutrient loads to the Baltic Sea can be reduced by four classes of measures:




	
Measures reducing the nutrient emissions from sources with deposition on the Baltic Sea and/or on land within the drainage basin, Abc,r where r = 1, …, f are the different deposition measures. The abatement measures reducing deposition included in this study are reductions in fertilizers, livestock, air borne emissions from combustion of fossil fuels and ammonia volatilization from livestock, and increased cleaning at sewage treatment plants.



	
Land use measures, Abc,l, with l = 1,…, g different land use measures, reduce the leaching from a given deposition on land to water streams. The land use measures included in this study are cultivation of catch crops which affects nitrogen leaching and construction of buffer strips which reduce transports of phosphorus.



	
Measures reducing the impact of given upstream nutrient water transport on the coastal water by creation of nutrient sinks in terms of wetlands, Wbc.



	
In situ measures, which reduce the content of nutrient in the sea and include mussel farming in the coastal waters, Mbc.








The total nutrient emissions from a catchment, Ebc,p, of a nutrient p (nitrogen and phosphorus) is dispersed on different marine basins in the Baltic Sea and on land in different countries, which is written as:


   E  b c , p   =   ∑ r     E  b c , p , r    (    ∑ b     a  b c , p , r   +   ∑ e      ∑ j     a  b c , e j , p , r    )   



(1)




where    E  b c , p , r   =   E  b c , p , r   ′  −  u  p , r    A  b c , r     with    E  b c , p , r   ′   as the business as usual (BAU) emission, up,r is the fraction of nutrient p of abatement measure Abc,r,   0 ≤  a  b c , p , r   ≤ 1   is the share of emission that is deposited on the Baltic Sea, and   0 ≤  a  b c , e j , p , r   ≤ 1   is the fraction of emission from region bc that is transported and deposited in another region located in the country e with discharges into marine basin j. The sum of all coefficients cannot exceed unity, i.e.,     ∑ b     a  b c , p , r   +   ∑ e      ∑ j     a  b c , e j , p , r   ≤ 1  . For airborne emission sources, the sum is likely to be less than unity since part of the emissions is deposited in countries and marine waters (e.g., the North Sea) outside the Baltic Sea and its catchment. On the other hand, for emission sources located at the coast with direct discharges into a marine basins abc,p,r = 1.



The deposition of nutrient on land within a region Dbc,p from emissions in all regions Eej,p is written as    D  b c , p   =   ∑ r     E  e j , p , r    (    ∑ e      ∑ j     a  e j , b c , p , r    )    and constitutes a potential for leaching into water streams which is transported to the coastal water. The nutrient leaching is also determined by several other factors, such as climate, soil, hydrology, geology, and land uses. We simplify these complicated processes by writing the total leaching from land into water streams in a region, Lbc,p, as the leaching prior to implementing the land use measures, Lbc,p   ′  , minus the leaching reduction obtained by implementing land use measures, ubc,p,l Abc,l where ubc,p,l is the impact on leaching of pollutant p from abatement by land based measure l in region bc by one unit. Both initial leaching and the reduction in leaching achieved by land use measures are functions of the nutrient deposition on land. The total leaching into water streams from the catchment bc can then be written as:


   L  b c , p   =   L  b c , p   ′  (  D  b c , p   ) −   ∑ l     u  b c , p , l    A  b c , l   (  D  b c , p   )  



(2)




where     L   D  p c , p     b c , p   ′  ≥ 0   and    A   D  b c , p     b c , l   ≥ 0   with subscripts denoting partial derivatives.



The final load to the Baltic from a given nutrient leaching is determined by the nutrient retention during the transport by water streams to the Baltic Sea. Nitrogen retention occurs through three processes; plant assimilation, sedimentation, and denitrification where nitrogen is transformed into harmless gas. Only the first two processes generate phosphorus retention. Similar to nutrient leaching, the level of retention is determined by several factors such as climate, soil, and hydrology. In general, the retention is higher for sources remote to the Baltic Sea. This means that the spatial allocation of emission sources and nutrient reduction measures influence the load to the Baltic Sea. In principle, it is analytically straightforward to make a spatial division of each region bc. However, as demonstrated in the next section, lack of data makes associated numerical calculations impossible.



The final load of nutrients from the catchment into the Baltic Sea depends on retention of nutrient from the leaching spots to the coastal waters, and on the construction of nutrient sinks, such as wetlands along this pathway. The abatement of the nutrient by wetlands is, in turn, determined by the inflow of Lbc,p and the wetland area, Wbc, which is written as ubc,p,wAbc,w(Lbc,p,Wbc), where ubc,p,w is the impact on nutrient p of a unit abatement by wetlands.



Finally, negative nutrient loads can be created by mussel farming which, by harvesting of biomass, absorbs nutrient from the sea. In principle, one could expect a relation between nutrient loads from the catchment and the removal capacity of mussel farming if it were not for the transports of nutrient between basins in the Baltic Sea and internal load of phosphorus from the sea bottom area (e.g., Murray et al. [10]). The linkage between mussel biomass and nutrient loads from the catchment is therefore disregarded in this study. The total load to a marine basin from its catchment, Fbc,p, is then written as:


   F  b c , p   =  E  b c , p , d   +  L  b c , p   −  u  b c , p , w    A  b c w   (  L  b c , p   ,  W  E b c   ) −  u  b c , p , m    A  b c , m   (  M  b c   )  



(3)




where    E  b c , p , d   =   ∑ r     a  b c , p , r    E  b c , p , r     is the direct deposition on marine basins in the Baltic Sea from emission sources and ubc,p,mAbc,p(Mbc) is the nutrient removal by mussel farming.



Based on the descriptions of the loads and abatement measures, we define three different nutrient targets for the Baltic Sea. Two targets are based on the international agreements in HELCOM [2] on marine basin and country targets, and the third is a target on overall reductions to the Baltic Sea, which are defined as:


  Marine   basin   targets :     F  p , b   =   ∑ c    (  E  b c , p   +  L  b c , p   −  u  p , w    A  b w   (  L  b c , p   ,  W  b c   ) −  u  p , m    A  b c , m   (  M  b c   ) )  



(4)






  Country   targets :     F  p , c   =   ∑ b    (  E  b c , p   +  L  b c , p   −  u  p , w    A  b w   (  L  b c , p   ,  W  b c   ) −  u  p , m    A  b c , m   (  M  b c   ) )  



(5)






  Baltic   Sea   targets :     F p  =   ∑ c      ∑ b    (  E  b c , p   +  L  b c , p   −  u  p , w    A  b w   (  L  b c , p   ,  W  b c   ) −  u  p , m    A  b c , m   (  M  b c   ) )  



(6)




where    F P  =   ∑ c     F  p , c   =   ∑ b     F  p , b    .



There exists a cost function for each abatement measure, denoted by Cc,r(Abc,r), Cc,l(Abc,l), Cc,w(Wbc) and Cc,m(Mbc) all of which are assumed to be non-declining in the arguments. Note that all cost functions for basins within a country c are assumed to have the same shape, the reason is that inputs determining the cost, such as wage and interest rate, are the same within but not between countries. The total cost for the entire Baltic Sea region, C, is then written as:


  C =   ∑ b      ∑ c     (    ∑ r     C  c , r   (  A  b c , r   ) +   ∑ l     C  c , l   (  A  b c , l   ) +  C  c , w   (  W  b c   ) +  C  c , m   (  M  b c   )  )   



(7)







Each abatement measure is subject to a capacity constraint where some are self-evident such as the limit of increased cleaning at sewage treatment plants is determined by the population and reduction in livestock by the number of different animals.


     A  b c , r   ≤    A ¯    b c , r   ,    A  b c , l   ≤    A ¯    b c , l   ,    W  b c   ≤    W ¯    b c   ,   a n d    M  b c   ≤    M ¯    b c    



(8)







The decision problem is formulated as choosing the allocation of abatement measures which minimizes the costs for achieving either of the nutrient load targets defined by Equations (4)–(6), according to:


    M i n                                                                 C               s . t .         ( 8 )         a n d         ( 4 ) ,   o r   ( 5 )     o r   ( 6 )      A  b c r   ,  A  b c l   ,  W  b c    M  b c      



(9)







The first-order conditions for the different targets differ with respect to the summation over catchments in country c with discharges to basin b. For the overall Baltic Sea target, the summation is made over all catchments and the associated first-order condition for reductions in deposition measures, Abc,r, is written as


   C   A  b c , r     c , r   =   ∑ p     λ p   u  p . r   (   ∑ b     a  b c , r , p   +   ∑ e      ∑ j     a  b c , e j , p , r    L   D  e j , p     e j , p   ( 1 −  u  e j , p , w    A   L  e j , p     e j , w   ) ) +  γ  b c , r    



(10)




where sub index denotes partial derivative, and λp is the Lagrange multiplier which shows the impact of total costs from a marginal change in the target for a nutrient p entering the Baltic Sea. The first-order condition in Equation (10) is most involved, because of the transboundary impacts between catchments where reductions in e.g., air borne emissions, generate direct and indirect effects on the Baltic Sea. The direct effects are shown by the first term within parenthesis at the right-hand side of Equation (10). Indirect effects occur through the deposition on land in other catchments with further transports into the Baltic Sea, as shown by the second term within parenthesis at the right-hand side of Equation (10). The impact on deposition on land is, in turn, divided into two counteracting parts; the reduction of leaching under business as usual and the reduced abatement effect of land use measures, according to    L   D  e j p     e j , p   =  L   D  e j , p     e j , p ,   −   ∑ l     u  e j , p , l    A   D  e j , p     e j , l    . In addition, the nutrient reduction effect of constructed wetlands is reduced when leaching into the wetland area decreases.



The first-order conditions for the other abatement measures are simpler, according to:


   C   A  b c , l     c , l   =   ∑ p     λ p   u  b c , p , l   ( 1 −  u  b c , p , w    A   L  b c , p     b c , w   ) +  γ  b c , l    



(11)






   C   W  b c     c , w   =   ∑ p     λ p   u  p c , p , w    A   W  b c     b c , w   +  γ  b c , w    



(12)






   C   M  b c     c , m   =   ∑ p     λ p   u  b c , p , m    A   M  b l     b c , m   +  γ  b c , m    



(13)







The summation under the country and marine basin targets affects only the first order conditions for Abc,r, because of the transboundary effect of this measure. The first-order conditions for this measure under the country and marine basin targets are then written as:


   C   A  b c , r     c , r   =   ∑ p    (  λ  p , c     ∑ b     a  b c , r , p   +   ∑ j     λ  p , j     ∑ e     a  b c , e j , p , r    L   D  e j , p     e j , p   ( 1 −  u  e j , p , w    A   L  e j , p     e j , w   ) ) +  γ  b c , r    



(14)






   C   A  b c , r     c , r   =   ∑ p    (   ∑ b     λ  p , b    a  b c , r , p   +   ∑ e     λ  e , p     ∑ j     a  b c , e j , p , r    L   D  e j , p     e j , p   ( 1 −  u  e j , p , w    A   L  e j , p     e j , w   ) ) +  γ  b c , r    



(15)







The Lagrange multipliers are now written as λp,c under the country targets regime and differ for each country. Similarly, the Lagrange multipliers with marine basin targets, λp,b, differ for each marine basin. Both classes of Lagrange multipliers can be either higher or lower than the shadow cost of the Baltic Sea targets, depending on the stringency of the targets for the country or marine basin in question. Since the first-order conditions for the other abatement measures are quite similar to those for Baltic Sea targets with the replacement of λp with λp,c or λp,b, they are not repeated here.



With respect to total cost under the different targets, it can only be concluded that the total cost under the overall Baltic Sea targets is lower than for the other two targets. The reason is the well-known condition for cost effectiveness that marginal cost among all measures and locations shall be the same. This is likely not to occur under the marine basin and country targets. It is not possible to make any conclusions about the total costs between these two target settings, since some countries discharge nutrient load to several marine basins, and all marine basins receive nutrient from at least two countries.



The different target settings will also give rise to different loads to the marine basins. Only the marine basin targets will guarantee the fulfillment of the targeted loads to the basins in our model. Given that these targets are determined for achieving sufficient ecological conditions, excess loads to any basin may danger the determined ecological achievement. Differences in total costs and for different countries between the targets need to be balanced against deviations in nutrient loads to the targeted marine basins.




3. Description of Data


Two classes of data are needed for the numerical application of the model presented in Section 2: (i) nutrient loads and targets, and (ii) costs and impacts of all abatement measures. With respect to the first class of data, the entire drainage basin was divided into 21 catchments with discharges from catchments in the nine countries with coastal waters to the Baltic Sea (Denmark, Sweden, Finland, Russia, Estonia, Latvia, Lithuania, Germany, Poland) to one or several of the seven marine basins (Bothnian Bay, Bothnian Sea, Baltic Proper, The Gulf of Finland, The Gulf of Riga, Danish Straits, and Kattegat), which are presented in Figure A1. All countries but Poland and Lithuania discharge nutrients into more than one marine basin. Data are obtained from a number of different sources briefly described in the following. All costs are measured in 2017 euro, and, when possible, activity levels are also measured for 2017. Unless otherwise stated, all data is found in Gren and Tirkaso [21].



3.1. Nutrient Loads and Targets


For each catchment, nutrient loads to the sea are calculated based on data on emission from sources, and nutrient leaching and retention within the Baltic Sea catchment. Emission sources include livestock, fertilizer use, sewage treatment plants, and fossil fuel energy. Emission from livestock and fertilizers are calculated based on number of animals and fertilizers per unit of agricultural land and emission intensity. Nutrient loads into the Baltic Sea from sewage treatment plants depend on cleaning level of the nutrients, which differ considerably among countries [22]. The loads are allocated among the catchments based on information on population density in the countries, where it is assumed that the load per person equivalent is the same in all catchments in a country.



Data on emissions of ammonia (NH3) and nitrogen oxides (NOx) from the nine countries around the Baltic Sea is obtained from NMI [24], which includes direct deposition into the Baltic Sea from these countries and indirect through dispersal of the nutrients on land in several countries, which leach into waters in the catchment with transports into the sea. In present study, we include only the deposition originating from emission sources in the catchments of the nine countries surrounding the sea, since it is assumed that the HELCOM targets are based on the loads which these countries are able to reduce. The indirect loads to the sea are then calculated with data on emissions of NOx and NH3 and matrices of the dispersion of these emissions among the countries [24].



Data on leaching of the deposition is obtained from [25], and shares of retention during the transports from the location to the Baltic Sea are obtained from [16]. Nitrogen retention in [16] is divided between retention in surface and ground water, but the allocation of leaching into these waters is unclear. It is therefore assumed that the nitrogen retention is the average of these two retention modes. The calculated load to the Baltic Sea is presented in Table 1.



With respect to nutrient targets, the international agreement on maximum nutrient loads manifested by the Baltic Sea Action Plan (BSAP) envisages reductions for each country, which are supposed to achieve necessary improvements in ecological conditions in different marine basins (HELCOM [2]). The targets, as measured by maximum allowable loads in percent of the business-as-usual (BAU) nutrient loads, show a wide variation between basins and countries (Table 1).



The calculated total load of phosphorus is in the same order of magnitude as the calculations made for 2010 by 26 Pihlainen et al. [26], but it is approximately 15% lower for nitrogen. The calculated nitrogen load to the Baltic Sea in this study includes only emissions originating from sources in the nine countries surrounding the sea. If all atmospheric deposition on land in the catchment would be included, the load to the Baltic Sea would increase with approximately 60 kton N. The outside deposition of nitrogen oxides and ammonia on the sea adds another 130 kton [24]. With respect to the allocation of loads into different marine basins, Baltic Proper and Gulf of Finland receive the majority of both nutrients, which is also reported by HELCOM [27]. However, a limitation of the calculation is that the role of coastal waters is not included, because of lack of data (e.g., [28])



According to HELCOM [2] the country targets are derived from the needs to reduce nutrient loads into the different marine basins, and the most stringent maximum load targets measured as share of BAU loads are determined for the Baltic Proper. This explains the relatively stringent country targets for countries discharging into this marine basin, with the largest reduction requirements for Poland, Lithuania, and Russia for both nutrients.




3.2. Impacts, Costs and Capacity of Abatement Measures


The model includes eight different abatement measures for each catchment: reductions in livestock and fertilizers, cultivation of catch crops, creation of wetlands and buffer strips, mussel farming, increased cleaning at sewage treatment plants, and reduction in emissions of NOx. The calculation of effects of livestock reduction is most involved, since it gives rise to reductions in both airborne emissions and deposition on agricultural land. The impact from reduction in ammonia reduces direct emissions on different marine basins in the sea and deposition on land in all catchments, with associated impacts on the nutrient load when accounting for leaching and retention in each catchment. The cost of livestock reduction is calculated as foregone profits, which are obtained from [16]. It is assumed that the maximum reduction capacity corresponds to 40% of the livestock.



Effects of reductions in NOx emission are similar to those of ammonia reductions, except for the direct deposition on land and data on dispersal among countries and on the sea is obtained from [24]. Costs of reductions in NOx arise from the reduction in the use of different fossil fuels. The cost is calculated as the reduction in consumer surplus from reductions in NOx due to decreases in transports. Impacts on consumer surplus is calculated by deriving a linear demand function with data on emissions, price (unit price of transport fuel divided by N emissions), and price elasticities. With respect to abatement capacity, it is assumed that a maximum of 40% of the NOx emissions can be reduced.



Effects on the Baltic Sea of reductions in fertilizers are assumed to correspond to the product of the share of leaching of deposition and the share of leaching not subject to retention for each nutrient. With respect to costs, they arise from the impact of fertilizers on yield, which, in turn, depends on a number of factors, such as prices of crops and inputs, and soil quality. It is here simply assumed that the farmers maximize profits for each price level of fertilizers, and the cost can then be calculated as the associated change in profits. These changes are calculated as the reduction in consumer surplus separately for N and P fertilizers. Linear demand functions are estimated based on point estimates of use, prices and elasticities. It is assumed that the fertilizer cannot be reduced by more than 50%.



The effects of improved cleaning at sewage treatment plants depend on location of the plant. If located upstream in a catchment, the load is subject to retention. A plant located downstream at the coast has a unit impact from a unit nutrient discharged into the sea. It is assumed that the location of the improved cleaning at sewage treatment plants corresponds to the actual location [27], and the effect is then calculated as the weighted average of upstream and downstream impact. The retention of nutrient from discharges of upstream located plants is assumed to correspond to the retention in surface waters from [16]. With respect to costs, they are subject to both economies of scale and scope where unit cost decreases as the scale of the plant increases and if several pollutant are mitigated (usually BOD (biochemical oxygen demand), N, and P). The average cost per person equivalent of expanding cleaning to the tertiary cleaning level in each catchment is calculated by Hasler et al. [16], but there is no information on how to allocate the costs between BOD, nitrogen and phosphorus. Following Hautakangas et al. [22] it is simply assumed that the costs are equally divided between the pollutants. The maximum abatement capacity in each country of each nutrient is obtained from Hautakangas [29].



Catch crops grow in periods between ordinary crops and reduce leaching from the land, which would otherwise have been without crops absorbing nitrogen. The effect of catch crops is endogenous and depends on the deposition of nitrogen on arable land, which, in turn, depends on the application of fertilizers and air borne deposition. Following [16], it is assumed that catch crops reduce leaching of nutrient by 35%. Catch crops can be cultivated only on land without winter crops. Costs of catch crops include time for sowing and seed purchases, obtained from [16].



Similar to catch crops, the effects of constructing buffer strips and wetlands are endogenous, and depend on the inflow of nutrient into the location of the land use. For buffer strips, the inflow is determined by the leaching of phosphorus from agricultural land. It is assumed that the wetland is constructed downstream close to a coastal zone, in order to act effectively as a filter of upstream nutrient load. The inflow to the wetland is then determined by the deposition of nutrients on upstream agricultural land, leaching and retention during the transport to the sea. The nutrient retention of the constructed wetlands and buffer strips depend on a number of factors such as temperature and size. It is here simply assumed that the nutrient retention corresponds to 50% of the load entering the wetland and that phosphorus retention by buffer strip is 30% of the inflow. Costs of restoring wetlands and buffer strips include the opportunity cost of land, which is approximated by the annual rental prices of agricultural land. Available areas for wetland restoration in the different countries have been investigated by [16]. Since the effect depends on the location of the wetland downstream in a catchment, it is assumed that 30% of the potential areas can be restored. Similar capacity estimates have not been made for buffer strips, and it is assumed that 1% of agricultural land can be used for this purpose.



Regarding mussel farming, calculations of the impacts and costs of mussel farming are based on Gren and Tirkaso [30], who developed a meta-regression model and estimated a cost function for producing mussels. In the present study this cost function was transferred to mussel farming in the Baltic Sea through salinity levels at the coastal zones [31], and through wages and interest rates between the countries in 2017 [32,33]. Data on the maximum production of biomass in each catchment was obtained from [23], who assumed that 0.5% of the coastal area within one nautical mile of the coast zones along all countries with coastal zones in the Baltic Proper, the Danish Straits and Kattegat could be used for mussel farming. It is further assumed that the content of nitrogen is 0.008 kg N/kg mussel biomass, and that of phosphorus is 0.0006 kg P/kg biomass [34].





4. Cost Effective Solutions to Alternative Targets


In order to compare the results from the model with results from other studies, the total cost for reaching marine basin nutrient targets without mussel farming are calculated. Given all assumptions and data, the total minimum cost for reaching the marine basin targets amount to 5.79 billion euro. Hasler et al. [16] is the only study calculating the cost of reaching the same HELCOM [2] marine basin targets as in this study, and obtained a cost of 5.2 billion Euro (in 2017 prices). Elofsson [7] calculated cost-effective solutions to marine basin targets by HELCOM [12], which differ slightly from the maximum load targets set by HELCOM [2] as measured in percent of BAU nutrient loads. The maximum phosphorus loads were lower for Baltic Proper and Gulf of Riga, but higher for Gulf of Finland. The cost estimated by Elofsson [7] was 4.5 billion Euro (in 2017 prices), which is 20% lower than the cost estimate in the present study for the HELCOM [2] targets.



The cost estimated by Gren et al. [5] and Ollikaninen and Hourakangas [6] for a 50% reduction in the load of phosphorus, which is most close to the HELCOM [2] phosphorus target, amounted to 0.7 and 1.3 billion euro, respectively (in 2017 prices). Calculated cost for an overall phosphorus reduction by 50% in the present model amounts to 2.8 billion euro. The higher cost is likely to reflect the increasing cost from the need to introduce abatement measures reducing loads from agriculture because of the early augmentation of relatively low cost measures, such as increases of nutrient cleaning at sewage treatment plants with direct discharges into the coastal waters.



The total cost for achieving the marine basin targets with the inclusion of mussel farming amounts to 5.27 billion euro, which is slightly lower than the cost under the country targets regime, but considerably higher than the cost of the overall reduction of N and P loads (Figure 1).



The total cost of overall reductions in N and P loads by 18 and 49%, respectively, corresponds to almost half of the cost for the other targets. The main reason for this cost difference is the high abatement costs for Poland under the marine basin and country targets (Table 2).



The high share of total abatement cost for Poland under the marine basin and country targets is explained by the large share of phosphorus loads from Poland to Baltic Proper and the large load reduction target for the basin and the country. Similar results were obtained by Elofsson [7] and Hasler et al. [16]. It can be noticed that the abatement costs in Poland are relatively high compared with other countries, which explain the lower costs for this country under Baltic Sea targets. The relatively high cost for abatement measures in Poland is explained by the upstream location of agriculture and sewage treatment plants, which raises costs for load reduction to the coast because of the nutrient retention. Denmark, Finland, Germany, and Sweden then need to increase their abatement to reach a cost-effective solution.



However, as in all numerical modelling, the results are sensitive to different assumptions and parameter values of the different types of data; biological (retention and leaching), costs of measures, and abatement capacity. Changes in retention rates can either increase or decrease cost. A reduction increases load from upstream sources, which increases the reduction need as measured in kton nutrient. On the other hand, abatement costs of upstream measures decrease because of a higher effect on the sea. Studies indicate that retention might change because of climate change (e.g., Eriksson et al. [35]), and we therefore calculate costs under all three targets for an increase in retention rates by 10% for both nutrients in all catchments. The calculations also rest on simplifying assumptions on the loads and costs of measures in the agricultural sector, and calculations are therefore made for a decrease by 10% in the production of meat and costs of abatement measures in agriculture. For similar reasons, costs are calculated for a decrease by 10% in the maximum increase in nutrient cleaning at sewage treatment plants (Table 3).



The costs are particularly sensitive for changes in the capacity of low-cost measures; a 10% decrease in cleaning capacity of sewage treatment plants raises the cost for achieving the marine basin targets by almost 60%, and even more for country targets. The reason is the replacement with abatement measures in agriculture, which are more expensive. The increase in costs is lower as measured in percent for the Baltic Sea targets, which is explained by the possibility to replace the cleaning by sewage treatment plants with relatively low cost agricultural and other measures in all catchments.




5. Nutrient Loads to Marine Basins under Different Targets


It might be argued that the higher cost under the marine basin targets can be justified, because of the precision in achieving nutrient load targets for the marine basins. It is therefore of interest to examine the nutrient loads to the basins under the Baltic Sea and country targets (Table 4).



The results in Table 4 show that none of nitrogen targets for any basin will be achieved with country targets, although the underperformance is relatively modest as measured in per cent deviation from the HELCOM [2] targets displayed in Table 1. This is also the case for the phosphorus targets to Baltic Proper and Gulf of Riga, but the loads to Gulf of Finland are lower than the marine basin target. The results are more mixed under the Baltic Sea targets, where the nitrogen loads to Gulf of Finland and Kattegat and phosphorus loads to Gulf of Riga and Gulf of Finland are considerably lower than the marine basin targets. On the other hand, the phosphorus load to Baltic Sea exceeds the basin target by almost one fourth.



Whether or not the cost of the deviations from the basin targets under the Baltic Sea targets justify the excess cost corresponding to 2.9 billion euro depends on the ecological impacts of the deviation in nutrient loads and associated valuation in monetary terms. There exist no quantitative estimates of the relation between nutrient loads and ecological impacts, such as fish populations and blue green algal, for the different marine basins in the Baltic Sea, and it is therefore difficult to find empirical evidence for the choice of the targets. On the other hand, there are a few studies estimating the value for target achievements. Söderqvist [36] made a contingent valuation study of the achievement of the HELCOM [11] targets of 50% reduction in both nutrients in two countries Sweden and Poland. Transfer of the results for these countries to the other seven countries gave a total value of 4.4 billion euro (in 2017 prices). This was followed up by Athainen et al. [37], who implemented surveys in all nine countries around the sea, and found that the total willingness to pay for achieving the HELCOM [12] targets with assumed ecological effects amounted to 3.9 billion euro (in 2017 prices). Czasjkownsy et al. [38]) applied the travel cost method to estimate the recreational values of the Baltic Sea, and found that a perceived improvement of current status to very good quality would raise welfare by 2.1 billion euro (in 2017 prices).



Common to all valuation studies is the use of a scenario where an improvement is made from a current bad to a future good status due to the achievement of the targets. It can then be noticed that all three value estimates are lower than the calculated costs in this study for achieving the marine basin targets. When comparing the extra cost of 2.9 billion euro per year from exceeding the target for Baltic Proper by 23%, it is difficult to justify the marine basin target instead of a Baltic Sea target, and even more problematic when the latter target implies larger reductions in nitrogen and phosphorus than the targets for several marine basins. Another aspect is the implicit assumption of local stationarity of nutrients in the basins where they are discharged. However, it is likely that discharges of nutrient into one marine basin is dispersed to other basins, because of oceanographic conditions (e.g., [3]). If so, the stringent targets for direct discharges into Baltic Proper and Gulf of Finland are likely not to be met, and discharges into other basins for which there are no targets will affect the targeted basins ([14]).




6. Discussion and Conclusions


The main purpose of this study was to calculate costs of achieving overall and ecosystem-based heterogeneous targets for nutrient loads to the Baltic Sea, and to compare the dispersal of nutrient loads. This was made with a static cost minimization model, which included eight different abatement measures in each of the 21 catchments (reductions in NOx, fertilizers, and livestock, cultivation of catch crops, construction of buffer strips and wetlands, and mussel farming).



The results showed that the annual cost of achieving the ecosystem-based targets in terms of HELCOM [2] targets for different marine basins can be more than twice as large as the cost of the same overall nutrient load target; 5.3 billion euro compared with 2.4 billion euro. This relatively large difference in costs between the two types of target formulations remains the same, and can even be reinforced from changes in exogenous parameter values on nutrient transports in the catchment and available abatement capacity of low cost measures. It was also demonstrated that the overall target formulation would result in loads exceeding the HELCOM [2] target for Baltic Proper, but can be below the phosphorus basin targets for Gulf of Riga and Gulf of Finland and the nitrogen targets for the Gulf of Finland and Kattegat.



A question then arose if the costs of these deviations in terms of ecological impacts on the marine basins are higher than the excess abatement cost of the marine basin targets. The current lack of studies relating nutrient loads to ecological effects and valuation in monetary terms for different marine basins inhibits a comparison of these costs and thereby a justification of marine basin instead of Baltic Sea targets. Future research on these topics are thus needed for the maintenance of basin targets instead of a more flexible target formulation, which allows for the implementation of low-cost abatement measures in the entire Baltic Sea.



An argument in favor of overall Baltic Sea targets instead of marine basin targets is found in the difficulties associated with the implementation of international targets. In principle, the HELCOM suggestions for mitigating eutrophication in the Baltic Sea have rested on command and control policies with targets for each country, and each country has, in turn, implemented these targets by command and control policies with targets for sectors and regions within the country. It is well-known that such command and control policies can be much more expensive than economic instruments, such as nutrient load charges or trading markets. However, the implementation of economic instruments for the marine basin targets would require charges or markets that differ for the basins because of the differences in load targets (e.g., [39]). In this respect, it would be easier to implement only one charge or market for each of the nutrients under the Baltic Sea targets. The identification of barriers to and possibilities for a move from current tradition of detailed command and control policies for achieving basin targets to application of economic instruments for reaching overall Baltic Sea targets is another important area for future research.
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Figure A1. The Baltic Sea drainage basin. Source: Gren and Tirkaso [21]. 
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Figure 1. Total costs for marine basin, country targets, and overall N and P reductions. 
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Table 1. Calculated business-as-usual (BAU) nitrogen (N) and phosphorus (P) loads from countries and to marine basins, and maximum load targets as share of BAU loads.
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	BAU N Load, kton a
	BAU P Load, kton a
	HELCOM N Targets, Share of BAU Load b
	HELCOM P Targets, Share of BAU Load b





	Marine basins;
	
	
	
	



	Botthnian Bay
	18.0
	1.08
	1
	1



	Bothnian Sea
	18.7
	1.01
	1
	1



	Baltic Proper
	463.0
	20.3
	0.77
	0.40



	Gulf of Finland
	100.1
	3.80
	0.88
	0.48



	Gulf of Riga
	28.5
	1.37
	1
	0.87



	Danish Straits
	31.4
	0.62
	1
	1



	Kattegat
	28.5
	1.08
	0.93
	1



	Total
	688.2
	29.25
	0.82
	0.51



	
	
	
	
	



	Countries;
	
	
	
	



	Denmark
	33.3
	0.66
	0.93
	0.98



	Finland
	43.9
	1.99
	0.94
	0.91



	Germany
	20.7
	0.29
	0.86
	0.68



	Poland
	332.9
	16.48
	0.77
	0.39



	Sweden
	50.9
	2.11
	0.90
	0.85



	Estonia
	15.2
	0.72
	0.90
	0.60



	Latvia
	29.1
	1.26
	0.95
	0.90



	Lithuania
	75.9
	1.89
	0.78
	0.44



	Russia
	86.2
	3.85
	0.86
	0.47







Note: a Gren and Tirkaso [21]; b HELCOM [2], the share of N country targets in HELCOM [2] was decreased by 3% in order to fulfil the condition of the same total load of the pollutant as for the marine basin targets.
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Table 2. Allocation of costs between countries under marine basin, country, and Baltic Sea targets.
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	Country
	Marine Basin Targets
	Country Targets
	Baltic Sea Targets





	Denmark
	0.002
	0.002
	0.168



	Finland
	0.010
	0.002
	0.052



	Germany
	0.021
	0.039
	0.052



	Poland
	3.700
	5.401
	0.789



	Sweden
	0.372
	0.013
	0.089



	Estonia
	0.016
	0.007
	0.082



	Latvia
	0.044
	0.003
	0.121



	Lithuania
	0.564
	0.475
	0.403



	Russia
	0.543
	0.385
	0.607



	Total
	5.272
	6.327
	2.363
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Table 3. Costs for achieving alternative targets under different scenarios, billion euro.
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	Marine Basin Targets
	Country Targets
	Baltic Sea Targets





	10% decrease in retention
	5.64
	6.99
	2.52



	10% decrease in meat production
	3.91
	4.61
	1.71



	10% increase in costs of agricultural measures
	5.75
	6.91
	2.51



	10% decrease in sewage cleaning capacity
	8.37
	10.26
	3.36
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Table 4. Deviations from marine basin load targets under the country and Baltic Sea targets, % from basin load targets.
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Country Targets

	
Baltic Sea Targets




	
N

	
P

	
N

	
P






	
Baltic Proper

	
5.8

	
2.7

	
5.1

	
22.8




	
Gulf of Finland

	
5.6

	
−1.5

	
−11.1

	
−14.3




	
Gulf of Riga

	

	
3.7

	

	
−49.0




	
Kattegat

	
2.8

	

	
−9.2
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