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In order to properly target their programs of measures, Member States need to identify how 

measures can be combined in the most cost-effective way to close the gaps between current water 

status and good ecological status [2]. A deficit analysis—which principally deals with the question 

“how big are the gaps between current water status and good ecological status?”—needs to be carried 

out to determine what has to be done to meet the objective, how much time it will take and who will 

bear the expenses [2,3].  Furthermore, exceptions due to technical impracticability or 

disproportionate costs can only be duly justified on the basis of this analysis [2]. Further, even where 

derogations are justified, Member States must ensure that measures are taken to achieve the closest 

possible approximation to the objective [2]. Acknowledging the importance of the deficit analysis in 

measure planning processes, the German Working Group on water issues of the Federal States and 

the Federal Government (LAWA) developed a guidance document for a harmonized approach in the 

context of nutrient management [3]. The LAWA proposes that the deficit analysis should be carried 

out for river basin districts as well as their hydrological subareas and not only on basis of nutrient 

concentrations, but also based on nutrient loads. Monitoring, modeled data or a combination of both 

can be used in a deficit analysis. Furthermore, for each deficit identified, significant emission sources 

should be highlighted. 

Due to the federal political structure in Germany, the 16 German states are responsible for the 

implementation of the EU Directives in the water sector [4]. In Schleswig-Holstein, the input of 

phosphorus into surface waters presents a substantial problem [5]. The physicochemical conditions 

of surface waters in the state were assessed in 2017 on the basis of monitoring data. The assessment 

revealed that approximately two-thirds of the river water bodies in Schleswig-Holstein do not 

comply with the orientation values for total phosphorus, which are stipulated in Annex 7, Ordinance 

on the Protection of Surface Waters 2016 (OGewV 2016). This result exerts a great pressure on the 

responsible water management institutions. 

Although the results of the monitoring can be used to calculate the distance to good ecological 

status as a concentration, mg/L, information as the load in tons per year or information about the 

most significant emission paths are not feasible. It should also be noted that, due to the lack of 

measurements, some river segments had to be assessed on the basis of neighboring water bodies. 

Since monitoring data are not available in sufficient quantities for every water body in Schleswig-

Holstein, it is advantageous to take model results into account. A prerequisite is that the models are 

implemented consistently and comprehensively at the state level and all the relevant diffuse and 

point source inputs are considered. The high-resolution model results by Tetzlaff et al. [6] fulfill these 

requirements and therefore can be taken into consideration.  

Against this background, the main objective of this paper is to develop a method to perform a 

deficit analysis according to the LAWA for the entire federal state of Schleswig-Holstein based on 

available data and model results. Inter alia, the following results are to be achieved: 

 Absolute and area-specific phosphorus loads for each subcatchment; 

 Maximum and second-highest input path from a comparison of all paths; 

 Percentage shares of point and diffuse sources for each subcatchment; 

 Expected phosphorus concentration in each subcatchment;  

 Absolute and relative required reduction in mg/L, t/yr or % for each subcatchment in order to 

meet the orientation values according to OGewV; 

 Number of subcatchments which do not achieve good ecological status, statewide and for each 

river basin district; 

 Required reduction statewide and for each river basin district. Results of the deficit analysis are 

also available for more detailed units such as planning units (Planungseinheiten) and subbasin 

areas (Bearbeitungsgebiete). In order to keep this paper short and easily readable, these results 

will not be included but can be provided if necessary. 

The research works have been carried out by the authors in a project on behalf of the Ministry 

of Energy, Agriculture, the Environment, Nature and Digitalization Schleswig-Holstein (MELUND). 
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2. Methods 

2.1. Study Area 

The Federal State of Schleswig-Holstein is located in Northern Germany and comprises a total 

area of 15,800 km2, with a population of 2.9 million and a population density of 183.7 inhabitants per 

km2 (2019).  

Schleswig-Holstein is characterized by a dense network of streams and rivers, which sum up to 

a total length of approximately 30,000 km, as well as a large number of natural lakes. Typical for 

Schleswig-Holstein are streams with small catchment areas, low gradients and a short flow path 

towards the nearest lake or sea. Most of the streams are no wider than 2 m. Larger river systems are 

Treene, Eider, Stör, Trave, Füsinger Au and Schwentine [7]. Approximately 300 natural [8] and a few 

artificial lakes located along the North Sea Coast encompass an area of more than 350 km2, which 

makes up more than 2% of the state area. 

Schleswig-Holstein is divided into three river basin districts, Elbe, Eider and Schlei/Trave [9], as 

well as three natural regions, “Marsh” (on the North Sea coast), “Geest” (in the state interior) and 

“Morainic Uplands” (in the east) [10] (p. 8). Approximately 69% of the state area is used for 

agriculture. Arable land (46%) is widely distributed in all parts of the country, while grassland (23%) 

is strongly limited to the “Marsh” as well as lowlands and floodplains. Special crops play a minor 

role in comparison to other agricultural land use types. 

2.2. Methods of the Deficit Analysis 

The deficit analysis makes use of available spatially distributed results on mean annual 

discharges and mean phosphorus emissions in tons per year for ten different pathways, which were 

modeled in a previous research project on behalf of MELUND (2010–2014) [6]. The main idea is to 

determine long-term phosphorus concentrations at any river segment or lake in Schleswig-Holstein 

and compare them with orientation concentrations for achieving good ecological status according to 

OGewV 2016. In a first step, modeled phosphorus loads and long-term modeled annual discharges 

were assigned for each of the LAWA subcatchments, which represent the smallest existing 

subdivision of a river basin according to the rules written by the LAWA [11]. This was performed in 

GIS based on spatial relationships. Subsequently, the modeled phosphorus loads and discharges 

were summed up from upstream to downstream subcatchments based on their hierarchy, which can 

be decoded from the hydrological area register Schleswig-Holstein. The modeled phosphorus 

concentration in the river segment of each subcatchment was then derived as the quotient of the total 

load and the total discharge. If the calculated concentration is higher than the orientation value, the 

required reduction in mg/L is calculated as the difference between these two values. In order to obtain 

the absolute required reductions in tons per year, the required reductions in mg/L are multiplied by 

the total discharges. The reduction amount can also be expressed as a relative percentage. The 

methods described are illustrated in the example below. 

Figure 1 shows a total of three subcatchments (CA). Following the river flow directions, 

subcatchments 1 and 2 are upper basins and both drain into subcatchment 3. The phosphorus loads 

in t/yr arising from individual subcatchments are marked as P1, P2 and P3. Q1 to Q3 characterize the 

average annual discharges in mm/yr (or m3/yr) originating from the respective subcatchments 1 to 3. 

A specific phosphorus orientation value in mg/L based on the characteristics of the water body was 

taken from OGewV 2016 and assigned for each subcatchment. Since subcatchments 1 and 2 are also 

basins without loads from upstream, the total loads and total discharges (subscript k, considered all 

upstream subcatchments) correspond to their own loads and discharges: P1,k = P1 and Q1,k = Q1 as well 

as P2,k = P2 and Q2,k = Q2. For subcatchment 3, the total phosphorus load is calculated as: 

P3,k = P1+P2+P3 (1) 

and the total discharge, respectively: 

Q3,k = Q1+Q2+Q3 (2) 
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information on the hierarchy between subcatchments as well as the orientation values according to 

OGewV 2016. All data must be fully available for each subcatchment. 

Table 1. Input data for the deficit analysis. 

Input Data Data Source Processing Method 

hierarchy between 

subcatchments 

hydrological area register Schleswig-

Holstein (GFV) 
decoding based on [11]  

total and agricultural 

area of subcatchments 

GFV, Integrated Administration and 

Control System (InVeKoS 2011) 
derivation in GIS 

information relating to 

river basin districts 

State Agency for Agriculture, 

Environment and Rural Areas 

Schleswig-Holstein (LLUR) 

transfer to subcatchments 

lake information 
expert information system for water 

management: lakes 
transfer to lake subcatchments 

average annual 

discharge 
water balance model GROWA [6] spatially intersecting in GIS 

phosphorus emission  
phosphorus emission model MEPhos 

[6] 
spatially intersecting in GIS 

type of surface water 

body 

GFV, database of surface water body 

characteristics 

link column SH_CD_WB from 

GFV to surface water body 

database 

orientation value OGewV 2016, LLUR (Table 2) 

transfer to subcatchments 

based on the type of surface 

water body 

2.3.1. The German Catchment Coding System and the Hydrological Area Register  

Schleswig-Holstein 

The German catchment coding system was firstly established in 1970 by the LAWA and updated 

two times, in 1993 and 2005 [11]. The numbering is executed from the source of the river to its mouth. 

Thus, the system is hydrology based and highly hierarchical. Every catchment can be subdivided into 

9 subcatchments. Every subdivision of a catchment into subcatchments introduces a new digit, where 

an odd digit indicates the intercatchment areas along the main river and an even digit implies 

tributary catchments. The greater the number of digits, the more detailed the subcatchments. The 

latest version of the hydrological area register Schleswig-Holstein comprises 6428 subcatchments 

with a maximum digit number of 9, which is equivalent to the 9th level of subdivision. The average 

size of each subcatchment is approximately 2.5 km2. A few subcatchments, which have the same 

coding numbers and further attributes, e.g., orientation value, are merged together. 

For each of the subcatchments, the direct downstream basin was determined based on the 

described LAWA regulations. In order to check the correctness of the derived drain directions, a 

further routine was developed and implemented, which can identify and graphically illustrate 

codings, which do not comply with the guideline written by the LAWA [11]. These issues were 

discussed in several stages with the State Agency for Agriculture, Environment and Rural Areas 

Schleswig-Holstein (LLUR) and corrected where necessary. 

Within the framework of this study, the focus lies on inland waters or, to be more precise, on 

inland rivers and lakes. Coastal and transitional water bodies are not part of the work and therefore 

were removed from their subcatchments (Figure 3). The remaining parts of the cut-off subcatchments 

are treated as outflows into the sea and are assigned river orientation values. Consequently, the state 

area of Schleswig-Holstein can be completely taken into account. 

After all the above-mentioned processing steps, instead of 6428, 6407 subcatchments are 

available for the state of Schleswig-Holstein. 
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2.3.4. Phosphorus Orientation Values for Surface Waters 

Phosphorus orientation values for achieving good ecological status vary depending on the type 

of water body and are defined in OGewV 2016 (Table 2). 

Table 2. Orientation values for phosphorus according to Ordinance on the Protection of Surface 

Waters 2016 (OGewV 2016). 

Type Explanation 

Phosphorus 

Orientation Value 

[mg/L] 

Rivers 14 Small sand-dominated lowland rivers 0.1 

 15 
Mid-sized and large sand and loam-dominated lowland 

rivers 
0.1 

 16 Small gravel-dominated lowland rivers 0.1 

 17 Mid-sized and large gravel-dominated lowland rivers 0.1 

 19 Small streams in riverine floodplains 0.15 

 20 Very large sand-dominated rivers 0.1 

 21_N Lake outflows in the North German lowlands 0.1 

 22.1 

Marshland streams with catchments almost completely 

inside the marshes, which flow directly into the North 

Sea or lower reaches of large rivers 

0.3 

 22.2 

Marshland streams 

with catchments in ground moraines of young and old 

moraine landscapes 

0.3 

 22.3 Very large marshland rivers (only Elbe and Weser) 0.3 

 77 Kiel Canal 
0.15 (in agreement 

with LLUR) 

Lakes 10.1 
Lowland layered lakes with relatively large catchment 

area 
0.0325 

 10.2 
Lowland layered lakes with relatively large catchment 

area 
0.037 

 11.1 
Lowland polymictic lakes with relatively large 

catchment area 
0.04 

 11.2 
Lowland polymictic lakes with relatively large 

catchment area 
0.045 

 12 Lowland river-like lakes 0.075 

 13 
Lowland layered lakes with relatively small catchment 

area 
0.03 

 14 
Lowland polymictic lakes with relatively small 

catchment area 
0.037 

 99 Artificial lakes located along the North Sea Coast 
Not considered as in 

good condition 

By means of the processing method presented in Table 1, the orientation values can be assigned 

to each of the subcatchments. Their spatial distribution is illustrated in Figure 4. 
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4. Validation of Results and Discussion 

In order to assess the accuracy and reliability of the implemented deficit analysis, possibilities 

for validating the results were sought. In the “Waterbody and Nutrient Information System 

Schleswig-Holstein”, measured phosphorus concentrations in rivers for the period 1991–2018 are 

available. Additionally, seasonal mean concentrations of phosphorus in the lakes were provided by 

the LLUR’s lake department. 

These data underwent a detailed analysis and subsequently were processed and then compared 

with the modeled results. If there is a satisfactory agreement for a sufficiently large number of quality 

monitoring stations, it can be assumed that representative statements can be made with the 

underlying deficit analysis. In order to keep unavoidable uncertainties as small as possible, only 

monitoring stations with at least 50 concentration measurements were used. 

4.1. Validation Based on Phosphorus Concentrations Measured in Rivers (at Least 50 Measurements per 

Measuring Station) 

In total, there are 138 monitoring stations that meet the quality criterion of at least 50 

measurements. With approximately 12 measurements per year, the criterion corresponds to 

approximately four years of monitoring. The 138 monitoring stations are distributed homogeneously 

throughout the state and cover all river basin districts and the state’s major rivers. Figure 10 shows 

the comparison between the mean measured and modeled phosphorus concentrations. Most of the 

points are located in the zone of ±30% deviation. The mean absolute percentage error amounts to 

29%. However, larger deviations, which are over 100% in extreme cases, can be observed. A more 

detailed analysis revealed that monitoring stations with the largest deviations are located near coastal 

areas, for example in the island of Fehmarn, as the tidal influence could not be considered in the 

models. Furthermore, for some of the stations, the monitoring time was not continuous, so that their 

average values are not fully comparable with model results, which generally characterize mean long-

term conditions. It should also be noted that the input parameters for the GROWA-MEPhos model 

combination was derived from statewide available databases. As a consequence, local obviously 

deviating model results may have been due to databases being insufficiently accurate for local 

issues [23]. 

Figure 11 shows a comparison of measured and modeled relative required reduction for the 138 

monitoring stations used for validation as well as their agreement based on classes defined in the 

upper panels. In general, good agreement can be considered, as there are mainly no, one or two class 

differences between measured and modeled results. A perfect match between them is also not 

realistic, since on the one hand the available data used for validation and the modeled results do not 

cover the exact same period of time, on the other hand there are fundamental uncertainties in the 

modeling, but also in the handling of measured values below the determination limits or in the 

estimation method used to determine the phosphorus loads at the monitoring stations. 
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analysis is advantageous, especially in the context of the EU policy on marine protection. The 

described deficit analysis can also be implemented for other federal states in Germany, e.g., North 

Rhine-Westfalia, Mecklenburg-Vorpommern, etc., where the model combination GROWA-MEPhos 

was successfully applied [26,27]. In other European countries, such as Austria and Switzerland, other 

models [28,29] were used to quantify nitrogen and phosphorus emissions to surface waters. With 

appropriate modification, these results can also be used as input data for the deficit analysis. 
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