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ABSTRACT With regard to the creation of river basin plans and programmes of 
measures according to the EU-Water Framework Directive, the importance of model-
supported analyses of nutrient inputs into aquatic systems and the localization of source 
areas is increasing. Especially in lowland regions artificial drainage installations play a 
major role, but little information exists about their location within larger river basins. 
Therefore, artificially drained lands were identified by interpreting aerial photographs and 
typical site conditions of the drained plots were derived. Then, a GIS-based approach was 
developed, which allows the delineation of artificially drained lands by combining 
various site conditions like soil properties and land use type. The approach has been 
applied to Germany (357000 km²) and validity has been checked with small-scale 
drainage installation maps. 
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INTRODUCTION In general, artificial drainages represent a significant pathway for 
diffuse inputs of nutrients (N, P) and pesticides into surface waters (Haygarth and Jarvis, 
2002). This is true especially for lowland regions regarding their soils, relief and land use 
(Trepel and Kluge, 2001). In north-western Germany for example, validated model 
results show that about 69% of all P-inputs or 80% of the diffuse P-inputs into surface 
waters are discharged via artificial drainages (Tetzlaff et al., 2007). Area-differentiated 
drainage data are needed in order to supplement pathway-differentiated nutrient models. 
Regarding the demand for creating river basin plans and programmes of measures 
according to the European Water Framework Directive (EU-WFD), identifying source 
areas within river basins is of increasing importance. Detailed data about the locations of 
artificial drainages are not available for large investigation areas (>1,000 km²) as a rule. 
Only estimations exist about the extent of artificially drained areas in Germany. 
According to Eggelsmann (1971), Olbertz and Schwartz (1966), Lennartz and 
Hartwigsen (2001) and Quast et al. (2002) pipe drainage installations can be found on 
about 2 - 2.6 million hectares (Mha), corresponding to 10 - 20% of the agricultural land 
in Germany. The mean demand for artificial drainage in Germany is given as about 30 - 
35% of the entire agricultural land area, in the northwestern German lowlands this share 
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is estimated to be about 60% (Eggelsmann, 1978). With respect to these orders of 
magnitude, artificially drained lands cannot be left unconsidered in model-based analyses 
of water balance and matter fluxes, especially in northwestern German lowlands. Here, 
mainly pipe drainages, which are harder to detect than channel drainages, play an 
important role.  

In this article artificial drainage is understood as installation of pipe, channel and/or mole 
drainage systems. Sub-soiling methods or deep ploughing, which are also classified as 
artificial drainage according to the German Technical Standards DIN 1185-1 (1973), are 
only considered if they are connected to accompanying drainage methods. Artificial 
drainage is being performed above all on agricultural land and, secondarily, on raised 
bogs used for peat cutting. 

A literature survey has pointed out that only few approaches for the delineation of maps 
showing artificially drained areas exist. But none of the known approaches is applicable 
to large-scale investigation areas, is valid for heterogeneous natural conditions and results 
in area-differentiated data about artificially drained agricultural land. Hence, a new 
approach had to be developed, one which is applicable to a medium scale and which is 
consistent with known methods but at the same time overcomes their difficulties. 

IDENTIFICATION OF ARTIFICIALLY DRAINED LAND WITH AERIAL 
PHOTOGRAPHS Any approach for the delineation of drained lands in large 
investigation areas requires information about the location and extent of artificial 
drainage installations and about the site properties of drained lands. Such information can 
be taken e.g. from analogous drainage installation plans, which document construction 
results on the field scale. Obtaining such plans as well as their digital analysis is time 
consuming and costly. As an alternative, satellite images and aerial photographs (both 
visible and infrared spectrum) could be used to detect structures in the upper soil, for 
example due to differences in vegetation. 

In general, a high resolution of the images used is needed. Compared to aerial 
photographs satellite images are the most recent data source, updated in two- or three-
week intervals. The commercial satellites for earth observation ‘Quickbird’ and ‘Ikonos’ 
have pixel resolutions of 0.6 m to 1.0 m, which represents the state-of-the-art in civilian 
use. Drain pipes appear as fine lines of about 0.4 m width on the land surface so that it 
might be possible to identify just a streaky structure on a raster basis but not exactly for 
land parcels. Depending on the specific atmospheric conditions satellite images can be of 
insufficient quality for evaluation purposes, but costs can rise up to approximately € 
2,500 per scene. Therefore, it seems to be more encouraging to focus on cheaper aerial 
photographs with basically finer resolution. 

Good experiences in detecting land surface patterns on standard black-and-white aerial 
photographs have been made in archaeology for decades. Therefore, investigations were 
conducted at the State Authority for the Preservation of Historic Sites (NLD) in order to 
find an appropriate number of aerial photographs of Lower Saxony. First, several 
thousand aerial photographs at a scale of 1:6,000 to 1:25,000 were evaluated. Then, 231 
orthophotos at a scale of 1:12,000 were selected according to quality. Furthermore, the 
photographs should cover all natural regions of Lower Saxony. These selected aerial 
photographs have been further processed. The selected orthophotos used for drainage 
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identification show spatial fishbone-patterns typical for systematic pipe drainage 
installations. Examples are given in figure 1. In general, the detection of pipe drainage 
installations in aerial photographs results from differences between soil properties such as 
texture and structure. These vary between the in-situ soil and the modified parts 
depending on the pipe installation technique. Hence, changing soil moisture contents 
occur which in turn influences crop growth. Furthermore, soil texture controls, how well 
and how long the changes of soil moisture are preserved. 

 

Figure 1. Example of pipe drainage pattern in aerial photographs 

The vegetation above the drainage pipes is more vital at the start of the season compared 
to neighbouring sites. This is reflected in grey-tone differences in the aerial photograph 
and changing densities and heights of the vegetation. Our own experience has proven that 
vegetation or crop type do play an important role for the identification of drainage 
patterns. Lands with growing cereals or grassland with low vegetation are more suitable 
than agricultural lands with row crops, such as corn or potatoes, or freshly harrowed land 
or freshly mowed grassland. Therefore, aerial photographs taken in spring are regarded as 
most suitable. After visual interpretation and georeferencing of all 231 aerial photographs 
their outlines and those of the artificially drained areas were digitised. The aerial 
photographs used for this study cover an area of 122,040 ha, which corresponds to 3% of 
the state area of Lower Saxony. The 2,734 drained fields delineated have areas between 
0.2 und 230 ha und sum up to a total area of 12,528 ha. 

It has to be questioned, how extensive artificially drained fields can be detected in 
orthophotos with regard to the impacts of phenology and soil texture. A plausibility check 
was performed for clarification and revealed that, in a large number of photos agricultural 
land without pipe drainage patterns are neighbouring to lands under the same use and 
showing clearly identifiable patterns. Homogeneous soil types and properties are to be 
found on all parcels, as far as it can be verified with medium-scaled soil maps (1:50,000). 
The aerial photographs show also that many open channels are running along the 
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agricultural parcels. In order to consider both the draining effect of these channels and to 
correct the impact of phenology and soil texture on the pattern visibility, additional 
information about drainage was derived by the use of highly resolved river and channel 
network data. Within the outlines of each aerial photograph all agricultural parcels, which 
are directly neighbouring such a channel, are regarded as artificially drained. This 
procedure results in a dataset comprising 14,683 areas with a total size of 35,700 ha. 

DERIVING COMBINATIONS OF GEOFACTORS FOR THE DELINEATION 
OF POTENTIALLY DRAINED LAND When aiming at spatially differentiated 
information about artificial drainage in large investigation areas, the described method of 
acquisition and interpretation of aerial photographs on its own is too expensive. However 
the method can assist to answer the question which combinations of geofactors control 
the demand for artificial drainage, even with a limited number of photos. According to 
Eggelsmann (1981) the depth of the groundwater table, the grade of perching water 
influence, the agricultural land use type, the soil type, the soil texture, the rock type as 
well as the precipitation sum are regarded as controlling geofactors. These geofactors are 
quantified as data sets listed in table 1. Those data were selected and employed which 
were area covering as well as with the highest resolution for large investigation areas. 

The data set containing the digitised parcels with artificial drainage (previous section) 
was clipped stepwise in GIS with those data mentioned in table 1. Afterwards, for all 
drained parcels, combinations out of all geofactors were derived and their frequencies 
were examined. In our study the controlling factors ‘mean annual sum of precipitation’ 
and mean annual sum of winter precipitation’, the ‘rock type’ as well as the ‘soil texture’ 
had no significant impact on the frequencies of the occurrence of drainage installations. It 
was investigated, too that slopes of more than 3% had no impact on the occurrence of 
drainages. Higher relief energy is accompanied by an increase of surface runoff and 
simultaneously a decrease of hydromorphic soils. 

Table 1. Data sources used for processing and for the creation of the national inventory of 
artificially drained areas in Germany 

Data sources Lower Saxony, 
North Rhine-

Westphalia, Hesse 

Hamburg Schleswig-
Holstein 

All other 
states 

Soil parameters 
- soil type 

- soil texture 
- mean upper level of 

the depth to the 
groundwater table  
- grade of perching 

water influence 

Soil map 1:50,000 Soil map 
1:20,000  

 

Soil map 
1:200,000  

Soil map 
1:1,000,000 

Land use CORINE 2000 CORINE 
2000 

CORINE 
2000 

CORINE 
2000 

 

Therefore, the final queries in GIS concentrated on the geofactors land use, depth to the 
mean upper level of the groundwater table and perching water influence. These queries 
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result in 51 different combinations of geofactors. Table 2 presents examples for 
combinations involving typical soil types for the northwestern German lowlands. 

Table 2 shows large differences for frequencies of drainage between the soil types. Sandy 
Podzols with high permeability, located in plains with a deep groundwater table, are most 
seldom drained with pipe or channel drainage systems. Far higher frequencies of artificial 
drainage can be observed for Fluvisols and Haplic Stagnosol, the frequencies for arable 
land are twice as high as those for grassland. This can be explained by the higher 
intensity of agricultural land use and, consequently, higher profits. Due to their strong 
groundwater influence fen soils under agricultural use and with depths to the mean upper 
groundwater level of 1 or 3 dm are drained in most cases. In contrast to the hydromorphic 
soil types listed in Table 2, Ombric Histosols under grassland are drained more often than 
those under arable land. This is related to economic reasons, because the turf loss from 
oxidation under arable land use is higher and sums up to 2 cm per year, which can lead to 
the abandonment of cultivation (Kuntze, 1986). 

Table 2. Selected geofactor combinations and drained areas share of geofactor 
combinations 

Soil type 

Grade of 
perching 

water 
influence (-) 

Depth to the 
mean upper 

level of 
groundwater 
table (dm) 

Land use 

Area of 
geofactor 

combination 
(ha) 

Drained areas 
share of 

geofactor 
combination 

(%) 
Podzol no >20 arable 

land 
5,078 9 

Podzol no >20 grassland 842 17 
Fluvisol no 10 arable 

land 
5,081 64 

Fluvisol no 10 grassland 24,176 34 
Haplic 

Stagnosol 
1 no arable 

land 
6,829 58 

Haplic 
Stagnosol 

1 no grassland 698 27 

Ombric 
Histosol 

no 1 arable 
land 

457 51 

Ombric 
Histosol 

no 1 grassland 548 71 

Ombric 
Histosol 

no 3 arable 
land 

1,511 55 

Ombric 
Histosol 

no 3 grassland 2,335 64 

 

If the majority of areas with a particular combination of geofactors is drained according 
to table 2, it is assumed that these areas with clearly defined site properties have a general 
demand for artificial drainage. By clipping the data sets with respect to land use, soil 
types, depths to the mean upper groundwater table and grade of perching water influence 
in GIS, a map of potentially drained areas was produced. An example of such a map is 
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displayed for Germany (figure 2). Because aerial photographs for the marshy regions 
along the coast were not available, combinations of geofactors for marshy soils could not 
be derived. Based on a literature survey marshy soils under agricultural use are regarded 
as being artificially drained in general (Diez and Weigelt, 1991, Finnern, 1975, Uhden 
1964). 

CREATING A CARTOGRAPHIC INVENTORY OF ARTIFICIALLY DRAINED 
AREAS IN GERMANY AND DISCUSSION The results of applying the geofactor 
combinations to create a map of potentially drained areas in Germany are shown in figure 
2. There is a clear decrease of potentially drained areas from north to south as well as 
from west to east (figure 2). While drained areas cover nearly the entire coastal lowlands, 
drained inland areas are much smaller and their distribution is much more dispersed. 
Here, the spatial distribution is strongly determined by the occurrence of flat areas and 
river sites. These distribution patterns are caused by the interactions of land use, climate 
and soil as main controlling factors of the demand for installing artificial drainages. The 
maritime impact, and with it the annual sum of rainfall, are decreasing in the directions 
mentioned above. Climate is also contributing to the frequency of hydromorphic soils as 
well as bogs and fens. Widespread marshy soils along the coast should also be mentioned 
in this context. Furthermore, the proportion of agricultural land diminishes from west to 
east. The portion amounts to 80% in the north-west, but only between 50 and 60 % in the 
north-east. Accordingly the river basins of Ems, Vechte and Lippe in north-western 
Germany, the north-east as well as the marshy regions along the coast are the focal 
regions of artificial drainages in Germany (figure 2). 

 

Figure 2. Potential areas under artificial drainage in Germany 

In figure 2 a remarkably high percentage of artificially drained areas in north-western part 
of Germany can be observed as a consequence of the high area fraction of hydromorphic 
soils and bogs/fens as well as the intensive agricultural use on 80% in this region. The 
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occurrence of potentially drained areas in the north-west is nearly complete due to a 
wide-spread distribution of marshy soils like Fluvi-Dystric Gleysols, Gleyo-Eutric 
Fluvisols, Sali-Calcaric Gleysol, and Fluvi-Humic Gleysols as well as Ombric and Fibric 
Histosols (bog and fen soils) in this region. The latter and also the Anthrosols from 
anthropogenic melioration are responsible for the concentration of potentially drained 
areas in the centre of the River Ems basin. The heavily drained areas between Dortmund, 
Paderborn and Osnabrück can be traced back to gleyic soils, Haplic Gleysols and Haplic 
Stagnosols. According to figure 2 about 56% of the agricultural land in the north-west is 
artificially drained. Eggelsmann (1978) estimates the portion of agricultural areas 
requiring artificial drainage to 60%. With respect to the widely distributed and intensive 
agriculture in this region and the fact that techniques like sub-soil melioration had not a 
great importance in Lower Saxony, the extent of the agricultural areas requiring artificial 
drainage is nearly equivalent to the extent of artificially drained areas (drainage via pipes, 
channels and Grüppen). Hence, the high drained areas fraction in this region (figure 2) 
seems to be plausible. The widespread drainage in the north-east can be traced back 
mainly to fen soils under arable and grassland use. 

Table 3. Mean area shares of artificially drained land of the total agricultural area for 
regions or river basins respectively  

Region Size 
(km²) 

Agricultural land 
share of the total area 

(%) 

Artificially drained areas 
share of the total agricultural 

land (%) 
State of Lower 

Saxony 48,000 68 49 

State of North 
Rhine-Westphalia  34,000 59 39 

State of 
Brandenburg  29,478 50 29 

State of Hesse 21,115 43 16 
State of Baden-
Württemberg 35,752 46 <5 

River Ems basin  12,950 80 56 
River Weser basin 49,000 57 41 

North-western 
Germany 

98,000 61 43 

Germany total 357,049 53 23 
 

The information given in table 3 is drawn from figure 2. The drained areas portion of the 
total agricultural land in Germany is around 23%. This corresponds with the findings of 
Eggelsmann (1971), Olbertz and Schwartz (1966), Lennartz and Hartwigsen (2001) and 
Quast et al. (2002). As stated in the first chapter, they found that 10 - 20% of the 
agricultural land in Germany is estimated being under pipe drainage, while the overall 
mean demand for artificial drainage in Germany is estimated as about 30 - 35% of the 
agricultural land. Higher values are to be found in the north-west of Germany with up to 
60 % (Eggelsmann 1978). Table 3 shows big differences in the artificially drained areas 
share between western and eastern Germany (states of Lower Saxony) and between 
lowlands and rangelands (states of Brandenburg and Baden-Württemberg). These 
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distribution patterns are caused by the interactions of land use, climate and soil as stated 
above.  

VALIDITY CHECK OF THE ARTIFICIALLY DRAINED AREAS MAP The 
accuracy of the drained areas map is investigated in two steps. In step one, the drained 
areas map was superimposed by highly resolved river networks scaled 1:10,000-1:25,000 
to check for coincidence. In lowland regions most coherent drained areas coincide with 
river and channel courses, showing typical routes for artificial drainage, i.e. relatively 
short routes with right-angled branches. However there are also a few such typical 
channel courses, which do not overlap with drained areas. It has to be stressed here that 
the approach described for the delineation of artificially drained areas has been developed 
for large-scale investigation areas and is based on data sets at a scale of about 1:50,000. 
This allows area-differentiated predictions on a medium scale, but not for single land 
parcels or parcel groups. The coincidence is increasing with decreasing scale. 

In a second step a check for the validity of the drained areas map was performed, which 
is based on small-scale maps documenting realized drainage installations. They were 
obtained from public archives, water management boards and former agricultural 
authorities as well as from individual farmers. The maps are scaled between 1:1,000 and 
1:10,000 and were created between 1955 and 2000. In total, 20 maps were georeferenced 
and digitised, resulting in a data set covering 68 km². Due to the fact that these maps were 
not taken into account for the delineation of geofactor combinations, they are regarded as 
being of high value for the validity check. The soil types of the area covered by small-
scale drainage maps comprise mainly Ombric and Fibric Histosols (bog and fen soils), 
Anthrosols (deep-ploughed raised bogs) as well as diverse gleyic soils. The comparison 
results in a coincidence of 78%. This is, in addition to the successful check for 
plausibility with river network data, regarded as a good result. Nevertheless, for 22% of 
the area covered by all 20 small-scale drainage maps the drained areas map shows no 
artificially drained agricultural land. This may be caused by a limited identification of 
artificially drained agricultural lands from black and white German standard orthophotos 
of the scale 1:12,000. Some remarks about the seasonal impacts on the visibility of 
drainage patterns have already been made in the third section. Kulhavý et al. (2005) have 
also experienced that, even with higher resolved colour aerial photographs of the scale 
1:5,000 – 1:15,000, the extent of identification ranges between about 75-90%. It cannot 
be quantified to what extent a higher accuracy is achieved by the additional use of the 
highly resolved channel network data. 

Furthermore, uncertainties can result from spatial and temporal differences between the 
compared data. Agricultural plots delineated from aerial photographs and from the 
landuse data are more highly resolved than soil data at the scale of 1:50,000. More highly 
resolved soil data, which cover the area do not exist. Temporal inhomogeneities would be 
imaginable as a consequence from different times of creating the compared data. The 
geofactors ‘depth to the mean upper groundwater table’ and ‘grade of perching water 
influence’ are derived from a ‘younger’ soil map and these site conditions are probably 
not identical with conditions which have led to artificial drainage to be seen on aerial 
photographs dating back to the 1970s to 1990s. 

The deviation between the drained areas map and small-scale drainage installation maps 
can also be caused by the fact that the artificial drainage map contains areas which are 
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assumed to require drainage as a consequence of the interaction of geofactors. During the 
check for validity, these potentially drained areas were then compared to actually drained 
areas derived from the small-scale drainage installation plans. Their artificial drainage 
does not result only from the geoscientific demand for drainage but also from additional 
aspects like the ability of a certain location to be artificially drained or questions about 
the economics of investments in artificial drainage. Such plot-dependent or socio-
economic impact factors cannot be assessed on this scale due to a lack of appropriate 
data. 

The above-mentioned possible reasons for uncertainties or errors of the drained areas 
map cannot be corrected. The successful checks of the map with highly resolved river 
network data and validation based on drainage installation maps have demonstrated that 
the delineated map of artificially drained areas can be regarded as a reliable data source 
for the medium and large scale.  

CONCLUSIONS The possibility to derive maps outlining the potential location of 
artificially drained agricultural land is fundamental for spatially differentiated simulations 
of drainage runoff and matter fluxes via drainage. Such model results enable the 
identification of sub-areas with high matter output within river basins, for which cost-
effective management measures can be proposed. Hence, area-differentiated model 
results can assist the implementation of the EU Water Framework Directive by 
contributing to river basin management plans and programmes of measures. As explained 
in article the presented method for the delineation of artificially-drained areas under 
agricultural use is strongly based on highly-resolved aerial photographs and geodata of 
medium and large scales.  
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