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Abstract: Within a drainage system, drainage ditches are designed to improve existing natural
drainage. Although drainage ditches are mostly engineered, they can also be part of natural
watercourses. For environmental sustainability, in many places there are guidelines to establish
vegetative buffer strips along the boundary of drainage ditches. In this landscape planning study,
a geospatial modeling framework was established to identify these drainage system landforms and
the boundary that separates these landforms from their surrounding areas across Waseca County in
south-central Minnesota. By employing almost 2000 GPS spot elevation measurements from five
ditch systems and one-meter Light Detection and Ranging (LiDAR) derived digital elevation model
(DEM) data, the drainage ditch berm polygons were delineated. Eight low light angle hillshade
rasters at 45-degree azimuth intervals were used to construct the model. These hillshade rasters
were combined to form a composite raster so that the effect of multiple azimuths can be captured
during ditch berm delineation. The GPS points identified as the top of the berm were used to extract
cell values from the combined hillshade. These cell values were modeled further using statistical
distribution graphs. The statistical model derived +0.5 and +1 standard deviation values (cell values
812 and 827, respectively) of the combined hillshade raster were utilized to obtain complete berm
polygons. In this semi-automated method, between 67.30% to 79.80% of ditch berm lengths were
mapped with an average error that is less than the resolution of the DEM. Demarcation of these
boundaries are important for local governments in Minnesota and throughout the world, as it could
help guide land–water management and aid sustainable agriculture.
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1. Introduction

Landforms have been described as specific segments of terrain within the land surface that
may or may not be contiguous [1]. Specifically identified landforms should be separated from their
surroundings by a complete boundary, however precise this boundary might be [2]. Recognizing
landforms within land surface can aid in analyzing the processes that are impacting the landscape [3,4].
Additionally, understanding of formations on the earth’s surface is necessary for any engineering
project that deals with landforms [5]. The clarity of specificity of landform identification is dependent
on the scale at which the landform is being identified [2,6,7]. The idea that scale is required to
identify the landform is well known [8–10]. Methods developed by [9] base landform identification
on geometry and their context within the land surface. There are multiple landforms that could
be considered as drainage landforms; some are natural and others are engineered. Agricultural
drainage systems enhance the natural drainage or specifically claim waterlogged areas for agricultural

Sustainability 2020, 12, 9600; doi:10.3390/su12229600 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/2071-1050/12/22/9600?type=check_update&version=1
http://dx.doi.org/10.3390/su12229600
http://www.mdpi.com/journal/sustainability


Sustainability 2020, 12, 9600 2 of 17

purposes [11]. Agricultural drainage systems have been viewed as a benefit to the rural landscape [12].
However, this type of drainage landform has been perceived to have detrimental environmental
impacts downstream [13]. During periods of low flow, these landforms can act as de-facto wetlands,
while during periods of high flow, these landforms can act as water storage and transport systems [14].
Typically, drainage ditches are designed to improve existing natural drainage [12]. Drainage ditches are
mostly engineered; however, they can be also part of natural watercourses that exist in the landscape.
These aboveground systems are often augmented with underground tile systems that aid in the removal
of water from the landscape. Roadside ditches are those engineered drainage areas adjacent to and
alongside roads [15].

Drainage as an agricultural practice began in the United States when permanent European
settlement occurred throughout the 1600s and 1700s [14,16]. The United States Congress encouraged
drainage by passing the first Swamp Lands Act in 1849. The Swamp Lands Act granted States the
right to reclaim swampland (wetlands) for other uses, which most often included agriculture [16–18].
This act would apply to Minnesota in the beginning of 1860s. Agricultural practices of draining wet
areas expanded quickly into Minnesota during the 1880s with the use of machinery that was developed
to quickly till the land. This same machinery was also used to dig out drainage lanes such as ditches to
aid agricultural farmlands. Drain tile was also introduced to the area to specifically drain wet areas for
more farmland. Due to the mechanization of farming practices and drainage tiles, millions of wetlands
throughout the United States were replaced by farmland [16]. Drainage ditches alone accounted for
the conversion of approximately 100,000 wetland acres to useable farmland in Western Minnesota [18].
Moreover, the Minneapolis Star Tribune from 1917 advertised homesteaders to the Red Lake area
because the drainage ditches had been dug out and would make good agricultural land [19]. It was in
the 1930s that the Federal Government provided engineering services for drainage projects to farmers,
often at no cost or cost sharing [16,20]. In Minnesota, between 1949 and 1950, 188,000 wetland acres
were drained for farmland through these programs [18]. Therefore, it can be assumed that drainage
systems were considered an important part of the landscape planning in Minnesota and around
the world.

Through the 1960s, tiled-ditch and open-ditch under certain agricultural conservation programs
were considered conservation practices [21]. The 1970s saw the beginning of the environmental
movement in the United States. Earlier, best management practices (BMPs) used to include removing
water from the landscape as fast as possible, whereas now policies are focused on reducing pollution
and erosion from drainage systems [16]. However, most agricultural programs are still focused towards
increasing farmer’s incomes with majority being voluntary [22–24]. Since 1990s, other BMPs have been
identified to better water quality that impacts how farmland is used. Delineating drainage landforms
for conservation and management is gaining prominence throughout the world. Vegetated buffers
in the United States are often put in place by regulation to increase water quality. Furthermore,
filter strips are specifically designed to separate the edge of the agricultural land from the drainage
landforms [25]. Filter strips have successfully minimized the sediment load entering into streams from
the edge of the field and hence increase the water quality downstream [26]. Conservation strategies
such as vegetation buffers along drainage berms require field scale assessment within agricultural
watersheds [27]. In the State of Minnesota, there are state statutes that deal with the necessity of
mapping drainage landforms to dictate the placement of buffer strips [28,29]. It specifically mentions
the boundary between ditches and the remaining landscape, and the width of the buffer on public
drainage systems. Ditch buffers can be a variety of vegetation types, such as grasses, sedges, and forbs,
planted alongside the ditch. However, most ditch buffers are grassed and can act like a filter strip,
filtering pollutants [30]. Croplands as vegetative buffers have negative effects on water quality while
grasslands have positive effects [31]. Riparian vegetation buffers of up to 25 m wide have been found
to remove up to 58% of nitrates that filter through the buffer. The percentage of removed nitrates
increases as the riparian buffer increases in size, topping out at 85% nitrate removal for buffers over
50 m wide [32]. However, some studies have shown that it takes up to two years from planting to
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reach this level of nitrate removal [33]. Conservation practices in agricultural landscapes appear to
have a larger and disproportionate effect on environmental issues [34].

GIS techniques for identification of any type of landform uses a digital elevation model (DEM)
that can be derived from various sources. Within the past few years, Light Detection and Ranging
(LiDAR) has become the preferred tool to generate DEM for modeling landscape. LiDAR is more accurate
than other methods of producing high-resolution elevation data quickly [35–38]. Using this data for
mapping various types of landform is not standardized, allowing for multiple methods to be developed.
Typically, landforms were identified by visual inspection or manual digitization from DEMs [36,39].
However, GIS modeling can extract drainage features from a DEM [36,40–43]. Specifically, digital mapping
methods have been successful in extracting detailed and precise information regarding terrain [44,45]
used LiDAR derived digital terrain models to identify river features. Archaeologists have been using the
hillshade function to identify anthropomorphic as well as natural features. Archaeological studies have
found LiDAR and hillshade insufficient for locating small settlement structures in densely vegetative areas,
but could locate landscape alterations [46]. By employing LiDAR data, ancient agricultural drainages
have been identified with varying degrees of success [47]. Hillshade uses an artificial light source based on
direction and height to model shadows throughout the landscape [35,38,48–51]. This method is generally
useful in areas of varying relief throughout the landscape, less useful in flat areas. Hillshade function
used on a LiDAR derived DEM using a low light angle has proved to be successful in identifying features
in the landscape [35,52,53]. These landforms present a unique challenge in mass automated GIS mapping
due to their tendency to meander through the landscape. There was no known simple way, a model,
or a geospatial tool to identify these drainage landforms and delineate the top of the berm of these systems
such as by measuring slope or aspect. In this study, a geospatial modelling approach was examined to
design a model and identify complete berm polygons for ditches so that statutory ditch buffers measured
1 rod or 16.5 ft from the top of the berm can be created. Furthermore, this screening level tool was
used to analyze potential violation of land-use regulations. The two objectives of this research are:
(1) To determine if the drainage ditch berm can be identified and mapped using an automated process
with the help of geospatial technologies, and (2) to determine land uses that are potentially inappropriate
within ditch buffer areas based on Minnesota statutes.

2. Materials and Methods

The study area for this research is Waseca County in south-central Minnesota. Waseca County is a
rural community that relies heavily on agriculture and agriculture-related businesses for the economy.
According to [54], approximately 18,600 people call the county home [54], and half of those reside in
the City of Waseca, the county seat. The landscape is generally flat. Two major watersheds, Le Sueur
watershed and the Cannon River watershed, encompasses Waseca County. Approximately 75% of the
county drains through the Le Sueur watershed. The Le Sueur watershed includes all but three ditch
systems in the county. Drainage ditch systems within the county are approximately 106 linear miles
and are in every township. In this study, data collection sites were selected from five ditch systems
located throughout Waseca County: CD 48, JC 6, CD 45, CD 27, and JD 11 (Figure 1). These five ditch
systems were chosen to ensure that the research captured all types of drainage ditch berms where
the top of a berm can change either gradually or abruptly compared to the surrounding landscape.
The study assumes that the five chosen ditch systems are optimal for study sites and ensured adequate
collection of GPS ditch elevation points. To maintain consistency, the ditch elevation points were
collected from transect lines that are close to each other from a given site within a ditch system,
except for JC 6 (Figure 1). For the ditch system JC 6, as it was not practical to collect all the data points
from a specific site, the transect lines were collected from two nearby sites, as illustrated in Figure 1.
Furthermore, the five ditch systems were chosen due to their ease of access from nearby paved roads.

In this study, LiDAR derived one-meter (3.28 ft) digital elevation model (DEM) data was obtained
from the Minnesota Geospatial Commons website [55]. The County ditch line layer and land-use
polygons layer were obtained from Waseca County. In the land-use GIS data layer, land-use types were
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categorized according to types identified by the assessor’s department of Waseca County, and includes
information about tillable areas. To help identify the top of the berm and accuracy assessment,
GPS spot elevation data was collected. For a specific location in the study site within a ditch system,
between three to six transect lines (20 ft long spaced 10 ft apart) were used for GPS data collection
(Figure 2). In total, 96 transect lines were identified. However, because of accuracy issues of the
collected GPS data, four transect lines were excluded from reporting purposes. The GPS equipment
used was a Trimble Geo7× device. This device used Trimble H-star technology that allowed collection
accuracy for latitude and longitude data of 10 cm (4 in) and elevation accuracy of 10 cm (4 in). The GPS
data included latitude and longitude information along with spot elevation, collected every one foot
along the transect lines. In the field, along with collecting spot elevation data using the GPS, the top of
the berm (rough estimation) was also noted for further comparison with the model result. The top
of the berm on a transect line was approximated in such a way that it represents the break point in
topography that coincides with a visible change in slope and also has bearing upon the estimation of
top of the berm points on other nearby transect lines.
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Figure 2. GPS transect lines along JD 11: (a) Transect site overview, (b) transect line grouping.

A 75 ft buffer layer from the ditch centerlines was used to extract a subset of the original DEM to
reduce computational processing time. Subsequently, using the “Raster Calculator” tool in ArcGIS
10.6, each cell’s value was exaggerated 1.5 times. While analyzing elevation data, exaggeration of cell
values to emphasize minor vertical changes is a common practice [56]. This exaggerated DEM was
used to create eight hillshade rasters. In this study, it was assumed that varying the light angles and
azimuths of the light source might help identify different features in the landscape including ditch
berms (Figure 3). Eight azimuths at an interval of 45◦ were selected between 0◦ and 315◦. Based on
the work of [35], a 25◦ sun angle (altitude) was chosen to produce hillshade rasters to sufficiently
shade the cells. The brightness values of a hillshade raster produced in ArcGIS ranges between 0 to
255. The eight hillshade rasters were combined using the “Raster Calculator” tool available in ArcGIS
10.6. The hillshade rasters were combined so that the effect of multiple azimuth hillshades can be
captured during ditch berm delineation. As the ditch systems running through the county meanders,
it is important that the light source covers different azimuths over the landscape. This composite raster
was then processed through a 3×3 low pass filter for smoothening cell values. A low pass filter is
helpful in reducing local variations and removing noise [57].
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After collection of GPS spot elevation data points, elevation values were extracted for each
point from the DEM and compared with the elevation values obtained directly from the GPS device.
For both the data obtained from the GPS device and downloaded DEM, Microsoft Excel was used
to produce elevation profile graphs for transect lines (Figure 4). The GPS data was in WGS 1984
coordinate system where as the DEM data was in UTM Zone 15N coordinate system. Because of
the difference in coordinate systems between the GPS data and the LiDAR data, there is a difference
in the benchmark elevation, which is reflected in Figure 4. However, as the research and analyses
are based on hillshade values (brightness), the coordinate system has an insignificant effect on the
result. Both the elevation profiles were evaluated for accuracy with reference to the field notes. As the
GPS points were more reliable and a smooth transition from the ditch landform to the surrounding
landscape was observed in the GPS spot elevation profile, they were used as reference points to identify
the top of berm. The identified top of berm points were used to extract the composite raster cell
values; the “Zonal Statistics” tool in ArcGIS 10.6 was used to extract these values. Extracted values
were then plotted in a scatter plot (Figure 5) to examine the distribution curve so that any pattern
in the distribution of cell values can be identified. On the graph, the mean value and the standard
deviation (SD) values were also plotted. From the distribution curve, the mean value, the values at
±0.5 SD, and the values at ±1 SD were extrapolated for further classification of the composite raster.
The composite raster was reclassified into binary rasters using the “Reclassify” tool in ArcGIS 10.6
for the five extrapolated values respectively (the mean value, the values at ±0.5 SD, and the values at
±1 SD). Cell values equal to or less than the classification value were coded 1 (berm), while cells with
greater values were coded as 0 (non-berm). A 3×3 high pass filter was used on each reclassified raster
to enhance the edge between the berm and rest of the landscape. This process was completed before
converting the reclassified rasters to polygons.

After converting the reclassified raster to polygons, the non-berm polygons were eliminated.
This process left detached fragment polygons (similar to sliver polygons) that had the same classification
as ditch berms, but cannot be attributed to any real berm. Polygons that were not located within
20 ft of the centerline ditch layer were removed from the berm polygon layer. Based on random spot
measurements and field experience, it was assumed that 20 ft from ditch centerline would be sufficient
to locate berm polygons along the edge of water channels throughout Waseca County. For the creation
of complete berm polygons that filled in the channel area, the “Union” tool in ArcGIS 10.6 was used
with no gaps allowed. By not allowing gaps while running the “Union” tool, contiguous polygons
were created. Subsequently, to merge multiple polygons within one ditch system, the “Dissolve” tool
in ArcGIS 10.6 was used so that there is one single polygon defining a ditch or ditch segment that
clearly delineates the ditch berm. Visual review of the berm polygon layer was conducted to ensure
the completeness quality of the berms and to manually remove detached fragments (that remained
within 20 ft of the centerline ditch layer) that were not removed through the geoprocessing tools.
After creation of the berm polygon for each classification value (the mean value, the values at ±0.5 SD,
and the values at ±1 SD), the linear perpendicular distance between the edge of the identified berm
polygons and the assumed top of the berm GPS points (based on the field notes) were measured.
These distances were scatter plotted (Figure 6) using open source software “gretl” [58]. As the −1 SD
graph result was not up to expectation, it was not used for reporting purposes.

Using the ditch berms that have been produced in the previous step, an outside buffer layer of
16.5 ft was created. 16.5 ft ditch buffer polygons were coded with the name of the ditch system for
purposes of comparing ditch systems land-use within the buffer area. The 16.5 ft ditch buffer area was
intersected with the land-use polygon layer. This intersected polygon layer was further processed
by dissolving the layer using the ditch name and the land-use type as filters. The output polygon
of the intersected 16.5 ft ditch buffer and land-use was used to create a table of land-use type wise
areas by ditch systems. As the aim of this research was to automate the extraction process of drainage
landscapes specifically delineating the ditch berm so that the line separating the drainage ditches
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from the rest of the landscape can be identified, ArcGIS Model Builder was employed to automate the
entire process.
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3. Results

3.1. Hillshade Analysis

Visual inspection of the ditch systems in Waseca County indicates that no system consistently
flowed exactly east to west or north to south. Drainage ditches meander through the landscape,
typically with a downward slope towards the watershed outlet. Therefore, the eight different azimuth
angles that were applied to process the exaggerated DEM helped in addressing the meandering nature
of drainage systems. It is clear from Figure 7 that each hillshade raster shaded and illuminated different
parts of the landscape based on the azimuth angle. Figure 7i illustrates the combined output of eight
rasters (Figure 7a–h) that was obtained simply by adding the cell values together. The cell values
(brightness) in the combined hillshade raster ranged from 686 to 860. Those values that are higher
represent the areas highly illuminated, while lower values represents the areas with varying degrees of
illumination. When the raster was visualized at a small scale, it shows a well-defined drainage ditch
berm. However, closer inspection (large scale) reveals a less defined transition between the berm and
adjacent relatively flat areas. Interestingly, in the combined raster (Figure 7i) the stream channel also
appears as part of the highly illuminated values.
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3.2. Berm Extraction

GPS points that were identified as the top of berm in conjunction with the results of the combined
hillshade raster helped delineate the transition between landforms. With the help of the normal
distribution plot (Figure 5) the mean cell value, the cell values at ±0.5 SD, and the cell values at ±1 SD
were extracted (Table 1) and used to identify the top of the berm. Figure 8 shows five berm polygon
outputs based on the extracted mean cell value, the cell values at ±0.5 SD, and the cell values at ±1 SD.
Figure 8a,b outputs included outlying polygon features that were most likely not berm. These polygon
features included other landforms such as roadside ditches and low points in the landscape near
the drainage ditch system. The other three results (Figure 8c–e) were less significant with lesser
percentages of complete berms. Figure 9 shows the complete berms extracted after the sliver polygons
were eliminated and water channels were included through the “Union” tool. The result shows that
the polygons extracted for +0.5 SD and +1 SD values resulted in much more complete polygons.
These filled-in berm polygons were associated with varying amounts of fragmented polygons and
jagged berm edges as seen in Figures 8 and 9. The results produced different percentages of completed
berms ranging between 3.20% to 79.80% of the linear length of the ditch system. It was observed that
the higher and the lower percentages of the ditch berms are complete, and more manual manipulation
was required to remove the jagged berm edges or additional fragmented polygon features identified as
berm. The calculated percentages of berm that is considered complete (Table 1) indicates that when the
+1 SD cell value was used for berm extraction, the berms were most complete (79.80%) followed by
+0.5 SD cell value (67.30%).
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Table 1. Modeled berm completion by break value with completion percentage.

STDEV Extracted Cell Value % of Length of Ditch
Berms Completed

+1 827 79.80%
+0.5 812 67.30%

Mean 797 51.70%
−0.5 782 38.70%
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3.3. Accuracy Estimation

Each berm output, except for the −1 SD (cell value 767), were used to validate accuracy by comparing
the distance between the top of the berm as noted in the field and the result obtained through geoprocessing.
The –1 SD berms were not used for accuracy estimation as it lacked a usable berm edge to identify the
linear distance between GPS points collected in the field and modeled berm output. The other four
extraction values (mean cell value, the cell values at ±0.5 SD, and the cell value at +1 SD) were used to
estimate accuracy of the model outputs. The +1 SD (cell value 827) berm had an average distance of
−2.01 ft, which indicates that most of the GPS points were below the berm line. This break value had
the range of 13.93 ft between the furthest positive distance (outside the berm) and negative distance
(inside the berm). The standard deviation of 2.22 ft indicates that most GPS points were within the cell
size of the raster used. The +0.5 SD (cell value 812) berm had an average distance of −0.94 ft, indicating
that most of the GPS points were slightly below the berm line. The range increased from 13.93 ft to 15 ft
when the cell value 827 and the cell value 812 berms were compared respectively. The standard deviation
of 2.25 ft is slightly higher than that of the berm of +1 SD (cell value 827). This indicates that most of
the GPS points were closer to the berm line in the case of cell value 812 than the cell value 827. In both
these cases, the average distance was within the cell size (3.28 ft) of the raster that was used for modeling.
The mean (cell value 797) berm produced the closest results of 0.08 ft average distance to berm line from
the GPS points. The range of the distance increased to 16.3 ft, and the standard deviation increased to
2.45 ft. This standard deviation value is still within the cell size of the raster that was used to build the
model. Finally, the −0.5 SD (cell value 782) berm was tested for accuracy and returned a 1.22 ft average
distance. The range increased to 16.89 ft between the positive and negative values. The standard deviation
crept up to 3.12 ft, which is slightly under the cell size of the raster 3.28 ft (1 m). The mean break value
(cell value 797) had the closest average distance to berm edges, which was expected. This suggests that
the mean and +0.5 SD values (cell value 797 and 812) best represent the values to extract berm edges from
the combined hillshade raster. However, upon viewing the results, the +0.5 SD extraction value of 812
appeared to be the best suited.

3.4. Landuse Types within Buffer Area

While assessing the land-use types within the statutory buffer area, during the final modelling
phases, the +0.5 SD and +1 SD values were used to prepare the ditch buffers. Although the +0.5 SD
seems best suitable for extracting the berm for creating statutory buffer, as +1 SD berm was more
complete (79.80%), the study also experimented with that berm. Both these values (+0.5 SD: cell value
812 and +1 SD: cell value 827) were applied to rerun the entire model for the whole Waseca County.
After extracting the berms for all the ditch systems within the county, buffers were used to quantify the
degree of probable acreage violation within the statutory buffer distance of 16.5 ft. As tillable area is
one of the major probable violation land-use types, the difference between the two values (+0.5 SD and
+1 SD) were compared, and it was found that there is a 3% difference. Table 2 shows various land-use
types as designated by Waseca County that occur within the buffer area of the identified complete
berm polygon of +0.5 SD; results are listed in descending order of probable violation acreages within
ditch systems (Table 2). Other land-use types in Table 2 are typically allowed within the ditch system
buffer areas and are included for comparison purposes.
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Table 2. Land-use by ditch system within 16.5 ft buffer of +0.5 SD berm.

Ditch
System

Total
Buffer
Acres

Building
Site Grasses Lake or

Wetland Meadow Right-of-
Way Wood Tillable Violation

Acres

JC 6 23.11 1% 37% 4% 0% 7% 0% 51% 11.90
JD 51 25.48 2% 48% 0% 0% 5% 0% 46% 11.68

CD 8A 39.87 0% 25% 0% 45% 3% 0% 26% 10.33
CD 38 17.62 2% 22% 2% 20% 3% 0% 51% 9.07
CD 1 21.84 1% 60% 0% 5% 5% 1% 28% 6.04

CD 35 7.00 3% 22% 0% 0% 2% 0% 72% 5.03
JD 5 22.08 0% 67% 2% 8% 1% 1% 21% 4.66

JD 10 15.61 0% 47% 0% 23% 1% 0% 28% 4.38
CD 48 9.78 0% 53% 0% 0% 3% 0% 43% 4.23
CD 47 5.33 0% 13% 0% 6% 4% 0% 76% 4.07
CD 3 32.55 0% 30% 56% 2% 1% 1% 10% 3.28

CD 45 15.30 0% 65% 1% 5% 6% 0% 21% 3.25
CD 36 9.73 1% 59% 14% 0% 1% 0% 25% 2.47
CD 30 15.41 0% 60% 11% 6% 1% 5% 16% 2.44
CD 50 4.12 1% 45% 0% 0% 1% 0% 53% 2.19
CD 27 5.97 2% 37% 0% 0% 15% 11% 34% 2.01
CD 31 11.36 0% 42% 31% 4% 6% 0% 18% 2.01
JD 11 28.01 0% 84% 1% 3% 4% 0% 7% 1.95
CD 29 14.86 0% 50% 24% 6% 7% 0% 12% 1.80
CD 40 8.80 0% 0% 0% 63% 22% 2% 12% 1.09
CD 26 2.10 0% 43% 0% 2% 2% 2% 52% 1.08
JD 1 9.77 0% 94% 0% 0% 0% 0% 6% 0.62

JD 24 27.91 1% 82% 6% 8% 1% 0% 2% 0.58
CD 43 6.00 0% 50% 0% 16% 6% 23% 4% 0.23
JD 8 4.34 0% 95% 0% 0% 2% 0% 3% 0.12

CD 33 3.99 1% 81% 0% 13% 2% 0% 2% 0.10
CD 46 3.00 0% 96% 0% 0% 1% 0% 2% 0.07

CD 15-2 4.42 0% 98% 0% 0% 0% 0% 2% 0.07
CD 34 0.35 0% 0% 0% 50% 0% 47% 3% 0.01
CD 28 1.10 0% 0% 52% 48% 0% 0% 0% 0.00
CD 44 3.96 0% 12% 85% 1% 3% 0% 0% 0.00

4. Discussion

4.1. Importance of Results

Extraction of DEM using the 75 ft buffer from the centerline of ditch systems allowed a manageable
area to model ditch berm extraction while reducing processing time. It should be noted that 75 ft buffer
is not an absolute value and buffer distance can vary based on the study site and computational abilities.
A slight exaggeration of 1.5 times was helpful in highlighting minor changes between cell values.
In this study, multiple levels of exaggeration such as two, three, and five times were experimented to
observe the effect. However, it was found that the cell values that represent elevation when exaggerated
greater than 1.5 times were leading to too much of ambiguity while locating the top of the berm.
Therefore, for modeling purposes, the study used the 1.5 times exaggerated elevation values. By doing
this, the goal of slightly modifying cell values to reflect minor changes and not overemphasize vertical
changes was achieved. Using hillshade as the main input data in the modelling technique ensures that
landforms that change through the landscape are modelled in a uniform way, without a complicated
index calculation that depends on many control variables. In this research, 1 m (3.28 ft) DEMs were
used that were the best available data for Waseca County, Minnesota. Further research is required to
analyze the effect of higher resolution DEMs on the model outcome; maybe with higher resolution
DEMs more accurate results could be produced.

Another requirement for constructing the model was the GPS spot elevation data points.
Without identifying the transition points for the berm, the model could not have produced any
useful result. One of the major challenges for the research was collecting the GPS data points and
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identifying points that represents the top of the berm in the field; it was time taking. In this research,
around 2000 GPS points were collected from over 96 transect lines. While locating the top of the ditch
berms, the identified points in the field were considered more reliable during the review process,
and only in three locations the top of ditch berm that was based on the field notes were modified.
These modifications were conducted based on the assumed top of the berm line and changes were
restricted to the adjoining cell. The established model was useful for both natural drainage ditch
systems and areas where humans have engineered drainage ditch systems. User input is still required
for some of the model outputs; however, the model drastically reduces editing time for the user while
producing relatively accurate results. As the model was not successful in obtaining 100% complete
berm polygons for the entire length of the ditch systems and there were fragmented berm polygon
features within and nearby, it required manual intervention to identify the edge of the landform and
remove those fragmented polygons.

The research successfully used the model derived +0.5 SD and +1 SD values of the combined
hillshade raster (cell values of 812 and 827, respectively) to obtain complete berm polygons for the
entire Waseca County. These boundary polygons were used to create statutory buffers (16.5 ft) and
estimate different land-use acreages within those buffered areas. It was found that tillable area was
one of the major probable violation of land-use types within these buffered areas. The findings from
such models could give the authorities options to quickly look into existing conditions and decide
on a future course of action. In the absence of an easy and simple model available to map these
drainage landforms and ditch berms in an accurate and timely manner, the proposed model could be
used by many counties in Minnesota and around the world. Incorporating additional information
such as topographic position index (TPI) to further refine the model output could be attempted in
future research.

4.2. Landscape Planning Modeling and Management

From time immemorial, understanding and altering landscape has long fascinated humanity.
Whether it is the identification of formations such as mountains, rivers, hills, cliffs, etc., or designing them to
support human need, landscape has played a major role. It is presumed that ancient farmers were possibly
aware of the benefits of draining wetlands for agricultural purposes. Drainage, through which waters
are removed from the landscape via channelized watercourses, are integral to landscape planning and
management. For environmental sustainability, and sustainable agricultural practices, properly designed
drainage systems and landscape planning is essential. Principles of landscape design can be further
extended to restore drainage systems and understand aquatic ecological integrity [59–62].

Recognizing the importance of drainage landforms and surrounding landscape public policies
are framed all over the world so that landscapes can be properly planned to manage land and water.
For example, in Minnesota, USA, there are legal descriptions relating to delineation of drainage
landforms so that buffer strips can be placed to help manage land and water in a sustainable manner.
These state statutes categorically define how to identify the boundary between ditches and the
remaining landscape. Furthermore, there is specific information about the width of the buffer strips to
be established on public drainage systems. It is important to note that Minnesota legislators saw fit
to define a landform by statute to further reductions in water pollution from agricultural practices.
However, there is no method of mass identification for mapping these drainage landforms.

Drainage landforms present a unique challenge in mass automated GIS mapping due to their
tendency to meander through the landscape. In this research, the geospatial modeling approach
returned useable results for most of the linear length of open drainage ditch systems in Waseca County,
Minnesota. The modelling approach accomplished the goal of the research partially. A 100% automated
model would have been ideal; however, the model produced by the research automated the output for
around 80% of the linear length of ditch systems. The best automated model, with highly dependable
parameters could extract complete ditch berm polygons for approximately 68% of the linear length of
the ditch systems. It may be improbable to produce a model that will fully automate the identification
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of the drainage landforms, specifically the drainage ditch berms in the landscape. Problem areas will
continue to be areas where drainage systems flatten and appear to be the same with the surrounding
landscapes in the DEM data. These results, while not perfect outcomes, are still promising for mapping
ditch berms for compliance with state statutes. Therefore, drainage landforms can be identified in the
landscape when the appropriate scale and boundary definitions are used. Nonetheless, it requires
knowledge of the spatial extent that defines the feature within the landscape.

5. Conclusions

Whether it is natural or engineered, drainage is integral to the landscape through which waters
are removed via channelized watercourses. These landforms have recently become important to local
and state governments in Minnesota and around the world for the purposes of installing grass buffer
strips. Additionally, identifying the top of drainage berms in the landscape has become desirable for
environmental stewards and those enforcing drainage laws. This research set out to identify where
drainage systems, particularly drainage ditches, transition to the surrounding landscape using an
automated geospatial modeling approach. Although the established modeling approach could not
delineate 100% complete ditch berms for all the ditches in Waseca County, Minnesota, the result is
very promising, as the study could largely identify berm boundaries and create berm polygons that
separate the ditches from the surrounding landscape. Using these identified boundaries, statutory
ditch buffers measured 1 rod or 16.5 ft from the top of the berm were created. Using these buffer
outputs, tillable land-use areas could be identified, which are the only land-use types currently
identified as not exempt from buffer rules in the State of Minnesota. As the top of the berm is a
gradually changing landscape from berm to other landforms, on the ground, the top of the berm
was difficult to identify as well. However, governments that are tasked with enforcing compliance
can potentially use this model-derived information to start working with landowners while ensuring
compliance. Moreover, this could allow local governments to target their resources for compliance
enforcement as compared to sending workers to walk the length of the ditch systems locating the top
of berms.
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