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ABSTRACT: Water quality and stream habitat in agricultural watersheds are under greater scrutiny as hydrologic pathways are altered to increase crop production. Agricultural drainage ditches function to remove water
quickly from farmed landscapes. Conventional ditch designs lack the form and function of natural stream systems and tend to be unstable and provide inadequate habitat. In October of 2009, 1.89 km of a conventional
drainage ditch in Mower County, Minnesota, was converted to an alternative system with a two-stage channel
to investigate the improvements in water quality, stability, and habitat. Longitudinal surveys show a 12-fold
increase in the pool-riffle formation. Cross-sectional surveys show an average increase in bankfull width of
approximately 10% and may be associated to an increased frequency in large storm events. The average increase
in bankfull depth was estimated as 18% but is largely influenced by pool formation. Rosgen Stability Analyses
show the channel to be highly stable and the banks at a low risk of erosion. The average bankfull recurrence
interval was estimated to be approximately 0.30 years. Overall, the two-stage ditch design demonstrates an
increase in fluvial stability, creating a more consistent sediment budget, and increasing the frequency of important instream habitat features, making this best management practice a viable option for addressing issues of
erosion, sediment imbalance, and poor habitat in agricultural drainage systems.
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trapezoidal shape of conventional drainage ditches
can result in an over-widened channel bottom without floodplain benches (Christner et al., 2004). This
over-widened channel bottom without adjacent floodplain benches causes continuous exposure of the
outer ditch banks to water, leading to reduced soil
strength along the toe of the ditch bank (bank/bed
interface), which can cause mass wasting and bank

BACKGROUND

The southern Minnesota landscape is predominantly corn and soybean row crops. Tile drainage and
ditching is a common practice to manage water conveyance. Drainage ditches are often undersized and
trapezoidal shaped, causing them to be unstable. The
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FIGURE 1. A Typical Conventional (dashed line) Drainage Ditch Cross Section and a Two-Stage Drainage Ditch Cross Section (solid line).
Two-stage ditch features are written in italic.

conventional drainage ditches are unstable (Kramer,
2011). A low-flow channel is sized to replicate that of
a natural channel (in the surrounding region) with a
similar drainage area, soils, topography, and climate
(Kramer, 2011). Two-stage channels are designed
with small benches on both sides of the low-flow
channel to serve as a floodplain and to create a bankfull channel, filling in some of the extra width produced during channelization. The benches allow for
dissipation of the fluvial energy associated with high
flow rates (Ward et al., 2004). Dense plant growth on
the benches also creates greater stability via the root
system and reduces water velocities via the aboveground mass of various grasses and forbs found to be
present within two-stage ditches in the Midwest
(Powell and Bouchard, 2010). The increased number
of pool-riffle sequences allows more deep areas for
fish refugia while the riffles provide habitat for
macroinvertebrates, thus increasing fish biotic integrity (Lau et al., 2006). These features have been
found to increase fish habitat diversity and stream
health as measured with a fish Index of Biological
Integrity (IBI) (Lau et al., 2006).
The two-stage ditch design has several features
that can increase fluvial stability. A reduction in erosive forces at the toe of the outer ditch bank is
expected as the total shear forces are spread over a
larger surface area (Ward et al., 2004). Increased stability at the toe of the outer ditch banks reduces the
potential for sloughing and mass wasting (Kramer,
2011). In addition, the design has outer banks with a
more gradual sideslope (Figure 1). This feature, combined with the bench construction, makes the twostage ditch wider than the conventional design and
can support larger flow capacities (Krider et al., 2014;
Kramer, 2011). With less erosion and sediment

sloughing (Figure 1) (Ward et al., 2004). The wide
channel bottom also greatly reduces flow velocity in
the channel during low-flow conditions, which leads
to sediment aggradation (Landwehr and Rhoads,
2003; Jayakaran and Ward, 2007). This sediment
deposition can reduce the drainage capacity of
ditches, resulting in high maintenance (cleanout)
costs (Christner et al., 2004; Jayakaran and Ward,
2007; Peterson et al., 2010). If the sediment supply is
greater than the sediment transport capacity, sediment deposition will continue to occur, resulting in a
cycle of high maintenance costs.
After the ditch returns to its trapezoidal shape by
the removal of deposited sediment, channel evolution
models show that it moves toward dynamic equilibrium through a process of sediment aggradation, incision, and bank sloughing (Simon and Hupp, 1986).
This is similar to the findings of Magner et al. (2012)
in that some unmaintained drainage ditches in the
Des Moines Lobe till area will naturally form floodplain benches within the channel to produce bankfull
channel widths and cross-sectional areas similar to
natural streams with comparable hydrologic and
watershed characteristics. Channels with floodplain
benches have a more self-sustainable morphology and
exhibit more stable sediment transport processes similar to those found in unchannelized streams (Davis
et al., 2015; Simon and Hupp, 1986; Rosgen, 1996).
Without maintenance, channelized ditches often
naturally evolve into a two-stage channel type
(D’Ambrosio et al., 2015). Two-stage drainage ditches
are designed to mimic the stable conditions found in
natural low-order streams (Ward et al., 2004; USDANRCS, 2007; Krider et al., 2014) (Figure 1). They are
usually constructed to replace conventional ditches
and are most beneficial at sites where present
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(Kramer, 2011). With funding and assistance from
The Nature Conservancy and the Mower County Soil
and Water Conservation District, 1.89 km (1.17 mi)
of the Mullenbach Drainage Ditch was converted into
the two-stage design in October of 2009.

Experimental Site: Mullenbach Drainage Ditch
The Mullenbach Drainage Ditch is located in rural
Mower County in southern Minnesota, United States
(U.S.), approximately 30 km (18.63 mi) southeast of
the city of Austin, Minnesota (Figure 2). It is in the
headwaters of the Little Cedar River within the
Upper Cedar River Watershed (8-digit Hydrologic
Unit Code: 07080201). The Mullenbach Ditch empties
into the Little Cedar River, approximately 4 km
(2.48 mi) downstream of the constructed two-stage
ditch reach, which then flows south into the state of
Iowa. The watershed area is 12.6 km2 (3,102 acres)
and the land use is predominantly corn and soybean
row crop agriculture.
Unstable drainage ditches within the Upper Cedar
River Watershed likely contribute to the turbidity
impairments found in the watershed (Magner et al.,
2010). The Mullenbach Drainage Ditch, as conventionally (trapezoidal) designed, had numerous issues
with stability and was scheduled for maintenance in
2009 or 2010. At this site, bank instability caused by
seepage, planar failure and toe erosion on ditch
banks, as well as tile outlet failures were present
(Kramer, 2011). Two-stage ditch conversion was supported by the landowners surrounding the ditch

METHODOLOGY

Design and Construction
At the Mullenbach Ditch site, longitudinal and
cross-sectional surveys were conducted pre-two-stage
ditch construction to set design and construction
specifications as well as establish benchmarks for the
ditch. A ratio of 3:1 flood width to low-flow channel
width was used in order to reduce excavation costs
and reduce the land loss of adjacent agricultural
fields. This ratio falls within the recommended range
of 3:1 to 5:1 provided by Ward et al. (2004) and Powell et al. (2007). The outside ditch bank slope was
designed at 2:1. Approximately 80% of the existing
low-flow channel prior to construction was within the
design specifications, thus was left intact (Kramer,
2011). If the low-flow channel width was greater than
3.35 m (10.99 ft), soil was added to one or both banks
to narrow the channel to a width of 3.05 m (10.00 ft)
(Kramer, 2011). Each bench width (toe of the outer
bank to the top of the low-flow channel) was designed

FIGURE 2. Location of the Upper Cedar River 8-Digit Hydrologic Unit Code (HUC 8) Watershed within the State of Minnesota (Left) and
the Location of the Little Cedar River along with the DNR’s 24K Streams GIS Layer to Show Important Waterbodies within the Upper
Cedar River HUC 8 Watershed (Right).
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Longitudinal and Cross-sectional Surveys
Longitudinal and cross-sectional surveys were also
used to measure morphologic changes that took place
over time. All channel geomorphic measurements
were completed with a laser level or a total station
and a stadia rod. The overall vertical change in the
longitudinal profile was computed using the trapezoidal rule to calculate the area (along the channel
profile) of the streambed thalweg relative to the project datum. The calculated area was divided by the
TABLE 1. Design and Constructed Channel Dimensions.

Bankfull channel depth
Bankfull channel top width
Bench width
Flooded width

Designed (m)

Constructed (m)

0.57
3.28
3.28
9.83

~0.61 (varies)
2.74-3.35
2.74-3.35
9.75

MOWER COUNTY, MINNESOTA

length of the channel survey to determine average
bed elevation. Measurements were taken at distinguishable changes in relief, and not at a set interval,
to ensure the capture of key features. Longitudinal
profiles were conducted in 2009, 2010, 2011, and
2013. Two surveys were conducted in 2009, one prior
to construction (April) and one during construction
(October). The 2009 pre-construction longitudinal profile was used as a baseline to compare to changes
from post-construction surveys in 2010, 2011, and
2013. Longitudinal surveys were used to monitor
changes in slope, pool-riffle formation, and channel
depth. In this article, pools are described as localized
maximum thalweg depth and riffles as localized minimum thalweg depth in a sequenced pattern with one
feature following the other.
Seven cross-sectional surveys were conducted as
part of the initial pre-construction site survey in
April 2009 (Figure 3). Cross-sectional surveys were
conducted to monitor changes in inner and outer
ditch bank slope as well as floodplain and channel
widths. Four of the cross sections were surveyed in
October 2009 (pre-construction), all seven were surveyed in October 2010 and April 2012, and six were
surveyed in November of 2013 (all post-construction).
The longitudinal and cross-sectional data were
analyzed using RiverMorph Version 4.3 and the Reference Reach Spreadsheet (Mecklenburg, 2006; RiverMorph, LLC, 2010). These software packages were
used to compute channel characteristics, such as lowflow width, cross-sectional area, bench elevation, as

at 3.28 m (10.76 ft) and constructed between 2.74
and 3.35 m (8.99 and 10.99 ft) (Table 1) (Kramer,
2011). The cross-sectional flooded width (across the
benches and low-flow channel) was designed at
9.83 m (32.24 ft) and constructed at 9.75 m (31.98 ft)
(Table 1) (Kramer, 2011). The ditch top width varied
along the profile to accommodate the channel and
bench widths, to provide the 2:1 bank slope, and to
match the existing top elevation of the ditch.

Channel Feature

IN

FIGURE 3. Satellite Image of the Mullenbach Two-Stage Ditch Site Showing the Measured Channel Cross Sections and Linear Wetland
Locations (Base Map © Google EarthTM, August 24, 2013).
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examines and quantifies stability based on numerous
bank characteristics, including study bank height,
bankfull height, root depth, root density, surface protection, and bank angle (Rosgen, 2008). This index
uses graphical conversions between measured field
variables to produce a rating score for each category
(Rosgen, 2008). The sum of the scores for each category produces an adjective score (very low to extreme
bank erosion hazard) and a total numeric score (Rosgen, 2008). This index is typically calculated using
measurements taken over a small section of the bank
with the same characteristics. We applied this
method to produce an overall summary of the twostage ditch bank stability using generalizations of
features over the entire length of the ditch. By nature
of the low-flow channel, the bankfull height is equal
to its study bank height. Left and right bank angles
were calculated from the first two survey points at,
or just below, the bankfull elevation and averaged
across all cross sections. Root density and surface
protection percentages are subjective and based on
visual estimation. Measurements were inferred from
pictures and field notes, as well as from extensive
knowledge of the site characteristics.

well as mean and maximum depth in the low-flow
channel (Kramer, 2011). Profile data were also analyzed for pool-riffle sequences and low-flow channel
slope.

Stability and Bankfull Dimensions
The Modified Pfankuch Channel Stability Rating
was calculated to determine the overall channel stability before and after two-stage construction (Rosgen,
2008). This stability rating can be used to indicate
the relative sediment supply of a channel. It is largely qualitative with four condition categories of
excellent, good, fair, and poor. For indices that are
quantitative, each condition is associated to a range
of values (as percentages). A total of 15 indices are
split into three location categories to evaluate the
upper and lower banks as well as the channel bottom.
For the purposes of evaluating the ditch, the components are described as the upper, outer banks and
the lower, inner banks (Figure 1). For indices in
which the score did not align very well with the two
closest Pfankuch conditions, an average value was
taken between the two for the numeric score and
assigned as the lesser of the two conditions for tallying the number of indices for each condition. The
Pfankuch calculates the stability rating based on the
existing stream type. However, if the channel is
highly modified from its natural state then an existing stream type cannot be determined. The potential
stream type for 2009 was chosen to match the actual
stream type found in 2013.
Pre-construction bankfull conditions were estimated using two methods. One of the methods used
data from observed channel cross sections and the
other method used characteristics obtained from
regional curves. Observed channel features were
taken from cross sections that had distinct channel
features and were relatively stable. The latter criterion required that features be consistent with data
obtained from other ditches in the region. The
selected observed cross sections were used to determine the approximate width, depth, and cross-sectional area of the pre-construction low-flow channel.
This information is then used to compute a discharge
rate and estimate a stream classification. Regional
curves for Southern Minnesota ditches were also used
to determine the features of the pre-construction,
low-flow channel (Magner and Brooks, 2007). Since
both methods are partially dependent on stable ditch
cross sections in the region, similar pre-construction,
bankfull conditions are obtained from our two methods.
The Bank Erosion Hazard Index (BEHI) was used
to analyze bank stability for 2013. This index
JAWRA
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Channel Morphology
The Mecklenburg Reference Reach Spreadsheet
was used to calculate various channel morphology
characteristics based on the cross sections from preand post-construction field surveys (Mecklenburg,
2006). Bankfull discharge is calculated as velocity
multiplied by bankfull cross-sectional area. Mean
channel velocity is estimated using Manning’s equation based on hydraulic radius, energy slope approximated by the channel slope, and a Manning’s n
value. A Manning’s n of 0.05 was chosen to represent
the thick riparian Reed Canary Grass that bends
over into the channel. The entrenchment ratio (flood
prone width divided by bankfull width where the
flood prone width is at the stage that is twice the
maximum bankfull depth), width to depth ratio
(mean values at bankfull), channel slope, and channel
sediment type based on visual determination were
used to characterize the stream type based on Rosgen’s Classification of Natural Rivers (Rosgen, 2008).

Bankfull Flow and Recurrence Interval
Based on photographs of bankfull and greater than
bankfull stormflow events, bankfull flow corresponds
to full flow in the 0.9 m (2.95 ft) H-flumes (Brakensiek et al., 1979) installed at the upstream and downstream ends of the ditch. Bankfull flow (after two890
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watershed characteristics (E5 streams) is described as
having numerous pool-riffle sequences in a highly
meandering channel (Rosgen, 2008). Based on the
Washington Qualitative Habitat Assessment Survey,
the optimal pool to riffle ratio is five to seven (indicating a frequent sequence) (Plotnikoff and Polayes,
1999).
The post-construction longitudinal survey completed in October 2010 has a higher pool-riffle
sequence frequency (Figure 6). This survey shows 24
pools and 25 riffles. There are few pool-riffle
sequences between 600 and 1,000 m (1,968 and
3,280 ft). The pool-riffle sequences are most evident
between 200 and 400 m (656 and 1,312 ft) as well as
from 1,100 to 1,700 m (3,608 to 5,576 ft), where they
were also most apparent prior to construction. Variability is likely due to pre-construction conditions setting a baseline for channel evolution. The pools and
riffles have less distance between features in the 200
to 400 m section compared to the 1,100 to 1,700 m
section. In the 200 to 400 m section, the average distance between pools and riffles is 18.2 m (59.70 ft).
However, from 1,100 to 1,700 m, the pools and riffles
are, on average, 29.0 m (95.12 ft) apart. There is also
a dampening of the extreme high and low elevation
values around 1,500 m (4,920 ft).
There are reaches where the channel bed elevation
has noticeably increased (notably upstream of 396 m
(0.25 mi) and downstream of the field road crossing
at 1,081 m (0.67 mi)). The survey also shows newly
developed pool-riffle sequences in areas of channel
aggradation from newly deposited bed sediments. A
comparison shows an overall aggradation of 0.15 m
(0.49 ft) from pre-construction to October 2010

stage construction) was also calculated using the
Mecklenburg Reference Reach Spreadsheet as an
average for the six cross section surveys from 2013.
The recurrence interval of bankfull flow was obtained
using the Storm Water Management Model (SWMM,
Rossman, 2008). This model was used to create inflow
and outflow hydrographs for the two-stage retrofit
over a 29-year period (1971-1999) using precipitation
for the Spring Valley Watershed located about 30 km
(18.63 mi) east of our site (Peterson et al., 2010).
Daily maximum and minimum flow rates were generated and the average of all average daily flow rates
was used for comparison to bankfull discharge.
Greater than bankfull discharge occurred when the
SWMM model generated a flow rate exceeding the
flow rate determined by the maximum capacity in the
flume and, separately, the average bankfull flow rate
determined by the Reference Reach Spreadsheet. Our
analysis uses an average flow rate between the 2013
Reference Reach Spreadsheet bankfull flow estimate
and the flume calculated flow rate as well as an average of upstream and downstream SWMM generated
flow rates. The number of days between the start of
bankfull events is the bankfull recurrence interval
and the sum of events is based on the first day in a
series in which the maximum daily flow rate
exceeded the bankfull discharge. Events are considered independent if there are one or more days with
less than bankfull flow between days with greater
than bankfull flow. Since we are assessing both the
recurrence interval and the number of events based
on the start of an event, bankfull flow lasting more
than a day were not considered independent events.

RESULTS AND DISCUSSION

Analysis of Physical Features
Longitudinal Profile. Pool-riffle formation in
streams and ditches provides variation in depth and
velocity that is important for the ecological health of
fish communities (Gorman and Karr, 1978). Prior to
construction, the ditch profile had little channel relief
and few pool-riffle formations (Figures 4 and 5). The
pool-riffle sequences were not distinct and were difficult to determine. Most of the pool-riffle formation
occured in the downstream 700 m of the channel.
The elevation of pools and riffles is highly variable,
particularly around 1,500 m where the difference
between pool and riffle elevations is 0.7 m (2.30 ft).
There is a maximum of five pool-riffle sequences in
the pre-construction longitudinal profile. Generally,
the ideal stream type in this region given the
JOURNAL
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FIGURE 4. Photograph from within the Mullenbach Ditch
Showing Bank Failure (Left), Sediment Aggradation (Right), and
Few Pool-Riffle Formations Prior to Two-Stage Construction.
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FIGURE 5. Mullenbach Ditch Longitudinal Channel Thalweg Elevations in Profile from Prior to (April 2009) and During (October 2009)
Two-Stage Construction.

FIGURE 6. Mullenbach Ditch Longitudinal Channel Thalweg Elevations in Profile from Pre (April 2009) and Post (October 2010)
Construction Surveys.

The post-construction longitudinal survey conducted in November of 2013 is quite different than
the pre-construction survey (Figure 7). These features are illustrated well with a close-up on the section from 200 to 800 m (656 to 2,624 ft) (Figure 8).
The first 100 m (328 ft) downstream of the north culvert is highly influenced by upstream conditions but
is also affected by the flume put in at about 100 m in
2010. Here, the flume is forcing an artificial riffle to
form. Upstream of the flume, coarse material from an
unknown origin, likely washed out from the gravel
road, collected within the channel while fine sediment
was flushed out. The flume was removed from the
channel in 2014 and it is expected that the low-flow

(Table 2). The aggradation was likely the result of
increased sediment from pre-construction instability
and from ditch construction before the banks and
floodplain could revegetate due to late fall flooding.
This trend is consistent with the observations of
recently constructed two-stage drainage ditches in
Ohio, Michigan, and Indiana made by Kallio et al.
(2010). This is also demonstrated by the fact that
from 2010 to 2013, the channel aggraded slightly (another 0.02 m or 0.07 ft) for a total aggradation of
0.17 m (0.56 ft) from pre-construction to 2013. Since
the benches became fully vegetated as of late 2010,
there has been little additional sediment supply and
the channel elevation has stabilized.
JAWRA
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Prior to construction
(April 2009)
During construction
(October-November 2009)
October 2010
November 2013
April 2009 to November 2013

Average
Elevation (m)

Change in
Elevation (m)

29.28
29.31

0.03

29.43
29.45

0.12
0.02
0.17

MOWER COUNTY, MINNESOTA

section stream width based on 2013 data (six points,
top width of the bankfull channel) is 4.37 m
(14.33 ft). This gives a pool to riffle ratio (as the distance between riffles divided by the stream width) of
6.21. This falls within the optimal pool to riffle ratio
of five to seven (indicating a frequent sequence) (Plotnikoff and Polayes, 1999). There are clear transitions
between pools and riffles (i.e., glides and runs), further indicating the formation of a natural sequence of
stream features. The bottoms of the pools are scoured
down to the clay till with the riffles being comprised
of large sand and gravel. The downstream section
has aggraded sediment that has yet to be moved
downstream of the two-stage ditch. The pools and riffles formed in this section are comprised of redistributed sand with no clay till exposed.

TABLE 2. Average Elevation and Average Change in Elevation
(between successive years unless otherwise noted) of the Mullenbach Ditch Channel from 0 to 1,900 m for Three Longitudinal Profiles. The section from 0 to station 8+00 was highly influenced by
upstream inputs as well as the flume so it was removed from the
analysis of this feature.

Measurement Date

IN

channel will cut through the coarse sediment to form
a new, lower elevation channel over time. Downstream of the flume, there is a gradual pool formation, likely due to the sediment deprivation caused by
the sediment collection upstream of the flume. Conditions began to stabilize and pool-riffle sequences
began to form about 80 m (262.4 ft) south of the
flume where the influence of the flume likely had a
small effect.
The 2013 profile survey found 68 pool-riffle
sequences, which is a 12-fold increase in the number
corresponding to pre-construction of the two-stage
ditch. In the upper 915 m of the ditch, the aggraded
sediment has been scoured out by a number of large
runoff events. The distance between pools and riffles
has decreased considerably to an average of 13.74 m
(45.07 ft) with an average distance of 27.12 m
(88.95 ft) between riffles and an average distance
between pools of 27.54 m (09.33 ft). The average cross

Cross Section Surveys. Cross sections at three
different representative locations along the ditch
length show changes over time (Figures 9-11). The
pre-construction cross section is the most apparently
different of all the dates. This depicts the wide lowflow channel, the steep banks, and the undersized
ditch width. The post-construction low-flow channel
depth appears to be returning to the pre-construction channel depth, possibly indicating the flushing
of fine sediment due to the increased velocities in
the low-flow channel (Figure 9). There is also the
formation of a pool between 2012 and 2013 (Figure 10). Since the ditch was constructed at an average depth, pools are formed where depth has
increased from the constructed depth; riffles are
formed where depth has decreased from the constructed depth. It also shows the linear wetland as
a smooth, slight reduction in elevation below

FIGURE 7. Mullenbach Ditch Longitudinal Channel Thalweg Elevations in Profile from the Pre (April 2009) and Four Years PostConstruction (November 2013) Surveys. Diamond indicates location of the upstream flume.
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FIGURE 8. A Close-Up Section (200-800 m) of the Mullenbach Ditch Longitudinal Channel Thalweg Elevations in Profile from the Pre
(April 2009) and Four Years Post-Construction (November 2013) Surveys.

FIGURE 9. Mullenbach Ditch Cross Section Survey Comparison Between Years at 447 m (bankfull indicated by the solid, black horizontal
line; looking south downstream).

Pre-construction channel widths were used as a
guideline for bankfull channel widths during construction. During the pre-construction survey in
2009 the channel widths were recorded at 36 locations along the ditch. These pre-construction channel
widths were bank to bank and do not correspond to
the full ditch width of the channel with benches
after construction. The elevations of the benches
during construction were designed as the bankfull
elevation of the low-flow channel. There was no
measured bankfull elevation prior to construction.
The average of the 36 width measurements was
3.64 m (11.94 ft, SD = 1.37 m) (Table 3). However,
this average includes measurements made on an
approximately 245 m (803.60 ft) over-widened section of the ditch at a location of approximately

bankfull along the east bench near the ditch bank.
There is the formation of a “false bench” where the
riparian vegetation has folded over into the channel,
slowing velocity, and collecting loose sediment,
which then builds up on the side of the low-flow
channel (Figures 9 and 11). The formation of a true,
new bench within the low-flow channel would take
considerably longer. If the new bench was formed
only on one side of the channel it may be the start
of a meander build. However, “false bench” sediments are likely flushed out regularly during high
flow events. The three surveys post-construction are
similar to one another with minor shifts, particularly in bankfull depth and width, over time. These
minor shifts may be attributed to sediment flushing
and redistribution as well as pool-riffle formation.
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FIGURE 10. Mullenbach Ditch Cross Section Survey Comparison Between Years at 1,419 m (bankfull indicated by the solid, black
horizontal line; looking south downstream).

FIGURE 11. Mullenbach Ditch Cross Section Survey Comparison Between Years at 1,780 m (bankfull indicated by the solid, black
horizontal line; looking south downstream).

TABLE 3. Summary of Bankfull Width Changes over Time at the Mullenbach Ditch from Seven Channel Surveys.
Bankfull Width (m)
Distance (m)
Date

157

447

862

1,220

1,419

1,671

1,780

Average

October 2010
August 2012
November 2013
Average
% Change

3.81
3.05

2.90
3.32
3.44
3.23
19%

3.29
3.38
3.81
3.51
16%

2.74
3.38
3.57
3.23
30%

3.54
4.94
3.81
4.08
8%

3.90
4.24
4.21
4.11
8%

4.11
3.96
4.36
4.15
6%

3.47
3.75
3.87

3.44
na

1,600 m (5,248 ft, seven measurements). This area is
dominantly sand from the historic streambed, which
is particularly erodible and not representative of the
overall channel. During construction, spoil material
from the excavation was added to this section to
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narrow the low-flow channel (Kramer, 2011). The
average channel width over this section was 5.39 m
(17.68 ft). By removing the data from this overwidened section to produce a more representative
value for comparison between years, the average
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every 100 m (for a total of 24 data points), gives a
value of 3.43 m (11.25 ft, SD = 0.45 m or 1.48 ft).
This gives an estimated 12% increase in bankfull
width compared to the designed width. The average
percent increase in bankfull width over time across
all cross sections post-construction is 10% (see
Table 3). This is within the range of findings of
D’Ambrosio et al. (2015) of an average 9 to 30%
change in bankfull width in seven, upper Midwest
two-stage ditches surveyed two to eight years postconstruction.
An increase in bankfull width with time could suggest an increase in flow velocity. The longitudinal
profile data shows a substantial increase in pool-riffle
formation with some of the pools now scoured down
to till. This suggests that this increase in flow velocity does not have negative effect on the sediment
sorting capability of the low-flow channel. Since the
ditch banks are no longer actively eroding, the
decrease in sediment supply to the channel is likely
driving the pool-riffle formation. The ditch is, however, still receiving sediment from upstream of the
two-stage retrofit. The increased velocity supplied by
the narrower (compared to the wider channel of the
conventional design) low-flow channel ensures that
the retrofit actively flushes out this sediment to be
able to form pool-riffle sequences. Also, the channel is
no longer confined within the banks of the conventional ditch and the benches are allowing the channel
to adjust to the most sustainable geometry.
There is an increase in average bankfull depth of
0.09 m or 0.30 ft (18%) across the seven cross sections measured in November 2013 (Table 4). This is
slightly larger than the mean depths presented by
D’Ambrosio et al. (2015) showing a range of 0.04 m or
0.13 ft (13%) decrease to 0.05 m or 0.16 ft (17%)
increase in mean bankfull depth for seven, upper
Midwest two-stage ditches surveyed two to eight
years post-construction. However, given the small difference as well as our small sample size, the average
increase in bankfull depth is likely not significantly
different than the results found by D’Ambrosio et al.
(2015). Mean bankfull depth is properly obtained by

channel width was 2.90 m (8.53 ft) with a standard
deviation of 0.67 m (2.20 ft, see Table 3). This
matches well with the design bankfull width of
3.05 m, which also falls within the standard deviation range.
Investigation of the potential causes for this
increase in bankfull width shows that it might be
related to an increased frequency of large flow events,
but probably not related to an increase in average
annual precipitation. Annual precipitation in 2011
and 2012 was much lower (68.17 and 56.33 cm or
26.86 and 22.19 inches, respectively) than the annual
average from 1981-2010 (87.76 cm or 34.58 inches),
somewhat below average in 2009 (83.51 cm or
32.90 inches), and considerably above average in
2010 and 2013 (97.99 and 100.36 cm or 38.61 and
39.54 inches, respectively) (NOAA, no date). Storm
event data (flood, flash floods, and heavy rain) was
obtained from October 1, 2009 through November 31,
2013 for Mower County, Minnesota, from the
National Oceanic & Atmospheric Administration
(NOAA) National Weather Service Storm Events
Database (NOAA, 2007). A total of 19 of the 40 flood
and flash flood events as well as all of the heavy rain
events (eight), all as defined by NOAA (2007), since
1996 occurred between 2010 and 2013 (NOAA, 2007).
These storm events could have played a role in the
increase in bankfull width found to have occurred
within the two-stage ditch between 2009 and 2013.
We can use the designed bankfull width of 3.05 m
to compare the bankfull width of the low-flow channel
obtained from post-construction surveys (see Table 3).
In the 2013 survey, there is no longer an overwidened section near 1,600 m. This table shows an
average increase from the designed channel width of
3.05 m for each successive survey. The average bankfull width from all cross sections from the November
2013 survey was 3.87 m (12.69 ft, see Table 3). This
gives an estimated 27% increase in bankfull width
from the designed channel width. To provide a systematic sample of all feature widths for comparison,
a survey of bankfull widths from November 2013,
which includes measurements taken approximately

TABLE 4. Summary of Bankfull Depth Changes over Time at the Mullenbach Ditch from Seven Channel Surveys.
Mean Bankfull Depth (m)
Distance (m)
Date

157

447

862

1,220

1,419

1,671

1,780

Average

October 2010
August 2012
November 2013
Average
% Change

0.34
0.40

0.30
0.34
0.43
0.37
40%

0.55
0.49
0.55
0.52
0

0.37
0.37
0.37
0.37
0

0.43
0.34
0.67
0.49
57%

0.49
0.46
0.49
0.49
0

0.40
0.40
0.43
0.40
8%

0.40
0.40
0.49
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construction fell under either the fair (5) or poor (6)
condition categories whereas the majority of the
indices fell under either the good (5) or excellent (7)
condition categories in November 2013. Indices that
rate higher for having larger bed material intrinsically produced a lower score for the ditch, before and
after the two-stage retrofit, because the sediment
supply in this region is predominantly sand and
gravel. Indices that rate higher for having less channel debris also intrinsically produced a higher score
for the ditch, before and after construction, due to the
lack of woody debris in the channel, its riparian area,
and in the watershed overall. Characteristics that
produced a higher score in the two-stage ditch and a
lower score prior to construction mostly pertained to
the angle of the bank slope (and the associated presence or absence of mass wasting), the presence or
absence of a floodplain, aggradation and/or degradation of bed material, and the presence or absence of
pool-riffle sequences. Although some indices are not

taking measurements at a riffle section. Our benchmarked cross sections did not move with time but the
formation of pools and riffles in the channel did
change. However, all cross sections were located in
runs or riffles during the 2013 longitudinal survey.
Thus, mean bankfull measurements may not be true
indicators of bankfull depth changes. A better gage of
depth changes in the channel is provided by the longitudinal profile, which shows the formation of a
pool-riffle pattern not present prior to construction.

Stability
The Modified Pfankuch Stability Rating worksheet
produced an overall unstable score (114) for the ditch
prior to two-stage retrofit in 2009 and an overall
stable score (72.5) for the two-stage ditch on November 2013, based on an E5 stream type (Figures 12
and 13). The majority of the indices prior to

FIGURE 12. The Modified Pfankuch Stability Rating Worksheet for the Mullenbach Ditch Prior to Two-Stage Construction. Medium gray
cells indicate that one value was chosen for that index and a dark gray cell indicates that a value between the two scores was used and split
equally among the categories.
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FIGURE 13. The Modified Pfankuch Stability Rating Worksheet for the Mullenbach Ditch after Two-Stage Construction. Medium gray cells
indicate that one value was chosen for that index and a dark gray cell indicates that a value between the two scores was used and split
equally among the categories.

1926). A root density of 30% was chosen based on
photographs in the River Stability Field Guide (2008)
which show grasses similar to Reed Canary Grass in
aboveground biomass density and rooting depth as
having 30% root density. The average bank angle
across all cross sections was 32.17°. Due to the high
density of aboveground biomass for Reed Canary
Grass at the site, a surface protection of 40% was
chosen. The soils are silty clay loam without stratification, so no bank material or stratification adjustments were added. Overall, a score of 17 is in the low
BEHI scoring range and can be considered very good
for an agricultural drainage ditch.
Other studies have shown similar increases in stability associated with the two-stage design as evidenced by reduced sediment loading. Mahl et al.
(2015) found that a two-stage ditch decreased
turbidity, as compared to the conventional design, by
15-82%. They concluded that this decrease is likely
due to less sediment transport during floodplain
inundation.

considered very applicable to this region, the overall
condition score aligns with our perceived condition
based on visual judgment. When the same indices
are scored relatively between pre and post-construction, then the difficulties associated with some
indices are similar between surveys. Overall, the
two-stage ditch showed a large improvement in stability compared to the pre-construction conventional
ditch. This stability rating is a useful indicator of
the overall stability of the ditch prior to and after
two-stage construction.
The BEHI rating produced a low BEHI score of 17
for the Mullenbach Two-Stage Ditch in 2013
(Figure 14). Rooting depth is based upon the creeping
rhizome root system of Reed Canary Grass (Phalaris
arundinacae), the most common species found along
the low-flow channel banks during post-construction
vegetation surveys. For Reed Canary Grass the roots
are typically very abundant to 38.1 cm (15 inches)
and most extend to 63.5 cm (25 inches), so a value of
45.72 cm (18 inches or 1.5 ft) was chosen (Weaver,
JAWRA
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FIGURE 14. The Bank Erosion Hazard Index Worksheet for the Mullenbach Two-Stage Ditch for 2013.

section station (Figure 15). This cross section had
distinct features expected for a stable ditch in the
region. Bankfull for the pre-construction condition
corresponds to the constructed bankfull elevation relative to the survey datum. Based on this cross section, the cross-sectional area of the pre-construction
low-flow channel is 1.56 m2 (16.97 ft2), the width is
3.31 m (10.86 ft), and the average depth is 0.48 m
(1.57 ft). This produces a discharge rate of 0.75 m3/s
(26.4 ft3/s). The entrenchment ratio is 2.1 and the
average width to depth ratio is 6.9. The Rosgen
Classification of Natural Rivers (Rosgen, 2008) does
not have a stream type description fitting this
entrenchment ratio for stream types C through G.
Therefore, stream type classification could not be
accurately determined for the original Mullenbach
Ditch. However, Rosgen (1996) found that drainage
ditches were often of the Gc or F stream type due to
the lack of sinuosity and floodplain area. Characteristics of our pre-constructed ditch are consistent with
his results.
The pre-construction channel morphology was also
estimated using regional curves. By using this
method, the original cross-sectional area of the lowflow channel is 1.83 m2 (19.70 ft2), the width is
3.24 m (10.73 ft), and the depth is 0.58 m (1.90 ft).
These values are in good agreement with those
obtained using the features from the 862 m (0.54 mi)
cross section. The 0.95 m3/s (33.5 ft3/s) bankfull discharge from the Reference Reach Spreadsheet is
slightly larger than that obtained from the 862 m
(0.54 mi) cross section.

One aspect of channel stability not addressed in
our study was bench aggradation and degradation.
D’Ambrosio et al. (2015) investigated this characteristic for seven, two-stage ditches in Ohio, Michigan,
and Indiana 3 to 10 years post-construction. They
found that benches had both degraded and aggraded
at a rate of
8.9 to 13 mm/year ( 0.35 to
0.51 inches/year). They also found that some of the
systems were still in process toward quasi-equilibrium. However, these changes were not found to
negatively impact tile drain outlets or require maintenance on the ditch system (D’Ambrosio et al.,
2015).
Channel Morphology. Prior to two-stage construction, the ditch was highly modified from a natural form and function through channelization and
most of the channel no longer resembled a natural or
stable system. The majority of the morphological
characterizations presented in the Mecklenburg Reference Reach Spreadsheet are dependent on an accurate measurement of bankfull depth. Although bank
sloughing formed one-sided benches at several cross
sections, the permanency of these features was
unknown and could not be assumed to be part of the
channel forming flow. In a drainage ditch, bankfull
can be estimated as the second grade break or a distinct scour line along the side slopes of the ditch
(Mecklenburg, 2000). No data for this feature were
collected in 2009.
Channel forming flow at the two-stage ditch was
approximated using the 862 m (0.54 mi) cross
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FIGURE 15. Mullenbach Ditch Cross Section Survey Comparison Between Pre and Post-Construction at 862 m (bankfull indicated by the
solid, black horizontal line; looking south downstream).

bank and bed erosion in the system thus the channel
is expected to adjust at a very slow pace.

Based on the Reference Reach Spreadsheet, the
channel geomorphology was characterized after twostage ditch construction. In 2013, the channel slope
was 0.19% with an average flood prone width of
13.35 m (43.79 ft). This gave an average bankfull discharge of 0.91 m3/s (32.2 ft3/s). The 0.9 m H-flume
full flow is 0.87 m3/s (30.7 ft3/s). The average
entrenchment ratio is 3.5 and the average width to
depth ratio is 9.07. There is only one sinuosity option
associated to this entrenchment and width to depth
ratio, which is high sinuosity (>1.5), which is not true
for the two-stage ditch. However, if the ditch were
not confined within its banks, it would likely meander more than it currently does. For a slope <0.02
and a sand channel sediment, the resulting stream
type is E5. The Rosgen Classification of Natural Rivers (2008) appears to be applicable in determining
stream type of the ditch after two-stage construction
because the channel morphology is more similar to a
natural stream than a channelized ditch.
The Mullenbach Drainage Ditch has been shown to
be stable based on the Pfankuch and BEHI analyses
for both the inner and outer banks as well as the
low-flow channel, since two-stage construction in
2009, and will likely continue to remain stable over
time and in the near future. Since construction, bank
instability caused by seepage, planar failure and toe
erosion on ditch banks, as well as tile outlet failures
are no longer present. The ditch transitioned from an
unstable stream type (G or F) given the features of
the region and watershed size to an appropriately
classified stream type (E5). Since the ditch is located
within a small watershed with a lower stream power
as well as having protected banks, the ditch will
likely gain some meander but not nearly as much as
a natural E5 stream without confining bank walls.
This is expected and acceptable given the function of
the waterway as a ditch. In general, there will be less
JAWRA

Bankfull Flow and Recurrence Interval
Jayakaran et al. (2005) have found that the bankfull recurrence interval for ditches in Ohio is less
than the expected 1.5 years for natural streams and,
instead, is more along the lines of six months. They
determined bankfull flow using power law functions
relating channel characteristics to bankfull discharge
and compared to published regional curves (Jayakaran et al., 2005). Using Manning’s equation and a
daily runoff model, they found the bankfull recurrence interval between 0.25 and 0.5 years for 18 sites
at 10 drainage ditches in Ohio (Jayakaran et al.,
2005). Similar results were obtained by Jayakaran
and Ward (2007) for 13 other sites in Ohio.
The recurrence interval at the Mullenbach TwoStage Ditch site was computed using an average bankfull discharge value of 0.89 m3/s (31.45 ft3/s). The average recurrence interval was 0.30 years (3.6 months)
between station locations (upstream and downstream)
and discharge rates (0.87 m3/s from the flume specifications or 0.91 m3/s from the Reference Reach Spreadsheet for the 2013 data) (Mecklenburg, 2006). Most of
the longer recurrence intervals occur in early spring
(March or April), presumably due to a snowmelt event
following a dry year, or mid-summer (July), presumably due to a large rain event following a dry year with
little snow pack. Using a slightly larger bankfull discharge value based on the cross sections (as opposed to
the flume) produced slightly fewer bankfull events.
Our average recurrence interval is consistent with the
low end of the results found by Jayakaran et al. (2005)
and Jayakaran and Ward (2007) for conventional agricultural drainage ditches in Ohio.
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As part of the two-stage ditch construction, the
low-flow channel of the conventional ditch was narrowed and deepened, in part, to facilitate higher rates
of sediment removal. This resulted in places where
the channel was scoured down to clay material (pools)
and other places where larger sand and gravel sized
particles accumulated and were well sorted (riffles).
Given its lack of need for maintenance since construction, the design is not likely to require maintenance
and clean-out often associated with the conventional
design, making it an economically viable option in
many cases (Krider et al., 2014). Increased stability
can be attributed to the two-stage design with a narrow, low-flow channel, and floodplain benches that
support a larger amount of plant biomass (Powell and
Bouchard, 2010).
Overall, the Mullenbach Two-Stage Ditch shows
an improvement to the conventional ditch design.
This is based on physical attributes that improve
function and increase benefits similar to natural
streams in this region of Minnesota given the current
land use and hydrology. Two-stage designs create a
geomorphically stable condition with little degradation and aggradation through the natural process of
sediment flushing and sorting. This design also helps
to create stable fluvial conditions through the use of
an appropriately sized low-flow channel and floodplain benches. This type of best management practice
is an important tool for the water resource manager
that can be utilized on larger scales within the appropriate hydrologic setting.
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