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Erosion and sediment delivery in southern
Iowa watersheds: Implications for
conservation planning
M.T. Streeter, K.E. Schilling, C.L. Burras, and C.F. Wolter

Abstract: Soil sediment export from agricultural watersheds is a major environmental concern and is a primary contributor to nonpoint source sediments in streams. The purpose of
this study was to quantify total suspended solid (TSS) export and current sediment delivery
ratios (SDRs) in four southern Iowa watersheds and evaluate how existing and potential best
management practices (BMPs) have affected SDRs. Our study updated estimates of SDRs
that were previously developed using mid-20th century data and largely unknown methods.
We estimated TSS export using continuous turbidity measurements and total phosphorus (P)
data and measured discharge data to calculate TSS loads. By comparing annual TSS export
to watershed-scale soil erosion estimated with the Revised Universal Soil Loss Equation
(RUSLE) model, we calculated annual SDRs for the study watersheds and found that current SDRs were significantly lower than previous estimates. This new analysis provides an
exceptional story of conservation progress in our study watersheds over the past four decades.
Further, they are likely a worst-case scenario for sheet and rill eroded sediment export since
TSS export does not distinguish among other sediment sources, such as stream bank and gully
erosion. Based on the extent of BMP implementation in the watersheds and the potential for
future BMPs determined using the Agricultural Conservation Planning Framework (ACPF)
toolbox, we found that there is only limited potential for further reducing TSS export using
additional in-field practices. Hence, we believe that further work toward reducing TSS export
in these Iowa watersheds should be shifted to reducing contributions from other TSS sources
including from streambed, bank, and gully erosion.
Key words: best management practices—sediment delivery ratios—soil conservation—soil erosion
Soil sediment export from agriculturally dominated watersheds is a global
crisis that has vast-reaching and severe
environmental and economic impacts
(Brown and Wolf 1984; Myers et al. 1984;
Siddiqui 1998). Multiple sources are known
to contribute to sediment export from these
watersheds, including in-field sheet and rill
erosion (Johnson and Moldenhauer 1970),
ephemeral gully erosion (Gomez et al. 2003),
and stream bank erosion (Beck et al. 2018;
Odgaard 1984). In the late 20th century,
Pimentel et al. (1995) estimated that the
effects of soil erosion alone produce societal costs exceeding US$40 billion annually.
However, these costs are difficult to attribute
to individual sources since the effects of soil

erosion are not temporally or spatially consistent (Cruse et al. 2006) and relatively little
research has been completed that accurately
determined sources of sediment transport
(Waters 1995). Still, new research over the
last two decades is working to solve the mysteries of sediment sourcing by using new
methods in tracking like rare earth element
tracking (Kimoto et al. 2006), trace tracking
(Collins et al. 2013), and biomarker tracking
(Cooke et al. 2008). However, these methods are not refined and most are designed
for very targeted, small-scale environments
(Collins et al. 2013), rather than tracking
landscape processes.
In Iowa, United States, agricultural watersheds are major contributors of nonpoint
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source sediments in streams (Schilling et
al. 2011). It has been estimated that 93%
of Iowa streams are primarily impaired by
agricultural related sediment losses (Iowa
Department of Natural Resources 2018b).
Suspended sediments are a primary source
of nitrogen (N) and phosphorus (P) to rivers, which contributes to eutrophication in
streams (Carpenter et al. 1998) and development of seasonal hypoxic conditions in
the Gulf of Mexico (Turner et al. 2007).
Suspended sediments are also known to
contribute to total carbon (C) export (Jones
and Schilling 2013). Suspended sediments
further negatively impact stream ecosystems by interfering with the growth and
propagation of aquatic life (Newcombe and
Jensen 1996; Newcombe and MacDonald
1991). Many states in the US Midwest
including Ohio (Ohio Environmental
Protection Agency 2013), Illinois (Illinois
Environmental Protection Agency and
Illinois Department of Agriculture 2014),
Minnesota (State of Minnesota 2014), and
Iowa (Iowa Department of Agriculture and
Land Stewardship et al. 2013) have developed nutrient reduction strategies that aim
to reduce the export of nutrients and sediments from agricultural watersheds to the
Mississippi River (Christianson et al. 2018).
However, accurately quantifying suspended
sediment export from watersheds is difficult
because the process relies largely on erosion
and sedimentation modeling, which may be
highly inaccurate depending on the data that
feed the models (Parsons et al. 2004).
The sediment delivery ratio (SDR) can
be used to quantify sediment export from a
watershed. SDRs make comparisons of the
estimated mass of soil eroded in a watershed
to the estimated mass of total suspended solids (TSS) exported in streams. SDRs can be
calculated for ephemeral soil erosion (USDA
NRCS 1998), sheet/rill erosion (Johnson
and Moldenhauer 1970), and stream bank
erosion (Odgaard 1984). However, it is difficult to differentiate among TSS sources
in watershed studies (Beck et al. 2018).
Matthew T. Streeter is a soil scientist and Keith
E. Schilling is a state geologist at the Iowa Geological Survey, University of Iowa, Iowa City, Iowa.
C. Lee Burras is a Morrill Professor at the Department of Agronomy, Iowa State University, Ames,
Iowa. Calvin F. Wolter is a geographic information
system (GIS) analyst at the Iowa Department of
Natural Resources, Des Moines, Iowa.

STREETER ET AL. 1–13

1

Hence, this study focuses entirely on the
TSS fraction of sediment transport. It is also
important to note that not all sheet and rill
eroded sediments are found in streams as suspended sediments. Postsettlement flood plain
alluvium dominates the surfaces of Iowa’s
flood plains and is a measurable component of stream bank erosion contributions.
Streambed load also contributes to total
watershed-scale SDRs, but accurately sampling and quantifying bedload contributions
is difficult (Bhowmik et al. 1986).
For watersheds in Iowa, the USDA published a report on erosion and sediment
delivery, which estimated sediment sources
by using a nomograph approach based on
watershed area (USDA NRCS 1998). The
nomograph method utilized mid-20th century
erosion modeling and stream data (USDA
NRCS 1998). While this report has been the
standard for the last two decades, new studies
have sought to update SDRs based on current
soil erosion and TSS export conditions.While
current estimates do not include sediments
transported as bedload, Streeter et al. (2018)
estimated TSS export from a small Iowa watershed using turbidity surrogates, which were
created utilizing existing stream data (Iowa
Department of Natural Resources 2019; Iowa
Flood Center 2019a, 2019b), and compared
TSS export to sediment erosion occurring
in the watershed. Results from that study
concluded that the SDR for the study watershed was 3.7%, which was less than one-third
of the predicted value by the 1990s USDA
report. Lower SDRs in Iowa watersheds are
consistent with increased implementation of
best management practices (BMPs) that have
reduced sediment erosion and export over the
last several decades (Jones and Schilling 2011).
Despite the positive effects of BMPs to
reduce sediment export, actual quantification
of their impacts on SDRs has not been done.
Rundhaug et al. (2018) made comparisons
of currently implemented BMPs to potential
BMP locations in subbasins of the English
River watershed in southern Iowa and determined that there was still the potential for
additional BMPs in the watershed. However,
they did not analyze the impacts of the existing or future BMPs on sediment export
or SDRs. This may be possible by utilizing
new geographic information systems (GIS)based methods, such as the Agricultural
Conservation Planning Framework (ACPF)
toolbox (USDA 2019b), which has been
developed to identify potential locations of
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future BMPs, and considering the effects of
those BMPs on soil erosion and SDRs.
The primary goal of this study was to
quantify current SDRs in four southern
Iowa watersheds that vary in size and evaluate how existing and potential BMPs affect
SDRs in the same landscape region. Our
specific objectives were to (1) develop a current estimate of soil erosion for the English
River and three nested Rapid Creek watersheds utilizing the Revised Universal Soil
Loss Equation (RUSLE) model (Renard et
al. 1997); (2) estimate TSS export from the
four watersheds using surrogate measures
and discharge rating curves; (3) calculate
current SDRs for each study site watershed;
and (4) evaluate the effects of current and
future-adopted BMPs on SDRs and analyze
the potential for future reductions in sediment export.
Materials and Methods
Study Area. The English River, Rapid Creek
and two subbasins within Rapid Creek were
evaluated in this study (figure 1).The English
River drains a watershed of 1,500 km2
extending from its headwaters in Poweshiek
County to discharge into the Iowa River
in Washington County. A US Geological
Survey (USGS) gauging station exists near
Kalona in Washington County, Iowa (figure
1). Nearly 18 hydrologic unit code (HUC)
12 watersheds lie upstream of the English
River gauging station near Kalona. The 88
km2 HUC 12 Rapid Creek watershed in
Johnson County flows into the Iowa River
near Iowa City. Two subbasins in Rapid
Creek were selected in order to analyze
effects of scale on our results. The upstream
(US) subbasin consists of the headwaters of
the watershed and is approximately 8 km2,
whereas the downstream (DS) subbasin lies
adjacent to the south of the US subbasin
and is approximately 16 km2 (figure 1). Land
use in all of the study watersheds was predominantly row crop agriculture consisting
of corn (Zea mays L.) and soybeans (Glycine
max L.) (table 1). Mean annual precipitation
for the study period (2017 to 2018) was
884 and 853 mm for the English River and
Rapid Creek, respectively (table 1) (Iowa
State University Department of Agronomy
2019a). Mean annual air temperature was
10°C (Iowa State University Department of
Agronomy 2019b).
Land surface topography varies significantly across the study area. The study

**PROOF - NOT FOR DISTRIBUTION**

watersheds are situated within the Southern
Iowa Drift Plain landform region of Iowa
(Iowa Department of Natural Resources
2018a). This region is dominated by rolling
hills of pre-Illinoian glacial till capped by
Wisconsin loess and well-developed floodplains consisting of silty and sandy alluvium.
The relic till plain has been further reshaped
by frequent precipitation and overland
sediment movement enhanced by postsettlement agricultural tillage (Cruse et al. 2006).
The majority of the soils in our study were
formed in loess, alluvium, and reworked
glacial deposits. Soils formed in loess may
typically be found in stable upland environments and have well developed, organic
rich, surface horizons. Soils formed in glacial
till–derived sediments on steeper slopes tend
to have less well developed surface horizons
and are lower in soil organic matter (Ritchie
et al. 2007). Overall, the study area watersheds are located in a landform region that,
even before commercial agriculture, has been
defined by soil erosion and sedimentation.
RUSLE. In Iowa, a statewide RUSLE
grid (10 m cell size) is available from the
Iowa GeoData Portal (Iowa Department
of Natural Resources 2018a). This model,
which is driven primarily by precipitation, agricultural tillage, and conservation
practices, provides an estimation of average
annual soil erosion in Mg ha–1. The components of the RUSLE model are the rainfall/
runoff erosivity factor (R), soil erodibility
(K), slope length and steepness factors (LS),
cropping/management factor (C), and a conservation practice factor (P). The statewide
RUSLE grid was created from a 10 m resolution land cover grid that provided the crop/
tillage information (C factor), a 10 m Soil
Survey Geographic database (SSURGO)
data grid that provided the erodibility information (K factor), and rainfall (R) and slope
length and steepness (LS) factors (using the
10 m SSURGO R and LS values), which
were obtained from tables in “Predicting Soil
Erosion by Water: A Guide to Conservation
Planning with the Revised Universal Soil
Loss Equation (RUSLE)” (Renard et al.
1997). For this study, we utilized the existing
K and LS factors from the statewide RUSLE
model. We then updated the R factor based
on 2017 and 2018 precipitation data (US
Environmental Protection Agency 2018). C
factors were updated utilizing the newly created ACPF field boundary data sets (USDA
2019a). P factors were assigned by rasterizing
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Figure 1
recently completed maps of existing conservation practices (Iowa State University 2019)
and assigning P values based on established
values for each practice (USDA NRCS
2002). Watershed-scale soil loss estimates
were developed by summing each individual
raster’s soil loss estimate and dividing by the
total watershed area.
Sediment Delivery. Our study compared
estimated annual soil erosion to estimated
annual soil export from a watershed to
determine the effectiveness of BMP implementation on soil trapping. The mass of soil
exported to the stream in relation to the estimated mass of soil erosion in the watershed
is the SDR. At the outlet of each watershed
and subbasin, continuous stream stage and
water quality data were collected using sensor
technology from April through November
in 2017 and April through October in 2018.
In Iowa, during the winter months when
temperatures are generally below freezing,
the sensors are removed from the streams.
Previous research in this region determined
that less than 3% of stream sediment load
is transported during the frozen months
(Jones and Schilling 2011; Schilling 2000).
We further used the Iowa Daily Erosion
Project (Iowa State University Department
of Agronomy 2019a) to determine that all
but 3% of estimated soil erosion occurred
from April through November in 2017 and
April through October in 2018. Hence, we
determined that the periods in 2017 and
2018 with stream sensors installed adequately
captured the total sediment export from each
watershed and subbasin.
Stream stage data were collected every
15 minutes using solar powered bridge sensors (Iowa Flood Center 2019b) and used
to estimate stream discharge (figure 2). The
bridge sensor utilizes a sonar signal to measure the distance between the sensor and the
stream. The stream data are then made publicly available when they are transmitted via
cell modem to the Iowa Flood Information
System (Iowa Flood Center 2019a). Light
Detection And Ranging (LiDAR) elevation
data are available in a 1 m grid size from the
Iowa GeoData Portal (Iowa Department of
Natural Resources 2018a). We utilized that
LiDAR data to create channel cross-sections at each bridge sensor location. The 1 m
LiDAR grid had a horizontal accuracy with
root mean square (RMS) error of 15 cm at
a 95% confidence interval. Vertical accuracy
was 18.5 cm RMS at a 95% confidence
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Location map of English River and Rapid Creek watersheds in Iowa, United States, with exploded county view showing stream gauge sites and major rivers.
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Table 1
Study watershed summaries.

				 Mean annual		
Watershed
Agricultural
Mean LS
precipitation		
Watershed
area (ha)
area (%)
value
(mm)
English River
Rapid Creek
Rapid Creek upstream
Rapid Creek downstream

149,183
8,754
777
1,554
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59
47
87
77

0.7
0.8
0.6
0.6

884
853
853
853
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Figure 2
Stream discharge (L s–1) for each watershed study area from April of 2017 through October of 2018: (a) English River, (b) Rapid Creek, (c) Rapid Creek
upstream, and (d) Rapid Creek downstream.
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interval. The channel cross section invert was
adjusted for the lowest elevation measured
by the stage sensor. Manning’s roughness
coefficients were selected to represent the
overbank and channel areas based on engineering judgement and reference materials
(Chow 1959). Channel reach slope was estimated for each site based on LiDAR data.We
then solved for water surface elevations based
on a range of discrete discharges by utilizing
the Hydrologic Engineering Center's River
Analysis System (HEC-RAS) uniform flow
hydraulic design function (US Army Corps
of Engineers 2019). Discharge sensitivity was
estimated based on low and high Manning’s
roughness values. The typical value scenario was 0.04 for the channel and 0.1 for

4

STREETER ET AL.

the overbanks. The high value scenario was
0.05 for the channel and 0.15 for the overbanks, whereas the low value scenario was
0.03 for the channel and 0.05 for the overbanks. Overall, the estimated daily discharge
sensitivity using the rating curve method was
±25% for the range of stream fluctuations
measured during the study.
The two subbasins of Rapid Creek and the
English River watershed were implemented
with turbidity sensors in addition to the
stream stage sensor. Turbidity was measured
every 15 minutes at each sensor using Hach
instrumentation (Hach Instrumentation,
Loveland, Colorado). The data are publicly
available through the Iowa Water Quality
Information System (University of Iowa
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2019). Turbidity data were downloaded for
our study timeframe and compiled as daily
averages for analysis (figure 3). We then correlated TSS to turbidity using monitoring
data collected at Old Man’s Creek located
nearby. Old Man’s Creek is located in the
same landform region and is immediately
adjacent to the English River watershed.
Previous research has shown that the relation
of turbidity to sediment-bound total P (TP)
is very consistent across landform regions in
Iowa (Schilling et al. 2017). Hence, we considered the relationship of TSS to turbidity
developed for Old Man’s Creek to be representative of the conditions in our study
watersheds. Turbidity and TSS data were
downloaded from the Iowa DNR ambient
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Figure 3
Stream turbidity (NTU) for (a) English River, (c) Rapid Creek upstream, and (d) Rapid Creek downstream study areas from April of 2017 through October of 2018. (b) Stream TP (estimated by LOADEST) for the Rapid Creek watershed study area.
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monitoring database (Iowa Department of
Natural Resources 2019), and a simple linear regression was assigned to the data (R2 =
0.92) with the following equation:
TSS = 2.2369 × turbidity – 3.2859,

(1)

where TSS is in mg L–1 and turbidity is in
NTU. We then used this equation to convert
daily turbidity in our watershed streams to
daily TSS.We further multiplied TSS by daily
discharge to estimate daily TSS export (in
kg) from each watershed and subbasin.
While each subbasin of the Rapid Creek
watershed had turbidity sensors in place,
the HUC 12 Rapid Creek watershed did
not. Instead, TP was measured at the Rapid
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Creek bridge sensor location monthly from
October of 2014 through June of 2017.
We used the USGS software program
LOADEST (Runkel et al. 2004) to estimate
daily TP loads for Rapid Creek. LOADEST
estimates daily TP loads using a rating curve
approach by incorporating discrete samples
and continuous streamflow data.We used the
seven-parameter load prediction model:
ln(L) = β0 + β1ln(Q) + β2[ln(Q)]2 + β3t
+ β4t2 + β5sin(2πt) + β6cos(2πt) + ε , (2)

where L = CQ is the load or flux, C is concentration, Q is discharge, t is time in decimal
years, β0, β1 ,..., β6 are regression coefficients, and ε is assumed to be an independent
**PROOF - NOT FOR DISTRIBUTION**

and normally distributed error with zero
mean and constant variance. This approach
still required continuous streamflow data,
but continuous streamflow data are common in Iowa (US Geological Survey 2019)
and may be a reasonable approach for future
large-scale SDR estimations where turbidity data are not available. Still, estimation of
nutrient loads in rivers is challenging and
has the potential for a high degree of error
and uncertainty (Hirsch 2014; Schilling et al.
2017). Indeed, Stenback et al. (2011) found
that 15% of case sites over/underestimated
TP levels by more than 25%.With those limitations in mind, we analyzed the relationship
of TSS to TP for Old Man’s Creek. TP and
TSS data were downloaded from the Iowa
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Department of Natural Resources ambient
monitoring database (Iowa Department of
Natural Resources 2019), and a simple linear regression was assigned to the data (R2 =
0.99) with the following equation:
TSS = 2.0934 × TP. 		

(3)

We then used this equation to convert daily
TP estimates from LOADEST for Rapid
Creek to daily TSS. We further multiplied
TSS by daily discharge to estimate daily TSS
export (in kg) for the watershed.
Conservation Practices. Current inventory
of existing BMPs in the four study watersheds were located as part of the Iowa BMP
Mapping Project (Iowa State University
2019). The Iowa BMP Mapping Project
identified and mapped existing contour
buffer strips, contour terraces, and water
and sediment control basins (WASCOBs) in
each of our study site watersheds in 2018
using a combination of LiDAR elevation
data and color infrared photographs. The
BMP mapping project provided a baseline
for current progress and future development
of conservation practices.
The ACPF toolbox is a series of GIS tools
that analyze high-resolution soil, terrain,
and land use data in order to generate maps
that identify ideal locations for many conservation practices in agricultural fields and
riparian zones (USDA 2019b). Several of the
conservation practices that the ACPF identifies, namely contour buffer strips, contour
terraces, and WASCOBs, directly influence
SDRs by retaining or “trapping” dislodged
sediments behind them, thereby serving to
reduce sediment export from the watershed.
The ACPF toolbox was completed for each
of our study site watersheds for the period
between 2017 and 2018.
By utilizing the 2018 BMP mapping
results, we were able to modify the P factor
in our RUSLE model to account for current
conservation practices. This was accomplished by utilizing a GIS tool developed by
the Iowa DNR (Asell 2019), which determined the catchment area that drained to
each existing conservation practice (figure
4). This tool intersected the location of each
BMP with streamflow paths. Land area above
each intersection point was then determined.
We then created a raster grid for each conservation practice where each cell was assigned
either “1” for no practice areas or the appropriate P value where practices existed (0.8
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for terraces and contour buffer strips and 0.7
for WASCOBs [USDA NRCS 2002]). These
new P value parameters were used when
estimating current soil erosion with RUSLE
(table 2). Finally, we compared the total area
impacted by each conservation practice to
the total watershed area in agricultural row
crop production to determine a “percentage
saturation” for each BMP (table 3).
Similar to the methods used for determining the land area impacted by existing BMPs,
we again used the Iowa DNR’s GIS tool
(Asell 2019) to determine the land area that
would be impacted by conservation practices if all of the practices suggested by the
ACPF tool were implemented. We further
calculated new P values for watershed areas
and ran the RUSLE model again to provide
a best case estimate of soil erosion if all of
these practices were implemented. In doing
so, we were able to make comparisons of soil
erosion estimates (table 2) and percentage
saturation of conservation practices (table
3) for current BMP mapping and potential
ACPF conservation scenarios.
Results and Discussion
English River. The English River watershed land area was comprised by a majority
(59%) in row crop agriculture (table 1). This
accounts for over 88,000 ha of the watershed.

BMPs, namely contour buffer strips, contour
terraces, and WASCOBs, are widespread in
the watershed. A total of 19,119 existing
BMPs were identified, which impacted 9% of
the total watershed area and more specifically,
16% of the agricultural row crop areas (table
3). When the effects of existing BMPs are
included in the RUSLE calculations, average
estimated soil loss for the entire watershed in
both 2017 and 2018 was approximately 8.0
Mg ha–1 y–1, which is less than the defined
“tolerable” value of 11.2 Mg ha–1 y–1 (Schertz
1983). However, if we assume that no soil
loss occurred in non-row crop areas (total
soil loss divided by land area in row crop
production only), the average estimated soil
loss for the row crop areas could be as high as
13.6 Mg ha–1 y–1 (table 2).
Stream discharge monitored in the English
River in 2017 showed several large events,
with fewer large events observed in 2018 (figure 2). Coincident with discharge, turbidity
also fluctuated during the two years (figure
3). Based on the turbidity-TSS regression
developed from Old Mans Creek, approximately 95,000 Mg of TSS were estimated to
be exported from the watershed or 0.64 Mg
ha–1 (table 4). If we assume these sediments to
be entirely derived from the row crop portion
of the watershed rather than the watershed as
a whole, TSS export attributed to those areas

Figure 4
Example of area saturated by contour buffer strip or terrace in English River watershed as
identified by (a) best management practice (BMP) mapping and (b) potential saturation of the
same conservation practices as identified by the Agricultural Conservation Planning Framework
(ACPF) toolbox.
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could be as high as 1.08 Mg ha–1. The SDRs
for the English River watershed were 8.0%
for the entire watershed and 13.5% if the TSS
is apportioned to the row crop land. Although
the monitoring periods were not complete
calendar years, the 2017 and 2018 monitoring
season accounted for over 99% of the precipitation measured for the entire two-year
period. Therefore, we can be confident that
the turbidity-derived TSS data were a reasonable estimate of total suspended sediment
exported from the English River.
The potential for further reductions in soil
erosion was evaluated by considering results
from running the ACPF toolbox. The ACPF

toolbox identified a total of 67,415 potential
practices, which could potentially impact 65%
of the agricultural land area or 38% of the
total watershed. The ACPF toolbox indicated
the potential for a three-fold increase in the
number of conservation practices compared
to current BMPs, which could potentially
impact four times the land area. However,
when the ACPF-located practices were input
into the RUSLE model, estimated soil loss
was only reduced to 7.3 Mg ha–1 y–1 for the
entire watershed and 12.4 Mg ha–1 y–1 when
considering only the agricultural land area
(table 2). Hence, potential practices reduced

soil erosion by 9% compared to the 300% to
400% increase in the number of practices.
Rapid Creek. The approach used to determine the estimated soil erosion over the
study period for the Rapid Creek watershed
was similar to that used for the English River
watershed. Similarly, we found that nearly all
of the precipitation (98%) occurred during
the months when stream sensors were
installed and water quality data were collected. Less watershed land area was devoted
to row crop production in Rapid Creek
(47% or approximately 4,100 ha) compared
to the English River (table 1). Likewise,
fewer BMPs were mapped in Rapid Creek

Table 2
Results from Revised Universal Soil Loss Equation (RUSLE) soil erosion modeling for current watershed scenarios (with current best management
practices [BMPs]) and scenarios including the incorporation of Agricultural Conservation Planning Framework (ACPF) toolbox suggested conservation. Full watershed and row crop area only (ag.) results are shown.
				Current BMPs				 ACPF
				ag. only				 ag. only
Current BMPs (Mg ha–1 y–1)		
(Mg ha–1 y–1)
ACPF practices (Mg ha–1 y–1)		
(Mg ha–1 y–1)
Watershed

Range

Mean

Std. Dev.

Mean

Range

Mean

Std. Dev.

Mean

English River
Rapid Creek
Rapid Creek
upstream
Rapid Creek
downstream

0 to 180.0
0 to 78.5
0 to 44.4

8.0
7.6
9.3

8.2
8.5
6.3

13.6
16.2
10.7

0 to 180.5
0 to 112.7
0 to 45.5

7.3
7.0
8.0

7.5
8.1
6.0

12.4
14.9
9.2

0 to 74.4

8.7

6.4

11.3

0 to 76.2

7.4

5.8

9.6

Table 3
Best management practice (BMP) mapping and Agricultural Conservation Planning Framework (ACPF) number (#) of practices and impacted watershed area as percentage of row crop area (ag.) and percentage of watershed area.
			
BMP # of
BMP % of
Watershed
practices
ag. area

BMP % of			
watershed
ACPF # of
ACPF % of
area
practices
ag. area

ACPF % of
watershed
area

English River
Rapid Creek
Rapid Creek upstream
Rapid Creek downstream

9
2
1
8

38
31
73
66

19,119
163
3
55

16
5
1
10

67,415
1,822
295
637

65
66
83
86

Table 4
Summary of sediment export for the study watersheds and row crop area only (Ag.) including total suspended solids (TSS) and sediment delivery
ratio (SDR).
Watershed

Overall
TSS (Mg)

Watershed
TSS (Mg ha–1)

Watershed
SDR (%)

Ag. TSS			
(Mg ha–1)
Ag. SDR (%)

English River
Rapid Creek
Rapid Creek upstream
Rapid Creek downstream

95,367
1,608
82
135

0.64
0.18
0.11
0.08

8.0
2.4
1.1
1.0

1.08
0.36
0.12
0.11
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than the English River, and they impacted
5% of the agricultural area and 2% of the
total watershed area (table 3). Annual soil
erosion for the 2017 to 2018 study period
was estimated to be 7.6 Mg ha–1 y–1 for the
entire watershed and 16.2 Mg ha–1 y–1 for the
row crop land area (table 2). Similar to the
results from the English River, these two values for estimated annual soil loss were below
and above the defined tolerable value of 11.2
Mg ha–1 y–1 (Schertz 1983).
Stream discharge in Rapid Creek showed
fewer large stream events compared to the
English River during the study period (figure
2). Although we didn’t have access to turbidity data for the Rapid Creek watershed,
we utilized monthly TP data and the USGS
software program LOADEST (Runkel et al.
2004) to estimate daily TP loads in Rapid
Creek (figure 3). Then, using the correlation
developed for TP and TSS in the Old Man’s
Creek watershed, we estimated that over
1,600 Mg of TSS were exported from the
watershed during the study period (table 4).
This equates to 0.18 Mg ha–1 for the entire
watershed or 0.36 Mg ha–1 if we exclude
nonagricultural areas. Over the study period,
SDRs for Rapid Creek were 2.4% for the
watershed and 5.1% for row crop area only
(table 4).
Since less land area in Rapid Creek was in
row crops, the overall estimated soil loss for
the watershed was slightly lower than for the
English River (7.6 compared to 8.0 Mg ha–1
y–1). However, when the soil erosion estimates were attributed to only row crop areas,
soil erosion was higher in Rapid Creek (16.2
Mg ha–1 y–1) compared to the English River
(13.6 Mg ha–1 y–1), due mainly to fewer BMPs
observed in Rapid Creek. Interestingly, the
ACPF toolbox identified 1,822 potential
BMP locations in Rapid Creek watershed,
which could potentially impact 66% of the
row crop areas. This percentage was similar
to the area impacted by potential BMP locations in the English River (65%) (table 3).
Still, the percentage area impacted by ACPF
BMPs for the entire Rapid Creek watershed
was less than that for the English River (31%
compared to 38%). However, existing BMPs
impacted a very small area of Rapid Creek
compared to their potential impact (31%).
Rapid Creek Subbasins. Land use in two
headwater subbasins of Rapid Creek were
predominantly in row crops, comprising 87%
of the US subbasin and 77% of the DS subbasin (table 1). BMP mapping identified only

8
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three practices in the US subbasin, impacting
1% of the land area, whereas 55 BMPs were
identified in the DS basin, impacting 10%
of the land area. Incorporating the current
BMPs in the RUSLE model, we estimated
soil loss to be 9.3 and 8.7 Mg ha–1 y–1 for
US and DS subbasins, respectively (table 2).
These values increased to 10.7 and 11.3 Mg
ha–1 y–1 for US and DS subbasins, respectively,
when applied to just row crop areas.
Like discharge in the larger watershed, several large discharge events were identified in
the gaging records, although several events
observed in the US subbasin in 2018 were
not identified in the DS subbasin (figure 2).
Based on turbidity data available for the subbasins (figure 3), we estimated that 82 Mg of
TSS were exported from the US subbasin
during 2017 and 2018, while 135 Mg of TSS
were exported from the DS subbasin (table 4).
For their entire area, this equates to 0.11 and
0.08 Mg ha–1 for the US and DS sites, respectively, but were 0.12 and 0.11 Mg ha–1 when
applied to just the row crop areas. The soil
erosion estimates were higher in these subbasins compared to Rapid Creek or English
River watersheds. However, the SDRs for
these subbasins were lower, 1.1% and 1.0%
for the entire land areas within the US and
DS subbasins, respectively, whereas the SDR
for the row crop area was 1.3% at both locations (table 4). Low SDRs were mainly due
to a decrease in overall TSS export compared to the larger watersheds rather than a
decrease in the estimated soil erosion.
Although more BMPs were mapped
in the DS subbasin, both watersheds have
potential for future BMP implementation.
The ACPF toolbox identified 295 and 637
sites for potential practices in the US and DS
subbasins, respectively. If these were implemented, the impacted watershed area would
increase to 73% and 66% for the US and DS
locations, respectively, while impacted row
crop area would increase to 83% and 86% for
the same locations. Comparing the existing
BMPs to the potential BMPs suggests that
these smaller basins have the largest potential
for increases in BMP saturation since they
are dominated by row crops and losses could
be reduced with relatively few BMPs.
Soil Erosion. Sustainable soil loss has been
a policy defined term for decades. The value
for sustainable soil loss, which is to say, soil
loss rates that are equal to soil development
rates, is traditionally considered to be 11.2
Mg ha–1 y–1 (Schertz 1983). However, this
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value is likely much higher than actual rates
of soil development. Soil development has
been found to be closer to 1 Mg ha–1 y–1
(DeWitt 1981) and as low as 0.5 Mg ha–1 y–1
(Alexander 1988). For our study, we modeled
two years of soil erosion using RUSLE for
four Iowa watersheds using 2017 and 2018
rainfall data as well as current land use type
estimates and current P values derived from
BMP mapping. The overall average annual
soil loss was estimated to be 7.6 to 9.3 Mg
ha–1 y–1 for the entire watershed areas of the
English River, Rapid Creek, and two Rapid
Creek subbasins, and 10.7 to 16.2 Mg ha–1
y–1 if the soil erosion were applied to just
the row crop acres (table 2). Differences in
soil erosion rates among the watershed areas
are due, in part, to differences in the amount
of land under row crop cultivation, as the
English River had 59% of the total area in
agricultural production, the Rapid Creek
watershed had 47%, and the two subbasins
of Rapid Creek had the highest percentage
(77% to 87%; table 1). It is interesting to note
that soil erosion rates increased with row
crop percentage when rates were averaged
across the watershed scale, but when the rates
were isolated to just the row crop acres in the
watershed, soil erosion per cropped area was
less in the intensely cropped Rapid Creek
subbasins compared to the larger watersheds.
This was due to smaller length slope (LS) factors in the headwater basins (0.6) compared
to Rapid Creek overall (0.8) and English
River watershed (0.7) (table 1). Overall,
despite similar topographic, hydrologic,
and soil conditions among the watersheds
located in the same landform region, soil
erosion rates differ because of where row
cropping occurs. Cropping fewer acres in a
watershed but on steeper slopes will generate
more soil erosion per crop area compared to
greater cropping intensity on gentler slopes.
Further, agricultural management decisions
involving soil tillage have large impacts on
the RUSLE model by altering the C factor.
The range of soil erosion rates in our study
watersheds provides valuable insight into the
current status of row crop management and
helps to determine the watershed’s potential
for future reductions in sediment export.
While our estimated values for soil loss
may appear high, the eastern Iowa values are
comparable or lower than many agriculturally managed regions throughout the United
States and the world. In 2005, researchers
in China estimated that only 60% of simi-
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Rapid Creek, Rapid Creek US, and Rapid
Creek DS watersheds, respectively (figure 6),
values that are approximately 1/30th to 1/3rd
of the USDA estimates. Although the accuracy of the original graphs were considered
by Johnson and Moldenhauer (1970) to be
of low accuracy (actual values ranged from
30% to 300% of those reported), our current
data present an exceptional story of conservation progress in our study watersheds
over the past four decades showing SDRs
far below the range of error described by
Johnson and Moldenhauer (1970). SDRs
were substantially lower for the Rapid Creek
watershed (including the subbasins) than
the English River. With less row crop in the
English and Rapid Creek watersheds, we
expected the SDR for the English River and
the entire Rapid Creek watershed to be the
same or less than the subbasins. This would
have been consistent with the 1998 graph
(figure 5), which suggested that larger drainage areas have lower SDRs (Johnson and
Moldenhauer 1970; USDA NRCS 1998).
We hypothesize that the higher SDR found
in the English River compared to the smaller
subbasins may be due to a greater fraction
of TSS loads originating from concentrated
flow, stream banks, and bed load rather than
from agricultural fields. Beck et al. (2018)
estimated that 4% to 44% of stream sediment
loads were derived from stream bank ero-

sion in the same landform region of Iowa.
Further, ephemeral gully erosion was found
by Poesen et al. (1996) to represent 44% of
total sediment production in small cultivated
watersheds in Spain and Portugal. Hence, we
consider the SDRs estimated in this study to
be a worst-case scenario because we assigned
all the TSS export to sheet and rill erosion
when as much as 50% or more of the TSS
load may be due to bed, bank and gully
erosion (Schilling et al. 2011). Still, we also
recognize that not all sheet and rill eroded
sediments are found in streams as suspended
sediments. Many of Iowa’s stream banks are
composed of upland sediments deposited in
the flood plain as postsettlement alluvium
and should in some way be considered as
part of the delivery equation. Likewise, bed
load measurements should be considered in
the watershed-scale SDR, but they are rarely
made in the US Midwest and there are no
standard procedures and equipment to sample bed load accurately for different types
of streams (Bhowmik et al. 1986). Nakato
(1981) estimated that the bed load of a tributary streams to the Mississippi River ranged
from 6% to 26% and averaged approximately
11% of the total suspended load, whereas
bed load ranged from 1% to 2% of the total
yearly suspended load in the Kankakee River
in Illinois (Bhowmik et al. 1980). Although
we focus exclusively on suspended sediment

Figure 5
1970s nomograph showing estimated sediment delivery ratios for landform regions. Note that
the nomograph is displayed in acres rather than hectares. Landform regions are (1) Loess Hills,
(2) Southern Iowa Drift Plain, (3) Iowan Surface, and (4) Des Moines Lobe.

Sediment delivery (% of field erosion)

larly sized watersheds had RUSLE estimated
soil loss at or below 10 Mg ha–1 y–1 (Chen
et al. 2011). Some watershed areas in China
experienced erosion rate estimates of up to
150 Mg ha–1 y–1. Another study in a smaller
watershed in China reported soil loss estimates via RUSLE to be between 26 and 52
Mg ha–1 y–1, but noted that erosion could be
greatly reduced by the incorporation of conservation practices (Shi et al. 2004). However,
when comparing the average soil loss for our
study areas to the average soil loss for all of
the row crop agricultural land in Iowa, our
study watersheds were much higher (~10
compared to 4.3 Mg ha–1 y–1 for our study
watersheds and the entire state, respectively
[Iowa Department of Natural Resources
2018a]). These data show that while the
English River and Rapid Creek watersheds
may be performing well in terms of soil loss
estimates compared to other regions of the
world, there is still much work to be done
in order to build the resiliency of the soil
within these watersheds.
Sediment Delivery. In 1998 the USDA
published a report on “Erosion and Sediment
Delivery,” which provided an equation-based
approach to estimate SDRs in Iowa (USDA
NRCS 1998). The SDR equations for sheet
and rill erosion were based entirely on a
nomograph whose parameters primarily
included watershed size, shape, and drainage
network path (figure 5). Little is known about
the specific methodology that led to the
equation, but it appears to have been derived
from soil erosion and sedimentation data collected in the 1960s by the Soil Conservation
Service in Iowa (Johnson and Moldenhauer
1970). Despite the lack of provenance, the
graph continues to be used extensively in
Iowa watershed studies to estimate nutrient load reductions by agricultural practices
(Mallarino et al. 2002; Vadas et al. 2009).
Using this graph, the four study watersheds
considered herein would have been expected
to have SDRs ranging from ~25% (English
River and Rapid Creek) to ~30% (Rapid
Creek subbasins) (figure 5). However, in this
study, we estimated TSS export using continuous turbidity measurements (English River
and Rapid Creek subbasins) and TP data
(Rapid Creek) calibrated to Old Mans Creek
and compared estimated TSS loads to watershed-scale RUSLE soil erosion to calculate
an annual SDR for the basins. Based on these
methods, we estimated the SDRs to be 8.0%,
2.4%, 1.1%, and 1.0% for the English River,
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in this study, we cannot rule out the contribution of bed load to sediment delivery
and believe it to be a measurable, but small
component of sediment export from Iowa
watersheds. If we consider that some upland
eroded sediments are being transported in
the river as bed load, our SDR estimates may
increase to a degree. However, if we assume
that the fraction of sheet and rill erosion
being transported as suspended sediments
compared to the fraction being transported
as bedload remains consistent over time, our
methods will provide a baseline for future
changes in SDR rates.
Conservation Practices. The final objective
in our project was to evaluate the effects of
current and future conservation practices on
TSS export and SDRs. A recent study that
utilized the same Rapid Creek US subbasin estimated the SDR to be 3.7% in 2015
(Streeter et al. 2018). In this study we found
the SDR to be even lower based on 2017 to
2018 data (1.1%; table 4). Although Streeter
et al. (2018) did not account for the implementation of BMPs that reduce soil erosion

estimates, the Rapid Creek US subbasin had
minimal BMPs in place that impacted only
1% of the agricultural area. The Rapid Creek
DS subbasin had several more BMPs, but
agricultural area impacted was still low (10%)
(table 3).The major reason for lower SDRs in
the Rapid Creek US subbasin in 2017 to 2018
was substantially less TSS export measured
in the stream. In 2015, 193 Mg of TSS were
exported from the US subbasin, whereas in
2017 and 2018 only 82 Mg were exported in
total (approximately 40 Mg y–1). This suggests
that caution should be used in extrapolating
TSS export from a watershed based on a
single year of data. In this case, the multiple
years of TSS data from a single watershed all
indicated a low SDR for the Rapid Creek
US subbasin (1.5% to 3.7%) even though the
exact SDR was unknown with certainty.
In addition, our study using turbidity-based TSS estimates provides valuable
insight about how dynamic these transport
processes can be and reiterates the necessity
for real-time data collection. Lu et al. (2006)
determined that the ratio of sediment resi-

dence time to rainfall duration was a primary
contributor for controlling rates of sediment
delivery. The USDA’s report on erosion and
sediment delivery does not account for rainfall duration, but rather focuses primarily on
watershed shape, size, and drainage network
length (USDA NRCS 1998). Our study
methods indirectly accounted for rates and
duration of rainfall by measuring real-time
turbidity within the stream as well as stream
stage. In doing so, we were able to account
for actual changes in stream discharge and
sediment export, which accounts for some of
the differences in our SDR estimates compared to the USDA report.
Although the SDRs were lowest in the
entire Rapid Creek watershed, the ACPF
toolbox suggested that this watershed area
has greater potential for future BMP implementation compared to the English River.
The ACPF toolbox identified an additional
158 potential BMP locations for Rapid
Creek, which would increase the impacted
agricultural area from 5% to 66%. The area
of potential BMP impact was even greater

Figure 6
1970s nomograph showing predicted sediment delivery ratios (SDR, black) and our new actual estimates (gray) for each study watershed. Note that
the nomograph is displayed in acres rather than hectares. Landform regions are (1) Loess Hills, (2) Southern Iowa Drift Plain, (3) Iowan Surface, and
(4) Des Moines Lobe.
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in the Rapid Creek subbasins where the
ACPF toolbox indicated that BMPs could
increase impact areas from 1% to 83% and
from 10% to 86% for the US and DS subbasins, respectively (table 3). In contrast, in the
English River watershed, we identified over
19,000 existing BMPs that work to reduce
sediment loss. However, these existing BMPs
only impacted 16% of the land area in agricultural production. Results from the ACPF
toolbox suggested the addition of nearly
50,000 more practices that would bring the
impact saturation up to 65% of the agricultural land area. A recent study in the same
English River watershed sought to make
similar comparisons of existing BMPs and
potential BMPs identified with the ACPF
toolbox (Rundhaug et al. 2018). In that study,
Rundhaug et al. (2018) compared the current
and potential implementation of WASCOBs
near the headwaters of the English River
watershed and found that 12.2% of the total
land area had WASCOBs implemented compared to a potential total land area of 16.5%.
In our study we did not explicitly differentiate among WASCOBs, contour buffer strips,
and contour terraces, but when focusing on
WASCOBs only for the entire English River
watershed, we found the current BMP saturation of this practice (4%) to be less than the
ACPF potential saturation (13%). The ratio
of existing WASCOBs to potential locations
was lower in our study because we evaluated the entire watershed and not just the
headwater areas as done by Rundhaug et al.
(2018), which was approximately 10 times
the area evaluated.
Despite the significantly greater number of BMPs installed in the English River,
which impacted 9% of the total watershed
area compared to only 2% of the Rapid
Creek watershed and 1% of the Rapid
Creek US subbasin, the SDR estimation in
the Rapid Creek watershed and its subbasins suggested TSS export levels that were
approximately 25% of the English River.
Although the SDRs were lowest in the
Rapid Creek watershed, the ACPF toolbox identified this area to have the greatest
potential for future BMP implementation
over the English River.
Implications for Future Management.
BMPs like contour buffer strips, WASCOBs,
and contour terraces have many potential
environmental benefits including improved
surface water and groundwater quality (Bracmort et al. 2006; Gassman et al.
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2010; Schilling 2000), increased soil trapping (Streeter and Schilling 2019), reduced
soil erosion (Lovell and Sullivan 2006;
Lowrance et al. 2002), and improved wildlife habitat (Fischer and Fischenich 2000).
However, when considering their effects on
TSS export as indicated by SDRs, increased
BMP implementation may not be the most
appropriate management practice. For the
English River watershed, current average
soil erosion was estimated to be 8.0 Mg ha–1
y–1, current SDR was 8.0%, and agricultural land impacted by BMPs was 16%. The
ACPF toolbox identified appropriate locations for nearly 50,000 additional BMPs in
the watershed. If each of these BMPs were
installed, the estimated soil erosion would
decrease to 7.3 Mg ha–1 y–1, SDR would
remain largely unchanged (assuming a proportionate decrease in stream turbidity), and
the agricultural land impacted by BMPs
would increase to 65%. This expectation of
no-change to SDR is due to the in-stream
turbidity being heavily influenced by factors
other than the soil erosion estimates modeled by RUSLE since a large (but unknown)
fraction of TSS in streams is derived from
concentrated flow and stream bank erosion
(Prosser et al. 2000; Schilling 2000; Shields
Jr et al. 1995). Neither of those types of
erosion may be significantly reduced by the
BMPs that we considered for this study. A
similar result can be seen when comparing
current BMP implementation in Rapid
Creek compared to those suggested by the
ACPF toolbox. In Rapid Creek, the current
soil erosion was 7.6 Mg ha–1 y–1, the current
SDR was 2.4%, and the current agricultural
land impacted by BMPs was 5%. If all of the
ACPF toolbox practices were implemented,
soil erosion would decrease to 7.0 Mg ha–1
y–1, SDR would remain largely unchanged,
and agricultural land impacted by BMPs
would increase to 66%. Even though these
structural BMPs trap significant amounts
of in-field sediments (USDA NRCS 2002),
increased implementation of in-field BMPs
may not be the most appropriate management decision for significantly decreasing
TSS in streams. Instead we must look more
closely at stream bank vulnerability and stabilization as well as practices that work to
reduce soil erosion due to concentrated flow.

southern Iowa watersheds and evaluate how
existing and potential BMPs have affected
SDRs. Our study updated estimates of
SDRs that were previously developed using
mid-20th century data and largely unknown
methods (USDA NRCS 1998). Herein we
estimated TSS export using continuous turbidity measurements (English River, Rapid
Creek subbasins) and TP data (Rapid Creek)
and measured discharge data to calculate TSS
loads. By comparing annual TSS export to
watershed-scale soil erosion estimated with
the RUSLE model, we calculated annual
SDRs for the basins and found that current
SDRs for the four basins were significantly
lower than previous estimates. We estimated
current SDRs to be 8.0%, 2.4%, 1.1%, and
1.0% for the English River, Rapid Creek,
Rapid Creek US, and Rapid Creek DS
watersheds, respectively. This new analysis
provides an exceptional story of conservation
progress in our study watersheds over the
past four decades. Further, they are likely a
worst-case scenario for sheet and rill eroded
sediment export since TSS export does not
distinguish among other sediment sources
such as stream bank and gully erosion. Based
on the extent of BMP implementation in
the watersheds and the potential for future
BMPs determined using the ACPF toolbox,
we found that there is only limited potential
for further reducing TSS export using additional in-field practices. Hence, we believe
that further work toward reducing TSS
export in these Iowa watersheds should be
shifted to reducing contributions from other
TSS sources including from streambed, bank,
and gully erosion.
Acknowledgements
Funding for this project was provided by the Iowa Nutrient
Research Center under grant number 2018-10.

References
Alexander, E.B. 1988. Rates of soil formation: Implications
for soil-loss tolerance. Soil Science 145(1):37-45.
Asell, A. 2019. Catchment Tools. Des Moines, IA: Iowa
Department of Natural Resources.
Beck, W., T. Isenhart, P. Moore, K. Schilling, R. Schultz, and
M. Tomer. 2018. Streambank alluvial unit contributions
to suspended sediment and total phosphorus loads,
Walnut Creek, Iowa, USA. Water 10(2):111.
Bhowmik, N.G., J.R. Adams, A.P. Bonini, A.M. Klock, and
M. Demissie. 1986. Sediment Loads of Illinois Streams

Summary and Conclusions
The primary goal of this study was to quantify TSS export and current SDRs in four

**PROOF - NOT FOR DISTRIBUTION**

and Rivers. Champaign, IL: Illinois State Water Survey.
Bhowmik, N.G., A.P. Bonini, W.C. Bogner, and R.P. Byrne.
1980. Hydraulics of Flow and Sediment Transport in the

STREETER ET AL.

11

Kankakee River in Illinois. Champaign, IL: Illinois State

Zealand. Water

Water Survey.

doi:10.1029/2002WR001342.

Research

39(7):1187.

Lovell, S.T., and W.C. Sullivan. 2006. Environmental benefits
of conservation buffers in the United States: Evidence,

Bracmort, K.S., M. Arabi, J. Frankenberger, B.A. Engel, and

Hirsch, R.M. 2014. Large biases in regression-based

J.G. Arnold. 2006. Modeling long-term water quality

constituent flux estimates: Causes and diagnostic tools.

impact of structural BMPs. Transactions of the ASABE

JAWRA: Journal of the American Water Resources

49(2):367-374.

Association 50(6):1401-1424.

promise, and open questions. Agriculture, Ecosystems
and Environment 112(4):249-260.
Lowrance, R., S. Dabney, and R. Schultz. 2002. Improving
water and soil quality with conservation buffers. Journal

Brown, L.R., and E.C. Wolf. 1984. Soil Erosion: Quiet

Illinois Environmental Protection Agency and Illinois

Crisis in the World Economy. Worldwatch Paper 60.

Department of Agriculture. 2014. Illinois Nutrient

Lu, H., C.J. Moran, and I.P. Prosser. 2006. Modelling

Washington, DC: Worldwatch Institute.

Loss Reduction Strategy. Springfield, IL: Illinois

sediment delivery ratio over the Murray Darling Basin.

Carpenter, S.R., N.F. Caraco, D.L. Correll, R.W. Howarth,

Environmental Protection Agency.

of Soil and Water Conservation 57(2):36A-43A.

Environmental Modelling & Software 21(9):1297-1308.

A.N. Sharpley, and V.H. Smith. 1998. Nonpoint

Iowa Department of Agriculture and Land Stewardship,

Mallarino, A., B. Stewart, J. Baker, J. Downing, and J. Sawyer.

pollution of surface waters with phosphorus and

Iowa Department of Natural Resources, and Iowa State

2002. Phosphorus indexing for cropland: Overview and

nitrogen. Ecological Applications 8(3):559-568.

University. 2013. Iowa Nutrient Reduction Strategy: A

basic concepts of the Iowa phosphorus index. Journal of

Chen, T., R.-Q. Niu, P.-X. Li, L.-P., Zhang, and B. Du. 2011.

science and technology-based framework to assess and

Regional soil erosion risk mapping using RUSLE,

reduce nutrients to Iowa waters and the Gulf of Mexico.

GIS, and remote sensing: A case study in Miyun

Ames, IA: Iowa Department of Agriculture and Land

Strategy.

Watershed, North China. Environmental Earth Sciences

Stewardship, Iowa Department of Natural Resources,

files/wq-s1-80.pdf.

63(3):533-541.

and Iowa State University.

Chow, V.T. 1959. Open Channel Hydraulics. New York:
McGraw-Hill Book Company, Inc.

Soil and Water Conservation 57(6):440-447.
State of Minnesota. 2014. Minnesota Nutrient Reduction
https://www.pca.state.mn.us/sites/default/

Myers, N., U.R. Nath, M. Westlake, and J. Pearson. 1984.

Iowa Department of Natural Resources. 2018a. Iowa
GeoData Portal. https://geodata.iowa.gov/.

Gaia: An atlas of planet management. Berkeley, CA:
University of California Press.

Christianson, R., L. Christianson, C. Wong, M. Helmers, G.

Iowa Department of Natural Resources. 2018b. Nonpoint

Nakato, T. 1981. Sediment-Budget Study for the Upper

McIsaac, D. Mulla, and M. McDonald. 2018. Beyond

Source Plan. https://www.iowadnr.gov/environmental-

Mississippi River, GREAT-III Reach. Iowa City, IA:

the nutrient strategies: Common ground to accelerate

protection/water-quality/watershed-improvement/

agricultural water quality improvement in the upper

nonpoint-source-plan.

Midwest. Journal of Environmental Management
206:1072-1080.
Black. 2013. Using a novel tracing-tracking framework
to source fine-grained sediment loss to watercourses
at

sub-catchment

scale.

Hydrological

Processes

Iowa Department of Natural Resources. 2019. AQuIA.

27(6):959-974.

https://ifis.iowafloodcenter.org/ifis/.
Flood

Center.

2019b.

Stream-Stage

Sensors.

https://iowafloodcenter.org/projects/
Iowa

State

University. 2019. Iowa

soil organic carbon transport to continental margin

Project.

sediments using soil-specific hopanoid biomarkers:

conservation-practices.

A case study from the Congo fan (ODP site 1075).
Organic Geochemistry 39(8):965-971.

of Fisheries Management 16(4):693-727.
Newcombe, C.P., and D.D. MacDonald. 1991. Effects of

iowa-watershed-approach-hydrologic-network-4-3/.

Cooke, M.P., H.M. Talbot, and T. Wagner. 2008. Tracking

sediment and fisheries: A synthesis for quantitative
assessment of risk and impact. North American Journal

Iowa Flood Center. 2019a. Iowa Flood Information System.
Iowa

Iowa Institute of Hydraulic Research.
Newcombe, C.P., and J.O. Jensen. 1996. Channel suspended

https://programs.iowadnr.gov/aquia/.

Collins, A., Y, Zhang, D. Duethmann, D. Walling, and K.

BMP

Mapping

https://www.gis.iastate.edu/gisf/projects/

suspended sediments on aquatic ecosystems. North
American Journal of Fisheries Management 11(1):72-82.
Odgaard, A.J. 1984. Bank Erosion Contribution to Stream
Sediment Load. Iowa City, IA: Iowa Institute of
Hydraulic Research, University of Iowa.
Ohio Environmental Protection Agency. 2013. Ohio Nutrient

Iowa State University Department of Agronomy. 2019a. Iowa
Daily Erosion Project. https://www.dailyerosion.org/.

Reduction Strategy. Columbus, OH: Ohio Environmental
Protection Agency, Division of Surface Water.

Cruse, R., D. Flanagan, J. Frankenberger, B. Gelder, D.

Iowa State University Department of Agronomy. 2019b.

Parsons, J.E., D. Thomas, and R. Huffman. 2004. Agricultural

Herzmann, D. James, W. Krajewski, M. Kraszewski, J.

Iowa Environmental Mesonet. https://mesonet.agron.

Non-Point Source Water Quality Models:Their Use and

Laflen, and J. Opsomer. 2006. Daily estimates of rainfall,

iastate.edu/.

water runoff, and soil erosion in Iowa. Journal of Soil
and Water Conservation 61(4):191-199.
DeWitt, T.A., 1981. Soil Survey of Cerro Gordo County,
Iowa. USDA Soil Conservaion Servivce.
Fischer, R.A., and
Recommendations

J.C. Fischenich. 2000. Design
for

Riparian

Corridors

Application. Southern Cooperative Series Bulletin 398.

Johnson, H., and W. Moldenhauer. 1970. Pollution by sediment:

Pimentel, D., C. Harvey, P. Resosudarmo, K. Sinclair, D. Kurz,

Sources and the detachment and transport processes. In

M. McNair, S. Crist, L. Shpritz, L. Fitton, and R. Saffouri.

Agricultural Practices and Water Quality, Conference

1995. Environmental and economic costs of soil erosion

Proceedings, 3-20. Ames, IA: Iowa State University.

and conservation benefits. Science-AAAS-Weekly Paper

Jones, C.S., and K.E. Schilling. 2011. From agricultural

Edition 267(5201):1117-1122.

and

intensification to conservation: Sediment transport

Poesen, J., K. Vandaele, and B. Van Wesemael. 1996.

Vegetated Buffer Strips. Vicksburg, MS: US Army

in the Raccoon River, Iowa, 1916–2009. Journal of

Contribution of gully erosion to sediment production

Engineer Research and Development Center.

Environmental Quality 40(6):1911-1923.

on cultivated lands and rangelands. In Proceedings of the

Gassman, P.W., J. Tisl, E. Palas, C. Fields, T. Isenhart, K.

Jones, C.S., and K.E. Schilling. 2013. Carbon export from

Schilling, C. Wolter, L. Seigley, and M. Helmers.

the Raccoon River, Iowa: Patterns, processes, and

2010. Conservation practice establishment in two

opportunities. Journal

northeast Iowa watersheds: Strategies, water quality
implications, and lessons learned. Journal of Soil and
Water

Conservation

65(6):381-392.

doi:10.2489/

jswc.65.6.381.

12

Resources

of

Environmental

Quality

42(1):155-163.

Exeter Symposium, July 1996. International Association
of Hydrological Science Publications 236:251-266.
Prosser, I.P., A.O. Hughes, and I.D. Rutherfurd. 2000.
Bank erosion of an incised upland channel by

Kimoto, A., M. Nearing, M. Shipitalo, and V. Polyakov.

subaerial processes: Tasmania, Australia. Earth Surface

2006. Multi-year tracking of sediment sources in a

Processes and Landforms: The Journal of the British

small agricultural watershed using rare earth elements.

Geomorphological Research Group 25(10):1085-1101.

Gomez, B., K. Banbury, M. Marden, N.A. Trustrum,

Earth Surface Processes and Landforms: The Journal

Renard, K.G., G.R. Foster, G. Weesies, D. McCool, and D.

D.H. Peacock, and P.J. Hoskin. 2003. Gully erosion

of the British Geomorphological Research Group

Yoder. 1997. Predicting soil erosion by water: A guide to

and sediment production: Te Weraroa Stream, New

31(14):1763-1774.

STREETER ET AL.

**PROOF - NOT FOR DISTRIBUTION**

JOURNAL OF SOIL AND WATER CONSERVATION

conservation planning with the Revised Universal Soil
Loss Equation (RUSLE), 703. Washington, DC: USDA.
Ritchie, J.C., G.W. McCarty, E.R. Venteris, and T. Kaspar.
2007. Soil and soil organic carbon redistribution on the
landscape. Geomorphology 89(1):163-171.
Bradley, C.F. Wolter, and L.J. Weber. 2018. Agricultural
conservation practices in Iowa watersheds: Comparing
implementation

with

practice

Estuaries and Coasts 30(5):773-790.
University of Iowa. 2019. Iowa Water Quality Information
System. https://iwqis.iowawis.org/.
US Army Corps of Engineers. 2019. Hydrologic Engineering

Rundhaug, T.J., G.R. Geimer, C.W. Drake, A.A. Amado, A.A.

actual

Mississippi River into the northern Gulf of Mexico.

potential.

Environmental Monitoring and Assessment 190(11):659.
Runkel, R.L., C.G. Crawford, and T.A. Cohn. 2004. Load
Estimator (LOADEST): A FORTRAN program for
estimating constituent loads in streams and rivers.

Center's – River Analysis System. https://www.hec.
usace.army.mil/software/hec-ras/.
USDA. 2019a. ACPF Watershed Database Land Use Viewing
and Data Downloading. https://www.nrrig.mwa.ars.
usda.gov/st40_huc/dwnldACPF.html.
USDA.

2019b.

Agricultural

Conservation

Planning

Framework. https://data.nal.usda.gov/dataset/agriculturalconservation-planning-framework-acpf-toolbox.

Techniques and Methods Book 4, 2328-7055. Reston,

US Environmental Protection Agency. 2018. National

VA: US Geological Survey. https://pubs.er.usgs.gov/

Pollutant Discharge Elimination System. https://www.

publication/tm4A5.
Schertz, D. 1983. The basis for soil loss tolerances. Journal of
Soil and Water Conservation 38(1):10-14.

epa.gov/npdes.
US Geological Survey. 2019. National Water Information
System. https://waterdata.usgs.gov/nwis.

Schilling, K.E. 2000. Patterns of Discharge and Suspended

USDA NRCS (Natural Resources Conservation Service).

Sediment Transport in the Walnut and Squaw Creek

1998. Erosion and Sediment Delivery - NRCS Field

Watersheds, Jasper County, Iowa:Water Years 1996-1998.

Office Technical Guide. Washington, DC: USDA

Des Moines, IA: Iowa Department of Natural Resources.

Natural Resources Conservation Service.

Schilling, K.E., T.M. Isenhart, J.A. Palmer, C.F. Wolter,

USDA NRCS. 2002. USLE Erosion Prediction. https://

and J. Spooner. 2011. Impacts of land-cover change

efotg.sc.egov.usda.gov/references/public/IA/

on suspended sediment transport in two agricultural
watersheds 1. JAWRA: Journal of the American Water
Resources Association 47(4):672-686.
Schilling, K.E., S.-W. Kim, and C.S. Jones. 2017. Use of

Universal_Soil_Loss_Equation1.pdf.
Vadas, P., L. Good, P. Moore, and N. Widman. 2009.
Estimating phosphorus loss in runoff from manure
and fertilizer for a phosphorus loss quantification tool.

water quality surrogates to estimate total phosphorus

Journal of Environmental Quality 38(4):1645-1653.

concentrations in Iowa rivers. Journal of Hydrology:

Waters, T.F. 1995. Sediment in streams: Sources, biological

Regional Studies 12:111-121.
Shi, Z., C. Cai, S. Ding, T. Wang, and T. Chow. 2004. Soil

effects, and

control. Bethesda, MD: American

Fisheries Society.

conservation planning at the small watershed level using
RUSLE with GIS: A case study in the Three Gorge Area
of China. Catena 55(1):33-48.
Shields, Jr, F.D., S. Knight, and C. Cooper. 1995.
Rehabilitation of watersheds with incising channels
1. JAWRA: Journal of the American Water Resources
Association 31(6):971-982.
Siddiqui, K., 1998. 'Agricultural Exports, Poverty and
Ecological Crisis': Case Study of Central American
Countries. Economic and Political Weekly A128-A136.
Stenback, G.A., W.G. Crumpton, K.E. Schilling, and M.J.
Helmers. 2011. Rating curve estimation of nutrient loads
in Iowa rivers. Journal of Hydrology 396(1-2):158-169.
Streeter, M.T., and K.E. Schilling. 2019. Assessing and
mitigating the effects of agricultural soil erosion
on roadside ditches. Journal of Soils and Sediments
20:524-534.
Streeter, M.T., K.E. Schilling, and C.F. Wolter. 2018.
Sediment delivery and nutrient export as indicators
of soil sustainability in an Iowa agricultural watershed.
Journal of Soils and Sediments 18:1756-1766.
Turner, R.E., N.N. Rabalais, R.B. Alexander, G. McIsaac, and
R. Howarth. 2007. Characterization of nutrient, organic
carbon, and sediment loads and concentrations from the

JOURNAL OF SOIL AND WATER CONSERVATION

**PROOF - NOT FOR DISTRIBUTION**

STREETER ET AL.

13

