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Contribution of streambanks to phosphorus
export from Iowa
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Riverine nutrients, consisting principally
of nitrogen (N; predominantly in the form
of NO3-N) and phosphorus (P) are major
contributors to development of hypoxic
conditions in the Gulf of Mexico (Turner
et al. 2008) and estuaries and lakes
around the world (Diaz 2001). Although
N has received more attention (Jones et al.
2018), P export has been viewed by some
researchers as a potential limiting nutrient in
phytoplankton growth in many freshwater
ecosystems and coastal waters (USEPA 2007;
Sylvan et al. 2006; Hecky and Kilham 1988).
Watershed sources of total P (TP; sum of particulate and dissolved P) to river systems can
vary, but nonpoint sources such as soil erosion, farm fertilizers, and manure, along with
point source discharge of urban wastewater,
are thought to comprise the largest TP contributions (Jacobson et al. 2011; Robertson
and Saad 2013).
Transport of TP to rivers occurs via highly
episodic, event-driven transport or through

more continuous groundwater or subsurface
(tile) drainage discharge (Stamm et al. 2013).
Episodic P delivery via surface runoff and
erosion is dominated by sediment-bound P
from agricultural fields (Sharpley et al. 1995),
whereas groundwater or tile drainage sources
contribute to soluble P losses (Gentry et al.
2007; King et al. 2015a, 2015b; Smith et al.
2015). The proportion of soluble P to TP
concentrations and loads in agricultural
watersheds can vary greatly (Schilling et al.
2017; Gentry et al. 2007), but Schilling et
al. (2020) reported much greater export of
particulate P in vulnerable regions where
intense agricultural production is occurring
on poorly drained and sloping soils.
Although streambank erosion is a natural
geomorphic and ecologic process (Piegay et
al. 2005; Florsheim et al. 2008), it is being
increasingly recognized that excessive
streambank erosion can be a potentially large
contributor to sediment loads in agricultural
watersheds (Simon et al. 2000; Sekely et al.
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Abstract: Phosphorus (P) from nonpoint upland and channel sources contributes to development of hypoxic conditions in receiving waters around the world. Streambanks are thought to
be a potentially large contributor to sediment P loads in agricultural watersheds, but are often
unaccounted for in P loss reduction strategies. In this analysis, we estimate the contribution of
streambank sources to total P (TP) export from the state of Iowa using a multistep process and
relate this to overall statewide P export. Using GIS mapping and field monitoring, we estimate that 35,200 m of 3.2 m high streambanks are actively eroding in Iowa rivers at a rate of
12.4 cm y–1.With an average streambank soil TP concentration of 470 mg kg–1 and bulk density of 1.17 g cm–3, approximately 7,681 Mg of TP is annually eroded from streambanks and
delivered to Iowa rivers. Over an 18-year period, we estimate that streambanks contributed
approximately 31% of the riverine TP export from Iowa. Despite limitations in our analysis,
an improved understanding of streambank P contributions will help natural resource managers make appropriate recommendations for effective soil and water conservation practices that
best reduce P loading to rivers. Our study is believed to be among the first to address the issue
of streambank P at a scale that has confounded many state and regional nutrient assessments.

2002; Wilson et al. 2008; Miller et al. 2014;
Palmer et al. 2014; Fox et al. 2016). Shifts in
stream equilibrium due to land use change
(agriculture, urbanization), drainage, channelization, dams, and other changes can alter
the balance between erosion and deposition
in a river system and increase channel instability (Simon and Rinaldi 2000). Streambank
contributions to annual sediment loads
tend to be highly variable and episodic,
with annual contributions ranging from
<10% to 96% (Wilkin et al. 1982; Hamlett
et al. 1983; Thoma et al. 2005; Wilson et
al. 2008; Schilling et al. 2011; Belmont et
al. 2011; Willett et al. 2012). Palmer et al.
(2014) reported that in Iowa, annual streambank contributions ranged from 0% to 2%
during dry years and up to 53% during
a wet year over a seven-year monitoring
period. Streambank erosion can also be a
major source of watershed-scale TP export
(Fox et al. 2016) with estimates ranging
from 15% to 93% in Denmark (Laubel et al.
2003; Kronvang et al. 1997), 7% to 10% in
Minnesota (Sekely et al. 2002), 31% to 100%
in Oklahoma (Miller et al. 2014; Purvis et
al. 2016), 6% to 30% in Vermont (Ishee et
al. 2015), and 3% to 38% in Iowa (Beck et
al. 2018).
In Iowa, as in other US Midwestern states,
efforts are underway to reduce nutrient
loading through implementation of various
nutrient reduction strategies (INRS 2014;
Christianson 2018). Notably absent from
many of these strategies is an estimate of the
load contribution from streambanks due to
the paucity of bank recession data and when
available, its high temporal and spatial variability (Beck et al. 2018). The Iowa Nutrient
Reduction Strategy (INRS) specifically
stated that the statewide P load evaluation
did not include streambank sources despite
the fact that streambanks were known to be
a potentially large source of stream sediment.
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Materials and Methods
Estimating Statewide Streambank Erosion.
We used a simplified equation to identify the
key terms required to estimate streambank P
contribution to annual P export and inform
data collection efforts. The mass of P eroded
from streambanks can be estimated by
equation 1, which multiplies eroding bank
lengths and recession rates by bank heights,
bulk density, and soil P content where
Eroding bank length (m) × Bank height (m)
× Recession rate (m y–1) × Bulk density (kg
m–³) × P content in streambank soils (mg kg–1)
× 1 kg/1,000,000 mg = Annual mass of P in
(1)
eroded streambank soils (kg y–1).
We then quantified annual mass of TP
exported from the state of Iowa utilizing P
load estimation modeling that combined
ambient water quality monitoring data with
streamflow gaging data. Using the total P load
estimated with load modeling, we calculated
the annual contribution of streambank P to
statewide P export using equation 2 where
P eroded from streambanks (Mg)/Annual P
mass exported from Iowa rivers (Mg) = Fraction

2
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of annual P export derived from streambank P
(2)
sources.
Using this simple accounting framework, we
pursued a data collection strategy to provide
a first-order approximation of the P load
contributions to annual loads. Our approach
was to first summarize data collection efforts
and results associated with quantifying the
individual terms in equations 1 and 2, followed by the overall estimate of the TP
contribution from streambanks to statewide
TP export.
Estimating the Extent of Streambank
Erosion. A geographic information system
(GIS) routine was developed to estimate
severe streambank erosion using a 1 m digital elevation model (DEM) developed from
a statewide Light Detection and Ranging
(LiDAR) coverage (Wolter et al. 2021). We
defined severely eroding streambanks to be
consistent with visual assessment criteria
developed by the USDA Natural Resources
Conservation Service (USDA NRCS 1998).
This visual assessment classifies banks that are
predominantly bare with overhanging vegetation and exposed roots as severely eroding.
Data sources included a 1 m slope grid, a
stream centerline coverage (for wide streams,
a stream edge-of-water coverage was used),
and a stream order coverage. Field reconnaissance data from intensive streambank
mapping campaigns in selected Iowa watersheds were used to develop, calibrate, and
validate the DEM-based method to estimate
eroding streambank extent.
The methodology is predicated on the
assumption that a severe bank angle in

adjacent 1 m DEM cells is indicative of
severe streambank erosion. The bank angle
between adjacent grid cells is determined
by the bank height and grid size (z dimension; figure 1). Steeper bank angles occur
at progressively higher streambank heights,
and it was assumed that steep bank angles
(slope between adjacent cells) indicate severe
streambank erosion. However, since the x
distance between adjacent cells is always 1 m,
lower bank heights in smaller order streams
would have lower bank angles indicative of
severe bank erosion. Therefore, field mapping data were used to develop a nomograph
table that related bank angles to streambank
heights (i.e., slopes between adjacent cells) to
select the appropriate bank angle to identify
eroding banks (see Wolter et al. [2021] for
details of the procedure). To scale this methodology for the entire state, bank heights
for all streams in the state were determined
using GIS to intersect the state-wide stream
centerline and edge-of-water coverages with
the streambank heights developed from the
1 m DEM. Based on the streambank heights
and slopes, the extent of severely eroding
streambanks in Iowa’s third- to sixth-order
streams was estimated. Although first- and
second-order streams comprise most of the
linear kilometers of Iowa’s stream network
(Schilling and Jacobson 2018), the channel dimensions of these smaller streams are
obscured by trees and overhanging vegetation. Thus, bank slopes could not be reliably
determined and the methodology could not
be applied to these low-order streams.
Mean Streambank Recession Rate. A
variety of methods have been used to eval-

Figure 1
Conceptual diagram of modeling approach to estimate severely eroding streambanks using
LiDAR. The drawing shows a cross section of a streambank with the bank angle calculation.
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Previous work in Iowa quantifying streambank sources of TP has mainly focused on
small watersheds in southern Iowa (Walnut
Creek [Beck et al. 2018]; Rathbun Lake
[Tufekcioglu et al. 2012]) and north central
Iowa (Onion Creek [Williams 2019]). We
are not aware of other efforts to quantify the
contribution of streambank sources of P to
export loads at larger, regional scales.
In this analysis, we sought to answer
the question, “what is the contribution of
streambank sources to TP export from the
state of Iowa?” We attempted to answer this
question by using a multistep process that
focused first on quantifying individual elements needed to estimate the locations and
rates of streambank erosion in the state, followed by a simple mathematical expression
to relate the streambank contributions to
overall statewide P export. We address the
limitations of our methodology, and lastly,
we highlight the implications of our results
for achieving P reductions in agricultural
regions such as the US Corn Belt. Our study
follows a systematic approach to be among
the first to address this question at a scale
that has confounded many state and regional
nutrient assessments.

Figure 2
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were visually inspected, and samples were
collected where banks were bare and unvegetated and considered to be very severely
eroding according to visual assessment criteria developed by the NRCS (Schilling and
Wolter 1999).
Multiple samples (up to three) were collected from each streambank if alluvial
members could be differentiated (representative samples from the Camp Creek, Roberts
Creek, and Gunder members of the
DeForest Formation) (Schilling et al. 2009).
If the units could not be determined, a single mid-bank sample (undifferentiated) was
collected. For this statewide assessment, we
averaged the individual sample concentrations to calculate a representative TP value
since site-specific variations in TP concentrations were not the focus of this study.
Previous work indicated that differences in
TP among alluvial stratigraphic units were
not statistically significant (Schilling et al.
2009), but future work is planned to examine
streambank TP concentration data in more
detail. Total P was determined by digesting the samples in aqua regia (Crosland et
al. 1995). Phosphorus concentrations in the
digests were determined with the molybdate
blue-ascorbic acid colorimetric method of
Watanabe and Olsen (1965). Although other
P fractions (e.g., leachable P) are important

to local water quality and stream processes,
these fractions constitute a small percentage
of total annual P loss from large watersheds.
Total P fractions in Iowa channel sediments
were previously reported by Rahutomo et al.
(2018) who found that TP consisted of both
inorganic and organic fractions in a southern Iowa stream. At each site, bulk density
samples were also collected in duplicate from
the same intervals as sampled using a slide
hammer and core tube sampler. In total, 148
samples from exposed streambank soils were
collected for TP and bulk density analysis.
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uate rates of streambank recession in Iowa
watersheds, including cross-section surveys,
bank erosion pin measurements, and photogrammetric methods that include the use of
LiDAR systems and sequential aerial photographs (Fox et al. 2016; Tomer and Van Horn
2018; Beck et al. 2019). In low-order Iowa
streams, erosion pins have been widely used
to measure bank recession at targeted eroding bank segments (Beck et al. 2018; Palmer
et al. 2014; Tufekcioglu et al. 2012; Nellesen
et al. 2011; Zaimes et al. 2008, 2019).
Since the early 2000s, researchers at Iowa
State University have pinned several hundred
streambanks across Iowa to measure bank
recession in wadable third- to fourth-order
channels. At most sites, erosion pins were
installed along the bank face in a grid of
two rows spaced vertically at one-third and
two-thirds bank height and horizontally 1 m
apart along the entire length of the selected
eroding bank (figure 2). Erosion pins were
typically 762 mm long and 6.2 mm in
diameter, and exposed lengths of pins were
measured using a ruler at least annually. An
increase in exposed pin length from the previous measurement was assumed to be from
bank recession, whereas a decrease in length
was assumed to indicate deposition. For this
study, we compiled the annual streambank
erosion estimates for 385 streambank-years
from five different long-term monitoring
sites in the state (table 1). In a separate study,
Zaimes et al. (2019) compiled recession
rates from nine different Iowa studies that
included sites sorted by riparian land cover.
Total Phosphorus Concentrations and
Bulk Density of Streambank Soils. Only
limited data existed on TP concentrations
in Iowa riparian soils and most of these
data were watershed specific (Schilling et al.
2009; Nellesen et al. 2011; Beck et al. 2018;
Moustakadis et al. 2019), so we conducted
a regional, statewide evaluation of streambank soil TP concentrations and bulk density.
Major Land Resource Areas (MLRAs) were
used as the basis for statewide site selection.
Within each of Iowa’s eight major MLRAs,
eroding banks identified using the eroding
bank GIS coverage (Wolter et al. 2021) were
selected for sampling based on stream order
and public access. In each MLRA, two sites
were selected from each stream order (one
through six) and one site was selected from
stream orders seven and eight when those
stream orders were represented within the
MLRA (figure 3). The selected streambanks

Measuring annual streambank recession using erosion pins (photo courtesy of William Beck,
Iowa State University).

Results and Discussion
Estimation of Individual Components. Using
model criteria reported in Wolter et al. (2021),
we estimated that 35,200 km of streambanks
along third- through sixth-order rivers are
severely eroding in Iowa. Total stream length
was 42,985 km. Since total stream length was
a single linear feature, we doubled this length
to account for streambanks on both sides
(85,970 km of streambanks) and estimated
that approximately 41% of the streambanks
in Iowa are severely eroding. More streambank erosion was identified in southwest and
southern Iowa than other portions of the
state (figure 4), with approximately 35% to
84% of all streambanks in these regions estimated to be severely eroding.Across northern
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Table 1
Summary of annual streambank recession rates measured using erosion pins at various Iowa sites.
			
Study
Region of Iowa
MLRA

Years of
monitoring

No. of banks
in study

Recession
rate (cm y–1)

Figure 3
Location of streambank soil samples collected from stream order sites located in a range of landscape regions in Iowa.
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Beck 2018
Southern
108c
2016
10
12.3
			
2017
10
6.3
			
2018
10
18.6
Williams 2019
Central
103
2011
28
–1.23
			
2012
35
–0.40
			
2013
34
3.90
			
2014
35
4.63
			
2015
33
21.36
			
2017
25
–0.50
			
2018
24
30.97
Palmer
Southern
108c
2005
10
0.4
et al. 2014			
2006
10
–0.6
			
2007 to 2008
10
19.2
			
2009
10
34.2
			
2010
10
27.0
			
2011
10
13.6
Tufekcioglu
Southeast
109
2006
13
11.7
et al. 2012			
2007
13
26.6
			
2008
13
26.3
Zaimes
Central
103
2001
5
10.3
et al. 2008			
2002
5
9.5
			
2003
5
20.2
Northeast
104
2001
4
5.8
			
2002
4
9.2
			
2003
4
11.9
Southeast
109
2001
5
8.6
			
2002
5
2.2
			
2003
5
15.1
Average					 12.4
Standard deviation					
10.3
Note: MLRA = Major Land Resource Area.

Iowa, the topography is flatter, soils are coarser-textured, and bank heights are lower. The
fraction of stream kilometers with severe
bank erosion increased with bank height. In
southern and southwest Iowa, bank heights
exceed 5 m in larger order streams, but across
the state of Iowa, the mean streambank height
in third- through sixth-order streams was 3.2
m. From this study, we estimated two terms
needed for equation 1, namely the length of
eroding streambanks in Iowa (35,200 km)
and mean streambank height (3.2 m).
Streambank recession rates estimated from
published pin studies show wide variability
in annual streambank recession rates, ranging
from –1.2 cm y–1 (deposition) in central Iowa
to 34.2 cm y–1 of bank erosion in a southern Iowa watershed. Among all sites with pin
data, an average streambank recession rate
for 385 bank years was approximately 12.4
± 10.3 cm y–1, with a median of 11.0 cm y–1
(table 1). Since many of the streambank sites
were the same, compilation of annual streambank recession rates reported in Zaimes et
al. (2019) produced similar results, averaging
approximately 12.9 cm y–1. It is important to
note that erosion pins were typically installed
in banks identified as severely eroding
according to NRCS criteria (USDA NRCS
1998), so the recession rates reflect variations measured in exposed banks and not all
channels. Focusing on severely eroding banks
links the erosion rates to the GIS mapping
of eroding lengths (Wolter et al. 2021) and is
consistent with previous studies showing that
well-vegetated streambanks do not contribute substantially to streambank erosion rates
in a watershed (Schilling and Wolter 2000;
Palmer et al. 2014).
Variations in annual recession rates are
due to many factors, including riparian land
cover (Zaimes et al. 2004, 2006, 2008), cattle
grazing (Tufekcioglu et al. 2012), variations
in precipitation and discharge (Palmer et al.
2014), and alluvial stratigraphy (Beck et al.
2018). Such factors are consistent with mechanistic processes controlling bank erosion at
individual sites around the world (Lawler
1992; Simon and Collison 2002; Pollen et
al. 2004; Fox et al. 2007). Some variation in
erosion pin data are also due to measurement limitations associated with erosion pins
(Hooke 1980; Couper et al. 2002; Palmer et
al. 2014). Despite these limitations, for this
present study (equation 1), we assumed that
recession in severely eroding streambanks in
Iowa averaged approximately 12.4 cm y–1.

Figure 4
Location of severely eroding streambank lengths in third- to sixth-order streams and rivers of Iowa.
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The particle size of the streambank soils was
dominated by silt (53%) with lesser amounts
of sand (31%) and clay (16%). Among riparian soils,TP concentrations were observed to
range from 109 to 1,569 mg kg–1 and average 470 ± 192 mg kg–1 (figure 5). Although
minor differences were observed among various MLRAs or stream order classifications,
the variability was mainly associated with an
occasional low or high value not represen-

tative of the entire sample population. Bulk
density of exposed streambank soils averaged
1.17 ± 0.14 g cm–3.
What Is the Annual Mass of Phosphorus
Eroded from Streambanks? Based on quantification of individual terms, we used equation 1
to estimate the mass of streambank P lost from
eroding streambanks. Assuming that 35,200 m
of 3.2 m high streambanks are actively eroding in Iowa rivers at an annual rate of 12.4 cm

Figure 5
Frequency distribution of 145 streambank soil total phosphorus (TP) concentrations.
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y–1, and a streambank soil TP concentration
of 470 mg kg–1 and bulk density 1.17 g cm–3,
we estimate that approximately 7,681 Mg of
TP is eroded from streambanks and annually
exported from Iowa.
Since this estimate involved multiple
components with their individual sources
of variation, we evaluated how variations in
the source terms affected the overall estimate
of eroded streambank TP (table 2). Since
estimates of eroding bank lengths and bank
heights were developed from a static DEM
and represent a single snapshot in time, we
are not able to use measured data to evaluate
variations in streambank P estimates. In these
cases, we evaluated how variations of ±10%
and ±25% in eroding lengths and streambank heights impacted the estimated TP mass
lost from streambanks. For the streambank
recession and TP concentration terms, we
considered variations of ±1 standard deviation (s.d.) in measured values.
Variation in streambank recession appears
to have the greatest effect on estimated TP
loss from streambanks (table 2). For example,
during dry years when streambank recession
is on the order of 2.4 cm,TP loss would be on
the order of 1,487 Mg, but during a wet year
when average recession is 22.4 cm, annual
TP loss would be nearly 14,000 Mg. Palmer
et al. (2014) reported that recession in some
Iowa streambanks exceeded 34 cm during an
exceptionally wet year, and if recession was
this high, TP loss from streambanks could
exceed 21,000 Mg. On the other hand, variations in TP concentration have less impact
than recession rates, with ±1 s.d. of concentration yielding estimated TP losses ranging
between 4,543 and 10,818 Mg (table 2).
The lengths of eroding streambanks in
watersheds are known to vary over time as
eroded streambanks can revegetate in some
areas, or in other cases, new bank erosion can
emerge (Palmer et al. 2014; Beck et al. 2018).
Varying eroding lengths by ±10% and ±25%
in Iowa rivers did not produce as much variation in TP losses as other parameters (table
2). Assuming a change of ±25% in eroding
stream lengths resulted in annual streambank
P losses ranging from 5,760 Mg to 9,601 Mg.
What Is the Annual Riverine Total
Phosphorus Export from Iowa? Estimating
the contribution of streambank sources to
TP export from the state of Iowa required an
estimate of the annual TP export from Iowa
rivers (equation 2). Recent work by Schilling
et al. (2020) utilized ambient water quality

5

Table 2
Variations in estimated annual total phosphorus (TP) export from Iowa streambanks using standard assumptions (equation 1) and likely low and high range values of parameters.
			
Equation 1
Low
Parameter
assumption
range

Total		 Total
streambank
High
streambank
TP loss (Mg)
range
TP loss (Mg)

Streambank
12.4 cm y–1
2.4 cm y–1
1,487 (6%)
recession (±1 s.d.)
TP concentration
470 mg kg–1
278 mg kg–1 4,543 (18%)
(±1 s.d.)
Eroding lengths
35,200 km
31,680 km
6,913 (28%)
(±10%)
Eroding lengths
35,200 km
26,400 km
5,760 (23%)
(±25%)
Note: Percentage of mean annual riverine TP from Iowa (24,842 Mg).
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662 mg kg–1 10,818 (44%)
38,720 km

8,449 (34%)

44,000 km

9,601 (39%)

Mississippi and Missouri rivers (figure 6).
Based on area weighting the watershed-scale
TP yields, we estimated that total TP export
ranged from 5,377 to 72,182 Mg and averaged 24,842 Mg (Schilling et al. 2020). This
corresponds to a TP yield of 1.70 kg ha–1
(median 1.40 kg ha–1), ranging from 0.37 to
4.95 kg ha–1 (table 3).
What Is the Contribution of Streambanks
to Riverine Total Phosphorus Export? Using
equations 1 and 2, we estimate that on a
long-term annual basis, streambanks contribute approximately 31% of the riverine TP
export from Iowa (7,681 Mg of streambank

Figure 6
Mean annual total phosphorus (TP) yields exported from 16 watersheds draining to the Mississippi and Missouri rivers (modified from Schilling et al. 2020).
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and discharge data and load estimation models to report annual TP export and yields in
Iowa. In this study, TP concentrations were
measured at an approximately monthly frequency at 46 ambient river monitoring sites
across Iowa, with watershed sizes ranging
from 88 to 20,155 km2. Although monthly
measurements are not ideal to characterize
TP concentrations, this sampling frequency
was established by the Iowa Department of
Natural Resources (IDNR) for their ambient river monitoring program. The ambient
monitoring sites were specifically located to
be beyond the extent of urban areas when the
statewide ambient program was established.
The sample size ranged from approximately
180 to nearly 220 for the 18 years between
2000 and 2017. Schilling et al. (2020)
used two different US Geological Survey
(USGS) software programs (Load Estimator
[LOADEST] and Weighted Regressions on
Time, Discharge and Season [WRTDS]) to
estimate daily TP loads at the 46 monitoring sites. The daily load estimation captured
TP loads associated with storm events. In the
paper, results from the WRTDS methodology were summarized as annual TP loads
and yields exported from Iowa watersheds
(Schilling et al. 2020).
Mean (0.44 to 7.71 kg ha–1) and median
(0.32 to 3.75 kg ha–1) annual TP yields
were found to vary considerably across
Iowa (Schilling et al. 2020). Highest median
TP yields were found in hilly western and
southern Iowa, with annual yields from
many watersheds exceeding 2 to 3 kg ha–1.
In the flatter and more recently glaciated
regions of north-central Iowa, median TP
yields were often less than 1 kg ha–1. In this
study, we summarized TP export yields for
16 Iowa basins that directly discharge to the

22.4 cm y–1 13,875 (56%)

TP / 24,842 Mg of TP export). It is important to note that this represents a long-term
average because annual riverine TP export
from Iowa varies considerably (table 3). If we
assume a constant streambank contribution
of 7,681 Mg and apply this to the range of
annual TP export, the annual streambank
contribution would vary considerably, ranging from 11% to 143%.
Estimated annual streambank TP loss
could vary based on a range of possible low
or high estimates assumed for annual streambank recession, average TP concentrations,
and eroding streambank lengths (table 2).
For example, streambank TP contributions
to Iowa export could range from 6% to 56%
assuming low and high streambank recession
rates (±1 s.d.). Similarly, if TP concentrations varied by ±1 s.d., and the annual TP
export remained at 24,842 Mg, streambank
contribution could conceivably range from
18% to 44%. Finally, variability in eroding
streambank lengths along Iowa rivers could
contribute to variations in the fraction of
P lost from streambanks. Assuming ±10%
or ±25% difference in eroding streambank
lengths would result in streambanks contributing approximately 28% to 34% and 23%
to 39% of TP export, respectively. However,

Table 3
Annual riverine export of total phosphorus (TP) in Iowa and the estimated annual contribution
from streambanks. Note that the annual streambank export is a constant (from equation 1).
Fraction of
Iowa TP load from
streambanks (%)

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
Mean

108
25
83
71
26
77
101
15
11
40
15
40
143
36
25
28
28
44
31

0.49
2.11
0.63
0.74
1.99
0.68
0.52
3.51
4.95
1.33
3.49
1.30
0.37
1.47
2.12
1.88
1.89
1.20
1.70

7,128
30,701
9,232
10,744
29,065
9,936
7,576
51,211
72,182
19,415
50,929
19,015
5,377
21,368
30,900
27,354
27,573
17,444
24,842

the sensitivity results suggest that the longterm average contribution of streambank
TP to river export (31%) reported in this
study represents a reasonable approximation for annual streambank TP contributions
from third- to sixth-order streams in Iowa.
The average contribution is consistent with
the range of annual values reported in the
literature for many watersheds, including
estimates by Beck et al. (2018) for a single
southern Iowa watershed (3% to 38%).
Study Limitations and Future Work. We
acknowledge several key limitations in our
estimation of the contribution of streambanks to statewide P export. First, while our
GIS analysis routines were novel, the statewide eroding length model we developed
was based on LiDAR elevation data collected
from 2007 to 2010. Hence, the elevation data
used in this study are about a decade old
and may not represent current conditions.
For example, eroding streambanks can stabilize, or in other cases, new bank erosion can
emerge due to channel migration or other
factors (Palmer et al. 2014). Our results are
appropriate at the regional scale of Iowa but
should not be used for site-specific classification. For site-specific river assessments,
actual field mapping of eroding streambanks
would be needed (Tufekcioglu et al. 2012;
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7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681
7,681

Beck et al. 2018; Peacher et al. 2018). It is
anticipated that future regional-scale quantification of eroding banks will be possible
in Iowa with sequential LiDAR flights that
will allow DEMs from two time periods to
be compared.
In addition, we were not able to quantify
eroding lengths in first- and second-order
channels. Smaller channels are vastly more
numerous in watersheds than higher-order streams and rivers (Leopold et al. 1964;
Schilling and Jacobson 2018). However,
LiDAR resolution was not sufficient for
delineating bank heights or widths with
needed accuracy to estimate eroding lengths
in these small channels. Along with unknown
contributions from gully erosion, the additive P contributions from streambanks of
small channels would serve to increase the
estimated contribution of P from in-channel sources above the 31% suggested by this
study. Hence, the 31% value reported herein
is, in all likelihood, a conservative estimate
of the contribution from Iowa streambanks.
The TP export loads from Iowa reported
by Schilling et al. (2020) include all of these
known and unknown TP contributions.
Defining the interaction between bank
recession, channel storage, and riverine sediment/P export is complex, especially in

hydrologically altered landscapes. An additional challenge is estimating the potential
pool and turnover of stored material represented in channel storage of sediment and
P from streambank erosion. One important
assumption in our study is that P associated with streambank recession is annually
exported from the watershed when estimated over a long-term annual time frame.
This assumption is supported by several
regional studies. In one study, Beck (2018)
estimated that total channel sediment storage in a stretch of third-order stream greatly
exceeded watershed suspended sediment
load in a dry year. However, the vast majority
(90%) of total storage mass was represented
by colluvial material accumulations at the
streambank toe and loose bed sediment,
both easily transported during periods of
higher discharge. Only a small percentage of
stored P was associated with feature classes
that would represent long-term storage (e.g.,
point bars). Additionally, the estimated volume of storage per meter of channel was
found to be strikingly similar in this survey
to one conducted in the same stream reach
17 years earlier (Schilling and Wolter 2000).
The observed no net change in channel storage supports our assumption and may be a
result of downcutting and widening channel
evolution stages that dominate the region.
However, the quantification of sediment
and TP storage is exceptionally rare in the
Midwest, especially in watersheds undergoing geomorphic adjustment in response to
historic landscape-scale disturbances, and we
recommend additional study of this topic.
Lastly, we note that there are many processes that drive severe streambank erosion
in watersheds and acknowledge that simply
accounting for severe bank erosion does
not shed light on potential causal factors.
Streambank erosion typically involves a variety of erosion processes, including fluvial
erosion, mass wasting, and subaerial processes
(Fox et al. 2016). Additional work will be
needed to correlate study results to site-specific processes to shed light on the relation of
severe bank erosion at a local scale to watershed-scale processes.
Implications for State Nutrient Reduction
Strategies. To facilitate progress toward nutrient loading reduction goals articulated in
the Gulf Hypoxia Action Plan (2008), states
within the Mississippi River basin have been
developing nutrient loss reduction strategies (Christianson et al. 2018). Inherent in
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any strategy is the need to estimate nutrient
loads over some time period (baseline) and
evaluate potential load reductions resulting
from implementation of conservation practices associated with strategy goals. While
states have employed various approaches to
estimate nutrient loads from point and nonpoint sources, one consistent limitation has
been an estimate of the nutrient load contribution from stream bed and bank erosion.
In the case of the Iowa Nutrient Reduction
Strategy (2017), the authors stated that

Our study describes the first estimate of the
contribution of streambank sources to statewide TP export within a state within the
Mississippi River basin in order to inform
Iowa’s Nutrient Reduction Strategy.
Herein we estimated the annual streambank contribution of TP from third- to
sixth-order streams to statewide TP export
from Iowa to be approximately 31%. While
there are acknowledged limitations to estimates at this scale, along with significant
annual variability, it is apparent that streambank erosion comprises a significant source
of TP export from the state of Iowa and the
contribution needs to be addressed along
with more recognized nutrient sources if
we are to achieve reduction strategy goals.
However, nearly all conservation practices
identified within nutrient reduction strategies are designed to reduce in-field sources
of P via a reduction in soil erosion. By some
estimates, historic investment in these practices has substantially reduced soil erosion
(and P flux) to surface waters (Jones and
Schilling 2011), but such reductions may not
be translated into equivalent P reductions
when measured at the watershed scale. Our
results point out the critical need to develop
and implement conservation practices that
address both upland erosion (and P loss) and
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understanding of the location and timing of
streambank erosion within a watershed context is needed (Fox et al. 2016; Palmer et al.
2014), and it will be important to evaluate
the interactions of streambank mitigation
actions on hydrological and erosion processes at both a reach and watershed scale.
An improved understanding of the erosion and transport of sediment and P from
both upland and channel sources will help
natural resource managers make improved
recommendations for installing effective
soil and water conservation practices at the
appropriate location and scale to achieve
cost-effective nutrient reduction.
Summary and Conclusions
The contribution of streambank sources
to TP export from the state of Iowa was
estimated using a multistep process. A combination of field mapping and GIS analysis
was used to estimate that 35,200 m of 3.2
m high streambanks are actively eroding in
Iowa rivers at a rate of 12.4 cm y–1. Field sampling of exposed streambanks across various
regions of Iowa indicated that streambank
soils had mean TP concentration of 470 mg
kg–1 and bulk density of 1.17 g cm–3. Based
on these data, we estimated that approximately 7,681 Mg of TP is annually eroded
from streambanks and delivered to Iowa rivers. Comparing this streambank export to
total TP export from the state (Schilling et al.
2020), over an 18-year period, we estimated
that streambanks contributed approximately 31% of the riverine TP export from
Iowa. Despite limitations in our analysis,
an improved understanding of streambank
P contributions will help natural resource
managers make appropriate recommendations for effective soil and water conservation
practices that best reduce P loading to rivers.
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