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Abstract
Fine-grained sediment and phosphorous are major contaminants in the Great Lakes and their tributaries.
Plum Creek, Wisconsin (92 km2), a tributary to the Lower Fox River, has a Total Maximum Daily Load
(TMDL) requiring reductions of suspended sediment and phosphorus loading by 70% and 77%,
respectively. In 2016-18, an integrated sediment fingerprinting and stream corridor-based sediment
budget study was conducted to help quantify upland and stream corridor sources of suspended sediment
and phosphorus at a loads monitoring station on Plum Creek. Sediment fingerprinting results indicated
that the proportion of upland and stream corridor sources of suspended sediment in Plum Creek varied by
season and the amount of runoff; however, bank and gully erosion accounted for 51% and 24% of the
suspended sediment annual load, with one or both sources present in all seasons. The next most common
source was roadside ditches (11%), which was also present in all seasons. Cropland and woodland sources
accounted for small proportions of the suspended sediment, with cropland mainly in summer and
woodland in winter, spring, and summer. Relative source proportions for sediment-bound phosphorus
were similar to suspended sediment but made up less of the overall loading because on average 27% of the
phosphorus load resides in the dissolved phase. Soft fine-grained streambed sediment had source
signatures of mainly bank, gully, and ditches (ordered by decreasing proportion). Results from the fieldbased rapid geomorphic assessment supported the sediment fingerprinting results and in general showed
that the amount of bank erosion increases in a downstream direction. The high proportion of sources
from banks and gullies is due, in part, to a 20-km long, deeply entrenched valley and steep eroding bluffs
between the majority of cropland and the Plum Creek water monitoring station.

Introduction
Plum Creek (92 km2) is a tributary to the Lower Fox River, Wisconsin and is located about 16 km
upstream of a Lake Michigan Area of Concern (AOC) for the Lower Green Bay and Fox River (Figure 1).
The Lower Green Bay and Fox River AOC is a priority area for the Great Lakes Restoration Initiative (EPA
2016). The AOC is working toward removal of beneficial use impairments for eutrophication and
undesirable algae through reductions in total suspended solids (TSS) and total phosphorus (TP) loads
from the top seven highest loading tributaries, including Plum Creek (WDNR 1988; 2018a). Plum Creek
has almost 32 km of stream length on the Wisconsin state impaired waters list for TP and TSS (WDNR
2018b).
Plum Creek is part of the Total Maximum Daily Load (TMDL) and watershed management plan for TSS
and TP in the Lower Fox River Basin (EPA 1999; Cadmus 2012). Based on the Soil and Water Assessment
Tool (SWAT) modeling results, Plum Creek was estimated to produce 5,500 metric tons/yr of TSS and
14,300 kg/yr of TP, of which 95 and 94%, respectively, were contributed from agricultural land (Cadmus
2012). Agricultural land makes up 76% of the watershed area. The TMDL goals for Plum Creek are to
reduce the TSS and TP loading by 70% and 77%, respectively. Sources of TSS and TP from bank erosion
were not specified in the SWAT model (Cadmus 2012). However, streambank inventories of Plum Creek

in 2014 by the Outagamie Land Conservation Department indicated that 39 of the 69 km of channels
inventoried had actively eroding banks, and that these banks could be contributing 45% of the annual TSS
load to the stream (Francart 2017).

Base from U.S. Geological Survey 1984, 1:100,000 digital data.

Figure 1. Location of Plum Creek study area with major land-cover categories (Homer et al. 2015)

An integrated sediment fingerprinting and stream corridor-based sediment budget study was conducted
by the U.S. Geological Survey (USGS), the Wisconsin Department of Natural Resources (WDNR), and
Outagamie County for Plum Creek in 2016-18 to help quantify the proportions of the TSS and TP loadings
originating from stream and riparian corridor sources. The study hypothesis was that banks and possibly
gullies along the stream corridor are potentially significant sources of TSS and TP. The field-based stream
corridor geomorphic assessment included banks and ravines along perennial and ephemeral channels.
Integration of sediment budget and source apportionment tools developed by Gellis et al. (2016) for the
TMDL process helped to describe spatial and temporal patterns in sources for TSS and TP throughout the
watershed compared to loads measured at a water-quality monitoring station run by the USGS and

University of Wisconsin-Green Bay (UW-GB). This report describes the major findings from the study for
suspended sediment and soft bed sediment sampled from Plum Creek in 2016-18.

Study Area
Plum Creek is an eastern tributary of the lower Fox River in Outagamie County (fig 1). The watershed is in
the Eastern Ridges and Lowland Physiographic Province (Martin 1965). Soils are generally silt loams, silty
clay, and clay loams (Soil Survey Staff NRCS 2017). Topography is steep, and the entrenched valley is
typical for Great Lakes tributaries where valleys intersect steep zones of post-glacial paleo shorelines
(Fitzpatrick et al. 2006). The river enters the lower Fox River upstream of the community of Wrightstown
and below Rapide Croche Dam. The drainage area upstream of the USGS streamgage on Plum Creek
(04084911) is 54.3 km2.
Land cover in Plum Creek is mainly cropland (66%), with smaller percentages of woodland (10%),
grassland/pasture (10%), roads (7%), wetland (4%) and urban land (2%) (Homer et al. 2015) (Figure 1).
Much of the woodland is located adjacent to Plum Creek and its tributaries, along steeply sloping valley
sides. Much of the grassland is made up of rights-of-way along roads and grassy areas adjacent to
subdivision or rural residential lots. There are few pastures in the watershed.
Baseline monitoring data for streamflow, TSS, TP, and dissolved phosphorus (P) have been collected by
the USGS and UW-GB at the Plum Creek streamgage (USGS #04084911) since 2011 (U.S. Geological
Survey, 2019). The watershed above the streamgage is 54.3 km2 or 58.9% of the total watershed. Annual
loads of TSS ranged from 3,183 metric tons (MT) in 2012 to 13,491 MT in 2017, with an annual average of
6,040 MT. Annual loads of TP ranged from 6,122 kg in 2012 to 18,691 kg in 2014, with an annual average
of 12,622 kg (U.S. Geological Survey, 2019).

Methods
Integrated techniques helped to describe sources, transport, and sinks of TSS and TP throughout the
watershed at a range of spatial and temporal scales. Field-based rapid geomorphic assessments
(Fitzpatrick et al. 2016) were focused on field measurements of streambank erosion, gully erosion, and
soft streambed sediment deposition that were used in the stream corridor sediment budget calculations.
Sediment fingerprinting techniques and tools described in Gellis et al. (2016) and Gorman Sanisaca et al.
(2017) were used to apportion suspended sediment and soft sediment to specific sources. Results were
compared to TSS and TP loads from streamflow monitored at Plum Creek streamgage 04084911 (U.S.
Geological Survey 2018).

Field-Based Rapid Geomorphic Assessments
The USGS conducted field-based rapid geomorphic assessments in Spring 2017, which included
measurements of streambank and gully erosion and soft streambed sediment deposition. Data collected
during the assessments were used in stream corridor sediment budget calculations. Assessments were
done at 30 reaches using methods described in Fitzpatrick et al. (2016) and were in part built off the 2014
bank erosion inventory done by Outagamie County (Outagamie County Land Conservation Department
2017). Reaches for rapid geomorphic assessments were selected to represent a range of slope, valley types,
stream order, and channel sizes along the stream network longitudinal continuum. The stream network
and its physical characteristics were described using an overlay of WDNR streamlines and Lidar-based 3m digital elevation model data (USGS et al., 2010). The reaches included ephemeral and perennial
channels.
Annual volumes of bank erosion were estimated using field measurements of the length and height of
eroding banks. Annual lateral recession rates for the eroding banks were determined from categorical
rates based on indicators assembled by the Wisconsin Natural Resources Conservation Service (2015). A
volume weight conversion of 1,362 kg/m3 was used for banks and bluffs with heights greater than 1.5 m

because they were typically made up of glacial deposits (silt loams, silty clay, clay loams) (Wisconsin
NRCS, 2015). For banks less than 1.5 m high and for all gullies a volume-weight conversion of 1,121 kg/m3
was used because they were typically composed of less dense alluvium.
Estimates of annual volumes of gully erosion were based on the Ephemeral Gully Erosion Estimator for
permanent gullies (Natural Resources Conservation Service 2006). Gullies included in the assessments
were developed in ravines along the steep slopes of the entrenched valley sides. The ravines had
punctuated sections of gully or channel erosion at knickpoints with old channels covered with sediment in
between.
Soft bed sediment volumes were estimated from field measurements of length, width, and average
thickness of soft sediment deposits. Sediment deposit thickness was measured using a meter stick and
recording the depth of penetration. A conservative estimate of a volume-weight conversion of 800 kg/m3
was used because of the high-water content, based on similar soft sediment samples from the siltdominated Fever River in southwest Wisconsin (Peppler and Fitzpatrick 2018).

Sediment Source Apportionment
Source and Target Site Selection and Sampling: Sites selected for source and target

sediment sampling included uplands (cropland, woodland, and ditch), stream corridors (streambanks and
gullies), and streams (suspended and soft fine-grained streambed sediment). Sites designated for upland
sediment source sampling were identified through geographic information system (GIS) analyses of
available land use (or land cover) (Homer et al. 2015). A stratified random sampling approach was used to
select 15 sites per land use type with greater than 10% areal coverage. The three major upland land cover
categories included (1) cropland, (2) grassy ditches between roads and fields, and (3) woodlands. Pasture
was not included because of the small number of pastures in this watershed. Similarly, urban was not
included because of its low percentage in the watershed. The GIS site-selection procedure was run at least
twice to select potential alternative sites in case of limited access to some sites on private land, physical or
safety impediments, and land-use changes that occurred after mapping, especially if crops were in
rotation with pastures. Soil samples were collected from the top 2 cm of the soil surface with a plastic
hand shovel at 30 points spaced 10 m in a rectangular grid pattern. The number of transects and transect
length were adjusted to stay within the areal shape of the sampled land use. The point samples, consisting
of about 2 liters volume, were composited into a zip seal plastic bag. Field replicates were collected for
one site in each land use category with a 1-m offset from the original sampling points.
Two stream corridor sources, banks and gullies, were included in the apportionment. Stream reaches
sampled for bank and gully erosion sources were from the rapid geomorphic assessments with additional
sites from Outagamie County’s bank erosion inventory as needed to fill in gaps along the stream corridor.
Actively eroding gullies were sampled in a similar fashion to upland soil samples, with the top 2 cm of
bare eroding sediment sampled with a plastic hand shovel. The transect or grid size was adjusted to fit the
eroding gully dimensions, and sampling points included both the actively eroding bottom and sides of a
gully. An optimum of 30 points were sampled and composited into one bag per site. Representative
samples of eroding banks were collected from the surficial 2 cm of exposed sediment from the bottom to
the top of the bank face. Three to five points along each of three to six transects were sampled, depending
on the height and length of the eroding bank, with a total of 15-30-point samples composited into one 4liter plastic bag. If banks were eroding on both sides of the channel, then samples from an equal number
of points were collected on both sides and composited. Field replicates were collected by side-by-side
sampling of the same points.
Target samples used to source sediment included soft, fine-grained streambed sediment and suspended
sediment. Soft bed sediment was sampled from the rapid geomorphic assessment reaches and was
defined as having a high-water content that was not able to support the weight of a person (i.e. one would
sink into the sediment when stepping in it). The sediment was collected from 15 points in one or more
inundated depositional areas per reach and composited into a 1-L plastic jar. The point samples were
collected with an open-ended plastic or Teflon tube and plastic spatula. Field replicates were collected by
side-by-side sampling of the same points.

Suspended sediment was collected at the USGS Plum Creek streamgage from October 2016 through
February 2018 at roughly one-month intervals (Table 1). An in situ suspended sediment sampler with two
stacked sampling tubes was deployed downstream of the bridge crossing at the gage during ice-free
months (Phillips et al. 2000; Banks et al. 2010). The sampler was left in over the winter of 2016-2017 but
was lost during thick ice movement and breakup. A grab sample was collected on March 8, 2017 to catch a
large runoff event associated with ice breakup. A new sampler was reinstalled in April 2017 at the same
location as the lost sampler. In August 2017 a second sampler was installed upstream of the bridge
crossing. The recovery from the two samplers in September and October 2017 was small and required
compositing sediment from both the upstream and downstream samplers. In November 2017 each of the
samplers had enough sediment for submitting separate samples for quality assurance checks. Two
rain/snowmelt events in January 2018 caused water and sediment to flow over ice. Subsequent rapid
drops in temperature caused sediment-laden water to freeze over the top of existing ice. The ice layers,
with sediment still in suspension, were collected and thawed at the lab. The sediment melted out of the ice
was processed in the same manner as the other in situ suspended sediment samples. The contents of the
samplers were emptied into plastic buckets and returned to the USGS Upper Midwest Water Science
Center laboratory in Middleton, Wisconsin.
Table 1. In situ suspended sediment samples and associated suspended sediment phosphorus (SS_TP)
concentrations collected at the Plum Creek streamgage, October 2016-February 2018
Sample
identifier
--03
--04
--

Start date

End date

Representative
period

--11/22/2016
--3/8/2017
--

--12/5/2016
--3/8/2017
--

10/1 – 10/25/2016
10/26 – 11/21/2016
11/22 – 12/25/2016
12/26 – 1/26/2017
1/27 – 2/27/2017
2/28 – 3/26/2017
3/27 – 4/25/2017

06
07
08
-09
10
11
11-QA
-12

4/26/2017
5/25/2017
6/26/2017
7/26/2017
8/24/2017
9/28/2017
10/28/2017
10/28/2017
12/8/2017
2/7/2018

5/25/2017
6/26/2017
7/25/2017
8/23/2017
9/28/2017
10/27/2018
12/7/2017
12/7/2017
1/10/2018
2/7/20183

4/26 – 5/24/2017
5/25 – 6/26/2017
6/26 – 7/25/2017
7/26 – 8/23/2017
8/24 – 9/23/2017
9/28 – 10/27/2017
10/28 – 12/7/2017
10/28 – 12/7/2017
12/8 – 1/10/2018
1/11 – 1/27/20183

Type of sample

(Prior to project start)
(Prior to project start)
In situ passive collector
River frozen
River frozen
Grab water sample late winter
Sampler destroyed by
ice/flood
In situ passive collector
In situ passive collector
In situ passive collector
Sample too small to analyze
In situ passive collector1
In situ passive collector1
In situ passive collector
In situ passive collector2
Sample too small to analyze
Ice layers collected

SS_TP
(mg/kg)
--1,768
--1,235
-1,351
1,084
1,058
-1,662
1,541
2,096
2,061
-3,955

Composite of two sets of samplers upstream and downstream of bridge.
Sampler located upstream of bridge only.
3Plum Creek streamgage not operating, timing of events based on partial record from nearby East River streamgage (USGS station
ID 04085108) (U.S. Geological Survey, 2019)

1

2

All sediment samples except those from the in situ suspended sediment sampler were stored frozen until
subsampling occurred. The water-sediment mixture from the in situ suspended sediment sampler was
allowed to settle in a refrigerator at about 4o C. Clear water from the bucket was decanted until a
sediment-rich slurry of generally less than 0.5 L was left. The slurry was transferred to a plastic wide
mouth jar and frozen until subsampling occurred. Frozen samples were thawed prior to being
subsampled. The sediment was mixed thoroughly with a plastic spatula and spread evenly into a 11- x 17x 3-inch glass dish. The sediment was divided into 16 equal sections using a plastic knife. A random
number generator was used to select subareas for processing. The remaining unsieved portion of a sample
was returned to its original container and refrozen. The subsample was wet-sieved through a 63-micron
polyester sieve using de-ionized water and all-plastic sieve frame and equipment using methods from
Shelton and Capel (1994) and ASTM D3977-97 Method C for wet-sieving filtration (ASTM, 2002). Both
the <63 and >63-micron fractions were dried at 60 degrees Celsius for 24-48 hours or until completely

dry. After drying, the <63 and >63-micron fractions were weighed to the nearest 0.1 g. If needed, the
dried sample was lightly ground with a ceramic mortar and pestle. The <63-micron sieved dry sediment
was placed in plastic vial(s) for shipping to analytical laboratories. The >63-micron fraction was retained
at the USGS. All sample collection and subsampling equipment was washed with phosphate-free liquid
detergent, soaked with 5% HCl, and rinsed with deionized water between samples.

Laboratory Analyses: Sediment samples were analyzed for a suite of 51 major and trace elements,
particle size, and organic matter (loss on ignition) (Table 2). The Wisconsin State Laboratory of Hygiene
used the ESS INO Method 420.0 Thermo Finnigan ELEMENT2 High Resolution ICP-MS (EPA Method
200.8) method and the milestone microwave digestion system (ESS INO IOP 550.0) for elemental
analyses (Wisconsin State Laboratory of Hygiene 2016a; 2016b). (Any use of trade, firm, or product
names is for descriptive purposes only and does not imply endorsement by the U.S. Government). The
analyses included phosphorus in sediment. The elemental data are available on the Wisconsin State
Surface Water Integrated Monitoring System (https://dnr.wi.gov/topic/surfacewater/swims/). The
elemental analysis includes a near total digestion using three acids.

Particle size and organic matter determinations were completed at the U.S. Geological Survey Cascades
Laboratory in Vancouver, Wash. for the less than 63-micron fraction. Organic matter content was
analyzed using the I-5753 method for loss-on-ignition. Particle size determinations were completed with a
SediGraph 5120 down to 1 micron. Data are available upon request from the U.S. Geological Survey Upper
Midwest Science Center, Middleton, WI.
Table 2. Elemental analyses of Plum Creek source and target samples
Ag

Be

Co

Eu

Hg

Lu

Nb

Pd

S

Sn

U

Zn

Al

Bi

Cr

Fe

Ho

Mg

Nd

Pr

Sb

Sr

V

Zr

As

Ca

Cs

Ga

K

Mn

Ni

Pt

Sc

Th

W

B

Cd

Cu

Gd

La

Mo

P

Rb

Se

Ti

Y

Ba

Ce

Dy

Hf

Li

Na

Pb

Rh

Sm

Tl

Yb

Source Apportionment: The Sediment Source Assessment Tool (Sed_SAT) (Gellis et al. 2016;

Gorman Sanisaca et al. 2017) was used to apportion the relative contributions of five possible sources of
fine-grained suspended and soft bed sediment including croplands, woodlands, roadside ditches, eroding
gullies, and banks to the target samples of suspended sediment and soft streambed sediment. Sed_SAT is
an automated package of statistical procedures that uses patterns in trace element concentrations to
distinguish between the sediment sources. Sed_SAT uses a five-step procedure to apportion sediment
sources for each target suspended or bed sample: (1) removal of outlier source samples, (2) application of
particle size and organic content corrections to the source data, (3) a bracket test to test conservativeness
of the tracer, (4) stepwise discriminant function analysis (DFA) to determine the tracers that best
discriminate between the source types, and (5) an “unmixing model” that uses the discriminant tracers
and their weighting factors as determined by DFA to determine the percent contribution of each source to
the target sediment sample. The default settings for the statistical tests in Sed_SAT were applied to the
Plum Creek apportionment.
While the suspended sediment target samples were collected at the watershed outlet near the USGS
streamgage, the bed sediment target samples were collected throughout the watershed to determine if
sediment sources varied spatially. Source samples from throughout the entire Plum Creek watershed were
used in Sed_SAT to determine sediment source contributions for all target samples, meaning that for
most of the bed sediment target samples the source samples were not all located within the contributing
area of the sample. Source samples are assumed to be representative of the land use areas for the whole
watershed, with large enough sample sizes of n=15 for cropland, ditch, and bank source groups and n=16
for woodland and gully source groups to provide robust sampling of source areas in the watershed to
account for geochemical variability within each source group.

Three tests are used to assess uncertainty in the sediment fingerprinting results for each target sediment
sample: (1) a confusion matrix of the DFA results, (2) a source verification test (SVT) on the unmixing
model, and (3) a Monte Carlo leave-one-out cross validation. The confusion matrix demonstrates how
well the final set of discriminant tracers determined by DFA distinguishes between the source groups by
summarizing the percentage of source samples classified correctly to their source group compared to the
total number of source samples in the group. The source verification test (SVT) is a measure of how well
the final set of tracers and their weighting factors used in the unmixing model discriminates the sources.
In the SVT, each of the source samples are treated as target samples and run through the unmixing model,
providing a qualitative determination of how successfully the unmixing model apportions sediment to the
correct sources. The Monte Carlo leave-one-out cross validation quantifies the sensitivity of the unmixing
model to the removal of samples (Gellis et al. 2016). The Monte Carlo simulation was run 1,000 times,
with a random sample removed from each source group for each iteration before the unmixing model was
run (Gorman Sanisaca et al. 2017).
The source apportionments for the target suspended sediment samples were applied to the streamgage
TSS for water year (WY) 2017 (October 1, 2016 to September 30, 2017) (U.S. Geological Survey, 2018).
Monthly suspended sediment phosphorus (SS_TP) loads were calculated by multiplying the SS_TP
concentrations of the in situ suspended sediment samples by the monthly TSS load. An average of the WY
2017 SS_TP concentrations was used for calculating the monthly SS_TP loads for months with missing
fingerprints. Results for TSS loads from October 2017 forward were not available yet at the time of this
writing (April 2019).

Stream Corridor Budgets of Erosion and Deposition
For each segment in the WDNR streamlines that made up the Plum Creek network, stream order
(Strahler 1957) and slope category were identified (Table 3). Slope categories were adopted from similar
geomorphic assessments done on Lake Superior tributaries that reflect potential channel bedform types
(Fitzpatrick et al. 2006; 2016; Montgomery and Buffington 1997). Segments with a stream order of 1
made up most of the network with most having slopes of 0.3-1.0 percent, typical for lowland settings of
post-glacial streams in the Great Lakes region. The cumulative length of streams in order 4 was larger
than order 3, reflecting the long-neck funnel shape of the watershed (Figure 1).
Table 3. Number of stream segments (gray-shaded) and total stream lengths categorized by stream order and slope
for Plum Creek (km, kilometer; <, less than; >, greater than)

Slope category
(percent)

Stream
order 1

Stream
order 2

Stream
order 3

Stream
order 4

Total
length (km)

<0.3
0.3-1.0
>1.0-2.0
>2.0
Total length (km)

5
21
9
3
42.5

4
18
0
0
20.4

5
7
1
0
10.7

20
4
0
0
14.2

25.3
51.9
9.9
0.7
87.8

Reach-scale assessment data for annual gully and bank erosion, and soft bed sediment volumes were
applied to WDNR stream segments with similar slopes, valley entrenchment, stream order, and riparian
vegetation in a GIS. Before the application of reach data to the segment lengths, the sediment TP
concentration, included in the trace elements sample analysis, was applied to the bank and bed amounts.
After the initial automatic application, the assignments were checked and adjusted if needed by hand in
the GIS after further investigation with overlays of digital elevation model data for valley setting and
aerial photographs for riparian vegetation, and other qualitative data and photos collected during
Outagamie County’s bank inventory or USGS reconnaissance. If two reaches were in the same segment
category and no other differences were observable on aerial photographs, averages of the SS_TP
concentrations, reach bank erosion rates, and fine sediment volume were used. The amounts of annual
bank erosion and soft bed sediment volume for each segment were summed to get an estimate of the

entire stream network contribution of eroded and stored sediment and sediment-bound phosphorus in
Plum Creek upstream of the USGS streamgage.

Sources of Sediment and Sediment Related Phosphorus
A multiple-lines of evidence approach was used to determine the relative amounts of potential sources of
TSS and TP in Plum Creek. This approach used available and new data with emphasis on quantifying
stream corridor sources.
Sediment TP concentrations in source and target samples generally ranged from about 500 to 2,000
mg/kg (Figure 2). These concentrations, which are from near total sample digestions, cannot be directly
compared to typical soil P tests done by farmers for nutrient management plans, but give an idea of the
relative amount of sediment TP spanning the watershed pathways from uplands and stream corridors to
stream channels. Bioavailability and chemical mobilization of the TP likely varies among the sources and
is the topic of an ongoing related study in Plum Creek. Highest sediment TP concentrations were from
ditches and woodlands and lowest concentrations were from banks and gullies. Some of the ditches
sampled were erosional while others were depositional. If depositional, the ditches likely had sediment
from nearby adjoining fields as well as roads. Many of the woodland samples were from the valley bottom
of Plum Creek, which has a high potential for overbank sedimentation and accumulation of leaf litter.
Suspended sediment had the highest concentrations of sediment TP, suggesting that the stream sediment
is becoming enriched with phosphorus as it is transported in streams. The highest sediment TP
concentration, near 4,000 mg/kg, was from suspended sediment collected from an ice sample (Table 1).
The suspended sediment samples were over 80% fines (silt- and clay-sized fractions) except from the ice
sample which was closer to 50%. The soft bed sediment had the lowest percent fines (Figure 2).

Figure 2. Total phosphorus concentrations and percent fines (silt and clay) in sediment samples from
different source locations in the Plum Creek watershed. All samples were sieved to less than 63 microns
prior to elemental analysis.
The sediment fingerprinting results showed that source apportionment varied among the target samples,
with banks serving as the largest source of sediment on average for both suspended sediment (44%) and
for bed sediment (80%) (Table 4). Suspended sediment showed substantial contributions on average from
gullies (25%) and ditches (22%), with smaller proportions from woodland (7%) and cropland (2%). The
source contribution to soft bed sediment was dominated by banks as well, with small average
contributions from gullies (10%), and 5% or less from ditches, cropland, and woodland. Bed sediment
sample 81 was the only target sample to not be corrected for organic content because the loss on ignition
(LOI) analysis was not available for the sample. However, this difference did not have a negative impact
on the relative error and the sediment fingerprinting results are comparable to other nearby bed sediment
target samples that were corrected.

Table 4. Apportionment by relative source area and discriminant tracers (ordered by decreasing weighting factor) of
suspended sediment and soft bed in Plum Creek, 2017

Of the 51 tracers included for sediment fingerprinting analysis, 31 tracers were found to be discriminant
for one or more of the target samples (Table 4). Results of the stepwise DFA found that five tracers were
discriminant for all suspended sediment target samples (Cr, Ga, Ni, U, Zn) and two tracers were
discriminant for all bed sediment target samples (U, Zn). Chromium was the highest weighted
discriminant tracer for most suspended sediment target samples, followed by gallium. The highest
weighted discriminant tracers for bed sediment target samples were more varied, with gallium the most
common. The number of tracers found to be discriminant from the DFA ranged from 10 to 17, providing
strong differentiation between sediment source groups.
Results from the three tests for uncertainty in the Sed_SAT procedure give overall high confidence in the
sediment fingerprinting results. The confusion matrix summary indicates the percentage of source
samples correctly classified by the final set of tracers in the DFA. Woodland and ditches had 100% of the
samples classified correctly for the suspended sediment tracers, with nearly all samples classified
correctly for cropland (98%), gully (98%), and bank (93%) (Figure 3). Soft bed sediment had similar
results (not shown). The high percentage of correctly classified source samples confirmed that the
stepwise DFA was successful in selecting tracers that effectively discriminated among the five source
groups.

Figure 3. Summary of the confusion matrix results for target suspended sediment samples indicating the percentage
of source samples correctly classified by the final set of tracers in the stepwise discriminant function analysis

The source verification test (SVT) also showed that the unmixing models were successful (Figure 4). The
SVT test runs each source sample as a target sample and checks for possible misclassification as another
source. The median percent contribution attributed to the correct source was greater than 75% for
cropland, woodland, ditch, and banks, and was slightly lower at 67% for gullies. Most of the misclassified
cropland samples were classified as woodland (9%) and most of the misclassified woodland samples were
classified as cropland (10%). Ditches also showed some overlap with cropland and woodland sources, with
an average of 15% of misclassified ditch samples classified as cropland and 9% classified as woodland.
Gully source samples showed the greatest degree of misclassification by the unmixing model, with an
average of 10% of samples classified as cropland, 12% classified as woodland, and 11% classified as bank.
Most of the misclassified bank samples were classified as gully (15%). These overlaps are not unexpected
among the upland sources because of the possibility that some of the land has changed land-use
categories at some point in the past. Gullies physically extend from uplands to wooded slopes to banks,
with the possibility of sediment coming from a mix of source categories.

Figure 4. Source verification test results of source samples for all target sample Sed_SAT runs, (a) cropland (n=315),
(b) woodland (n=336), (c) ditch (n=315), (d) gully (n=336), and (e) bank (n=315)

The Monte Carlo leave-one-out cross validation demonstrated that the unmixing models were robust and
had low sensitivity to removal of individual samples for all 21 target samples except one suspended
sediment sample ID 03 from December 2016. Amongst all source groups 20 of the 21 target samples had a
standard deviation of the Monte Carlo iterations of less than 5%, with 8 of the target samples with
standard deviations of less than 2%. Eleven of 21 target samples showed a difference of less than 10%
between the unmixing model results and the maximum or minimum of any Monte Carlo iteration. The

gully and bank source apportionment results for suspended sediment sample 03 showed a high degree of
variability in the Monte Carlo iterations, with gully contribution ranging from 0-53.5% (median=26.3%,
standard deviation = 14.8%) and bank contribution ranging from 22-78% (median=50.0%, standard
deviation=14.8%). The reasons for this sample having such high variability compared to other samples are
unknown.
The results from the source apportionments for the monthly in situ suspended sediment samples applied
to the Plum Creek streamgage TSS and SS_TP loads for WY 2017 (October 2016 to September 2017) are
shown in Figure 5. Results for samples collected after October 2017 are shown as proportions only
because the TSS loads were not yet available. The proportions of the five sources varied seasonally. The
month of June had the largest loads for both TSS and SS_TP. Bank sources dominated in the months of
May, June, July, September and October. Gully sources were present in March, June, November, and the
January 2018 ice sample. Ditch sources were present in all months except May and seemed to increase
through the fall and winter months of 2017-18. Woodland sources were present in March, June, July, and
the January 2018 ice sample. The January 2018 ice sample had the highest proportions of ditch and
woodland sources. The replicate sample from November indicated that the same sources were identified
but that source proportions varied by about 20 percent. The proportion of the total TSS and SS_TP loads
for WY 2017 without fingerprints was 22% and 25%, respectively, with the majority missing from the
April sample when the river was still frozen. The March grab sample, and the May and July in-situ
samples had similar loads, but different source proportions, further illustrating the need for capturing
sediment during all seasons, including cold-season runoff events.

Figure 5. Temporal distribution of source apportionment to suspended sediment at the Plum Creek streamgage,
October 2016 to January 2018.

The annual loads for WY 2017 for sediment and phosphorus were compared among the streamgage water
monitoring, sediment fingerprinting, and stream corridor budget approaches (Figure 6). The water
monitoring based TSS and TP loads at the streamgage from WY 2017 were similar to the average for 201117, which were 1.5 to 2.1 times the baseline TMDLs. The particulate portion of the water TP load was 73%
for 2011-17 and 68% for WY 2017. In contrast, the calculated SS_TP load from the in-situ sediment

samples was 53% of the water TP load in WY 2017, even though the suspended sediment TP
concentrations are from near total digestions. Applying the fingerprinting apportionments, the sources of
TSS were predominantly from banks (51%), gullies (24%), and ditches (11%), with smaller amounts from
woodland (8%) and cropland (6%). The relative proportions of sources of SS_TP (assuming SS_TP makes
up 53% of the water TP load) are bank (28%), gully (13%), and ditch (6%), with smaller amounts from
woodland (4%) and cropland (3%). Completion of WY 2018 load calculations and fingerprinting
apportionments will give more perspective to the magnitude of potential sources during the fall and
winter events with frozen ground conditions.

Figure 6. Comparison of annual loadings of sediment and phosphorus from streamgage monitoring, sediment
fingerprinting, and stream corridor budgets for Plum Creek.

Sediment and phosphorus loads from the stream corridor budget for bank and gully erosion were within
the same order of magnitude as the fingerprinting results (Figure 6). Annual loads of bank erosion from
the stream corridor assessment were similar to the WY 2017 TSS loads and comprised 49% of the water
TP loads. The bank erosion estimates include coarse-grained sediments that would contribute to an
unknown, unmeasured bedload at the streamgage. Part of the eroded bank and gully sediment is also
deposited in overbank areas, which was not measured as part of this study. The amount of fine-grained
soft bed sediment stored in the stream network is 24% of the WY 2017 TSS and 11% of the water TP load,
indicating that a relatively small amount of sediment and sediment-bound phosphorus is deposited in
channels relative to the amount eroded.
The spatially distributed apportionment results from soft bed sediment samples throughout the stream
network give further insights into the distribution of sources of TSS and SS_TP along the stream corridor
(Figure 7). Banks and secondarily gullies were the main sources of soft bed sediment along the entrenched
valley of the main stem. However, the most upstream bed sample, located on a first-order tributary
upstream of the entrenched valley, had predominantly cropland, ditch, and gully sources. This observed
shift in dominant sediment source is likely more representative of the western and southern parts of the
watershed dominated by cropland and drained by first and second order stream channels upstream of the
entrenched valley.
Bank erosion and soft bed sediment deposition, calculated by stream length, also supported the sediment
fingerprinting results (Figure 8). The amount of bank erosion and soft sediment deposition was highly
variable from reach to reach. Annual bank erosion loadings ranged from about 0 to 500 metric
tons/km/yr for sediment and 0 to almost 400 kg/km/yr for sediment P. Soft sediment deposition ranged
from about 0 to 105 metric tons/km for sediment and about 0 to 40 kg/km for sediment P. In general,
sediment and sediment P loads would be expected to increase in a downstream direction because bank
heights typically increase and slopes typically decrease with increasing stream size. However, for streams
like Plum Creek that intersect multiple post glacial lake shorelines and lake plains, the valley width and
slope can vary over short distances. The anomalously high loads from bank erosion were from reaches
with active bluff erosion where the channel is impinging on a steep valley side. Chances for bluff erosion

remain high along the entire main stem of Plum Creek because the meander belt width is the same as the
valley width. The large disparity between amounts of bank erosion and soft bed sediment storage are
indications that most of the sediment coming from upland and bank erosion is transported downstream.

Figure 7. Spatial distribution of source apportionment to soft streambed sediment in Plum Creek.

Figure 8. Reach-based bank erosion loading and fine sediment deposition for Plum Creek.

Summary and Conclusions
An integrated sediment fingerprinting and stream-corridor budget approach was helpful for
understanding the seasonal and spatial distributions of sources of suspended sediment and sedimentrelated phosphorus in Plum Creek. The streamgage monitoring of TSS, TP, and dissolved P made it
possible to quantify, on a monthly basis, the highly varying distribution of sources of suspended sediment
and sediment-bound P. The fingerprinting technique was successful at discriminating between bank,
gully, ditch, cropland, and woodland sources. Stream corridor budget estimates of bank and gully erosion
supported the sediment fingerprinting results. Annual sediment-budgeted calculated loads of bank and
gully erosion were similar to the WY 2017 TSS load and about 52% of the water TP load. The proportion of
cropland source of TSS was low (6%), likely because of Plum Creek’s geomorphic setting with a long-neck
funnel-shaped watershed and the preponderance of bank and gully erosion in the 18-km stretch of main
stem in the lower half of the watershed. In addition, cropland-derived sediment entering roadside ditches
and mixing with road-derived sediment may form the unique ditch source signature. The fingerprintingderived contribution of bank and gully erosion was potentially 41% of the water TP load at the
streamgage. The proportions of bank and gully sources are likely different for cold season runoff events
based on a few, difficult to collect, winter samples. The relatively low amount of soft bed sediment stored
in the channels, about 24% of the annual load TSS and 11% of the annual load of TP, are an indication that
most of the fine-grained sediment eroded from the watershed is transported past the streamgage. The
results from this study indicate that upland and stream corridor conservation techniques are needed for
reducing sediment and runoff in accordance with TMDL goals for stream TSS and TP reductions.
Conservation techniques to reduce TP likely will differ for dissolved and particulate portions, and coldseason runoff events likely will require targeted sampling. Finally, additional study is required to better
understand instream interactions of particulate and dissolved P phases.
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